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Riassunto 
 

Il ritiro dei ghiacciai osservato a scala planetaria e gli effetti del riscaldamento globale che 

accelererà la fusione dei  ghiacciai e delle nevi stagionali andranno ad alterare  alterare i regimi 

idrologici che interessano non solo i bacini montani, ma anche le aree a valle. Gran parte 

dell'approvvigionamento idrico del Pakistan è generato dalla fusione nivale e glaciale nelle 

regioni montuose del Karakoram. Tuttavia, il cambiamento climatico rappresenta un rischio 

elevato per questi bacini idrografici. Le caratteristiche geografiche e climatiche del Pakistan ne 

fanno un paese molto sensibile agli effetti negativi del riscaldamento globale. Pertanto, 

quantificare questi cambiamenti prevedibili è una sfida importante per la gestione e la 

pianificazione delle risorse idriche. L'obiettivo di questa tesi è valutare l'effetto della variabilità 

climatica sul regime idrologico e glaciologico nell’Alto Bacino dell’Indo (nel seguito Upper 

Indus Basin-UIB). 

Il primo capitolo di questa tesi di dottorato presenta la climatologia delle precipitazioni ad alta 

risoluzione nell’UIB basata sul metodo delle anomalie (1995-2017) e sviluppato utilizzando 

quattro set di dati su griglia (APHRODITE, CHIRPS, PERSIANN-CDR e ERA5) su scala 

stagionale e annuale. Inoltre, il set di dati delle precipitazioni con le migliori prestazioni rispetto 

alle misure dei pluviometri e le serie temporali osservate sono state sottoposte all'analisi delle 

tendenze utilizzando le medie con finestra mobile insieme al test di Pettitt per il rilevamento 

degli annidi cambiamento. I risultati indicano le migliori prestazioni della precipitazione 

stimata con il dataset CHIRPS con correzione del bias seguito dalle rianalisi del modello 

ERA5; infatti il set di dati di precipitazione CHIRPS con correzione del bias ha ottenuto 

risultati migliori nella simulazione delle precipitazioni con RMSE, MAE, MAPE [%] e BIAS 

più piccoli seguiti da ERA5. 

Le precipitazioni e le portate hanno rivelato una variabilità significativa, negli anni, su scala 

stagionale più che su scala annuale. Dai risultati delle analisi si raccomanda di correggere le 

precipitazioni su griglia prima del loro utilizzo in vari studi di modellazione idrologica, 

specialmente nei bacini glaciali. La relazione tra precipitazioni e deflussi e i coefficienti di 

deflusso annuale suggeriscono ulteriori indagini sul contributo dellanivo-glaciale  deflusso. 

Sulla base dei risultati del Capitolo 1, nel  Capitolo 2 si utilizza il modello distribuito di bilancio 

energetico Physically Based Distributed Snow Land and Ice Model (PDSLIM), già testato nelle 

Alpi da Ranzi e Rosso (1991), Ranzi et al. (2010) e Grossi et al. (2013) per il bacino del Naltar 

situato nel bacino del fiume Hunza, in Pakistan, per simulare i regimi idro-glaciologici attuali 

e futuri. La calibrazione e la validazione di questo modello di bilancio energetico è condotta 

utilizzando un approccio multicriterio che considera la progressione stagionale della fusione 

nivo-glaciale e il deflusso idrico. I risultati hanno mostrato prestazioni molto soddisfacenti del 

modello verificato rispetto all'area di copertura nevosa (Snow Cover Area) stimata dalle 

immagini del sensore satellitare LANDSAT-TM e Terra/Aqua-MODIS  per tutti gli anni 

simulati con coefficiente medio di determinazione R2 = 0,96 e Nash-Sutcliffe Efficiency NSE= 

0,95. Le simulazioni di deflusso hanno rivelato un buon accordo con la portata giornaliera 

osservata ottenuta con NSE e Kling-Gupta Efficiency (KGE) medi di 0,90 e 0,89. L'analisi 

della composizione del deflusso ha rivelato che la componente sotterranea, con risposta lenta, 

è la componente principale, seguita dal deflusso del ghiacciaio e dal deflusso superficiale. 
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Nel Capitolo 3 si illustra l’impiego del modello PDSLIM calibrato per esaminare le proiezioni 

future dei regimi glaciologico-idrologici per i due periodi temporali (2040-2059) e (2080-2099) 

negli scenari RCP 2.6, RCP 4.5 e RCP 8.5. I modelli climatici sono stati selezionati dal database 

CORDEX-WAS44 attraverso un approccio multiprospettico, prendendo in considerazione 

l'intero spettro del futuro cambiamento climatico. Le simulazioni previste del bilancio di massa 

ed energetico indicano che la progressione della fusione della neve e del ghiaccio aumenterà 

costantemente in entrambi i periodi di tempo futuri con un'anticipazione dei tempi della 

massima fusione nivale. Inoltre, si prevede che l'aumento della temperatura avrà un impatto 

sostanziale sui regimi idrologici con una anticipazione del massimo deflusso mensile  da uno 

a due mesi entro il 2090 nel bacino di Naltar. Dalle stime del bilancio di massa attuale (-737 

mm anno-1) e previsto (-887 mm anno-1 per lo scenario 2050_4.5; -2018 mm anno-1 per il 

2050_8.5 e -1154 mm anno-1 entro il 2090_4.5 ; -2597 mm anno-1 per 2090_8.5) e dalle 

immagini satellitari MODIS e LANDSAT sembra che anche nel bacino del Naltar i ghiacciai 

stiano per ritirarsi rapidamente indicando un'eccezione alla cosiddetta 'anomalia del 

Karakoram', una congettura di un rallentamento del ritiro dei ghiacciai nella regione a causa 

dell'accumulo nivale indotto dalle precipitazioni ad alta quota. Nel complesso il modello 

PDSLIM mostra prestazioni molto buonei nel simulare le dinamiche glacio-idrologiche attuali 

e, probabilmente, anche quelle future e pone una solida base per il potenziale utilizzo 

dell'approccio del bilancio energetico distribuito nei bacini glaciali del Karakorum e 

del’Hymalaia. 

 

PAROLE CHIAVE: Running trend analysis, bacini glaciali, PDSLIM, modellazione glacio-

idrologica, bilancio di massa, cambiamento climatico, disponibilità di risorse idriche. 
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Abstract 
 

Projections of glaciers’ retreat and earlier snowmelt driven by global warming could alter the 

hydro-glaciological regimes affecting not only the upstream watershed but also downstream 

areas. A large portion of Pakistan's water supply is generated by the melting of snow and ice 

in the mountainous regions of the Karakoram. However, climate change poses a high risk to 

these watersheds. The geographical and climate characteristics of Pakistan make it a country 

very sensitive to the adverse effects of global warming. Thus, quantifying these changes at the 

right time is an important challenge for water resources planners. The objective of this 

dissertation is to assess the effect of climate variability on the hydro-glaciological regime in 

the Upper Indus Basin (UIB) in the present and future projected climate. 

