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Dedication 

 
 

An Ode to the Himalayas 

You seem a range of cold over towering cliff to all 

But to me, you unveiled the path, cleared the dust 

Countless nights froze in anxiety, and days flung to a grinding mill 

Deep in my heart’s abyss; hope flickered out, yet I kept plodding still 

I felt my struggle so akin to yours, to move ahead, to leap aloft 

Against all the odd gust, groping the blinding smog 

I saw rock chips fall off, felt the tremor of thy sliding mass 

Despite all troubles, you stand aloft, deride the chaos and look across 

Growing each day, inching the heavens 

Solitary you ascend, silently you surge ahead 

In thy footsteps, I follow and trek a pace awhile 

Albeit unhurried, I dart and sprint, heaving until 

I etch my mark through the daunting grill 

Listless of the inner tornado, shattering every bit of being 

Mindless of the outer detraction, hurling zillion slanders that sting 

Like a Phoenix I resurrect, from my ashes again 

Empowered and energized to grab the reign 

Every debacle stealthily makes way for 

A little miracle hidden in store 

As I waddle through the quagmire resolute till the brim  

In hope of answers, I seek to find battling all woes dotted uphill. 

 

Composed by the author Pori Das 

during long field trips across the NE Himalaya 
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Abstract 

 
 
The North-Eastern Himalaya is the most understudied and data-scarce part of the 

Himalayan region. However, the glacierised headwater basins of the region have been 

reported to be highly vulnerable to climate variability and climate-change impacts 

regarding its water balance and hydrological regime. The Indian monsoon system 

significantly influences the amount and seasonality of the precipitation patterns in the 

region. The region receives high precipitation during spring and summer, extending up to 

the autumn season. The simultaneous contribution of snowmelt in spring and glacier melt 

during summer and autumn magnifies the already monsoon triggered floods causing 

catastrophic and widespread damage to life and property to the downstream population. 

The spatio-temporal variability of climate, physiography, soil, land use and cryospheric 

components (glaciers, snowfields, permafrost and seasonally frozen ground) impact the 

water balance of these glacierised basins across the region.  

 

Hydrological models are essential tools to assess the Water Balance components and 

quantify the impact of the present and projected climate on the region's hydrological 

regime of these glacierised basins of the region. Nevertheless, hydrological modelling in 

the region is challenging due to the scarcity of hydrological and hydroclimatic 

observations. Moreover, due to riparian issues related to the transboundary glacierised 

basins, there are inevitable constraints related to field investigations on glacier mass-

balance, active layer thickness in permafrost or frozen depth in seasonally frozen ground. 

Moreover, the lack of hydro-meteorological data in the region hampers the understanding 

of the process-based system dynamics in these high-altitude mountainous basins. In the 

context of present climate variability and projected climate change scenarios, the current 

water balance and the long-term future water availability is reported to be altered 

significantly. The understanding of the hydrological dynamics is thus crucial for 

sustainable integrated planning and management of water resources of the North-Eastern 

Himalayan region. Therefore, the overarching aim of this thesis is to address the 

challenges of regional water balance analysis in the data-scarce region by adapting the 

process-based J2000 hydrological model according to the specific dominant hydrological 

processes of the study basins and investigate the plausibility of the adapted J2000 model 

for the implementation of the Hydrological Response Units (HRUs) regionalisation from 

gauged donor basins to the ungauged receptor basins of the region. 

 

For the present study, three study basins with different hydrological regimes such as the 

Beki and Lohit basins (Glacier-Snow and Rain-fed) and the Noadihing basin (Snow-and 

Rain-fed) were selected. To circumvent the scarcity of hydroclimatic data, the gridded 

ERA-Interim data was used to drive the J2000 model for the Beki basin for the period 

1982-2016. The North-Eastern Himalayas bending southward at the Namcha Barwa 

syntaxical bend extends southward as the Indo-Burma range and turns south-west,  

 

 

 

 

 



 

 

 

 

 

merging with the Purvanchal hills. Hence a unique physiographic setting is created, 

which, together with the one-step topography, cause high amplitude orographic events  

that coarser modelled ERA-Interim precipitation data cannot capture. Therefore, a novel 

methodology has been adopted to inversely correct the ERA-Interim precipitation data by 

orographic correction factors based on reported glacier mass balance and 

evapotranspiration estimates. A monthly temperature lapse rate has been adopted for 

correcting the ERA-Interim temperature dataset. The spatio-temporal hydro-climatic 

conditions of the study basins particularly precipitation and temperature were analyzed 

using the gridded ERA-Interim time series data for historical time-period. Additionally, 

non-parametric trend analysis was used to analyze the past climatic as well as the 

hydrological trend in the selected study basins.  

 

In the next step, the process-based J2000 hydrological model was adapted for frozen 

ground dynamics to simulate the hydrological processes of the study basins. The Beki 

basin had the best available hydrological data of 33 years and thus was selected as the 

case-study basin for model development and evaluation. The predominance of permafrost 

and seasonally frozen ground control the subsurface flux in the headwaters of the study 

basins, although their overall contribution to the water balance of the basin is 

insignificant. However, to represent permafrost and seasonally frozen ground dynamics, 

two dominant permafrost sub-basins of the Beki basin, Magochu and Nyukcharongchu, 

have been selected. A novel nested-basin approach has been proposed in this study to 

represent frozen ground dynamics in the J2000 model. A multisite calibration approach 

was adopted for simultaneous calibration at the outlet of a nested sub-basin, Magochu and 

Beki basin, followed by validation on the Nyukcharongchu, another adjacent nested-sub-

basin. The calibrated model parameters from the Beki basin were regionalised to the Lohit 

and Noadihing basin by the Proxy-basin method.   

 

The inconsistency of gridded/remotely sensed precipitation data contributed to higher 

simulated glacier melt in the Beki and Lohit basins. The higher glacier melt was 

constrained based on the reported in situ glacier mass balance estimates in the Beki and 

Lohit basins. This methodology enabled us to overcome the lack of in situ glacier mass 

balance information in the respective basins and arrive at plausible glacier melt values, 

thus addressing the common problem of enhanced glacier melt faced in hydrological 

modelling of glacierised basins.  

 

The spatio-temporal trends of the water balance and runoff components of the three 

selected basins have been presented in the present study. The variability in the water 

balance and runoff components among the three basins primarily related to the spatio-

temporal variation in the mean annual precipitation, runoff and evapotranspiration 

estimates. The glacier melt contribution to the total basin runoff for Beki, Lohit and 

Noadihing basins were 13%, 15% and 0%, respectively, which was lesser than the 

snowmelt contribution of around 47%, 48% and 40% for the Beki, Lohit and Noadihing 

basins respectively. 
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The regression-based trend analysis for the multi-ensemble CORDEX dataset for 

temperature and precipitation for the period 1961-2100 for all the study basins under the 

extreme RCP 8.5 scenario was performed. An increase in temperature of 0.442°C/decade,  

0.482°C/decade and 0.388°C/decade has been estimated for Beki, Lohit and Noadihing 

basins, respectively.  The mean annual precipitation of all the 13 CORDEX models 

projected an increase of 20.82 mm/decade, 52.35 mm/decade and 51.72 mm/decade for 

Beki, Lohit and Noadihing basins respectively. 

 

To study the impact of climate-change scenarios on the hydrological regime of the study 

basins, flow duration curves were generated for the baseline (1961-1990), near-future 

(2021-2050) and far-future (2071-2100) time slices. To accurately predict and understand 

the role of glaciers on the hydrological regime of the basins under climate-change 

scenarios, two conditions were considered, With glaciers scenario, considering the current 

static glacier layer, and Without glacier scenario, assuming complete depletion of glaciers. 

This methodology has been adopted as the glaciers in the region have been reported to 

undergo shrinkage due to climate-change induced warming. Nevertheless, information on 

the actual nature of glacier mass-balance dynamics under future climate change scenarios 

is uncertain. 

 

The analysis of temporal variation of runoff in the study basins under the projected 

climate change scenarios indicated an increase in the runoff for both the With and Without 

glacier scenarios. In the glacierised Beki and Lohit basins, meltwater from glaciers and 

snow-fields in the headwaters and high snowmelt and monsoonal rainfall in the forelands 

would offset the anticipated reduction in runoff due to temperature rise or enhanced 

evapotranspiration. In the unglacierised Noadihing basin, higher projected precipitation 

and temperature would cause enhanced snowmelt, thus increasing runoff. 

 

The analysis of high and low flows in the three study basins indicated that for the Beki 

basin for the With glacier scenario, high flows would occur during both the near and far 

future periods. However, for the Beki basin for the Without glacier scenario, low flows 

would occur during both the near and far future, respectively. For the Lohit and 

Noadihing basins, the occurrence of high flows for both the With and Without glacier 

scenarios were projected under Near-and Far Future time slices. 

 

This thesis highlights the advantage of hydrological modelling driven by remote-sensing 

products and modelled hydroclimatic data to improve our understanding of hydrological 

dynamics and their controlling variables in the data-scarce North-Eastern Himalayan 

region. The study underscores the potential of J2000 model as a robust modelling tool to 

assess the water balance in ungauged glacierised basins of the region by parameter 

regionalisation from gauged donor basins. Such a pioneering study is highly relevant for 

integrated water-resources management and redressal of riparian issues related to the 

transboundary Brahmaputra basin in the North-eastern Himalaya region. 
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Zusammenfassung  

 
 

Der nordöstliche Himalaya ist der amwenigsten erforschte und an Daten ärmsteTeil der 

Himalaya-Region. Jedoch sind die vergletscherten Quellgebiete der Region in Bezug auf 

ihren Wasserhaushalt und ihr hydrologisches Regime sehr anfällig für 

Klimaschwankungen und Auswirkungen des Klimawandels. Die Menge und die 

Saisonalität der Niederschlagsmuster in der Region werden stark durch das indische 

Monsunsystem beeinflusst. Die Region erhält im Frühjahr und Sommer hohe 

Niederschläge, die sich bis in den Herbst hinein erstrecken. Der zusätzliche Beitrag  der  

Schneeschmelze im Frühling und der Gletscherschmelze im Sommer und Herbst verstärkt 

die bereits durch den  Monsun ausgelösten Überschwemmungen, die katastrophale und 

weitreichende Schäden an Leben und Eigentum der flussabwärts lebenden Bevölkerung 

verursachen. Die raumzeitlicheVariabilität des Klimas, der Physiographie, des Bodens, der 

Landnutzung und der kryosphärischen Komponenten (Gletscher, Schneefelder, 

Permafrost und saisonal gefrorener Boden) beeinflussen den Wasserhaushalt dieser 

vergletscherten Flusseinzugsgebiete in der gesamten Region. 

 

Hydrologische Modelle sind wichtige Instrumente zur Beurteilung der 

Wasserhaushaltskomponenten und zur Quantifizierung der Auswirkungen des 

gegenwärtigen und prognostizierten Klimas auf das hydrologische Regime von 

vergletscherten Flusseinzugsgebieten. Dennoch ist die hydrologische Modellierung in der 

Himalaya-Region aufgrund der geringen Anzahl sowohl von hydrologischen als auch von 

hydroklimatischen Daten eine Herausforderung. Außerdem gibt es aufgrund von 

zwischenstaatlichen Problemen im Zusammenhang mit den grenzübergreifenden 

Flusseinzugsgebieten erhebliche Einschränkungen bei Felduntersuchungen zur 

Gletschermassenbilanz, zur aktiven Schichtdicke im Permafrost oder zur Gefriertiefe im 

saisonal gefrorenen Boden. Zudem erschwert der Mangel an hydro-meteorologischen 

Daten in der Region das Verständnis der prozessbasierten Systemdynamik in diesen 

hochgelegenen Gebirgseinzugsgebieten. Im Zusammenhang mit der aktuellen 

Klimavariabilität und den prognostizierten Klimawandel-Szenarien wird berichtet, dass 

sich der gegenwärtigeWasserhaushalt und die zukünftige langfristige 

Wasserverfügbarkeit erheblich verändern werden. Das Verständnis der hydrologischen 

Dynamik ist für eine nachhaltige, integrierte Planung und Bewirtschaftung der 

Wasserressourcen in der nordöstlichen Himalaya-Region von entscheidender Bedeutung. 

Das übergeordnete Ziel dieser Arbeit ist daher die regionale Analyse der Wasserbilanz in 

der datenarmen Himalaya-Region durch Anpassung des prozessbasierten hydrologischen 

Modells J2000 an die spezifischen dominierenden hydrologischen Prozesse der 

Untersuchungsgebiete. Darüber hinaus soll die Plausibilität des angepassten J2000-

Modells bezüglich der Umsetzung der HRU-Regionalisierung von kalibrierten 

Einzugsgebieten auf die unkalibrierten Einzugsgebiete der Region untersucht werden. 

 

Für die vorliegenden Untersuchungen wurden drei Flusseinzugsgebiete mit 

unterschiedlichen hydrologischen Regimen ausgewählt: Beki und Lohit (gespeist von 

Gletschern, Schnee und Regen) und Noadihing (gespeist von Schnee und Regen). Für die 



 

 

 

 

Erstellung des J2000-Modellsfür das Beki-Einzugsgebiet im Zeitraum 1982-2016 wurden 

die gerasterten ERA-Interim-Datenverwendet, um somit den Mangel an 

hydroklimatischen Daten zu umgehen. Der nordöstliche Himalaja wendet sich an der 

Namjagbarwa-Biegung nach Süden, erstreckt sich von da aus weiter nach Süden bis hinter 

die Indo-Myanmar-Berge und wendet sich dann nach Südwesten, wo er in die 

Purvanchal-Hügel übergeht. Dadurch ergibt sich eine einzigartige physiographische 

Ausstattung, die zusammen mit der ausgeprägten Topographie orographische Ereignisse 

mit hoher Amplitude verursacht, die durch die modellierten ERA-Interim-

Niederschlagsdaten nicht erfasst warden können. Daher wurde eine neue Methodik zur 

inversen Korrektur der ERA-Interim-Niederschlagsdaten durch orographische 

Korrekturfaktoren auf Grundlage von Gletschermassenbilanz und Abschätzung der 

Evapotranspiration eingeführt. Zur Korrektur der ERA-Interim-Temperaturdaten wurde 

eine monatliche Rate der Temperaturabnahme angenommen. Die raumzeitlichen 

hydroklimatischen Bedingungen der Untersuchungsgebiete, insbesondere Niederschlag 

und Temperatur, wurden unter Verwendung der gerasterten ERA-Interim-

Zeitreihendatenfür den historischen Zeitraum analysiert. Zusätzlich wurde eine 

nichtparametrische Trendanalyse verwendet, um sowohl den klimatischen als auch den 

hydrologischen Trend in den ausgewählten Untersuchungsgebieten zu analysieren. 

 

Im nächsten Schritt wurde das prozessbasierte hydrologische Modell J2000 für die 

Dynamik des gefrorenen Bodens angepasst, um die hydrologischenProzesse in den 

Untersuchungsgebieten zu simulieren. Für das Beki-Einzugsgebiet lagen die besten 

hydrologischen Daten über einen Zeitraum von 33 Jahren vor, und daher wurde es als 

Fallstudie für die Modellentwicklung und – auswertung ausgewählt. Das Vorherrschen 

von Permafrost und saisonal gefrorenem Boden kontrolliert den oberflächennahen 

Abfluss im Oberlauf der Flusseinzugsgebiete, wobei sein Gesamtbeitrag zur Wasserbilanz 

des Einzugsgebietes unbedeutend ist. Um jedoch die Dynamik des Permafrosts und des 

saisonal gefrorenen Bodens darzustellen, wurden zwei permafrost-dominierte 

Teileinzugsgebiete des Beki ausgewählt, nämlich Magochu und Nyukcharongchu. In der 

vorliegenden Arbeit wurde für die Darstellung der Dynamik des gefrorenen Bodens im 

J2000-Modell ein neuartiger Ansatz auf Grundlage von ineinander verschachtelten 

Einzugsgebieten verfolgt. Ein auf mehrere Standorte bezogener Kalibrierungsansatz 

wurde für die gleichzeitige Kalibrierung am Auslass eines Teileinzugsgebietes, dem 

Magochu-Einzugsgebiet, und am Auslass des Beki-Einzugsgebietes gewählt. Dem schloss 

sich eine Validierung im angrenzenden Nyukcharongchu-Teileinzugsgebiet an. Die 

kalibrierten Modellparameter aus dem Beki-Einzugsgebiet wurden mit der Proxy-Basin-

Methode auf die Einzugsgebiete Lohit und Noadihing übertragen.   

 

Die Inkonsistenz der gerasterten, mittels Fernerkundung erhobenen Niederschlagsdaten 

führte zu einer Übersimulation der Gletscherschmelze im Beki- und Lohit-Einzugsgebiet. 

Daher wurde die Gletscherschmelze auf Grundlage von in-situ-Abschätzungen der  
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Gletschermassenbilanz im Beki- und Lohit-Einzugsgebiet eingeschränkt. Diese Methodik 

ermöglichte es, den Mangel an in-situ-Informationen zur Gletschermassenbilanz in den 

jeweiligen Einzugsgebieten auszugleichen und zu plausiblen Gletscherschmelzwerten zu 

gelangen; dadurch wurde das häufig vorkommende Problem der überhöhten 

Gletscherschmelze bei der hydrologischen Modellierung von vergletscherten 

Einzugsgebieten adressiert.  

 

Die raumzeitlichen Trends der Wasserbilanz und der Abflusskomponenten der drei 

ausgewählten Einzugsgebiete wurden in der vorliegenden Arbeit vorgestellt. Die 

Variabilität der Wasserbilanz- und Abflusskomponenten in den drei Einzugsgebieten 

hängt in erster Linie mit der raumzeitlichen Variabilität von mittlerem jährlichen 

Niederschlag, Abfluss und Evapotranspiration zusammen. Der Beitrag der 

Gletscherschmelze zum Gesamtabfluss betrug im Beki-Einzugsgebiet 13%, in Lohit 15% 

und in Noadihing. 0%, und war damit geringer als der Beitrag der Schneeschmelze von ca. 

47% im Beki-Einzugsgebiet, ca, 48% in Lohit und ca. 40% in Noadihing. 

 

Die regressionsbasierte Trendanalyse für den Multi-Ensemble-CORDEX-Datensatz für 

Temperatur und Niederschlag für den Zeitraum 1961-2100 wurde für alle 

Untersuchungsgebiete unter dem extremen RCP 8.5-Szenario durchgeführt. Für die 

Einzugsgebiete Beki, Lohit und Noadihing wurde ein Temperaturanstieg von 

0,442°C/Dekade, 0,482°C/Dekade und 0,388°C/Dekade projiziert. Der mittlere 

Jahresniederschlag aller 13 CORDEX-Modelle projiziert eine Zunahme von 20,82 

mm/Dekade für Beki, 52,35 mm/Dekade für Lohit und 51,72 mm/Dekade für Noadihing. 

 

Um die Auswirkungen von Klimawandel-Szenarien auf das hydrologische Regime der 

Einzugsgebiete zu untersuchen, wurden die Jahresganglinien des Abflusses für den 

Basiszeitraum (1961-1990), die nahe Zukunft (2021-2050) und die ferne Zukunft (2071-

2100) erstellt. Um die Rolle der Gletscher auf das hydrologische Regime der 

Einzugsgebiete unter Klimawandel-Szenarien genau vorherzusagen und zu verstehen, 

wurden zwei Szenarien betrachtet: ein Szenario mit Gletscher unter Berücksichtigung der 

gegenwärtigen statischen Gletscherbedeckung sowie ein Szenario ohne Gletscher unter 

Annahme eines vollständigen Abschmelzens. Diese Methodik wurde angewendet, da 

zwar berichtet wurde, dass die Gletscher in der Region aufgrund der 

klimawandelbedingten Erwärmung schrumpfen, Informationen über die tatsächliche 

Natur der Dynamik der Gletschermassenbilanz unter zukünftigen Klimawandel-

Szenarien jedoch nicht bekannt sind. 

 

Die Analyse der zeitlichen Variabilität des Abflusses in den Untersuchungsgebieten unter 

den projizierten Klimawandel-Szenarien zeigte eine Zunahme des Abflusses sowohl für 

die Szenarien mit als auch ohne Gletscher. In den vergletscherten Beki- und Lohit-

Einzugsgebieten würden das Schmelzwasser von Gletschern und Schneefeldern im 

Oberlauf sowie die hohe Schneeschmelze und Monsunregenfälle im Vorland die aufgrund  
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des Temperaturanstiegs oder der verstärkten Evapotranspiration erwartete Verringerung 

des Abflusses ausgleichen. Im nicht vergletscherten Noadihing-Einzugsgebiet würden 

höhere projizierte Niederschläge und Temperaturen zu einer verstärkten Schneeschmelze 

führen und damit den Abfluss erhöhen. 

 

Die Analyse der hohen und niedrigen Abflüsse in den drei Untersuchungsgebieten zeigte, 

dass im Beki-Einzugsgebiet für das Szenario mit Gletscher sowohl in der nahen als auch in 

der fernen Zukunft hohe Abflüsse auftreten würden. Für das Szenario ohne Gletscher 

würden jedoch im Beki-Einzugsgebiet sowohl in der nahen als auch in der fernen Zukunft 

niedrige Abflüsse auftreten. Für das Lohit- und das Noadihing-Einzugsgebiet wurde das 

Auftreten hoher Abflüsse sowohl für das Szenario mit als auch ohne Gletscher in naher 

und ferner Zukunft projiziert. 

 

Die vorliegende Arbeit hebt den Vorteil hydrologischer Modellierung, die durch 

Fernerkundungsprodukte und modellierte hydroklimatische Daten angetrieben wird, 

hervor, um unser Verständnis der hydrologischen Dynamik und ihrer Kontrollvariablen 

in der datenarmen nordöstlichen Himalaya-Region zu verbessern. Sie unterstreicht das 

Potenzial des Modells J2000 als robustes Modellierungsinstrument zur Beurteilung der 

Wasserbilanz in unkalibrierten, vergletscherten Einzugsgebieten des Himalayas durch 

Übertragung der Parameter von kalibrierten Einzugsgebieten. Eine solche innovativ 

Untersuchung ist für ein integriertes Wasserressourcen Management und die Lösung 

zwischenstaatlicher Probleme im grenzübergreifenden Brahmaputra-Einzugsgebiet in der 

nordöstlichen Himalaya-Region von großerBedeutung. 
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Chapter 1    

Introduction  

 

1.1 Motivation 

 

The North-Eastern Himalaya (NEH) region constitutes the south-eastern part of the 

Tibetan Plateau (TP), termed as Asia's 'water tower'. It is the source of major Asian rivers 

such as the Indus, Ganges and Brahmaputra etc. that sustain the livelihoods of around 700 

million downstream populations (Eriksson et al., 2009; Cuo et al., 2014). The TP and the 

Brahmaputra basin are highly vulnerable Water Tower Units (WTU), which constitutes 

the NEH region (Immerzeel et al., 2019). The TP contains the largest extra-polar ice mass 

and is hence referred to as 'The Third Pole' (Qiu, 2008). It also hosts the largest mid and 

low-latitude frozen ground (permafrost and seasonally frozen ground) regions of the 

world outside the polar region (Zou et al., 2017) and the largest alpine permafrost area in 

the world (Cheng et al., 2019). The TP includes some of the world's highest mountainous 

glacierised basins and is therefore termed the 'roof of the world' (Cuo et al., 2014). These 

transboundary glacierised river basins of the TP are likely to be most vulnerable to the 

impact of climate change (Kang et al., 2010). The region's high elevation and complex 

topography create a unique atmospheric circulation pattern that significantly affects the 

regional and global climate through thermal and mechanical forcings (Nan et al., 2009). 

 

 Although a large number of studies have been performed across the Hindukush 

Himalaya (HKH) region, the knowledge on the interaction of climate, cryospheric 

components (snow, glaciers, permafrost, seasonally frozen ground, glacial lakes, high 

altitude lakes etc.) and runoff in this unique geographical setting is still inadequate for 

regional water balance analysis of the glacierised basins. To assess the impacts of climate 

change in the context of ILWRM initiatives in the region, the BMBF funded INNO-ASIA 

project was initiated to establish international cooperation between Friedrich Schiller 

University Jena (FSU-Jena) Germany and research institutes from Nepal, India and China 

in the Asia-Pacific Research Area (APRA) (Flügel, 2011). The present doctoral study was 

embedded into the INNO-ASIA project (2010-2016). As a deliverable of the INNO-ASIA 

project, the Guwahati Field Trial Project (GFTP) was conceived as a collaborative venture 

between FSU-Jena, Germany and the Government of Assam, India, from 2012-2016 for 

creating a Decision Information Knowledge System (DIKS) for ILWRM in the 

Brahmaputra basin of the NEH region. The present study was integrated into the INNO-

ASIA and GFTP, particularly with respect to networking with relevant data-sharing 

research organisations, collection and preparation of the hydroclimatic and hydrological 

database required for the hydrological modelling of the Beki basin. 

 

To study the climate change impacts on water availability of major Himalayan river 

systems (two sub-basins of the Brahmaputra and one each of the Indus, Ganges and  

 

 



 

 

 

 

 

Salween-Mekong), the Himalayan Climate Change Adaptation Programme (HICAP)—

was initiated by the Centre for International Climate and Environmental Research-Oslo  

(CICERO), International Centre for Integrated Mountain Development (ICIMOD) and 

United Nations Environment Programme (UNEP) from 2011-2017. The present study was 

also supported by the HICAP project for preliminary hydrological modelling of the Lohit 

and Noadihing Basins at ICIMOD, Nepal. 

 

1.2 Research needs 

  

The monsoon dominated Brahmaputra basin of the NEH region is characterised by 

precipitation mainly concentrated in the summer months, although the perennial flow of 

the rivers is maintained by consistent snow and glacier melt (Immerzeel et al., 2010; Lutz 

et al., 2014). However, the projected climate change-induced rising temperature trends 

and changes in the precipitation pattern would significantly impact the cryosphere and 

the hydrological dynamics of the glacierised basins of the NEH region (Lutz et al., 2014). 

The significant hydrological dynamics could range from variability in precipitation 

(Palazzi et al., 2013), streamflow (Lutz et al., 2014; Masood et al., 2015) or a considerable 

decrease in water availability (Immerzeel et al., 2012; Kääb et al., 2012) of the glacierised 

basins of the NEH region. 

 

Rising temperatures in the NEH region have also been reported to be responsible for 

cryospheric changes such as inconsistent snow-cover (Che et al., 2008), negative glacier 

mass balance (Bolch et al., 2012; Kang et al., 2010) or snow and glacier melt changes (Lutz 

et al., 2014; Immerzeel et al., 2012). The permafrost and seasonally frozen ground in the TP 

are reported to be highly vulnerable to warming due to climate change (Guo et al., 2012; 

Yang et al., 2010), particularly the deepening of the active layer (Guo et al., 2012), decrease 

in maximum frozen depth (Zhao et al., 2004), permafrost degradation (Yang et al., 2010) 

and frozen ground change implications on hydrological processes or the regional water 

balance (Gao et al., 2017). The changes in the snow and glacier meltwater or frozen ground 

in the NEH region due to climate warming would significantly impact on the quantity and 

seasonality of water availability (Lutz et al., 2014, Jiang et al., 2018). However, due to 

variability of terrain and hydro-climatic features, there is a spatio-temporal variation in 

the response of the cryospheric components across the Himalaya region (Scherler et al., 

2011). 

  

Although there is considerable variability in the contribution of glacier and snowmelt to 

the total runoff across the glacierised basins of the NEH region, the understanding of the 

role of snow and glacier melt to the streamflow is inadequate (Lutz et al., 2014). Therefore, 

it is imperative to understand the present hydrological regime of the Himalayan basins 

and their sub-basins, focussing on quantifying the relationship among different basin 

components (soil, land use, snow, glacier, permafrost, groundwater etc.) with the runoff  

 (Qazi, 2020). Consequently, assessing the future water availability in the NEH region due 

to climate change projections of temperature and precipitation is possible only if the 

present hydrological regime is accurately quantified (Miller et al., 2012). Therefore, to  
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attain a comprehensive understanding of the hydrological response of glacierised basins, 

it is necessary to assess the spatio-temporal variability of the hydrological components 

and their contribution to the basin water balance under current climate conditions and 

future climate-change scenarios.  

  

Many recent studies have stressed on the importance of hydrological modelling to assess 

the water balance and hydrological dynamics under climate change scenarios in 

glacierised basins of the NEH region (Immerzeel et al., 2010; Prasch et al., 2012). However, 

hydrological modelling in the entire HKH region is challenging due to the alarming 

scarcity of hydro-meteorological and glaciological data (Cogley, 2011). Therefore, a proper 

understanding of the fundamental physical processes that control runoff generation at 

high elevations, accurate characterisation of such processes in glacio-hydrological models, 

and identifying suitable model parameters is hampered (Pellicciotti et al., 2012). 

Furthermore, the headwaters of such glacierised basins in the NEH region constitute 

permanent or seasonal snowfields, high mountain glaciers, and permafrost adjacent to the 

seasonally frozen ground, thus increasing the hydrological complexity. The seasonal 

freeze-thaw cycle that governs the groundwater table, soil-moisture flux, land-surface 

evapotranspiration have been studied only to a limited extent due to the lack of 

observational studies and adequate field measurements in the NEH region (Gao et al., 

2017). Moreover, regional water balance analysis of glacierised Himalayan basins is 

extremely challenging as the impact of climate change in their high elevation headwaters 

is complex (Immerzeel et al., 2015). 

  

 The physiographic complexity of the NEH region is accentuated by the unique hydro-

climatic characteristics that have led to the occurrence of the world's highest rainfall 

location, 'Mawsynram' in the region (Soja and Starkel, 2007). The precipitation variability 

occurs due to the Trans-Himalayan rain shadow effect, the east-west precipitation 

gradient, strong orographic control and the ridge-valley gradient phenomena (Dahri et al., 

2016; Bookhagen and Burbank, 2010).  

  

Although the spatial variability of hydro-climatic variables and glacio-hydrological 

regimes of the basins in the HKH region is challenging for regional hydrological 

modelling, the existing hydrological modelling studies in the Indian Himalayan region are 

concentrated mainly in the Central and Western Himalaya. However, little research has 

been published for the NEH region (Sharma and Flügel, 2015). Nevertheless, due to the 

inaccessibility and transboundary nature of the basins which extend into China and 

Bhutan, there are also problems related to data restriction between the transnational 

climate agencies. Moreover, due to cross-boundary riparian issues and inaccessibility, it is 

challenging to collect in situ field information of glaciers (mass-balance), permafrost extent 

or thickness of the active layer.  

 

For assessing glacier-runoff, field-based point mass-balance estimates need to be 

considered either from field investigations or existing studies in the basins that are scarce 

(Immerzeel et al., 2012). When upscaled to the whole glacier, the few in situ measurements  
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cause uncertainty (Vieli, 2015). Most glacio-hydrological modelling studies are constrained 

due to static assumptions of glacier extent under climate change scenarios (Singh and 

Bengtsson, 2004). Furthermore, due to extreme ruggedness or topographic variability over 

short distances, scale issues are significant in these glacierised basins that complicate the 

transfer of the process-understanding from the headwaters to the entire glacierised basin 

(Flügel et al., 2018). 

 

Another challenge to hydrological simulation in the NEH region is model setup, 

calibration and validation as the hydro-meteorological data are sparsely distributed in the 

downstream river valleys and not available in the upstream transboundary headwaters 

(Dahri et al., 2016; Bookhagen and Burbank, 2010). Application of reanalysis or remotely-

sensed gridded climate dataset has its intrinsic uncertainties and is coarser to represent 

short-range spatial heterogeneity, local orographic or convective circulations (Andermann 

et al., 2011; Palazzi et al., 2013). Another setback to regional water balance analysis in the 

NEH region is that discharge data may not be available, intermittent, or poor. Streamflow 

records are often available at downstream gauging sites that do not represent the basin 

characteristics spanning different elevation zones (Uhlenbrook et al., 1999).  

  

1.3 Research objectives  

  

In line with the above background and research needs, the primary aim of this dissertation 

was to gain proper insight into the hydrological processes and dynamics of glacierised 

study basins of the NEH region under present, near and far climate change scenarios. The 

primary goal was organised into the following objectives: 

  

 (i) Evaluation and analysis of modelled ERA-Interim and measured meteorological and  

      hydrological datasets. 

  

(ii) Development of a distributed process-based hydrological model that is applicable in  

      the data-scarce glacierised basins of the NEH region and capable of accounting for     

     spatial heterogeneity of hydrological processes mainly related to glaciers and frozen  

     ground. 

 

 (iii) Distributed hydrological modelling of the selected study basins to: 

 assess the contribution of water balance components and runoff components to 

the streamflow.  

 assess the hydrological dynamics and water availability under climate change 

scenarios. 

  

1.4 Research questions  

  

By addressing the above objectives, the PhD dissertation aims to investigate the following 

research questions.  

 

(a) How is the precipitation distribution affected by the physiography in the NEH region?  

      Can modelled precipitation reflect such dynamics? 
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 (b) What is the spatio-temporal dynamics of the hydro-meteorological time series and  

      hydrological regime in the selected glacierised basins? 

  

(c) Is the distributed, process-based J2000 model adapted for frozen ground capable of   

     accounting for catchment similarities applying the Hydrological Response Units   

     (HRUs) concept in the selected basins? 

  

(d) What are the contributions of different water balance and runoff components to the   

      streamflow of the selected basins under the present and projected climate change   

      scenarios (near-future and far-future)? 

  

(e) Can the J2000 model serve as a tool for regional water balance analysis across the  

      selected basins of the NEH region for the implementation of Integrated land and 

      water resources management (ILWRM) initiatives. 

  

1.5 Overview of the thesis structure 

 

 This dissertation is structured into eight chapters as follows: 
  

Chapter 2: Reviews the state-of-the-art of major scientific topics relevant to the   

                    background and research framework of the thesis. 

  

Chapter 3: Presents the hydro-climatic as well as the physio-geographic description of  

                   the study area.  

  

Chapter 4: Provides an overview of the various observed or modelled hydro-  

                    climatic, hydrological, and geospatial data sets used in this study. 

           

Chapter 5: Describes the methods adopted for data analysis, data processing,   

                     field investigations and hydrological modelling.  

  

 Chapter 6: Presents the water balance and runoff component estimates of the study basins  

                     under present and projected climate change scenarios.  

  

Chapter 7: A comparative discussion on the modelling results, uncertainties, limitations  

                     and the implication of the study are explained.  

  

Chapter 8: Summarises the overall conclusions, recommendations as well as the future  

                    outlook relevant to the present study. 
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Chapter 2    

Background 
 

 

 

This chapter aims to review the research context related to climatic variability and trends 

as well as the broad outline of climate-driven changes in the cryospheric components in 

the Himalayas. An elaborate summary of the approaches of snow, glacier melt assessment, 

frozen ground modelling and regional water balance of glacierised basins by applying 

glacio-hydrological modelling tools is provided. The methodical approach adopted in the 

PhD dissertation by identifying the various research gaps is also presented. 

 

2.1 Climatic variability and trends over the Himalayas 

2.1.1 Climate drivers and precipitation variability in the Himalayas 

 

The climate variability in the HKH region is associated with three independent wind 

systems, namely the Westerlies, the Indian summer monsoon (ISM) and the East Asian 

summer monsoon (EAM). The bulk of precipitation occurs between June and September 

with a strong north-south gradient in precipitation intensity caused by orographic effects 

(Pang et al., 2014; Bookhagen and Burbank, 2006) (Figure 2.1). The intensity of the EAM is 

related to the high summer solar insolation on the TP (Wang, 2006), causing a temperature 

gradient and resulting in a pressure gradient between the elevated TP and surrounding 

oceans. This pressure gradient attracts moisture from the Bay of Bengal and transports it 

to the northwest direction. After the onset of the ISM, latent heat is released by 

condensation over the Indian sub-continent, which maintains the temperature gradient 

during the active phase of the monsoon season (Fasullo and Webster, 2003). This pressure 

gradient during summer also guides the south-easterly moving ISM towards North-

eastern India and the Bay of Bengal. Hence, the origin of precipitation source during the 

summer for the eastern and central-southern Himalaya is the Bay of Bengal, where 

monsoonal cells are created and move towards the north and northwest (Bookhagen and 

Burbank, 2006). These cells are released during the active phase of the monsoon and 

trigger heavy orographic rainfall by colliding against the southern Himalayan slopes. The 

overall impact of all the monsoonal cells formed during the active phase of the monsoon 

results in wetter regions in Eastern and Central India (Bookhagen and Burbank, 2006). The 

impact of ISM rainfall decreases rapidly towards the western Himalayas, wherein the 

westerly and south-westerly wind systems mobilise rainfall with moisture originating 

from the Arabian Sea (Archer and Fowler, 2004).  

 

During winter, the temperature gradient reverses with extremely cold areas on the TP 

against the warmer surrounding oceans. In the Western Himalayan region, Western 

Disturbances initiate winter precipitation and the westerly upper-tropospheric 

synoptic‐scale waves (Wang, 2006). These waves are entrapped and intensified by the 

large‐scale topographic features, particularly at the western syntax formed by the  

 

 

 



 

 

 
 

 
 
Himalaya and Hindu Kush at Nanga Parbat and the eastern syntax formed by the 

Himalaya and the Indo-Myanmar mountains at Namcha Barwa respectively (Figure 2.1). 

 

 

Therefore, the overall precipitation distribution during the winter in both the Himalayan 

syntaxes receives higher precipitation from western disturbances than the central parts 

along the Himalayan front (Bookhagen and Burbank, 2010).  

 

Precipitation is one of the most important hydroclimatic components that govern the 

water balance in a basin. However, the existing precipitation observations in most 

Himalayan basins are insufficient or valley-based (Fowler and Archer, 2006). Furthermore, 

most transboundary Himalayan basins possess only fragmented observational data 

available from different national organisations with their respective data restriction 

policies. Therefore, the use of readily available global or regional scale gridded datasets 

for hydro-climatic assessment and mass balance studies is indispensable (Lutz et al., 2014; 

Immerzeel et al., 2015; Bookhagen and Burbank, 2006). 

 

Kulkarni et al. (2013) studied the spatial patterns of observed APHRODITE seasonal 

rainfall data from 1961–1990 and concluded that rainfall ranged from 50–500 mm in the 

Western Himalaya (WH), 500 and 1000 mm in the Central Himalaya (CH), exceeds 1000 

mm in some parts in the Eastern Himalaya (EH) and exceeds over 3000 mm in the NEH 

region. Nepal and Shrestha (2015) reported that over 80% of annual precipitation occurs in 

the central-eastern part of the Himalayas during the summer monsoon. They estimated 

the annual mean precipitation in the Himalayan river basins over the Indus (WH), the  

 

 
Figure 2.1: The Monsoon and the Westerlies wind systems (Source: Modified after Yao et al., 2012) 
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Ganges (CH-EH) and the Brahmaputra river basins (EH-NEH) as 435, 1094, and 2143 mm, 

respectively. 

 

Bookhagen and Burbank (2010) reported two prominent precipitation gradients across the 

Himalaya: (i) a 6-fold east-to-west rainfall gradient with high rainfall occurence in the 

eastern region, close to the Bay of Bengal and (ii) a 10-fold south-to-north rainfall 

gradient due to orographic barriers of the Lesser and Higher Himalaya resulting in 

precipitation drenched southern slopes with minimal precipitation in the regions north of  

the orographic barriers (Bookhagen and Burbank, 2006). Bookhagen and Burbank (2010) 

identified two topographic profiles across the Himalayas (Figure 2.2 (a)) namely, (i) a 

‘one-step topography’ in the western and eastern Himalaya wherein the mean 

topography rises gradually to an average elevation of 5 km and relief to above 3 km 

(Figure 2.2 (b)) (ii) a ‘two‐step topography’ in the central and central‐western Himalaya 

wherein the outer step occurred in the Lesser Himalaya and the inner step occurred in the 

Higher Himalaya (Figure 2.2 (c)). They observed two classes of topographic profiles 

related to the rainfall distribution with a single high unimodal peak of up to 6 m/yr for the 

steadily increasing one-step topography while bimodal peaks around 4m/yr for the two-

step topography.  

 

 

 

 

 

 

 
Figure 2.2: (a) Topographic profiles across the Himalaya (b) One-step topography corresponding to single 

peak at Lesser Himalaya indicated by swaths shown by white polygons and encircled by red ovals (c) Two-

step topography corresponding to two peaks at Lesser Himalaya and Higher Himalaya indicated by swaths 

shown by grey polygons and encircled by a blue oval (Source: Modified after Bookhagen and Burbank, 2010). 
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2.1.2 Climate trends in the Himalayas  

 

Palazzi et al. (2013) compared various classes of modelled rainfall datasets such as satellite 

data (TRMM 3B42), interpolation of gauge observations (APHRODITE, GPCC, CRU),  

merged satellite and rain gauge data reanalysis (GPCP), reanalyses (ERA-Interim) and 

GCM (EC-Earth) for the period 1998 - 2007. They reported that the monsoonal 

precipitation peak is highest in July for ERA-Interim (~10 mm day–1) while the wintertime 

peak is about 4 mm day–1, indicating ERA-Interim to overestimate precipitation compared 

to the other data sets. You et al. (2015) reported an increasing precipitation trend of 16.84 

mm decade-1 in South-eastern TP or the NEH region for the period 1979 - 2001. You et al. 

(2007) cited an increasing precipitation trend of 6.75 mm decade-1 in the Yarlung Zanbo 

(Brahmaputra) Basin in the NEH region. Mukherjee et al. (2014) observed a negative trend 

of − 0.04 mm/day precipitation for the EH region during 1951–1980, − 0.12 mm/day for 

WH during 1951–2007 and − 0.43 mm/day for EH during 1951–1980, respectively.  

 

While annual precipitation did not show any substantial change, the projections exhibited 

up to 50% longer dry periods in June to September with a simultaneous increase of 10% 

for the maximum amount of precipitation. For the NEH region, the projections also show 

an increase of 25% in the number of consecutive dry days during the monsoon season, 

leading to prolonged monsoon breaks. Shrestha and Devkota (2010) used the Providing 

Regional Climates for Impact Studies (PRECIS) regional climate model data and reported 

that across the EH, change in precipitation would be +13% (+34%) under the B2 (A2) 

scenario by the late 21st century. Palazzi et al. (2014) reported that multi-model CMIP5 

ensemble means with extreme climate should be considered for climate impact 

assessment. Oh et al. (2014) reported an increase in precipitation up to 5% across the 

Himalayan region in the near future for both the RCP 4.5 and RCP 8.5 scenarios, based on 

analysis of Coordinated Regional climate Downscaling Experiment (CORDEX) data. 

Choudhary and Dimri (2018) used CORDEX data over the Himalayan region using RCP 

4.5 and RCP 8.5 scenarios that projected a significant increasing trend of precipitation of 

about 0.004 mm/day/year. 

 

The rates of warming in the HKH region have been cited to be significantly higher than 

the global average of 0.74°C over the past 100 years (IPCC, 2007). Shrestha and Devkota 

(2010) used PRECIS temperature data and reported a warming rate in the WH, EH and the 

Ganges plains over the past 25 years to be lower (0.01–0.03°C per year) and those for the 

CH, especially Nepal and the TP to be higher around 0.04–0.09°C and 0.03–0.07°C per year 

respectively. Liu and Chen (2000) reported an increasing linear rate in the annual mean 

temperature over the entire TP around 0.16°C per decade during 1955-1996. Yang et al. 

(2007) reported a rate of increase of the mean annual air temperature around 0.2°C per 

decade from 1961-2000 in the South-eastern TP or NEH. Yan and Liu (2014) found an 

accelerated warming trend of 0.32°C per decade during 1961-2012 with warming rates 

above 0.20°C per decade in the TP. Yan et al. (2016) indicated an altitude-dependent 

warming trend in the HKH, with warming rates increasing with increasing altitude.  
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2.2 The cryosphere of the HKH region  

2.2.1 Glaciers 

 

The glaciers of the HKH are highly influenced by the spatial variability of climatic 

variables and topography. Hence they are heterogeneous in form, extent and vulnerability 

 to present and projected climate warming. Some widely used global glacier inventories 

exist such as the World Glacier Monitoring Service (WGMS, 1989), Global Land and Ice 

Measurements from Space (GLIMS) (Raup et al., 2007), the GlobGlacier project (Paul et al., 

2009), the Randolph Glacier Inventory (Pfeffer et al., 2014), and the ICIMOD Glacier 

Inventory for the HKH including debris-covered (DC) glaciers (Bajracharya and Shrestha, 

2011). 

 

Several authors have classified the HKH glaciers into different glacier regimes ((Figure 2.3 

(a)) based on precipitation seasonality (Maussion et al., 2014), continentality (Thayyen and 

Gergan, 2010; Shi and Liu, 2000) and accumulation regimes (Kang et al., 2009; Wagnon et 

al., 2013). Based on the above classification of glacier-regimes, Thayyen and Gergan (2010)  

classified the Himalayan region into three glacial-hydrological regimes, namely, the 

Winter-Snow (Alpine), Cold-Arid and Summer Monsoon+Winter Snow (Himalayan) 

regime. The ISM in summer and Westerlies in winter together with the topography 

control the distribution of glaciers in the HKH region (Yao et al., 2012). The ISM impacts 

the glaciers of the Central, Eastern and North-eastern Himalayas while the Westerlies 

control the glaciers of Western Himalayas. The continental climate characterises the 

glaciers in the interior of the TP. 

 

 

The high concentration and low equilibrium line altitude (ELA) of glaciers in the NEH and 

the eastern Pamir regions result from the high precipitation triggered by the ISM and the  

 

 

 

 

 

 

 

 

 

 

Figure 2.3: (a) Glacier regime according to precipitation seasonality shown as coloured areas, DJF (blue), 

DJF/MAM (green), MAM (violet ), MAM/JJA (orange) and JJA (red) (Maussion et al. 2014); Glacier regime 

according to continentality is shown as maritime (Yellow hexagons), subcontinental (green rounded rectangles) 

and extremely continental (black dotted hexagons) after Shi and Lui (2000), (Maussion et al., 2014); Glacier 

regime according to Summer Accumulation shown as (brown), and Winter Accumulation (red dotted) 

rectangles. Glacio-hydrological regimes (Thayyen and Gergan,2010) shown by  Winter-Snow (Alpine) as pink 

rectangle, Cold-Arid (Yellow rectangle) and Summer Monsoon+Winter Snow (Himalayan) as blue block arc (b) 

Distribution of glacier ELA in the HKH region (Source: Modified after Yao et al., 2012). 
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Westerlies respectively. Sparse glacier distribution and higher ELA in the continental 

climate-dominated interior TP result from the availability of limited water vapour sources 

from the ISM and Westerlies circulation systems. The mean glacier elevations vary from 

5150 m a.s.l. in the west to 5600 m a.s.l in the central HKH (Bolch et al., 2012) and the 

ELArange from 4400 to 5900 m a.s.l in the Eastern Himalayas (Yao et al., 2012) (Figure 

2.3(b)). The average snow-line altitude varies from 2,336 m a.s.l in winter to 4,109 m a.s.l in 

summer, 3,330 m a.s.l in winter to 4,573 m a.s.l in summer and 2,932 m a.s.l in winter to 

4,433 m a.s.l in summer for the Indus, Ganges and Brahmaputra basin respectively 

(Pandey et al., 2013). 

 

The direct feedback of glaciers to climate change occurs through changes to the mass 

balance and is thus used as the best indicator of climate change on the state of glaciers in 

the HKH region (Rowan et al., 2017). There are mainly four types of methods to determine 

the mass balance: (a) glaciological or direct method based on a network of in situ 

accumulation and ablation measurements along the glacier surface (Tsering and Fujita, 

2016), (b) geodetic method that involves the comparison of two topographic datasets 

acquired at different times to calculate the volume change and subsequently the mass 

balance mainly by remote sensing methods such as ICESat (Ice, Cloud, and land Elevation 

Satellite), laser altimetry and DEM differencing (Bolch et al., 2011; Gardelle et al., 2013), (c) 

hydrological method which subtracts the runoff and evapotranspiration collected from the 

nearest observed or modelled precipitation data (Immerzeel et al., 2012) and (d) 

gravitational method that monitors minor changes in the gravity field of the earth to 

estimate gravimetric mass balance obtained from the Gravity Recovery and Climate 

Experiment (GRACE) data (Gardelle et al., 2013).  

 

 Recent studies have underscored the inherent discrepancies among the various glacier 

mass-balance methodologies in the HMA (Bolch et al., 2012) and have reported extensive 

spatial heterogeneity in the state of glacier change (Gardelle et al., 2013). In situ direct 

measurements of individual glaciers have indicated greater mass loss than regional 

satellite data across the Himalayas and TP (Yao et al., 2012; Gardelle et al., 2013). The 

greatest rates of glacier mass loss in the HKH after 2000 have been estimated in the EH 

and WH (−0.6 m w.e. /yr) and moderate losses have been observed in the CH (−0.4 m w.e. 

/yr) and the Hindu Kush mountains (−0.3 m w.e. /yr). Moreover, the Karakoram has 

shown neutral or slight mass gain after 2000, referred to as the ‘Karakoram Anomaly’ 

(Bolch et al., 2012). The glaciers of the NEH region (Parlung Zangbo mountains) have 

undergone the highest negative mass balance trend in recent years (-1.02 m w.e. /yr) while 

a moderate rate of mass loss is observed in the TP (~ -0.4 to -0.55 m w. e. / yr) (Yao et al., 

2012). A comprehensive mass balance estimate is shown in Figure 2.4, across the HKH 

compiled by Neckel et al. (2014). 

 

The Himalayan glaciers have demonstrated a variable response to climate change, with 

glacier wastage being slightly higher in the EH compared to the Central and 

Western Himalaya (Scherler et al., 2011; Brun et al., 2017). Regional studies have projected 

volume losses around −9 and −32% by 2030 under moderate warming scenarios (RCP 4.5) 

and −8.7 and −26.1% for higher-emission scenarios (RCP 8.5) (Radić et al., 2014). Rates of  

 

 

Background                                                                                                                                      11                                                                                                                   



 

 

 

 

 

glacier volume loss appear to be higher in the EH, indicating a near-total loss of 

glaciers around −63.7 to −94.7% by 2100 (Ohara et al., 2014). Lutz et al. (2014) projected a 

decrease of 20 - 28%, 36 - 48% and 31- 45% of basin-averaged glacier cover for the Indus,   

Ganges and Brahmaputra (IGB) basins respectively up to 2050.  

 

2.2.2 Snow cover 

 

The HKH exhibits a spatio-temporal variability of snow cover area (SCA) from east to 

west. Immerzeel et al. (2009) reported that the average SCA of the HKH varies between 10 

-18%. Gurung et al. (2011) reported the maximum and minimum SCA of the HKH around 

21–42% in winter and 2–4% in summer. The short duration, shallow and irregular snow 

cover in TP is around 59% in winter, while its South-eastern portion bordering the NEH 

region receives the deepest and most persistent snow (Qin et al., 2006; Li et al., 2009). The 

catchments in the Western Himalayas affected by the westerlies have higher mean annual 

snow cover (51%) compared to the monsoon-dominated central and eastern Himalayan 

catchments of around 20%, concentrated mainly in the high elevations (Hasson et al., 2014; 

Immerzeel et al., 2009). The snow-covered area in the IGB basins ranges from 85% during 

the snow accumulation periods to approximately 10% during ablation periods (Singh et 

al., 2013; Tahir et al., 2016). 

 

Snow water equivalent (SWE) is the water within a snowpack directly available for melt, 

which is the most critical variable for seasonal runoff production in the HKH region 

(Saloranta et al., 2019). Smith and Bookhagen (2018) reported that the SWE varies across  

the HKH according to the precipitation regimes and average winter SWE from 1987-2009 

varied from zero up to more than 140 mm in some high-elevation areas. They also 

concluded that the high SWE areas followed the direction of the westerlies as they moved 

northeast from the Arabian Sea and deposited snow along the high elevation areas, while 

Southern HKH also received snow due to the ISM as it moved towards the north and 

west, striking the Brahmaputra and Indus basins respectively. 

 

 

 

Fig 2.4:Overview of recent mass balance estimates (2006–2010) in HKH (Source: Neckel et al., 2014) 
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There are few projections of future snowpack behaviour in the HKH region. At the basin 

scale, high emission climate scenarios (RCP 8.5) from the most recent Coupled Model 

Intercomparison Project (CMIP5) predicted snowfall reductions of 30–50%, 50–60% and  

50–70% in the IGB basins respectively by 2071–2100 (Viste and Sorteberg., 2015). By 2100, 

snowline elevations are projected to rise between 4.4 to 10.0 m/yr in the IGB basins under 

RCP 8.5 emission scenarios (Viste and Sorteberg, 2015).  

 

2.2.3 Frozen ground 

 

Frozen ground refers to the soil layer that undergoes annual freeze and thaw and is 

classified as permafrost and seasonally frozen ground due to their distinctive hydrological  

and thermal properties (Zhao et al., 2019). Permafrost is mainly distributed in 

high‐latitude and high‐altitude areas where the mean annual air temperature remains < 

0°C, while the seasonally frozen ground is distributed in areas where the mean annual air 

temperature is > 0 °C (Gao et al., 2019).  

 

Many studies have used maps to classify the study areas into permafrost or seasonally 

frozen ground (Zhao et al., 2019). Nevertheless, the coarse maps of the frozen ground 

classification fail to represent the high spatio-temporal heterogeneity of the frozen ground 

in the HKH. Therefore, local borehole pits, geophysical methods, or rock glacier 

observations that are both labour and cost-intensive can effectively identify the frozen 

ground components in the rugged HKH terrain (Gruber et al., 2017).  

 

Many researchers have derived permafrost extent from measured and modelled ground 

surface temperature (Gruber et al., 2011). However, as the measurement of ground 

temperatures are challenging and expensive, the permafrost distribution is derived from 

multi-decadal mean annual air temperature (MAAT) and total precipitation (Boeckli et al., 

2012). Ran et al. (2012) have developed permafrost maps based on seasonality and trends 

in precipitation and temperature in the TP. Gruber (2012) proposed the Permafrost 

Zonation Index (PZI) to indicate the probability of permafrost occurrence in the HKH 

region. Gruber et al. (2017) cited the lower limit of permafrost elevation in the HKH ~3500 

- 5500 m a.s.l.  based on factors such as local climate, topography, ground thermal regimes, 

ice contents and presence of rock-glaciers. Rock glacier mapping studies in the HKH 

region reported discontinuous permafrost in the HKH region between 3500 m a.s.l. in 

Northern Afghanistan to 5500 m a.s.l. on the TP (Schmid et al., 2015), ~3052–5503 m a.s.l in 

Himachal Himalaya (Pandey, 2019) and above 4600 m a.s.l in Uttarakhand, India (Baral et 

al., 2019). Allen et al. (2016) reported the observed lower elevation limit in Kullu Himachal 

Pradesh, India, using a combination of slope topography and 0°C isotherm.  