Chapter 1 compiles the high resolution precipitation climatology (1995-2017) of the UIB 

developed using the anomaly method and four gridded datasets (APHRODITE, CHIRPS, 

PERSIANN-CDR and ERA5) which are bias corrected with interpolated observations at 

seasonal and annual scale. Further, the best performing gridded precipitation dataset and 

observed discharge timeseries were subjected to running trends analysis using moving window 

along with Pettitt test for change points detection. The results indicate the better performance 

of bias corrected CHIRPS precipitation followed by ERA5; bias corrected CHIRPS 

precipitation datasets performed better in simulating precipitation with smaller RMSE, MAE, 

MAPE [%] and BIAS followed by ERA5. Precipitation and discharge revealed significant 

variability at the seasonal scale more than at annual scale. The study results also indicate that 

gridded precipitation should be corrected before their usage in various hydrological modeling 

studies especially in glacierized catchments. The rainfall and runoff relationship and annual 

runoff coefficients suggest the need of further investigation and monitoring about snow-glacier 

melt contribution in streamflow. 

Based on Chapter 1 outcomes, Chapter 2 employs the Physically Based Distributed Snow Land 

and Ice Model (PDSLIM), already tested in the Alps by Ranzi and Rosso (1991), Ranzi et al. 

(2010) and Grossi et al. (2013); Ranzi and Rosso (1991) for the Naltar catchment situated in 

the Hunza river basin (Pakistan) to simulate current and future hydro-glaciological regimes. 

The calibration and validation of this energy balance model is conducted using a multi-criteria 

approach considering snow and ice melt progression and streamflow. The results exhibited very 

satisfactory performances of the model verified against satellite-based snow cover area for all 

simulated years with average coefficient of determination R2 = 0.96 and Nash-Sutcliffe 
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Efficiency NSE= 0.95. Runoff simulations revealed good agreement with observed daily 

discharge obtained with mean NSE and KGE of 0.90 and 0.89. Flow composition analysis 

revealed that subsurface runoff is the primary component of net streamflow, followed by 

glacier runoff and surface runoff. 

Chapter 3 employs the calibrated PDSLIM to examine future projections of glaciological-

hydrological regimes for the two-time periods 2040-2059 and 2080-2099 under RCP 2.6, RCP 

4.5 and RCP 8.5 scenarios. Climate models were selected from the CORDEX-WAS44 database 

through a multi-perspective approach, taking into consideration the full spectrum of projected 

future climate change. The projected simulations of the energy and mass balance indicate that 

snow and ice melt progression will consistently increase in both future time periods with an 

anticipation in the timing of the maximum snowmelt. Additionally, the rise in temperature is 

expected to have a substantial impact on peak hydrological regimes from one to two months 

earlier by 2090s over Naltar catchment. From the actual (-737 mm a-1) and projected mass 

balance estimates (-887 mm a-1 by 2050_4.5 scenario; -2018 mm a-1 for 2050_8.5 and -1154 

mm a-1 by 2090_4.5; -2597 mm a-1 for 2090_8.5) and the MODIS and LANDSAT satellite 

images it appears that also in the Naltar catchment glaciers are going to retreat fast indicating 

an exception to the so-called ‘Karakoram anomaly’, a conjecture of a slower retreat of glaciers 

in the region because of accumulated precipitation at high altitudes . Overall, PDSLIM 

performs well for the current and, likely, future glacio-hydrological dynamics and sets a strong 

foundation for the potential usage of distributed energy balance approach in the glacierized 

catchments of High Mountain Asia (HMA) including Karakoram and Himalaya. 

 

KEYWORDS: Running trend analysis, glacierized catchments, PDSLIM, glacio-hydrological 

modelling, mass balance, climate change, water resource availability, Karakoram, Indus basin 
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1. INTRODUCTION 

1.1 Problem Statement 

 

The work of thesis consists in the evaluation of the effect of climate variability on the hydro-

glaciological regime in the Upper Indus Basin (UIB).  

 

But why we are concerned about the UIB? And why is the attention mainly focused on highly 

glacierized catchments? 

 

The Upper Indus Basin (UIB) is marked as the source region of Pakistan’s breadbasket (Rieu-

Clarke 2015),  which encompass the largest cryosphere volumes outside poles. Being known as 

the water tower of Asia, UIB plays an important role in feeding the population of 220 million of 

Pakistan and millions of inhabitants in India as well. Pakistan is highly dependent on water 

resources generated from snow and ice melting in the mountainous regions of UIB. However, 

UIB is highly sensitive to climate change. Pakistan is ranked among the top ten countries most 

affected by climate change. A number of hydro-climatic trends studies reported the significant 

variations in temperature, precipitation, and streamflow that triggered the extreme events (i.e., 

droughts, floods, landsliding etc.). Thus, it is imperative to quantify these changes at historical, 

current, and future time scales in order to effectively manage water resources downstream. In 

previous assessments of hydro-climatic trends (Ahmad et al. 2018; Bolch et al. 2012; Fowler and 

Archer 2006); Janes and Bush (2012); (Krakauer et al. 2019; Latif et al. 2018; Masood et al. 2019; 

Rahman et al. 2018; Sharif et al. 2013), they did not incorporate variations within specific 

temporal sub-periods, nor did they describe non-linear dynamics of hydro-climatic variability. 

 

Additionally, studies of climate impacts require precise and reliable hydrometeorological data at 

higher spatio-temporal resolution, both from retrospective (i.e., past) and prospective (i.e., future) 

climate perspectives. Ideally, long-term measurements from well-distributed rain gauges and/or 

radar networks are the most reliable. Nevertheless, in real-world conditions, these measurements 

are limited in time and space, particularly on the vast and complex terrains of the High Mountains 

of Asia (HMA), which restricts the ability to accurately identify spatiotemporal patterns. The same 

goes for UIB, which is a transboundary basin and observed hydro-meteorological data are mostly 

scattered, discontinuous and not easily accessible. Hence, it is difficult to assess the spatial and 

temporal variability in high altitude mountainous regions using a sparse ground-based observation 

network, as it cannot depict horizontal and vertical precipitation variability effectively (Lutz et al. 

2014). Gridded datasets provide a better solution in terms of temporal and spatial coverage, even 

if they are affected by likely greater errors, in particular in high altitude areas where large bias 

and uncertainty may occur, especially in conditions of significant snowfall (Andermann et al. 

2011) and in glacierized catchments (Wortmann et al. 2018). Therefore, it is necessary to reduce 

biases in grided datasets before using in hydrological modelling studies. 