 

The semi-arid, subarctic permafrost characteristics in the TP are distinct from that in the 

arctic or other alpine environments as the surface or subsurface conditions of the latter are 

mainly underlain by continuous permafrost with high soil carbon content, thicker snow 

cover and more saturated soil condition (Hinzman et al., 2013). Moreover, the frozen 

ground in the TP is characterised by unsaturated soils, lower organic carbon content, 

shallow snow cover and shorter snow duration (Kang et al., 2010). The hydrological 

regime of permafrost river basins is distinct from non-permafrost river basins. However,  
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the effect of frozen ground conditions on discharge regime is significant for regions with 

high permafrost area > 60%. (Ye et al., 2009).  

 

It is challenging to study the effect of permafrost layer on runoff characteristics as long-

term in situ measurements in most mountain slopes are unavailable (Gruber and Haeberli, 

2009). The relation of permafrost degradation on the hydrological regime has been  

indicated in many studies by hydrological signals such as Trend analysis, Correlation 

analysis, Ratio of Qmax/Qmin, Recession coefficient and Hydrograph separation (Gao et 

al., 2016; Duan et al., 2017).  A permafrost layer restricts vertical soil water percolation and 

favours lateral subsurface flow in an overlying organic, highly porous active soil layer. 

However, in regions underlain by only seasonally frozen ground, seasonal freezing of the 

subsurface layer permits and creates seasonal variations in groundwater flow with 

shallow and deep groundwater flow paths present in the warmer months (Hayashi, 2013). 

 

Many authors have demonstrated the degradation of mountainous permafrost under 

warmer climates or regional climate change that may change the runoff regime in high 

mountain basins in the TP (Gao et al., 2018). The climate in TP is warmer than the Arctic 

and therefore the frozen ground in the TP are susceptible to climate change warming 

(Yang et al., 2010). Since the last decades, permafrost warming has resulted in a 

widespread increase in the active layer thickness, decrease in maximum frozen depth and 

permafrost degradation in the TP (Yang et al., 2010; Zhao et al., 2020). Surface soil 

temperature in some permafrost areas of the TP has experienced an increase of 0.6°C per 

decade from 1980 to 2005 (Xue et al., 2009). Few studies in TP have reported that the lower 

altitudinal limit of permafrost has moved up, although the moving speed varies regionally 

(Cheng and Wu, 2007). From 1970-1990, the ground temperature of seasonally frozen soil 

and sporadic permafrost has increased by 0.3–0.5°C, while the mean annual ground 

temperature of the predominantly continuous permafrost has increased by 0.1–0.3°C 

(Cheng and Wu, 2007). Soil temperature near the permafrost table has increased by 0.1 -

0.7°C from 1996 to 2001 in the TP (Wu et al., 2006). Active layer thickness has deepened by 

10 - 40 cm in the permafrost regions along Qinghai-Tibetan Highway from 1996-2001 (Wu 

et al., 2006). Li et al. (2012) reported that the active layer thickness increased by 3.1cmyr-1 

from 1998 - 2010 along the Qinghai-Tibetan Highway. Wang et al. (2020) reported that the 

average maximum depth of frost penetration (MDFP) of seasonally frozen ground during 

1960-2019 has decreased by 1.37 m and 0.35 m above and below 4500 m respectively in the 

eastern Qinghai-Tibetan Plateau. 

 

More specifically, the hydrological effects of the frozen ground are optimally significant in 

regions with continuous permafrost (90-100%) areal coverage (Fabre et al., 2017). For 

discontinuous (50-90%), sporadic (10-50%) and isolated (< 10%) mountain permafrost or 

seasonally frozen ground, the hydrological response of frozen ground is insignificant at 

the basin-scale but only locally effective (Streletskiy et al., 2015). Hence, the frozen ground 

in the study basins, characterised by discontinuous permafrost do not significantly impact 

the water balance at the basin scale. Moreover, changes in the frozen ground on the TP 

show a unique hydrological response, unlike the arctic or subarctic region (Frauenfeld and 

Zhang, 2011).  
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2.3 Regional water balance analysis in the glacierised basins 

2.3.1 Need for Regional water balance analysis in the glacierised basins of the 

         Himalayas 

 

The primary objective of regional water balance analysis is the estimation of water balance 

components of large regions by the distribution of precipitation among surface, subsurface 

and atmospheric hydrologic components by the application of process-based hydrological  

models that estimate the hydrological dynamics, water balance components at ungauged 

sites in large river basins across international boundaries and representing different  

geophysical and climatic zones (Nandi and Manne, 2020). Although streamflow is an 

integral component of the regional water balance with important contributions from 

glaciermelt, snowmelt and precipitation in the HKH region, prediction of streamflow is a 

challenging task in glacierised basins with insufficient time series data and high spatio-

temporal variability stemming from the interplay of many hydrological processes and 

fluxes (Tiel et al., 2020). Therefore, proper consideration of spatio-temporal variability at a 

regional scale is essential in hydrological modelling of mountainous basins for integrated 

water resources planning and management, resolving transboundary riparian issues, 

disaster management and environmental impact assessment. Characterising this 

variability requires regional water balance modelling studies because most of the 

catchments in the Himalayan region are ungauged as discharge time-series are absent, 

scarce or of unreliable quality (Goswami et al., 2007). Most often, streamflow records are 

available at downstream stage-monitoring sites that do not represent the basin 

characteristics spanning over different hydro-climatic and elevational zones (Westerberg 

et al., 2014). The application of hydrological models is also difficult in the HKH region, 

with mostly valley-based and few high-altitude meteorological stations (Immerzeel et al., 

2015). The parameters of the hydrological models and their uncertainty ranges are 

commonly estimated by calibration to measured discharge data of the gauged basins. 

Flügel (1995) proposed the regionalisation concept based on Hydrologic Response Units 

(HRUs) delineation by classifying areas containing unique combinations of slope, aspect, 

soil, land use and climate. The transfer or regionalisation of the hydrological model 

parameters from a hydrologically similar gauged catchment to an ungauged catchment 

was suggested by manual or automatic calibration by Sivapalan (2003) and Shrestha et al. 

(2007). Catchments close to each other tend to show physical and climatic similarities, thus 

behaving in a hydrologically similar manner with similar rainfall-runoff processes (Patil 

and Stieglitz, 2014). Heuvelmans et al. (2004) reported that model performance declined 

when parameters were transferred to a catchment further away from the donor 

catchments. Nepal et al. (2017) reported the efficiency of regionalisation of model 

parameters from a gauged to a nearby ungauged glacierised basin in the Central 

Himalayan region. 

 

2.3.2 Context of snow and glaciermelt assessment 

 

The two principal contributors to glacier runoff are ice melt and snowmelt. Ice melt 

usually begins once the snow cover on the glacier has melted away (Bocchiola et al., 2011). 

The snow and ice melt processes are modelled by empirically based temperature index-  
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method or physically based energy balance methods (Hock, 2003; Hock, 2005). The 

temperature index-method or degree-day approach is based on the linear relation of the 

specific value of daily snow and ice melt with daily air temperature (Hock, 2003). The 

energy-balance (physically based) approach calculates the melt rates from the energy 

available for melting, considering the net radiation, latent heat flux, sensible heat, ground 

heat flux and albedo (Hock, 2005). Many studies have used the improved degree-day 

approaches in the Himalayas (Immerzeel et al., 2013; Shea et al., 2015). However, fully 

distributed energy-balance modelling studies in the Himalaya are limited (Shrestha et al., 

2015).  

 

As the glacier meltwater is integrated as an independent input into the hydrological 

model, glacier contribution to discharge is reported to be overestimated (Kaser et al., 

2010). Some popular hydrological models with appropriate representation of snow and 

glacier melt are the Snowmelt Runoff Model (Immerzeel et al., 2009) and the HBV model 

(Mayr et al., 2013). Recently coupled models have been used that combine glacier 

dynamics and hydrological processes. Immerzeel et al. (2012) used a simple rainfall-runoff 

model with proper glacier-melt representation, including basal sliding for a glacierised 

Himalayan catchment in Nepal. Naz et al. (2014) used a physically-based, distributed 

hydrological model combined with shallow ice dynamics. Lutz et al. (2014) used a fully 

distributed, high-resolution cryospheric-hydrological model to assess the water balance of  

Upper Indus, Upper Ganges, Upper Brahmaputra, Upper Salween and Upper Mekong 

under climate change scenarios with an elaborate simulation of glacier-melt using a 

degree-day approach with melt factors attributed to debris-free and debris-covered 

glaciers distinguished by slope and elevation thresholds. 

 

Nepal et al. (2017) used the process-based J2000 hydrological model in the Eastern 

Himalaya that considered ice melt by using a degree-day factor accounting for the slope, 

aspect and debris-cover factors for ice-melt runoff as well as snowmelt from glacierised 

areas. However, the glacier models referred above assume static glacier extent (Mayr et al., 

2013). Such static glacier assumptions fail to account for the evolution of glaciers in 

response to a changing climate (Huss et al., 2008; Li et al., 2015). Most hydrological 

modelling studies in glacierised basins rely on the simple temperature index method 

(Hock, 2003), which is based on a simple temperature threshold that can quantify melt 

runoff from snow-covered areas within a watershed but fail to address glacial water 

storage, which redistributes accumulated snow and ice. In the event of climate change, the 

dynamic representation of glacier processes is significant as the glacier mass balance, and 

related accumulation or ablation melt rates could change drastically (Immerzeel et al., 

2010).  If the dynamic representation of glacier processes is not considered, it could imply 

an inexhaustible ice volume available for melting, which would be unrealistic in a long 

term simulation and may lead to excessively high estimation of glacier melt (Li et al., 

2015).  

 

Many studies have considered glacier evolution based on arbitrary change of glacier 

extent (Akhtar et al., 2008), glacier accumulation area ratio (Horton et al., 2006), glacier 

retreat (Huss et al., 2008) and volume-area scaling (Stahl et al., 2008). Li et al. (2015) 

estimated the snow and glacier melt by representing glacier surface elevation and volume  
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changes and updating the glacier area according to the total glacier mass change 

calculated by the HBV model. Although suitable for glacio-hydrological studies pertaining 

to transient glacier response to climate change, the modelling approach is valid for 

retreating glaciers and excludes expanding glaciers. Therefore, the studies mentioned 

above based on either static or dynamic glacier mass evolution can simulate the snow or  

glacier melt due to climate change impacts. Nevertheless, they are subject to significant 

uncertainty stemming from the indefinite future evolution of glaciers (Immerzeel et al., 

2012). 

 

2.3.3 Context of process-based frozen ground modelling  

 

The freeze-thaw front (FTF) dynamics in frozen soil impact the soil temperature gradient, 

which alters the geothermal properties and thus governs the soil water movement in the 

soil layers (Gao et al., 2019). However, only a few studies include observations of frozen 

soils at small spatial scales over short periods, which do not represent the frozen ground's 

long-term regional trend freeze-thaw dynamics (Niu et al., 2011). The FTF dynamics in 

frozen ground cause contrasting soil moisture redistribution under permafrost and 

seasonally frozen ground (Gao et al., 2019). The degradation of frozen ground based on 

the deepening of the active layer thickness (ALT) or reduction in the maximum frost depth  

has been significant in the TP (Guo and Wang, 2013). Therefore, Zhou et al. (2019) 

proposed a seasonally stratified calibration process for permafrost and seasonally frozen 

ground. 

 

Many authors have integrated the Stefan equation algorithm into process-based models 

such as the SiB2 (Li and Koike, 2003) and CLM (Guo and Wang, 2013) to calculate the 

one‐directional soil column FTF depths. Pradhan et al. (2019) coupled Richard’s equation 

with Stefan’s equation to understand changes in the soil thermal regime represented by 

the geothermal gradient. Many process-based hydrological models such as in SHAW (Liu  

et al., 2013), CoupModel (Zhou et al., 2013), RHYTHM (Zhang et al., 2000), VIC (Lan et al., 

2015) and WASIM (Sun et al., 2020) etc. have been adapted to link soil freeze-thaw process 

dynamics with hydrological processes. However, Pomeroy et al. (2007) reported the 

advantage of applying a flexible and modular structure in the Cold Regions Hydrological 

Model (CRHM) capable of simulating a comprehensive range of processes for the 

permafrost regions such as blowing snow, snow interception, energy balance snowmelt 

and infiltration into frozen soils etc. 

 

Bolton (2006) reported that none of the standard hydrological models are suited to handle 

the rapidly changing thermal (permafrost versus non-permafrost and active layer 

development) and hydraulic (hydraulic conductivity and storage capacity) conditions of 

the subarctic discontinuous permafrost areas. Hence, modifications in terms of spatially 

and temporally varying thermal and hydraulic soil properties are required to account for 

subarctic conditions. Hülsmann et al. (2015) applied the SWAT model in the Lena basin by 

keeping the depth of the impermeable layer under discontinuous permafrost as flexible 

and fixing the actual percolation at a nominal 1 % of the original percolation rate. 

Hinzman and Kane (1991) concluded that the HBV model adequately represented  
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groundwater contribution under continuous permafrost by setting the percolation 

parameter PERC to 0, while in regions of discontinuous permafrost, Schwandt (2003) 

reported the lower end of PERC as ( 0.6 – 1.1 mm d-1). 

 

2.3.4 Context of glacio-hydrological modelling and limitations 

 

The streamflow from glacierised basins in the HKH region varies over the year due to 

water storage in the winter months and release of water in the form of melt in the summer 

months (La Frenierre and Mark, 2014). Unlike snow-dominated catchments with seasonal  

snowpack, glacierised catchments have an additional source of water, especially in 

later summer, when the seasonal snow has primarily melted out (Moore et al., 2009). 

Glacier runoff mainly responds to temperature, glacier states, peak water trajectory of 

melt contribution and radiation variations, while runoff from the non-glacierised parts 

primarily responds to precipitation variations, thus compensating the inter-annual 

streamflow variability (Huss and Hock, 2018). Glacio-hydrological modelling of 

glacierised basins is commonly used to improve spatio-temporal system understanding of 

hydrological dynamics, contribution of snow and glacier melt and predict future changes 

to streamflow (Zhao et al., 2019). However, glacio-hydrological modelling is challenged by 

the complexity, data scarcity and the non-stationarity of the cryospheric systems (Huss et 

al., 2017). Gridded precipitation and temperature data are commonly available as 

interpolated station data, reanalysis data, regional climate model data and satellite data 

(Engelhardt et al., 2014) or a combination (Huss et al., 2008). The gridded temperature is 

distributed over the catchment over different elevation zones (Fang et al., 2018) or the 

model grid cells (Finger et al., 2011) by applying lapse rates (Tarasova et al., 2016).  

However, due to low station density, precipitation gauges at high altitudes are affected by 

undercatch due to wind effects and evaporation and thus most studies apply correction 

factors. These correction factors can be based on measurements of the water balance, 

glacier mass balances or snow observations (Engelhardt et al., 2014),  can be estimated 

during the model calibration (Gan et al., 2015) or based on literature values (Mimeau et al., 

2019).  

 

Calibration is the process in which the model parameters are varied and optimised 

according to some pre-defined criteria (Gupta et al., 2006). In glacio-hydrological 

modelling, stepwise calibration is favoured as the error propagation is constrained at each 

stage of the simulation and the problem of equifinality is addressed (Chen et al. (2017). 

Schaefli et al. (2005) reported that stepwise calibration, in which the parameters related to 

different hydrological processes are calibrated successively, addresses the issues of open 

water balance and allows focusing on glacial or non-glacial processes individually. Huss 

et al. (2014) suggested that issues of input data particularly the precipitation lapse rates, 

undercatch or correction factors should be initially resolved. The meteorological 

parameters should be calibrated before calibration of cryospheric parameters (Frans et al., 

2018). 

 

Multiple parameter sets can give equally good results regarding streamflow (equifinality 

issue) as indicated by Beven (2006). A multi-data or multi-signal calibration approach is  
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recommended for internal error compensation effects, constrain the parameter search and 

reduce parameter uncertainty (Tarasova et al., 2016). Multidata calibration applying 

streamflow and glacier mass is the most frequently used combination in glacio-

hydrological modelling. The internal error compensation such as underestimated 

precipitation input or incorrectly estimated fraction of solid precipitation could lead to 

enhanced glacier melt (Duethmann et al., 2015).  
 

Most glacio-hydrological modelling studies have emphasised multi-data, multi-signal and 

multi-criteria calibration that require a multi-objective function, a criterion that integrates  

several objective functions corresponding to different data (streamflow, glacier mass 

balance, SCA etc.) and signals (peak flow, low flow). Pellicciotti et al. (2012) reported that 

for most glacio-hydrological modelling studies, three objective functions (Nash-Sutcliff 

efficiency, Logarithmic Nash-Sutcliff efficiency and Coefficient of determination) 

deteriorated the model performance. Duethmann et al. (2015) reported the issue of high 

Nash-Sutcliff efficiency values due to seasonal streamflow in glacierised catchments and 

hence should be complemented with other objective functions such as bias or percentage 

bias (Tiel et al., 2020). 

 

Many glacio-hydrological modelling studies have reported multi-site calibration, where 

streamflow at multiple locations (nested-basins), interior gauges or some ungauged sites  

in the basin were optimised simultaneously (Tarasova et al., 2016). Krause et al. (2006) and 

Tarasova et al. (2016) applied multi-site calibration to nested sub-basins. They concluded 

that parameter sets obtained with the nested catchment approach represent cryospheric 

processes better in headwater glacierised parts and the hydrological processes in the non-

glacierised parts of glacierised basins. 

 

To characterise the uncertainty associated with estimated parameter values, many glacio-

hydrological studies used the generalised likelihood uncertainty estimation (GLUE) 

approach based on Monte Carlo (MC) simulations (Nepal, 2012; Shen, 2018).  Automatic 

calibration wherein parameter ranges need to be pre-defined are mostly subjective or can 

be motivated by parameter sensitivity tests (Mayr et al., 2013). Regionalised Sensitivity 

Analysis (RSA) based on the Monte Carlo framework is used for ‚probabilistic 

calibration‛ aimed at identifying regions in the parameter space leading to sets of 

‚behavioural‛ (good) and ‚non-behavioural‛ (bad) models that encompass the regions of 

critical uncertainty rather than aiming at finding one ‚best‛ model (Nepal, 2012).  

 

Validation is the process of testing the model output critically with the parameter set(s) 

derived in the calibration phase to some objective function by applying a different set of 

data that was not used during model calibration and using the model to simulate a period 

that is outside of the calibration period but still has measurement data to judge the fit. 

Lutz et al. (2016) and Wang et al. (2018) used independent streamflow data from stations 

inside the catchment. Mosier et al. (2016) used another catchment to validate the 

parameters of different models to see how models perform across climatic regimes and 

topographies. Nepal (2012) used the proxy-basin validation method by transferring the 

calibrated parameters between nearby glacierised basins. 
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The ultimate goal of many glacio-hydrological studies is to model the hydrological impact 

of glacier retreat due to climate warming. Furthermore, it is uncertain whether 

hydrological models calibrated with baseline climate data can make robust future  

projections (Duethmann et al., 2020). This is especially relevant in glacierised catchments 

because of the rapid changes, resulting in a shift from glacier-dominated to more nival 

and pluvial regimes (Nepal, 2012).  

 

In most glacierised catchments, the weather and climatic conditions (input to the models) 

change over time, but the change in glacier cover alters the dominant hydrological 

processes, making the comparison of calibration and validation periods challenging. 

Mosier et al. (2016) stated that for robust models used for climate change impact studies, 

validation should include sufficient types of data and a sufficiently long period and the 

model should be tested for multiple climatic regimes. Sorg et al. (2014) used independent 

data for validation and a long calibration period without splitting. Tiel et al. (2020) 

reported that if the glacier is seen as an infinite store so that the glacier cover stays 

constant during the simulation,  streamflow could be substantially overestimated.   

 

2.3.5 Challenges of hydrological modelling in the glacierised basins of the Himalayas 

 

Hydrological modelling in the Himalayas is challenging because the HKH comprises the 

world’s highest mountains glaciers, frozen ground and snowfields, which feed the 

numerous high-altitude lakes, glacial lakes or headwater streams (Lamadrid and 

MacClune, 2010). Due to the topography and elevation-dependent hydrological processes 

in glacierised catchments, the spatial discretisation should either be grid-based 

(distributed) or HRU based (semi-distributed) (Omani et al., 2017; Naz et al., 2014). 

Nevertheless, the cryospheric components are poorly quantified due to physical or 

geopolitical research constraints in such inaccessible mountainous terrain (Immerzeel et 

al., 2010). The climatic regime in the Himalaya is complex due to the trans-Himalayan rain 

shadow, the east-west precipitation gradient caused by the Indian monsoons and 

westerlies, extreme orographic precipitation on the lower Himalayan foothills and 

between the Higher and Lower Himalayan corridors (Bookhagen and Burbank, 2006; 

Turner and Annamalai, 2012). 

 

The goal of a hydrological model is to properly represent the critical hydrological 

processes of Himalayan basins, such as high flows during the monsoon season, low flows 

during the winter season and differential rates of snow and glacier-melt dynamics as well 

as predict future changes. However, the goal is hampered due to heterogeneity of the 

basin parameters, data scarcity and the non-stationarity of the mountainous areas (Huss et 

al., 2017). 

 

The effect of debris cover should be considered in the melt calculation of Himalayan 

glaciers that significantly decreases ablation and reduces meltwater runoff (Scherler et al.,  

2011).  Nevertheless, there are limited field data available on the glacier geometry, debris-

cover or thickness and glacier mass balance that control accumulation and melt rates 

(Bolch et al., 2012). The different types of glaciers are often defined as a separate HRU in  
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glacio-hydrological models and modelled together as one ‚model glacier.‛ This model 

glacier concept cannot represent the glacier dynamics of heterogeneous glaciers or the 

simulated glacier mass balance of the model glacier cannot be compared directly to 

individual heterogeneous glaciers (Gan et al., 2015). 

 

Lamadrid and MacClune (2010) proposed the HICIA Modelling criteria to select or adapt 

the existing hydrological models for climate impact assessment studies in the Himalayas. 

The hydrological model selected for studies in the Himalaya region should possess: (i) a 

snow module that addresses water storage in the form of snow and ice as well as the 

release of snowmelt based on snow cover area and snow depth, (ii) a glacier module 

capable of simulating dynamic changes of glacier melt, (iii) scale issues should be 

addressed such that the model simulation should capture the extreme topographic and 

climatic variation experienced in the Himalayas and (iv) the model should require modest 

data input supported by remote sensing techniques and modelled hydro-meteorological 

dataset. Lamadrid and MacClune (2010) and La Frenierre and Mark (2014) reviewed the 

following glacio-hydrological models that have been applied in the HKH region as listed 

in Table 2.1. Although most glacio-hydrological models adequately represent basin-scale 

hydrological processes, the permafrost dynamics is not considered in most models. 

 
Table 2.1: Hydrological model studies in the Himalaya 

 

2.4 Trends of regional water balance in glacierised mountainous basins 

2.4.1 Current trends of regional water balance components 
 

The most integral constituent of the regional water balance component in glacierised 

Himalayan basins is runoff which is contributed by snowmelt, glacial melt and baseflow 

in addition to runoff directly generated by precipitation. The trends of seasonal and inter-

annual runoff is primarily attributed to meteorological or cryospheric variables such as 

temperature (Khattak et al., 2011), precipitation (Singh et al., 2010), glacier-melt 

seasonality (Sharif et al., 2013), snow-storage (Bashir et al., 2017), snow or glacial melt 

(Immerzeel et al., 2013) and permafrost thaw (Gao et al., 2018).  Lutz et al. (2014) indicated  

 

 

 

Model Spatial/temporal 

discretisation 

Input Data Requirements 

 

Authors 

dSPHY Gridded 

(1 km)/ daily 

Precipitation, temperature, and reference 

evapotranspiration 

Lutz et al., 2014 

bPROMET 

 

Gridded 

(1 km)/ hourly 

Air  temperature; precipitation; topography; land cover; 

glacier area 

Prasch  et  al., 2013 

bTOPKAPI Gridded 

(250 m)/ daily 

Air-temperature; precipitation;snow-over;runoff; solar 

radiation; land cover; glacier volume 

 

 

Pellicciotti  et al., 2012 

cSWAT 

 

 

HRU/ daily Extensive data demand (Precipitation., Temperature, 

terrain, land use, soil properties) 

 

 

 

Ma et al.,2015 

c,d SRM HRU/ daily Air  temperature;  precipitation; snow cover; glacier area Immerzeel  et al., 2010 

J2000g d,e 

 

 

HRU/ daily 

 

 

Air temperature; precipitation; sunshine hours;  wind  

speed;  relative  humidity; soil characteristics; glacier area 

 

 

 

Nepal  et  al., 2014 

d HBV HRU/ daily Air  temperature;  precipitation; runoff;  topography;  land  

cover; glacier area 

 

Akhtar  et  al.,2008 

d TACD Gridded 

(200 m)/ daily 

Air  temperature; precipitation; runoff; topography; glacier 

area 

 

 

Konz  et  al., 2007 

 
Notes: a: Atmosphere land-surface model,  b: Physically based, c: Semi-distributed model, d: Conceptual, e: Process based 
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that the contribution of snow and glacier melt to streamflow decreases as the distance 

from the glaciers and snow reserves increases in the basin. O’Neel et al. (2014) reported 

that the glacier runoff drained from the total glacierised area is intermixed with rain, snow 

and ice melt. Therefore, only ice melt should be considered as glacier runoff as rain and 

snowmelt would also flow as runoff over the non-glacierised areas (Radić and Hock, 

2014).  

 

The hydrological importance of seasonal snowmelt to the water balance in the Himalayas 

has been highlighted in many studies (Immerzeel et al., 2009). Table 2.2 presents the 

published studies that estimate the regional water balance components of different 

Himalayan basins (or sub-basins). The results are difficult to compare due to differences in 

approaches, scale (basin area) and hydrological models used.  

 
   Table 2.2: Partitioning of the regional water balance components to the total streamflow in glacierised 

                          basins in different parts of the Himalaya according to several recent studies 

 

Immerzeel et al. (2009) used the SRM in the Upper Indus basin and estimated seasonal 

snowmelt contribution of 40% and glacier melt of 32% to the total basin runoff in the 

Upper Indus basin but concluded that since the SRM model did not account for the 

baseflow, contribution from meltwater may be overestimated. Barnett et al. (2005) 

reported that glacier-melt contributed 70% of the summer flow in the Ganges (CH) and 50-

60% of the summer flow in Chenab and Satluj rivers (WH) in the summer months. The 

seasonal meltwater released from glacier-melt into the Indus, Ganges and Brahmaputra 

tributaries contributes 45% of the total river flow (Hasnain, 2009). Immerzeel et al. (2010) 

reported that meltwater from snow and glaciers amounts to 21% of the total downstream 

annual discharge in the Brahmaputra river, out of which less than 19% of the meltwater is 

glacier-melt. The contribution of snow and glacier melt to the Ganges (10%), Yangtze (8%),  

and Yellow (8%) rivers is lower owing to larger downstream areas, low upstream 

precipitation, smaller glaciers and monsoon-dominated downstream climates. Zhang et al. 

(2013) used the Variable Infiltration Capacity (VIC) model and reported the snow and  

 

 

River Basin References 

 

Regional water balance 

components (%) 
SM GM RR BF 

**(Baltoro sub-basin) Indus basin:WH 

(1961–1990) 

Immerzeel et al. (2013) 

 

21.6 38.7 3.5 36.2 

***(Hunza sub-basin) Indus basin:WH 

(1998–2007) 

Lutz et al. (2014) 

 

9.6 80.6 1.3 8.5 

** (Dudh Kosi sub-basin) Ganges 

basin:CH (1985-1997) 

Nepal et al. (2014) 

 

17 17 46 20 

**(Langtang Khola  sub-basin) Ganges 

basin:CH(1961-1990) 

Immerzeel et al.(2013) 

 

20.4 13 10 56.6 

***Upper Indus:WH (1998-2007) Lutz et al. (2014) 

 

 

21.8 40.6 26.8 10.8 

***Upper Ganges:CH(1998-2007) 8.6 11.5 66.0 13.9 

***Upper Brahmaputra:EH(1998-2007) 9.0 15.9 58.9 16.2 
 
Notes: *micro scale: <100 km2 ; **meso scale: 100–10,000 km2 ; ***macro scale: >10,000 km2 

WH :Western Himalaya, CH:Central Himalaya, EH: Eastern Himalaya, NEH: North-eastern 

Himalaya; SM: Snowmelt     GM: Glaciermelt             RR: Rainfall Runoff              BF:  Baseflow 
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glacier melt contribution to the total runoff of Indus to be 80%, while in the Yellow, 

Yangtze, Mekong, Salween and Brahmaputra basins, total runoff is predominantly 

rainfall-dependent.  

 

2.4.2 Climate change impacts on regional water balance components  

 

Temperatures and precipitation changes could affect the hydrological regime, thus 

impacting the seasonal extremes, increased evapotranspiration and changes in glacier 

volume (Bolch et al., 2012), snow and glacier melt (Lutz et al., 2014). Many studies have 

suggested that shrinking of glaciers in response to rising temperatures might cause a 

striking reduction in water availability in some rivers on a medium to long term time-scale 

(Immerzeel et al., 2012) following an initial increase in meltwater volume (Barnett et al., 

2005; Lutz et al., 2014). As the Himalayan basins have their headwaters in the glacierised 

areas, the assessment of the effects of climate change in these basins and their implication 

on downstream water availability is challenging (Immerzeel et al., 2015).  

 

Many researchers have used climate models to estimate the likely changes in the 

precipitation and temperature in the IGB river basins and have applied these projected 

data in hydrological models to assess the possible impacts on the hydrological regime and 

water availability. Akhtar et al. (2008) studied the impact of climate change on river 

discharge in the Hunza, Gilgit and Astore sub-basins of the Indus basin in WH for three 

conditions of the current glacier extent extent: 100%, 50% and 0% using the HBV model 

and reported that the discharge values increased for the 100% and 50% glacier scenarios 

while decreased drastically (by up to 94%) for the 0% glacier scenario. Immerzeel et al. 

(2010) reported a reduction in the mean runoff in the upper Indus, Ganges and 

Brahmaputra basins by -8.4%,-17.6% and -19.6%, respectively, for the period 2046 –2065 

under the A1B scenario for five different GCMs. However, this reduction was 

compensated for by an increase in the mean upstream rainfall of +25%, +8%, and+25% for 

the Indus, Ganges, and Brahmaputra basins.Immerzeel et al. (2013) used climate 

projections to drive a dynamic glacier model to study the changes in glacier dynamics in 

the Baltoro sub-basin (Upper Indus). The results indicated a decline in glacier area by 33% 

and glacier volume by 50% by 2100 (for RCP 8.5), with a peak increase in total glacier melt 

in 2044 under RCP 4.5 or 2065 under RCP 8.5, followed by a decline. Lutz et al. (2014) 

studied the impact of climate change on the hydrological regime in the IGB basins using 

the SPHY model driven by the output from eight different GCMs. Most of the climate 

models predicted the annual runoff increase around 7–12% by 2050, mainly due to 

accelerated melt in the upper Indus Basin accompanied by an increase in precipitation. 

Prasch et al. (2010) concluded that water availability in the Brahmaputra basin would 

decline with the magnitude of the trend varying according to the chosen IPCC SRES 

scenario. The main reason for the decrease in streamflow was attributed to the regional 

climate models (RCMs) data (for the A2, A1B and B1 scenarios) and the increase in 

evapotranspiration. The model also predicted that the percentage of snowfall in  

precipitation would continue to decrease. Prasch et al. (2010) reported that glacier ice melt 

would accelerate from 2011 to 2040 due to increased temperature, longer melting and 

reduced glacier melt. The glacierised mountainous regions worldwide are affected by 

interannual and decadal scale variations in precipitation and mountain snowpacks caused 
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by region-specific large-scale circulation such as the El Nino- Southern Oscillation, the 

Eurasian Pattern, the North Atlantic Oscillation, the North Pacific Oscillation, the Pacific 

North American Pattern, the Pacific Decadal Oscillation, Indian Monsoon and Western 

disturbances (Viviroli et al., 2011).  Moreover, due to inconsistency in glacier 

characteristics and differences in climate, glacierised basins respond distinctively to 

climatic changes worldwide. Ragettli et al. (2016) highlighted the effect of local 

atmospheric circulations, presence of supraglacial debris cover, topographic shading, 

avalanche processes, mineral dust and black carbon depositions over glaciers, duration of 

melting seasons, precipitation seasonality etc. that lead to contrasting climate change 

impact on river flows from glacierised basins. Table 2.3 presents the published studies on 

the impact of climate change on river flows in glacierised basins located in HKH and 

HMA. Table 2.4 presents studies on the impact of climate change on mountainous 

glacierised basins in the Andes, Alps, Rockies and British Columbia. 

 
Table 2.3: Studies on climate change impact on river flows in mountainous basins of HKH and HMA 
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2041-2050 

RCP 4.5: +5% 

RCP 8.5:  +1% 

UB (3.1%), EH 

 
2041-2050 

 
RCP 4.5: -11% 

RCP 8.5:  -9% 

 

 
2041-2050 

 
RCP 4.5:-7% 

RCP 8.5: -37% 

 

 

 

SPHY 

4 CMIP5 GCMs 

RCP 4.5 

RCP 8.5 

Annual runoff would  

increase in EH and CH; 

snowmelt would decrease, 

glaciermelt would decrease 

in EH and CH but increase in 

WH 

 

 
2041-2050 

RCP 4.5: +5 % 

RCP 8.5: +14:% UG 

(5.4%),CH 

 
2041-2050 

 
RCP 4.5: -10% 

RCP 8.5:  -4% 

 

 
2041-2050 

 
RCP 4.5: -4% 

RCP 8.5: -34% 

  
2041-2050 

RCP 4.5:  +7% 

RCP 8.5: -5% 

UI (4.9%),WH 

 

 
2041-2050 

RCP 4.5: +2 % 

RCP 8.5: +9% 

 

 
2041-2050 
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RCP 8.5: -26% 
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2016–2045 

-13.4%, -6.4%, -6.9% 

 

2066–2095 

-6.5%, -13.7%,-27.7% 

 

2016–2045 

-4.1%,-4.2%,-1.0% 

 

2066–2095 

-26.6%,-19.5%,-13.2% 

 

 

2016–2045 

-6.7%, -4.1%, -5.1% 

 

2066–2095 

+1.1%, -6.2%, -21.4% 

SWAT 

5 GCMs 

RCP 2.6, 4.5, 8.5 

Annual runoff, snowmelt and 

glaciermelt would decrease in 

NF and FF 
  

Notes:  MB: Mountain basin, GC= Glacier cover (%), RR = Runoff, GM = Glaciermelt, SM =Snowmelt, HM = 

Hydrological model , CM = Climata model, NF = Near Future, FF = Far Future, UI=Upper Indus, U G= Upper 

Ganges, UB = Upper Brahmaputra 
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Table 2.4: Studies on climate change impacts on river flows in mountainous basins of Andes, Alps, Rockies 

and British Columbia 
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Higher temperature 

increase causes 

higher ablation and 

glacier melt in 

highest elevations 

already during the 

baseline period 

 

Earlier snowmelt 

transition of 

snowfall 

to rainfall 

TOPKAPI-ETH 

12 CMIP5 GCMs 

RCP 4.5,RCP 8.5 

Multimodel median runoff 

under RCP 4.5 conditions 

would decline by 40% 

between (2001–2010) and 

would decline by 62% 

between (2091–2100) 

under RCP 8.5 conditions 
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2030–2050: -4% 

2080–2100: -24% 

 

2030–2050 :13.3% 

2080–2100: -32.9% 

 

2030–2050: 

- 36.7% 

2080–2100: 

-57.8% 

 

DHSVM 

11downscaled 

 CMIP5 GCMs,RCP 4.5 

The annual runoff, 

glaciermelt and snowmelt 

would decrease during NF 

and FF 

ALPS 

Uhlmann et al. 

(2013) 

Findelen 

(70%) 

 

1976-2036: +19.4% 

2036-2072: -14% 

2072-2086:-30% 

 

Decreased glacier 

melt 

 

Earlier snowmelt 

Routing System 3.0 

1 RCM SRES A2 

Spring peak (earlier) 

Annual runoff projected to 

decrease 

 Bosshard et al. 

(2014) 

Rhine 

(<1%) 

 

2070– 2099: 

Summer runoff  

(-40% to -9%) 

Winter runoff  

(+4-51%) 

 

Glaciemelt  was 

projected to 

increase 

Decreased 

snowmelt 

Transition of 

snowfall 

to rainfall 

Earlier snowmelt 

PREVAH 10 GCM-RCMs 

SRES A1B 

Summer and winter runoff 

was projected to decrease 

and  increase respectively 

ROCKIES AND BRITISH COLUMBIA 

 

Schnorbus et al. 

(2014) 

Columbia / 

Rockies and 

British 

Columbia 

 

2041-2070: 

Annual-runoff  

change (%): 

A1B:7,A2:10,B1:9 

Winter-runoff 

change(%): 

A1B:95,A2:98,B1:75 

Summer-runoff 

change (%): 

A1B:-22,A2:-16,B1:-9 

 

 

 

 

 

Glaciermelt 

decreases due to 

negative mass 

balance 

 

Increased 

snowmelt, 

increased rainfall 

 

 

VIC Model 

8 CMIP3 GCMs 

SRES A2, B1, A1B 

 

Increase in annual runoff 

Decreased snowmelt 

Transition of snowfall 

to rainfall 

Decreased glaciermelt 

 

Dickerson-Lange 

and 

Mitchell (2014) 

Nooksack/ 

Rockies 

(<1%) 

 

2000-2075: 

Annual runoff change 

(%):13-20 

Winter runoff change 

(%):39-88 

 Summer runoff 

change (%):-50 to -26 

 

 

 

Glaciermelt 

decreases due to 

decrease in glacier 

extent 

 

Transistion of 

snowmelt to 

rainfall 

Occurence of 

earlier snowmelt 

Decrease in  

snowmelt 

VIC Model 

3 CMIP3 GCMs 

SRES A2, B1 

Increase in annual runoff 

Decreased snowmelt, 

Transition of snowfall 

to rainfall 

Earlier snowmelt 

Decreased glaciermelt 

 

Notes:  MB: Mountain basin, GC= Glacier cover (%), RR = Runoff, GM = Glaciermelt, SM =Snowmelt 

 HM/CM = Hydrological/ Climate model , NF = Near Future, FF = Far Future 
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2.5 Methodical Approach 

 

To achieve the objectives of the PhD study, hydro-meteorological analysis of modelled 

and observed datasets, integrated system analysis and hydrological modelling of the 

glacierised study basins have been implemented under present climate and future climate 

change scenarios. The following methodological approach based on the above literature 

review was applied to achieve the overall objectives of the study, categorised into three 

main parts: 

 

(i) Assessment of hydro-meteorological time series:  

 

To account for the high intensity orographic precipitation events typical of the NEH 

region, Orographic Correction Multiplicative Factor (OCFmultiplicative) was used for 

correction of ERA-I precipitation dataset based on the closure of Water Balance for the 

selected study basins (section 5.1.1). The mean annual ERA-I precipitation dataset was 

evaluated against the observed precipitation data for 18 stations selected across the NEH 

region using various standard error and agreement indices discussed in section 5.1.3. 

Monthly temperature lapse rates were used to correct ERA-I temperature data for the 

study basins (section 5.1.4). The MK trend analysis of observed discharge was applied to 

understand the hydrological dynamics in the study basins (Section 5.3.1). 

 

(ii) In situ field expeditions: 

 

Extensive field surveys have been conducted for process understanding by ground truth 

validation and the nested basin approach. The LULC in the study basins were reclassified 

according to the Climatic Landscape Zones (CLZ) based on LULC and elevation data 

collected from an extensive GPS ground survey. The exact hydrometric gauge location 

and river width information required for accurate hydrological modelling was collected 

from the ground survey.  Additionally, information on dominant runoff processes, 

hydrological information was also collected by a nested basin approach (section 5.4). 

 

(iii) Hydrogeological assessment:  

 

Due to the lack of adequate information on the hydrogeological characteristics of the 

study basins, an elaborate hydrograph analysis of observed discharge was performed to 

understand the seasonal rising and receding phases of the hydrograph governed by the 

basin geological characteristics (section 5.4). 

 

 (iv) Distributed hydrological model development for the selected study basins: 

 

HRUs having common climate, land-use, soil and geology controlling the hydrological 

dynamics of a basin were delineated as spatial model entities for the J2000 hydrological 

model (section 5.5.1). The HRU Web tool was used to delineate the HRUs. To understand 

the hydrological system dynamics of glacierised basins from west to east in the NEH 

region (24.43°N~31.57°N and 87.87°E~99.74°E), three study basins were selected based on 

the availability of hydro-meteorological data, in-situ field data and sufficient information 

on cryospheric components. Beki and Lohit basins have glaciers, permanent snowfields, 
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permafrost and seasonally frozen ground. Noadihing does not have glaciers and 

permafrost but only minimal seasonally frozen ground and snow cover. The Beki basin 

with the best hydrological data availability has been chosen as a case study basin for 

model development and evaluation. The soil module of the J2000 hydrological model was 

adapted to account for the frozen ground processes based on three nested sub-basins of 

the Beki basin, namely, Magochu, Nyukcharongchu and Nuranangchu. The Magochu and 

Nyukcharongchu sub-basins were selected for permafrost and seasonally frozen ground 

representation.  

 

(v) Application of distributed hydrological model for the selected study basins: 

 

The process-based J2000 hydrological model was calibrated and validated in the Beki 

basin by a nested basin and SMSC method. The model parameters calibrated for the Beki 

basin were transferred to the Lohit and Noadihing basins to examine the regionalisation 

performance of the J2000 model using a proxy-basin approach. The model output was 

used to analyse the annual as well as seasonal water balance and runoff components, 

snow and glacier melt etc.  Comparing the spatio-temporal variation of water balance 

components, runoff components, sensitivity and uncertainty analysis of the three study 

basins also provided valuable insight into the factors governing the hydrological 

dynamics in the study basins based on ERA-I hydroclimatic dataset (section  6.3- 6.10).  

 

To assess the impact of climate change in the study basins, the J2000 model was modified 

to incorporate the 30 year mean temperature for the baseline period. Trend analysis of 

projected temperature and precipitation distribution were analysed to understand the 

nature of projected changes of these two climate variables. This study applied the 

calibrated and validated J2000 model to run future scenarios with input from 13 CORDEX 

ensembles selected for climate change impact analysis. The study focused on 

understanding the impact of projected climate change on the study basins related to 

annual and seasonal change in discharge, extreme flows, water availability, change in 

annual water balance and runoff components under both glacier and glacier-free scenarios 

for the Near-future (2021-2050) and Far-future (2071-2100) time slices (section  6.11). 
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Chapter 3    

Study Area 
 

 

 

This chapter provides an overview of the selected study basins of the NEH region with a 

focus on the climatic conditions and physio-geographic features.  

 

3.1 General overview of the study area and selected basins 

 

The NEH region extends from the east of Kanchenjunga peak (8535 m) to the Indo-

Myanmar border via the Namcha Barwa peak (7829 m a.s.l) wherein the NE Himalayas 

takes a sharp syntaxical bend southward. The Beki, Lohit and Noadihing basins of the 

NEH region investigated in this study are indicated in Figure 3.1.  

 

 

Figure 3.1: Location of the study basins 
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The Beki basin is selected as a case study basin for the development and evaluation of the 

J2000 hydrological model. Three adjacent nested sub-basins of the Beki basin namely, 

Magochu, Nyukcharongchu and Nuranangchu, have been selected to adapt the soil 

module of the J2000 model for the representation of frozen ground process dynamics. The 

summary of the basic basin information of the selected basins at the respective basin 

outlets is summarized in Table 3.1. 

 
Table 3.1:  Summary of basic information of the three study basins  

 
The Beki is one of the largest western-most North bank sub-basins of the Brahmaputra 

river basin in the NEH region lying between longitude 90.10°E and 92.48°E and latitude 

26.43°N and 28.64°N.  The basin is transboundary to India, Bhutan and China, with a 

catchment area of 28,920.29 km2 at the Railway bridge gauge site located in Barpeta, 

Assam, India. The Beki river arising from the glacierised and permafrost areas of Bhutan 

and Tibetan Himalayas are fed by a large network of interconnected tributaries. It 

originates as the Kuruchu tributary from a glacier in the North-western slopes of Mount 

Kula Kangri, North of the Great Himalayan range while another major tributary Tawang 

Chu originates from the glaciers on the south-western slopes of the Kangto peak (7090 m 

a.s.l). The Beki basin has a Glacier/Snow-fed regime in the headwaters with ~35% of the 

area of the basin lying in Bhutan and Tibet receiving considerable rainfall contribution in 

the downstream regions. The basin extends across the elevation range 41 to 7349 m a.s.l 

across tropical, subtropical, temperate, subalpine, alpine, periglacial and glacial zones 

(Brahmaputra Board, 1998). 

 

The Lohit basin is one of the largest eastern-most North bank sub-basins of the 

Brahmaputra river basin in the NEH region lying between longitude 95.00°E and 97.83°E 

and latitude 27.60°N and 29.76°N. The drainage area of Lohit basin is 21,324.1 km2 at the 

Mompani gauge station, out of which an area of 13,196.70 km2 (62%) lies in the Tibetan 

Autonomous Council of China. The Lohit river originates from the headwater region in 

the Kangri Garpo range at an elevation of 6,882 m a.s.l fed by the Ata Kangla glacier. It has 

a Glacier/Snow-fed regime in the headwaters with considerable rainfall contribution in the 

downstream. The basin extends across the elevation range 408 to 6525 m a.s.l spanning 

across tropical, subtropical, temperate, subalpine, alpine, periglacial and glacial zones 

(Brahmaputra Board, 1998). 

 

The Noadihing basin lies adjacent and Southeast of the Lohit basin between longitude 

96.43°E to 97.20°E and latitude 27.06°N to 27.68°N. The area of the basin up to the Deban 

gauge discharge site is 1837.81 km2. It is surrounded to the south and east by the Naga- 

Patkai hills and to the north by the Arunachal Himalayas. The elevation ranges from 393 

 

Basin Area 
(km2) 

Lat 

(°N) 

Long 

(°E) 

Data 
Availability 

Annual 
Discharge 

(m3/s) 

Annual 
Runoff 
(mm) 

Mean Annual 
Precipitation (MAP) 

(mm) 

BEKI 28920.29 90.92 26.50 1982-2014 11674.2 1066 1408 

LOHIT 21247.54 96.42 28.00 1987-2004 16742.8 2189 2646 

NOADIHING 1877.84 96.47 27.46 1980-1994 2233.8 2136 2889 
 
Notes: MAP is based on P = R+ET based on Sharma et al.(2000), as observed precipitation is not available for the 

transboundary portions of Bhutan and China. ET for Beki, Lohit and Noadihing are  342.42 mm, 456.56 and 753.33 mm 

respectively based on Bok. (2016) 
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m to 4458 m a.s.l in the basin. The basin lies within the Indo-Myanmar global biodiversity 

hotspot (Myers et al., 2000) which includes the Namdapha National Park, a Lowland 

Evergreen Rainforest (Proctor et al., 1998; Deb and Sundriyal, 2015). The Noadihing river 

originates from the northern snow-fed Namdapha tributary which flows from the snow-

covered Dapha Bum peak in the Arunachal Himalayas. It is also fed by the rain-fed 

southern tributaries originating from the Trans-Himalayan Indo-Myanmar ranges of the 

Naga-Patkai hills. The Noadihing basin has no glacierised area but only permanent or 

seasonal snow-fields (Brahmaputra Board, 1998). 

 

3.2 Climatic condition 

 

The Himalaya mountain range attached to the south of the TP divides the NEH region 

into two distinct climate zones. The Northern part of the region included in the TP (Zone 

III) is classified as ‘Mountain climate’ characterised by cold, dry and arid regime (Bsk) as 

per Köppen classification (Singh et al., 2004). The Southern part of the region falls under 

(Zone I) comprising the Himalayan belt and Brahmaputra plain classified as the ‘Tropical 

Monsoon Climate’ which features a warm, humid and Humid Mesothermal Brahmaputra 

‘Cwb’ type climate (Singh et al., 2004). As a major portion of the NEH region is included in 

the Brahmaputra Basin, the general climatic and physiographic characteristics of the NEH 

region can be considered similar to the Brahmaputra basin. Immerzeel (2008) identified 

three physiographic zones in the Brahmaputra basin, the TP, the Himalayan belt (HB) and 

the Brahmaputra floodplains (FP) with distinct climatic configuration. 

 

 
Figure 3.2: Map showing the climate zones in NEH based on Singh et al. (2004). 

 

The NEH region has four distinct seasons: Winter (December, January, February), Spring 

or Premonsoon (March, April, May), Summer or Monsoon (June, July, August) and 

Autumn or Postmonsoon (September, October, November) as reported by Maussian et al. 

(2014) and Immerzeel (2008). Maussion et al. (2014) reported that the mean annual 

precipitation (MAP) ranges from less than 500 to over 3000 mm (Figure 3.3 (a)) as 

indicated by the High Asia Reanalysis (HAR10) data. The Mean Annual Air Temperature 

 

    3.2 Climatic condition                                                                                                                  30 

Aridity index: 0.25 

 

 

Aridity index: 5.06 

  

 



 

 

 

 

 

 (MAAT) is less than -5°C and greater than 25°C based on National Center for 

Environmental Prediction and National Center for Atmospheric Research (NCEP/ NCAR) 

reanalysis data (1948-2010) (Kulkarni et al., 2013) as shown in Figure 3.3 (b).  Maussion et 

al. (2014) concluded that the seasonal contribution (%) of the HAR10 precipitation to the 

mean annual precipitation during 2000–2011 is Winter (DJF): 2-5%, Premonsoon (MAM): 

20-35%, Monsoon (JJA): 65-80% and Postmonsoon (SON): 3-6% as presented in Figure 3.3 

(c). The snow season lasts from early October to end of April. Spatially, the greatest snow 

amounts occur over high mountain regions in the southern rim of the TP (Immerzeel, 

2009; Pu and Xu, 2008). The percentage of HAR10 precipitation during 2000-2011 falling as 

snow is shown in Figure 3.3 (d). A detailed description on the seasonal variation of snow 

cover is presented in Section 2.2.2.  

 

3.3 Physiography 

 

The Hindukush Himalayan (HKH) region comprise of the Himalayan arc with the 

Karakorum Mountains and the Trans Himalayas to the North, the Hindu Kush Mountains 

to the west, the Indo-Burma ranges to the east while the Indus-Ganga-Brahmaputra plains 

to the south. The HKH region has been classified into four main sub-regions in this study: 

Western Himalaya (WH: 62.0°E ~75.5°E, 32.5°N ~38.5°N), Central Himalaya (CH: 75.5°E 

~82.7 °E, 25.5°N ~34°N), Eastern Himalaya (EH: 82.7° E ~ 100.31° E, 21.95°N ~29.45 °N) and 

the North-eastern Himalaya (NEH: 24.43°N~31.57°N and 87.87°E~99.74°E). The continued 

collision of the Indian and the Eurasian plate has resulted in the formation of the 

Himalayan range running west to east, forming a 2,400 km long arc of the Himalayan 

Orogen of mean width 200-300 km with two syntaxial bends at Nanga Parbat (8125 m 

a.s.l) in the west and Namcha Barwa (7755 m a.s.l) in the east respectively (Clark et al., 

2004; Yin and Harrison, 2000) as shown in Figure 3.4. 

 

The NEH is comprised of the mountainous regions of West Bengal, Sikkim, Arunachal 

Pradesh, Assam in India and Bhutan. On the southern border of Arunachal Pradesh, the 

North-eastern Himalaya takes a sudden southward turn at the Namcha Barwa syntax and 

extends as the Indo-Burma range running in the north-south direction along the Indo-

Myanmar border. The Indo-Burma range (Arakan Yoma) continues southwards and turns  

towards the west as Purvanchal hills. The Purvanchal hills are a sub-mountain extension 

of the Himalayas traversing south of the Brahmaputra valley and comprising of the Patkai 

Bum and Naga hills. The Northern Purvanchal hills adjacent to the Lesser Himalayas 

comprise of the Daffla, Miri, Abor and Mishmi hills. At the easternmost part of the 

Arunachal Himalaya abuts the Trans Himalayan range, called as the Mishmi hills 

bounded by the Abor hills to the west and the Indo-Burma range to the east (Singh and 

Kumar, 2013). The South-Assam hill block comprises of the Garo, Khasi and Jaintia hills in 

the Shillong Plateau, Mikir hills, North Cachar hills (NC hills) and Barail Range. Figure 3.1 

shows the study basins and the physiographic overview of the NEH with the adjoining 

mountain ranges, Namcha Barwa syntaxical bend and the southern extension of the NEH 

into the Purvanchal hills. 
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Figure 3.3: (a) Mean Annual Precipitation in the study area based on HAR 10 (Maussion et al, 2014) (b) 

Mean Annual Air Temperature based on NCEP data (1948-2010) based on Kulkarni et al.(2013) (c) Seasonal 

contribution (%) of Mean Annual Precipitation (HAR10) (Maussion et al., 2014) (d) Percentage of HAR 10 

precipitation falling as snow) (Maussion et al., 2014). The study area NEH is represented in the figures (a)-(d) 

by a red inset rectangle AʹBʹCʹDʹin the bottom right panel. 
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Based on the litho-stratigraphic and structural framework, the Himalayan mountain belt is 

divided into the five major domains from south to north namely, the Sub-Himalaya 

(Siwalik), Lesser Himalaya, Higher Himalaya, Tibetan Himalaya and the Trans Himalaya 

as shown in Figure 3.5. The Lhasa Terrane and Qiangtang Terrane are extensions of the 

Trans Himalaya (Hodges et al., 2000). 

 

 The profiles a-a, b-b, c-c, d-d indicated in Figure 3.5 represent the Sikkim, Bhutan and 

Arunachal Himalayas including the Purvanchal hills of the NEH region. Three major 

thrust faults that distinguish the upper crust of the Indian plate are namely, the Main 

Frontal Thrust (MFT) that separates the alluvial deposits of the Brahmaputra plains from 

the sedimentary sequence of the Sub-Himalayan zone, the Main Boundary Thrust (MBT) 

that differentiates the low-grade metamorphic rocks of the Lesser Himalayan Zone and 

the sedimentary rocks of the Sub-Himalaya (Yin, 2006) and the Main Central Thrust 

(MCT) that separates the crystalline high-grade metamorphic rocks of the Higher 

Himalaya from the meta-sedimentary rocks of the Lesser Himalaya (Raoof et al., 2017). 

The Trans-Himalayan range on the Tibetan block lies to the north by the Indus-Tsangpo 

Suture Zone (ITSZ) (Yin, 2006). The South Tibetan Detachment (STD) is a normal fault 

or detachment atop the Higher Himalayan Crystalline Sequences that separates the 

Higher Himalaya and Tibetan Himalaya rocks (Yin, 2006).  