 

UIB is endowed with one of the world's largest reserves of natural snow and ice, which have a 

significant impact on maintaining the water balance in this region and its surrounding valleys 
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(Immerzeel and Bierkens 2010). Early nineteenth-century explorations suggested that the 

Karakoram glaciers behaved in a peculiar manner (Godwin-Austen 1864; Hayden 1907). Hewitt 

(2005) who coined the term 'Karakoram Anomaly', the stability or abnormal growth of glaciers in 

the central Karakoram, as opposed to glaciers retreating in nearby mountain ranges such as the 

Himalayan range and other mountain ranges around the world as in the alps (Paul et al. 2014) and 

the Italian alps in particular (Carturan et al. 2016). Comparing the evolution of Karakoram's 

glaciers to those of other regions on Earth, modern observations are more conclusive (Berthier 

and Brun 2019; Minora et al. 2013; Minora et al. 2016). However, in light of current climate 

projections, Farinotti et al. (2020), it appears unlikely that long-term Karakoram Anomaly 

persistence will occur. Thus, it is imperative to examine this phenome especially at sub-regional 

scale where glacier surging occurred two years ago.  

 

Generally, hydrological and energy balance model is commonly used in glacierized catchments 

for analyzing melting of snow and ice while taking into account the effects of extremely dynamic 

climatic processes. Water availability in downstream areas of the UIB has been impacted by 

climate-mediated changes, such as glaciers retreating, early snowmelt, and variable precipitation. 

It has been found that previous studies use simple conceptual models and lumped approaches in 

order to examine snow and ice melt and hydrological dynamics in current and future climate 

scenarios with less data requirement, computational time, and ease of calibration in UIB compared 

to spatially distributed models (Atif et al. 2019; Ayub et al. 2020; Immerzeel and Bierkens 2010; 

Naeem et al. 2016; Pellicciotti et al. 2012; Saleem et al. 2020; Shah et al. 2020). Further, snow 

and ice melt progression and resulting hydrological consequences have been carried out at 

regional and basin level (Ali et al. 2018; Dolk et al. 2020; Faiz et al. 2020; Hayat et al. 2019; 

Shrestha and Nepal 2019). However, water resources management decision mostly take place at 

catchment or sub-basins level. Additionally, data availability is also one major reason for site 

selection of Naltar catchment especially for energy mass balance simulation. There is a need for 

further investigation into these gaps in knowledge. Moreover, it is also imperative to examine 

future water availability at catchment scale which is not only important to computer water demand 

for people living in downstream areas but also helpful to fulfill energy demand for the area of 

interest.  

 

In this context, a comprehensive study on historical hydro-climatic trends, investigation of all 

available hydrological, glaciological and snow data to monitor snow and ice melt progression and 

runoff regimes at current and future climate change is needed to examine Karakoram anomaly 

and to serve communal and scientific interests. 
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 1.2 Aim and Objectives of the Study 

 

The study is divided into two major sections: in the first part, a comprehensive evaluation of 

hydro-climatic trends was investigated. In the second part, performance of fully distributed 

energy balance model is evaluated under present and future climate change scenarios. The 

specific objectives of this study are given below: 

 

1) Characterization of interannual and seasonal variability of hydro-climatic trends in 

the Upper Indus Basin               

a) Comparison and bias correction of gridded precipitation datasets (CHIRPS, ERA5, 

PERSIANN-CDR and APHRODITE) against WAPDA-DCPs stations over the Upper Indus 

Basin. 

b) Assessment of hydro-climatic variability from decadal to interdecadal time scale using novel 

running trends analysis in the UIB at sub-basin scale. 

 

2) Energy balance modeling of snow and ice melt in the Naltar Catchment UIB, Pakistan. 

a) Examine the performance of PDSLIM tested in Alps can transfer to Karakoram to compute 

accurate flow composition and snow cover extent. 

b) Quantify the contribution of snow and glacier melt to net river runoff and explore the ability 

of PDSLIM for prospective applications in forthcoming studies. 

 

3) Impact of climate change on Naltar Catchment Hydrology, Upper Indus Basin.  

a) Project glacio-hydrological regimes generated by snow-glacier melt, future flow and 

precipitation by near future (2040-2059) and far future (2080-2099) under RCP 2.6, RCP 4.5 

and RCP 8.5. 

b) How will change mass balance of glaciers in the future and does Karakoram anomaly apply 

in Naltar catchment. 
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1.3 Thesis Outline 

 

The introductory chapter describes the importance of the research topic, its objectives and 

methods. Chapter #1 provides a comprehensive description of interannual and seasonal 

variability of hydro-climatic trends in seven subbasins of the Upper Indus Basin. High 

resolution seasonal and annual precipitation climatology were developed for the Upper Indus 

Basin for period 1995-2017 using four gridded datasets (APHRODITE, CHIRPS, PERSIANN-

CDR, and ERA5) and quality-controlled observations of high- and mid-elevation stations. The 

variability of precipitation and discharge on a finer time scale was calculated using running-

trend analysis or moving average window approach. Chapter#2 explores the feasibility of an 

energy balance modelling system known as Physical Based Distributed Snow Land and Ice 

Model to simulate hydro-glaciological regimes for the first time in Karakoram for the Naltar 

catchment located in the Hunza river basin (Pakistan). In order to verify the accuracy of the 

model in simulating snow and glacier retreat, improved MODIS snow cover product 

(M100A1GL06) and Landsat based snow cover area were employed both at temporal and 

spatial scale. Downstream runoff measurement at the outlet of Naltar catchment at Naltar Bala 

station was used as a reference for the verification of simulated summer melt. Chapter 3 

addresses  future climatic and glacio-hydrological projections. In this study, sixteen (16) 

CORDEX-SA RCMs at 0.44o (~50 km) spatial resolution were employed for the period 1991-

2099. In particular, the study considered daily data from six meteorological variables 

(precipitation, temperature, solar radiation, wind speed, relative humidity and air pressure). 

Three representative concentration pathways (RCP 2.6, RCP 4.5 and RCP 8.5) were analyzed 

in this study in order to assess future snow and ice melt progression, mass balance change and 

runoff regimes. Finally, the overall conclusion of this research and an outlook for the future 

work are given. 
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Chapter I 

Characterization of Interannual and 

Seasonal Variability of Hydro-Climatic 

Trends in the Upper Indus Basin               
 

 
 

This chapter consist in the paper published in the Theoretical and Applied Climatology 
 

Liaqat, M.U., Grossi, G., Hasson, S.u. et al. Characterization of interannual and seasonal 
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Summary 
 

High resolution seasonal and annual precipitation climatologies for the Upper Indus Basin were 

developed on the basis of 1995-2017 precipitation normals obtained from four gridded datasets 

(APHRODITE, CHIRPS, PERSIANN-CDR and ERA5) and the quality-controlled high- and 

mid-elevation station observations. Monthly precipitation is estimated through the anomaly 

method at the catchment scale and then it is compared with the observed runoff over the 1975-

2017 period for verification and detection of changes in the hydrological cycle. Running trends 

and spectral analysis on the precipitation gridded dataset were performed. The Mann–Kendall 

test was employed to detect the significance of trends whereas  the Pettitt test was used to 

identify change points in precipitation and runoff time series. 