 

A brief description of the physiographic and litho-stratigraphic division of the NEH 

region are (i) Brahmaputra Plain (BP) (50 to 120 m a.s.l) extends downwards beyond the 

narrow gravel fan in the Sub-Himalayan foreland (Purkait, 2004) (ii) Sub–Himalaya (SH)  

 (900-1200 m a.s.l) also called the Siwalik comprises of low elevation foothills of the outer 

Himalayan Range just above the Brahmaputra plains (Nandargi and Dhar, 2012). The SH 

region is bounded to the south and north by the MFT and MBT respectively and consists  

 
 
Figure 3.4: Sub-regions of the HKH region indicating the Western Himalaya (WH), Central Himalaya (CH), 

Eastern Himalaya (EH) and NE Himalaya (NEH) 
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of unconsolidated sediments including sandstone, mudstone, shale, conglomerate and 

mollassic sub-greywacke (Meigs et al., 1995; Kumar et al., 2003). At the southern rim of the 

Sub-Himalaya range, alluvial floodplains called Duars extend across the northern part of 

the Brahmaputra plain, around 30 km wide and spanning horizontally about 350 km from 

west to east (iii) Lesser Himalaya (LH) lies to the north of the Sub-Himalayas (3700-4500 

m a.s.l) with an average width 50 km between the MBT to the South and the MCT to the 

North (Nandargi and Dhar, 2012). The Lesser Himalaya mainly consists of granites, 

phyllites, phyllonite, mylonite, quartzite and schists etc. with subordinate low-grade 

metamorphic rocks as well as meta-sediments of the Lesser Himalayan zone (Johnson et 

al., 2001) (iv) Higher Himalaya (HH) is located to the north of the Lesser Himalaya tucked 

in between the MCT in the south and STD to the north (6000 – 8800 m a.s.l) (Nandargi and 

Dhar, 2012). It consists of 20-30 km wide belt of medium-to high-grade strongly 

metamorphosed rocks such as gneiss, schist, quartz, hornblende, granites and meta-

sediments (Grujic et al., 2002). This zone comprises of ice-laden massifs, snowfields, valley 

glaciers as well as mountain permafrost areas (Eriksson et al., 2009) (v) Tibetan Himalaya 

(TH) or Tethys Himalaya with a mean elevation above 4500 m a.s.l is located to the North 

of the Higher Himalaya (Herzschuh et al., 2009). It originates at the top of the STD and 

extends to the North in Tibet. It is nearly 40 to 50 Km wide and separated from the Trans-

Himalayan range by the ITSZ (Yin, 2006). The Tethyan Himalayan Sequence consists of 

Proterozoic to Eocene siliciclastic and carbonate sedimentary rocks interbedded with 

Paleozoic and Mesozoic volcanic rocks (Garzanti, 1999; Yin, 2006) (vi) Trans Himalaya 

(TRH) situated at the extreme end of Indian continental margin is considered to be the 

most dynamic region of the Himalayan Orogeny (5500-6000 m a.s.l) (Jain et al., 2012). 

 

 

 

Figure 3.5: Physiographic divisions of the North-eastern Himalaya based on Yin. (2006) 
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The ITSZ is considered as the principal unit of the Trans Himalaya that experiences 

collisional and post-collisional activities. It extends north of the Himalaya and is 

characterised by ophiolites and ophiolitic mélanges, plutonic-volcanic rock and molasse 

sediments (Thakur and Mishra, 1984; Gao et al., 2003); (vii) Lhasa Terrane (LT) is a 

continental fragment formed by metamorphic and sedimentary rocks partly covered by 

Quaternary deposits of glacial, fluvial, eolian and lacustrine origin (3529-5333 m a.s.l) (Yin 

and Harrison, 2000) (viii) Qiangtang Terrane (QT) is separated in the north by the 

Bangong-Nujiang suture (Yin and Harrison, 2000). It consists of upper Paleozoic–Lower 

Jurassic shallow marine strata structurally underlying the blue schist‐bearing mélange in 

its central part (Kapp et al., 2003) with mean elevation 3750-5000 m a.s.l. In the west-

central Qiangtang terrane, scattered exposures of mid‐Cretaceous volcanic rocks occur 

that lie on Jurassic and older rocks (Kapp et al., 2003; Kapp et al., 2005).  

 

The cross-section information of the profiles a-a, b-b, c-c, d-d indicated in Figure 3.5 is 

further illustrated in Figure 3.6 to 3.9. The profiles b-b, c-c and d-d represent the general 

cross-section of the Beki, Lohit and Noadihing basins respectively. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 3.6: Topographic cross-sections of the Sikkim Himalaya (a-a) based on profiles considered in Figure 3.5 

based on Yin (2006) 

 

Figure 3.7: Topographic cross-sections of the Bhutan Himalaya (b-b) based on profiles considered in Figure 3.5 

based on Yin (2006) 
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3.4 Soil 

 

Due to the unavailability of a common regional soil data including the transboundary 

countries of the NEH region, the Harmonized World Soil Database (HWSD version 1.2) 

(FAO/IIASA/ISRIC/ISS-CAS/JRC, 2012) of 30 arc-second resolution has been used in this 

study. The soil in the cryosphere particularly in the Trans Himalaya and Tibetan 

Himalaya consisting of Leptosols are poorly developed soils on steep slopes overlying 

bedrock, debris or permafrost (IUSS Working Group WRB, 2015).  The soil depth ranges  

from 5 to 30 cm with very little water holding capacity that causes interflow, overland 

flow and landslides on steep slopes. Luvisols occur on mountain slopes of the Higher 

Himalaya and are characterized by a surface humus accumulation overlying a sub-surface 

layer leached from clay and iron-bearing minerals (IUSS Working Group WRB, 2015). 

 

 

Figure 3.8: Topographic cross-sections of the Arunachal Himalaya (c-c) based on profiles considered in Figure 

3.5 based on Yin (2006). 

 

Figure 3.9: Topographic cross-sections of the the Purvanchal Hills (d-d) based on profiles considered in Figure 

3.5 based on Mandal et al. (2015) 
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Cambisols are medium to fine-textured soil that occurs in alluvial plains, terraces of the  

Brahmaputra basin and slopes of the NEH formed due to erosion or sediment deposition 

(IUSS Working Group WRB, 2015). Acrisols occur in slopes of Higher Himalaya and 

develop from physical and chemical weathering of clay minerals (IUSS Working Group 

WRB, 2015). Fluvisols occur as sediments in river valleys, subjected to periodical or 

sporadic flooding (IUSS Working Group WRB, 2015). Anthrosols occur in paddy 

agriculture in the Brahmaputra plains and under upland paddy agriculture in terraces 

built on slopes of the Sub-Himalaya and Lesser Himalaya.  These soils are characterised 

by the formation of the less permeable plough-pan horizon between the topsoil and the 

subsoil due to ploughing (IUSS Working Group WRB, 2015). The general soil classes of the 

study basins in the NEH region is shown in Figure 3.10. 

 

 

3.5 Landuse and landcover 

 

The NEH region is a part of the Eastern Himalayan Global Biodiversity Hotspot region 

that constitutes the Indo-Malayan, Palaearctic and Sino-Japanese biogeographical domains  

 (Myers, 2000). However, as well-defined classification of vegetation species does not exist 

in nature, Chettri et al. (2010) categorised the major vegetation classes of Eastern Himalaya 

as Tropical, Sub-tropical, Warm temperate, Cool temperate, Sub-alpine and Alpine types 

based on elevation and precipitation that are predominant in a particular climatic zone. 

The dominant trees of the Tropical zone along the altitude gradient upto 1000 m a.s.l in 

the Brahmaputra plain and the Sub-Himalaya consist of common deciduous species such 

as Bischofia javanica, Castanopsis indica, Canarium strictum, Duabanga grandiflora, 

Pterospermum acerifolium, Gynocardia odorata, Kydia glabrescens and Mesua ferrea etc. 

(Dutta and Sundriyal, 2018).  

 

The Subtropical zone along the altitude gradient from 1000 m to 2000 m in the Lesser 

Himalaya consists of deciduous species like Saurauia roxburghii, Alnus nepalensis, 

 

   

(a) Leptosol (b) Luvisol (c) Acrisol 

   

(d) Cambisol (e) Fluvisol (f ) Anthrosol 

Figure 3.10: General soil classes of the study basins in the NEH region (Photographs (a)-(f), P. Das (2014-2017) 
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Brassiopsis aculeata, Castanopsis hystrix, Quercus lanuginose etc. (Dutta and Sundriyal, 

2018).  

 

The dominant species of the Temperate zone along the altitude gradient from 2000 m to 

3000 m a.s.l in the Higher Himalaya are characterized by wet temperate broad-leaved and 

dry mixed coniferous forests. Wet temperate broad-leaved forests or warm temperate 

forests in the altitudinal range 2000-2500 m a.s.l include deciduous tree species such as 

Acer, Alnus, Cornus, Populus and Prunus etc. The cool temperate or coniferous forest 

species in the altitudinal range 2500-3000 m a.s.l include Castanopsis hystrix, Prunus 

cerasoides, Quercus lamellose and Rhododendron arboreum etc. (Dutta and Sundriyal, 

2018).  

 

The Subalpine zone along the altitude gradient from 3000 m to 4000 m a.s.l in the Higher 

Himalaya consists of alpine shrubs such as Betula utilisis, Cotoneaster, Juniperus, Salix 

and Viburnum etc. (Dutta and Sundriyal, 2018). The Alpine zone along the altitude gradient 

above 4000 m a.s.l in the Higher Himalaya consists of grassland or alpine meadows which 

include common species such as Aconogonum, Arenaria, Bistorta, Kobresia, Pedicularis, 

Persicaria (Dutta and Sundriyal, 2018). The alpine zone consists of permafrost, seasonally 

frozen ground or seasonal snow above the Snowline. The alpine cryosphere zone consists 

of glaciers and permanent snow-fields. The typical landuse and landcover in various 

climatic zones is shown in Figure 3.11. 

 

The equilibrium line altitude is about 5500 and 5000 m a.s.l. for the Beki and Lohit basin 

respectively (Yao et al., 2012). The Lohit basin has the largest glacier area (11.9 % of the 

total basin area). The glacier area of Beki is 5.7 % of the total basin area. The forest classes 

predominant in the different climatic zones of the three study basins are represented in 

Table 3.2.     

 
 Table 3.2:  Summary of land-cover area in the three study basins  

 

The total forest cover in the Northeast India of the NEH region is 65.05% (FSI, 2019). Some 

of the primary causes of degradation of semi-evergreen to moist deciduous forests in the 

lower elevation tropical or subtropical zones are illegal logging, forest fires, over-grazing, 

unsustainable lumbering and shifting cultivation (Kumar, 2011). However, a study 

conducted by the University of Maryland's Global Land Analysis and Discovery (GLAD) 

laboratory in partnership with Global Forest Watch (GFW) registered a 76.7% forest cover 

loss in Northeast India between 2001 and 2020. The forests cover loss is estimated based 

on updated results from time-series analysis of Landsat images from 2000 through 2020 

accessible from the Global Forest Change (GFC-2020) version 1.8 high resolution GLAD 

 

 

Basin Land cover (area proportion in %) 
 Elevation [m a.s.l] ≤ 1000 1000-2000 2000-2500 2500-3000 3000-4000 ≥ 4000 

Climatic zone Tropical Subtropical Temperate Sub-alpine Alpine 

Forest class Tropical Subtropical Warm temperate Cool temperate Sub-alpine Alpine 

BEKI 6 12 7 9 18 49 

LOHIT 1 6 6 8 27 53 

NOADIHING 10 53 15 12 10 0 
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data (https://glad.earthengine.app/view/global-forest-change) (Hansen et al., 2013). 

Projected future landuse changes studied by  Pervez and Henebry (2015) reported an 

increase in agricultural land up to 42% by 2070 followed by a reduction to 36% by 2100 

under the A1B scenario, while a continuous increase to 76% under the A2 scenario by the 

end of the 21st century based on the Canadian GCM version 3.1 (CGCM3.1) model. 

 

 

 

 

 

 

  

(a) Deciduous forest (Tropical zone) (b) Deciduous forest (Subtropical zone) 

 

 
(c) Coniferous forest (Temperate zone) (d) Alpine shrubs (Subalpine zone) 

  
(e) Alpine meadows (Alpine zone) (f) Glaciers /Permanent snowfields (Alpine 

cryosphere) 

Figure 3.11: Typical LULC in the various climatic zones (Photographs:(a)-(e), P. Das (2014-2017), (f) Col. G. 

Chadha (NIMAS),2016 
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3.6 Glaciers, glacial lakes and high altitude lakes 
 

Glaciers serve as natural hydrological buffers releasing meltwater during summer and 

early autumn in the NEH region (Figure 3.12). Bajracharya et al. (2014) reported that 77% 

of the glaciers occur below 5700 m a.s.l in the Brahmaputra basin that are highly 

vulnerable to climate change warming (Figure 3.13 (a)-(b)). Glacier mass balance is the 

best indicator of glacier response to climate change and variability (Oerlemans, 2007). The 

glaciers of the NEH region in the south-east TP have shown the highest negative mass  

balance trend in the recent years with spatially inconsistent trend across the region unless 

buried under thick debris cover (Yao et al., 2012). Glacier mass balance studies are scarce 

in the NEH region and the existing studies suffer uncertainty due to inconsistency of 

different spatio-temporal resolutions between the research approaches or spatial non-

uniformity of glacial response to climate change (Cogley, 2009; Yao et al., 2012). Hence 

comprehensive understanding of the extent and nature of changes of glaciers in the study 

basins would support downstream hydrological planning and water resource 

management (Rankl et al., 2014).  

 

The HKH is also characterized by the widespread presence of glacial lakes which are 

potential sources of glacial lake outburst floods (Bolch et al., 2012) as shown in Figure 3.13 

(c). High altitude lakes are commonly found in the alpine zone of the Higher Himalaya of 

the NEH region that remains frozen during winter (Figure 3.13(d)). 

 

 

 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 3.12: Glacier distribution in the North-eastern Himalaya according to Global Land and Ice 
Measurements from Space (GLIMS) dataset (Raup et al., 2007) 
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3.7 Frozen ground 

 

The NEH region is located in the south-eastern part of the TP. The latter possesses the 

largest mid- and low-altitude permafrost of the world outside the Arctic and Antarctic 

(Zhao et al., 2004; Cheng and Jin, 2013). Ran and Li. (2016) reported that the permafrost in 

Siberia and the Arctic are less sensitive to climate change than the permafrost on the TP, 

which are highly susceptible to global climate warming and human activity. Another 

condition that favours the permafrost of the TP to be highly sensitive to climate change is 

its smaller thickness and poor-thermal stability (Shi et al., 2018). Moreover, the permafrost 

on the TP is generally ice-poor as a consequence of the arid climate, high evaporation and 

glacial history (Yang et al., 2010). The frozen ground in the NEH region is mainly 

characterised by different classes of permafrost (PF) and seasonally frozen ground (SFG) 

as shown in Figure 3.14. The major classes of the frozen ground in the NEH region are 

Predominantly Continuous and Island permafrost with (30- 70%) areal coverage, Short 

duration frozen ground, Thin seasonally frozen ground (<1 m), Middle-thick seasonally 

frozen ground (>1m) and Mountain permafrost (Qiu et al., 2002). The hydrological feedback 

of frozen ground is best identified in cold regions completely underlain by predominantly 

continuous permafrost with (70-90%) areal coverage. However, the NEH region comprises 

of discontinuous permafrost with areal coverage (50-90%) in which unfrozen areas or 

 

 

 

 

 

(a) Meerthang Glacier over rocks (Beki basin) (b)Gorichen Glacier over glacial debris, Beki basin) 

 

 

 

 

(c) Parlung Zangbo lake (Glacial lake, Lohit basin) 

basin) 

(d) Sela lake (High altitude lake, Beki basin) 

 
Figure 3.13: Landscape features in the cryosphere (Photographs: (a)-(b), Col.G. Chadha (NIMAS), 2016 (c) Dr. 

Wei Yang,Institute of Tibetan Plateau Research, Chinese Academy of Sciences (d) P. Das, 2016) 
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seasonally frozen ground provide significant pathways for both shallow and deep 

subsurface flux (Fabre et al., 2017). Moreover, the typical permafrost features such as ice 

segregation, ground heave, subsidence etc. on the TP are not predominant as in the high-

latitude permafrost regions (Yang et al., 2010). Therefore, changes in the frozen ground on 

the TP exhibit a distinct hydrological response unlike the arctic or subarctic region 

(Frauenfeld and Zhang, 2011). Figure 3.10 presents the Frozen ground classes of the study 

basins in the NEH region. Schmid et al. (2015) considered rock glaciers as a permafrost 

feature to define the lowest elevation of permafrost across the HKH region ~ 4800 m. 

Komori et al. (2004) cited the lower limit of permafrost based on the distribution of active 

rock-glaciers as 4,800 m on the north-facing slopes and 5,000 m on south and east facing 

slopes in the Bhutan Himalaya. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 3.14: Frozen ground classes in the study basins (Source: Maps of Geocryological Regions and 

Classifications in China, Version1 (NSIDC) modified from Qiu et al. (2002). The study area NEH along with 

the study basins are indicated by the black rectangle onthe frozen ground map in the bottom right panel 
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Chapter 4  

Data  
 

 
This chapter focuses on the various hydro-meteorological, hydrological and geospatial 

data in diverse spatial and temporal resolutions, acquired from several public or private 

organisations. The in situ data collected during field-surveys through collaborative 

activities with various public or private organisations were collated and processed for 

development and implementation of the J2000 hydrological model. 

 

The various types of data sets described in the following sections are:  

 

4.1 In-situ hydrometeorological observations 

4.2 Model-derived atmospheric data  

4.3 Geospatial data 

4.4 In-situ field investigations 

4.5 Projected climate change data 

 

4.1 In-situ hydrometeorological observations 

 

(i) Hydrological data: Discharge data for the Beki basin were available from two adjacent 

gauge sites, NH31 Bridge and Railway Bridge from the Water Resources Department 

(WRD) and Assam Water Resources Management Institute (AWRMI), Govt. of Assam, 

India.  Daily discharge data comprising of the measured time series of the two gauges 

NH31 Bridge (1982–1999) and Railway Bridge (2000–2014) were combined into a single 

data set for the Railway Bridge site, considering the proximity of the stations that were 

around 300 m apart and showed similar discharge characteristics. The rationale behind the 

combination of the discharge datasets of the Beki river was that the gauge station, Railway 

Bridge is still operational while the NH31 Bridge gauge was discarded (personal 

communication, Mr P. Engti, WRD, Barpeta, Assam, India). The stage-discharge curves 

were also considered while combining the discharge datasets from the two gauge stations 

as presented in the Annexure Figure A.1 (a) - (b). 

 
Discharge data for Lohit basin were available from Brahmaputra Board (BB), Govt. of 

India, for the Mompani gauge-site for 18 years (1987-2004). However, it does not include 

recent data. In case of the Noadihing basin, discharge data were available from BB, Govt. 

of India, for 15 years for the Deban gauge-site but lacks recent data. The data was collected 

by the BB to prepare the Master plan for Lohit and Noadihing basins and monitoring of 

discharge data was discontinued after completion of the process (pers. communication, 

Mr. K. Talukdar, BB, Assam, India). Discharge data was available for only two nested sub-

basins of the Beki basin, namely Magochu and Nyukcharongchu. The discharge time- 

series for the nested Nuranangchu sub-basin was not available. Figure 4.1 and Table 4.1 

presents the location information of the hydrological data for the study basins.  

 



 

 

 

 

 

(ii) Hydroclimatic data: The daily precipitation data for the Beki basin within the Indian 

 territory were available from the WRD and AWRMI.  Automatic Weather Station (AWS) 

data namely, precipitation, temperature (Maximum, Minimum, and Mean), wind-speed, 

relative humidity and sunshine hours were available for the Beki basin from the 

Hydromet Services Division, Department of Energy, Ministry of Trade and Industry 

(MTI), Thimphu, Bhutan. However, only precipitation data available from MTI have been 

used in the study as data for the other climatic variables had extensive missing values. For 

the Lohit and Noadihing basins, precipitation station data were available from the BB.  

Figure 4.1 and Table 4.1 presents the location information of the observed precipitation 

stations available for the study basins.  

 

 

 

 

 

Figure 4.1: Location of hydro-meteorological stations in the study basin and nested sub-basins 
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            STREAM  
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           NURANANGCHU SUBBASIN 
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Table 4.1: Summary of the hydrological data for the study basins 

 
 
4.2 Model-derived atmospheric data 

  

The NEH region is challenged with a lack of proper understanding of the spatio-temporal 

distribution and magnitude of climatic variables such as precipitation and temperature, 

which constitute the primary input for regional hydrological analysis under present and 

future climate change scenarios. The problem of data accessibility further aggravates in 

case of the transboundary Himalayan study basins selected in this study for which mostly 

valley-based in-situ hydro-climatic observations are available in fragmented mode from 

different transnational organizations. Thus political data-sharing restrictions amongst the 

riparian countries such as China, Bhutan and India, coupled with poor accessibility and 

harsh climatic conditions are serious issues for data accessibility in this region. Therefore, 

the valley-based, low altitude rain gauge networks are not only inadequate but also 

unrepresentative of the higher elevation zones in the NEH region (Anders et al., 2006). The 

only viable option is to use the easily available global and/or regional scale gridded hydro-

climatic datasets for hydrological modelling which provide robust information on the 

spatio-temporal distribution of hydroclimatic variables required to drive the J2000 model. 

In the present study, ERA-Interim (ERA-I) precipitation dataset (Dee et al., 2011) which is 

a third-generation global atmospheric reanalysis product produced by the European 

Centre for Medium-range Weather Forecasts (ECMWF) providing data from 1979 to 

present and available from the ECMWF webpage (http://apps.ecmwf.int/datasets/data/ 

interim-fulldaily/levtype=sfc/) has been used. Figure 4.2 shows the ERA-I precipitation 

data points and their corresponding observed data points that represent the different 

climate zones and their associated altitude ranges. The spatial resolution of ERA-I 

precipitation data is 0.125°X 0.125° with a time step of 12 hours. Table 4.2 summarizes the 

meteorological variables of the ERA-I daily data which were used in this study with 

different aggregation methods for each climate variable.  

 

Gauge Elevation 
(m) 

Lon 
(°E) 

Lat 
(°N) 

Area 
(km2) 

Availability 

 Beki basin 

Railway bridge 

54 90.98 

 

26.50 

 

26.50 

28920.29 

01.01.2000 - 31.12.2014 

NH 31 bridge  

50 

 

90.00 

 

26.82 

01.01.1982-  31.12.1999 

 Lohit basin 

Mompani 600 96.45 28.05 21247.55 01.01.1987-31.12.2004 

 Noadihing basin 

Deban 456 96.47 27.46 1877.84 01.01.1980 - 31.12.1994 

 Sub-basins of the Beki basin 

 Magochu  sub-basin 

New Melling 2877 92.07 27.63 834.43 01.01.2011-31.12.2016 

 Nyukcharongchu  sub-basin 

Rho 2653 92.01 27.63 2081.16 01.01.2011-31.12.2016 

 Nuranangchu  sub-basin 

Jang 3473 92.02 27.55 59.01 NA 
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Table 4.2: Meteorological variables of the ERA-Interim Daily data 

 

 

 

 

 

 

 

 

4.3 Geospatial data 

 

The geospatial data applied for the J2000 hydrological model are discussed below: 

 

(i) Topographic Data: Topographic information represented by the Digital elevation 

model (DEM) of 90 m resolution was accessed from the Consortium for Spatial 

Information (CGAIR-CSI) Geoportal (http://srtm.csi.cgiar.org). The DEM was used to 

derive the various basin information such as the basin boundary, contributing sub-basins, 

basin size, channel network, flow direction and flow accumulation as well as terrain 

features such as slope and aspect. 

 

(ii) Soils: The Harmonized World Soil Database (HWSD) version 1.2 of 883 m resolution 

was accessed from (https://webarchive.iiasa.ac.at/Research/LUC/External-World-soil- 

 

 

 

 

 

 

 

Figure 4.2: Location map of ERA-I and corresponding observed precipitation data points 

Meteorological Variable Unit Conversion Aggregation 

Maximum  air-temperature at 2m K °C Maximum 

Minimum air-temperature at 2 m K °C Minimum 

Total Precipitation m mm Total 

Relative humidity % g/m3 Mean 

10m U Wind component (10 m) m/s Nil Mean 

10m V Wind component (10 m) m/s Nil Mean 

Sunshine hours h Nil Total 
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database/HTML/HWSD_Data.html?sb=4). The J2000 model requires physical soil 

information such as soil depth, texture, bulk density, permeability, field capacity (sum and 

per dm depth), sum of air capacity and capillary rise required for parameterisation of soil 

in the J2000 model. 

 

 (iii) LULC: GlobCover 2009 LULC data of 300 m resolution was retrieved from the 

European Space Agency (ESA) (http://due.esrin.esa.int/page_globcover.php). The 

GlobCover 2009 data represented the period from January 2009—December 2009 and can 

distinguish 22 LULC classes. For greater accuracy of glacier class, the Global Land Ice 

Measurements from Space (GLIMS) glacier layer data base (http://nsidc.org/glims/) and 

representing the period 1999 to 2005 was used as a complementary data. The GLIMS 

glacier layer was rasterised and merged with the GlobCover 2009 land-use data to get a 

common land-use database.  

 

 (iv) Geology: Due to the lack of a common geological dataset encompassing the 

transboundary areas for the study basins, three regional geological classes were identified: 

Glacier, the Higher Himalaya and the Lesser Himalaya regions based on the map of 

physiographic divisions of the NEH region (Figure 3.5). The area under glaciers is 

considered as no soil area (Nepal, 2012). The Tibetan Himalaya, Trans Himalaya, Lhasa 

Terrane, Qiangtang Terrane and Higher Himalaya were regrouped as Higher Himalaya. 

The Sub Himalaya and Lesser Himalaya were regrouped as Lesser Himalaya.  

 

4.4 In-situ field investigations 
 

Field investigations were conducted between 2014 and 2017 under the aegis of the GFTP 

and INNO-ASIA Project team of FSU Jena. However, mutual data-sharing collaborations 

were established with the BRO (Border Road Organisation), NIMAS (National Institute of 

Mountaineering and Allied Sports), NBSS (National Bureau of Soil Survey) and Govt. of 

Arunachal Pradesh which supported field investigations during 2018-2019. 

 

4.5 Projected climate change data 

 

Climate change impact assessments on hydrological systems are characterized by large 

uncertainties due to large variation in climate change projections between the different 

climate models (Hawkins and Sutton, 2010). Therefore, a pool or ensemble of climate 

models is preferably used to characterize the uncertainty in projections. Moreover, the 

credibility of the projections increases when multiple models produce consistent outputs 

and therefore the mean of multi-model ensembles are often used as it outperforms single 

models when compared with observations (Gleckler et al., 2008; Knutti, 2008). To assess 

the impact of climate change on the hydrological regimes, the CORDEX (Coordinated 

Regional climate Downscaling Experiment) RCMs for the South Asia domain were 

accessed from (https://esg-dn1.nsc.liu.se/search/cordex/). Fifteen recent RCM outputs 

over the NEH region were considered for this study as proposed by (Jayanarayanan et al., 

2017). Although many studies have used CORDEX RCMs for hydrological modelling in 

the Himalayas (Jury et al., 2019), the future climate projections are characterised by 
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uncertainties as the regional climate models are incapable to simulate the dynamics of the 

Indian summer monsoon (Kang et al., 2002). Hence, considering the inherent uncertainty 

in RCMs, multiple CORDEX RCMs were chosen to reflect the uncertainties of future 

flows. To assess the extreme hydrological implications on the study basins, the upper 

extreme scenario of RCP 8.5 has been considered to study the global warming level 

beyond 2°C as recommended by the Paris Agreement of the UNFCCC (Islam et al., 2017). 

As the RCP 2.6, RCP 4.5 and RCP 6.0 W/m2 scenarios projected lesser global warming; 

only the RCP 8.5 scenario was selected as it was useful to study the extreme climate 

change impacts on the glacierised study basins with highest level of projected warming 

(Islam et al., 2017). Schwalm et al. (2020) reported that RCP 8.5 is most relevant as the 

projected CO2 emissions are in close agreement (within 1%) with historical total 

cumulative CO2 emissions (2005-2020), consistent with near to mid-century emission 

scenarios (2005-2050) as well as projected highly plausible levels of future CO2 emissions 

in 2100. The RCP 8.5 also adequately represents complex natural feedback loops 

like permafrost thaw, soil carbon dynamics, forest fire frequency and severity compared to 

RCP 4.5 (IEA, 2019).  

 

In this study, CORDEX RCM data of spatial resolution of 0.44° (~50km) for the Beki, Lohit 

and Noadihing river basins have been used for this study (Table 4.3). Altogether data for 

64, 56 and 20 CORDEX data cells were identified and extracted in the Beki, Lohit and 

Noadihing basins respectively. The CORDEX RCMs were directly used without bias-

correction based on Künne et al. (2019). For each of the 15 models and the selected grid 

cells, J2000 input data for precipitation, temperature (minimum, maximum, and mean), 

relative humidity, sunshine hours and wind speed at 2 m above ground were extracted 

and used to simulate the discharge with all the 15 models for the Beki basin corresponding 

to three 30 year time slices viz., Baseline (BL): 1961-1990, Near-future (NF): 2021-2050 and 

Far-future (FF): 2071-2100 (Giorgi et al., 2004, Lorenzo and Alvarez, 2020). 

 
Table 4.3: Details of CORDEX-SA ensembles applied in the present study 

 

 

INSTITUTE GCM RCM ACRONYM 

*SMHI CCCMa-CanESM2 

 

 

RCA4 CCC-RCA 

 

 

**CCCR CCCMa-CanESM2 

 

 

RegCM4-4 CCC-REG 

 

 

*SMHI CNRM-CM5 

 

 

RCA4 CNRM-RCA 

 

 

**CCCR CNRM-CM5 

 

 

RegCM4-4 CNRM-REG 

 

 

*SMHI CSIRO-Mk-3-6-0 

 

 

RCA4 CSIRO-RCA 

 

 

**CCCR CSIRO-Mk-3-6-0 

 

 

RegCM4-4 CSIRO-REG 

 

 

**CCCR IPSL-CM5A-LR 

 

 

RegCM4-4 IPSL_LR-REG 

 

 

*SMHI IPSL-CM5A-MR 

 

 

 

 

RCA4 IPSL_MR-RCA 

 

 

 

 

*SMHI MIROC5 RCA4 MIROC-RCA 

*SMHI MOHC-HadGEM2-ES RCA4 MOHC-RCA 

*SMHI MPI-ESM-LR 

 

 

RCA4 MPI_LR-RCA 

 

 

**CCCR MPI-ESM-MR 

 

 

RegCM4-4 MPI_MR-REG 

 

 

*SMHI NCC-NorESM1-M RCA4 NCC-RCA 

**CCCR NOAA-GFDL-GFDL-ESM2M RegCM4-4 NOAA-REG 

*SMHI NOAA-GFDL-GFDL-ESM2M RCA4 NOAA-RCA 

Notes:*SMHI: Rossby Centre, Swedish Meteorological and Hydrological Institute ,Sweden 

 **CCCR: Centre for Climate Change Research , Indian Institute of Tropical Meteorology (IITM) 
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Chapter  5  

Methods  
 

 

 

This chapter describes the analytical as well as field investigations that were applied for 

pre-processing the hydrometeorological inputs, model parameterization, development 

and implementation of the process-based J2000 glacio-hydrological model. 

 

 5.1 Evaluation and correction of hydrometeorological time series  

5.1.1 Evaluation and correction of gridded ERA-I precipitation data 
 

Precipitation is the most important source of uncertainty due to lack of in situ 

observations in the high-altitude areas of the HKH region. Therefore, gridded ERA-I 

precipitation data were used, which has been found to capture the spatial distribution of 

precipitation in the Himalayan region with better temporal consistency (Palazzi et al., 

2013). However, the gridded precipitation need to be corrected before applying as inputs 

to hydrological modelling for achieving realistic water balance estimates (Valéry et al., 

2010; Immerzeel et al., 2009). ERA-I precipitation data based on valley-based precipitation 

observations do not reflect the spatial variability of precipitation varying over short 

distances and representing a considerable vertical gradient in higher Himalayan areas 

(Dahri et al., 2016; Pang et al., 2014). In the present study, ERA-I mean annual 

precipitation (MAP) was evaluated against the nearest precipitation observations available 

across different physiographic classes in the study basins across the NEH (Table 5.1) 

 
Table 5.1: MAP data for observed and gridded ERA-I data 

 

 

STATION NAME 

 
STATION ID 

 
ELEVATION 

(m) 

 
Observed MAP 

 (Oi) 
(mm) 

 

 
PHY 

 
RPHY 

 
ERA-I  MAP 

(Gi) 
(mm) 

CHAMKHAR* 1 2959 1124 HH HH 1411 

KANGLUNG* 2 1826 1124 HH HH 1162 

MONGAR* 3 1291 933 HH HH 1232 

PEMAGATSHEL* 4 1436 1621 HH HH 1220 

TANGMACHU* 5 1503 836 HH HH 1265 

TASHIYANGTSE* 6 1907 1085 HH HH 1176 

TRONGSA* 7 2276 1294 HH HH 1408 

ZHEMGANG* 8 1817 1321 HH HH 1398 

BARPETA ROAD* 9 50 3691 SH LH 995 

RAILWAY 

BRIDGE* 

10 54 3875 SH LH 995 

MATHANGURI* 11 124 2375 LH LH 1206 

HAWAI** 12 963 2296 HH HH 1131 

CHANLANGAM** 13 1820 1392 TRH HH 1337 

WALONG** 14 1239 1340 TRH HH 1558 

MOMPANI** 15 600 4755 HH HH 1331 

HAYULIANG** 16 527 4049 HH HH 1407 

KIBITOO** 17 1498 997 TRH HH 1103 

MIAO*** 18 1166 2775 SH LH 1699 

* STATION IN BEKI BASIN 

**   STATION IN LOHIT BASIN 

*** STATION IN NOADIHING BASIN 

 

TRH = TRANS  HIMALAYA       

HH=HIGHER HIMALAYA 

LH = LESSER HIMALAYA 

     SH = SUB HIMALAYA 

MAP = MEAN ANNUAL 

PRECIPITATION (mm) 

PHY= PHYSIOGRAPHY 

RPHY = RECLASSIFIED 

PHYSIOGRAPHY 

 

 



 

 

 

 

 

Therefore, localized high-intensity orographic or convective precipitation events are not 

well represented in the Eastern Himalaya region (Nesbitt and Anders, 2009; Bookhagen 

and Burbank, 2010). As suggested by Pohl et al. (2015), zones for applying precipitation 

scaling factors  were selected for correction of ERA-I precipitation pixels based on the 

following approaches: 

  
(a) Elevation and Mbias threshold approach: 

 
In the present study, ERA-I mean annual precipitation (MAP) was evaluated against the 

nearest precipitation observations available across different physiographic classes in the 

study basins across the NEH (Table 5.1). 

 

To determine a threshold based on elevation and precipitation, the multiplicative 

bias, Mbias was evaluated as follows: 

 

Mbias =  
 𝐺𝑖

𝑁
𝑖

 𝑂𝑖
𝑁
𝑖

                                                  [Eq. 5.1] 

 

 where Gi stands for gridded ERA-I MAP at a point or grid box i, Oi is the observed MAP 

at the corresponding ERA-I grid, and N is the number of observations.  

 

The plot of elevation versus Mbias is shown in Figure 5.1. The MAP corresponding to 

observed precipitation stations with Station- ID’s (1,2,3,4,5,6,7,8,13,14,17) in the Higher 

Himalaya with elevation ≥1200 m are well represented by the ERA-I gridded precipitation 

data as shown in Figure 5.1  and Table 5.2 with Mbias (0.8-1.5) indicating that the MAP of 

gridded ERA-I precipitation compares almost reasonably well with the observations.  

 

However, the MAP corresponding to observed precipitation stations with Station ID’s 

(9,10,11) in the Lesser  Himalaya with elevation < 1200 m and the precipitation stations 

with Station-ID’s (12,15,16) in the Higher Himalaya with elevation < 1200 m were 

inconsistent with Mbias (0.3 - 0.5) indicating that the MAP of gridded ERA-I precipitation 

underestimates the observations by 40% of corresponding precipitation observations 

suggesting strong predominance of rainshadow and orographic effects in the NEH region 

(Chalise and Khanal, 2001; Palazzi et al., 2013). The MAP corresponding to observed 

 

 

 

 

 

 

 

 

 

 

 

Figure 5.1:  Plot showing the elevation-precipitation threshold based on Mbias and elevation 
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Mbias 



 

 

 

 
 

precipitation station (ID 18) in the Lower Himalaya with elevation 1200 m and Mbias ~0.6, 

indicated a moderate underestimation and was therefore selected as the threshold 

elevation for applying the precipitation scaling factor. 

 
Table 5.2: Mbias values for gridded ERA-I data 
 

 
The precipitation scaling factor (CFElev-Mbias) is the reciprocal of Mean Mbias, which was 

used to multiply the ERA-I precipitation pixels.  

                           CFElev-Mbias =  
1

Mean  Mbias
                                   [Eq. 5.2] 

 

Therefore, an elevation threshold of 1200 m was considered for multiplying the ERA-I 

precipitation pixels with the CFElev-Mbias. The CFElev-Mbias considered for elevation < 1200m 

and ≥1200 m were 2.5 and 1.0 respectively as shown in Table 5.2. However, the CFElev-Mbias 

was not applied directly but fine-tuned as the Orographic correction multiplicative as 

discussed below in this section. 

 

(b)  Isohyetal map approach: 
 

As high altitude precipitation observations extending into Bhutan and China were not 

available, the isohyetal map (Figure 5.2) was used as the only available reference of high 

altitude precipitation pattern in the coterminous areas of Bhutan and China included 

within the study basins.  

 

The following steps were conducted using ArcGIS to prepare the isohyetal map (Figure 

5.2). 

 

 

Station Name Observed 

Precipitation ID 

Elevation 

(m) 

Mbias Mean 

Mbias 
 

CFElev-Mbias 

 

CHAMKHAR* 1 2959 1.3 1.1 1.0 

KANGLUNG* 2 1826 1.0 1.1 1.0 

MONGAR* 3 1291 1.3 1.1 1.0 

PEMAGATSHEL* 4 1436 0.8 1.1 1.0 

TANGMACHU* 5 1503 1.5 1.1 1.0 

TASHIYANGTSE* 6 1907 1.1 1.1 1.0 

TRONGSA* 7 2276 1.1 1.1 1.0 

ZHEMGANG* 8 1817 1.1 1.1 1.0 

BARPETA ROAD* 9 50 0.3 0.4 2.5 

RAILWAY BRIDGE* 10 54 0.3 0.4 2.5 

MATHANGURI* 11 124 0.5 0.4 2.5 

HAWAI** 12 963 0.5 0.4 2.5 

CHANLANGAM** 13 1820 1.0 1.1 1.0 

WALONG** 14 1239 1.2 1.1 1.0 

MOMPANI** 15 600 0.3 0.4 2.5 

HAYULIANG** 16 527 0.3 0.4 2.5 

KIBITOO** 17 1498 1.1 1.1 1.0 

MIAO*** 18 1166 0.6 0.4 2.5 
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(i) Isohyetal map acquired from the Brahmaputra Board (1998) was georeferenced. 

(ii) The isohyetal contours were digitized. 

 (iii)     The precipitation observations indicated in Table 5.1 were overlaid on the Isohyetal   

             map for a rough comparison of precipitation observations and isohyets. 
 

The isohyetal map indicated pockets of high amplitude orographic precipitation in the 

Bhutan foothills of the Beki basin and convective circulations in the Lohit and Noadihing 

basins due to the moist south west monsoon (Shi and Liu, 2000; Wu et al., 2018). The 

elevation threshold of 1200 m discussed in the above section has been represented by 

dashed black line and the high amplitude convective precipitation pocket in the Lohit 

basin is indicated by black dotted oval (Figure 5.2). Such cross-validations with all 

additional complementary data sources such as coarse hard-copy maps or digitised maps 

that contain local information is indispensable to understand the local landscape 

characteristics for large-scale hydrological modelling in ungauged basins (Pechlivanidis 

and Arheimer, 2015).  

 

 

 

 

Figure 5.2: Isohyetal map of the NEH region based on data collected from Brahmaputra Board (1998) 

Dashed line indicating the Elevation threshold 

of 1200 m  

Dashed oval indicating the ERA pixels that 

need to be corrected in the Lohit basin 
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(c) Orographic correction multiplicative factor 

 

For reliable regional water balance analysis, hydrological models require high-resolution 

precipitation and temperature datasets. The latter directly impacts the basin discharge in  

terms of basin runoff, evapotranspiration, snow and glacier melt contribution (Khan and 

Koch., 2018). Precipitation underestimation is often compensated by underestimated 

evapotranspiration and/or overestimated snow/glacier melt rates in the glacierised  

Himalayan basins (Lutz et al., 2014; Pellicciotti et al., 2012). Khan and Koch (2018)  

proposed the orographic correction multiplicative factor to account for the underestimated 

mean precipitation amounts  that fail to sustain the observed discharge at the basin outlet 

in the mountainous Himalayan basins (Immerzeel et al., 2015; Khan and Koch, 2018). The 

Orographic correction multiplicative factor (OCFm) was calculated by rearranging the 

water balance equation as shown below: 

 

                      𝑄𝑡 = 𝑃 − 𝐸𝑇 − 𝐺𝑤 − ∆𝑔                                 [Eq. 5.3] 

where Qt is the total volume of discharge (mm), P is the basin precipitation (mm), ET is the 

actual evapotranspiration (mm), Gw is the ground-water recharge (mm) and ∆𝑔 is the 

glacier mass balance estimate (mm) simulated from the basin for the specified time period. 

Considering the groundwater losses Gw to be negligible in comparison to the total 

discharge for large mountainous basins and at an inter-annual time step, the above 

equation can be written as: 

                                                                  𝑄𝑡 = 𝑃𝑡𝑟𝑢𝑒 − 𝐸𝑇 − ∆𝑔                                          [Eq. 5.4] 

                                                                          𝑃𝑡𝑟𝑢𝑒 = 𝑄𝑡 + 𝐸𝑇 + ∆𝑔                                                  [Eq. 5.5] 

 

The OCFm is obtained by dividing the true precipitation Ptrue by the gridded precipitation P 

for a specific simulation time period. 

                              

                                     OCFm = 
𝑃𝑡𝑟𝑢𝑒

𝑃
  = 

𝑄𝑡+𝐸𝑇+∆𝑔

𝑃
                                                           [Eq. 5.6]     

                                           

                                          OCFm *𝑃 =  𝑃𝑡𝑟𝑢𝑒 = 𝑄𝑡 + 𝐸𝑇 + ∆𝑔                                                 [Eq. 5.7] 

 

Ptrue  is the precipitation derived from the simulated discharge Qt , simulated ET and ∆𝑔 

estimates which fit closely to the corresponding literature values in the study basins as 

cited in Table 5.3.  

 

The simulated ET and Δg estimates that match with the adopted values were derived by 

stepwise calibration of the glacier and ET parameters. Immerzeel et al. (2015) suggested 

that the glacier mass balance may be used to reconstruct precipitation but it overestimated  

precipitation amounts in mountainous basins. Pohl et al. (2015) suggested the evaluation 

of precipitation-scaling factor by comparing the simulated and observed discharge 

hydrograph, to adjust the relatively high estimated precipitation amounts for 

mountainous regions. However, it is challenging to obtain suitable precipitation-scaling 

factor from comparison with in-situ data particularly in high mountainous regions with 
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high precipitation variability over short distance due to orographic or rain shadow effects 

(Pohl et al., 2015). Hence, precipitation-scaling factor was considered constant (Pohl et al., 

2015).  

 
Table 5.3: Adopted evapotranspiration and glacier mass balance for the study basins 

 
 
The OCFm was varied between 1 and 2.5 (with a 0.05 increment) to arrive at an OCFm*P 

estimate comparable to Ptrue. The range of OCFm selected between 1 and 2.5 was based on 

CFElev-Mbias as discussed above in this section. The selected ERA-I pixels 

(BEKI_ERA_EDITED, BEKI_ERA_EDITED, BEKI_ERA_EDITED) were multiplied with 

OCFm 2.5, 1.95 and 1.67 in Beki, Lohit and Noadihing basin respectively (Figure 5.3).  
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Figure 5.3: Map showing the corrected ERA-I precipitation data points  
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5.1.2 Annual comparison of ERA-I and precipitation observations 
 

Taylor diagrams representing the Normalized Standard deviation (k) and Correlation 

Coefficient (r) displayed the agreement between ERA-I and observed mean annual 

precipitation (MAP) for the overlapping period of 1987-1994. The MAP corresponding to 

observed precipitation ID is based on Table 5.2.  Higher k (1.3-2.0) and weaker r (0.1-0.35) 

was apparent between the ERA-I and observed precipitation at stations which were at 

elevation < 1200 m (ID: 9, 10, 11, 12,15,16) as shown in Figure 5.4(a). Lower k ~ (0.5-1.2) 

and higher r ~ (0.2- 0.45) was displayed between the ERA-I and observed precipitation at 

stations which were at elevation ≥ 1200 m (ID:1,2,3,4,5,6,7,8,13,14,17), while the station 

observation corresponding to ID:18 showed moderate k (1-1.5 ) and r (0.0-0.2) (Figure 

5.4(b)). The annual comparison of ERA-I and observed precipitation indicated poor 

agreement at stations which were at elevation <1200 m.  However, for stations at elevation 

≥1200 m, a good agreement indicated that the orographic precipitation at the Himalayan 

foothills is not represented adequately by the gridded ERA-I precipitation dataset (Palazzi 

et al., 2013). 

 

5.1.3 Monthly comparison of ERA-I and precipitation observations 

 

The monthly comparison of ERA-I and precipitation observations were analysed by the 

following error indices and agreement indices (Table 5.4) presented in Table 5.5. 

 
Table 5.4:  Error and agreement indices used in the study 

 

  

 
Figure 5.4: Taylor diagrams displaying the Correlation Coefficient and Normalized standard deviation of mean annual      
precipitation from ERA-I and observation for stations corresponding to elevation (a) <1200 m and (b) ≥ 1200m   

Indices Formula Range Perfect value 

Error indices 

 
Root Mean Square Error (RMSE) =  

 (𝐺𝑖  −𝑂𝑖 )
2N

i=1

N
 

1

2
 

*0,+∞+ 0 

Mean Absolute Error (MAE)=
1

N
  𝐺𝑖 − 𝑂𝑖  

N
i=1  *0,+∞+ 0 

Agreement 

Indices 
Correlation Coefficient (r)=

 (𝑂𝑖−𝑂 𝑖)(𝐺𝑖−𝐺 𝑖)
𝑁
𝑖=1

   𝑂𝑖−𝑂 𝑖 
2   (𝐺𝑖−𝐺 𝑖)

𝑁
𝑖

2𝑁
𝑖

 [-1,+1] -1,+1 

d-Index (d) = 1 −  
  𝑂𝑖−𝐺𝑖 

2𝑁
𝑖

   𝐺𝑖−𝑂  + 𝑂𝑖−𝑂   2𝑁
𝑖

  [0,+1] 1 

 
Notes: Gi stands for gridded ERA-I MAP at a point or grid box i, Oi is the observed MAP at the corresponding ERA-I grid and N is 

the number of observations. 

 

 

 

 

 

 

 

(a) 
(b) 
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Table 5.5:  Monthly error and agreement indices for the ERA-I and precipitation observations 

 

 

 
 

 

 

 

 

 

 

 

 
 
(a) Error indices 

 

(i) Root mean square error (RSME): The RSME for the precipitation observations and the  

corresponding ERA-I pixels is shown in Figure 5.5 (a). The stations < 1200 m and Mbias < 

0.6 showed higher RMSE than the stations ≥1200 m and Mbias > 0.6. For the stations < 1200 

m and Mbias < 0.6, the highest RMSE (2.8 mm/month) can be observed in the months from 

April to October while the lowest RSME (0.5 mm/month) can be seen in the winter months 

from November to January. For the stations ≥1200 m and Mbias > 0.6, the highest RMSE 

(2.0 mm/month) can be observed in the months from April to October while the lowest 

RSME (0.5 mm/month) can be seen in the winter months from November to January.  

 

 

 (ii) Mean Absolute Error (MAE): Mean absolute error for the observed precipitation and 

the corresponding ERA-I pixels is shown in Figure 5.5(b). The figure showed that the 

stations <1200 m and Mbias < 0.6 indicated higher errors than the stations ≥1200 m and 

Mbias > 0.6. It was also observed that the errors were high in the wet months with high 

precipitation and less during dry months with lesser precipitation. For the stations < 1200 

m and Mbias < 0.6, the highest MAE (15 mm/month) can be observed in the months from 

April to October while the lowest can be seen in the winter months from November to  

 

Month Error indices Agreement indices 

RSME MAE d-index (d) 

<1200m 

m 

Mbias < 

0.6 

≥1200 m 

Mbias > 

0.6 

<1200 

m 

Mbias 

< 0.6 

≥1200 m 

Mbias > 

0.6 

<1200 m 

Mbias < 

0.6 

≥1200 m 

Mbias > 0.6 Jan 0.63 0.54 1.65 0.78 1.000 1.000 

Feb 1.05 0.92 3.77 1.96 0.999 0.998 

Mar 1.94 1.23 10.34 2.93 0.998 0.998 

Apr 2.64 1.84 13.89 5.26 0.996 0.996 

May 2.86 2.01 14.74 6.08 0.995 0.995 

Jun 

Jul 

3.67 2.43 22.42 8.39 0.992 0.995 

Jul 3.64 2.55 21.03 8.72 0.993 0.996 

Aug 2.70 2.31 11.54 7.33 0.996 0.996 

Sep 2.69 2.06 14.09 6.44 0.994 0.994 

Oct 1.52 1.07 7.49 3.00 0.997 0.996 

Nov 0.57 0.51 1.83 0.73 1.000 1.000 

Dec 0.39 0.51 0.74 0.69 1.000 1.000 

  

 
Figure 5.5: Monthly Error Indices (a) RSME and (b) MAE of ERA-I precipitation data corresponding to 
stations with elevation <1200 m indicated by blue line and elevation ≥ 1200 m indicated by red  line 
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(a) 
(b) 



 

 

 

 

 

January (1.4 mm/month).  For the stations ≥1200 m and Mbias > 0.6, the highest MAE (6.5 

mm/month) can be observed in the months from April to October while the lowest RSME 

(0.7mm/month) can be seen in the winter months from November to January.   

 

(b) Agreement indices: 
 

(i) d-index (d): The d-index between ERA-I with corresponding observed precipitation 

data is shown in Figure 5.6. The highest index of agreement obtained between ERA-I and 

observed datasets for all the months range from 0.986 to 1.0. The mean d-index of 0.995 

from April to October and mean d-index 1.0 from November to January was observed.  

 

 

 
5.1.4 Correction of ERA-I temperature data 
 

ERA-I temperature data have been used in mountainous areas after correction for 

elevation (Gao et al., 2012). Immerzeel et al. (2014) reported that a constant lapse rate is a 

poor depiction of the spatio-temporal temperature pattern. Thus, monthly temperature 

lapse rates were used for temperature correction in this study (Shea et al., 2015).  ERA-I 

temperature (maximum, mean and minimum) data were bias-corrected based on monthly 

lapse-rates corresponding to the observed temperature reported by Kattel et al. (2017) for 

eight hydroclimatic stations in the Beki basin namely, Chamkhar, Kanglung, Mongar, 

Pemagatshel, Tangmachu, Tashiyangtse, Trongsa and Zhemgang. As the observed 

temperature data was collected from the same organization i.e., MTI Bhutan, based on 

which the lapse-rates cited by Kattel et al. (2017) were derived; the latter was found to be 

reliable and used directly for the present study. However, the default lapse-rate (Lapse rate 

(ERA-Interim)) of 2°C/km corresponding to the ERA-I temperature data, was subtracted from 

the lapse-rate values reported by Kattel et al. (2017) to derive the corrected monthly lapse-

rate for temperature regionalisation shown in Table 5.6.  
 
 

 

 

 
Figure 5.6: Radar chart displaying the d-index for the monthly ERA-I and observed 
precipitation corresponding to stations with elevation <1200 m indicated by the blue line and 
elevation ≥1200 m indicated by the red line 
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Table 5.6: Corrected Monthly temperature lapse rates       

 

 
 
 

5.1.5 Evaluation of the gridded temperature data 

 

The corrected ERA-I output of annual temperature for 35 years (1982-2016) based on the 

corrected monthly lapse rate (Lapse rate (corrected)) from Table 5.6 was used to compute the 

actual lapse rate by linear regression between temperature and elevation. The lapse rates 

corresponding to the maximum, mean and minimum temperature (Tmax, Tmean, Tmin) 

were 5.0, 5.7 and 6.3° C km-1, respectively (Figures 5.7(a)-(c)). The Correlation of 

determination (R2) for Tmax, Tmean and Tmin were 0.9117, 0.9226 and 0.9366, 

respectively. Dorji et al. (2016) reported that R2 values for mean and minimum 

temperatures were consistently higher than those for the maximum temperature for the 

same area in Bhutan, which may be related to differential effects of radiation and 

cloudiness. The Correlation coefficient (r) values were also used to examine the strength of 

linear relationships between temperature and elevation. The correlation coefficient (r) of 

maximum, mean and minimum temperature with elevation was - 0.95, - 0.96 and - 0.97, 

respectively. Kattel et al. (2013) and Kattel et al. (2017) reported similar results in the same 

region of Bhutan, underscoring correlation coefficient between minimum temperature and 

elevation was relatively higher compared to maximum temperature due to factors such as 

topography, solar exposure, moisture and cloud cover.  