The results indicate that the bias corrected CHIRPS precipitation, followed by the ERA5, 

performed better in terms of RMSE, MAE, MAPE and BIAS against the rain gauge 

observations. The running trend analysis exhibits a slight increase in annual precipitation but 

significant increase in winter precipitation. A runoff coefficient greater than one, especially in 

the glacierized sub-catchments of Shigar, Shyok, Astore and Gilgit indicate that precipitation 

is likely to be underestimated and glacial melt provides excess runoff volumes in a warming 

climate. 

Streamflow variability is found to be pronounced at the seasonal rather than at the annual scale. 

The annual runoff at Shyok, Gilgit, and Indus at Kachura gauges are slightly significantly 

increasing. Seasonal runoff analysis reveals more complex regimes, varying in different 

catchments, and its comparison with precipitation variability favors a deeper understanding of 

precipitation, snow-, and ice-melt runoff dynamics, addressing the hydroclimatic behavior of 

the Karakoram region and some weaknesses in the monitoring network at high altitude. 

 

Keywords: precipitation, runoff, high-resolution climatology, running trend, Indus basin 
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1. Introduction 
 

Changes in the hydrological cycle at both global and regional scales is a major concern as these 

changes occurring either due to climatic or anthropogenic factors can have adverse impacts on 

society in general. This emphasizes on monitoring these changes on all relevant scales. 

Precipitation is a key component of the hydrological cycle and perhaps the most difficult one 

to be monitored, particularly in the glacierized and snow-fed catchments such as the Upper 

Indus Basin (UIB), where complex Himalayan terrain and harsh environment makes the high-

altitude precipitation monitoring further difficult. As a result, the observations are sparse, short, 

and discontinuous with large gaps, all making it difficult to understand the variability and 

changes and its subsequent impact on the basin hydrology and water yield (Archer and Fowler 

2004).Hence, a combined study of both precipitation and runoff provides a better insight into 

the variability of the water cycle in the high mountain areas and the cryosphere in general 

(Poloczanska et al. 2018) and in the UIB in particular. 

The UIB span over confluence of the Hindukush, Karakoram and Himalayan (HKH) mountain 

ranges  that constitute one of the largest cryosphere reserves outside the poles (Soncini et al. 

2015). The UIB fulfills water demands of rapidly increasing population and feeds one of the 

world’s largest irrigation systems within the Indus Basin. Pakistan’s economy to a large extent 

depends upon the agriculture, and in turn, on the water resources of the UIB, which feeds 

around 16.5 x 106 hectares of irrigated land. The UIB up to the Besham Qila inflow gauging 

station drains an area of 163,528 km2 and receives 26% of its annual flow from the snowmelt 

and 44% from the glacial melt (Mukhopadhyay and Khan 2015). The primary usage of the UIB 

waters is for irrigation and hydropower production as the climate of lower Indus basin is mainly 

arid and hyper-arid unlike other South Asian basins, which are characterized by wet regimes 

of summer monsoon. Immerzeel et al. (2015) marked the UIB as a climatic hotspot region, due 

to the wide variation in the climate anomalies, as well as due to the significant rising water 

demand downstream.  

The UIB is characterized by diverse hydro-climatic regimes with contrasting patterns across 

sub-basins and over time.  Archer and Fowler (2004) found rising rates in summer, winter and 

annual precipitation. Khattak et al. (2011) found summer cooling and winter warming and no 

confirmed changes in precipitation over the 1967-2005. Immerzeel and Bierkens (2012) noted 

the highest vulnerability of water scarcity conditions for the Indus River Basin among ten 

basins in Asia. They recognized that significant population increase, groundwater depletion, 

climate change, snowmelt and ice melt are key factors that affect the hydrological regimes of 

the Indus basin. Bocchiola and Diolaiuti (2013) found a slight increase in annual precipitation 

over northwest Karakoram and Chitral-Hindukush, its decrease on the greater Himalayan side. 

They also observed summer cooling and winter warming, which are prominent than earlier 

particularly at Bunji and Gilgit stations. Ali et al. (2015) examined current and future climatic 

and hydrological changes over the UIB. They showed that northern parts of the UIB 

experienced a larger increase in temperature and precipitation than southern parts. Projections 

of future changes show a consistent increase in temperature and precipitation. The rate of 

increase of river flow is greater in winter compared to summer season. They considered higher 

river flow possibly due to a larger increase in the air temperature and the consequent 

enhancement of the melting of the snow and ice cover. Latif et al. (2018) explored both seasonal 
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and annual precipitation trends in the UIB using low and mid altitude stations. The results 

exhibited significant falling rate of annual precipitation in six stations, while three stations 

showed a rising rate of precipitation. Overall, the UIB experienced a downward trend in 

precipitation both spatially and temporally.  

The studies mentioned above mainly used valley-based sparse and fragmented low and mid 

altitude stations being operated by the Pakistan Meteorological Department (PMD). The 

estimates from these stations neither represent the climatology of high altitude areas, nor 

provide any quantifiable mechanism that draws logical inferences between low and high 

altitude precipitation(Khan and Koch 2018). As a great amount of the UIB streamflow 

originates from the active hydrological zone in the 2500-5500 m altitude range, data from low 

altitude stations (even if making up long time series of observations) are not representing 

reliable hydro-meteorological conditions over the frozen UIB water resources (Hussain et al. 

2017).  

Moreover, the Indus is a transboundary basin (see Fig. 1.1) and observed hydro-meteorological 

data are mostly scattered, discontinuous and not easily accessible. Hence, it is difficult to assess 

the spatial and temporal variability in high altitude mountainous regions using a sparse ground-

based observation network, as it cannot depict horizontal and vertical precipitation variability 

effectively (Lutz et al. 2014a). Various gridded datasets have been developed based on satellite-

based data (Huffman and Bolvin 2013), interpolated observation (Yatagai et al. 2012) and 

reanalysis data (Baudouin et al. 2020; Li et al. 2020) to handle this issue. Most of past studies 

concerning the UIB depend upon regional or global gridded datasets for mass balance and 

hydro-climatic studies (Baudouin et al. 2020; Dahri et al. 2016; Hasson et al. 2017; Immerzeel 

et al. 2009; Iqbal et al. 2019; Krakauer et al. 2019; Lutz et al. 2014a; Masood et al. 2019; 

Minallah and Ivanov 2019; Rizwan et al. 2019; Ullah et al. 2018).   

Gridded datasets provide a better solution in terms of temporal and spatial coverage, even if 

they are affected by likely greater errors, in particular in high altitude areas where large bias 

and uncertainty may occur, especially in conditions of significant snowfall (Andermann et al. 

2011) and in glacierized catchments (Wortmann et al. 2018). Uncertainties and biases in the 

gridded datasets are usually due to shortcomings of data sources and generation algorithms of 

these products (Sun et al. 2018). It is also noted that gridded datasets such as CHIRPS and 

APHRODITE mainly used the World Meteorological Organization’s Global 

Telecommunication System (GTS) gauge data in their production mechanism (Yatagai et al. 