 

 

 

 

Lapse rate (monthly) (°C/km)(Kattel et al., 2017) 

 

Lapse rate (ERA-Interim) 

(°C/Km) 

 

 

Lapse rate (corrected) 

(°C/km) 

 MONTH Tmax Tmin Tmean  Tmax Tmin Tmean 

JAN 4.1 6.2 5.2 2 2.1 4.2 3.2 

3.2 

FEB 4.7 6.4 5.6 2 2.7 4.4 3.6 

MAR 5.1 6.1 5.6 2 3.1 4.1 3.6 

APR 4.7 5.7 5.2 2 2.7 3.7 3.2 

MAY 4.1 4.7 4.4 2 2.1 2.7 2.4 

JUN 3.4 3.8 3.6 2 1.4 1.8 1.6 

JULY 2.9 3.8 3.4 2 0.9 1.8 1.4 

AUG 3.2 4.1 3.6 2 1.2 2.1 1.6 

SEP 3.7 4.4 4.1 2 1.7 2.4 2.1 

OCT 4.4 5.2 4.8 2 2.4 3.2 2.8 

NOV 4.7 6.2 5.4 2 2.7 4.2 3.4 

DEC 4.6 6.5 5.6 2 2.6 4.5 3.6 
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5.2 Analysis of hydrological data 

5.2.1 Plausibility analysis of observed hydrological data 

 

The discharge and runoff time series follows a long-term hydrological pattern 

representing the complex hydrological processes in a basin characterised by climatic, 

surface or subsurface conditions (Green et al., 2007; Guo et al., 2008). Therefore, a detailed 

spatio-temporal analysis of the hydrological data provides valuable information on the 

hydrological flow regimes for water balance analysis under present and future climate 

change (Yang et al., 2010). The following methods have been used in this study to analyse 

the hydrological time series of the study basins. Plausibility analysis of discharge time-

series data has been performed to screen missing values, outliers or typos during the 

digitisation process. To establish the homogeneity and consistency of the time series, the 

observed time series for each gauge station were collated and reformatted into a consistent 

AWRMI/WRD excel file format. In the absence of metadata information, a visual 

inspection of the observed discharge hydrographs was undertaken for a plausibility check. 

The time series for Beki had data gaps and outliers, while that of Lohit and Noadihing had 

no data-gaps but only outliers, as shown in Table 5.7. The outliers and typos were 

removed for all the study basins and replaced with linear interpolation. The corrected 

hydrograph of observed discharge for the Beki, Lohit and Noadihing basins is presented 

in the Annexure Figure A2 ((a)-(c)). 

 

 

 

 

  

 

Figure 5.7: Scatter plot of temperature with elevation in the Beki basin corresponding to (a)Tmax (b) Tmean and 

(c) Tmin 

(a) 
(b) 

(c) 
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Table 5.7: Inconsistency of the discharge database 

 

5.2.2 Hydrological regime analysis of observed discharge 

 

 (a) Seasonal dynamics of runoff 

 

The mean annual observed runoff in Beki, Lohit and Noadihing basins are 1117.16 mm, 

2189.08 mm and 2134.26 mm respectively. The selected river basins exhibit unique 

seasonal discharge characterised by seasonal monsoon precipitation, snow and glacier 

melt variability. However, the discharge is converted to monthly yield (runoff) for a 

comparative analysis of the runoff patterns of Beki, Lohit and Noadihing basins for the 

overlap period 1987-1994, as shown in Figure 5.8(a)-(c). For Beki and Lohit basins, the 

maximum discharge typically occurred during the monsoon season from June to August 

and continued to September with receding monsoon showers. Around 61% (681.47 mm) 

and 55% (1203.99 mm) of the annual runoff occurred from June to September in Beki and 

Lohit basin respectively. This season is characterised by high flood events caused due to 

monsoon rainfall. The monsoon season is followed by low runoff from October to 

November, around 15% (167.57 mm) and 13% (284.58 mm) for Beki and Lohit basins 

respectively. The winter months, December to February produced the least runoff as 

baseflow of around 10% in Beki (111.72 mm) and Lohit (218.91mm) basins, respectively. 

The premonsoon season from March to May for Beki and Lohit basins received runoff of 

around 14% (156.40 mm) for Beki and 22% (481.59 mm) for the Lohit basin, respectively. 

During the months from March to May, the runoff increased due to the contribution of 

snow and glacier melt. The Noadihing basin showed a diverse runoff regime in terms of 

seasonality. The highest runoff, around 43 %, occurred from June to September (917.73 

mm) in the Noadihing basin. During the postmonsoon months of October and November, 

around 16% of runoff (341.48 mm) occurred. However, the highest runoff of 25 % (533.56 

mm) occurred during the premonsoon season from March to May. The seasonal winter 

baseflow from December to February is around 16% (341.48 mm). The higher rate of melt 

from seasonal snow cover in the alpine areas coupled with convective rainfall spread over 

9 to 12 months a year and higher baseflow contribution could be the reason for higher 

yield in the Noadihing basin. 

 

 

 

 

 

 

Basins Data gaps Outliers 

 

Beki 

1-3-1990 to 31-10-1990 

30-11-1990 to 28-2-1991 

1-8-1991 to 31-8-1991 

1-5-1992 to 31-7-1992 

19-11-1992 to 26-11-1992 

1-1-1993 to 30-4-1993 

22-10-2014 to 31-12-2014 

22-01-2014 

Lohit NA 17-03-1998,13-11-1998 and 14-01-2003 

Noadihing NA 29-01-1983,18-02-1985,01-01-1993 
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 (b) Flow duration curve 

 

The flow duration curve (FDC) represents the relationship between stream discharge and 

the percentage of time a specific discharge is equalled or exceeded, thus providing a 

comprehensive description of the temporal variability of discharge in terms of flow 

quantiles or flow indices. For the present study, Q 95 (5 percentile flow), Q 70 (30 

percentile flow), Q 50 (50 percentile flow), Q 40 (60 percentile flow), Q 20 (80 percentile 

flow), Q 10 (90 percentile flow) and Q1 (99 percentile flow) have been used to represent 

extreme low flow (ELF), low flow (LF), medium flow (MF), steady flow (SF), flashy flow 

(FF), high flow (HF) and extremely high flow (EHF) respectively (Gain et al., 2011). The 

FDCs for Beki, Lohit and Noadihing rivers were generated for an overlap period of 8 years 

(1987-1994) (Figure 5.9(a)-(c)).  

 

The flow quantiles Q 95, Q 70, Q 50, Q 40, Q 20, Q 10 and Q 1 and the normalized flow 

quantiles have been presented in Table 5.8. The flashiness of the rivers indicated by the 

normalized flow quantile Q 20 for Beki, Lohit and Noadihing was 4.9 mm, 9.0 mm and 

11.4 mm, respectively, indicating higher values in the Lohit and Noadihing basins. In the 

case of the Lohit and Noadihing rivers, higher convective rainfall events could cause 

flashiness. The steady flow specified by Q 40 for the Beki, Lohit and Noadihing rivers 

were 3.0 mm, 5.5 mm and 8.8 mm, respectively, which was highest in the case of the Lohit 

basins compared to the Beki river, signifying a higher melt contribution complemented by 

higher precipitation amount that ensured a stable flow. For the Noadihing river, a 

perennial precipitation regime spread over nine months caused a steady flow (8.8 mm). 

However, the river is flashy due to high-intensity, short-duration convective precipitation 

predominant in rainforests. 

 
 
 
 

 
 

 

 

 

 

 

 

 

 

 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 5.8: Monthly runoff  in (a) Beki (b) Lohit and (c) Noadihing basin 

 

 

(a) (b) 

(c) 
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Table 5.8: Types of flow in the study basins based on Flow duration curves 

 

 

5.3 Trend analysis of hydrometeorological data 

 

To test the hypothesis of the existence of a long-term trend in the time series, the non-

parametric rank-based Mann-Kendall (MK) test (Mann 1945, Kendall 1975) has been 

applied in this study. MK test is based on the difference between successive years of data 

for a given period (xi-xj). A test statistic (S) is estimated as the summation of signs: 

S =  sign(xj − xi)
n
j=i+1

n−1
i=1                                        [Eq.5.8] 

where xi and xj are the annual or seasonal values in ‘years’ i and j, j > i respectively. The 

Mann-Kendall Test and Sen's Slope Estimates for the Trend analysis (Yi et al., 

2013) has been used in the study that is based on the following significance levels to test 

the annual trends of hydro-meteorological parameters. In this study, five different 

significance levels (α = 0.1(+); α > 0.1 (cell is blank); α = 0.05 (*); α = 0.01 (**) and α = 0.001 

(***)); were used to test trends in the hydro-meteorological variables (precipitation, 

 

 

 

Figure 5.9: Flow duration curve of (a) Beki (b) Lohit and (c) Noadihing river 

BASINS 

 

Flow quantiles (m3/s) / Normalized flow quantiles (mm) 

Q 95 Q 70 Q 50 Q 40 Q 20 Q 10 Q1 

ELF LF MF SF FF HF EHF 

BEKI 280.0/ 0.6 447.0/1.3 740.2/2.2 992.2/3.0 1655.4/4.9 2068.0/6.2 2845.2/8.5 

LOHIT 391.3/1.6 656.2/2.7 1054.1/4.3 1343.5/5.5 2207.2/9.0 2855.3/11.6 4727.4/19.2 

NOADIHING 35.5/1.6 

 

108.5/5.0 

 

167.0/7.7 

 

191.0/8.8 

 

248.6/11.4 

 

324.5/14.9 

 

767.4/35.3 

Notes:   ELF: Extremely low flow        LF: Low flow      MF: Mean flow   SF: Steady flow      FF: Flashy flow 

HF: High flow   EHF: Extremely high flow  

Normalized flow quantiles obtained by dividing the flow quantiles by the corresponding basin area 
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temperature and discharge etc.). A positive value of the Sen’s slope suggests an upward 

trend whereas a negative value indicates a downward trend. This section presents the 

hydrological trend analysis of observed discharge in the study basins. 

 

5.3.1 Trend analysis of observed discharge 

 

The rate of change of mean annual observed discharge for the Beki, Lohit and Noadihing 

basins was - 4.8 m3/s/year (1993-2014), -9.8 m3/s/year (1987-1998) and +3.0 m3/s/year (1986-

1994) respectively (Table 5.9). The decreasing trend of the mean observed discharge may 

be justified for Beki and Lohit basin which has around 35% and 62% of its basin area in the 

arid TP. However, the Noadihing basin exhibited an increasing trend of observed 

discharge due to higher contribution of convective precipitation being located in the 

Namdapha rainforest. 

 
Table 5.9: The MK trend analysis for observed discharge in the study basins 

 

5.4 Field Investigations 
 

Field investigation is an imperative component of hydrological modelling in ungauged 

basins that enables the modeller to understand the drivers that control flow, identify the 

hydrological heterogeneity and identify knowledge gaps or model limitations (Blöschl et 

al., 2013).  Field investigations to understand the landscape features such as LULC, 

geology and climate were undertaken to develop and apply the J2000 model. Various 

qualitative and quantitative field information were acquired related to Climatic Landscape 

Zones, GPS surveys of hydrometric gauge sites, soil surveys, dominant runoff processes 

and hydrological processes at elevations ranging from 50 m to 4650 m a.s.l. 

 

5.4.1 Soil and LULC survey 
 

The Himalayan basins are characterised by common basin features such as the Climatic 

Landscape Zones (CLZ) that determine the climate and the LULC within respective 

 altitude ranges. Therefore, the geological strata, soil types, LULC, physiography and 

climate zones may be generalised as CLZ from field campaigns or ground truth validation 

to reflect the physiographic reality of the data-scarce ungauged Himalayan transboundary 

basins (Flügel et al., 2018). Intensive ground surveys were carried out in different seasons 

over the NEH region from 2014 to 2019 based on GPS ground truth points derived from 

geotagged photos and GPS tracklogs to validate the LULC classes, soil and geology at 

different elevations. Around 3696 GPS validation points were recorded with the handheld 

GPS device (Garmin, Etrex10) during field campaigns and collated from soil profile 

information shared by NBSS (Figure 5.10).  An extensive ensemble of information on 

different landscape features such as LULC and geology could be collected across different 

 

Beki Lohit Noadihing 

Mean (m3/s) Trend Mean (m3/s) Trend Mean (m3/s) Trend 

1023.8 -4.8 1473.9 -9.8** 127 +3.0 

1993-2014 (22) 1987-1998 (12) 1986-1994 (9) 
Notes: Mann-Kendall trend test was used for trend detection. Significant trend: * at level of significance 

α = 0.05, ** at α = 0.01, *** at α = 0.001, +α = 0.1, (cell is blank)α > 0.1  
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elevations and topography. Although most of the GPS validation points were spread 

outside the study basins, they provided information on LULC distributed across the NEH 

region at a particular elevation range. Each profile was described by horizons, matrix 

colour, texture, coarse fragments, structure, root depth and abundance according to the 

soil mapping manual ‘Soil Taxonomy’ (Soil Survey Staff, 1975). Information on vegetation 

characteristics is important for LULC parameterisation. Therefore, parameters such as 

seasonal vegetation height, root depth etc., have been determined by in-situ examination 

or measurements at several aforementioned soil profile sites for a particular vegetation 

class and also referred from Nepal (2012). 

 

The LULC in the study basins were reclassified according to the CLZ based on LULC and 

elevation data collected from the extensive GPS ground survey (Figure 5.11(a)-(c)). The 

Tropical and Subtropical zone in the Brahmaputra plain and the Sub-Himalaya consist of 

deciduous forest (DF). The Temperate zone in the Higher Himalaya consists of Mixed 

forest (MF). The valley and upland Agriculture (AG) extends across all the Tropical, 

Subtropical and Temperate zones. The Alpine zone in the Higher Himalaya consists of 

grassland (GRS) or alpine meadows. The Alpine cryosphere zone consists of Glaciers and 

permanent snowfields (GLPS). A periglacial zone lies below the glaciers in the Alpine 

cryosphere zone, while a nival zone lies above the alpine meadows. The periglacial zone 

has no vegetation and is characterised by sporadic or discontinuous permafrost, 

seasonally frozen ground or seasonal snow above the Snowline (SL). 

 

 

 

 

 

 

 
Figure 5.10: Map showing the GPS tracklogs in the NEH region 
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Figure 5.11: LULC and Climatic landscape zones (CLZ) over physiographic zones of (a) Beki (b) Lohit and the 

(c) Noadihing basin in NEH region 

 

(c) 

(a) 

(b) 

ALPINE 
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5.4.2 Flow regime and hydrological similarity analysis 
 

Discharge time-series is an essential descriptor for characterizing the hydrological flow 

regime of river basins but also for enhancing process understanding of regional 

variability, hydrologic response and prediction of stream flows at ungauged or poorly 

gauged basins by transferring hydrologic information (e.g., model parameters, hydrologic 

indices, streamflow values) from gauged to ungauged catchments. Transfer of hydrologic 

model parameters among hydrologically similar basins across a region is a standard 

procedure for regional water balance analysis (Merz and Bloschl, 2004). The present study 

evaluates the following flow regime descriptors to assess the hydrological similarity of the 

study basins:  

 

(i) Hydrologic signatures: 

(a) Runoff Ratio (RR) = 
𝑸

𝑷
                                     [Eq.5.9] 

 

RR is the ratio of long-term average streamflow Q to precipitation P. It represents the 

long-term water balance separation between water being released from the catchment as 

streamflow and as evapotranspiration (excluding net change in storage) (Yadav et al., 

2007).  A high value of RR indicates a streamflow dominated basin in which a large 

amount of water exists as streamflow. A low value of RR indicates an evapotranspiration 

(ET) dominated basin from where a large amount of water is lost from the basin as 

evapotranspiration. 

 

(b) Baseflow Index (BFI) = 
𝑸𝑩

𝑸
                              [Eq.5.10] 

 

BFI is defined as the ratio of long-term baseflow 𝑄𝐵  to total streamflow 𝑄 (Kroll et al., 

2004). A high value of BFI defines a catchment with higher baseflow contribution, i.e. 

more water flowing through long flow paths through the catchment. In this study, the 

Web-based Hydrological Analysis Tool (WHAT) (Lim et al., 2005) has been used for 

baseflow separation based on the two-parameter digital filtering algorithm (Eckhardt, 

2005).  

 

(c) Slope of the Flow Duration Curve (SFDC) = 
𝐥𝐧𝑸𝟔𝟔−𝐥𝐧𝑸𝟑𝟑

(𝟎.𝟔𝟔−𝟎.𝟑𝟑)
          [Eq.5.11]    

                                                                     
  

To quantify the flow variability, the (SFDC) is calculated between the 33rd and 66th  

streamflow percentiles at the semi-log scale which represents a relatively linear part of the                       

FDC (Yaeger et al., 2012).  A high slope value indicates a variable flow regime, while a low 

slope value suggests a more damped response, resulting from a combination of persistent 

(wide-spread and perennial) rainfall and/or the dominance of groundwater contribution 

to streamflow. Thus, the slope of the FDC is used in this study to determine the 

hydrogeological response of the study basins to various types and distributions of 

hydrometeotrological inputs. 
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(ii) Flow variability: 

 

(a) Coefficient of Variation (CV) =  
𝝈

𝝁
                                                                          [Eq.5.12] 

The annual daily flow coefficient of variation is defined as the standard deviation of all the 

daily flow (σ) values divided by the mean annual daily flow (μ). Higher CV value 

indicates higher stream flow variability. 

(b) Flashiness index (RB Index)  = 
  𝒒𝒕−𝟏−𝒒𝒕 

𝒏
𝒊=𝟏

 𝒒𝒕
𝒏
𝒊=𝟏

                                                       [Eq.5.13] 

 

where, i and i-1 are the time steps and q is the daily flow. 

 

RB Index indicates the frequency and rapidity of short term changes in the streamflow i.e., 

streams that rise and fall quickly are considered as flashier than those that maintain a 

steady flow (Baker et al., 2004).  

 

(iii) Hydrograph Indices: 

 

The geological information required for the hydrological modelling are maximum 

percolation rates and ground-water storages. However, as the study basins lack adequate 

hydrogeological information, the latter is parameterised in the J2000 model by the 

recession coefficient (α) and accumulation coefficient (β) from the base flow hydrograph.  

 

The recession coefficient was calculated by the exponential function appearing as a 

straight line in the logarithmic baseflow hydrograph:  

 
 
                                                                         𝑄𝑡 = 𝑄0  exp (-αt)                                          [Eq. 5.14] 
 

                                                           α = 
1

𝑡𝑟
𝑙𝑛

𝑄𝑡 ,𝑟

𝑄0,𝑟
                                                  [Eq.5.14 (a)] 

 

                                                        β = 
1

𝑡𝑎
 ln 

𝑄𝑡 ,𝑎

𝑄𝑝 ,𝑎
                                             [Eq.5.14 (b)] 

 

where Q t,r and Q 0,r are the discharges at the beginning and the end of the recession period  

tr, α is the recession coefficient, tr is the time in days from the beginning to the end of the 

recession period. Q t,a and Q p,a  are the discharges at the beginning and the end of the 

accumulation period ta, 𝛽 is the accumulation coefficient, ta is the time in days from the 

beginning to the end of the stream flow rise in spring during the accumulation period. The 

post-monsoon/autumn baseflow recession is represented by the base flow recession 

coefficient (α) while the pre-monsoon/spring baseflow rise is represented by the base flow 

accumulation coefficient (β). The post-monsoon base flow recession is represented by the 

base flow recession coefficient (α) used to characterise the basin-wide storage capacity, 

glacier outflow in the upper alpine or the cryospheric headwater zone and the 

groundwater drainage characteristics (Hülsmann et al., 2015). The post-monsoon yield 

comprises of drainage and interflow from the debris slopes, valley floors and 

groundwater seepage from the fractured bedrock zone connected to the river drainage 
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network. Similarly, the steep rise in the hydrograph during the premonsoon season due to 

snowmelt, high-amplitude convective rainfall and onset of monsoon rainfall is defined by 

the accumulation coefficient (β) (Hülsmann et al., 2015).  

 

5.4.3 Nested basin Approach  

 

Nested sub-basins should be included for detailed process understanding, system analysis 

and regionalisation of model parameters from the nested sub-basins to the meso or 

macroscale basins (Flügel et al., 2018). In the present study, three adjacent nested sub-

basins of the Beki basin, Magochu, Nyukcharongchu and Nuranangchu have been 

selected. The Magochu and Nyukcharongchu sub-basins have been used to represent the 

process understanding of permafrost, while the Nuranangchu sub-basin has been used to 

describe the process dynamics of seasonal frost over seasonally frozen ground. Hydro-

physical properties (bulk density, porosity, soil moisture and organic matter) that 

influence the seasonal freeze-thaw cycle of frozen ground were analysed from in situ soil 

samples collected from 17 soil profiles for different seasons (Winter, Pre-monsoon, 

Monsoon and Post-monsoon), in close cooperation with the NBSS, AWRMI, BRO and 

SEW Energy Ltd. during several field campaigns between 2015 and 2016 (Figure 5.12(a)). 

The profiles 8,9,12,13,14,15 and16 were selected in mountain permafrost with assistance 

from the BRO officials. The BRO, an engineering unit of the Indian Army constructs roads 

and tunnels, therefore, they posses maps on the subsurface geophysical characteristics 

across the Indo-Tibet international border in the NEH region. The selection of the 

permafrost profiles were based on the information on the presence of permafrost provided 

by the BRO officials and validating the profile location from Google Map as well as the 

map of Frozen ground classes (Figure 3.14).  Profiles 1,2,3,4,5,6,7,10,11 and 17 were 

selected in seasonally frozen ground with help from the SEW Energy staff. A typical soil 

profile as shown in Figure 5.12(b), consists of the A horizon (~ 20 cm), Bw horizon (~20–80 

cm) and C horizon of fractured bedrock (>80 cm). The sampling and analysis of the hydro-

physical and hydraulic properties of soil samples were estimated at a depth of 30 cm of 

the topsoil for all the 17 soil profiles with a mean total depth of 120 cm. The soil texture 

and coarse fragments (particle size diameter >2 mm) were determined by the hydrometer 

method (Gee and Or, 2002). The bulk density (BD) was determined as the ratio of oven-

dry soil mass to its volume, and volumetric soil moisture content (θv) was determined by 

the volume of liquid water per volume of soil (Yi et al., 2018). Porosity was calculated 

from bulk density values (Chaudhari et al., 2013). Organic carbon content was derived 

based on the combustion method (Chen et al., 2015). The physically-based Hydrus-1D 

model was used to estimate the saturated hydraulic conductivity (Ksat) based on Tinet et 

al. (2015).  
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5.5 Processing of Geospatial data 

5.5.1 Delineation of Spatial Model Entities 

 

This section describes the processing of various geospatial data, which is required for the 

delineation of hydrological response units essential for hydrological modelling. In the 

process of HRU delineation, the geospatial data layers comprising of DEM (elevation, 

slope and aspect), land use and soil were overlaid via the Python-based online web tool, 

HRUweb (< http://intecral.uni-jena.de/hruweb-qs/>). After every processing step, the 

results were provided as raster or shapefiles generally compatible with established GIS  

 

 

 

 

Figure 5.12: (a) Map showing the in situ soil profiles for Permafrost and Seasonally frozen ground  

 (b) A typical soil profile in Permafrost and Seasonally frozen ground sites 
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formats. Figure 5.13 presents the overall workflow of the HRU delineation process 

described in the tutorial (http://jams.uni-jena.de/ilmswiki/index.php/HRUweb_Tutorial). 

The major steps of HRU delineation are discussed below: 

 

(i) Reclassification and overlay: Raster layers of DEM (elevation, slope and aspect), LULC 

and soil were reclassified as discussed below and subsequently subjected to overlay 

analysis. Geological information was not included in the overlay analysis, as 

hydrogeological data was not available. 

 

 

 DEM: Topographic information represented by the DEM of 90 m resolution was used 

without reclassification. After default sink-filling, depressionless GIS layers of were 

(elevation, slope and aspect) were generated. The depressionless slope and aspect 

reclassified into the following classes based on field experience: 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
Figure 5.13: Overall workflow of the HRU-delineation the HRUweb tool 
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             Slope (°): < 0-2 (flat); 2-8 (gentle); 8-26(moderate); 26-45(steep); 45-100 (very steep) 

             Aspect: North/>315-45; South/>315-225; East+West/>45-135; >225-315 
 

 Soil: The Harmonized World Soil Database of 883 m resolution was resampled to 90 

m during overlay analysis. The soils were reclassified into six classes viz., Acrisol, 

Cambisol, Leptosol, Luvisol, Fluvisol and Anthrosol based on their hydrological  

        function as presented in Table 5.10. Rocks were included as Leptosols; Sand-dunes or   

        sand-bars were included as Fluvisols. 
 

Table 5.10: Reclassification of HWSD soil types 

 LULC: The LULC were reclassified into six classes: Agriculture, Deciduous Forest, 

Grassland, Coniferous Forest, Bare soil and rocks, Water, Glacier, and Snow-fields 

presented in Table 5.11 based on the Climatic Landscape Zones (CLZ).  

 
Table 5.11: Reclassification of LULC classes 

 

 
 

 

 

HWSD Soil type Reclassified 

soil group Acrisol, Nitisol, Alisol, Ferralsol 

 

Acrisol 

Cambisol 

 

Cambisol 

Cambisol 

 

Leptosol, Regosol, Greyzem, Phaeozem, Chernozem, Planosol, Rocks 

 

 

Leptosol 

Luvisol,Podzoluvisol 

 

Luvisol 

Luvisol 

 

Fluvisol, Arenosol, Gleysol, Sand-dune 

 

Fluvisol 

 

Anthrosol Anthrosol 

LULC Database                        CLZ (m) Reclassified 

 LULC group 
 
Post-flooding or irrigated croplands, Rainfed croplands, Mosaic cropland (50-

70%) / Vegetation (grassland/shrubland/forest) (20-50%), Artificial surfaces 

and associated areas (Urban areas >50%)  

 GLOBCOVER LULC ID: 11,14,20,190  

 

 

≤ 1000 

Agriculture 

 
Broadleaved evergreen, deciduous, semi-deciduous forest, woodland,  needle 

leaved deciduous or evergreen forest, mosaic forest/shrubland,  grassland or 

woody vegetation on permanently flooded waters 

GLOBCOVER LULC ID: 30,40,50,60,90, 100,110,160, 170,180 

 

 

 

 

1000-2000 

Deciduous 

forest 

Closed (>40%) needle leaved evergreen forest (>5m) 

GLOBCOVER LULC ID: 70 

 

2000-3000 Coniferous 

forest 

Closed to open (>15%) (broadleaved or needle leaved, evergreen or 

deciduous) shrubland (<5m), Closed to open (>15%) herbaceous vegetation 

(grassland, savannas or lichens/mosses), Sparse (<15%) vegetation, Mosaic 

grassland (50-70%) / forest or shrubland (20-50%) 

GLOBCOVER LULC ID: 120,130,140,150 

 

 

 

3000-4000 

 

 

Grassland 

 

 

 Bare areas  

GLOBCOVER LULC ID: 200 

 

Bare soil 

Glacier, permanent snowfields 

GLOBCOVER LULC ID: 220 

GLIMS Database: Glaciers, Internal rocks, Debris cover, Proglacial 

rocks,  Supraglacial rocks 

LIMS Database: Glaciers, Internal rocks, Debris cover, Proglacial 

rocks,  Supraglacial rocks 
 

 

>4000 

Glacier 

Water 

GLOBCOVER LULC ID: 210 

 

50 - 4000 Water 

LULC Database based on Bontemps et al. (2010)   
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The GlobCover data of 300 m resolution was resampled to 90 m resolution during overlay 

analysis. The GLIMS glacier layer was used to complete the glacier information from 

GlobCover data. The GlobCover product is reliable in the NEH region as it is subjected to 

preprocessing processes such as cloud screening, Rayleigh scattering, aerosol correction 

and the post-classification gap filling (Congalton et al., 2014).  

 

(ii)  Generalisation: The minimum number of DEM grid cells for a sub-basin is considered 

to be 5000 (~4050 ha) and the minimum number of cells of the smallest HRU is considered 

as 100 (~81 ha). The HRU delineation resulted in 19575, 59119 and 527 HRUs for Beki, 

Lohit and Noadihing respectively. Similarly, reach parameter files were also generated 

with 355, 261 and 3 reaches for Beki, Lohit and Noadihing respectively (Figure 5.14). 

 

5.6 Comparison of catchment properties of the selected study basins 

 

The physiographic characteristics of the study basins are presented in Table 5.12. The 

basin area, elevation and slope are obtained from the HRU delineation process (Figure 

5.13). The reclassified soil and LULC map is presented in Figures 5.15 (a) and 5.15 (b) 

respectively, indicating different glacier areas for the Beki and Lohit basins. However, for 

parameterization of glacier characteristics in the J2000 model, the LULC map is considered 

as it is accurate and has a higher resolution of 300m compared to the soil map of 1km 

resolution. The reclassified map of Physiography is presented in Figure 5.16 (a). The 

frozen ground distribution in the study basins is derived from two independent sources; 

namely, the map of Geocryological Regions and Classifications in China, Version1 

(NSIDC) based on Qiu et al. (2002) as presented in Figure 3.14. The model-derived Global 

Permafrost Zonation Index (PZI) map based on Gruber (2012) represents the degree of 

permafrost existence with a value range of (0.01-1) is shown in Figure 5.16(b). Both the 

permafrost distribution maps have been prepared from different information sources and 

cannot be compared with each other. As per the map of Geocryological Regions and 

Classifications in China (NSIDC), the Beki basin comprises of mountain permafrost (37.8 

%) and thin seasonally frozen ground (<1m) around 8 %. The Lohit basin constitutes 

mountain permafrost (11.9%), thin seasonally frozen ground (<1m) around 21.3%, short 

time frozen ground (42.3%) and predominantly continuous and island permafrost (21.7%). 

The Noadihing basin comprises 0% permafrost or seasonally frozen ground.  
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Figure 5.14: Maps showing the HRUs for the Beki, Lohit and Noadihing study basins. The reaches are indicated by black line. 
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Table 5.12: Catchment properties of the selected study basins

CATCHMENT  CHARACTERISTICS 

 

BEKI LOHIT NOADIHING 

AREA (km2) 28920.29 21247.54 1877.84 

ELEVATION (m) 

MAXIMUM 7349 6525 4458 

MEAN 3589 3898 3193 

MINIMUM 41 408 1853 

MEAN SLOPE (°) 

 24 25 15 

LANDUSE (%) 

AGRICULTURE 1.5 1.2 

 

1.1 

 

GRASSLAND 35.2 26.1 

 

8.3 

 

DECIDUOUS FOREST 13.3 12.6 

 

39.5 

 

CONIFEROUS FOREST 35.1 24.6 

 

50.4 

 

BARE SOIL, ROCKS, WATER 9.2 23.6 

 

0.7 

 

GLACIER 5.7 11.9 

 

0 

   

GLACIER CHARACTERISTICS BEKI LOHIT NOADIHING 

TYPE Maritime,summer accumulation  

Glacio-hydrological Regime Summer Monsoon+Winter Snow 

Winter Snow 

 

Precipitation seasonality Summer,Spring, Autumn ,Winter 

 

 

Number 1090 831  

CI / DC glacier area(Km2) (278.35/31.3) (22.54/Nil)  

Mean CI /DC glacier slope(°) 20/17 27/ Nil  

ELA (m asl) Yao et al.,2012 5500 5000  

Glaciated area below ELA (%) (km2) 46(748) 59(148) Snowline ~2700m 

Mass balance (mm/year) -1.12 to -2.04 (2003-2014) 

Tsering and Fujita(2016) 

-1.0 to -1.7 (1970-2000) 

Yao et al.(2012) 

 

SOIL (%) 

ACRISOL 33.8 3.5 61.7 

 

CAMBISOL 4.4 1.7 

 

 

LEPTOSOL 49.8 48.4 

 

38.3 

 

LUVISOL 4.6 38.0 

 

 

FLUVISOL 0.7 4.0 

 

 

ANTHROSOL 1.3 0.1 

 

 

WATER 0.1 0.1 

 

 

GLACIER/SNOWFIELDS 5.3 4.2 

 

 

PHYSIOGRAPHY (%) 

HIGHER HIMALAYAS 99.9997 

 

100 99.999 

 

LESSER HIMALAYAS 0.0003 ------ 0.001 

 

 PRECIPITATION 

MAP 1408 2646 2889 

 DISCHARGE 

TOTAL ANNUAL MEAN 1066 2189 2136 

RUNOFF COEFFICIENT 0.8 0.8 0.7 
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Figure 5.15: Maps of (a) Reclassified (a) Soil and (b) LULC in the Beki, Lohit and Noadihing study basins 
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Figure 5.16: Maps of (a) Geological information based on Physiographic divisions and (b) Permafrost zonation Index in the Beki, Lohit and Noadihing basins 
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5.7 Process-based hydrological modelling using J2000 model 

 

The process-based J2000 model (Krause, 2002), implemented into the Jena Adaptable 

Modelling System (JAMS) framework (Kralisch et al. 2007), includes flexible components 

and process modules capable of object-oriented model development for simulating 

hydrological processes distributed in time and/or space (Kralisch et al. 2007). The J2000 

hydrological model has been used in micro, meso and macro-scale catchments (Künne, 

2021; Biskop et al., 2016) as well as successfully applied to simulate hydrological processes 

in the Himalayan regions (Nepal et al., 2014; Masoud, 2017) and therefore is suitable for 

this study. The regionalisation of spatial (climatic and physiographic) heterogeneity and 

process-dynamics in the basin are represented by Hydrological Response Units (HRUs) 

(Flügel, 1995). Elaborate information on model description can be found in Krause (2002), 

Nepal (2012). A brief description of the different modules is included below: 
 

 Precipitation distribution module: Precipitation is distributed into rain, snow and 

rain-snow mixtures by means of daily mean temperature and calibration parameters 

(Trs and Trans). 

 Interception module:  Maximum interception storage capacity is calculated 

considering the Leaf Area Index (LAI) of the respective land use class, its seasonal 

phenology (Dickinson, 1984) and calibration parameters (a_rain and a_snow). 

Precipitation values exceeding the interception storage capacity are funnelled to the 

next module and it is assumed that the interception storage is depleted by evaporation 

only. Potential evapotranspiration is computed based on Penman–Monteith method 

(Allen et al., 1998). 

 Snow module: Snowmelt is computed according to Knauf (1980). The snow cover 

stores liquid water in its pores until a certain critical density (critDens) is reached. The 

snowpack loses its storage capability completely to yield snowmelt, when the storage 

capacity of the snowpack is exceeded. The snowmelt runoff released from the 

snowpack is then discharged to the soil module. 

 Glacier module: The glacier module simulates the melting of ice in the glacier HRUs 

independently based on enhanced degree-day-factor method (Hock, 1999). Snow 

processes on glaciers are simulated as explained in the snow module, however ice 

melt is assumed to occur only after depletion of the snow cover on glaciers. The 

glacierised HRUs are treated independently in the model, permitting glacier melt 

(snowmelt, ice melt and rain on top of glaciers) to contribute directly to the nearby 

stream as surface runoff (RD1). The calibration parameter (debrisFactor) reduces the 

ice melt on debris-covered glaciers (Nepal, 2012; Nepal et al., 2014).  

 Soil water module:  The soil module regulates the water flux in the unsaturated zone. 

Snowmelt and precipitation infiltrates into disseminated into two soil storage 

components: the middle pore storage (MPS; pore diameter of 0.2-50 µm) and large 

pore storage (LPS; pore diameter > 50 µm). Any excess water, exceeding the maximum 

infiltration capacity of the soil or saturation of the LPS, is stored as depression storage 

(DPS). The depression storage component depletes through evaporation by generation 

of overland flow and/or seepage at a later point in time. Overland flow or fast direct 
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runoff (RD1) consists of runoff from impermeable areas, saturation or infiltration 

excess runoff areas and from snow or ice melt from glacierised areas which drain 

directly to a stream. The depletion of MPS occurs by evapotranspiration, whereas the 

LPS is emptied by the generation of interflow (RD2) and by groundwater recharge. 

RD2 represents the slow direct runoff or lateral subsurface flow from LPS in the soil 

layer, which reacts slower than RD1. The MPS also receives water from the saturated 

zone due to capillary rise.  

 Groundwater module: Water from LPS further percolates into the groundwater 

aquifer as groundwater recharge. The RG1 and RG2 are simulated by means of linear 

functions using the storage retention coefficient from the upper and lower zones of 

aquifer storages respectively (Krause et al., 2006). The fast groundwater component 

(RG1) is released from the upper zone of the groundwater aquifer, composed of  

        permeable weathered bed-rocks.  The slow groundwater component (RG2) represents   

        the flow from rocks fissures or joints. 

 Reach module: The kinematic wave approach (Miller, 1984) for reach routing 

describes flow processes in a stream channel and the calculation of velocity is done 

according to Manning and Stickler equation (Krause, 2001). The lateral routing 

component simulates lateral flow processes in the basin from one HRU to the next 

until the water is finally transported to a reach. The individual reaches receive water 

from the neighbouring HRUs and upstream reaches. 

 

5.7.1 Model Implementation 

 

The conceptual model (Figure 5.17) has been implemented within the JAMS User Interface 

Model Editor (JUICE) which creates process-based models by selecting existing or 

adapting the selected model components or incorporating new process-specific modules 

as required. The advantage of such component-based modular models is that it can handle 

process-description from simple empirical or conceptual to elaborate physically based 

descriptions, according to the scale of the problem or different spatio-temporal resolutions 

(Kralisch and Krause 2006).  

 

Apart from model development, JAMS also includes components for model calibration, 

parameter optimization, sensitivity analysis, uncertainty analysis, parallel computing as 

well as for input/output visualization (Kralisch and Fischer, 2012). The switch context 

integrated within the spatial context activates the process components for specific spatial 

process entity or HRU classes (Glacier and Non-glacier). The general model components 

considered in the existing JAMS component are the Snow, Glacier, Interception and 

Ground-water. Only the soil module is adapted for accounting for frozen ground 

processes in the selected study basins.  
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 5.7.2 Regionalization of meteorological data  

 

ERA-I hydro-climatic datasets namely, relative humidity, sunshine hours and wind speed 

were used without change to maintain the same physical relationship with temperature 

(Shen et al., 2018). These datasets were regionalized based on the IDW method 

implemented in the J2000 model. However, for the present study, the method 

implemented for regionalisation of ERA-I precipitation, temperature (maximum, mean 

and minimum) and relative humidity data is explained as follows. 

 

 

 

Figure 5.17:  Schematic layout of the conceptual J2000 model adapted for permafrost representation adapted 

from Krause (2001) 

  79                                                     5.7 Process-based hydrological modelling using J2000 model 

P: Precipitation                                     SH: Sunshine Hours 
Tmax: Maximum temperature          PF: Permafrost area 
Tmean: Mean temperature                NPF: Seasonally frozen ground and non-frozen soil 
Tmin: Minimum temperature            LPS: Large Pore Storage 
WS: Wind Speed                                   MPS: Middle Pore Storage 
RH: Relative Humidity                         DPS: Depression Storage 

 



 

 

 

 

 

 

 Regionalisation of precipitation data: 
 

The IDW regionalization of precipitation in the J2000 model has been disabled as 

many studies have reported that the IDW method underestimated the areal 

precipitation in mountainous regions where topographic impacts on precipitation are 

important (Masih et al., 2010; Zhang et al., 2017). Correction of Wetting and 

Evaporation Error, Wind Error is incorporated in the model based on Richter (1995). 

The ERA-I precipitation pixels were corrected by orographic correction factor as 

described in Section 5.1.1. 

 Regionalisation of temperature data: 

 

A monthly temperature lapse-rate is integrated into the J2000 model based on the 

IDW method. In the J2000 model, the monthly temperature lapse-rate method first 

calculates the elevation difference (Elevdiff) between the elevation of the particular HRU 

(ElevHRU) and its closest station (Elevstation (closest)). The corrected lapse-rate (Lapserate(corrected)) 

is introduced into the model as a difference of monthly lapse rate (Lapserate(monthly)) 

(Kattel et al., 2017) and intrinsic lapse-rate of ERA-I temperature data (Lapserate(ERA-

Interim)) as described in Section 5.1.4 . Finally, the model estimates the temperature of 

each HRU (TempHRU) using the corrected monthly lapse rate and temperature of the 

station (Tempstation) on a particular day using the following equations: 

                                 

                   Elevdiff = 𝐸𝑙𝑒𝑣𝑠𝑡𝑎𝑡𝑖𝑜𝑛  (𝑐𝑙𝑜𝑠𝑒𝑠𝑡 ) − 𝐸𝑙𝑒𝑣𝐻𝑅𝑈                                      [Eq.5.15] 

 

Lapse rate (corrected) = Lapse rate (monthly) - Lapse rate (ERA-Interim)                 [Eq.5.16] 

 

   𝑇𝑒𝑚𝑝𝐻𝑅𝑈  = Elevdiff.Lapse rate (corrected) +Tempstation                              [Eq.5.17]                                              
 

 Regionalization of relative humidity data: 

 

The calculation ERA-I daily relative humidity (rhum) data is performed based on the 

August–Roche–Magnus formula: 

                                                            rhum = 100*
𝑒𝑥𝑝(𝑇𝑑 )

𝑒𝑥𝑝 (𝑇)
                                                [Eq.5.18] 

 

where     Td = exp(17.625*d2m)/(243.04+d2m)  

                T = exp(17.625*t2m)/(243.04+t2m)  

d2m = dewpoint temperature at 2m 

                                              t2m = temperature at 2m 
 

The calculated relative humidity data are then regionalised by the IDW method. The 

relative humidity rhum at each HRU is calculated based on the elevation of the HRU at the 

gauge station. 
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5.7.3 Parameterization of the J2000 model 

 

The detailed description on the parameterization of the J2000 model is provided in Nepal 

(2012). The input parameter files for the J2000 model are classified into two groups: 

 

(i) The spatially distributed but temporally static descriptors which represent the spatial  

        catchment heterogeneity and variability of the river basin and 

  

(ii) The spatially and temporally static calibration parameters used for the adaptation of  

         the model response.  

 

The spatially and temporally static calibration parameters were altered to obtain a 

reasonably good modelling outcome. The spatial attributes were generated during HRU 

delineation (Krause et al. 2006). The J2000 hydrological model requires the following 

physical parameter files for the model initialization: 
 

 hrus.par – parameter of the derived Hydrological Response Units (HRUs) 

 reach.par – network of river channels 

 hgeo.par – hydrogeology 

 landuse.par – landuse 

 soils.par – soil types 
 

The hru (hrus.par) and reach (reach.par) parameter files were derived from spatially 

distributed inputs such as topography, land use and soil. The parameter values in the 

hrus.par file was kept consistent for the three study basins. The accuracy of hydrometric 

gauge location was cross-checked by the coordinates on a Google-Map and GPS survey of 

the gauge stations. The actual width of the river was changed in the reach parameter file 

for each basin, based on the mean width at 6 locations on the Google-Map (3 cross-sections 

each at (the mid and gauge section of the river) and verified during field investigations. 

The hydrogeology parameter (hgeo.par) input file is presented in Table 5.13. The deep 

percolation of water depends on the underlying geologic strata in the watershed. The 

(RG1_max, RG2_max) as well as the recession constant (RG1_k, RG2_k) of both the 

upperand lower ground water aquifers (Schwarze et al., 1999).  The recession constant is 

the mean residence time on days of the baseflow recession curve. The recession constants 

are the inverse of the recession coefficient (α) derved from the baseflow recession curve 

discussed in Section 5.4.2.     .  

 

                Table 5.13: Hydrogeology parameter input file 

 

 

 

 

 

Three regional areas (classes) of geological information were incorporated in the model 

based on the physiographic divisions of the NEH region (Figure 3.5). These include: 

Glacier, The Higher Himalaya (HH) and Lesser Himalaya (LH) regions. The glacier areas 

do not favour infiltration and percolation in the soil and hence it is regarded as no soil 

 

 

GID RG1_max (mm) RG2_max (mm) RG1_k (day) RG2_k (day) 

Glacier 0 0 0 0 

HH 100 40000 50 600 
LH 100 40500 50 600 
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area (Nepal, 2012). The Tibetan Himalaya, Transhimalaya, Lhasa Terrane, Qiangtang 

Terrane and Higher Himalaya were regrouped as Higher Himalaya (HH). The Sub 

Himalaya and Lesser Himalaya weree regrouped as Lesser Himalaya (LH).  
 
The land use parameter input file (landuse.par) is presented in Table 5.14. The parameter 

values for each land use type such as monthly minimum surface resistance for water-

saturated soil from January to December (RSCO_1 ... RSCO_12), root depth, sealed grade 

and quarterly effective vegetation height (effHeight_d1,<, effHeight_d4) was derived 

from Soil and LULC survey mentioned in Section 5.4.1 and from Nepal et al.(2014).   
 

Tabl 5.14: Landuse parameter input file 

 

The soil parameter (soils.par) input file is presented in Table 5.15. The J2000 model 

requires soil information of the topsoil and subsoil. The soil information was derived from 

textural information of the top and subsoil implemented into the HYDRUS 1D pedo-

transfer model. Therefore, hydraulic soil properties such as minimum and maximum 

permeability coefficient (kf_min, kf_max), capillary ascension (cap_rise), air capacity 

(aircap), total useable field-capacity (fc_sum) and useable field capacity per decimeter of 

profile depth (fc_1...22) were derived as inputs to the soil module.  

  

 

 

 

 

 

Parameter Agriculture Grassland 
Deciduous 

forest 
Coniferous 

forest 
Bare 
soil Water Glacier 

Albedo (%) 0.25 0.25 0.33 0.2 0.1 0.2 0.6 

RSC0_1 80 80 80 70 150 10 0.1 

RSC0_2 80 80 80 70 150 10 0.1 

RSC0_3 75 70 70 60 150 10 0.1 

RSC0_4 65 60 65 55 150 10 0.1 

RSC0_5 45 40 55 45 150 10 0.1 

RSC0_6 50 45 55 45 150 10 0.1 

RSC0_7 50 45 55 45 150 10 0.1 

RSC0_8 50 45 55 45 150 10 0.1 

RSC0_9 50 50 60 50 150 10 0.1 

RSC0_10 65 60 75 65 150 10 0.1 

RSC0_11 80 80 80 70 150 10 0.1 

RSC0_12 80 80 80 70 150 10 0.1 

LAI_d1 0.1 2 3 9 0 0 0 

LAI_d2 0.3 5 8 13 0 0 0 

LAI_d3 3 5 8 13 0 0 0 

LAI_d4 1 2 3 9 0 0 0 

effHeight_d1(m) 0.2 0.3 20 20 0.01 0.01 0.01 

effHeight_d2(m) 1 0.6 20 20 0.01 0.01 0.01 

effHeight_d3(m) 2 0.9 20 20 0.01 0.01 0.01 

effHeight_d4(m) 1.8 1 20 20 0.01 0 0.01 

rootDepth(m) 3.5 6 10 7 0 0 0 

sealedGrade 0 0 0 0 0.3 1 0.9 
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Table 5.15: Soil parameter input file 

 

5.7.4 Model adaptation for frozen ground 

 

The main process modules can be grouped into the Glacier and Non-Glacier HRUs. The 

glacier HRUs are treated as a separate module within the J2000 model. The Non glacier 

HRUs consist of glacier-free cold areas such as frozen ground particularly Permafrost (PF) 

and Seasonally frozen ground (SFG). The non-permafrost areas in the study basins consist 

of short term frozen ground, thin seasonally frozen ground and non-cryotic soil. In this 

study, the soil module is adapted to represent the permafrost and seasonally frozen 

ground dynamics in the alpine zone. For simplicity, the soils in the alpine zone are 

classified as Permafrost (PF) and Seasonally frozen ground or Non Permafrost ground 

(NPF). The conceptualization and parameterization of the freeze-thaw front (FTF)  

dynamics in the frozen ground is incorporated in the J2000 model based on Fabre et al. 

(2017), Hülsmann et al. (2015) and Gao et al. (2019) as elaborated below: 

 

(a) Active layer dynamics in permafrost soil (Figure 5.18) 

 

(i) Winter/Late Winter: The active layer is completely frozen from the surface down 

to the permafrost table. The stability of the snowpack and the subsurface soil 

freezing sustain low flows during winter (RG1+RG2).  

 
 
 
 
 

Parameter Acrisol Cambisol Leptosol Luvisol Fluvisol Anthrosol Water Glacier 

Depth (cm) 200 150 100 150 100 150 0 0 

kf_min( m/d) 0 0 0 0 0 0 0 0 

depth_min(m) 0 0 0 0 0 0 0 0 

kf_max( m/d) 0 0 0 0 0 0 0 0 

cap_rise (0/1) 1 1 1 1 1 1 0 0 

aircap (mm) 200 150 110 180 150 180 0 0 

fc_sum(mm) 635 419 208 475 215 294 0 0 

fc_1(mm/dm) 35 30 26 35 25 30 0 0 

fc_2(mm/dm) 35 30 26 35 25 30 0 0 

fc_3(mm/dm) 35 30 26 35 25 30 0 0 

fc_4(mm/dm) 35 30 20 40 20 30 0 0 

fc_5(mm/dm) 35 30 20 30 20 30 0 0 

fc_6(mm/dm) 35 30 20 30 20 30 0 0 

fc_7(mm/dm) 35 30 20 30 20 30 0 0 

fc_8(mm/dm) 30 28 20 30 20 28 0 0 

fc_9(mm/dm) 30 28 15 30 20 28 0 0 

fc_10(mm/dm) 30 28 15 30 20 28 0 0 

fc_11(mm/dm) 30 25 0 30 0 25 0 0 

fc_12(mm/dm) 30 25 0 30 0 25 0 0 

fc_13(mm/dm) 30 25 0 30 0 25 0 0 

fc_14(mm/dm) 30 25 0 30 0 25 0 0 

fc_15(mm/dm) 30 25 0 30 0 25 0 0 

fc_16(mm/dm) 30 0 0 0 0 0 0 0 

fc_17(mm/dm) 30 0 0 0 0 0 0 0 

fc_18(mm/dm) 30 0 0 0 0 0 0 0 

fc_19(mm/dm) 30 0 0 0 0 0 0 0 

fc_20(mm/dm) 30 0 0 0 0 0 0 0 

fc_21(mm/dm) 0 0 0 0 0 0 0 0 

fc_22(mm/dm) 0 0 0 0 0 0 0 0 
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(ii) Spring/ Early Summer: Snow melt at the beginning of spring generates surface 

runoff or spring freshets. Water from snowmelt runs off on the topsoil or ground 

surface underneath the snowpack. A minimal subsurface flow resulting from 

thawing of the topsoil layer (RD2) accompanies the surface flow which results 

from initial melting of the snow cover (RD1). Consequently, this thawed topsoil 

partly stores snow melt runoff during spring. 

 

(iii) Summer/Autumn: An active layer develops and reaches its maximum depth 

during late summer. When the surface (RD1) and subsurface flows (RD2) occur. 

Snow melt and precipitation infiltrate the fully thawed active layer and generate 

interflow (RD1) on the surface of the permafrost layer, which quickly flows 

downslope to the receiving creeks. There is minimal groundwater recharge except 

in the shallow active layer of the valley floors. Groundwater table variation and 

groundwater discharge (RG1+RG2) is caused particularly by the thawing front 

propagation. The thawing front propagates very slowly, but the groundwater/soil 

water table may vary rather quickly depending on the snowmelt received from 

higher elevations. 

 

(iv) Autumn/Early winter: The active layer starts to freeze from the bottom and the 

top. The active layer accommodates two aquitards (i) a frozen top–soil surface 

under the soil cover and (ii) an active layer base, which is a local freezing front 

whereby freezing occurs from top of the permafrost.  The former restricts the post-

monsoon or late autumn precipitation infiltration, while the latter accumulates 

available water in the soil to form an ice – rich transient layer. The unfrozen soil 

stores water throughout the freezing period, and discharges as lateral subsurface 

flow (RD2) with a piston effect which is released to the streams during late winter 

or early spring. 

 

Seasonal frost depth dynamics in seasonally frozen ground (Figure 5.19) 

 

(i) Winter/ Late Winter: The soil is frozen during the winter from the surface down 

to a certain depth under an accumulating snow cover. However, there would be 

minimum groundwater flows (RG1+RG2) during winter.  

 

(ii) Spring/ Early Summer: Snowmelt at the beginning of spring generates surface 

runoff (RD1). Due to an increase in air temperature, topsoil thaws to a certain 

depth and causes subsurface flow (RD2). Minimum base flow (RG1+RG2) is 

generated due to the infiltration of snowmelt and monsoon precipitation.  

 

(iii) Summer/Autumn: The increase in air temperature completely thaws the frozen 

soil and increases the percolation of the monsoonal precipitation in the soil that 

generates interflow (RD2) and groundwater recharge (RG1+RG2). Saturated 

overland flow (RD1) occurs due to shallow bedrock and flow from depression 

storage or high altitude lakes found in such alpine areas. 
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(iv) Autumn/Early winter: Soil is frozen during the winter from the surface down to a 

certain depth so there occurs less snowmelt infiltration and hence sub-surface 

runoff (RD2) is generated from the unfrozen soil underlying the frozen soil. As 

there is minimum infiltration through the soil matrix, minimum ground water 

recharge and hence low groundwater flow (RG1+RG2) occurs.  

 

 
Figure 5.18:  Conceptual model for active layer dynamics in permafrost soil  

 

 
Figure 5.19:  Conceptual model for seasonal frost depth dynamics in seasonally frozen ground permafrost soil  
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(c) Parameterization of frozen ground dynamics in J2000 model 

 

(i) Stratification of frozen ground 

 

The non-permafrost areas in the study basins consist of short term frozen ground, thin 

seasonally frozen ground and non-cryotic soil. The permafrost soils primarily comprise of 

continuous and island permafrost and mountain permafrost (Figure 3.14). In the present 

study, the calibration parameter ‘S value’ was introduced to indicate the threshold 

temperature corresponding to the mean annual air temperature (MAAT) below which 

permafrost exists. The ‘S value’ was initially fixed at -7°C based on the average lower limit 

of permafrost elevation for the Beki basin which was considered as 4700 m. A plot of intact 

(active and inactive) rock glaciers versus longitude based on Schmid et al. (2015), 

identified the lowest elevation of permafrost for the Beki basin~ 4800 m (Figure 5.20). 

Komori et al. (2004) reported the lower limit of permafrost based on the distribution of 

active rock-glaciers as 4,800 m on the north-facing slopes and 5,000 m on the south and 

east-facing slopes in the Bhutan Himalaya, which constitutes the Beki basin. 

 

 

 

 

 

 

 

 

 

 

 

 

(ii) Ground temperature profile under frozen ground 

 

In permafrost soils, ‘active layer’ is the maximum depth of thaw. Below the active layer is 

the permafrost zone which remains frozen throughout the year. In the seasonally frozen 

ground, the maximum depth of freezing over the course of the winter is referred to as the 

‘seasonal frost depth’. The mean annual temperature profile of ground temperature in the 

frozen ground as a function of depth is depicted in Figure 5.20(a)-(b). The limits of 

minimum and maximum ground temperature envelope over the annual cycle represent 

the range of ground temperature variations. The Mean Annual Air temperature (MAAT) 

is the average air temperature which is higher/lower in summer/winter than the Mean 

Annual Ground Surface temperature (MAGST) in the frozen soil. Mean Annual Ground  

 

 

 

 Figure 5.20:  Elevation and longitude of rock glaciers (Schmid et al.,2015) 
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temperature at top of permafrost table (MAPT) or bottom of seasonal frost is lower than 

the MAGST but higher than the MAAT. The Mean Annual Ground temperature (MAGT) 

in the permafrost layer lies between MAPT and Zero Annual Amplitude temperature 

(ZAA). The ZAA is the distance between the surface of the ground and the point below 

the soil surface where the ground is not affected by the temperature differences over a 

year. The physical processes related to the frozen ground are implemented in the J2000 

model based on the freeze thaw front dynamics. However, subject to calibration as shown 

in the subsequent Table 5.18, the parameter ‘S value’ represents permafrost areas 

corresponding to MAAT < -7.24°C (Figure 5.21 (a)) and seasonally frozen ground 

corresponding to MAAT > -7.24 °C (Figure 5.21 (b)).  

 

(iii) Parameterization of the freeze-thaw front (FTF) in frozen ground 

 

As discussed in section 5.4.3, the hydro-physical and hydraulic properties of soil were 

used for adaptation of the soil module as well as for parameterisation of the frozen ground 

process dynamics in the J2000 model. The sampling and analysis of the hydro-physical 

and hydraulic properties of soil samples were estimated at a depth of around 30 cm 

(approximately at the centre of the 60 cm soil depth) for all the 17 soil profiles with a mean 

total depth of 120 cm. The 30 cm depth was considered at the active layer and frost depth 

for the permafrost and seasonally frozen ground respectively (Figure 5.21(a)-(b)). Due to 

high spatio-temporal variability of the FTF in frozen soil, it is imperative to simulate the 

freeze-thaw cycle and its impact on the hydrological dynamics during different seasons. 

As shown in Figure 5.22, four parameters have been introduced to represent the FTF 

hydrothermal dynamics in frozen ground around a depth of 30 cm, over an entire 

seasonal freeze-thaw cycle with inputs from the hydro-physical and hydraulic soil 

properties presented in the subsequent Table 6.3. As per the subsequent Table 5.18, the 

parameter indep_ pos is the threshold soil temperature (-4.58°C) at which the freeze-thaw 

cycle is activated i.e., soil starts to freeze or the temperature at which 50% soil pores are 

frozen. The parameter ‘trans’ is the soil temperature indicating the boundary condition 

temperatures or interval range around the indep_ pos at which all the frozen soil pores start 

thawing (-1.72°C) and the soil temperature -7.45°C at which all the soil pores are frozen 

(Figure 5.22). The dynamics of soil temperature was adapted from the SWAT model 

(Neitsch et al., 2009) and EPIC model (Williams, 1995) which accounts for ground 

conditions such as bare soil, snow cover and vegetation cover as explained in the 

Appendix A .  

 

The parameter MS is the value of the soil parameters at indep_pos at which soil pores 

freeze to 50%. The parameter Range indicates the interval range of soil parameters which 

change under transition from non-frozen to frozen state. The five soil parameters 

(soilLinRed, soilMaxInfWinter, soilMaxInfSummer soilMaxInfSnow and soilOutLPS) are 

governed by the parameters indep_ pos, trans and Range. The latter control the hydraulic 

conductivity and porosity of soil and hence the hydrothermal soil-water distribution in 

the active layer or seasonal frost depth. The transition of soil parameters occur from frozen 

(Autumn-Winter) to non-frozen (Spring-Summer) state (Figure 5.22).  
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Figure 5.21: Typical ground temperature profile under (a) Permafrost (b) Seasonally frozen ground 

 

(ᵒC)

 

Figure 5.22: Schematic illustrating the frozen ground dynamics in the J2000 model reflected by the seasonal 

near surface soil temperature profile  
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The parameterization of actual evapotranspiration (soilLinRed), Maximum infiltrations 

(soilMaxInfWinter, soilMaxInfSummer soilMaxInfSnow) and interflow (soilOutLPS) 

depends on the soil moisture in the soil column (Pradhan et al., 2019). The actual 

evapotranspiration decreases as radiation energy input is low in the Arctic and Subarctic 

region. Thus a shallow thaw depth throughout the thaw season requires much latent heat 

to melt the ice and the net radiation available is partitioned into evapotranspiration and 

warming of the air (Woo and Winter., 1993; Engstrom et al., 2006).  As soil freezes, passage 

through the soil pores close, reducing the ability of the soil to transmit water. This results 

in a reduction of the soil hydraulic conductivity thus decreasing infiltration (Hülsmann et 

al., 2015; Fabre et al., 2017). Fabre et al. (2017) conceptualised a low or minimal 

groundwater contribution to streamflow which could be achieved by adapting the 

permafrost soils by setting the surface/subsurface flow ratio ~ 60/40 during model 

calibration. Due to decrease in the vertical downward infiltration, the interflow accounts 

for the major portion of the spring runoff. While due to deepening of the active layer, 

interflow contributes significantly to basin discharge (Hülsmann et al., 2015). A single set 

of optimal parameter were used across alternating permafrost and seasonally frozen as 

proposed by Zhao et al. (2019).  

 

(iv) Ground water and soil water dynamics in frozen ground based on FTH 

 

Permafrost and Seasonally frozen ground cause distinctive groundwater flow and runoff 

response and hence need to be considered separately (Bosson et al., 2012; Evans and Ge, 

2017).  Annual groundwater discharge is greater in seasonally frozen ground than in 

permafrost areas as seasonally frozen ground remains mostly in the unfrozen state in a 

year, thus increasing the duration of groundwater recharge and discharge. In the present 

study, groundwater recharge was assumed to be almost blocked, causing less 

groundwater recharge and discharge due to reduced hydraulic conductivity under 

permafrost (Hülsmann et al., 2015). The groundwater module parameters (gwcapRise, 

gwRG1Fact, and gwRG2Fact) and SoilWater module parameter (soilmaxPerc) were 

modified by a multiplier in areas underlain with permafrost as presented in Table 5.16. 

For seasonally frozen ground, the calibrated parameters were unchanged as the 

parameters related to groundwater flux were not affected due to complete soil thawing 

during spring to summer (Table 5.16). Therefore, the frozen soil dynamics occur only 

within the frost depth and moreover the threshold temperature of indep_pos (-4.58°C) is 

generally not achieved to activate the freeze-thaw cycle. The conceptualization of 

groundwater and soil water dynamics in frozen soil by restricting groundwater recharge 

and percolation is based on Hülsmann et al. (2015).  

 

5.7.5 Calibration and validation for Beki basin  
 

The multi-objective calibration process aims at the adjustment of model parameters to 

obtain the desired model accuracy between observed and simulated variables (Gupta et 

al., 2005). Additionally, the multi-objective calibration process simulates the long-term 

water balance, accumulation and recession phases, high peaks, moderate peaks and 

baseflow with sufficient accuracy. In this study, a combination of the trial-and-error and 
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5.7.4 Model adaptation for frozen ground  



 

 

 

 

 

Table5.16: Groundwater module parameter multiplier for Permafrost and Seasonally frozen ground 

 

automatic calibration method were applied. Trial-and-error method involves manually 

varying every single model parameter in the calibration stage to define adjustable model 

parameter boundaries. The automatic Non-dominated Sorting Genetic Algorithm-II 

(NSGA-II) method was used that applies numerical algorithm over a large number of 

iterations to achieve a set of ‘optimum’ or ‘best’ parameter sets in terms of satisfying the 

multi-objective criteria of accuracy (Deb et al., 2002). Two thousand simulations were 

performed on 42 model parameters with user-defined parameter ranges included in Table 

5.18. This study aims to achieve a reasonable representation of the hydrological dynamics 

in the study basins in the calibration as well as in the validation stages. A step-wise 

calibration methodology was implemented for the Beki basin as outlined below: 

 

Phase I: Calibration of the J2000 model  

 

1. Trial-and-error calibration was used to identify the sensitive parameters of the 

original J2000 model with glacier module. 

 

2. A reasonable fit between observed and predicted runoff based on Nash-Sutcliffe 

efficiency (ENS ≈ 0.7), Logarithmic Nash-Sutcliffe efficiency (LNS ≈ 0.6) and (Bias ≈ 

±10%) based on (Krause et al., 2005) was aimed by performing automatic multi-

objective (NSGA-II) optimisation.  

 

3. Step-wise calibration by recalibrating only the parameters of the glacier module was 

performed to reach a reasonable estimate of glacier mass balance for the Beki basin as 

discussed in section 5.1.1 and Table 5.3. 

 

 

Parameters [Units]/ Hydrological implication Parameter Multiplier 

PF SFG 

Groundwater 

module 

gwcapRise [-]: Distributes water from groundwater 

to soil water module:  
 
 Lower  value  implies  lower  groundwater rise  to  

soil  water module 

0.095353 10-8 1 

gwRG1Fact [-]: Influences the outflow from shallow 

groundwater storage unit. 
 
 Higher  value  implies  lesser  outflow and  more  

retention  in  shallow groundwater  storage  unit   

 

6.246624 

 

104 

 

1 

gwRG2Fact [-]: Influences the outflow from deep 

groundwater storage unit:  
 
Higher  value  implies  lesser  outflow and  more  

retention  in  deep groundwater  storage  unit   

0.889715 104 1 

SoilWater   

module 

  

soilmaxPerc [mm/d]: Influences the percolation rate 

of groundwater per time step. 
 
 Lower  value  implies  lower  shallow or  deep  

groundwater  contribution (RG1+RG2) and increased 

slow direct runoff (RD2) 

 

 

41.686757 10-8 1 
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Figure 5.23: (a) Schematic illustrating the parameterisation of the seasonal freeze-thaw front in the active layer of permafrost in the J2000 model based on (Gao et al., 2019).The red 
and blue colour denote the liquid water caused by thawing front Zt and ice caused by the freezing front Zf  respectively in the soil column (b) Schematic illustrating the 
parameterisation of the seasonal freeze-thaw front in the in the frost depth of seasonally frozen ground in the J2000 model based on (Gao et al., 2019).The red and blue colour denote 
the liquid water caused by thawing front Zt and ice caused by the freezing front Zf  respectively in the soil column. 
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4. Similarly, step-wise calibration is performed by recalibration of only the parameters of 

the soil module to reach a reasonable estimate of ET for the Beki basin such as 

soilLinRed as discussed in section 5.1.1 and Table 5.3. 

 

Phase II: Adaptation of the frozen ground in the J2000 model  

 

A simultaneous multisite calibration (SMSC) approach was implemented at the outlet of 

Magochu sub-basin and Beki basin (Nkiaka et al., 2017; Leta et al., 2017) and validation on 

another adjacent nested-sub-basin, Nyukcharongchu was performed by proxy-basin 

approach. The predefined efficiency criteria in step 2 under Phase I was considered. The 

steps under Phase II were: 

 

(a) The simulation period 2005 - 2016 for the Beki basin was divided into a warm-up 

period of 2005 - 2006 and a calibration period of 2007-2016 with simultaneous calibration 

for Magochu sub-basin for the period 2007-2016. The model was run during the warm-up 

period to minimize the impact of uncertain initial conditions in basin and to bring the soil 

states to equilibrium. The model parameters obtained from simultaneous calibration at the 

Beki and Magochu outlets were used to constrain and optimize the model parameters that 

represented the frozen ground dynamics in the upstream nested sub-basins. The SMSC or 

nested-basin calibration approach was used to specifically represent the upstream frozen 

ground parameters in the J2000 model that is not possible by single site calibration at the 

downstream basin outlet (Krause et al., 2006). 

 

(b)  Validation was performed by split sample test for the Beki basin for the period 1984 to 

2006 with a warm-up period of 1982-1983. The split-sample test assured that the model 

calibration parameter set represented the hydrological process dynamics adequately 

during the calibration period but also when using independent data during the validation 

period. To further validate the representation of the frozen ground dynamics in the 

Magochu sub-basin, the parameters optimised by SMSC for the Magochu sub-basin were 

used for the water balance simulation in another adjacent nested-sub-basin, 

Nyukcharongchu for a period 2007-2016. 

 

Phase III: Regionalisation of model parameters by the proxy-basin approach 

 

The parameters achieved by SMSC in the Beki basin were regionalized to Lohit and and 

Noadihing basin by the Proxy basin approach.The proxy-basin test is adopted to examine 

the ability of hydrological models to represent the flow dynamics of ungauged receptor 

basins by the regionalization of model parameters from gauged donor basins (Nepal et al., 

2017). In this study, the calibrated and validated model parameters of the Beki basin were 

transferred to the Lohit and Noadihing basins. The simulation in the Lohit and Noadihing 

basins were conducted using daily data for the 1987-1998 and 1983-1991 periods 

respectively which were independent of the model run period in the Beki basin.  

 

5.7.6 Evaluation of the model performance 

 

In this study, five different efficiency criteria or objective functions have been applied, (a) 

The Nash–Sutcliffe efficiency (ENS; Nash and Sutcliffe, 1970), (b) Absolute Bias (Bias;  
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Moriasi et al., 2015), (c) Logarithmic Nash–Sutcliffe efficiency (LNS; Krause et al., 2005), 

(d) Coefficient of determination (R2; Krause et al., 2005), and (e) Kling-Gupta efficiency 

(KGE; Andersson et al., 2017). The objective of applying the efficiency criteria and their 

performance rating is also described in Table 5.17.  

 

The assessment of the model behaviour and performance was evaluated both by the 

graphical and numerical methods and was described through comparisons of observed 

and simulated variables based on different components of the water balance (high flow, 

low flow, baseflow etc) (Krause et al., 2005; Efstratiadis and Koutsoyiannis, 2010). The 

selection of a particular efficiency criterion is challenging because each criterion 

emphasizes on different nature of simulated and observed behaviours that cannot provide 

a comprehensive and reliable quantification of the model performance. Hence, multi-

objective approaches based on a combination of several objective functions has been 

proposed (Krause et al., 2005). The KGE offers a diagnostic inference because it integrates 

the correlation, bias and variability of model performance and is considered as the most 

reliable indicator of goodness of fit for ungauged basins (Gupta et al., 2009; Kling et al., 

2012). Song et al. (2019) suggested KGE as the best objective function for parameter 

regionaliation in ungauged glacierised basins (Song et al., 2019). 

 

5.7.7 Sensitivity and Uncertainty analysis 

 

A regional sensitivity analysis (RSA) was performed to identify the sensitive parameters 

that affect prediction uncertainty or the parameter sensitivity on simulated streamflow 

(Wagener and Kollat, 2007). In this study, 4000 Monte-Carlo simulations were applied to 

the RSA  based on parameter ranges described in Table 5.18, to differentiate various model 

simulations into behavioural (good) and non-behavioural (bad) groups based on the 

evaluation criteria (ENS, LNS and Bias). The sensitivity of the parameters were ranked by 

the normalization of each parameter as suggested by (Fischer et al., 2013). The highly 

sensitive parameters ranked higher in the clustered bar diagram representing the 

sensitivity of parameters. The adapted J2000 model in this study features 42 model 

parameters included in the following Table 5.18 and so the large ensemble of parameters 

is prone to the ‚equifinality‛ problem.  

 

Uncertainty analysis was performed by applying the Generalized Likelihood Uncertainty 

Estimation (GLUE) method (Beven and Freer, 2001; Beven and Binley, 2014) for the period 

2008-2014 considering all the 42 parameters as described in the subsequent Table 5.18. To 

understand the uncertainties for over or underprediction of model simulations, 

uncertainty analysis was performed individually for the objective functions ENS (high and 

low peaks), LNS (baseflow) and Bias (water-balance). The uncertainty band comprising of 

the 5th and 95th percentile depicted the parameter uncertainties of the total streamflow for 

all the three study basins.  For the Beki basin in the time-period 2008-2013, simulations 

with ENS > 0.5, LNS > 0.8 and Bias > 0.75 produced 74, 296 and 3638 behavioural models 

respectively. For the Lohit basin in the time-period 1987-1992, simulations with ENS > 0.7, 

LNS > 0.71 and Bias > 0.77 produced 170, 172 and 167 behavioural models respectively. For 

the Noadihing basin in the time-period 1986-1991, simulations with ENS > 0.6, LNS > 0.7 

and Bias > 0.73 produced 2037, 2020 and 2040 behavioural models respectively. 
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Table 5.17: Efficiency criteria and performance rating 

 

As the accuracy of the model results decreases or fails to reach to a certain value due to 

uncertainties associated with model input, model structure, parameters and output, the 

results are generally represented within a confidence range or 95% prediction uncertainty 

(95PPU) (Beven, 2001). To assess the degree of uncertainty in the calibrated model, two 

additional statistical uncertainty prediction criteria referred to as the p-factor and r-factor 

were used (Abbaspour et al., 2015). The p-factor represents the percentage of 

observeddischarge bracketed by the 95PPU while the r-factor is the average width of the 

95PPU band divided by the standard deviation of the corresponding observed discharge. 

The p-factor can vary between 0 and 1 with 1 representing the optimal value which 

implies, all the observations are captured by the 95PPU. For discharge, a value of > 0.70  

 

Efficiency Criteria Range Performance rating 

𝐸𝑁𝑆 = 1 −
 (𝑃𝑖 − 𝑂𝑖)

2𝑛
𝑖=1

 (𝑂𝑖 − 𝑂𝑖
 )2𝑛

𝑖=1

 

 
Nash Sutcliffe efficiency (ENS) 

Objective:  Strong focus on simulation of peak flows 

 

(-∞,1) Optimal:  ENS =1 

Very good: ENS > 0.8 

Good: 0.7 < ENS ≤ 0.8 

Satisfactory: 0.5 < ENS ≤ 0.7 

Acceptable: ENS ≥ 0.0 
 
Logarithmic Nash Sutcliffe efficiency (LNS) 

𝐿𝑁𝑆=1 −
 (𝑙𝑜𝑔𝑃𝑖−𝑙𝑜𝑔𝑂 𝑖)2𝑛

𝑖=1

 (𝑙𝑜𝑔𝑂𝑖−𝑙𝑜𝑔𝑂𝑖        )2𝑛
𝑖=1

 

Objective:  Strong focus on simulation of baseflow 

 

(-∞,1) Optimal:  LNS = 1 

Very good: LNS > 0.8 

Good: 0.7< LNS ≤ 0.8 

Satisfactory: 0.5 < LNS ≤ 0.7 

Acceptable: LNS ≥ 0.0 

   𝑅2  = (
 (𝑂𝑖 − 𝑂 )(𝑃𝑖 − 𝑃 )𝑛

𝑖=1

  (𝑂𝑖 − 𝑂 )2𝑛
𝑖=1   (𝑃𝑖 − 𝑃 )2𝑛

𝑖=1

)2 

 
Coefficient of determination (R2 ) 

Objective:  Overall fit between simulated and observed discharge 

 

(0,1) Optimal:  R2 =1 

Very good:   R2 > 0.85 

Good: 0.75 <  R2  ≤ 0.85 

Satisfactory: 0.60 <  R2 ≤ 0.75 

Acceptable: R2 ≥ 0.18 

 
Relative volume error in % (Bias) 

Bias = 
( 𝑃𝑖

𝑛
𝑖=1 − 𝑂𝑖)

𝑛
𝑖=1

 𝑂𝑖
𝑛
𝑖=1

 

Objective:  Representing overall under- or overestimation of simulated 

discharge  

(-∞,∞) Optimal: 0.0 

Very good: Bias < ±5 

Good: ±5 ≤ Bias < ±10 

Satisfactory: ±10 ≤Bias < ±15 

Unacceptable: Bias ≥ ± 30 

 
Kling Gupta Efficiency (KGE) 

 

KGE=1- (𝑟 − 1)2 + (𝛼 − 1)2 + (𝛽 − 1)2 

r =
 (𝑂𝑖−𝑂 𝑖)(𝑃𝑖−𝑃 𝑖)𝑁

𝑖=1

   𝑂𝑖−𝑂 𝑖 
2   (𝑃𝑖−𝑃 𝑖)𝑁

𝑖

2𝑁
𝑖

 , α=
𝜎𝑝

𝜎𝑜
, β  =

𝜇𝑝

𝜇0
 

r is the correlation coefficient between simulated and observed 

values,  is the variability ratio, β is the bias ratio.  is the standard 

deviation while  is the mean.,where O and P are observed and 

simulated values respectively,𝑂  and 𝑃  are mean observed and 

simulated values respectively. 

Objective: Represents the constitutive components such as 

correlation, variability bias and mean bias between observed and 

simulated discharge. 
 

(-∞,1) *Optimal: KGE =1 

**Good: KGE≥0 

*Satisfactory: KGE > 0.3 

**Acceptable: KGE < -0.41-1 

**Unacceptable: KGE <0 

 
Notes: The Performance rating of ENS, LNS,  R2, Bias are based on (Moriasi et al.,2007;Moriasi et al.,2015;Krause et 

al.,2005).The Performance rating of KGE based on * (Rogelis et al.,2016),**( Knoben et al.,2019) 
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was considered to be adequate (Abbaspour et al., 2015). For r-factor, a value of < 1.5 was 

considered desirable (Abbaspour et al., 2004, 2007). 

 

Table 5.18: Summary of model parameters, parameter ranges (for both calibration and uncertainty analysis 

purposes). Parameters included in the sensitivity analysis are shown in boldface. 
 

Modules Parameter 

acronym 

Description 

[Units] 

Range Calibrated 

values 

 

value 

Initialising ACAdaptation Multiplier for air capacity [-] 0.5   -  2 1.95 

FCAdaptation Multiplier for field capacity [-] 0.5   -  2 1.69 

initRG2 InitGroundWater 0.1 - 0. 2 0.11 

Precipitation 

distribution 

snow_trs Temperature threshold for snow and rain [℃] -5   -  + 5 4.25 

snow_trans Temperature range for mixed rain and snow [℃] -5   -   0 -0.39 

Interception 

module 

a_rain Interception storage factor for rain [mm] 0.5  -  3 1.02 

a_snow Interception storage factor for snow [mm] 1   -   5 4.20 

 

Snow 

module 

snowCritDens Critical snow density [g/cm3] 0.01-0.5 0.03 

baseTemp Threshold temperature for snowmelt [℃] -6   -  +6 2.50 

t_factor Melt factor by sensible heat [mm/K] 0.5  -   5 1.40 

r_factor Melt factor by liquid precipitation [-] 0  -   0.5 0.10 

g_factor Melt factor by soil heat flow [mm] 0   -   5 1.76 

ccf_factor cold content factor [-] 0-    0.5 0.21 

 

 

Glacier 

module 

meltfactorIce melt factor for ice melt 0.1- 5 1.30 

alphaIce radiation melt factor for ice 0.1- 5 2.53 

ddfIce Day degree factor for ice melt [mm/K] 0.1- 10 5.91 

ddfSnow Day degree factor for snow melt [mm/K] 0.1- 10 3.07 

kIce routing co-efficient for ice melt 0.1- 50 46.50 

kSnow routing co-efficient for snowmelt 0.1- 50 36.00 

kRain routing co-efficient for rain runoff 0.1- 50 9.06 

debrisFactor Debris factor for ice melt [-] 0.1- 10 3.15 

tbase Threshold temperature for melt [℃] -5  - +5 2.20 

 

 

 

 

 

Soil Water 

module 

soilMaxDPS maximum depression storage 0.5 - 5 3.38 

soilLinRed linear reduction co-efficient for ActET 0.1- 1 0.80 

soilMaxInfSummer maximum infiltration in summer 1- 200 39.11 

soilMaxInfWinter maximum infiltration in winter 1-200 66.70 

soilMaxInfSnow maximum infiltration in snow cover areas 1-200 169.60 

soilOutLPS Outflow coefficient for LPS [-] 1-5 4.69 

soilLatVertLPS Calibration coefficient for the distribution of 

interflow and percolation water [-] 

0-3 0.62 

soilMaxPerc Maximum percolation rate [mm] 0.01-100 41.68 

soilConcRD1 Recession coefficient for overland flow [-] 1-3 2.34 

soilConcRD2 Recession coefficient for interflow [-] 2-7 5.07 

soilConcRD1Flood recession coefficient for flood event 1-2 1.98 

soilConcRD1 

Floodthreshold 

threshold value for soilConcRD1Flood 200-1000 260.74 

Svalue threshold value for permafrost -8 - -5 -7.23 

indep_pos independent centre of control parameter -5 - +5 -4.58 

trans Interval around control parameter 0 - 5 2.86 

Ground 

water 

module 

gwRG1RG2dist RG1–RG2 distribution coefficient [-] 0.1-10 0.72 

gwRG1Fact Adaptation for RG1 flow [-] 0.1-10 6.24 

gwRG2Fact Adaptation for RG2 flow [-] 0.1-10 0.88 

gwCapRise capillary rise coefficient 0  -  1 0.09 

Reach 

routing 

flowRouteTA flood routing coefficient 1- 20 9.81 
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Chapter 6 

 Results 

 

This chapter presents the results of this study organized into three sections. The first 

section presents the spatio-temporal analysis of the corrected ERA-I precipitation and 

temperature time-series that is used to drive the developed process-based glacio-

hydrological model. The second section presents the results of the model application in 

the Beki basin and transferring of the model parameters to the ungauged Lohit and 

Noadihing receptor basins. A comparative analysis of the model results of all three study 

basins is also presented. The third section presents a comparison of the hydrological 

dynamics of the three study basins under projected climate change scenarios. 
 

6.1    Spatio-temporal analysis of hydrometeorological data in the study basins 

6.1.1   Spatio-temporal variability of precipitation and temperature in the Beki basin 

 

The MAP from 1982-2016 for the Beki basin is 1,218 mm with a standard deviation of 179 

mm signifying a strong areal variability. Wet season precipitation in summer occurs from 

late June extending until late September ~61% of MAP. The autumn season commences 

from early October to late November characterized by early snowfall at higher elevations 

and precipitation ~7% of the MAP. Winter precipitation is triggered by the northeast 

monsoon winds from late November until March with high altitude snowfall and 

precipitation ~6% of the MAP. The basin receives ~26% of the MAP in spring from early 

March to May due to convective precipitation (Figure 6.1, Table 6.1).  

 

The MAAT corresponding to Tmax, Tmean and Tmin for the Beki basin are 1°, - 4° and -

9°C respectively. The seasonal variability of temperature differences ~16°C between 

summer and winter corresponding to Tmax, ~20°C between summer and winter season 

corresponding to Tmean  and ~24°C between summer and winter season corresponding to 

Tmin (Figure 6.1, Table 6.1).  

 

 

 

 

Figure 6.1: Monthly average precipitation and temperature (Tmax, Tmean and Tmin) for the Beki basin                   



 

 

 

 

 

The southern region of the Beki basin is characterized by humid-tropical climate with 

MAP ~1200-4000 mm  caused when the northward progression of the Indian  Summer 

Monsoon (ISM) originating from the Bay of Bengal are blocked by the Lesser and Higher 

Himalayas resulting in high amplitude orographic precipitation. The eastern and central 

parts of the basin exhibit a humid subtropical climate with MAP ~900-1200 mm. The 

northern part of the basin is located in the ‘rain shadow’ area of the Tibetan Himalaya 

with MAP ~600-900 mm primarily occurring as snow (Figure 6.2 (a)).  

 

The mountainous region of the Beki basin is characterized by the temperate climate while 

lower hills and valleys belong to the sub tropical climate zone. The annual air-

temperature of the Beki basin is lower in the north (MAATmax~ -10.6 to 0.6°C, 

MAATmean ~ -18.2 to - 4.5°C, MAATmin ~ -25.6 to -8.3°C) compared to the central 

(MAATmax ~ 0.6 to 14.4°C, MAATmean ~ -4.5 to 10.7°C, MAATmin ~ -8.3 to 7.3°C) and 

southern region (MAATmax ~14.4 to 24°C, MAATmean ~10.7 to 20.7°C, MAATmin ~7.3 to 

17.4°C) (Table 6.1, Figure 6.2 (b)-(d)). The maximum summer temperature in the Beki 

basin according to Brahmaputra Board (1998) varies from a maximum of 15°-20°C in the 

north, 20°-25°C in the centre to 25°-30° C in the south. Winter temperature in the north 

ranges from -15°to -10°C, -10° to -5°C in the central and -5° to 0°C in the south, which is 

reasonably in agreement with the MAAT reported in this study. 

 

 
 

 

 

 
Figure 6.2: Spatial distribution of simulated mean annual (a) precipitation, (b) maximum temperature (c)  mean temperature 
and  (d) maximum temperature in the Beki basin  

(a) (b) 

(c)  
 (a) (d) 

(ᵒ C) (ᵒ C) 

(ᵒ C) 
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The MK test indicated an increasing trend of MAP for the Beki basin of around 1.438 

mm/year. The rate of change of MAAT (minimum, mean and maximum) for the Beki 

basin also showed an increasing trend of 0.016, 0.018 and 0.020 °C/ year respectively for 

the same period 1982-2016 (Table 6.1) 

 

6.1.2 Spatio-temporal variability of precipitation and temperature in the Lohit basin 
 

The summer climate is controlled by warm-wet southwest monsoonal air masses crossing 

the Lohit basin predominantly from the south through the Brahmaputra valley (Molnar et 

al., 2010; Yang et al., 2008). The East Asian monsoonal air masses carry large amounts of 

moisture causing the highest MAP in the eastern and northern region (Zhou et al., 2007). 

The basin receives ~59% of the MAP in the summer wet season from June to September 

followed by post-monsoon precipitation during the months of October and November 

~9% of the annual precipitation. The winter months from December to March receive 

~14% of the MAP triggered by westerlies that convey cold-dry air masses from the TP in 

the North. The spring months of April and May receive ~ 18% of the MAP due to 

thunderstorm activity (Figure 6.3, Table 6.1). The MAAT corresponding to Tmax, Tmean 

and Tmin for the Lohit basin are -2°, -0.2° and -8°C respectively. The seasonal variability 

of temperature differences ~19°C between summer and winter season corresponding to 

Tmax, ~18°C between summer and winter season corresponding to Tmean and ~24°C 

between summer and winter season corresponding to Tmin (Figure 6.3).  

 

The MAP of the Lohit basin from 1987-1998 is 2716 mm with a high standard deviation of 

835 mm. The spatial distribution of MAP in the Lohit basin indicates that the zone of the 

highest precipitation is located near the foot hills of the Higher and TransHimalayas 

particularly the Mishmi ranges where both cyclonic and orographic rainfall are 

predominantly influenced by the southwest monsoon (Dhar and Nandargi, 2004; 

Nandargi,  and Dhar, 2012). The southern and western areas are characterized by humid  

condition (MAP~2700-2800 mm) compared to the central and northern part of the basin 

(MAP~2600-2700 mm) (Figure 6.4(a)).  

 

The mountainous region of the Lohit basin is characterized by the temperate climate while 

lower hills and valleys belong to the sub tropical climate zone.  
 

 
Figure 6.3: Monthly average precipitation and temperature (Tmax, Tmean and Tmin) for the Lohit basin 
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The annual air temperature of the Lohit basin is lower in the north (MAATmax~ -8.15 to - 

3.48°C, MAATmean ~ -7.1 to -1.4°C, MAATmin ~ -7.02 to - 9.99°C) compared to the central 

(MAATmax ~ -3.48 to - 1.82°C, MAATmean ~ 1.4 to 0.6°C, MAATmin ~ -9.99 to - 7.49°C) 

and southern region (MAATmax ~ -1.82 to 5.06°C, MAATmean ~0.6 to 9.1°C, MAATmin 

~7.49 to 2.93°C) (Figure 6.4(b)-(d)). This is in agreement to Brahmaputra Board (1998) that 

reported the maximum summer temperature in the region varies generally from a 

maximum of 10°- 20°C in the north, 20°- 25°C in the centre to 25°-30° C in the south. 

Winter temperature in the north ranges from -15°to -5°C, -5°to 5°C in the central and 5° to 

10°C in the south. 
 

The results of the MK test indicate that the rate of change of MAP for Lohit basin is very 

high 128.8 mm/year (1987-1998). The rate of change for the Lohit basin showed no clear  

trend (0.000°C/year) for MAAT (maximum, mean and minimum) respectively during the 

period 1987-1998 (Table 6.1). 

 

6.1.3 Spatio-temporal variability of precipitation and temperature in the Noadihing 

basin 
 

The basin receives summer precipitation during wet season from June to September due 

to southwest monsoon around ~66% of the MAP. However, as the basin is located in a 

rainforest zone, monsoon  pattern  with  rainy  season generally extends from  May  to  

 

 

 

 

Figure 6.4: Spatial distribution of simulated mean annual (a) precipitation (b) maximum temperature (c)mean temperature 

and  (d) maximum temperature in the Lohit basin  

 

(a) (b) 

(c) 
(d) 

Results                                                                                                                                          99 



 

                                                       

 

 

September  with  a  total annual  rainfall  of  2500-3000  mm.  The rainy season prolongs to 

9 months in a year with typical off-season thunderstorms (Deb and Sundriyal, 2007).  The 

Post-monsoon season during October to November receives 8% of the MAP. The winter 

months from December to February receives 6% of the annual precipitation particularly in 

the northern parts due to western disturbances. The spring precipitation from March to 

May receives 20% of the annual precipitation due to frequent convective thunderstorms. 

The seasonal variability of temperature differences ~10°C between summer and winter 

season corresponding to Tmax), ~12°C between summer and winter season corresponding 

to Tmean and ~13°C between summer and winter season corresponding to Tmin (Figure 

6.5, Table 6.1). 

 

 

 

Figure 6.5: Plot showing the monthly average precipitation and temperature (Tmax, Tmean and Tmin) for the 

Noadihing basin 

 

The MAP of the Noadihing basin is 3169 mm for the period 1979-1994 with a standard 

deviation of 349 mm. The basin enjoys a sub-tropical climate in lower elevations while the 

higher elevations receive montane climate characterised by the occurrence of perennial fog 

and thunderstorms. The precipitation in the Noadihing basin ~3000-3300 mm (Figure 

6.6(a)).  

 
The MAAT corresponding to Tmax, Tmean and Tmin for the Noadihing basin are 15°, 13° 

and 12°C respectively. The temperature varies across the Noadihing basin depending 

upon elevation and exposure to the sun. The annual air-temperature of the Noadihing  

basin is lower in the north (MAATmax ~10 to14°C, MAATmean ~7 to13°C, MAATmin ~5 

to 11°C) compared to the central (MAATmax ~16 to 18°C, MAATmean ~14 to 17°C, 

MAATmin ~13 to 16°C) and southern (MAATmax ~14 to 16°C, MAATmean ~13 to 14°C, 

MAATmin ~11 to 13°C (Figure 6.6(b)-(d)). This is in accordance to the Brahmaputra Board 

(1998) that reported that the mean maximum temperature in the plains below 900m is 

about 20° C whereas the mean minimum temperature ranges between 5°- 20° C. Much 

lower temperature is experienced at higher elevations above 3000 m below freezing point. 

The Tmean, Tmax and Tmin temperature are reported as 20.40°C, 24.68°C and 16.11°C 

respectively for the Noadihing basin as per FAO, 2005. 
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Figure 6.6: Spatial distribution of simulated mean annual (a) precipitation, (b) maximum temperature (c)mean temperature 
and  (d) maximum temperature in the Noadihing basin 

 

The results of the MK test indicated that the rate of change of MAP for the Noadihing 

basin was 46.25 mm/year. The maximum, mean and minimum air-temperature indicated a 

slightly decreasing trend of -0.03, - 0.05 and - 0.07 °C/year respectively during the same 

period 1979-1994 (Table 6.1).  
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Table 6.1: The MK trend analysis for annual mean precipitation and temperature  

 

6.2 Soil Analysis 

 
Many studies have focused on the parameterization of frozen ground dynamics in 

hydrological models based on physical, hydraulic and thermal properties which play a 

critical role in frozen ground dynamics (Chen et al., 2012). Physical properties determine 

the maximum amount of water that can be stored in a soil layer; thermal properties 

determine the heat conduction within soil layers while hydraulic properties determine the 

exchange of soil water between soil layers. However, complementary to static soil physical  

properties, soil water dynamic processes or freeze-thaw cycle under frozen and unfrozen 

soil states should be considered in most permafrost models (Yi et al., 2018).  

 

Hydrometeorological 

variables 

Beki Lohit Noadihing 

Mean Trend Mean Trend Mean Trend 

MAP (mm) 1218.5 

 

+1.438 2717.3 

 

+128.8 3169.6 

 

+46.25 

1982-2016 (35) 1987-1998 (12) 1979-1994 (16) 

Seasonal precipitation (% of MAP) (mm) (% of MAP) (mm) (% of MAP) (mm) 

Pre-monsoon 26 317.2 25 686.7 

 

20 643.3 

 

Monsoon 50 612.2 

 

47 1286.4 

 

54 1712.4 

 

Post-monsoon 18 216.2 

 

21 567.8 

 

20 633.3 

 

Winter 6 72.8 

 

6 176.4 

 

6 180.6 

 

Tmax (°C) 1.3 +0.016** -2.5 0.00 15 -0.03 

Seasonal temperature (°C ) 1982-2016 1987-1998 1979-1994 

Pre-monsoon -1 -5 14 

Monsoon 10 8 20 

Post-monsoon 2 -2 16 

Winter -6 -11 10 

MAAT (°C) 1 -2 15 

Tmean(° C) -4 +0.018** -0.1 0.00 13 -0.05* 

Seasonal temperature (°C ) 1982-2016 1987-1998 1979-1994 

Pre-monsoon -6 -1 13 

Monsoon 7 9 19 

Post-monsoon -3 1 14 

Winter -13 -9 7 

MAAT (°C) -4 -0.2 13 

Tmin(°C) -9 +0.02** -8.4 0.00 12 -0.07* 

Seasonal temperature (°C ) 1982-2016 1987-1998 1979-1994 

Pre-monsoon -11 -10 11 

Monsoon 3 4 18 

Post-monsoon -8 -8 13 

Winter -21 -20 5 

MAAT (°C) -9 -8 12 

Notes: Pre-monsoon: Spring, Monsoon: Summer, Post-monsoon: Autumn 

MAP: Mean Annual Precipitation ,  MAAT: Mean Annual Air Temperature 
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The development of the freeze-thaw cycle in frozen ground is impacted by regional 

climatic conditions (latitude) as well as local factors such as (elevation, incoming solar 

radiation, slope, aspect, vegetation type, peat cover thickness, snow cover, soil types and 

soil moisture conditions) (Ma et al., 2015). Wlostowski et al. (2018) and Yuan et al. (2019) 

reported that hydro-physical properties (bulk density, porosity, soil moisture and organic 

matter) influenced the seasonal freeze-thaw cycle of frozen ground. The geo-

physiographical information on 17 in situ soil profiles were selected in close cooperation 

with the BRO and SEW Energy Ltd presented in Table 6.2.  
 

Table 6.2: Location, topography and land cover characteristics of soil profiles in the Beki basin 

 

The slected soil profiles (Table 6.2) comprised predominantly of Haplic Luvisol, Haplic 

Leptosol, Eutric Leptosol and Gelic Leptosol. Leptosol and Luvisol soil class in steep to 

moderate terrain and Gleysol in peat soils near high altitude lakes (personal 

communication, NBSS staff). A typical characteristic of such soils overlying the permafrost 

or seasonally frozen ground is the presence of an organic humic topsoil due to slow 

decomposition of the biomass in subfreezing air temperatures around eight months in a 

year. Yang et al. (2005) reported that the existence of dense roots in topsoils of alpine 

grassland caused stratification and may significantly reduce the thermal conductivity and 

heat capacity. The soil profile as shown in Figure 5.12 (b) constitute of the A horizon (~ 20 

cm), Bw horizon (~20–80 cm) and C horizon of fractured bedrock (>80 cm). Chen et al. 

(2015) reported similar stratification in permafrost soils in the TP that are characterized by 

topsoils (0-20 cm) containing  higher organic soil carbon, higher porosity and lower bulk 

density compared to underlying soil layers. The sampling and analysis of the hydro-

physical and hydraulic properties of soil samples were estimated at a depth of 30 cm for 

different seasons (Winter, Pre-monsoon, Monsoon and Post-monsoon) and were used for 

adaptation of the soil module as well as for parameterisation of the frozen ground process 

dynamics in the J2000 model as discussed in section 5.7.4. 

 

As shown in Table 6.3 , the type of soils predominant in the soil profiles were Leptosols 

and Luvisols characterised by high amount of coarse fragments (1.1- 4.4%) developed 

from weathered debris slope or from weathered bedrock in the higher alpine and 

Profile 

No 

Long 

(°E) 

Lat 

(°N) 

Altitude 

[m asl] 

Aspect Slope 

(%) 

Land cover Soil type 

1 92.1 27.7 2826 N 49.5 Oak & Rhododendron Haplic Leptosol 

2 92.0 27.6 2285 S 45.1 Oak & Rhododendron Haplic Leptosol 

3 92.0 27.6 2677 E+W 16.3 Oak & Rhododendron Haplic Leptosol 

4 92.0 27.6 2104 E+W 40.5 Oak & Rhododendron Haplic Leptosol 

5 91.8 27.5 1555 E+W 38.6 Oak & Rhododendron Haplic Leptosol 

6 92.0 27.6 2692 S 17.4 Blue Pine Haplic Leptosol 

7 92.1 27.7 2792 E+W 30.3 Blue Pine Haplic Leptosol 

8 92.1 27.8 4650 S 21.5 Sub-alpine meadow Haplic Luvisol 

9 92.1 27.8 4535 N 30.8 Sub-alpine meadow Haplic Luvisol 

10 91.7 27.7 2118 N 26.1 Alder forest Haplic Luvisol 

11 92.0 27.6 3258 N 29.7 Birch & Fir Haplic Luvisol 

12 92.0 27.6 2071 E+W 56.2 Blue Pine Haplic Luvisol 

13 92.1 27.5 4170 S 13.0 Rhododendron Eutric Leptosol 

14 92.1 27.5 4209 N 11.6 Rhododendron Eutric Leptosol 

15 92.1 27.5 4114 S 9.2 Kobresia pygmaea Gelic Leptosol 

16 92.1 27.5 4187 E+W 23.4 Kobresia pygmaea Eutric Leptosol 

17 92.0 27.6 2116 S 29.4 Blue Pine Haplic Luvisol 
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cryosphere zone that are comprised of permafrost or seasonally frozen ground.  The soil 

texture is mostly sandy loam and loamy sand with high amount of coarse fragrments 

leading to poor water holding capability and  higher saturated hydraulic conductivity 

(Ksat: 0.0112-0.0248 mm/s) as reported by Wang et al. (2013). The porosity plays a more 

important role than other parameters in simulated soil thermal and hydrological 

dynamics (Yi et al., 2018). The low porosity of the soil ranged from 0.381 to 0.396 due to 

higher bulk density (1.60-1.64 g/cm3) as reported by Yi et al. (2018) and Chaudhari et al. 

(2013). Organic soil carbon content in mineral soil on the QTP affects soil porosity and 

thermal conductivity (Chen et al., 2012). Due to higher bulk density, the soil organic 

matter is lower (Chaudhari et al., 2013). The soil-water content decreased abruptly when 

the soil was in freezing conditions in winter (0.16- 0.25) and increased when thawing of 

soil initiated in spring (0.22-0.35) and lasted through summer (0.38 - 0.44). The sharp 

increase of the soil moisture content in spring was associated with percolating water from 

snowmelt and pre-monsoon precipitation events. The soil water decreased gradually in 

autumn (0.20 - 0.29) as freezing initiated. The seasonal soil-water content information was 

used to parameterise the hydrothermal soil-water distribution in the active layer or 

seasonal frost depth as discussed in section 5.7.4 and Figure 5.22. 

 

Table 6.3: Hydro-physical and hydraulic properties of in situ soil profiles in the nested sub-basins 

 

6.3 Hydrological Modelling of the Beki basin using J2000 model 

6.3.1 Evaluation of model performance for Beki basin 

 

The analysis of model performance during the calibration (2007-2014) and validation 

(1984-2006) periods for the Beki basin has been presented in Table 6.4. Figure 6.7 presents 

the model results during the calibration period using the global parameter set enlisted in 

Table 5.18.  The result of the validation period is presented in Figure 6.8. The model 

performance was validated by using the daily observed data at Beki road bridge gauge 

station for both the calibration and validation period. The model was able to reproduce 

the overall runoff dynamics of the basin reasonably well based on the graphical as well as  

 

Site 

No 

Texture 

 

 

BD 

(g/cm3) 

 

 

Porosity 

(%) 

 

C.F 

(%) 

 

 

OC 

(%) 

 

Ksat 

(mm/s) 

 

 

SM (m3 m-3) 

WI SP 

 

SU 

 

AU 

 

1 Sandy loam 1.63 38.5 2.7 2.4 0.0178 0.18 0.27 0.38 0.28 

2 Sandy loam 1.61 39.2 2.5 2.8 0.0229 0.18 0.24 0.39 0.25 

3 Sandy loam 1.6 39.6 2.2 3.1 0.0205 0.17 0.25 0.39 0.25 

4 Sandy loam 1.64 38.1 2.6 2.1 0.0149 0.17 0.22 0.38 0.25 

5 Sandy loam 1.62 38.9 2.2 1.9 0.0128 0.19 0.23 0.38 0.27 

6 Loamy sand 1.61 39.2 1.2 1.8 0.0129 0.25 0.22 0.39 0.29 

7 Loam sand 1.6 39.6 1.1 1.8 0.0187 0.23 0.29 0.41 0.26 

8 Loamy sand 1.62 38.9 3.3 1.3 0.0112 0.16 0.26 0.38 0.24 

9 Loamy sand 1.6 39.6 3.2 1..2 0.0165 0.2 0.28 0.39 0.23 

10 Loamy sand 1.61 39.2 1.1 1.5 0.0158 0.18 0.24 0.39 0.26 

11 Sandy loam 1.61 39.2 3 2.5 0.0223 0.2 0.25 0.39 0.2 

12 Sandy loam 1.6 39.6 2.4 3.8 0.0248 0.2 0.26 0.39 0.29 

13 Sandy loam 1.61 39.2 3.8 1.5 0.0241 0.17 0.31 0.43 0.28 

14 Sandy Loam 1.64 38.1 3.5 1.2 0.0168 0.2 0.32 0.44 0.28 

15 Sandy Loam 1.61 39.2 4.3 1.1 0.0223 0.21 0.3 0.42 0.27 

16 Loamy Sand 1.62 38.9 4.4 1.3 0.0124 0.18 0.29 0.44 0.28 

17 Sandy loam 1.6 39.6 2.3 2.1 0.0192 0.23 0.35 0.39 0.26 
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the objective functions namely, Nash-Sutcliffe (ENS), Logarithm Nash-Sutcliffe (LNS), 

Coefficient of determination (R2), Bias and Kling-Gupta efficiency (KGE) mentioned in 

Table 5.17.  

 
Table 6.4: Efficiency results and performance rating of model evaluation for Beki basin for the calibration 

(2005-2014) and validation periods (1982-2006) 

 

The model predicted the streamflows during extreme precipitation events fairly well as 

indicated by the ENS efficiencies of 0.70 and 0.52 in the calibration and validation period 

respectively (Moriasi et al., 2015). In the calibration period, the years, 2007, 2009 and 2013 

have been represented well in terms of peak flows. In the validation period, the years 

1996, 2005 and 2006 captured the peak flows well.  

 

The simulation of base flow in the basin was assessed based on the LNS; The LNS value 

for both the calibration and validation periods was 0.50, which indicated a satisfactory 

performance rating (Krause et al., 2005). The baseflow from the groundwater contribution 

was well represented for most of the years, although over- and under-predictions could be 

seen in some years (e.g., 2007, 2010, and 2013) and (e.g., 1983, 1985, 1986, 1999 and 2005) in 

the calibration and validation periods respectively. The results indicated an optimal value 

of 0 Bias during the calibration period, which highlighted accurate model simulation in 

terms of the overall water balance. However, in the validation period, the bias was very 

good indicated by the value (-0.10), that suggested slight model over-simulation by 10% 

(Moriasi et al., 2015). The J2000 model could generally represent the regional hydrological 

dynamics of the Beki basin well with KGE of 0.75 and 0.7 for the calibration and validation 

periods respectively. The KGE values suggested that the temporal dynamics as well as the 

distribution of flows have been extremely well represented by the model with a 

performance rating defined as good for both the calibration and validation periods 

(Knoben et al., 2019). 

 

Objective Functions Calibration 

(2007-2014) 

Warm-up (2005-2006) 

Validation 

(1984-2006) 

Warm-up (1982-2006) 

ENS 0.70 0.52 

Performance Rating Good Satisfactory 

LNS 0.50 0.50 

Performance Rating Satisfactory Satisfactory 

R2 0.70 0.54 

Performance Rating Good Satisfactory 

Bias 0.00 -0.10 

Performance Rating Optimal Very good 

KGE 0.75 0.70 

Performance Rating Good Good 

Notes: The Performance rating of ENS, LNS,  R2, Bias are based on (Krause et al.,2005; Moriasi et 

al.,2015). The Performance rating of KGE based on (Knoben et al.,2019) 
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Figure 6.7 Observed and simulated discharge during the calibration period (2005-2014) in the Beki basin. The red 

and blue lines represent simulated and observed discharge. The daily mean precipitation (grey) is shown in the 

upper panel 
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6.3.1.1 Representation of high flows 

 

In the calibration period, the dry years 2009 and 2013 have been represented well in terms 

of peak flows. In the validation period, the dry years 1996, 2005 and 2006 captured the 

peak flows well. The high flow events caused due to monsoon precipitation from June to 

August were well simulated by the J2000 model, although some under- and over- 

prediction was evident. From June onwards, due to the concurrent monsoon precipitation 

contribution that mingled with the melt runoff, the latter was difficult to discriminate in 

the streamflow. The snow and glacier melt during the monsoon period were influenced by 

various factors, such as temperature, precipitation, solar radiation, albedo, soil fluxes,  

 

Figure 6.8 Observed and simulated discharge during the validation period (1982-2006) in the Beki basin.The red 

and blue lines represent simulated and observed discharge. The  daily mean precipitation (grey) is shown in the 

upper panel 
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energy balance etc. (Nepal, 2012). Moreover, specific glacier melt processes such as storage 

and flow under the glacier surface were difficult to represent due to lack of data. 

 

During the calibration period, under-prediction of flood events occurred in the dry years 

2005, 2006 as well as in the wet years 2007 and 2008 during the monsoon months of June 

and July. During the validation period, the flood events during the dry years 1982, 1983, 

1997, 1999 and 2000 were under-predicted while in the wet years 1995 and 2004, flood 

events were over-predicted during the monsoon months. 

 

The model also reproduced the flood events caused due to Pre-monsoon precipitation 

well. However, the snow module and glacier module based on the improvised degree-day 

factor implemented in the J2000 model were generally capable of capturing the general 

behaviour of increasing streamflow characteristics that occur mostly during the Pre-

monsoon period, although, both under-and over-prediction of daily streamflows were 

observed in both the calibration and validation period. During the calibration period, for 

all the years 2005-2014, the Pre-monsoon flood events were overpredicted. The dry years 

1983, 1984, 1985, 1987, 1994, 1996, 1999, 2000, 2001overpredicted the Pre-monsoon flood 

peaks during the validation period. Overprediction of the Pre-monsoon flood were also 

evident in wet years 1989,1991,1995,2002,2003 and 2004 due to heavy precipitation in the 

spring season. 

 

The model predicted the streamflows during the extreme precipitation events fairly well 

during the Post-monsoon months of September-October. Normally during this period, 

due to higher soil moisture, saturated excess overland flow occurs that causes high flow 

events. The model also simulated flood peaks fairly well in the calibration period, 

although some under-prediction in the dry years 2005, 2006, and 2011 and overprediction 

in extremely dry year 2013 were evident.  During the validation period, the Post-monsoon 

floods of the dry years 1982, 1983, 1997, 1999 and 2000 were underpredicted while only the 

extremely wet year 1995 overpredicted the Post-monsoon floods. 

 

6.3.1.2 Representation of low flows 

 

The low flow relates to the rising limb of the hydrograph during the Pre-monsoon period 

(March-May) and receding limb of the hydrograph during the Post-monsoon or winter 

period. The low flow during the premonsoon period primarily originates from baseflow 

from the groundwater reserve and contribution from snow and glacier melt. The J2000 

model has been able to replicate the runoff behaviour of the rising limbs well with slight 

over-prediction in the dry years 2009, 2011, 2012, 2013 and 2014 during the calibration 

period. During the validation period, the wet years 1989, 1990, 1993 and 1995 slightly 

over-predicted the rising limbs. 

 

The groundwater is recharged during the monsoon period and subsequently released  

gradually as baseflow. Just after the monsoon period, the contribution from the interflow 

is generated from the shallow vadose zone. The soil moisture in the vadose zone is  
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gradually depleted during the Post-monsoon period leading to the release of deep 

groundwater from the saturated zone. Due to presence of shallow surface soil horizon, 

over steep slopes in the study basin, the deep groundwater contribution exceeds the 

shallow groundwater flux due to mountain block recharge. The J2000 model has been able  

to replicate the runoff behaviour of both the interflow and baseflow for the recession limb 

of the hydrograph fairly well in the calibration period, however with over-prediction in 

the wet year 2007. Only in the extremely dry year 2013 the recession limb was under-

predicted. During the validation period, the dry years 1982, 1983, 1984, 1985, 

1986,1987,1988,1994 and 1999 slightly over-predicted the recession limb. 

 

6.3.1.3 Representation of frozen ground dynamics 

 

The results from the nested basin approach or simultaneous multisite calibration approach 

(SMSC) at the outlet of Beki and Magochu sub-basin is shown in Table 6.5. Peak flows 

were represented satisfactorily well by both the Beki and Magochu basin based on ENS 

(0.7) and (0.5) respectively in the calibration period (Moriasi et al., 2015). The peak flows 

were also depicted extremely well by both the Beki and Magochu basin based on R2 (0.7) 

and (0.6) respectively (Moriasi et al., 2015). The low flows were satisfactorily depicted for 

the Beki basin based on LNS (0.5); however, for the Magochu basin, low LNS value of (0.3) 

indicated acceptable performance of the J2000 model (Krause et al.,2005). The low flow 

performance for the Magochu basin could be because of subarctic or subarid conditions 

characterized by minimum infiltration and large evapotranspiration rates (Kottek et al., 

2006; FAO, 2005). Moreover, due to lesser precipitation mostly in the form of snow, 

depletion of groundwater as well as random aufeis formation in the upstream tributaries 

(personal communication, SEW Energy staff), base flow is lesser than the actual 

groundwater contribution in the Magochu basin. This phenomenon is typical of 

headwater nested subarctic discontinuous permafrost sub-basins (Hülsmann et al., 2015). 

Such variability of low flow characteristics between the Beki and its nested Magochuu 

sub-basin during calibration/validation could significantly impact the model efficiencies 
 
Table 6.5: Efficiency results and performance rating of model evaluation for simultaneous calibration of Beki 

basin and Magochu sub-basin for the calibration period (2007-2016) and validation in the Nyukcharongchu 

sub-basin for the periods (2007-2016) 

 

Objective 

Functions 

Beki 

(2007-2016) 

 

Magochu 

(2007-2016) 

 

Nyukcharongchu 

(2007-2016) 

Calibration (2007-2016) Validation (2007-2016) 

ENS 0.7 0.5 0.2 

Performance 

Rating 

Good Satisfactory Acceptable 

LNS 0.5 0.3 0.0 
Performance 

Rating 

Satisfactory Acceptable Acceptable 

R2 0.7 0.6 0.4 

Performance 

Rating 

Good Satisfactory Acceptable 

Bias 0.0 0.0 -0.1 

Performance 

Rating 

Optimal Optimal Very Good 

KGE 0.8 0.7 0.6 
Performance 

Rating 

Good Good Good 

Notes: The Performance rating of ENS, LNS,  R2, Bias are based on (Moriasi et al.,2015; Krause et 

al.,2005) 

           The Performance rating of KGE based on (Knoben et al.,2019) 
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The model simulated the average streamflow perfectly as evidenced by the optimal bias 

value (0.0) for both the Beki and Magochu basins. The temporal dynamics have been aptly 

reflected by the model efficiencies indicated by good KGE values of 0.8 and 0.7 for both 

the Beki and Magochu basins respectively (Knoben et al., 2019). 