2012). The WMO GTS collaborates with PMD for sharing observed meteorological data. In 

1995, Water and Power Development Authority (WAPDA) in Pakistan collaborated with the 

International Development Research Centre, Canada to install automated weather stations 

within Pakistan side of the UIB known as the data collection platforms (DCPs). However, the 

data of these stations are neither publicly available, nor they are shared with the WMO. 

Keeping in mind above issues, the primary objective of this study is to discuss biases and 

uncertainties in each available gridded dataset (CHIRPS, ERA5, PERSIANN-CDR and 

APHRODITE), before and after their corrections performed using mid-altitude PMD and high-

altitude WAPDA-DCPs stations. The second objective is to compare catchment scale 

precipitation to discharges to identify possible sources of errors and climatic anomalies, as well 

as their changes over time and space. 

Previous assessments on hydro-climatic trends at the annual or seasonal scale considered 
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specific periods (Ahmad et al. 2018; Bolch et al. 2012; Fowler and Archer 2006; Hasson et al. 

2017; Janes and Bush 2012; Krakauer et al. 2019; Latif et al. 2018; Masood et al. 2019; Rahman 

et al. 2018; Sharif et al. 2013; Zaman et al. 2020), but they neither incorporated variations 

within specific temporal sub-periods, nor they described non-linear dynamics of hydro-climatic 

variability. In an agriculture-based country, with substantial climatic variation, it is difficult to 

understand the hydro-climatic phenomenology using conventional linear trend schemes. 

Building on the need of generating future scenarios of water sustainability, this study shows 

the results of a running trend analysis that covers the entire dataset period to assess 

hydroclimatic variability from decadal to interdecadal trends in the UIB at the sub-basin scale. 

More specifically, this study provides a comprehensive investigation of the detectable links of 

short-term (sub-decadal and decadal) and long-term (multidecadal) precipitation and runoff 

variability at the seasonal and the annual scale. In this way, it supports a more detailed overview 

of precipitation and runoff regimes at the basin and the sub-basin level and improves the past 

analysis for examining hydro-climatic behavior. Within this context, a precipitation 

climatology (1995-2017) for the UIB at the seasonal and the annual scale was built using the 

anomaly-method applied in (Crespi et al. 2018; Crespi et al. 2021). This method is briefly 

recalled in the second section of the paper after the description of the study area, of the collected 

precipitation and runoff data and of the implemented statistical analyses. In the third section, 

the hydro-climatic trends in each sub-basin of the UIB are examined, together with biases and 

uncertainties of the gridded precipitation data compared with the ground observations. A 

discussion of the results, also in comparison with those coming from the analysis of runoff 

data, follows in the fourth section. 

 

2. Material and Methods 

2.1 Description of the study area 

The UIB, including part of the western Himalayas, Karakoram, and northern Hindu Kush 

mountains, lies in the geographic domain within 31–37o latitude and 72–82o longitude. The 

basin hosts 14085 small and large glaciers, covering an area of 19338 km2 (RGI Version 6.0). 

The drainage area of the Indus Basin is around 163528 km2 at the Besham Qila (BQ) gauging 

site. The basin is shared between Pakistan, India and China with around 46% of its area lying 

within Pakistan’s administrative boundaries (Hasson et al. 2017). The Indus River originates 

from Mount Kailash in the western Tibet at an elevation of 5486 m and has an overall length 

of 3180 km measured at the outlet into the Arabian Sea (Jain et al. 2007). The main stem flows 

initially through the Ladakh district in Jammu and Kashmir and afterwards it enters northern 

Pakistan (Gilgit-Baltistan), between Himalayas and the Karakoram range. The catchment area 

and, consequently, the discharge of the Indus River become larger in Gilgit-Baltistan (GB) 

when tributaries, such as Shyok, Shigar, Hunza and Gilgit Rivers in the Karakoram Mountains 

and Astore River in the western Himalayas merge with the main river stem. Afterwards, it turns 

towards south from Nanga Parbat (8126 m asl) and flows through three provinces of Pakistan, 

i.e. Khyber Pakhtunkhwa (KPK), Punjab, and Sindh, before its confluence to the Arabian sea. 

Additionally, Chitral, Swat and Kabul rivers that are originating from the Hindu Kush 

Mountains also join the mainstream of the Indus river in the KPK province, whereas western 

Himalayan rivers of Jehlum, Chenab, Ravi and Sutlej join main the Indus river stem at Punjnad 



20 

in the Punjab province.  

The basin highest elevation is set by the K2 (Karkoram-2) peak, also known as “Godwin-

Austen”, the second highest mountain in the world (8611 m asl), whereas the lowest altitude at 

BQ is 542 m a.s.l. The mean altitude is around 3750 m asl whereas 35% of the area lies above 

5000 m asl. The hypsometric curve of UIB is shown in Fig.S1. The UIB has seven 

subcatchments, i.e. Gilgit, Hunza, Astore, Shigar, Shyok, Shingo-Zanskar and Indus 

Downstream (Mukhopadhyay and Khan 2015). The Shyok and Shigar basins feed the eastern 

and the central part of the Karakoram. Almost one-third of the Shigar basin is covered with 

glaciers, including world’s largest glaciers and ice masses after polar regions. The hydro-

climatic characteristics of each sub-basin are quite different. Summer monsoon and westerlies 

are dominant sources of annual precipitation in UIB, however, the effect and contribution of 

both sources vary spatially, as well as temporally (Hasson 2016).  

The average annual precipitation measured at different stations within the basin ranges from 

156 mm at Gilgit station to around 1514 mm in Pir Chanasi valley. The mean annual discharge 

at Besham Qila is 2405 m3s-1(Hasson et al. 2017). The Indus Basin receives 70% of its annual 

flow during June to September with a maximum value in July. October to March are 

distinguished as low flow months. UIB climate falls into the “cold desert” category (BWK) 

according to the Köppen-Geiger climate classification, i.e. an area with a little precipitation 

and large daily temperature range. The relationship between station elevation and measured 

precipitation is represented in Fig.1.2, which shows that no significant altitudinal trend can be 

observed, although doubts arise about the reliability of precipitation data when snowfall occurs.  

 
 

Figure.1.1 The location of the Upper Indus River Basin (UIB - light blue in the inset) and of 

the Hydro-Meteorological Stations used for the analysis. 
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Figure.1.2 Relationship between gauge precipitation and elevation observed at the annual and 

seasonal scale in the UIB.      