 

The validation of the J2000 model at the Nyukcharongchu sub-basin for the same period 

2007-2016 suggested very good and good performance pertaining to average streamflow 

depiction and temporal dynamics indicated by the bias (-0.1) and KGE (0.6) respectively. 

However, high flows indicated by ENS (0.2) and R2 (0.4) have been found to be acceptable. 

Due to complex and heterogeneous characteristics across a large basin, it may not be 

expected to produce satisfactory efficiency statistics against each outlet during multi-site 

and multi-variable calibration particularly for correlation model efficiency metrics such as 

R2 and ENS (Bennett et al., 2013; Rouholahnejad et al., 2014). This could be because high 

flows are dependent on precipitation or MAAT. However, the ERA-I precipitation or 

temperature data is coarse enough to replicate localised precipitation characteristics or 

heterogeneities of headwater nested sub-basins. The Nyukcharongchu subbasin is 

characterised by lesser MAP of 904.74 mm compared to Magochu with MAP of 1090 mm. 

The low flow statistics, LNS (0.0) indicates inferior performance; however it is acceptable 

(Moriasi et al., 2015). Reasons are linked to lesser baseflow contribution to discharge in 

subarctic discontinuous permafrost basins (Hülsmann et al., 2015). 

 

6.3.1.4 Uncertainty analysis for Beki basin 

 
The uncertainty analysis for the Beki basin for the period 2008-2013 is presented in (Figure 

6.9 (a)-(c)) based on ENS, LNS and Bias respectively. During the high peak floods based 

on ENS (Figure 6.9(a)), the observed hydrograph occurred towards the upper range of the 

uncertainty band. In contrast, for the low peak floods based on LNS (Figure 6.9(b)), the 

observed hydrograph lay towards the lower range of the uncertainty band. For rising and 

recession limbs based on Bias (Figure 6.9(c)), the observed hydrograph lay towards the 

higher range of the uncertainty band. The p-factor value of 0.81, 0.83 and 0.93 based on 

ENS, LNS and Bias, respectively, indicated a good measure of parameter uncertainty close 

to the desirable value (1.00). This may be related to the fact that the process description 

incorporated in the J2000 model is acceptable for the present study at 95PPU. However, 

the r-factor values 1.00, 1.48 and 1.47 based on ENS, LNS and Bias respectively revealed an 

inferior measure of parameter uncertainty although within the acceptable value (<1.5). The 

r-factor values close to 1.5 showed a wider thickness of the uncertainty bands resulting 

from large uncertainties in the input data, validation data (discharge), measurement error 

or model parameters error.  
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Figure 6.9: Uncertainty analysis of BEKI basin using the GLUE method based on (a) ENS (b) LNS and (c) 

Bias. The grey band represents ensemble values from 4000 simulations. The blue and red lines represent the 

observed runoff and the mean of ensemble values. 

p-factor: 0.81 

r –factor : 1.00 

 

 

p-factor : 0.83 

r –factor :1.48 

 

 

p-factor: 0.93 

r –factor :1.47 
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 The PBias of observed and simulated discharge is presented along the X axis in Figure 

6.10(a). In 2006, the observed discharge is over-predicted by 13%, while the precipitation is 

underpredicted with respect to the observed discharge by 4%. The change in discharge 

gauge as described in section 4.1 could be a cause of uncertainty of discharge 

observations. In the wet year 2012 (Figure 6.10(a)), the observed discharge is equal to the 

precipitation. Such inconsistency might have caused the underestimation of the simulated 

discharge. Other causes of uncertainty could be the application of gridded ERA-I 

precipitation data, identified as the primary source of errors in the Himalayan region 

(Palazzi et al., 2013). 

 
  

 
Figure 6.10: (a) Annual precipitation observed and simulated discharge (mm) of the Beki basin (2005-2014). The 

numbers above the x axis (in green) indicates the Pbias of the respective years(b) Seasonal precipitation,observed 

and simulated discharge (mm) of the Beki basin (2005-2014).  
 

The monthly simulated and observed runoff for the Beki basin indicates a reasonably 

good fit for the period of record (2005-2014). The simulation of the low-flow period is 

reasonably good with slight over or underprediction. However, high-flow months are 

slightly under-estimated indicating higher inconsistency of monthly rainfall-runoff 

characteristics during the period (Figure 6.10(b)). 

 

Another cause of uncertainty could be a static glacier layer used throughout the 

simulation period. The change in glacier area due to a change of temperature was not 

applied to the model. Moreover, the glacier mass balance estimate of the Ganju La glacier 

in Bhutan (Tsering and Fujita, 2016) may not represent the Beki basin for the period 2005-

2014 as the GLIMS glacier data was released in 2001 (Raup et al., 2007). 

 

6.3.1.5 Sensitivity analysis for Beki basin 

 
The regional sensitivity analysis is presented in Figure 6.11(a)–(c)) based on the ENS, LNS 

and Bias, respectively. For high flow conditions based on ENS, Adaptation for RG2 flow 

(gwRG2Fact), Calibration coefficient for the distribution of interflow (soilLatVertLPS) and 

Temperature threshold for snow and rain (snow_trs) were highly sensitive while cold 

content factor (ccf_factor), RG1–RG2 distribution coefficient (gwRG1RG2dist) and Critical 

snow density (snowCritDens) were moderately sensitive. For low flow conditions based 

on LNS, snow_trs and gwRG2Fact were highly sensitive while InitGroundWater 

(initRG2), snowCritDens, gwRG1RG2dist and soilLatVertLPS were moderately sensitive. 

 

(a) (b) 
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For the overall water balance based on Bias, three parameters soilLatVertLPS, gwRG2Fact 

and snow_trs were found to be sensitive, while gwRG1RG2dist, cold content factor 

(ccf_factor), independent centre of control parameter (independent_pos) and 

snowCritDens were moderately sensitive. 

 

 

 

6.3.1.6 Seasonal variation of the simulated water balance components for Beki basin 

 

The monthly variation of the water balance for the Beki basin is shown in Figure 6.12 (a). 

The monthly amount of the water storage in the Beki basin reaches the lowest values 

during the dry season. The total annual input to the water balance (1340 mm) is comprised 

of precipitation 1219 mm (91%) and ice-melt 120 mm (9%). Annual storage changes 

representing changes in the channel, soil layer, snow cover, groundwater and surface 

storages. The filling of the water storage during the wet season (141 mm) and depletion 

during the dry season (-121 mm) amounts to 20 mm (1%) of annual storage (Figure 

6.12(b)).  

 

         

 

       
Figure 6.11: Sensitivity of selected calibration parameters for Beki Basin using objective functions (a) ENS (b) 

LNS (c) Bias. The x-axis indicates the 42 model parameters used in this analysis. 

(a) 

(b) 

(c) 
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6.3.1.7 Seasonal variation of cryospheric components for Beki basin 
 
The cryospheric components of the glacierised Beki basin particularly snowmelt and 

glaciermelt contribution to the monthly streamflow were analyzed individually as shown 

in Table 6.6 and Figure 6.13. Snowmelt contribution initiated in April and was highest in 

July after which it dropped gradually from August. Glaciermelt initiated in June and was 

highest in August. Overall, annual snowmelt and glacier melt contribution to runoff were 

460 mm (47%) and 122.2 mm (13 %) respectively.  
 

 
 

 
 
 
 
 
 

                
 
 
 
 
 
 
 

 

Figure 6.12:  (a) Monthly water balance components for the Beki basin (1982-2014) (b) Simulated water 

balance in the dry and wet seasons  of the Beki basin during the 1982-2014 period 

 

 

 

Table 6.6:  Monthly snow and glacier melt 

contributions to the total runoff in the Beki 

basin 

 

               

 

 

 

 

               

 

       

          Figure 6.13 Monthly snow and glacier melt contribution to 

                         the total runoff in the Beki basin 

Month Snowmelt (%) Glacier melt (%) 

Jan 12 0.5 

Feb 26 0.6 

Mar 53 0.9 

Apr 61 2.2 

May 57 7.0 

Jun 55 11.2 

Jul 54 23.7 

Aug 58 27.5 

Sep 44 17.5 

Oct 32 2.9 

Nov 20 1.1 

Dec 

 

18 1.1 

Annual 47 13 
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6.3.1.8 Seasonal variation of runoff components for Beki basin 

 

The contributions of runoff components were RD1 (281.5mm), RD2 (224.4mm), RG1 (31.5 

mm) and RG2 (437.9 mm) accounting for 29%, 23%,3% and 45 % of the annual simulated 

runoff. The RD1, RD2 showed a seasonal trend with peaks in summer and low flows in 

winter, while RG1 and RG2 increased from April with peaks in July and receded from 

September. However, the months October to March showed a relatively stable trend for 

RG1 and RG2. (Figure 6.14). 

 

6.4 Assessment of model parameter regionalization by proxy-basin method 

6.4.1 Analysis of catchment similarity 

 

A major setback in regional water balance studies for sustainable water resources 

development is understanding the hydrology of ungauged catchments. Shrestha et al. 

(2007) proposed the regionalization method in which model parameters calibrated for 

gauged catchments are transferred to ungauged basins. However,as the parameters may 

differ in different basins due to physical or hydrological dissimilarities, the transferability 

of the calibration parameters depend on the physical and hydrological similarities 

between the gauged (donor) and ungauged (receptor) basins (Blöschl, 2005). In the present 

study, the physical and hydrological similarity is investigated between the gauged Beki 

basin and the ungauged Lohit and Noadihing basins.  

 

(a) Physical similarity 
 

 The study basins are characterised by steep, mountainous topography in the Lesser 

Himalaya and Higher Himalaya. The Beki and Lohit are macro-scale while Noadihing 

is a mesoscale basin. The elevation range of the Beki, Lohit and Noadihing basins are 

(7349- 41m), (6525- 408m) and (4458-1853m) respectively indicating higher elevational 

variability in Beki compared to Lohit and Noadihing basin. Hence, Noadihing has the 

lowest average slope of 15 degree followed by Beki and Lohit to be 24 and 25 degree 

respectively (Table 5.12).  

 

Figure 6.14: Runoff components of simulated runoff: RD1 (Overland flow), RD2 (Interflow 1), RG1 

(Interflow 2) and RG2 (baseflow) for the Beki basin 
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 The ELA in the Beki and Lohit basins are 5500 and 5000 m a.s.l respectively (Yao et al., 

2012). The ELA of the Beki basin is higher compared to the Lohit basin which hints at 

higher glacier ablation in the Lohit basin. The highest concentration of glaciers is 5000-

5700 and 5000-5100 m a.s.l in the Beki and Lohit basin respectively (Bajracharya and 

Shrestha, 2011). There lies some disparity in the percentage of glacierised area below 

the ELA which is 46% and 59% in Beki and Lohit respectively. Prevalence of higher 

percentage of glacier area below the ELA indicates higher melt-rates (Huss and Hock, 

2015). Moreover, due to higher glacier slope, debris covered glaciers are absent in 

Lohit while Beki comprises of debris covered glaciers. The Noadihing basin is 

unglaciated with snowline at 2700 m a.s.l (Table 5.12). 
 

 The LULC characteristics of the study basins are associated with the distribution of 

the elevation bands and climatic zones in the three basins depicted in Figure 5.11. The 

tropical Brahmaputra plain and the subtropical Lesser Himalaya are dominated by 

deciduous forest. Mixed forest comprising of wet temperate broad-leaved and dry 

mixed coniferous forests thrive in the Higher Himalaya. The Subalpine zone is 

covered by stunted coniferous species while the Alpine zone consists of alpine 

meadows, bare rock outcrops, snowfields, permafrost and glaciers in the highest 

areas. The relative percentage of the different LULC types is similar in the Beki and 

Lohit basins; however the Noadihing basin comprises of comparatively higher 

percentage of coniferous forest and lacks glaciers (Table 5.12). 
 

 The soil properties in the study basins are also related to the elevation zones. The 

Higher Himalayas are dominated by Acrisols in the subtropical region of the basin 

with higher rainfall and temperatures both supporting intense chemical soil 

weathering. Luvisol occur in the Temperate and Subalpine zone of the Tibetan 

Himalaya and support upland agriculture in these regions. Cambisol occur in the 

Apine zone of the Tibetan Himalaya. Fluvisol occur in the Tropical zone of the Lesser 

Himalaya. Anthrosol are predominant in the paddy agriculture of Tropical zone of the 

Brahmaputra plains and the Sub Himalaya. The relative percentages of soils in the 

Beki, Lohit and Noadihing basin are (Acrisols: 33.8%, Cambisols: 4.4%, Leptosol: 

49.8%, Luvisol: 4.6%, Fluvisol: 0.7%, Anthrosol: 1.3%); (Acrisols: 3.5%, Cambisols: 

1.7%, Leptosol: 48.4%, Luvisol: 38%, Fluvisol: 4%, Anthrosol: 0.1%) and (Acrisols: 

61.7%, Leptosol: 38.3%) respectively, indicating a significant variability in soil types. 
 

 The area of different geological zones such as the Higher Himalaya and Lesser 

Himalaya were similar in the three study basins. However, unlike the Beki and Lohit 

basins, the Noadihing basin lacks glaciers (Table 5.12). Most of the area in all the three 

basins occur in the Higher Himalaya (>99.99%) comprising of strongly 

metamorphosed volcanic rocks with lower groundwater storage capacity. However, 

the narrow stretches of area near the basin outlet in the Beki and Noadihing basin 

consists of unconsolidated sedimentary rocks and metasediments.  
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 The observed MAP for the Beki, Lohit and Noadihing basins are 1408 mm, 2646 mm 

and 2889 mm respectively. The Runoff coefficient for the Beki and Lohit are 0.8 while 

0.7 for the Noadihing basin (Table 5.12). 
 

 (b) Hydrological similarity 

 

The hydrological similarity of the study basins is assessed based on flow regime 

descriptors as shown in Table 6.7. 

 
      Table 6.7: Hydrological flow descriptors in the study basins 

 
The runoff ratio for Beki, Lohit and Noadihing basins were 0.80, 0.78 and 0.71 respectively. 

The highest value of runoff ratio corresponds to Beki and Lohit compared to Noadihing. 

Therefore, higher annual actual evapotranspiration and mean annual air temperature in 

the Noadihing basin could cause lesser runoff ratio as reported by Sawicz et al. (2011) for 

ET dominated basins. The baseflow Index (BFI) values for the Beki, Lohit and Noadihing  

basins were 0.27, 0.28 and 0.42 suggesting a perennial flow regime with significant 

baseflow contribution (Berhanu et al., 2015). High values of the baseflow index may also 

be predominant in Lohit and Noadihing due to the presence of highly permeable soils 

such as Leptosols and fractured bedrock in Higher Himalayas (Nepal et al., 2017; Santhi et 

al., 2008).  

 

The Slope of the Flow duration curve (SFDC) in the Noadihing basin was 11.42 which was 

higher compared to 2.77 and 2.43 for Beki and Lohit respectively. A higher SFDC indicates 

a variable flow regime, while a low slope value suggests a damped response. Damped 

response mainly resulted from a wide-spread and perennial rainfall and/or the dominance 

of groundwater contribution to streamflow (Sawicz et al., 2011). A lower SFDC results from 

streamflow that is well sustained by surface runoff or groundwater discharges and also 

identified as a perennial stream.  

 

The recession coefficient for the Beki, Lohit and Noadihing basins were 0.0088, 0.0096 and 

0.0075 for the Beki, Lohit and Noadihing basins respectively. It indicates that the 

macroscale Lohit and Beki basins have higher basin-wide storage capacity and slower 

drainage characteristics compared to the mesoscale Noadihing basin. The accumulation 

coefficient of variation of the discharge for the Beki, Lohit and Noadihing basins were 

0.019, 0.030 and 0.0108 respectively. It indicates that the Lohit and Beki basins respond 

quickly to high snowmelt, high-amplitude convective rainfall and onset of monsoon 

rainfall compared to the Noadihing basin. Figure 6.15 shows the streamflow and baseflow 

Flow descriptors Beki Lohit Noadihing 

 

Hydrologic 

signatures 

RR:  Runoff-Ratio 0.80 0.78 0.71 

BFI: Baseflow Index 0.27 0.28 0.42 

SFDC: Slope of Flow Duration Curve -2.77 -2.43 -11.42 

Hydrograph 

analysis 

 

α:   Recession coefficient 0.0088 0.0096 0.0075 

β:  Accumulation coefficient -0.019 -0.030 -0.0108 

Flow 

variability 

CV:  Coefficient of Variation 

 

0.70 0.75 0.77 

RB  Index 0.06 0.08 0.10 
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hydrographs based on which the recession and accumulation coefficient have been evaluated 

as discussed in section 5.4.2. 

 

 The coefficient of variation of the discharge for the Beki, Lohit and Noadihing basins were 

0.70, 0.75 and 0.77 respectively. The results suggested that the flow variability in large 

perennial streams such as Beki and Lohit were smaller due to the significant contribution 

of the baseflows and less variability throughout the year. However, the Noadihing river 

showed a flashy response and hence displayed higher coefficient of variation for 

discharge. This finding is in line with similar studies in tropical regions by Moliere et al. 

(2009). The RB Index for Beki, Lohit and Noadihing was 0.06, 0.08 and 0.10 respectively. 

The results indicated that Noadihing showed a flashier response compared to Beki and 

Lohit. The RB Index showed a strong correlation with the coefficient of variation and 

baseflow index as reported by Berhanu et al. (2015). 

 

Overall, as discussed above, a high physical and hydrological similarity exists between the 

Beki and Lohit basins. The Beki and Noadihing basins are completely different in physical 

and hydrological characteristics. However, the characteristics encountered in Noadihing 

can be found in parts of the Beki basin, even though the basins as a whole are quite 

different. Nevertheless, the Lohit and Noadihing basins have been selected as test basins 

for parameter regionalisation. 

 

6.5 Assessment of model parameter regionalisation by proxy-basin method 

6.5.1 Evaluation of model performance for Lohit basin  

(a) Evaluation of model performance for Lohit basin based on hydrograph  

      Analysis 
 

The plot of observed and simulated discharge for Lohit basin for the period (1987-1998) is 

provided in Figure 6.16.  

 

Figure 6.15: Streamflow and baseflow hydrographs in (a) Beki (b) Lohit and (c) Noadihing basin. The red, blue, 
green and yellow dots indicate  Qt,a , Qt,p ,   Qt, r and Q0, r respectively 
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The rising limbs and recession limbs were simulated equally well. However, the model 

displayed under-prediction during high flow periods during the premonsoon months 

(March to May) for years such as 1989 and 1991. Underprediction was also indicated in the 

monsoon months (June to August) during the wet years 1989, 1990, 1991, 1992 due to the 

inconsistency in rainfall-runoff characteristics. Therefore, high flows were not represented 

satisfactorily by the model as indicated by ENS (0.2) and R2 (0.4) (Table 6.8). The model 

exhibited inconsistency in low flow representation (e.g. in the wet years 1989, 1991, 1997 

and extremely wet year 1993  that could be justified by the inferior performance rating 

with respect to LNS (0.32), which is however within the acceptable threshold (Table 5.17). 

The model represented slight overprediction of 5% (-0.05) with respect to bias. The good 

performance rating with respect to KGE (0.61) signified a satisfactory fit in terms of model 

simulation. A reasonably consistent representation of temporal dynamics as well as the 

distribution of flows was also depicted. 

 
Table 6.8: Efficiency results and performance rating of model evaluation for Lohit basin for the validation 

periods (1987-1998) 

 

The ERA-I precipitation may be the major precursor of uncertainty in the J2000 

hydrological model as it is coarse enough not to reflect the highly dynamic monsoon 

characteristics across the NEH region (pers.communication, Dr. Sanjay O Neil Shaw, 

Scientist-E, Regional Meteorological Centre, Guwahati). The PBias of observed and 

simulated discharge is presented along the X axis in Figure 6.17(a). In 1989, the observed 

 

Figure 6.16:  Observed and simulated discharge (1987-1998) in the Lohit basin. The red and blue lines 

represent simulated and observed discharge.The daily mean precipitation (grey) is shown in the upper panel. 

Objective Functions Values Performance Rating 

ENS 0.20 Acceptable 

LNS 0.32 Acceptable 

R
2
 0.40 Acceptable 

Bias -0.05 Very Good 

KGE 0.61 Good 

Notes: The Performance rating of ENS, LNS,  R2, Bias are based on (Moriasi et al.,2015; Krause et al.,2005) 

           The Performance rating of KGE based on (Knoben et al.,2019) 
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discharge is over-predicted by 24%, however the precipitation is equal to the observed 

discharge. In 1995, the observed discharge is under-predicted by 52%, although it is the 

wettest year. Such inconsistency might have caused the under-estimation of the simulated 

runoff.  The monthly lapse rate for the Beki basin (Table 5.6) is directly applied to the 

Lohit basin which could cause some error. The glacier parameters calibrated and 

optimised for the Beki basin were directly regionalised for the Lohit basin. The difference 

of glacier characteristics in the Beki and Lohit basin is presented in Table 5.12 particularly 

related to the ELA and debris-covered glaciers. The monthly rainfall-runoff plot for the 

Lohit basin is presented in Figure 6.17(b) for the period of record (1987-1998). The 

simulation of the low-flow period was fairly good with slight overprediction. However, 

high-flow months were slightly under-estimated indicating higher inconsistency of 

monthly rainfall-runoff characteristics during the period. 

 

(b) Seasonal variation of the simulated water balance components for Lohit basin 

The monthly water balance for the Lohit basin is shown in Figure 6.18 (a). The monthly 

amount of the water storage in the Lohit basin is  during the wet season in form of ice. The 

total annual input to the water balance (2864 mm) is comprised of precipitation 2717 mm 

(95%) and ice-melt 147 mm (5%). The filling of the water storage during the wet season 

(448 mm) and depletion during the dry season (-147 mm) amounts to 300.8 mm (10%) of 

annual storage (Figure 6.18 (b)). Although, 10% storage is considerably high, it could be 

due to water stored as snow cover or high groundwater storages as discussed in section 

6.4. 

 

(c) Seasonal variation of cryospheric components for Lohit basin 
 

The cryospheric components of the glacierised Lohit basin particularly snowmelt and 

glacier melt contribution to the monthly streamflow were analyzed individually as shown 

in Table 6.9 and Figure 6.19. Snowmelt contribution initiated in February and was highest 

during the summer months from June until September after which it declined gradually 

from October. Glacier-melt started from June and was highest in August to October after  

 

 
 

Figure 6.17: (a) Annual precipitation, observed and simulated discharge (mm) of the Lohit basin (1987-1998). 

The numbers above the x axis (in green) indicates the Pbias of the respective years(b) Seasonal 

precipitation,observed and simulated discharge (mm) of the Lohit basin (1987-998).  

(b) 

 

(a) 
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which it receded from November. Overall, the annual snowmelt and glacier melt 

contribution to runoff were 1017.7 mm (48%) and 325.6 mm (15%) respectively. 

 

 

 

 

 

 

 

 

 
Figure 6.18: (a) Monthly water balance components for the Lohit basin (1987-1998) (b) Simulated water 

balance in the dry and wet seasons  of the Lohit basin during the 1987-1998 period 

 

Table 6.9:Monthly snow and glacier melt 

contributions to the total runoff in the Lohit 

basin 

 

               

 

 

 

 

 

 

 

             

          

 

      Figure 6.19: Monthly snow and glacier melt contributions  

          to the total runoff in the Lohit basin 

 

Month 

Snowmelt 

(%) 

 

 

Glacier melt 

(%) 

Jan 20 

 

0.5 

Feb 36 

 

0.4 

Mar 37 

 

0.5 

Apr 43 

 

4.3 

May 57 

 

9.5 

Jun 62 

 

18.9 

Jul 45 

 

27.8 

Aug 57 

 

37.5 

Sep 64 

 

20.3 

Oct 39 

 

5.1 

Nov 36 

 

0.8 

Dec 

 

22 

 

0.6 

Annual 48 

 

15 
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(d) Seasonal variation of runoff components for Lohit basin 
 

 The contributions of runoff components are RD1 (1326.3 mm), RD2 (244.1 mm), RG1 (40.7 

mm) and RG2 (498.7 mm) accounting for 63 %, 11%, 2% and 24 % of annual simulated 

runoff. The RD1 showed a seasonal trend with peaks in summer and low flows in winter 

from December and January. The RD2 contribution rises gradually from February and is 

constant throughout the pre-monsoon, monsoon and post-monsoon months. RG1 and 

RG2 showed a stable flow regime (Figure 6.20). 

 

 

6.5.2 Evaluation of model performance for Noadihing basin 
 
(a) Evaluation of model performance for Noadihing basin based on hydrograph  

      Analysis 
 
 
The observed and simulated discharge for Noadihing basin for the period (1983-1991) is 

provided in Figure 6.21.  

 

 

 

Figure 6.20: Runoff components of simulated runoff: RD1 (Overland flow), RD2 (Interflow 1), RG1 

(Interflow 2) and RG2 (baseflow) for the Lohit basin 

 

Figure 6.21: Observed and simulated discharge (1983-1991) in the Noadihing basin. The red and blue lines 

represent simulated and observed discharge. The daily mean   precipitation (grey) is shown in the upper panel                     
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The model was able to simulate the overall hydrological dynamics but overpredicted the 

high flows. The model predicted the baseflow conditions well. The rising limbs were 

adequately represented but recession limbs were not simulated well for the extremely wet 

year 1984. However, low flow simulations were reasonably good in most of the years 

except in extremely wet years 1986 and 1987. The flood period in extremely wet years 

1984, 1986 and 1991 were substantially over-predicted. The reason for overprediction 

could be attributed to high intensity rainfall during the monsoon period. However, during 

the monsoon months (May-August), the model overpredicted due to high amplitude 

convective precipitation events. The efficiencies of the model evaluation with different 

objective functions are provided in Table 6.10. The model result indicated a slight under-

prediction of 16% in terms of bias (0.16). The ENS (0.0) and LNS (0.2) values indicated 

acceptable values for high and low flows respectively. The rising limbs were also 

simulated well; however, the model could not represent the abrupt recession of the 

observed discharge during the post-monsoon and winter. The model displayed over-

prediction during the high flow period pre-monsoon months (March to May) for 

extremely wet years such as 1984, 1986 and 1987. Overprediction was also indicated in the 

monsoon months of June to August (e.g. during the extremely wet years 1990 and 1991) 

due to the inconsistency in the rainfall-runoff characteristics. Therefore, high flows were 

not represented satisfactorily by the model. Nevertheless, the performance rating with 

respect to ENS (0.0) is within the acceptable threshold (Moriasi et al., 2015). The model 

exhibited inconsistency in low flow representation (e.g. in the wet years 1985, 1986, 1987), 

that can be justified by low LNS (0.2), which is however within the acceptable range 

(Moriasi et al., 2015). The satisfactory performance rating with respect to KGE (0.32) 

signified a good fit in terms of model simulation as well as a reasonably consistent 

representation of temporal dynamics with respect to flow distribution. 

 
 
         Table 6.10:  Efficiency results of model evaluation for Noadihing basin 

 

The ERA-I precipitation could cause uncertainty in the J2000 hydrological model as it is 

coarse enough to reflect the high intensity convective storms as well as the perennial 

precipitation regime for around 9 months in the basin (Brahmaputra Board, 1986). The 

PBias of observed and simulated discharge is presented along the X axis in Figure 6.22(a). 

In 1986, the observed discharge is under-predicted by 46%, however the precipitation is 

high. In 1991, the observed discharge is under-predicted by 57%, although it is the wettest 

year. Such inconsistency might have caused the under-estimation by the simulated runoff. 

Objective Functions Values Performance Rating 

ENS 0.00 Acceptable 

LNS 0.20 Acceptable 

R
2
 0.20 Acceptable 

Bias 0.16 Very good 

KGE 0.32 Good 

Notes: The Performance rating of ENS, LNS, R2, Bias are based on (Moriasi et al., 2015; Krause 

et al., 2005).  The Performance rating of KGE based on (Knoben et al.,2019)  
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The monthly lapse rate for the Beki basin was directly applied to the Noadihing basin 

which could cause some error. The landuse data was derived from GlobCover (2009).   

   

However the model run period was 1983-1991, which could also cause uncertainty. The 

snow parameters were directly regionalised from the Beki basin, although the temperature 

of Noadihing basin was higher than the Beki basin (Table 6.1). The monthly rainfall-runoff 

plot for the Noadihing basin is presented in Figure 6.22(b) for the period of record (1983-

1991). The simulation of the low-flow period was fairly good with slight underprediction 

in the winter months and overprediction in the pre-monsoon months. However, high-flow  

months were over-estimated indicating higher inconsistency of monthly rainfall-runoff 

characteristics during the simulation period. 

 
 

 

(b) Seasonal variation of the simulated water balance components for Noadihing basin 

 

The monthly water balance for Noadihing basin is shown in Figure 6.23(a). The monthly 

water storage in the Noadihing basin reaches the lowest values during the dry season.  

The total annual precipitation input to the water balance is 3169 mm. The filling of the 

water storage during the wet season (563 mm) and depletion during the dry season (-328 

mm) amounts to 235 mm (7%) of annual storage (Figure 6.23(b)). Although, 7% storage is 

considerably high, it could be due to water stored as high groundwater storages as 

explained elaborately in section 6.4. 

 

 

 

 

 

 

 

             Figure 6.22 :(a) Annual precipitation,observed and simulated discharge (mm) of the Noadihing basin (1983-1991). 

            The numbers above the x axis (in green) indicates the Pbias of the respective years(b) Seasonal precipitation, 

            observed and simulated discharge (mm) of the Noadihing basin (1983-1991). 
 

(a) (b) 
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(c) Seasonal variation of cryospheric components for Noadihing basin 

 
The cryospheric components of the snow-fed Noadihing basin particularly snowmelt 

contribution to the monthly streamflow were analyzed individually as shown in Table 

6.11 and Figure 6.23. Snowmelt contribution was highest during April to September after 

which it declined gradually from October. Overall, the annual snowmelt contribution to 

runoff was 883 mm (40%).  
 

 

 
Figure 6.23: (a) Monthly water balance components for the Noadihing basin (1983-1991) (b) Simulated 

water balance in the dry and wet seasons  of the Noadihing basin during the 1983-1991 period 

 

Table 6.11: Monthly snowmelt contributions 

to the total runoff in the Noadihing basin 

 

 

               

 

 

 

 

 

 

     

   

         Figure 6.24:  Contribution of snowmelt to simulated streamflow 

                                in the  Noadihing basin    
      

Month Snowmelt (%) 

Jan 24 

Feb 50 

Mar 61 

Apr 68 

May 71 

Jun 38 

Jul 30 

Aug 53 

Sep 37 

Oct 24 

Nov 30 

Dec 22 

Annual 40 
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(d) Seasonal variation of runoff components for Noadihing basin 

 

The contributions of runoff components were RD1 (1006.7 mm), RD2 (201.9 mm), RG1 

(56.2 mm) and RG2 (916.9 mm) accounting for 46%, 9%, 3 % and 42% of annual simulated 

runoff respectively as presented in Figure 6.25. The RD1 showed a seasonal trend with 

peaks in summer and low flows in winter during December and January. The RD2 

contribution increased gradually from February and was constant throughout the pre-

monsoon, monsoon and post-monsoon months. RG1 and RG2 showed a relatively stable 

flow regime throughout the whole year.  

 

6.6 Comparison of trend analysis of simulated discharge of the study basins 

 
The MK trend analysis of simulated discharge was performed to detect the rate of change 

of mean annual simulated discharge for the Beki, Lohit and Noadihing basins which were 

-9.8 m3/s/year (1993-2014), -4.8 m3/s/year (1987-1998) and +6.4 m3/s/year (1986-1994) 

respectively (Table 6.12). The decreasing trend of the mean simulated discharge for Beki 

and Lohit and increasing trend for Noadihing basin was in agreement with the trend 

analysis results of observed discharge presented in Table 5.9. Therefore, the J2000 model 

could capture the hydrological dynamics of the study basins reasonably well.  

 
Table 6.12: The MK trend analysis for simulated discharge in the study basins 

 

6.7 Comparison of modelling results of the three study basins 

6.7.1 Comparison of seasonal variation of water balance and cryospheric components  
 

 
Figure 6.25: Runoff components of simulated runoff: RD1 (Overland flow), RD2 (Interflow1), RG1  

(Interflow 2) and RG2 (baseflow) for the Noadihing basin 

Beki Lohit Noadihing 

Mean Trend Mean Trend Mean Trend 

943.1 

 

-9.8** 1420.1 -4.8 142 +6.4 

1993-2014 (22) 1987-1998 (12) 1986-1994 (9) 

Notes: Mann-Kendall trend test was used for trend detection. Significant trend: * at level of 

significance α = 0.05, ** at α = 0.01, *** at α = .001. Significant trend: none – not significant. 
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The percentage of monthly precipitation among the three basins indicated a strong 

seasonality (Figure 6.26(a)). The percentage of monsoon precipitation that occurred during 

the monsoon months (June – August) for the three basins were Beki (50%), Lohit (47%) 

and Noadihing (54%) respectively. The percentage of monthly ActET for the Beki, Lohit 

and Noadihing basins that occurred during the monsoon months were Beki (43%), Lohit 

(39%) and Noadihing (33%) respectively. The percentage of ActET was highest in the 

monsoon months for all the basins (Figure 6.26 (b)). However, ActET was higher in the 

Noadihing basin throughout the year, but slightly lower in the summer months.  

 

The highest percentage of seasonal simulated runoff that occurred during the monsoon 

months were Beki (44%), Lohit (39%) and Noadihing (48%) respectively (6.26(c)).  The 

Noadihing basin reported the highest summer runoff due to higher rainfall and snowmelt 

during the monsoon season. The runoff peak in the Noadihing basin also occurred a 

month earlier in June unlike the runoff peak in July in the Beki and Lohit basins. The 

winter runoff percentage of Noadihing basin (12%) was also higher compared to Beki 

(11%) and Lohit basins (10%) due to higher winter rainfall and snowmelt. 
 

 
 
The percentage of summer snowmelt for Beki, Lohit and Noadihing basin were 52%, 43% 

and 45% respectively. The spring snowmelt for Beki, Lohit and Noadihing basin were 

27%, 24% and 28% respectively while the winter snowmelt were 4%, 6% and 9% 

respectively ((Figure 6.27(a)). This indicates that the snowmelt extends longer until 

autumn in the Lohit basin. Due to higher winter temperature and rainfall, the Noadihing 

basin receives higher winter snowmelt.  The percentage of summer glaciermelt for Beki 

and Lohit were 74% and 72% respectively. However, the spring and autumn glaciermelt 

were higher for spring and autumn due to higher mean air temperature in the Lohit basin 

(Figure 6.27(b)). 

  

 
Figure 6.26 : Monthly percentages of Hydrological Components of the study basins (a) Annual Precipitation  

(b) Annual ActET (c) Annual Simulated Runoff 

(a) 
(b) 

 

(c) BEKI  

LOHIT  

NOADIHING 
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6.7.2 Comparison of seasonal variation of runoff components 

The percentage of summer RD1 for Beki, Lohit and Noadihing basin were 36%, 44% and 

69% respectively (Figure 6.28 (a)). The higher amount of RD1 in Noadihing was related to 

the highest rainfall amounts of the three basins. Higher rainfall amounts spread over 

longer periods, generated saturation excess overland flow.  

 

The percentage of summer RD2 for Beki, Lohit and Noadihing basin were 64%, 43% and 

49% respectively (Figure 6.28 (b)). The RD2 in Beki and Noadihing showed a seasonal 

trend with respect to precipitation. However, RD2 in Lohit was comparatively higher 

throughout the year. This fact could be inferred from the fact that Lohit has a higher area 

of Luvisol (38%) and Leptosols (48.4%). Due to the presence of clay accumulation in the B-

horizon of Leptosols, the percolation of rainwater is obstructed and saturates the 

overlying A Horizon of the soil profile. As a result, interflow or RD2 is generated in the A 

Horizon. Leptosols also allow high infiltration of rainwater through its debris material 

and cause preferential interflow or RD2 with high flow rates.  

 

 

 

Figure 6.27: Monthly percentages of (a) Snowmelt and (b) Glaciermelt in the study basins 

  

 

 

 
 

Figure 6.28: Monthly percentages of runoff components (a) RD1 (b) RD2 (c) RG1 and (d) RG2 in the study 

basins  

(a) 
(b) 

((a) ((b) 

(c) (d) 

  BEKI                                                        LOHIT                                    NOADIHING 
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The percentage of summer RG1 for Beki, Lohit and Noadihing basin were 37%, 27% and 

26% respectively (Figure 6.28 (c)). The percentage of summer RG2 for Beki was 39% while 

25% for Lohit and Noadihing respectively (Figure 6.28 (d)). The RGI and RG2 components 

of Beki basin responded to precipitation, while that of Lohit and Noadihing showed a 

higher and stable groundwater contribution. The larger area of Leptosol in Noadihing 

(38.3%) and Luvisols in Lohit (38%) allowed higher groundwater recharge. However, the 

RG1 was generally less than the RG2 component because in the hilly terrain with shallow 

soil, heavy monsoonal rainfall caused infiltration excess overland flow and during longer 

rainfall events caused saturation excess overland flow. This also relates to the mountain 

block recharge that saturates the valleys and expels the infiltrated groundwater into the 

stream as higher amounts of RG2. The higher amount of RG1 and RG2 could also be 

corroborated by higher BFI for Lohit and Noadihing basins as reported in Table 6.7 and 

section 6.4. 

 

6.8 Comparison of spatial variation of hydrological components 

6.8.1 Spatial variation of simulated water balance components 
 

Mean annual precipitation for the Beki basin varied regionally between 620.9 mm to 

3250.7 mm, with more humid areas located in the central and southern parts contrary to 

the arid northern parts of the basin located in the TP (Figure 6.29(a)). The Mean annual 

precipitation for the Lohit basin exhibited minimal regional variation from 2635.8 mm to 

2825.2 mm in the basin, with more precipitation occurring in the southern parts of the 

basin compared to the northern and central parts (Figure 6.30(a)). The mean annual 

precipitation was around 2944.5 mm in the Noadihing basin. As the latter is located in the 

Namdapha rainforest, it experiences high rainfall with uniform seasonal distribution 

(Figure 6.31(a)).  

 

The simulated ActET in the Beki basin ranging from 0 to 1205.3 mm, was influenced by 

elevation, with minimum ActET in the higher arid mountain regions in the north of the 

basin. The highest ActET occurred in the valleys and areas with dense tropical forests 

(Figure 6.29(b)). The simulated ActET for the Lohit basin varied between 127.8 to 905.8 

mm (Figure 6.30(b)). The ActET was lower in the higher arid mountain regions north of 

the basin than in the river valley. The simulated ActET for the Noadihing basins was high 

and varied between 495.5 to 1779.4 mm (Figure 6.31(b)). The highest ActET occurred in the 

areas with dense tropical forest due to higher transpiration rates and the valleys in the 

lower elevations with higher temperatures.  

 

The glacier melt was around 1 to 22.6 mm and 1 to 85.6 mm in the higher mountainous 

areas for the Beki and Lohit basins respectively (Figure 6.29(c) and Figure 6.30(c)). The 

simulated streamflow for the Beki, Lohit and Noadihing basins varied between 0 to 432.7 

mm, 0 to 4717.0 mm and 6.2 to 414.6 mm, respectively, mostly generated in the mountain 

regions with higher streamflow concentrated in the valleys (Figure 6.29(d), Figure 6.30(d) 

and Figure 6.31(c)).   

 

 

Results                                                                                                                                       129 



 

                                                       

 

 

  

 

 

 

Figure 6.29: Spatial distribution  of hydrometeorological components  (a)  Mean Precipitation,  (b) ActET (c) 

Glaciermelt and (d) Streamflow in the Beki Basin 

  

  
Figure 6.30: Spatial distribution of hydrometeorological components (a) Mean  precipitation (b) ActET (c) 

Glaciermelt and (d) Streamflow in the Lohit Basin                 

((a) ((b) 

((c) 
((d) 

((a) ((b) 

((c) 
((d) 
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6.8.2 Spatial variation of simulated runoff components 
 

The simulated RD1 ranged from 0 to 423.06 mm, 0 to 4636.5 mm, and 0.5 to 397.2 mm in 

the Beki, Lohit and Noadihing basins, respectively (Figure 6.32(a), 6.33(a), and 6.34(a)). 

RD1 was generated in the mountain areas of the basins with higher precipitation, 

impervious rocky outcrops or barren land with less infiltration rate. Moreover, snowmelt, 

which is an important process at high elevations, contributed significantly to RD1 in the 

study basins. The higher amount of RD1 in the Lohit basin was due to the predominance 

of Leptosol and Luvisol soils. The percolating precipitation gets stored atop the bedrock 

and saturates the thin layer of Leptosol soil, generating fast interflow and saturation 

overland flow. Luvisols have a moderate infiltration rate, and during high-intensity 

monsoon rainfall on bare soils, infiltration excess overland flow occurs in the humic 

topsoil.  

 

The simulated RD2 ranged from 0.1 to 26.9 mm, 0.1 to 13.7 mm and 0 to 3.7 mm 

respectively in the Beki, Lohit and Noadihing basins, respectively (Figure 6.32(b), 6.33(b), 

and 6.34(b)). RD2 was lesser in valleys than in the mountain regions due to gentle slopes 

and well-developed soil. The RD2 was higher in the Beki basin due to the higher 

percentage of Acrisols and Leptosols. Due to the thin layer of Acrisols overlying the 

bedrock in the Noadihing basin, the RD2 is lesser than the Beki and the Lohit basins. 

 

The simulated RG1 ranged from 0.0 to 0.32 mm, 0.0 to 0.32 mm and 0 to 0.305 mm 

respectively in the Beki, Lohit and Noadihing basins, respectively (Figure 6.32(c), 6.33(c), 

 

 

 
 
Figure 6.31: Spatial distribution of hydrometeorological components (a) Mean precipitation  (b) ActET (c) 
Streamflow in the Noadihing Basin 

Precipitation (mm) 

         2944.5 mm 

 

(a) 

(b) 

(c) 
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and 6.34(c)). Lesser amount of RG1 was generated in the valleys due to the Mountain front 

recharge (MFR) draining over the piedmont areas that force higher amounts of RG2 to 

flow out. Moreover, hydrogeological characteristics of the highly permeable bedrock in 

the study basins funnelled a significant proportion of RG1 to percolate to RG2. 

 

The distribution of simulated RG2 ranged from 0.0 to 72.9 mm, 0.0 to 74.7 mm and 4.4 to 

34.4 mm in the Beki, Lohit and Noadihing basins, respectively (Figure 6.32(d), 6.33(d) and 

6.34 (d)). Higher RG1 was caused by the predominance of Leptosol soils in the Beki and 

Lohit basins, which generated fast interflow (RG1). Moreover, due to their coarse texture 

and high gravel content, Leptosols also have a high infiltration rate that supports fast 

percolation of rainfall in soil or bedrock through fractures contributing to deep 

groundwater flow (RG2). Therefore, the macroscale Lohit and Beki basins have higher 

basin-wide storage capacity and slower drainage characteristics than the mesoscale 

Noadihing basin as discussed in section 6.4. 

 

 

 
 

  

Figure 6.32: Spatial distribution of runoff components (a) RD1 (b) RD2 (c) RG1 (d) RG2 in  the Beki Basin 

((a) ((b) 

((c) ((d) 

 132                                              6.8 Comparison of spatial variation of hydrological components 



 

                                                       

 

 

 

 
 

 
 

Figure 6.33: Spatial distribution of runoff components (a) RD1 (b) RD2 (c) RG1 (d) RG2 in  the Lohit Basin                   

 
 

 
 

Figure 6.34: Spatial distribution of runoff components (a) RD1 (b) RD2 (c) RG1 (d) RG2 in the Noadihing 

Basin 

 

(a) (b) 

(c) (d) 
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6.9 Comparison of uncertainty analysis results of the study basins 

 

The model results were within the 95 PPU as the p-factor and r-factor values for the three 

basins, satisfied the criteria (p-factor >0.70 and r-factor values < 1.50) based on Abbaspour 

et al. (2015) as indicated in Table 6.13. For the Beki basin for the period 2008-2013, during 

high peak flood based on ENS (p-factor: 0.81, r-factor: 1.00), low peak flood based on LNS 

(p-factor: 0.83, r-factor: 1.48), rising and recession limbs based on Bias (p-factor: 0.93, r- 

factor: 1.47), the modelling results can be accepted with confidence at 95 PPU (Figure 

6.9(a)-(c)).  

 

The uncertainty analysis for the Lohit basin was evaluated for the period 1987-1992. The 

observed hydrograph was bracketed within the 95 PPU uncertainty bands. Therefore, the 

model parameters could be applied and transferred to the Lohit basin. However, during 

the pre-monsoon and monsoon months, the model over or under predicted the high flows 

with respect to certain years with respect to ENS. For the high peak floods represented by 

ENS (p-factor: 0.85, r-factor: 1.47) in Appendix Figure A3 (a) indicated that the observed 

hydrograph occurred towards the higher range of the uncertainty bands. The low peak 

floods represented by LNS (p-factor: 0.85, r-factor: 1.47) in Appendix Figure A3 (b) 

indicated that observed hydrograph occurred towards the higher range of the uncertainty 

bands. The rising and recession limbs represented by Bias (p-factor: 0.84, r-factor: 1.49) in 

the Appendix Figure A3 (c) depicted that the observed hydrograph occurred towards the 

lower range of the uncertainty bands. 

 

The uncertainty analysis for the Noadihing basin was evaluated for the period 1986-1991. 

The observed hydrograph was bracketed within the 95 PPU mainly during low-flow, high 

flows, rising and recession periods based on ENS, LNS and Bias respectively for most of 

the years (Appendix Figure A3 (d)-(f)). The simulated streamflow occurred within the 

uncertainty bands at 95 PPU, thus proving the process description within the J2000 model 

to be generally acceptable for model application and parameter transfer. However, during 

the monsoon months, the model underpredicted the high flows with respect to certain 

years with respect to ENS. The high peak floods represented by ENS (p-factor: 0.95, r-

factor: 1.47) in (Appendix Figure A3 (d)) indicated that observed hydrograph occurred 

towards the higher range of the uncertainty bands. The low peak floods represented by 

LNS (p-factor: 0.94, r-factor: 1.49 in Appendix Figure A3 (e)) indicated that observed 

hydrograph occurred towards the higher range of the uncertainty bands. The rising and 

recession limbs represented by Bias (p-factor: 0.95, r-factor: 1.47) in Appendix Figure A3 

(f)) highlighted that the observed hydrograph slightly deviated from the simulated 

hydrograph towards the upper range of the uncertainty bands. Although, all the r-factors 

are 1.47, which is extremely close to the 1.50 threshold, the model parameters could be 

accepted at 95 PPU uncertainty bands considering the uncertainty due to rainfall-runoff 

relationship as discussed in sections 6.3.1.4, 6.5.1 and 6.5.2 for the Beki, Lohit and 

Noadihing basins respectively. 

   .  
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Table 6.13: Evaluation of model predictive uncertainty 
 

 

6.10 Comparison of sensitivity analysis results of the study basins 
 

The regional sensitivity analysis (RSA) for the Lohit and Noadihing basins is presented in 

the Appendix Figure A4 based on the ENS, LNS and Bias, respectively. The RSA for the 

Beki basin is presented in Figure 6.9. For a comparative analysis, the 42 selected 

parameters were classified into three weighted parameter sensitivity ranges based on 

Nepal et al. (2017). The weight for each parameter has been defined by RSA with respect 

to 4000 simulations corresponding to ENS (Figure 6.35 (a)), LNS (Figure 6.35 (b)) and Bias 

(Figure 6.35 (c)) efficiency criteria. Assuming equal effect on the model behaviour, each 

would have a weight of 0.02. Highly sensitive (HS) parameters were defined as those with 

a weight > 0.07 (equivalent of more than three parameters’ weight); moderately sensitive 

(MS) with a weight of 0.07 to 0.02, and less sensitive (LS) with a weight of <0.02.  
 

For the Beki basin, the most sensitive parameters with respect to ENS or high flows were 

soilLatVertLPS and snow_trs.  soilLatVertLPS is the lateral vertical distribution coefficient 

that distributes the infiltrated water in the soil between fast interflow and percolation 

depending upon the slope of the HRU. A higher value of soilLatVertLPS promotes fast 

interflow leading to high flows. snow_trs is the base temperature for snow and rain, where 

precipitation is 50% rain and 50% snow. Keeping its value less than zero favours rain than 

snow.  

 

For the Lohit basin, the sensitive parameters for high flow were baseTemp and gwRG2Fact. 

The melting only occurs if the air temperature is higher than baseTemp which is the 

threshold temperature for snow melt. Keeping the value high, increases the snowfall but 

decreases the snowmelt. The gwRG2Fact is the storage retention coefficient for the 

groundwater discharge. Higher gwRG2Fact implies lesser groundwater outflow. 

 

For the Noadihing basin, the parameters snowCritDens, t_factor and soilConcRD1Flood were 

most sensitive to high flows. A low value of snowCritDens released the liquid water from 

snowpack quickly thus enhancing snowmelt. t_factor is the melt factor by sensible heat 

that produced melt runoff from a snowpack. The higher value produces higher snowmelt. 

soilConcRD1Flood parameter depicts the runoff behavior during the high floods in the 

monsoon period. The value of soilConcRD1Flood should be less than soilConcRD1 as the 

retention time of the overland flow is less during the high flood time. Hence the above 

findings hinted that for high flows in the study basins, the effects of many sensitive 

parameters were responsible related to snowmelt, interflow, percolation etc.  

 

For the Beki basin, the most sensitive parameters with respect to LNS or low flows were 

gwRG2Fact and snow_trs. For the Lohit and Noadihing basin, gwRG2Fact was the most 

Basins Uncertainty analysis 

ENS LNS Bias 

p-factor r-factor p-factor r-factor p-factor r-factor 

Beki 0.81 1.00 0.83 1.48 0.93 1.47 

Lohit 0.85 1.47 0.85 1.47 0.84 1.49 

Noadihing 0.95 1.47 0.94 1.49 0.95 1.47 
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sensitive parameter for low flows. Hence, groundwater discharge influenced the low flow 

processes in the study basins. 

 

 For the Beki basin with respect to Bias or overall balance, the most sensitive parameters 

were gwRG2Fact, snow_trs and soilLatVertLPS. For the Lohit and Noadihing basin, 

gwRG2Fact was the most sensitive parameter for overall balance. Therefore, the 

groundwater discharge was the most sensitive component for overall balance in the 

basins. 

 

 

 

  
Figure 6.35: Sensitivity of model parameters using RSA analysis based on (a) ENS (b) LNS (c) Bias. The Highly sensitive 

parameters and Less sensitive parameters correspond to the weight (>0.07) and (<0.02) indicated by black (HS) and green 

(LS) dotted lines respectively 

(a) 

(((b) 

((c) 
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6.11 Hydrological regime analysis under projected climate change scenarios 
  
The mean observed runoff and modelled mean runoff from ERA-I hydroclimatic data 

were compared with historical runoff driven by 15 CORDEX ensembles for the 35 year 

overlapping period (1982-2016) in the Beki basin, based on Chiew et al.(2009). The highest 

variation between the mean observed (1008.4 mm) and simulated runoff (946.8 mm) were 

identified as CCC-REG (1860.5mm) and MOHC-RCA (624.3mm) ensembles and hence 

excluded from the present study due to their inconsistency as shown in Figure 6.36. 

Therefore, 13 CORDEX ensembles were finally selected for climate change impact analysis 

in this study as their outputs were similar to the observed runoff. 

 

6.11.1 Trend analysis of projected mean annual precipitation and temperature 

 
The projected trends of precipitation and temperature due to climate change scenarios 

were analyzed for trend analysis using the MK test for the period 2001-2100 with respect 

to the baseline period 1961-1990 for the 13 CORDEX models (RCP 8.5) in the three study 

basins. The results indicated an increasing trend of projected mean annual precipitation 

for most of the CORDEX models, while few models showed a decreasing trend for all 

three study basins (Table 6.14). To examine the annual rate of change of the projected 

mean annual precipitation for the study basins, the slope of the regression line 

corresponding to the mean of the annual precipitation of all the 13 CORDEX models were 

used for the period 1961-2100. An increase of 20.82 mm/decade, 52.35 mm/decade and 

51.72 mm/decade was indicated for Beki, Lohit and Noadihing basins respectively (Figure 

6.37(a)-(c)). Similar trend of 32mm/decade have been cited by Nepal (2012) for the Dudh 

Koshi basin using PRECIS RCM precipitation data in Central Himalaya for the period 

1961- 2091. 
 
Similarly, the MK test and a linear regression model were used to detect the rate of change 

of the projected mean annual air temperature (MAAT) in the three study basins using 13 

CORDEX models. The trend of the projected mean annual temperature is defined by the 

 

Figure 6.36: Plot of observed and simulated runoff driven by CORDEX ensembles 
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slope of the increasing trend line for the period 2001-2100 with respect to the baseline 

period 1961-1990 as shown in Table 6.15. The rate of change of the projected mean 

temperature has been found to increase for all the 13 CORDEX models for all the study 

basins. To examine the annual rate of change of the projected mean annual temperature 

for the study basins, the slope of the regression line corresponding to the mean of the 

annual air temperature of all the 13 CORDEX models were used for the period (1961-

2100). An increase of 0.442°C/decade, 0.482°C/decade, 0.388°C/decade has been predicted 

for Beki, Lohit and Noadihing basins respectively (Figure 6.37(d)-(f)). Due to an increasing 

and decreasing temperature for the near and far future, a clear linear trend of projected 

temperature is elusive. Nepal (2012) reported an increase of 0.46°C/decade in mean 

temperature for the Dudh Koshi basin using PRECIS RCM temperature data in Central 

Himalaya for the period 1961-2091.  
     
Table 6.14: The MK trend analysis for CORDEX mean annual precipitation in the study basins for 

the period 2001-2100 
 

 

Table 6.15: The MK trend analysis for CORDEX mean temperature in the study basins for the period 2001-

2100 
 

CORDEX Ensembles Beki Lohit Noadihing 

mm/year 

CCC-RCA 4.14*** -1.66 10.87*** 

CRNM-RCA 3.05*** 9.94*** 8.59*** 

CRNM-REG -1.02 1.42 -1.33 

CSIRO-RCA 4.49*** 13.04*** 9.88*** 

CSIRO-REG 0.08 -9.40*** -4.74*** 

IPSL_LR-REG 0.08 6.60* 3.55*** 

IPSL_MR-RCA 7.89*** 18.30*** 12.08*** 

MIROC-RCA 6.42*** 11.52*** 9.14*** 

MPI_LR-RCA 2.01* 4.09* 6.89*** 

MPI_MR-REG -2.78** -5.12* -2.17** 

NCC-RCA 2.20*** 5.71*** 8.43*** 

NOAA-RCA 2.99*** 10.58*** 7.81*** 

NOAA-REG 2.45* -1.66 -1.54*** 
 
Notes: Mann-Kendall trend test was used for trend detection. Significant trend: * at level of significance 

α = 0.05, ** at α = 0.01, *** at α = 0.001, +α = 0.1, (cell is blank)α > 0.1  

 

CORDEX Ensembles Beki Lohit Noadihing 

°C /year 

CCC-RCA 0.06*** 0.07*** 0.05*** 

CRNM-RCA 0.05*** 0.05*** 0.04*** 

CRNM-REG 0.03*** 0.04*** 0.03*** 

CSIRO-RCA 0.04*** 0.07*** 0.05*** 

CSIRO-REG 0.03*** 0.05*** 0.05*** 

IPSL_LR-REG 0.06*** 0.06*** 0.05*** 

IPSL_MR-RCA 0.09*** 0.09*** 0.06*** 

MIROC-RCA 0.06*** 0.07*** 0.04*** 

MPI_LR-RCA 0.06*** 0.07*** 0.05*** 

MPI_MR-REG 0.05*** 0.05*** 0.04*** 

NCC-RCA 0.05*** 0.06*** 0.04*** 

NOAA-RCA 0.06*** 0.06*** 0.04*** 

NOAA-REG 0.04*** 0.04*** 0.04*** 
 
Notes: Mann-Kendall trend test was used for trend detection. Significant trend: * at level of significance α = 
0.05, ** at α = 0.01, *** at α = 0.001, +α = 0.1, (cell is blank)α > 0.1  
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6.11.2 Trend analysis of projected discharge 

 

To predict and analyse the trend of runoff in the selected basins, runoff simulations driven 

by 13 CORDEX models for the period 2001-2100 with respect to the baseline period 1961-

1990 (Table 6.16) were subjected to MK test for two scenarios (a) With glaciers (WGL) and 

(b) Without glaciers (NGL). The trend analysis under WGL scenario indicated that for the 

glacierised Beki and Lohit basins, runoff indicated an increasing trend for most CORDEX 

models. However, under the NGL scenario, runoff showed a decreasing trend for most of 

the models in case of Beki and few models in case of Lohit. In case of the unglaciated 

Noadihing basin, an increasing trend in runoff has been indicated for most of the 

CORDEX models. The results indicated that runoff would decrease in future when 

glaciers would be depleted in the glacierised NEH basins. 

 

 

 

 

 

 

 

 

 

  

 

 

Figure 6.37: Projected mean ensembled (13 CORDEX models) precipitation trend in the (a) Beki (b) Lohit and 

(c) Noadihing basins respectively from 1961-2100. Projected mean ensembled (13 CORDEX models) 

temperature trend in the (d) Beki (e) Lohit and (f) Noadihing basins respectively from 1961- 2100 where x 

represents the yearcorresponding to 1 for 1961.  

(((d) 

(((e) (((b) 

(((f) 
(((c) 
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Table 6.16: The MK trend analysis for runoff driven by CORDEX data in the study basins under With 

Glacier (WGL) and Without Glacier (NGL) scenario basins for the period 2001-2100. 
 

 

6.11.3 Impact of climate change on hydrological regime 
 

The J2000 model assumes the static glacier assumption due to which the glacier areas and 

ice storage do not change with time. However, as glacier areas are predisposed to rise in 

temperature and consequent glaciermelt, the impact of climate change on the hydrological 

regime of glacierised basins is studied based on two scenarios (a) With Glaciers (WGL) 

and (b) Without Glaciers (NGL). This helps to predict and understand the role of glaciers 

on the hydrological regime of study basins.  

 

6.11.3.1 Impact of climate change on annual discharge 
 

The mean annual discharge was estimated for all the 13 CORDEX ensembles over 30-year 

time-slices for the Baseline (BL): 1961-1990 and projected periods Near-future (NF): 2021-

2050 and Far-future (FF): 2071-2100 under two scenarios (a) With Glaciers (WGL) and (b) 

Without Glaciers (NGL). For the WGL scenario, the ice melt from glacierised areas of the 

Beki and Lohit basins was considered. Under NGL scenario, for the glacierised Beki and 

Lohit basins, mean discharge without the glacier ice melt but only snow melt from glacier 

areas was considered. Noadihing is an unglacierised, snow-fed basin and hence 

considered under NGL scenario. 

 

The change of mean annual discharge under WGL scenario for the NF and FF based on 

Baseline time period for the Beki and Lohit basins is presented in Appendix Table A1 and 

Figure 6.38(a). The change of mean annual discharge under NGL scenario for the NF and 

FF based on Baseline time period for the Beki, Lohit and Noadihing basins is presented in 

Appendix Table A2 and Figure 6.38(b).  

 

CORDEX Ensembles BEKI LOHIT NOADIHING 

WGL NGL WGL NGL NGL 

(mm/year) 

CCC-RCA 0.92+ 2.67*** 37.25*** 8.26*** 9.05*** 

CRNM-RCA 1.89** 0.68 12.92*** 7.92*** 7.67*** 

CRNM-REG -0.84 -1.79* 22.62*** 0.59 -2.45*** 

CSIRO-RCA 2.51*** 3.32*** 36.81*** 11.90*** 7.96*** 

CSIRO-REG 15.30*** -0.55* 51.44*** -12.20*** -2.26*** 

IPSL_LR-REG 21.67*** -1.04*** 65.76*** 5.48* 3.09** 

IPSL_MR-RCA 1.92** 3.72*** 43.34*** 16.49*** 9.64*** 

MIROC-RCA 1.70* 3.48*** 20.69*** 10.15*** 7.41*** 

MPI_LR-RCA -3.12*** -1.26* 16.56*** 3.25+ 4.61*** 

MPI_MR-REG 4.79*** -4.48*** 37.77*** -6.77** -3.23*** 

NCC-RCA -1.90*** -0.75+ 11.47*** 4.03** 6.81*** 

NOAA-RCA -1.79** -0.49 15.83*** 9.48*** 6.98*** 

NOAA-REG 2.79** 1.13 30.47*** -2.07 -2.40** 
 
Notes: Mann-Kendall trend test was used for trend detection. Significant trend: * at level of significance α = 0.05, ** 

at α = 0.01, *** at α = 0.001, +α = 0.1, (cell is blank)α > 0.1  
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For all the study basins under both WGL and NGL scenarios, increasing projected 

temperatures would increase evapotranspiration and consequently reduce the water 

available for discharge and groundwater recharge. However, increased projected 

precipitation would override the reduction in discharge (Prasch et al., 2015). In glacierised 

basins such as Beki and Lohit, melt water from glaciers and snow fields control the river 

discharge in the headwaters. However, in the forelands, monsoon precipitation and 

snowmelt from the mountains regulate the water availability. Hence, although glaciers 

would deplete in NF, water availability will be compensated by higher projected 

precipitation in FF (Prasch et al., 2015). This finding is in agreement with the increase of 

discharge by 15% and 46% in the FF for the Beki and Lohit basins respectively (Figure 

6.38(a)). Variability in the volume and areal pattern of precipitation along with increasing 

temperature would cause lesser snowfall and faster melting of snow cover compared to 

the baseline period, thus there would be a phase transition from nival to pluvial regime in 

the FF (Prasch et al., 2013). For snow-fed, unglacierised basins such as the Noadihing 

which do not include the arid, rain-shadow areas of the TP, higher projected precipitation 

and temperature would cause enhanced snowmelt, therefore there would be an overall 

increase in discharge (Prasch et al., 2013). This findinding is corroborated by an increase in 

discharge in FF by 30% in the Noadihing basin (Figure 6.38(b)).  

 

 

6.11.3.2 Impact of climate change on seasonal discharge    

 

The glacier areas are highly sensitive to change in temperature. Therefore, the contribution 

from ice melt would increase under projected temperature rise as ice melt is a function of 

the degree-day factor. As the glacier areas and ice storage are considered static with time 

in the J2000 model, the impact of climate change on seasonal discharge is analysed by 

considering only snowmelt from the glacier areas without the glacier ice melt based on 

Nepal (2012). The seasonal discharge in the study basins for both the NF and FF compared 

to the BL time slices are presented in Table 6.17 and Figure 6.39(a)-(c). The seasonal 

discharge in the Beki river for the NF and FF is projected to increase mainly during the 

monsoon season due to 8% and 14% increase in the seasonal precipitation respectively. 

The post-monsoon discharge is projected to decrease due to a decrease in the seasonal 

 

 

 

 

 

 

 

 

 

 

 

Figure 6.38: Annual discharge  change for the study basins based on Baseline (BL), Near future (NF) and Far 

future (FF) CORDEX time slices  for (a) With Glacier (b) Without Glacier scenarios                      

(a) (b) 
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precipitation by 10% and 31% in the NF and FF respectively. The monsoon discharge in 

the Lohit river is projected to increase due to 7% and 25% increase in seasonal 

precipitation for the NF and FF respectively. The post-monsoon discharge is projected to 

decrease due to a decrease in precipitation by 6% and 15% respectively in the NF and FF 

respectively. The monsoon discharge in the Noadihing river is expected to increase due to 

10% and 24% increase in seasonal precipitation for the NF and FF respectively. During the 

post-monsoon season, the discharge is projected to decrease due to a decrease in seasonal 

precipitation by 15% and 25% in the NF and FF respectively. 

 
 
Table 6.17: Seasonal Change of discharge and precipitation in the study basins for NF and FF time slices for 

NGL scenario  

 

 

 

 
 

Seasons BEKI LOHIT NOADIHING 

ΔQseasonal NF FF NF FF NF FF 

Winter (DJF) -11% -28% 4% 5% -8% -7% 

Pre-monsoon (MAM)    

) 

-3% 1% -1% -7% 18% 72% 

Monsoon(JJA) 7% 24% 3% 15% 15% 40% 

Post-monsoon(SON) -7% -23% 0.3% -8% -19% -27% 

ΔPseasonal NF FF NF FF NF FF 

Winter -3% -6% 8% 23% 4% 25% 

Pre-monsoon 18% 46% 1% 13% 25% 68% 

Monsoon 8% 14% 7% 25% 10% 24% 

Post-monsoon -10% -31% -6% -15% -15% -25% 

  

 

Figure 6.39: Monthly discharge for the Near future and Far future CORDEX time slices for the (a) Beki (b) 

                     Lohit and (c) Noadihing basin slices for NGL scenario  

 

(a) 

 

(b) 

(b) 

 

(b) 

(c) 

 

(b) 
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The increasing air temperature trend in the NF for the Beki, Lohit and Noadihing basins is 

projected as 0.34, 0.27 and 0.27 (°C/decade), respectively (Table 6.18). A higher increasing 

trend of air temperatures, namely 0.27, 0.38 and 0.39 (°C/decade) is projected for the Beki, 

Lohit and Noadihing basins respectively in the FF. This increase in temperature is 

expected to cause higher liquid precipitation than solid precipitation or snowmelt. 

Moreover, increased projected pre-monsoon precipitation would cause a shift in the 

snowmelt peak to early spring (Lutz et al., 2014) as shown in Figure 6.39 (a)-(c). 

 
Table 6.18: Change of projected precipitation and mean temperature for the NF and FF scenarios  

 

 
6.11.3.3 Impact of climate change on hydrological extremes 

 

To assess the impact of climate change on extreme flows, flow duration curves were 

estimated for each CORDEX model for both the NF and FF time slices (Table 6.19 and 

Figure 6.40(a)-(e)). The mean FDC curves for the NF and FF were compared with the mean 

baseline FDC to derive the projected high and low flow magnitudes in terms of flow 

indices (Pyrce, 2004; Kumari et al., 2019) as discussed below. 

 

(a) High flows: For the Beki basin in the WGL scenario, the EHF and HF magnitudes are 

expected to increase in the NF and FF in the range 8-30% due to increased monsoon 

precipitation combined with increased ice melt. Similar findings have been reported by 

Wijngaard et al. (2017) in which high flows has been projected to increase due to extreme 

precipitation events in the Upper Brahmaputra basin. EHF and HF magnitudes in the 

NGL scenario are expected to increase in the Beki basin for both the NF and FF in the 

range 3-9%. The results are in agreement with the the study by Gain et al. (2011) in which 

an increase in high flows were predicted due to an increase in monsoon precipitation in 

the southernmost slopes of the Lower Brahmaputra basin (Gain et al., 2011). 

 

For the Lohit basin considering the WGL scenario, an increase in the magnitude of EHF 

and HF for the NF and FF is projected around 24- 64%. This could be due to an increase in 

precipitation and ice melt with the largest increase projected for the easternmost upstream 

headwaters of the Upper Brahmaputra basin as reported by Wijngaard et al. (2017). The 

magnitude of EHF and HF in the NGL scenario in the Lohit basin is expected to increase 

by 6-27% due to increased monsoon precipitation extremes (Wijngaard et al., 2017).  

TIME SLICE BEKI LOHIT NOADIHING 

Precipitation(mm)    

BL 1493 4707 2328 

NF 1578 5088 2522 

FF 1644 5898 2906 

ΔP_NF (%) 6.0 8.1 8.0 

ΔP_FF (%) 10.0 25.3 25.0 

Tmean(°C)  

BL 1.83 12.02 12.02 

NF 3.85 13.64 13.66 

FF 4.80 16.23 16.26 

ΔT_NF (°C/decade) 0.34 0.27 0.27 

ΔT_FF (°C/decade) 0.27 0.38 0.39 
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In the Noadihing basin for the NGLscenario, EHF and HF magnitudes would increase for 

both the NF and FF scenarios by 15 - 48%. This could be due to higher snowmelt runoff  

and increase in precipitation in the NEH region (Prasch et al., 2013; Wijngaard et al., 2017). 

 

(b) Low flows: In the Beki basin considering the WGL scenario, there would be an overall 

rise in low flows in NF and FF. This could be due to elevated evapotranspiration or 

reduced soil moisture and groundwater recharge in the NEH region (Pervez and Henebry, 

2014). Moreover, an increase in precipitation would be counteracted by the increase in 

evapotranspiration (Gain et al., 2011). For the NGL scenario, decrease of LF and ELF by 7-

28% could be expected due to reduction in glaciermelt, consequent upon the depletion of 

glacierised areas in the Brahmaputra basin (Prasch, 2010). 

 

In the Lohit basin, for the WGL scenario an increase in LF and ELF by 5-18% in the NF and 

FF is projected. Increase in ELF and LF could be justified by increase in temperature and 

resultant increase in evapotranspitation (Gain et al., 2011). For the NGL scenario, increase 

in ELF and LF in the FF may be expected due to increased evapotranspiration, reduced 

water storage or delayed release of melt water from frozen soils (Mauser et al., 2008).  
 

In the Noadihing basin, a decline of ELF and LF by 4-12% in the NF and FF is projected. 

The reduction of ELF could be attributed to higher increase in projected precipitation 

around 8-25% (Table 6.18). However a slight increase in LF in the FF by 4% is projected 

possibly due to higher evapotranspiration and lower groundwater recharge in the basin. 
 

 
Table 6.19: Projected change in high and low flow magnitudes for NF and FFscenarios in the study basins 

 
 

BASIN 
 

PERIOD 

Change in flow magnitude (%)  

Q 95 Q 70 Q 10 Q 1 

ELF LF HF EHF 

 

BEKI 

W
G

L
 BL (m3/s) 

WGL 

357.1 528.0 1753.0 2150.7 

NF-CHANGE (%) -2 2 11 8 

FF-CHANGE (%) 0.4 8 30 27 

N
G

L
 BL(m3/s) 

WGL 

301.7 445.3 1342.7 1751.2 

NF-CHANGE (%) -9 -7 3 1 

FF-CHANGE (%) -28 -22 9 6 

 

LOHIT 

W
G

L
 

 

BL(m3/s) 

WGL 

1515.5 2709.9 5393.4 6203.8 

NF-CHANGE (%) 5 6 25 24 

FF-CHANGE (%) 27 18 64 62 

N
G

L
 BL(m3/s) 

WGL 

1318.0 2440.0 3833.3 4595.3 

NF-CHANGE (%) -2 -2 6 10 

FF-CHANGE (%) 6 1 21 27 

 

NOADIHING N
G

L
 BL(m3/s) 19.71 31.83 206.60 249.03 

NF-CHANGE (%) -9 -4 15 16 

FF-CHANGE (%) -12 4 39 48 
 
Notes: ELF: Extremely low flow, LF: Low flow , HF: High flow, EHF  Extremely High flow  
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6.11.3.4 Impact of climate change on water availability 

 

To understand the dynamics of future changes in water availability, a detailed study on 

the temporal changes to streamflow is crucial for IWRM within a catchment (Anand et al., 

2018; Nune et al., 2014). To assess the impact of climate change on streamflow in the study 

basins, the relative mean flow changes in the NF and FF compared to the Baseline (BL) 

flow duration curves (FDCs) were estimated corresponding to High (Q 0-Q10), Medium 

(Q 40-Q 60) and Low (Q 70-Q 90) flows (Leta et al., 2018; Pyrce, 2004; Othman et al., 2017 

and Wijngaard et al., 2016). The maximum and minimum relative flow changes in the 

FDCs represented the top and bottom boundary, whereas the mean of relative flow 

changes was computed from the 13 CORDEX model ensembles (Appendix Table A3).  

 

For both the NF and FF in the Beki basin for the WGL scenario (Figure 6.41 (a)-(b)), the 

mean relative increase of higher (20-32%) and medium (10-40%) flows is predicted. This 

could be due to the consistent increase in precipitation in the basin (Table 6.18). A higher 

  

 
  

Figure 6.40: (a) FDCs curves for the Beki basin (a) With Glaciers (b) FDCs for the Beki basin Without Glacier (c) FDCs 

for the Lohit basin With Glaciers (d) FDCs for the Lohit basin Without Glacier (e) FDCs for the Noadihing basin 

Without Glacier      

(a) 

 

(b) 

(b) 

 

(b) 

(c) 

 

(b) 

(d) 

 

(b) 

(e) 

 

(b) 
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glacier melt contribution in the Beki basin could be attributed to a higher predicted 

increase in precipitation, contributing to higher flows. Additionally, an increase in 

temperature in the NF and FF, respectively (Table 6.18), could also enhance higher glacier 

melt, leading to higher flows in the NEH region (Immerzeel et al., 2012; Wijngaard et al., 

2016). The NGL scenario for both the NF and FF time-slice (Figure 6.41 (c)-(d)) estimated a 

greater relative increase corresponding to higher flows (11-15%). This could be due to the 

increase of high-intensity precipitation events in the NEH region by the later period of this 

century (Immerzeel et al., 2012; Prasch, 2010).  

 

Mean relative increase of higher (19-53%) and medium (13-35%) flows is estimated in the 

Lohit basin with respect to the WGL scenario for the NF and FF time-slice (Figure 6.42 (a)-

(b)). The projected precipitation increase combined with enhanced glacier melt 

contribution could cause higher and medium flows in the NEH region (Immerzeel et al., 

2012; Prasch, 2010). In the Lohit basin, with respect to the NGL scenario for the NF and FF 

time-slice (Figure 6.42 (c)-(d)), the mean relative increase of higher flows (9-24%) is 

estimated.  

 

In the Noadihing basin for the NGL scenario for both the NF and FF time-slices, the mean 

relative increase of higher (8-17%) flows is estimated (Figure 6.43 (a)-(b)). Higher 

precipitation amounts in the NF and FF could favour such high flows (Table 6.18).  

 

In general, the overall impact of climate change on the water availability in the study 

basins indicates a decline in streamflow with a slight increase in FDC in the FF for all the 

scenarios. This implies that a higher projected precipitation increase in the study basins 

would sustain long-term water availability until the end of this century.  

 

 
WGL and NF WGL and FF 

  

NGL and NF NGL and FF 

  

Ensemble range                      Mean 

Figure 6.41:  Relative changes in the flow duration curves for the Beki basin compared to baseline for (a-b)  

                     With  Glacier and (c-d) Without Glacier scenarios 

(a) (b) 

(c) (d) 
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6.11.3.5 Impact of climate change on water balance components 

 

The impact of climate change is expected to alter the hydrologic systems particularly the 

glacier and snow melt in glacierised river basins.  The increase in snow and glacier melt 

processes causes an increase in the annual surface runoff. Therefore, it is essential to 

understand the intra-annual dynamics of future water availability for planning and 

sustainable management of future water resources (Lutz et al., 2014). The water balance 

components for Beki, Lohit and Noadihing basins under NGL scenario have been 

presented in Table 6.20 and Figure 6.44 (a)-(c).  

 

As shown in Table 6.20, an increase in ActET for both the NF and FF time slices is 

estimated, for all the study basins. However, the increase in precipitation would 

considerably outweigh the increase of ActET in the NEH region (Pervez and Henebry, 

2015). Hence, the Beki basin, with higher temperature rise but lesser projected 

precipitation would indicate higher ActET of around 23% in the FF compared to Lohit and 

Noadihing basins. 

WGL and NF                    WGL and FF 

 

 

NGL and NF                  NGL and FF 

 
 

Ensemble range                      Mean 
 

Figure 6.42:  Relative changes in the flow duration curves for the Lohit basin compared to Baseline for (a-b) 

With Glacier and (c-d) Without Glacier scenarios 

NGL and NF                NGL and FF 

  

                                                       Ensemble range                             Mean 

Figure 6.43:  Relative changes in the flow duration curves for the Noadihing basin compared to Baseline for 

 (a-b) Without Glacier scenario 

(a) (b) 

(c) (d) 

(a) (b) 
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Table 6.20: Water Balance components (WBC) and change statistics for NF and FF time-slices in the study 

basins 

 

The increase in temperature would raise the snowline, therefore reducing the snow 

storage capacity of the basins in the NEH region (Viste and Sorteberg, 2015). The 

precipitation would be stored as snow in the low elevation areas only during the winter 

and pre-monsoon periods when the temperature would be relatively low. These areas 

would undergo a significant reduction in snow storage due to the projected increase in 

temperature, thus reducing snowmelt (SM) for both the NF and FF time slices in the study 

basins. The highest snowmelt reduction of around 36% is estimated in the Lohit basin in 

the FF (Table 6.20). This could be due to higher rise in temperature in the Lohit basin in 

the FF (0.38 ᵒ C/decade) as indicated in Table 6.18 and lower ELA (Table 5.12). Similar 

WBC 
(mm) 

 

BEKI LOHIT NOADIHING 

BL NF FF BL NF FF BL NF FF 

 ActET 617.2 750.2 762.1 445.3 448.7 409.5 768.9 758.2 789.5 

SM 866.3 831.7 606.4 2440.5 2294.1 1561.9 1770.2 1699.4 1310.0 

SM_G 11.3 13.8 8.8 180.4 225.6 149.8 0 0 0 

STR 820.6 832.2 850.2 4215.8 4284.8 4631.8 1446.5 1577.6 1885.5 

 

 

 

 

 

 

 

 

 

 

 

CHANGE STATISTICS OF WBC (%) 

 NF FF NF FF NF 

FF 

FF 

 ActET 22 23 1 -8 -1 3 

SM -4 -30 -6 -36 -4 -26 

SM_G 22 -22 25 -17 0 0 

STR 1 4 2 10 9 30 

Notes:   ActET: Actual Evapotranspiration, SM = Snowmelt, SM_G= Snowmelt over glacier; STR=Streamflow 

 
 

 

 

 

 

 

 

 

 

 

Figure 6.44: Water balance components for the Near future and Far future CORDEX time slices based on the 

Baseline period for the (a) Beki (b) Lohit and (c) Noadihing basins        
           

(a) 

 

(b) 

 

(b) 

 

(b) 

(b) 

 

(b) 

 

(b) 

 

(b) 

(c) 

 

(b) 

 

(b) 

 

(b) 
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results have been reported by Lutz et al. (2014) for the basins in the NEH region. 

Therefore, higher ablation of snow in the low elevation glacierierised areas would result in 

lower snow-accumulation. This would cause snowmelt increase by 22% and 25% in the 

Beki and Lohit basins respectively, from snow stored over glaciers (SM_G) in the NF. The 

snowmelt from glaciers would decrease as the snow storage would get depleted in the FF 

period for the Central and NE Himalayas (Immerzeel et al. 2012; Prasch 2010; Lutz et al., 

2014).  

 

There would be an increase in streamflow (STR) in all the study basins for both the NF 

and FF scenarios. The snowmelt and snowmelt over glaciers would increase in the NF due 

to projected increase in temperature, thereby increasing streamflow in the NF. With 

further rise in temperature, more snow would be available for melt from the snow stored 

above the snowline from previous years. With further warming, the stored snow would 

melt away in NF. In FF, the snowmelt would gradually decrease because the snow storage 

would get depleted and less snow storage would be available for melt in the subsequent 

years of FF. However, increase in projected precipitation is expected to sustain the water 

availability until FF in terms of projected increase in streamflow such as 4%, 10 % and 30% 

in the Beki, Lohit and Noadihing basins respectively. This finding conforms to the results 

reported by Wijngaard et al. (2017) for the NEH region. 

 
6.11.3.6 Impact of climate change on runoff components 

 

The meticulous assessment of runoff and the individual runoff components in a basin 

provides reliable information for estimation, planning and management of current and 

future water resources (Abbaspour et al., 2015; Lutz et al., 2014). The impacts of projected 

climate change on four runoff components (RD1, RD2, RG1 and RG2) have been analyzed 

under NGL scenario in this study (Table 6.21 and Figure 6.45 (a)-(c)). To compare the 

results from the present study with other relevant studies, the runoff components have 

been redefined as Surface runoff (RD1), Interflow or Lateral flow (RD2+RG1) and 

Baseflow or Groundwater flow (RG2) (Table 6.21 and Figure 6.44 ). 
 

Table 6.21: Runoff components (RC) and change statistics for NF and FF time slices in the study basins 
 

RC 
(mm

) 

 

BEKI LOHIT NOADIHING 

BL NF FF BL NF FF BL NF FF 

RD1 280.8 268.3 273.2 3402.1 3534.9 4002.6 1006.1 1143.1 1432.7 

RD2 354.4 375.4 401.4 353.3 327.4 278.2 201.7 205.0 221.6 

RG1 82.2 84.3 75.0 67.4 61.4 49.2 87.9 83.0 82.3 

RG2 103.2 104.3 100.6 393.0 361.1 301.7 150.8 146.4 148.9 

 CHANGE STATISTICS OF RC (%) 

 NF FF NF FF NF FF 

RD1 -4 -3 4 18 14 42 

RD2 6 13 -7 -21 2 10 

RG1 2 -9 -9 -27 -6 -6 

RG2 1 -2 -8 -23 -3 -1 

 CHANGE STATISTICS OF RC (%) as SR,IF and BF 

 NF FF NF FF NF FF 

SR -4 -3 4 18 14 42 

IF 5 9 -8 -22 -1 5 

BF 1 -2 -8 -23 -3 -1 

Notes: SR: Surface runoff, IF=Interflow/Lateral flow; BF = Baseflow/Groundwater, SR = RD1    IF = RD2+RG1     

BF = RG2 
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As summarised in Table 6.21, the surface runoff is projected to increase by 4% and 18% for 

the NF and FF, respectively in the Lohit basin. The surface runoff in the Noadihing basin 

is expected to increase by 14% and 42% for the NF and FF respectively. The increase in 

precipitation would increase the saturated soil conditions causing saturated overland flow 

in both the NF and FF. Increase in extreme precipitation events in the FF is likely to 

augment the infiltration excess overland flow in the basins of the NEH region (Wijngaard 

et al., 2017). This phenomenon predominates when high intensity rainfall restricts 

infiltration of precipitation, which may favour higher overland flow (Fackel, 2004). The 

snowmelt from glacierised areas, directly draining into the stream would probably 

contribute to higher overland flow in NF than FF.  However, due to lesser precipitation 

increase in comparison to the Lohit and Noadihing basins (Table 6.18), the overland flow 

for both the NF and FF in the Beki basin is projected to decrease. 
 

The interflow is expected to increase by 5% and 9% for the NF and FF in the Beki basin. 

The interflow is sensitive to soil moisture (Wu et al., 2012) and ActET (Ficklin et al., 2009). 

Although an increase in ActET would reduce soil moisture and thus interflow, the Beki 

basin consisting of southward slopes lying windward to the summer monsoon in the NEH 

region, would receive high interflow contribution (Flügel et al., 2015). In the Lohit basin, 

the interflow would decrease by 8% and 22% for the NF and FF, respectively. For the Lohit 

and Noadihing basins, the interflow for both NF and FF is expected to be lesser compared 

to the Beki basin. This refers to the higher occurrence of high-intensity precipitation events 

in Lohit and Noadihing under RCP 8.5 (Wijngaard et al., 2017). Hence infiltration of excess 

overland flow would replace lateral or subsurface flow. Therefore, interflow is likely to 

decrease for the Lohit and Noadihing basins. 

 

 

 

 

 

 
Figure 6.45: Runoff components for the Near future and Far future CORDEX time slices based on the 
Baseline period for the (a) Beki (b) Lohit and (c)Noadihing basins 
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The baseflow is expected to change slightly for the NF and FF, respectively, in the Beki 

and Noadihing basins (Table 6.21). For the Lohit basin, the baseflow would decrease by 

8% and 23%, respectively, for the NF and FF. The increase in projected temperature for NF 

and FF would increase the ActET. The latter would reduce the soil moisture and hence 

groundwater recharge contributing to reduced baseflow for Lohit and Noadihing basins. 

However, for the Beki basin, the reduction of baseflow would be compensated by higher 

monsoonal precipitation input experienced by the southern slopes of Bhutan (Prasch et al., 

2015). 
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Chapter 7  

Discussion 

 

 

This chapter discusses the results of the thesis in the context of the research objectives 

presented in Section 1.3. It also indicates the uncertainties and limitations related to the 

data and methods used and scope for future work. An elaborate discussion on the 

comparison of the results obtained from the present study in the NEH region with other 

regional and global studies on glacierised mountainous basins with similar hydro-climatic 

and physio-geographic settings is also presented. 

 

7.1 Water balance components in glacierised mountainous basins 

 

Water balance studies in the glacierised basins are scarce due to dearth of 

hydrometeorological as well as calibration data, physical inaccessibility and the complex 

interaction between hydroclimatic parameters, cryosphere, and hydrological processes 

(Immerzeel et al., 2009; Ragettli et al., 2015). Some of the water balance studies in 

glacierized mountainous basins have been presented in Table 7.1. The simulated MAP 

varies from the CH (~1168-2559 mm) to EH (~1550 mm). The J2000 model simulations in 

the monsoon-dominated NEH from the present study indicate similar findings for EH 

(~1550 mm) as reported by Prasch et al. (2015) with MAP (~1219.3 mm in the the Beki 

basin).  However, the MAP increases towards the the east (~2717.3 mm in the Lohit basin) 

and the south-east (~3169.6 mm in the Noadihing basin) in the NEH region. For the 

westerlies-dominated WH and HMA, the simulated MAP is generally lower in the arid 

regions of the WH (~346-608 mm) and increases towards the north in the HMA (~400-

630mm).  

 

The simulated mean Actual evapotranspiration (AET) varies from CH (~428-497 mm yr-1) 

and EH (~320 mm yr-1). This compares well with the simulated AET estimates from the 

present study in the NEH in increasing order from the west in the Beki basin (~343.9 mm 

yr-1) to the southeast in the Noadihing basin (~753.6 mm yr-1) (Table 7.1). The simulated 

mean annual AET is lower in the, arid regions of the WH (~137 mm yr-1) but increases 

towards the north in the HMA. (~207-290 mm yr-1). The simulated runoff in the CH and 

EH are (~602-1863 mm yr-1) and (~1230 mm yr-1) respectively. Similar runoff estimates 

have been derived in the NEH region from the J2000 model simulations with decreasing 

annual mean runoff from the south-east (~2181.7 mm in the Noadihing basin) to the west 

(~975.3 mm in the Beki basin).  
 

The water balance estimates of the studies presented in Table 7.1 shows a clear distinction 

between the water balance in the European Alps, tropical Andes, Himalayas and HMA. 

Kinouchi et al. (2013) applied a semi-distributed conceptual model in Huayna Potosi basin 

in Tropical Andes and reported the simulated mean annual precipitation, 

evapotranspiration and runoff as 871.4mm, 222 mm and 558.9 mm respectively. 



 

                                                       

 

 

Koboltschnig et al. (2007) used the PREVAH hydrological model in the Goldbergkees 

basin in the Alps and reported the mean annual precipitation, evapotranspiration and 

runoff to be 2726 mm, 142 mm and 3469 mm respectively. The variation in the water 

balance with respect to the basins of the Himalaya and HMA (particularly lower AET and 

higher runoff) could be due to variation of climate; terrain, snowmelt or glacier melt 

timing and contribution to total runoff (Bookhagen and Burbank, 2010; Ragettli et al., 

2016). 

 

Table 7.1: Studies on water balance components  

 

 

Source Basin HM 

Simulation period 

Region Simulated (mm) 

MAP AET Runoff 

 

 

1 

 

This 

study 

Beki 

Glacierized area (%):5.7 

(SM: 47%, GM: 13%) 

J2000 

1982-2014 

 

 

 

 

 

NEH 

1219.3 343.9 975.3 

Lohit 

Glacierized area (%):11.9 

(SM: 50%, GM: 17%) 

J2000 

1987-1998 

2717.3 453.3 2109.8 

Noadihing 

Glacierized area (%):0 

(SM: 31%, GM: 0%) 

J2000 

1983-1991 

3169.6 753.6 2181.7 

 

2 

Upper Brahmaputra 

(Prasch et al.,2015) 

Glacierized area (%):2.1 

(SM: 41%, GM: 3%) 

DANUBIA 

1971-2000 

 

EH 

1550 

 

320 1230 

 

 

3 

Dudh Koshi 

(Nepal,2012) 

Glacierized area (%):14 

(SM: 20%, GM: 17%) 

J2000 

1986-1997 

 

 

 

 

 

CH 

2114 

 

428 1601 

Tamor 

(Nepal,2012) 

Glacierized area (%):13 

(SM: 13%, GM: 14%) 

J2000 

1996-2002 

2559 472 1863 

Ganga 

(Anand et al.,2018) 

1985-2013 1168 497 602 

 

 

 

4 

Upper Indus basin 

(Khan and Koch,2018) 

SWAT 

1999-2008 

 

 

 

 

WH 

608 

 

137 462 

 

Upper Indus basin 

(Lutz et al.,2014) 

Glacierized area (%):5 

(SM: 21.8%, GM: 40.6%) 

SPHY 

1998-2007 

346 ---- 574 

 

 

5 

Kaidu basin 

(Shen et al., 2018) 

Glacierized area (%):1.4 

(SM: 33%, GM: 5%) 

J2000 

1982-2007 

Tianshan mountain 

(HMA) 

425 237 199 

 

 

6 

Lhasa 

(Prasch et al.,2013) 

Glacierized area (%):2.1 

(SM: 41%, GM: 3%) 

PROMET 

1971-2000 

Nyainqêntanglha 

mountain 

(HMA) 

630 207 423 

 

 

7 

Nam Co 

(Biskop,2016) 

Glacierized area (%):2 

(SM: 38%, GM: 62%) 

J2000 

2001-2010 

Nyainqêntanglha 

mountain 

(TP,HMA) 

400 290 130 

 

 

8 

Huayna Potosi 

(Kinouchi et al.,2013) 

Glacierized area (%):18 

(SM: 33.87%, GM: 24.1%) 

Conceptual model 

2011-2013 

Cordillera, Andes 871 222 559 

 

9 

Goldbergkees 

(Koboltschnig et al.,2007) 

Glacierized area (%):52.3 

(SM: 68%, GM: 29%) 

PREVAH 

2003 

Alps 2726 142 3469 

Notes: HM: Hydrological model,  Snowmelt (SM) and Glaciermelt (GM) in % of total Runoff 
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7.2 Factors controlling the water balance in glacierised mountainous basins 
 

Factors such as seasonality and characteristics of precipitation, glacier-accumulation and 

ablation periodicity, glacierisation, glacier mass balance etc.  impact the water balance 

constitution in the mountainous basins of Alps, HMA, tropical Andes and the subtropical 

Himalayas (Ragettli et al., 2016; Omani et al., 2017). The runoff in the glacierised basins of 

the Himalayas (discussed in Section 7.1, Table 7.1) is associated with dry winters and 

heavy summer monsoon precipitation (June to September) which dampens the relative 

contribution of coincident snow and glacier melt on the annual runoff (Omani et al., 2017). 

Most glaciers in the Himalaya are summer-accumulation type (ELA 5300 m a.s.l) fed by 

solid summer precipitation at higher altitudes thus causing simultaneous accumulation 

and ablation. Predominance of glaciers in the Himalaya with debris cover protects them 

from uncontrolled melting (Ragettli et al., 2015). 

 

The snow and glaciermelt contribution to the water balance of glacierised basins is 

significant (Huss and Hock, 2018). Li (2015) concluded that the glacier coverage as well as 

the spatial distribution of precipitation in the glacierised areas of the basins impact the 

glacier melt contribution to runoff. Li (2015) reported highest glacier melt contribution of 

92.5%  for the Nigardsbreen basin in Norway (72.8% glacierisation) compared to glacier 

melt contribution of 48.1% in Chamkhar basin (15% glacierisation) in NEH and glacier 

melt contribution of 27.5% for the Beas basin (32.7% glacierisation) in the WH.  

 

However, basin-scale modelling studies that quantify meltwater contribution are scarce 

and inadequately describe the snow and glacier melt dynamics (Naz et al., 2014). Kinouchi 

et al. (2013) estimated the contributions of glacier and snow melt for the Huayna Potosi 

basin (18% glacierisation) in the Cordillera, Andes as 24.1% (134.69 mm) and 33.8% 

(189.3mm) respectively of the basin runoff. Koboltschnig et al. (2007) estimated the 

contribution of glacier and snow melt for the Goldbergkees basin (52.3% glacierisation) in 

the Alps as 29% (1006.01mm) and 68% (2358.92 mm) respectively. Lutz et al. (2014) 

estimated the contribution of glacier and snow melt for the Upper Indus basin (5% 

glacierisation) in the WH as 40.6% (233mm) and 21.8% (125.13 mm) of the annual runoff 

respectively. Nepal (2012) estimated the glacier and snow melt contribution for the Dudh 

Koshi basin (14% glacierisation) in the CH as 17% (272.17 mm) and 20% (320.2 mm) 

respectively. Prasch et al. (2013) estimated the contribution of glacier and snow melt 

contribution for the Lhasa basin in HMA (2.1% glacierisation) as 3% (12.69 mm) and 41% 

(173.43 mm) respectively. Shen et al. (2018) estimated the contribution of glacier and snow 

melt for the Kaidu basin of HMA (1.4% glacierisation) as 5% (9.96 mm) and 33% (65.73 

mm) respectively. For the present study, the glacier and snow melt contribution to the 

runoff for the Beki basin (5.7% glacierisation) is estimated as 13% (122.2 mm) and 47% (460 

mm) respectively. The glacier and snow melt contribution for the Lohit basin (11.9% 

glacierisation) is estimated as 15% (325.6 mm) and 48% (1017.7 mm) respectively while the 

snow melt contribution for the Noadihing basin (0% glacierisation ) is computed as 40% 

(883 mm) . The glacier and snow melt contribution compares well with other studies in 

HMA. Li (2015) also reported that precipitation decreases from upstream to downstream  
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in the Nigardsbreen basin (Norway) and in the Chamkhar Chhu basin (NEH). However, 

in the Beas basin in the WH, more precipitation falls in the valleys compared to the high 

mountains and thus the glacier contribution is higher in the Chamkhar Chhu basin than in 

the Beas basin, even though the latter has a higher glacierisation.Pechlivanidis and 

Arheimer (2015) reported that the glacierised Himalayan basins are characterised by high 

annual specific runoff caused due to high precipitation and snow/ice melt contribution to 

streamflow. 

 

The runoff in the glacierised basins of the tropical Andes is impacted by wet winter 

precipitation (October to March) related to El Niño–Southern Oscillation (ENSO) events 

and dry summers. The main accumulation and ablation periods are therefore distinct. El 

Niño Southern Oscillation controls the annual snowfall amounts in wet years while in dry 

La Niña years, snow and glaciermelt represent up to 50-90% of the annual runoff (Omani 

et al., 2017). The negative mass balance is higher in the Andes compared to the Himalaya 

and HMA. In the Alps, the accumulation period lasts from October to April and the 

ablation period occurs from May to September indicating higher degree of glacierisation. 

The glacier mass balance is highly negative as the ELA rises above the elevation of most 

glaciers in the Alps thus causing higher contribution of glacier melt to runoff. Large 

glaciers exist due to high accumulation area ratios in El Niño years and local effects like 

topographic shading and accumulation through avalanches and wind (Ragettli et al., 

2016). 

 

The primary objective of this study is the development of a distributed, process-based 

hydrological model capable of accounting for hydrological processes mainly related to 

glaciers and frozen ground in the glacierized basins of the NEH region. However, the 

hydrological effects of the frozen ground are optimally significant in regions with 

continuous permafrost with 90-100% areal coverage (Fabre et al., 2017). For discontinuous 

(50-90%), sporadic (10-50%) and isolated (<10%), mountain or seasonally frozen ground; 

the hydrological response of frozen ground is insignificant at the basin-scale but only 

locally effective (Streletskiy et al., 2015). Hence the frozen ground in the study basins is 

characterized by discontinuous permafrost that does not exhibit a significant impact on 

the water balance at the basin-scale. Moreover, changes in the frozen ground on the TP 

show unique hydrological response unlike the arctic or subarctic region (Hinzman et al., 

2005; Frauenfeld and Zhang, 2011). 

 

As discussed in Section 5.7.4, the conceptualisation of frozen ground seems reasonable 

with respect to the results obtained in this study indicating higher surface runoff 

compared to subsurface runoff (Table 7.2). The ratio of the simulated surface to subsurface 

runoff (SR/IF) for the Beki basin is 1.1 which is in agreement with the ratio ~1.5 in the 

Yenisei basin comprising of continuous, discontinuous, sporadic and isolated mountain 

permafrost as reported by Fabre et al. (2017). Similar SR/IF ratio of the simulated surface 

to subsurface runoff (~1.2-1.7) reported by  Nepal ( 2012) in CH, ~1.3 in HMA (Shen et al., 

2018) which indirectly hints at reduced subsurface flow compared to surface flow in areas 

characterized by frozen ground.  The ratio of surface to subsurface runoff for the Lohit 

and Noadihing basins in the present study are 4.8 and 3.8 respectively. However, the ratio 
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of surface to subsurface runoff is ~1.1 is lower in the Beki basin, because the slopes of the 

Lohit and Noadihing basins have moderate subsurface contribution or higher surface 

runoff. On the contrary, the Beki basin located windward to the summer monsoon has 

higher subsurface flow (Prasch et al., 2015). Surface to subsurface runoff ratio 2.5 in 

Kabul basin in the WH due to higher surface runoff contributed by high contribution of 

snow and glaciermelt (82%) (Ghulami, 2017).  

 
  Table 7.2: Studies on runoff components 

 
7.3 Implication of climate change on water balance of glacierised mountainous basins 

 

Many recent studies have projected either an increase or decrease in annual runoff in 

glacierised basins for all climate change scenarios for the near and far future according to 

the timing of peak water, meltwater contribution, precipitation and temperature change. 

As the implication of projected climate on the hydrological regime is variable in 

glacierised mountainous river basins worldwide, a synthesis of recent studies on projected 

changes in the hydrological regime of high mountainous glacierised basins is provided in 

the following Tables 7.3. 

 

A decrease in annual runoff has been reported in HMA (Ma et al., 2015), NEH (Prasch, 

2010), Andes (Ragettli et al., 2016) and Rockies (Schnorbus et al., 2014). Many studies have 

reported an increase in winter runoff in many glacierised basins in the Rockies (Schnorbus 

et al., 2014) and the European Alps (Bosshard et al., 2014) due to increased winter 

snowmelt and precipitation. Summer runoff is expected to decrease for basins in the Alps 

(Bosshard et al., 2014) and the tropical Andes (Baraer et al., 2012) due to less snowfall and 

a decline in glacier melt after peak water. 

 

 The projected changes in annual runoff in glacierised basins in the Himalayas, Alps and 

Rockies suggest that higher annual runoff will be reached before or around the middle of 

the 21st century (Ragettli et al., 2016). Lutz et al. (2014) reported that the annual runoff 

would increase due to changes in the precipitation and temperature; snowmelt and glacier 

Basin Region Runoff components (%) 

SR IF BF SR/IF 

Beki  

This study 

29 26 45 1.1 

Lohit 63 13 24 4.8 

Noadihing 46 12 42 3.8 

Dudh Koshi 

(Koshi basin) 

(Nepal,2012) 

 

 

CH 

 

 

50 

 

 

30 

 

 

20      1.7 

Tamor 

(Koshi basin) 

(Nepal,2012) 

 

 

 

44 

 

 

36 

 

 

20 1.2 

Kabul basin 

(Ghulami,2017) 

WH  

66 

 

26 

 

9 2.5 

Kaidu basin 

(Shen et al.,2018) 

 

Tianshan mountain (HMA)  

31 

 

23 

 

46 1.3 

Yenisei basin 

(Fabre et al., 2017) 

Sayan  Mountains 

Central Asia 
58 39 3 

1.5 

Notes: SR = Surface runoff        IF = Interflow         BF= Baseflow 
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melt would decrease from 2041-2050 in the WH, CH and EH. Prasch et al. (2010) reported 

a decrease in the annual runoff, snowmelt and glacier melt for the near future (2011-2040) 

and far future (2051-2080). Nepal. (2012) reported that annual runoff and snowmelt would 

increase while glacier melt would decrease from the near future (2010-2050) to the far 

future (2051-2096). Similar results in the Beki, Lohit and Noadihing study basins projected 

an overall decline in streamflow in the Near Future (2021-2050) while in the Far future 

(2071-2100), an increase in the streamflow is projected due to higher precipitation.  

 
Table 7.3: Studies on impact of climate change on water balance components  

 

 

 

Basins Reference 

HM/CM 

RR GM SM 

 

Beki 

 

This study 

 J2000 

CORDEX 

RCP 8.5 

 

WGL NGL NGL NGL 

NF: +8% 

FF:+25% 

NF:+1% 

FF: +4% 

NF: +22% 

FF:-22% 

NF: -4% 

FF:-30% 

 

Lohit 

 

NF: 15% 

FF:+46% 

NF: +2%, 

FF:+10% 

NF: +25% 

FF:-17% 

NF: -6% 

FF:-36% 

 

Noadihing 

 NF: +9%, 

FF:+30% 

--------------- NF: -41% 

FF:-26% 

Chu 

HMA 

 

Ma et al.,2015  

SWAT 

5 GCMs 

RCP 2.6, 4.5, 8.5 

 

 

2016–2045 

-13.4%, -6.4%, -6.9% 

2066–2095 

-6.5%, -13.7%,-27.7% 

2016–2045 

-4.1%,-4.2%,-1.0% 

2066–2095 

-26.6%,-19.5%,-

13.2% 

 

2016–2045 

-6.7%, -4.1%, -5.1% 

2066–2095 

+1.1%, -6.2%, -21.4% 

Lhasa 

NEH 

Prasch,2010 

PROMET 

IPCC SRES RCMs 

A1B,A2,B1 

2011-2040: -7% 

2051-2080:-21% 

2011-2040: -1% 

2051-2080:-2% 

2011-2040: -47% 

2051-2080:-118% 

Dudh Koshi 

CH 

Nepal,2012 

J2000, PRECIS RCMs 

 

2010-2050: +2% 

2051-2096:+6% 

2010-2050: 28% 

2051-2096:-12% 

2010-2050: -7% 

2051-2096:-25% 

UB/ EH  
Lutz et al.,2014 

SPHY 
4 CMIP5 GCMs 

RCP 4.5, RCP 8.5 

 

 

2041-2050 

RCP 4.5:+5% 

RCP 8.5: +1% 

 

2041-2050 

RCP 4.5:-11% 

RCP 8.5: -9% 

 

2041-2050 

RCP 4.5:-7% 

RCP 8.5: -37% 

 
UG/ CH 2041-2050 

RCP 4.5:+5 % 

RCP 8.5+14:% 

2041-2050 

RCP 4.5:-10% 

RCP 8.5: -4% 

 

2041-2050 

RCP 4.5:-4% 

RCP 8.5:-34% 

 UI/WH 2041-2050 

RCP 4.5: +7% 

RCP 8.5:-5% 

 

2041-2050 

RCP 4.5:+2 % 

RCP 8.5:+9% 

 

2041-2050 

RCP 4.5:-3 %, 

RCP 8.5:-26% 

   Rhine 

(Alps) 
 

Bosshard et al. (2014) 

PREVAH 

 10 GCM-RCMs SRES 

A1B 

 

2070– 2099: 

Summer runoff  

(-40% to -9%) 

Winter runoff  

(+4-51%) 

Glaciemelt  was 

projected to 

increase 

Earlier and reduced 

snow melt 

Juncal 

Central  

Andes)   

Ragettli et al. (2016) 

TOPKAPI-ETH 

12 CMIP5 GCMs 

RCP 4.5,RCP 8.5 

 

2001-2091: RCP45: - 40% 

2001-2091: RCP85,- 62% 

 

Higher 

temperature 

increase causes 

higher glacier 

melt 

 

Earlier and reduced 

snow melt 

Columbia / 

Rockies and 

British 

Columbia 

 

Schnorbus et al. (2014) 

VIC Model 

8 CMIP3 GCMs 

SRES A2, B1, A1B 

 

 

2041-2070: 

Annual-runoff change (%): 

A1B:7,A2:10,B1:9 

Winter-runoff change(%): 

A1B:95,A2:98,B1:75 

Summer-runoff change (%): 

A1B:-22,A2:-16,B1:-9 

 

Glaciermelt 

decreases due to 

negative mass 

balance 

 

Increased snowmelt, 

increased rainfall 
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The impact of climate change on the hydrological regime of glacierised headwater basins 

is poorly understood because of high meteorological variability, inaccessibility and the 

complex interaction between climate, cryosphere, and the hydrological processes. The 

projected change in temperature or precipitation could have varied implications on the 

hydrological regime of glacierised mountainous river basins worldwide due to the 

following reasons: 
 

 The variability of glacier mass balance and climatic variability respond differently in 

the high-altitude basins due to differences in characteristics of debris cover, 

topographic shading and local avalanche processes. The rate of change of net glacier 

mass loss is influenced by the initial glacier hypsometry as negative glacier mass 

balance predominate if ELA rises above the initial glacier areas such as in the Central 

European Alps and low latitude such as central or southern Andes, contrary to the  

HMA wherein a large portion of glacier area is above the present ELA. 
 

 The variability of factors such as melt rates, albedo, melting seasons, precipitation 

seasonality or temperature-induced change in precipitation phase for summer 

accumulation-type glaciers in the CH, EH or NEH is contrary to the winter 

precipitation type glaciers of WH. 
 

 The implication of climate change on the hydrological regime is highest in the 

glacierised headwater basins with a higher proportion of glacierised areas. This 

indicates that glacier contribution to water resources is insignificant in monsoon-

dominated basins such as the Ganges and Brahmaputra, moderate in most mid-

latitude basins such as the tropical Andes but of high importance in arid basins of 

HMA such as the Tianshan mountains or Indus basin in WH. The flow from glaciers 

spanning large areas in the tropical Andes is significant because the area affected by 

interannual snowpack is limited. The glaciers are important storages that compensate 

for irregular runoff from highly variable summer precipitation by supplying more 

stable runoff from melting snow and ice in the tropical Andes. Therefore, glaciers 

reduce the interannual variability of summer flows by storing water in cold and wet 

years and releasing water in hot and dry years in the Alps, the Andes and WH (Hock 

et al., 2005).  

 The largest area of mountain permafrost exists in the HMA followed by the Andes 

and Alps. The amount of meltwater originating from thawing permafrost could have 

significant importance on runoff in areas such as arid HMAs (Wu et al., 2015; Gruber 

et al., 2017). 
 

 The assessment of annual basin precipitation on glacier melt is influenced by the 

gridded or remote sensing precipitation product chosen for the study, which fails to 

represent the orographic precipitation mechanisms in high mountainous areas 

(Huffman et al., 2007). The mountainous regions worldwide are affected by 

interannual and decadal-scale variations in precipitation and mountain snowpacks 

caused by region-specific large-scale circulation such as the El Nino- Southern 

Oscillation, the Eurasian Pattern, the North Atlantic Oscillation, the North Pacific 
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Oscillation, the Pacific North American Pattern, the Pacific Decadal Oscillation, Indian 

Monsoon and Western disturbances (Viviroli et al., 2011).  

 The projected changes in annual runoff in glacierised basins in HMA (Himalayas, 

Hindukush, Karakorum mountains), Central Europe (Alps), Western Canada and 

USA (Rockies) suggest that higher annual runoff will generally be reached before or 

around the middle of the 21st century (Ragettli et al., 2016). Ma et al. (2015) predicted 

a higher glacier melt in a higher emission scenario in the far future. In addition to 

changes in ice and snowmelt, changes in other climatic variables such as precipitation 

and temperature could affect runoff amounts and timing (Lutz et al., 2014). 
 
7.4 Process-based glacio-hydrological hydrological modelling 

 

A robust glacio-hydrological modeling study requires a multi-objective function for 

internal error compensation and constrains the parameter search for the multi-data, multi-

signal, and multi-criteria calibration and validation (Pellicciotti et al., 2012). The modelling 

results in section 6.3 revealed that the J2000 model could predict the streamflow at the 

basind level at multiple scales with satisfactory, good, very good to optimal results. Table 

7.4 summarizes the efficiency results for the validation period in the study basins at 

different spatial scales. 