2.2 Hydroclimatology of the Upper Indus Basin 

 

In the Upper Indus Basin hydrology, the precipitation regime features annual-round midlatitude 

western disturbances. Such disturbances sometimes carry solid form of moisture, mainly 

during winter and spring (Hewitt 2011).The rate of such unusual solid form of moisture is 

higher during the positive phase of the North Atlantic oscillation (NAO), when western 

disturbances affect Afghanistan and Iran due to low heat over the area, resulting in extra 

moisture input from the Arabian sea (Hasson 2016; Hasson et al. 2014; Syed et al. 2006); 

Initially, water supply is generated by melting of snow starting from the mid of March to late 

June. The extent of water availability mainly depends upon the concurrent temperature and 

accumulated snow amount (Hasson et al. 2014; Hasson et al. 2013). Afterwards, snowmelt 

runoff is merged with glacier melt runoff from late June to late August as a consequence of 

high air temperatures. The climate of the UIB is classified by winter extra-tropical cyclonic/ 

anticyclonic circulations (westerlies) and South Asia summer monsoon atmosphere 

circulations. Both winter and summer have significant impact on the climatic patterns of the 

UIB (Hewitt 2011). The westerlies enter the UIB through northwest by the end of November 

or early in December. Initially, these westerlies are presented in distorted and diffuse state. 

Afterwards, they interact with already existing orographic trough with low pressure that allow 

them to recover their potency and frontal structure. The topographic blocking separates these 

westerlies into southern and northern sections around the western Tibetan Plateau and 

Karakorum (Pang et al. 2014).  
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The relationship between topography, local climate and circulation system determines the net 

precipitation and distribution pattern in the UIB. The differential heating between land and sea 

is the main reason for summer precipitation (Dahri et al. 2016). The summer monsoon carries 

moisture from the Arabian sea that move along the Indus valley towards western Himalayas. It 

also brings moisture from Bay of Bengal and moves northward to the eastern Himalayas, and 

from Indian ocean to the western Himalayas following the path along the Indus river valley 

(Ahmad et al. 2012; Hasson 2016; Pang et al. 2014)  

It is generally believed that the precipitation rate is increasing with elevation up to a certain 

elevation where a maximum is reached. For the UIB some studies (Immerzeel and Bierkens 

2012; Immerzeel et al. 2015; Winiger et al. 2005) found that precipitation is increasing up to a 

specific elevation, i.e. 5000 m, and shows downward trend above this elevation. Most of annual 

precipitation falls in the winter and spring and originates from the westerlies. Although summer 

carries occasional rain to trans-Himalayan areas, it accounts for only one third of total annual 

precipitation (Madhura et al. 2015). Some glaciological studies mentioned significant increase 

of precipitation rates of 1500-2000 mm at 5500 m (Soncini et al. 2015). At the high elevation 

zones, ice is the primary source of hydrological regimes, followed by snow melt, while the 

contribution of summer monsoon precipitation is small. 

Table 1.1 Meteorological stations and their attributes 

 

 

Basin Stations Period 

from 

Period 

to 

Agency Latitude 

(0) 

Longitude 

(0) 

Elevation 

(m asl) 

Precipitation 

(mm/year) 

Gligat Gilgit 1981 2017 PMD 35.92 74.33 1460 158 

Gupis 1981 2017 PMD 36.17 73.4 2156 234 

Ushkoor 1995 2017 WAPDA 36.05 73.39 3051 423 

Yasin 1995 2017 WAPDA 36.4 73.5 3280 439 

Shnedoor 1995 2017 WAPDA 36.09 72.55 3712 300 

Hunza Khunjerab 1995 2017 WAPDA 36.84 75.42 4440 224 

Ziarat 1995 2017 WAPDA 36.77 74.46 3020 310 

Naltar 1995 2017 WAPDA 36.17 74.18 2898 685 

Astore Astore 1981 2017 PMD 35.37 74.9 2168 444 

Ramma 1995 2017 WAPDA 35.36 74.81 3179 806 

Rattu 1995 2017 WAPDA 35.15 74.8 2718 750 

Burzil 1995 2017 WAPDA 34.91 75.09 4100 829 

Shigar Shigar 1996 2012 WAPDA 35.63 75.53 2367 348 

Askole 2005 2017 EVK2CNR 35.68 76.82 3051 535 

Urdukas 2011 2017 EVK2CNR 35.74 76.51 3926 283 

Concordia 2011 2017 EVK2CNR 35.73 76.29 4690 260 

Shyok Hushey 1995 2017 WAPDA 35.42 76.37 3075 386 

 Skardu 1981 2017 PMD 35.3 75.68 2210 237 

Shingo Deosai 1995 2017 WAPDA 35.09 75.54 4149 440 

 Qinghe 1995 2010 CMDC 32.5 80.08 4279 239 

 Bunji 1981 2017 PMD 35.67 74.63 1372 174 

Indus 

Down 

Stream 

Chilas 1981 2017 PMD 35.42 74.1 1251 207 

Kakul 1981 2017 PMD 34.1 73.2 1308 1215 

Pir Chanasi 1995 2017 WAPDA 34.38 73.55 2872 1514 

Saif Muluk 1995 2017 WAPDA 34.9 73.65 2362 830 

Saidu Sharif 1981 2017 PMD 34.7 72.4 949 1070 
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2.3 Meteorological data 

 

Data availability is a big issue in the HKH especially in the UIB where stations are neither 

densely nor uniformly distributed. There are primarily two organization: WAPDA and PMD 

who are responsible for collection and managing hydro- meteorological data across northern 

areas of Pakistan. Approximately, hundreds of gauging stations are installed in various places 

across UIB (Zaman et al., 2020) In this study, meteorological data from 26 stations were 

selected from PMD, WAPDA and China Meteorological Data Sharing Network (CMDSN) 

based on completeness, temporal duration and homogeneity. Out of these 26 stations, seven 

are operated and maintained by PMD. These are valley-based stations, which are located within 

the altitude range of 1200–2200 m asl. The data from these stations were collected for the 

period 1981-2017.  

The second meteorological network is maintained by the Snow and Ice Hydrology Project 

(SIHP) of the WAPDA, which is operating 12 automated weather stations known as data 

collection platforms (DCPs), located in the elevation range of 1479-4440 m asl and providing 

observations since 1995. As Karakoram range hosts the largest snow ice reserves of the UIB, 

DCPs stations operated by the WAPDA are particularly relevant for examining the hydro-

meteorological conditions prevailing over the UIB cryosphere (Hasson et al. 2017).  

In addition there are also three high altitudes stations operated and maintained by EvK2-CNR 

(Italian based organization). Two stations of Askole (3015 m asl.) and Urdukas (3926 m asl) 

provide observations since 2005, and one located at Concordia (4690 m asl.) provide 

observations since 2011. All three stations are used to calculate standard meteorological 

parameters. However, data time series from these three stations feature large data gaps and are 

affected by uncertainties especially during the winter season due to sensor inefficiency in 

extreme weather conditions. The detailed information about climatic stations, their elevation, 

time period and mean precipitation are given in Table 1.1.    

2.4 Streamflow Data 

 

Upper Indus Basin is fed by three sources of streamflow i.e. glacier melt, especially in Shyok, 

Hunza and Shigar subbasins, followed by snow melt mainly in the Gilgit and Astore subbasins 

and rainfall runoff. The daily streamflow of nine hydrometric stations within the UIB have 

been taken from the Surface Water Hydrology Project (SWHP) of WAPDA, Pakistan from 

1973-2017, except for Indus at Kharmong and Bunji stations where  

data is available from 1983-2017 and 1973-2013, respectively. Discharge data of Astore at 

Doyian and Gilgit river at Gilgit are used in this study. Similarly, discharge of Hunza basin is 

collected at Dainyor station. Table 1.2 provides specfic information about these streamflow 

stations and their outflow points. 

 

Table 1.2 SWHP WAPDA stream flow gauges given in the downstream order along with 

their characteristics and the analyzed periods of record. 
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Serial. 

No 
Gauge River 

Discharge 

Gauging Point 

Period 

from 

Period 

to 

Latitude 

(0) 

Longitude 

(0) 

Elevation 

(m asl) 

1 Indus Kharmong 1983 2017 34.93 76.21 2542 

2 Shyok Yogo 1973 2017 35.18 76.1 2469 

3 Indus Kachura 1973 2017 35.45 75.41 2341 

4 Hunza Dainyor 1973 2017 35.92 74.37 1370 

5 Gilgit Gilgit 1973 2017 35.92 74.3 1430 

6 Indus Bunji 1973 2013 35.73 74.62 1792 

7 Astore Doyian 1973 2017 35.54 74.7 1583 

8 UIB Besham Qila 1973 2017 34.92 72.88 542 

9 Shigar 3-2-1 1983 2017 35.33 75.75 2438 

10 UIB Pakistan 8-1      

11 UIB Pakistan 8-2-1      

2.5 Gridded observations 

In the last decades, a great progress was made  in developing analysed fields of precipitation 

over regional and global scale providing different gridded climatic products. These products 

are avaialble at regional and global scale and are used in hydro-climatic assesment studies. 

Precipitation products can be devided into four major different cathegories: (1) climatic model 

reanalysis (2) satellite estimates (3) merged satellite and station observations (4) raingauge-

based observations (Sun et al. 2018). In this study we used at least one product from each of 

these cathegories in order to check their accuracy for hydro-climatological studies based on 

precipitation estimates thourgh these datasets. The APHRODITE is based on station 

observations, CHIRPS is a combination of satellite and station observations, ERA5 is a 

reanalysis dataset and PERSIANN-CDR is based on remote sensing using Artifical Nureal 

Network. The detail information about these products are given in Table 1.3.  

Table 1.3 Gridded datasets used in this study for performance evaluation of climatology in 

Upper Indus Basin 

Dataset Resolution/frequency Data Sources Algorithm/Assimilation 

schemes 

References 

APHRODITE 

(Observed 

Values) 

0.25°/daily Data Integration 

and Analysis 

System (DIAS) 

Interpolation with rain 

gauge grided 

precipitation 

(Yatagai et al. 

2012) 

CHIRPS 

(Observed+ 

Satellite) 

0.05°/daily USGS, CHG Smart Interpolation Tech (Funk et al. 2015) 

PERSIANN-

CDR 

(Satellite) 

0.25°/3,6 h and /daily TRMM, NOAA,  
GridSat-B1 IR, 

Metsat-6, GOES 

8, DMSP F13 

Artificial Neural 

Networks 

(Ashouri et al. 

2015) 

ERA5  

(Reanalysis) 

0.25°/monthly/daily/ 

hourly 

ECMWF 4D-Var (Saha et al. 2010; 

Tarek et al. 2019) 
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For instance, APHRODITE (V1101 and V1101EX_R1) is specfically developed for summer 

in the Asian region with spatial resolution 0.25°× 0.25°; the products are provided by the Data 

Integration and Analysis System (DIAS, Japan) that is based on an interpolation of 3500 to 

8000 gauge observation (Dile and Srinivasan 2014).  

The second dataset is CHIRPS which was developed by the Climate Hazards Group (CHG) 

and the United States Geological Survey (USGS). It is avaible from 1981 to present with spatial 

resolution of 0.05o and temporal resolution at daily and monthly scale. It was developed by 

combination of ground based gauge information and cold cloud duration measurement by the 

synergistic use of satellite infrared radiometers. Passive microwave and GridSat-B1 satellite 

data were employed to update the PERSIANN algorithim to estimate daily precipitation. It is 

based on remotely sensed information combination with artifical neural network (Ashouri et 

al. 2015).The European Center for Medium-Range Weather Forecasts (ECMWF) launched the 

new renalysis product ERA5 data. The analysis is developed using advanced 4Dvar 

assimilation scheme at temporal and spatial scale. It is available at 0.25 x 0.25 degrees and 

computes various atmoshphetic variables at 139 pressure levels for 1979-present time period 

at different temporal scale (Baudouin et al. 2020).   

2.6 Anomaly Method: the interpolation scheme from rain-gauge network to 

regular grid  

The precipitation station observations in the UIB are sparse and do not provide complete 

temporal and spatial coverage. Therefore, it is inappropriate to develop basin wide annual and 

seasonal precipitation climatology based on available observations directly. For this purpose, 

monthly precipitation records for four gridded datasets (CHIRPS, PERSIANN-CDR and ERA5 

from 1995 to 2017 and for APHRODITE from 1995-2015) were selected, according to data 

availability. The gridded data were reconstructed over the study area by means of the anomaly 

method as described by Crespi et al. (2021). To develop the precipitation climatology on the 

seasonal and annual scale, monthly gridded and observed data were aggregated at the seasonal 

scale, i.e. winter (DJF), spring (MAM), summer (JJA), autumn (SON), and annual scale. In 

this scheme, the precipitation signal is reconstructed by superimposing the spatial fields of 

seasonal climatology to the spatio-temporal fields of relative anomaly i.e. deviations from the 

reference for a certain season. The ratio or multiplicative correction factor between referenced 

and gridded precipitation at each i-th specific station is computed as below: 

 

                                                     Ptest m,i =
𝒑𝒕𝒆𝒔𝒕𝒎

𝒑𝒓𝒆𝒇𝒓𝒆𝒏𝒄𝒆,𝒊
                   (1)                    

                

Here 𝑝𝑡𝑒𝑠𝑡𝑚
 and 𝑝𝑟𝑒𝑓𝑟𝑒𝑛𝑐𝑒,𝑖 are gridded and observed precipitation series at the specified time 

scale over the period of common data availability. It has to be pointed out that the rain gauge 

observations are here assumed to be ‘true’ reference precipitation values and the other 

precipitation products are adapted to them. Ptest m,I is the seasonal ratio anomaly or correction 

factor which is then interpolated as described in Crespi et al. (2018).  

Similarly, the interpolation method is also applied on gridded datasets on the same scale. These 

two fields are calculated individually and the season estimates are finally obtained by their 

product. The same procedure is applied on the annual scale. The anomaly-based climatology 
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helps to develop fine-scale information provided by gridded datasets and incorporates the 

available records on a large area when the station distribution over the study domain does not 

provide complete coverage (Brunetti et al. 2012). 