 
Table 7.4: Efficiency of simulated and observed runoff for the study basins at different scales 

Spatial scale Macroscale Mesoscale 

Study basins (Beki, Lohit) Study basins ( Noadihing) 

Nested subbasins of Beki basin 

(Magochu, Nyukcharongchu ) 

Temporal scale Daily 

Objective 

functions 

Performance rating 

ENS 0.20-0.52 (A - S) 0.00-0.50 (A - S) 

LNS 0.32-0.50 (A - S) 0.00-0.30 (A - A) 

R2 0.40-0.54 (A - S) 0.20-0.60 (A - S) 

Bias -.0.05 to -0.01 (G - G) -0.10 to 0.00 (VG - O) 

KGE 0.61-0.70 (G - G) 0.32-0.70 (G - G) 

Notes: A=Acceptable, S = Satisfactory, VG = Very Good, G = Good, O = Optimal 

 

Muñoz et al. (2021) reported the popular objective functions in glacio-hydrological studies 

for high flow (ENS), average (R2, KGE) and low flows (LNS). Moreover, typical flow 

characteristics in glacierised basins are adequately represented by the objective functions 

such as high rising seasonal streamflow signal (ENS), streamflow variability due to 

snow/ice processes (bias), timing similarity between the observed and simulated discharge 

(R2) and abruptly receding low flow (LNS) (Duethmann et al., 2015). Although the model 

could represent the overall hydrological dynamics well, acceptable performance was 

evident related to uncertainty accrued from input data, model structure and 

parameterisation. Moreover, expert knowledge gathered from field investigations could 

explain the important basin-specific hydrological processes, dominant runoff generation 

mechanisms, flow paths and their interconnections (Fackel, 2004). Such field 

investigations could explain the anomaly in model performance in this study.   
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A low-performance rating was observed due to uncertainty in the observed runoff or 

higher inconsistency of monthly rainfall-runoff characteristics for the macroscale Beki and 

Lohit basins explained in sub-sections 6.3.1.4 and 6.5.1 respectively. The model simulated 

a higher amount of surface runoff in Beki basin due to the predominance of Leptosols that 

caused fast interflow (Figure 7.1(a)). Similarly, the model simulated a higher amount of 

surface runoff in the Lohit basin due to the predominance of Leptosols that caused 

saturation overland flow (Figure 7.1(b)).  A low-performance rating was observed for the 

mesoscale Noadihing basins due to uncertainty in the observed runoff or higher 

inconsistency of monthly rainfall-runoff characteristics (sub-section 6.5.2). The model 

simulated a higher amount of surface runoff in the mesoscale Noadihing basin due to 

higher area under Acrisols, which caused infiltration excess overland flow during heavy 

monsoon rainstorms or higher rainfall amounts spread over more extended periods as the 

basin lies in a rainforest (Figure 7.1(c)). The model could simulate the important 

hydrological processes of alpine regions, such as higher deep groundwater than shallow 

groundwater, due to the impact of Mountain front recharge and Mountain block recharge 

(Figure 7.1(d)). 

 

Low performance was also registered for the Magochu and Nyukcharongchu sub-basins 

because of subarctic, subarid conditions characterized by minimum infiltration 

 and large evapotranspiration rates (Kottek et al., 2006; FAO, 2005). Moreover, due to 

lesser precipitation and random aufeis formation (Figure 7.1(e)) in the upstream 

tributaries (personal communication, SEW Energy staff), lesser amount of base flow was 

simulated than the actual groundwater contribution.  

 

 

 

 

   

   

  

 
Figure 7.1: (a) Fast interflow in Leptosols in the Beki basin (b) Land-slide triggering fast saturation overland 

flow in Leptosols in the Lohit basin (c) Infiltration excess overland flow in Arcrisols in the Noadihing basin (d) 

Mountain front recharge (MFR) and Mountain block recharge (MBR) (e) Frozen Spring/Aufeis in nested sub-

basins of Beki during winter 

 
 

(a) (b) (c) 

(d) (e) 
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7.5 Uncertainties and limitations 

 

The limitations and uncertainties inherent in this study are primarily attributed to model 

inputs, structure, and parameterizations, as discussed in the following sections. 

 
 7.5.1 Uncertainty due to model inputs 
 

 (a) Discharge data: The discharge data for the study basins have been collected from the 

WRD, AWRMI and BB, as discussed in Section 4.1. The discharge data is mainly recorded 

at 8.30 am IST from staff gauges as per the CWC protocol. However, discharge data needs 

to be recorded twice daily, particularly during the monsoon season to monitor flood 

waves that may occur after 8.30 am but pass before the next reading. Kattelmann (1987) 

reported that the stage-discharge rating curve in the Himalayan region is based on 

inadequate gaugings; hence, it contributes to uncertainty particularly with respect to 

higher discharge.  

  

Human errors are inevitable in discharge measurements as the gauge readings are 

generally done by untrained local staff. Moreover, manual discharge measurements are 

recorded erratically during flood season when the river banks are submerged. Such 

readings are mostly erroneous as the discoloured readings on bridge piers are recorded 

from a great distance on the river bank (Figure 7.2(a)). Another source of human error 

mostly encountered in these Himalayan rivers is the effect of eddies that cause non-

homogeneous flow under bridge piers during high floods or sediment transport (Lahiri 

and Sinha, 2012). The piers may overturn, get displaced or tilted under the impact of high 

floods and the gauge readings recorded from tilted piers are erroneous as was witnessed 

in the Mompani gauge station of the Lohit basin (Figure 7.2 (b)). The staff gauge may also 

tilt under the impact of waves as was evident at the Deban gauge site in the Noadihing 

basin (Figure 7.2 (c)). Therefore, the gauge readings recorded from tilted gauges may be 

unreliable due to the magnitude of tilt viewing angle (Zhang et al., 2019). As shown in 

Figure 7.2 (b) the yellow scale on the displaced pier in the Lohit basin was inclined at a tilt 

angle (𝛉) of angle of 3˚ while the gauge staff in Figure 7.2(c) installed at the Deban gauge 

site was inclined at 12.5˚, indicating higher anomaly in the discharge time series of the 

Noadihing basin. This could also substantiate the higher uncertainty in modelling results 

of the Noadihing basin (section 6.5.2). 

  

Moreover, records from gauge stations located adjacent to the rivers were very short with 

missing data primarily due to damage caused to the gauge records during floods, 

relocation or improper storage facility. As shown in Figure 7.2 (d), the missing discharge 

data in the Beki basin had to be collected from the WRD office, Barpeta as some discharge 

records were not available with the AWRMI data cell (pers. comm., Mr Bhaskar Das, 

AWRMI).  
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(b) In situ precipitation data: Many studies have reported precipitation as the significant  

source of uncertainty in hydrological modelling in high altitude, data-scarce 

mountainous basins (Pohl et al., 2015). Moreover, the gridded precipitation datasets 

constructed by interpolating point observations in topographically complex 

mountainous regions are mostly underestimated due to the scarcity of observations in 

high elevation locations (Palazzi et al., 2013). Furthermore, the simple inverse distance 

weighing scheme fails to capture the effect of the orographic lifting of precipitation in 

the Himalayas (Roe, 2005). Mirza (2002) reported that gridded CRU precipitation  

 

 

 

 

Figure 7.2: (a) Discoloured gauge scale on the railway bridge pier of the Beki basin (b) Displaced and tilted pier 

in the Mompani gauge station of the Lohit basin (c) A tilted gauge staff fixed on a tree at the Deban gauge site in 

the Noadihing basin(d) Collection of missing discharge records  for the Beki river from the WRD office, Barpeta, 

Assam 

y 

ycos

𝛉 

𝛉 

(a) 

(b) 

(c) (d) 
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based on a limited number of stations underestimated the precipitation in the floodplain 

due to orographic effects in the Meghalaya hills and the Himalayan foothills. 

 

Many studies highlighted the plausibility of the application of ERA-I data for hydrological 

modelling studies in the HKH region. They concluded that ERA-I data overestimated 

precipitation as it produced the total precipitation while observations or other remotely-

sensed gridded data could not detect the snow component of precipitation (Palazzi et al., 

2013). Dahri et al. (2016) concluded that ERA-I precipitation mostly displayed 

overestimation in the Indus basin while underestimation in the central Karakoram region. 

In another study, the ERA-I showed lesser precipitation on the southern slope of the 

Himalayas. At the same time, it overestimated precipitation in the northern slopes and on 

extensive parts of the eastern Himalayas (Ménégoz et al., 2013).  

  

Maussion et al. (2014) reported that validating the correct precipitation in mountainous 

regions is a formidable task with valley-based observations. Many researchers have cited 

the altitude dependency of precipitation in the Himalayan region and concluded that 

there exist substantial differences in the rate and magnitude of variation from one basin to 

another due to directional bias, orographic effects and the impact of diverse weather 

regimes such as western disturbances or monsoon (Pang et al., 2014). Therefore, the 

complex altitudinal variation of precipitation in the mountainous Himalayan basins 

cannot be represented by a unique precipitation gradient due to the influence of several 

localized scale-dependent mechanisms (Immerzeel et al., 2014). The complex orography 

and the interaction of different hydroclimatic systems govern the amount, spatial patterns 

and seasonality of precipitation in the Himalayan region. Therefore, the scarce 

observations or the coarse gridded data based on them nor the sensor-based products can 

adequately represent the precipitation regime of the region (Wijngaard et al., 2017; Palazzi 

et al., 2013). Due to a lack of comprehensive information about the processes triggering 

premonsoon convective cloudburst events in the NEH region, uncertainty or constraints 

exist in the modelling or prediction of such extreme precipitation events (Xavier et al., 

2018).  

  

 Several studies have pointed out that precipitation in the HKH region exhibits significant 

changes over short distances and has a considerable vertical gradient (Dahri et al., 2016; 

Pang et al., 2014). Hence, the average precipitation amounts estimated from modelled 

precipitation products are unrealistically low and cannot justify the observed discharge at 

the basin outlet (Khan and Koch, 2018).  In the present study, the annual comparison of 

the ERA-I and observed precipitation indicated poor agreement at stations with elevation 

<1200 m and good agreement at stations with elevation ≥1200 m, indicating that the 

orographic precipitation at the Himalayan foothills was not adequately represented by the 

gridded ERA-I precipitation dataset (Palazzi et al., 2013). The monthly comparison of 

ERA-I stations < 1200 m showed the highest anomaly (RMSE: 2.8 mm/month, MAE: 15 

mm/month) from April to October, while the lowest anomaly (RSME: 0.5 mm/month, 

MAE: 1.4 mm/month) could be seen in the winter months from November to January. The 

annual and monthly evaluation of observed and simulated runoff has underscored the 

inherent uncertainties in the rainfall-runoff relationship for the three study basins (sub-
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section 5.1.1). Moreover, due to pockets of orographic precipitation in the Bhutan foothills, 

convective circulations at the Lohit and the Noadihing basins, high streamflow could be 

produced in rivers without recording the triggering isolated high amplitude precipitation 

events as shown in Figure 7.3(a)-(c).   

 

For example, in the Beki basin, the incongruity in the observed and simulated runoff was 

indicated in the years 2008(3/17/2008-5/19/2008) and 2009(3/20/2009-5/20/2009). In the 

Lohit basin, the incongruity in the observed and simulated runoff was indicated in 

1994(3/19/1994-7/8/1994) and 1995 (4/11/1995-8/8/1995). In the Noadihing basin, the 

observed and simulated runoff revealed widespread anomalies for the years 

1984(3/30/1984-8/9/1984) and 1985 (3/17/1985-8/29/1985). 

 

 
(c) Temperature data: Temperature plays a significant role in the generation of snow and 

glacier melt or the phase change of precipitation, thus dictating the state and fate of the 

Himalayan glaciers (Immerzeel et al., 2010). Near-surface air temperature plays a major 

role in controlling the energy exchange and melt rate at a snow or ice surface. In most 

 

 

 
 

Figure 7.3: (a)Inconsistent discharge during flood events at Railway bridge gauge in the Beki basin during 

2008-2009  (b)  Inconsistent discharge during flood events at Mompani gauge in the Lohit basin during 1994-

1995 (c) Inconsistent discharge during flood events at Deban gauge in the Noadihing basin during 1984-1985 

(a) 

(b) 

(c) 
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glacio-hydrological models, air temperature is distributed using a constant linear 

environmental lapse rates (ELR) in the range of –5.5 and –6.5°C km-1, which poorly 

represents the actual spatial and temporal variability temperature (Nolin et al., 2010). 

Many studies have documented the variability of near-surface temperature lapse rates 

(LR) over glaciers and the lack of physical basis for using the ELR in high-elevation basins 

where the effect of the terrain is highly influential (Strasser et al., 2004; Minder et al., 2010). 

Few other studies have stressed the limitation of using a constant LR due to spatio-

temporal air temperature variability at all scales (Petersen and Pellicciotti, 2011), 

extrapolation of air temperature from off-glacier to on-glacier stations (Biskop, 2016), 

distribution of mountain permafrost based on ground temperatures (Gruber, 2012), 

topographic variability (Rolland, 2003; Kirchner et al., 2013) and difference of slope sites 

and local climatic conditions (Li et al., 2013; Jobst et al., 2016). The present study has used 

the reported mean monthly lapse-rates specifically in the Beki basin (3.4-5.6°C km-1) for 

the southern slopes of the Bhutan Himalaya (Kattel et al., 2017). However, uncertainty 

could be anticipated as the same monthly lapse-rates have been directly used for Lohit 

and Noadihing basins as discussed in section 5.1.4. 

  

(d) Projected climate change data 

  

The three major sources of uncertainty due to future climate projections have been 

identified as (a) uncertainty due to the structural differences among GCMs, due to which 

different models produce different projections for the same radiative forcing (b) scenario 

uncertainty due to different radiative forcing and (c) uncertainty due to the natural climate 

variability (Hawkins and Sutton, 2010). The GCMs with very coarse resolution are unable 

to reproduce mountain-specific effects like orographic forcing, rain-shadow or small-scale 

variations in climate that follow topography. Generally, improvements in projected 

precipitation are performed by downscaling of GCMs over mountainous regions, where 

the accurate representation of spatio-temporal variability of precipitation is a huge 

challenge. The choice of the driving GCMs generally introduces considerable uncertainty 

together with the choice of emission scenario. Therefore a probabilistic approach should 

be pursued by applying multi-model ensembles of GCMs and downscaling methods to 

represent the most significant uncertainties in future projections of climate change on 

hydrological simulations (Wang et al., 2020). Bias correction approaches can reduce the 

bias of climate model outputs to a considerable extent; however, no bias correction 

approach can completely remove biases (Chen et al., 2013). The residual biases may 

contribute to large-scale errors in climate change impact studies, particularly when the 

projected climate change signal over historical and future periods are of similar 

magnitude or smaller than these biases (Chen et al., 2015). The present study applies the 

CORDEX-RCMs that overestimate areas with significant warming and fail to represent the 

precipitation trends in magnitude and direction, thus displaying enormous uncertainty at 

the lower elevations in both precipitation and temperature in the Brahmaputra basin in 

the NEH region (Mishra, 2015). Gain et al. (2011) reported uncertainties regarding the 

future changes in the South-Asian Monsoon strength as contradictory results have been 

projected by most contemporary RCMs, due to issues in simulating the mean monsoon 

characteristics and inter-annual precipitation variation.  
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7.5.2 Uncertainty due to model structure and model parameter 

  
This study estimated most of the model parameter values mainly by calibration, except for 

the orographic precipitation correction factors. Default parameter settings of the J2000 

model were applied or parameter values were referred from literature. To circumvent the 

issue of equifinality, ensemble modelling combining uncertainty and sensitivity analysis 

was conducted as proposed by Winsemius et al. (2009). The choice of likelihood measures 

in the GLUE approach, based on subjective computation is likely to generate arbitrary 

results unsuitable for scientific validation (Stedinger et al., 2008). Therefore, in the present 

study, the selection of thresholds for the rejection criteria or the limits of acceptability was 

estimated from the GLUE uncertainty analysis based on the best available hydrological 

knowledge as suggested by Beven and Binley (2014).  
 
A common problem in parameter uncertainty is that some parameters such as the 

precipitation correction factor may compensate for the error in input gridded precipitation 

data and also model-structure uncertainties (Beven and Binley; 2014; Biskop, 2016). Many 

researchers have proposed precipitation correction or scaling factors to account for more 

realistic water balance estimates in the HKH region (Dahri et al., 2016; Pohl et al., 2015). 

However, it is challenging to derive meaningful precipitation-correction factors from 

comparison with valley-based observations in mountainous regions as comparisons may 

be biased according to the location of the observation stations, such as local orographic, 

rain-shadow and wind-blowing effects (Pohl et al., 2015; Adam and Lettenmaier, 2003). 

Pohl et al. (2015) proposed that precipitation correction factor could be evaluated by 

comparing simulated and observed discharge; to account for relatively high estimated 

precipitation amounts resulting in unrealistic simulated snowmelt. 

  

Several studies have reported precipitation-correction factors, such as 0.37 in the Pamir 

Mountains (Pohl et al., 2015), ~ 0.75-0.85 in central TP (Biskop, 2016) and ~0.32-1.53 in the 

Indus basin of Western Himalayas. Muñoz et al. (2018) proposed precipitation correction 

through inverse modelling in South-Central Chile basins using a conceptual hydrological 

model and derived precipitation correction factors ~0.99-3.77 across the region. To derive 

the improved correction factors in the Himalayan region, Khan and Koch (2018) evaluated 

orographic precipitation correction factors based on reported glacier mass-balance and 

evapotranspiration values in the Upper Indus basin of WH. As described in sub-section 

5.9.4, multiple model runs were performed using orographic precipitation correction 

factors between 1 and 2.5 with a 0.05 increment, such that the simulated ET and Δg 

estimate matched with the adopted values by stepwise calibration of the glacier and ET 

parameters. The glacier mass balance values based on in situ observations on a single 

glacier on the basins or the ET values referred from the literature may have errors, which 

in turn might have affected the estimation of accurate precipitation-scaling factors and 

thereby the accuracy of model results. However, the precipitation correction factors 2.5, 

1.95 and 1.67 in Beki, Lohit and Noadihing basins respectively were in agreement with the 

orographic precipitation correction factors ~1.12-1.85 reported by Khan and Koch (2018) in 

7.5 Uncertainties and limitations                                                                                                166 

 

 



 

                                                       

 

 

the WH. The orographic precipitation correction factors of 2.5, 1.95 and 1.67 in the Beki, 

Lohit and Noadihing basins respectively seem to be plausible within an acceptable range 

as the precipitation derived from simulated discharge is comparable to the ERA-I 

precipitation corrected by the orographic precipitation correction factor (section 5.1.1).   

  

The J2000 model used in the present study excludes certain key cryospheric processes 

such as blowing-snow and sublimation, wind-induced sublimation of suspended snow 

above the snowpack, snow redistribution by wind and avalanches that may influence the 

snow-cover patterns as well as the magnitude and timing of melt runoff and thus cause 

uncertainty (Strasser et al., 2008; Vionnet et al., 2014; Pellicciotti et al., 2014). However, 

neglecting snow redistribution can result in unrealistic amounts of snow accumulation, 

especially when modelling long-time series (Tarasova et al., 2016). 

  

The J2000 model assumes a simple temperature index method which shows discrepancy 

in the transformation of snow into ice, leading to uncertainty in estimating glacier melt 

(Sicart et al., 2011). The J2000 model assumes a static glacier cover that fails to account for 

the evolution of glaciers in response to a changing climate. In the present study, the glacier 

area is assumed to remain static with time and rise in temperature; thus, the projections do 

not take into account any reduction in total glacier area arising from increased melt and 

reduced accumulation, which could lead to a reduction in glacier melt in the longer term. 

Therefore, due to a lack of sufficient baseline information on glaciers and understanding 

of glacier dynamics, an inexhaustible ice volume available for melting, resulting in an 

unrealistically high glacier melt for long-term simulation, might produce uncertainties in 

the WGL and NGL scenarios (Nepal and Shrestha, 2015).  

  

 For the WGL scenario, the percentage increase of mean annual runoff for the NF with 

respect to the baseline period was projected as 8% and 15% for the Beki and Lohit basins 

respectively, whereas for the FF, the percentage increase of mean annual runoff was 

projected as 25% and 46% for the Beki and Lohit basins respectively. Similar findings by 

Prasch et al. (2011) reported that for the WGL scenario, melt water from glaciers and snow 

fields is expected to accelerate in the NF due to the increase in air temperature and 

extended melting periods. For the NGL scenario, the percentage increase of mean annual 

runoff for the FF was projected as 4%, 10% and 30% for the Beki, Lohit and Noadihing 

basins respectively. This compares favourably with the study by Prasch et al. (2011) n 

which it is reported that for the NGL scenario after the complete depletion of glaciers from 

glacierized basins or unglaciated basins, monsoon precipitation and snowmelt runoff from 

the mountains would regulate the water availability. Hence, although glaciers are 

expected to deplete in future, water availability will be compensated by higher projected 

precipitation. 

  

Reliable future streamflow and hydrological regime assessment should ensure that the 

glacio-hydrological model is calibrated and validated from long-term (>30 years) 

simulation. The calibrated model parameters should be stable in time for the glacio-

hydrological models to make robust future projections in the context of climate warming. 

This is particularly relevant in glacierised catchments due to the rapid ongoing changes 
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resulting in a transition from glacial to nival or pluvial regimes. Future alteration in model 

structure due to likely changes in glacierised areas such as a glacier replaced by 

permanent snowfield or soil would modify the water storage and routing on new the 

glacier-free areas. The J2000 model does not explicate this aspect which could be another 

potential source of uncertainty. 

  

Himalayan glaciers are heterogeneous across the region (Scherler et al., 2011). Moreover, 

debris cover controls the glacier melt depending on debris thickness, composition, and 

distribution.  Zhang et al. (2011) reported a reduction of about 25 % of the total melt from 

debris-covered glaciers. In the present study, the same glacier parameters have been used 

for the Beki and the Lohit basins, although the Lohit basin has no debris-covered glaciers, 

which could cause error. In situ mass balance estimates are essential for model calibration 

in glacierized basins (Bolch et al., 2012). However, glacier mass balance estimates used in 

this study based on available literature when upscaled to the entire basin or exported to 

another basin could be misleading (Khan and Koch, 2018).  

  

A simple freeze-thaw front parameterization was implemented to represent the 

hydrothermal dynamics in the frozen ground over an entire seasonal freeze-thaw 

cycle.  For the present study, such a simple freeze-thaw front parameterization was only 

feasible, given the dearth of data on frozen ground and need for further assumptions and 

simplifications. The impact of soil freezing and thawing on model results was assumed to 

be insignificant in the present study, as a low amount of water was estimated to be stored 

in the soil during the winter months. Futhermore, Gruber et al. (2017) reported that the 

impact of soil freezing and thawing has a higher effect on the timing rather than the 

magnitude of simulated runoff in the discontinuous permafrost-laden study basins.  

 

7.6 Further Research Implication 

  

The impact of climate change on the snow and glacier-fed basins of the Himalayas, where 

the temperature rise is higher than the global average, is expected to have significant 

implications on the water balance and water availability (Lutz et al., 2014). Understanding 

the role of snow and glacier melt in stream flow is inadequate, particularly in the 

ungauged glacierised basins of the NEH region due to data scarcity (Cogley, 2011). It is 

crucial to assess the hydrological regime of the Himalayan basins by quantifying the water 

balance and runoff components (snowmelt, glacier melt, streamflow, groundwater etc.) by 

suitable glacio-hydrological models under the present and projected climate scenarios 

(Miller et al., 2012).  

 

Muñoz et al. (2021) concluded that multi-model comparisons of parsimonious models 

performed better than complex glacio-hydrological models. This is because higher 

complexity in complex models leads to complicated parameter estimation, higher 

uncertainty and data requirement, whereas inadequate model complexity in simple 

models could lead to model over-parametrization (Li et al., 2015). This study applies the 

parsimonious J2000 glacio-hydrological model based on the HICIA criteria and integrating 

remote sensing data to understand the spatio-temporal variability of water-cycle 

components of ungauged glacierised Himalayan basins.The modular J2000 model has 
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high flexibility to integrate new components by code adjustments to address the region's 

spatial heterogeneity and data scarcity. The developed model was adapted for 

understanding the glacier and frozen ground hydrological processes of glacierised basins 

across the NEH region. In addition, the developed J2000 model can be applied to data-

scarce glacierised basins globally as a supportive tool for evaluating the water availability 

for the present and future climate change scenarios, based on which sustainably 

practicable IWRM initiatives can be implemented. 

 

Due to the lack of in situ observations in data-scarce regions emerging remote sensing 

products with high spatio-temporal resolution are extremely useful in improving the 

distributed hydrological models and thereby reducing model uncertainties (Wagener et 

al., 2010). Remote sensing products, such as MODIS could be applied in the present study 

to simulate the evapotranspiration and SCA etc. Furthermore, the GRACE product could 

be used to assess changes in ice volume or the ICESat laser altimetry data could also be 

applied to estimate ice mass loss. 

  

The largest area of mountain permafrost exists in the HMA followed by the Rockies, 

Andes and the European Alps (Obu et al., 2019). The amount of meltwater originating 

from thawing permafrost could have significant importance on runoff in areas such as the 

arid HMA (Wu et al., 2015; Gruber et al., 2017). Permafrost thaw may impact runoff by 

releasing water from ground ice and altering the hydrological pathways or groundwater 

recharge due to permafrost degradation (Jones et al., 2018). The runoff from thawing 

permafrost is relatively higher compared to runoff from melting glaciers in arid areas such 

as the HMA where permafrost is more abundant (Gruber et al., 2017). Although, glaciers 

are more sensitive to climate change, runoff from permafrost thaw in the mountains may 

become increasingly predominant in future with enhanced warming (Jones et al., 2018). 

Therefore, research effort must be directed towards assessing permafrost melt 

contributions to downstream runoff, particularly in glacierised basins of the Himalayas 

(Miller et al., 2012). 
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Chapter 8  

  Conclusions  
 

This chapter summarises the conclusions based on the scope, key findings, innovative 

relevance and the brief outlook of the study. The glacierised basins across the NEH region 

are highly vulnerable to current and projected climate change scenarios. However, 

regional water balance assessment in glacierised basins is challenging due to the lack of 

hydrometeorological data for model calibration and validation. Addressing the research 

gap, the scope of this PhD dissertation was to present a robust modelling framework for 

regional water balance assessments in the NEH region. In agreement with the HICIA 

criteria, the J2000 model was selected with limited data requirements and modular 

structure to account for the dominant hydrological processes and assess the glacio-

hydrological dynamics under present and projected climate change scenarios. 

 

8.1 Overall summary and conclusions 
 
The methodological approach proposed in this study combines a detailed analysis of 

modelled ERA-I input data and process-based hydrological modelling. To circumvent the 

data-scarcity issue for regional water balance assessment in the NEH region, corrected 

modelled ERA-I data, remote sensing datasets and extensive field investigations were 

applied in this study, as explained in the following section with the desired outcomes. 

 

(a) Hydroclimatic data evaluation and correction 
 
Due to the complete lack of precipitation data at the mountainous, transboundary parts of 

the basins, ERA-I precipitation and temperature data were used. The mean annual ERA-I 

precipitation dataset was evaluated against the observed precipitation using various 

standard error and agreement indices to identify an elevation threshold that demarcated 

the zones of the inconsistency of the ERA-I precipitation data.  
 

 As the modelled ERA-I precipitation data cannot account for high amplitude 

orographic or convective events typical of the NEH region, it leads to higher glacier 

melt. Orographic Correction Multiplicative Factor was used for correction of ERA-I 

precipitation dataset based on the closure of water balance for the selected study 

basins, considering glacier mass balance and ET estimates from academic literature. 
 

 As the constant environmental temperature lapse rate is not representative of near-

surface conditions in the mountainous regions, monthly near-surface temperature 

lapse rates were derived to correct and regionalise the ERA-I air temperature dataset. 

 

 Outcome:  The above methods of analysis and correction of modelled ERA-I data helped 

to understand its capability to reflect the physiography-dependent precipitation 



 

                                                       

 

 

distribution and dynamics in the NEH region by performing a detailed spatio-temporal 

analysis of the hydrometeorological time series. 

 

(b) Field investigations 

 The LULC in the study basins were reclassified according to the Climatic Landscape 

Zones (CLZ) based on LULC and elevation data collected from an extensive GPS 

ground survey.  

 The exact hydrometric gauge location and river width information required for 

accurate hydrological modelling was collected from the ground survey.  

 A detailed system analysis was performed based on identifying the dominant runoff 

process of the study basins. Hydrological information related to the presence of 

springs and their seasonal freezing or thawing, aufeis formations, glacier lakes, high 

elevation lakes etc., were investigated. 

 A nested basin approach was adopted to understand the characteristics of frozen soils 

in the Magochu, Nyukcharongchu and Nurangchu sub-basins of the Beki basin. 

 

 Outcome: The field investigations outlined above helped to improve the system 

understanding by identifying the knowledge gaps or limitations and the various sources 

of uncertainty in the developed process-based glacio-hydrological J2000 model. 

 
 (c) Glacio-hydrological modeling 

 
(i) HRU regionalisation 
 
A nested basin approach was implemented for simultaneous calibration at the Magochu  

sub-basin and Beki basin to represent the frozen ground dynamics in the J2000 model. 

The calibrated model parameters of the Beki basin were transferred to the Lohit 

and  Noadihing basins by the proxy-basin approach for validation of the model 

structure, model parameters and quantify the glacio-hydrological process dynamics for 

recent and projected climate change scenarios. 

 

Outcome:  The developed J2000 model was regionalised to the ungauged basins of the 

NEH region without developing new databases and parameter libraries for similar 

physio-geographical and hydroclimatic conditions. The method of HRU regionalisation 

has been validated for meso and macroscale basins in the NEH region. 

 

(iii) Integrated land and water resources management (ILWRM) tool 
 

A multi-data calibration with multiple data sources such as discharge, glacier-mass 

balance and evapotranspiration was used for internal error compensation and to reduce 

parameter uncertainty in the model. A multi-signal calibration (peak flow, low flow, base 

flow) was also adopted to assess the capability of the adapted J2000 model to simulate the 

different flow characteristics in the study basins. Five different efficiency criteria or multi-

objective functions have been applied viz., Nash–Sutcliffe efficiency, Logarithmic Nash–

Sutcliffe efficiency, Bias, Coefficient of determination and Kling-Gupta efficiency. The 

modelling results indicated the best performance with respect to KGE, which is reported 
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to be the most suitable objective function for parameter regionalisation studies in 

ungauged basins. 

 
Outcome: The developed model parameter library and the regional spatio-temporal data 

 can be applied to any ungauged basin with slight basin-specific modification  and  thus  

 serve as a tool for regional water balance analysis across the NEH region for the 

implementation of ILWRM initiatives. 

 

(d) Climate change impact assessment 

 

To assess the implication of climate change on the hydrological regime of the study basins, 

13 CORDEX model ensembles for both the With glacier (WGL) and Without glacier (NGL) 

scenarios corresponding to NF and FF time slices were applied. The results indicated that 

a higher projected temperature would increase evapotranspiration and reduce the water 

available for runoff and groundwater recharge. However, increased projected 

precipitation would compensate for the runoff reduction. Variability of precipitation 

distribution and increasing temperature would cause lesser snowfall, and faster melting of 

snow would convert most basins from nival to the pluvial regime. For nival basins of the 

NEH, located in the Purvanchal extensions of the NEH, increased precipitation and 

temperature would cause enhanced snowmelt and runoff. Seasonal monsoon streamflow 

was projected to increase while the post-monsoon streamflow was projected to decrease. 

Extreme flow analysis projected high flows for both the WGL and NGL scenarios. 

Although glaciers have been reported to deplete, water availability would be sustained by 

higher projected precipitation in all the glacierised, unglaciated or nival basins in the NEH 

region. 

 

Outcome: The J2000 model was capable of assessing the glacio-hydrological dynamics 

and the implication of projected climate change scenarios on the annual, seasonal, extreme 

flow regimes as well as water availability in the glacierised or nival ungauged basins 

across the NEH region. 

 

(e) Upstream downstream linkage 

 

The Brahmaputra and its sub-basins are most susceptible to flow reductions expected to 

affect the water availability of its downstream population (Immerzeel et al., 2019). The 

snow and ice reserves in the upstream headwaters that sustain the seasonal water 

availability downstream of these glacierised study basins are likely to be affected 

substantially by the impact of climate change. However, the present basin-scale modelling 

studies in the region do not adequately evaluate the glacier melt due to inadequacies of 

the temperature-index lumped models. Moreover, applying more data-demanding energy 

balance models is challenging in the data-scarce ungauged basins.  

 

Outcome: The parsimonious J2000 model is a useful tool for assessing snowmelt and 

glacier melt components of the water balance on the study basins. Due to lack of 

understanding of the prospective fluctuation of glacier area and melt runoff from the 

glacier ice storage due to climate change, the streamflow is simulated for WGL and NGL 
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scenarios to assess the trend of water availability at downstream reaches for near future 

and far future timelines. This regional water balance study is also useful in assessing the 

glacier and snowmelt in the rain-shadow upstream melt-dependent sub-basins of the 

Brahmaputra basin. The latter is highly predisposed to the impact of climate change 

compared to the downstream sub-basins. Moreover, the marginalised mountain 

population are highly vulnerable to water stress due to the growing population and 

ongoing developmental activities. This study provides a platform for long-term 

sustainable planning and management of water resources at every upstream nested basin 

of the NEH region. 

 

 (f) Transboundary riparian implication 

 

The Brahmaputra is an International transboundary river. Therefore the discharge data of 

the Brahmaputra and its tributaries are considered as ‘classified’ according to the CWC, 

GoI. The lower riparian countries such as India and Bangladesh demand continuous 

discharge data; although it is shared only during the monsoon season by China. The 

planning and unabated construction of water resources development (WRD) 

infrastructures across the Brahmaputra river by India and China in the upstream reaches 

is critically opposed by environmentalists due to the harmful UDL impacts on the 

environment and socio-economic setup of the downstream regions. Nevertheless, most 

WRD projects are implemented based on closed-door negotiations on water issues with 

limited information shared in the public domain, which has fuelled mistrust and suspicion 

among the riparian countries. Moreover, geopolitical tension and border disputes between 

China and India have disturbed the existing institutional mechanism to address the co-

riparian ILWRM initiatives at the river basin level and the bilateral agreements on 

discharge data sharing, early warning systems and flood forecasting. 

 

Outcome: The present study presents a modelling platform to simulate the regional water 

balance of the Beki basin transboundary to Bhutan, India and China and the Lohit basin 

transboundary to India and China despite the data restrictions and riparian issues 

between China and India. 

 

8.2 Novelty and innovative relevance of the present study 

 

The novelty and innovative relevance of this study is summarised below, considering the 

applicability of the proposed methodology to other similar mountainous, glacierised areas 

with similar hydroclimatic and geophysical characteristics: 

 

 This pioneering study proposed the application of orographic correction factors based 

on reported in situ glacier mass balance and ET to inversely correct the ERA-I 

precipitation in study basins in the NEH region. This methodology can be used in 

other mountainous areas across the HKH, the tropical Andes or the Alps. 

 This study integrates frozen ground dynamics in process-based hydrological 

modelling studies in the NEH region. The methodological framework developed 

within the study can be implemented in the Eastern and Central Himalayas, the 

Andes etc., with specific regional or local adaptations such as radiation effects on the 
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north and south-facing hills and the lowest threshold elevation for permafrost 

occurrence, mean annual ground temperature and bedrock elevation differences. 

 This study applied multi-ensemble CORDEX RCMs, which project a wide range of 

implications on hydrological regime due to projected temperature and precipitation 

under two relevant scenarios (a) With glaciers and (b) Without glaciers. This 

methodology is relevant for the glacierised basins of the NEH region characterised by 

lower glacierisation, which relatively lowers the contribution of glacier meltwater to 

total annual runoff and higher contribution from monsoonal precipitation. As the 

prospective evolution in glacier areas due to temperature and precipitation changes is 

uncertain, quantifying the implication of precipitation increase due to climate change 

on streamflow is possible from studies under ice-free (without glacier) scenarios. This 

methodology may be applied in the basins of Eastern and Central Himalayas with 

similar monsoonal influence and degree of glacierisation. 

 The nested basin approach for representing the frozen ground process-dynamics is a 

novel effort in permafrost modelling in the NEH Himalayas. The simultaneous 

multisite calibration at the outlets of the basin and their nested sub-basins may be 

used for headwater process representation in other mountainous regions such as the 

HKH, Alps, Andes, Rockies, etc. 

 This study applied regionalisation of model parameters in ungauged basins in the 

NEH region based on physical characteristics, although catchment dissimilarities may 

result in substantial uncertainties. Beki and Lohit are the NEH region's westernmost 

and easternmost macro-scale basins, whereas Noadihing is a mesoscale basin. Lohit 

and Noadihing are adjacent basins, while Magochu and Nyukcharongchu are adjacent 

nested sub-basins of the Beki basin. Beki and Lohit are glacierised basins, while 

Noadihing has no glaciers but only permanent snowfields. Beki and Lohit include 

frozen ground, while Noadihing lacks frozen ground. 

 This study applied the regionalisation of model parameters in ungauged basins 

based on hydrological similarity indicators such as RR, BFI, SFDC, CV, RB Index, α 

and β. The regionalisation of model parameters based on physical and hydrological 

catchment similarities is a novel methodology applied in the sub-basins of the 

Brahmaputra basin, such as the Beki, Lohit and Noadihing in the NEH region. The 

rationale for applying this methodology is relevant because the North bank 

tributaries of the Brahmaputra basin, such as the Beki and the Lohit, have a distinct 

hydrological regime from the south bank tributary, such as the Noadihing. The 

North-bank tributaries are glacierised, while the South-bank tributaries are mostly 

snow-fed or rainfed. 

 

 Due to the lack of hydrogeological information in the transboundary study basins 

such as the Beki and Lohit, the recession coefficient ‘α’ has been used to understand 

and adapt the hydrogeological characteristics of the study basins in the modelling 

process. Such methodology can be used in transboundary mountainous basins across 

the globe with a lack of geological data. 
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8.3 Future outlook  

 

Given the constraints, limitations and scope of the study, the following suggestions for 

further research are provided: 

 More precipitation observations at the higher elevation are required to evaluate the 

plausibility of gridded data. Moreover, an ensemble of recent gridded precipitation 

data of higher spatial resolution should be applied to represent the orographic and 

convective precipitation events. 

 Consistent and long-term discharge data (≥ 30 years) must be applied for proper 

calibration of hydrological models or proper characterisation of the present-day 

hydrological regime for assessing climate change impact on hydrology in the NEH 

region.  

 The glacier module in the J2000 model should be improved to consider the estimation 

of glacier ice storage changes for long-term glacier melt simulations under climate 

change scenarios. The orographic correction factors based on reported in situ mass-

balance estimates for specific glaciers may not represent the whole basin. However, 

accurate glacier-mass balance estimates derived from in situ fieldwork could improve 

the accuracy of the orographic correction factors.  

 Real-time in situ monitoring of soil moisture and temperature at different soil depths 

should be performed to properly understand the freeze-thaw front dynamics under 

permafrost and seasonally frozen ground. For proper assessment of the hydrological 

regime of the nested permafrost sub-basins, typical hydrological signals (BFwin, 

Qwin-ratio, Qmax/Qmin, α and β) and hydrometeorological trend analysis may be 

applied. This methodology is a sustainable, cost-effective approach to understanding 

the frozen ground dynamics as presently; there are no field studies available on frozen 

ground in the NEH region with frequently changing landscapes that damage 

monitoring instruments in the inaccessible landslide-prone mountainous headwaters. 

However, collaborative networking with government and private agencies should be 

initiated to established continuous Automatic weather stations (AWS) and discharge 

monitoring systems, to acquire long discharge data and hydrometeorological time 

series. 

 The climate change impact assessments on regional water balance are subject to 

uncertainties that can be reduced by including an ensemble of more recent additional 

RCMs.  

 The impact of LULC change could be studied in future modelling applications due to 

the drastic and unprecedented LULC change in the downstream corridors of the study 

basins. 
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Figure A.1:  Rating curve for the Beki river at the (a)Railway bridge gauge (b) NH31bridge gauge 

 

 

 
 

 

 

                                                                                       (a)  (b) 

Figure A.2  Corrected hydrograph of observed discharge for the(a) Beki (b) Lohit and (c) Noadihing basins 
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A.  Calculation of Soil temperature in J2000 model (Dr. Manfred Fink) 
   

 private double calc_Soil_Surface_Temp ( ) {   /* after SWAT */ 

int day = time.get(Attribute.Calendar.DAY_OF_YEAR) - 1; 

        double coverweightsnow; 

        double coverweightveg; 

        double coverweight; 

        double epsilon_solar; 

        double temp_bare_soil; 

        double LAI_temp = this.LAIArray.getValue()[day]; 

        double snowcov = snowcover.getValue(); 

 
// dummy calculation for vegetationcover /**vegetationcover estimated from 

measurements of Paul et. al. 2002*/ 

        double vegetationcover = biomass.getValue(); 

     // double vegetationcover=  728.3 * LAI_temp + 326; 

        double radiation = radiat / 1000; 

/*        epsilon_solar = (entity.getDouble(aNameradiation.getValue())*(1-

entity.getDouble(aNamesoilalbedo.getValue()))-14)/20; 

 */ 

epsilon_solar = (radiation * (1 - 0.2) - 14) / 20; 

coverweightveg = vegetationcover/(vegetationcover + Math.exp(7.563-

(0.0001297*vegetationcover))); 

coverweightsnow = snowcov/(snowcov + Math.exp(6.055-(0.3002*snowcov))); 

coverweight = Math.max(coverweightveg,coverweightsnow); 

        /*        temp_bare_soil = atemp_mean + epsilon_solar * ((atemp_max - atemp_min)/2); 

/*SWAT Orginal*/ 

        /*       Combination of SWAT and Epic used to Calculate bare Soiltemp*/ 

temp_bare_soil = calc_Soil_Surface_Temp2(); 

surfacet = (coverweight * Soil_Temp) + ((1- coverweight) * temp_bare_soil); 

Surfacetemp.setValue(surfacet); 
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        return surfacet; 

    } 

    private double calc_Soil_Surface_Temp2() {   /* after ArcEgmo  "Williams-algorithm"*/ 

double  albedofactor; 

        double temp_min = atemp_min.getValue(); 

        double temp_max = atemp_max.getValue(); 

double  temp_bare_soil; 

//     albedofactor = soilalbedo * Math.exp (-0.5 * LAI) +  0.25 * (1 - Math.exp(-0.5 * 

LAI));/*orignal*/ 

albedofactor = 0.01 ;/*modified for bare Soil*/ 

temp_bare_soil = (1 - albedofactor) * (temp_min + (temp_max - temp_min) * 

Math.pow(0.03 * radiat, 0.5)) +  surfacet * albedofactor; 

/*        if (unitnr< 2 &&datumjul == 20 ) { 

        j2k_org.core.message.deb_msg("calc_Soil_Temp_Layer \n"+ 

                                     "ID = " + unitnr + "\n" + 

                                     "datumjul = " + datumjul + "\n" + 

                                     "LAI = " + LAI + "\n" + 

                                     "albedofactor = " + albedofactor + "\n" + 

                                     "Soil_Temp_Layer = " + Soil_Temp_Layer + "\n" + 

                                     "layerdepth = " + layerdepth + "\n" ); 

         } 

 */ 

               return temp_bare_soil; 

    } 
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Figure A3: Results of the uncertainty analysis for the Lohit basin using the GLUE method  corresponding to the Objective functions (a) ENS (b) LNS (c) 

Bias. Results of the uncertainty analysis for the Noadihing basin using the GLUE method  corresponding to the Objective functions (d) ENS (e) LNS (f) 

Bias.The grey band represents ensemble values from 4000 simulations. The blue and red lines are observed runoff and the mean of en semble values. 
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Figure A 4: Sensitivity of selected calibration parameters for Lohit Basin corresponding to the Objective functions (a) ENS (b) LNS (c) Bias. Sensitivity of selected calibration parameters for Noadihing 

                   Basin corresponding to the Objective functions (d) ENS (e) LNS (f) Bias.  
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 Table A1: Mean Annual runoff for WGL scenario

MODEL 

 

BEKI LOHIT 

MEAN STD ENS MEAN STD ENS 

CCC-RCA       

BL 885.0 151.6 3991.7 353.2 

NF 832.4 112.7 4854.6 339.0 

FF 917.1 134.4 7140.2 694.5 

CRNM-RCA     

BL 1096.5 135.7 BL 

MEAN 

1036.3 

 

STD 
232.8 

4080.6 407.2 BL 

MEAN 

5224.9 

 

STD 
1487.8 

NF 1158.4 151.6 4245.4 450.0 

FF 1257.9 173.1 5098.8 587.7 

CRNM-REG     

BL 1258.8 166.0 6147.5 414.0 

NF 1149.7 140.2 6786.2 475.1 

FF 1124.0 117.3 7825.3 469.8 

CSIRO-RCA     

BL 997.5 140.0 NF 

MEAN 

1116.5 

 

STD 
220.5 

4147.2 283.1 NF 

MEAN 

6002.0 

 

STD 
1982.3 

NF 920.0 144.3 4932.3 416.0 

FF 1163.9 167.7 7007.8 605.0 

CSIRO-REG     

BL 911.2 70.6 6805.8 359.3 

NF 1423.0 184.4 8418.5 516.3 

FF 2241.2 152.7 10360.5 2654.1 

IPSL_LR-REG     

BL 610.0 61.7 FF 

MEAN 

1297.3 

 

STD 
470.5 

8151.7 549.9 FF 

MEAN 

7608.0 

 

STD 
2702.6 

NF 1042.1 186.6 10388.9 794.6 

FF 2282.8 241.6 14110.0 874.8 

IPSL_MR-RCA     

BL 876.1 126.3 4312.2 468.3 

NF 922.4 155.0 5137.2 371.2 

FF 1014.3 255.8 7806.4 672.8 

MIROC-RCA     

BL 1017.2 123.6 ΔQ 

 

 

 

NF:8% 

FF:25% 

3867.9 422.3 ΔQ 

 

 

 

 

NF:15% 

FF:46% 

NF 1092.0 158.1 4266.0 369.0 

FF 1142.2 368.7 5527.7 668.9 

MPI_LR-RCA     

BL 1112.1 123.8 4259.1 490.8 

NF 1193.1 158.6 4248.5 426.2 

FF 935.8 228.4 5309.9 534.1 

MPI_MR-REG     

BL 1211.9 194.6 

 

 

6624.7 484.6 

NF 1126.5 212.4 7692.5 578.6 

FF 1464.2 175.7 10002.1 698.0 

NCC-RCA     

BL 968.7 103.0 4002.1 386.1 

NF 1049.4 110.1 4381.6 440.4 

FF 901.9 121.5 5070.7 382.7 

NOAA-RCA     

BL 1157.1 176.8 4535.9 537.3 

NF 1265.0 146.7 4738.6 513.7 

FF 1079.1 272.5 5619.0 611.0 

NOAA-REG     

BL 1369.6 207.7 6997.7 584.8 

NF 1341.0 224.6 7936.0 547.0 

FF 1498.1 228.6 9737.2 688.8 
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Table A2: Mean Annual runoff for NGL scenario 

MODEL 

 

BEKI LOHIT NOADIHING 

MEAN STD ENS MEAN STD ENS MEAN STD ENS 

CCC-RCA           

BL 885.0 151.6 3586.6 378.9 1738.2 194.1 

NF 832.4 112.7 3891.5 295.0 2262.7 259.5 

FF 917.1 134.4 4403.6 423.9 2730.4 379.4 

CRNM-RCA       

BL 1096.5 135.7 BL 

MEAN 

820.6 

 

STD 

232.5 

3946.9 413.1 BL 

MEAN 

4215.8 

 

STD 

758.8 

1826.6 219.8 BL 

MEAN 

1446.47 

 

STD 
639.43 

NF 1158.4 151.6 4022.2 460.3 1925.3 290.7 

FF 1257.9 173.1 4576.8 600.6 2430.6 246.7 

CRNM-REG       

BL 1258.8 166.0 4861.0 425.3 870.5 162.9 

NF 1149.7 140.2 4727.6 565.1 779.6 183.4 

FF 1124.0 117.3 4628.3 457.5 683.9 143.4 

CSIRO-RCA       

BL 997.5 140.0 NF 

MEAN 

832.2 

 

STD 

311.7 

3653.8 329.5 NF 

MEAN 

4284.8 

 

STD 

755.7 

2072.7 258.8 NF 

MEAN 

1576.84 

 

STD 
806.61 

NF 920.0 144.3 3990.8 460.4 2495.0 245.9 

FF 1163.9 167.7 4687.8 410.4 2900.8 330.9 

CSIRO-REG       

BL 911.2 70.6 3616.1 438.6 625.9 196.6 

NF 1423.0 184.4 3429.3 455.2 779.3 111.0 

FF 2241.2 152.7 2676.2 763.8 820.5 100.6 

IPSL_LR-REG       

BL 610.0 61.7 FF 

MEAN 

850.2 

 

STD 

376.2 

5035.2 404.0 FF 

MEAN 

4631.8 

 

STD 

904.3 

696.4 169.2 FF 

MEAN 

1885.54 

 

STD 
610.20 

NF 1042.1 186.6 5124.9 762.2 759.0 206.9 

FF 2282.8 241.6 5305.1 1216.4 1002.8 292.4 

IPSL_MR-RCA       

BL 876.1 126.3 4043.0 477.4 1788.7 214.3 

NF 922.4 155.0 4467.1 395.0 2218.1 247.4 

FF 1014.3 255.8 5482.5 634.8 2753.0 421.8 

MIROC-RCA       

BL 1017.2 123.6  

ΔQ 

 

 

NF:1% 

FF:4% 

3606.5 467.4 

 

NF:2% 

FF:10% 

1946.3 285.5  

ΔQ 

 

 

NF:9% 

FF:30% 

NF 1092.0 158.1 3744.8 408.7 2228.5 196.2 

FF 1142.2 368.7 4375.9 634.3 2649.1 375.3 

MPI_LR-RCA       

BL 1112.1 123.8 4014.1 506.5 1976.1 240.3 

NF 1193.1 158.6 3809.3 440.5 1963.3 240.5 

FF 935.8 228.4 4056.6 544.3 2201.4 307.4 

MPI_MR-REG       

BL 1211.9 194.6 

 

 

4512.1 416.3 1646.9 137.4 

NF 1126.5 212.4 4280.0 669.5 1421.1 133.0 

FF 1464.2 175.7 3962.1 612.2 1272.4 126.0 

NCC-RCA       

BL 968.7 103.0 3817.4 390.8 1746.6 220.4 

NF 1049.4 110.1 4022.9 449.0 2147.2 331.6 

FF 901.9 121.5 4275.3 370.5 2450.0 295.1 

NOAA-RCA       

BL 1157.1 176.8 4418.1 550.1 2009.8 278.4 

NF 1265.0 146.7 4546.0 534.1 2080.1 272.0 

FF 1079.1 272.5 5059.5 620.1 2468.2 297.8 

NOAA-REG       

BL 1369.6 207.7 5695.1 699.3 1259.4 288.8 

NF 1341.0 224.6 5645.6 498.7 1038.8 166.3 

FF 1498.1 228.6 5791.2 789.7 1050.8 262.1 
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     Table A3: Relative changes in flow duration curves for WGL and NGL scenarios in the study basins  

 

Minimum, Mean and Maximum changes in flow duration curves relative to the baseline for WGL and NGL scenarios 

 Relative change in Beki basin (%) 
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0 -34.2 37.5 124.7 0 -43.2 28.5 131 

1 -14.6 12.2 61.7 1 -26.3 29.2 159.6 

10 -13.8 11 83.4 10 -34.2 37 272 

20 -12 12.2 77.3 20 -37.2 39.6 296 

40 -8.9 10.3 69.4 40 -37.3 39.6 296 

50 -8.8 7.2 63.9 50 -52.3 40.4 326.5 

70 -12 7.8 63.9 70 -59.2 31.8 309.1 

95 -15.7 5.1 39.8 95 -53.3 16.9 217.2 

100 -13.5 3.5 34.1 100 -26.5 10.9 158.3 
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1 -17.0 5.5 29.7 1 -30.9 9.3 58.7 

10 -19.8 -0.6 18.5 10 -44.2 3.7 57.2 

20 -21.5 1.0 27.4 20 -48.4 4.9 66.5 

40 -17.0 0.0 19.8 40 -55.1 3.1 60.8 

50 -16.6 -1.6 13.8 50 -47.0 -1.3 62.8 

70 -16.1 -4.0 13.2 70 -61.5 -16.0 23.1 

95 -95.1 -14.4 7.1 95 -98.6 -22.6 10.6 

Relative change in Lohit basin (%) 

S
C

E
N

A
R

IO
: 

W
G

L
 

N
F

:2
02

1
-2

05
0

 

Q MIN MEAN MAX 

M
E

A
N

 F
L

O
W

 C
H

A
N

G
E

: 

H
F

: 
19

%
, 

M
F

: 
13

%
, 

L
F

: 
5%

 

 
S

C
E

N
A

R
IO

: 
W

G
L

 

F
F

:2
07

1
-2

10
0

 

Q MIN MEAN MAX 

M
E

A
N

 F
L

O
W

 C
H

A
N

G
E

: 

H
F

: 
53

%
, 

M
F

: 
35

%
, 

L
F

: 
25

%
 

  

0 -34.7 19.6 54.1 0 5.2 52.0 112.8 

1 5.8 18.2 34.1 1 23.1 49.7 78.0 

10 1.7 18.9 36.5 10 22.0 58.1 107.9 

20 0 17.8 33.9 20 -2.7 53.4 114.9 

40 -3.1 11.7 25.8 40 -32.3 30.6 77.5 

50 -4.8 8.9 22.3 50 -53.6 20.9 59.8 

70 -7.5 7.6 20 70 -39.7 20.6 67.1 

95 -9.7 3.5 17.6 95 -0.7 27.9 68.4 

100 -21.7 5.2 29.2 100 -15.6 25.0 52.7 
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0 -36.6 11 56.1 0 -23.0 33.6 102.3 

1 -2.9 9.2 26.1 1 -13.5 22.2 57.8 

10 -3.6 5.3 15 10 -30.3 15.0 57.2 

20 -5.9 3.2 12.4 20 -39.5 10.0 49.8 

40 -8 0.6 10 40 -52.3 3.2 35.8 

50 -9 -0.1 7 50 -59.7 0.6 20.6 

70 -13.4 -1.5 14 70 -43.9 -0.6 27.3 

95 -54.5 -12.8 2.1 95 -78.0 -11.7 26.3 

100 -86.6 2.4 58.9 100 -97.5 -13.4 27.7 

Relative change in Noadihing basin (%) 
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1 -29.5 6.3 40.1 1 -94.2 14.2 70.4 

10 -34 6.9 33.4 10 -92.7 15.3 69.6 

20 -36.3 3.6 29.7 20 -90.9 10.9 61.8 

40 -37.2 0.2 29.3 40 -89.1 4.3 77.5 

50 -39.2 0.3 30.1 50 -89 6.1 70.9 

70 -35 -6.3 10.4 70 -87.9 -8.8 43.3 

95 -43.2 -7.4 12.8 95 -86.1 -11.2 21.5 

100 -36.3 -6.3 9.2 100 -82.4 -10.6 20.4 
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C. Letters for data collection 

(a)Letter from PMO to the concerned Departments approving Hydro-meteorological Data 

(b)Letter from Supervisor for Collection of Hydro-meteorological Data from WRD/AWRMI 

(c)Approval letter from CWC for despatch of hydrological data 

(d) Request letter for testing soil samples from NBSS, Jorhat 
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