  

2.7 Evaluation Criteria  

To evaluate the data quality of precipitation anomaly against observed precipitation for an 

overlapped period of 1995-2017 and 1995-2015 at seasonal and annual scale, four statistics 

i.e., bias (BIAS), mean absolute error (MAE), root mean square error (RMSE) and mean 

absolute percentage error (MAPE) were assessed in this study.  

 

BIAS                                      
∑ (𝑃𝑠𝑖 − 𝑃𝑜𝑖) 𝑁

𝑖= 1

𝑁
                                            (2) 

 

MAE                                      
1

𝑁
∑ (𝑃𝑆𝑖

− 𝑃𝑂𝑖
) 𝑁

𝑖=1                                     (3) 

 

RMSE         √
∑ (𝑃𝑠𝑖  −𝑃𝑜𝑖)2 𝑁

𝑖= 1

𝑁
                                     (4) 

 

MAPE                                         
1

𝑁
∙ ∑

|𝑃𝑆𝑖
−𝑃𝑂𝑖

|

𝑃𝑂𝑖

𝑁
𝑡=1 ∙ 100                        (5) 

where 𝑃𝑆𝑖 is the value of gridded precipitation estimate for the ith  event, 𝑃𝑂𝑖  is the value of 

rain gauge observation for the ith  event, N is the number of precipitation events. Bias represents 

the average difference between the gridded precipitation, after the anomaly method correction, 

and gauge precipitation, as reference. A negative value of bias implies underestimation, while 

a positive value indicates overestimation of observed precipitation. The gridded precipitation 

datasets were also compared with observed streamflow and the runoff coefficients was 

computed as shown in Table 1.6 in order to assess the ability of runoff data to close the water 

balance in each sub-basin of UIB and also to verify the reliability of raingaue-based 

precipitation assessed at the catchment scale as pointed out, for instance, by (Ranzi et al. 2021). 

2.8 Precipitation and runoff trend analysis  

The anomaly-derived precipitation and streamflow runoff were used for the trend analysis in 

sub-basins of UIB at seasonal and annual timescales. Runoff  period from 1973 to 2017 was 

selected for four rivers (Astore, Indus at Besham Qila, Indus at Shyok, Indus at Kachura), 1973-

2013 and 1983 to 2017 were selected, respectively, for Indus at Bunji and Kharmong and 

Shigar due to the available data. There are two basic tests which are mainly used to detect trend 

significance i.e., parametric, and nonparametric approach (Zaman et al. 2015; Zaman et al. 

2016). The trend for this hydro-climatic time series were estimated using robust nonparametric 

regression techniques i.e.  Mann–Kendall (MK) test (Kendall 1948; Mann 1945) in conjunction 

with Theil–Sen (Sen 1968; Theil 1950) slope method to determine the trend’s slope. Mann–

Kendall is a ranked based method that determines the presence of any trend irrespective of the 

type of sample data distribution and whether such trend is linear or nonlinear (Tabari and 

Talaee 2011). There are two reasons for using MK test for trend analysis. Firstly, it is not 

necessary for time series data to be normally distributed. Secondly, it is insensitive to missing 
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values and data outliers and less sensitive to breaks caused by inhomogeneous time series 

(Bocchiola and Diolaiuti 2013). A running trend with a moving time window approach, a type 

of exploratory data analysis similar to that adopted by Brunetti et al. (2012) is used to calculate 

and visualise trends for precipitation and runoff over different time windows and access their 

significance using consecutive years of the datasets as starting point  (x axis in Fig.1.4 and 1.5)  

and ending points (y axis in Fig.1.4 and 1.5). As trends in climate change studies are expected 

to be analysed after 20 years of monitoring, at least, a minimum duration of 15 years was 

considered for precipitation trend analysis, due to limited availability of data time series, and 

20 years for runoff. However, generally, running trend analysis does not require a fix threshold 

on the length of time series and the threshold value can be altered according to study objectives, 

climatic parameters, data availability and local issues. Such analysis is not only helpful to 

detect non-linear hydro-climatic trends in UIB over the different temporal scales, but it also 

facilitates a comparison of these results with other studies which did not show overall climatic 

fluctuations in the study period. 

2.9 Change Point Analysis 

 

The nonparametric Pettitt test is also employed in this study to observe change point in hydro-

climatic time series (Palaniswami and Muthiah 2018; Zhang et al. 2015). It supposes a time 

series Xt with t = 1,2….N has a change point at time step T. The values of Xt for t=1,2,…,T 

have CDF F1(x) and t=T+1,T+2,…,N have CDF F2(x) and F1(x) ≠ F2(x). Like other statistical 

measures, the null hypothesis (Ho) depicts the absence of change point against the alternative 

hypothesis (H1: change point present). Given the random variable k(T) defined as: 

 

              𝑘(𝑇)  =  ∑ ∑  𝑠𝑔𝑛(𝑋𝑖 − 𝑋𝑗) 𝑁
𝑗

𝑇
𝑖     ,   (6) 

the Pettitt statistics K is written as, 

            K =    max   |k(T)|      (7) 

                                     0≤T≤N 

  

And time at which change occurs in time series is determined by 

            T =     arg(max|k(T)|      (8) 

                                0≤T≤N 

p-values of the two-tailed Pettitt test is computed by as, 

         p   exp (- 
6𝐾2

𝑁3+𝑁2
)      (9) 

 

The null hypothesis (H0) would be rejected for p<α, where α is the significance level. In our 

study, we keep significance level at 5%. 
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3.Results 

3.1 Climatology, anomalies and precipitation records 

 The annual and seasonal precipitation climatology for the study basin is shown in Fig.1.3. The 

mean annual bias corrected CHIRPS precipitation for the study domain was estimated as 536 

mm a-1 which is closer to the results obtained by (Cheema and Bastiaanssen 2012; Reggiani 

and Rientjes 2015; Rizwan et al. 2019; Shafeeque et al. 2019) who suggested corrected 

precipitation 523, 675+100, 550 and 593 mm a-1 respectively in UIB using various methods. 

The driest area is located over the South-Western part of the study domain along the Shingo 

and Zanskar basins followed by the upper part of Hunza, Shigar and the central part of Gilgit, 

while the highest precipitation values occur over the central part of Indus downstream, Astore, 

Shingo, and the upper part of Shyok. Other wet conditions are also observed over the border 

of Gilgit/ Indus downstream Besham Qila and Astore/Shingo basin.  

 

On a seasonal scale, the driest conditions occur during the autumn season with less than 100 

mm season-1 over wider portion of the basin. In summer slightly wetter conditions occur, 

followed by the monsoon season which receives the major portion of precipitation. Considering 

the mean seasonal precipitation over the whole study basin, the precipitation rate is 96 mm in 

winter (DJF), 150 mm in spring (MAM), 220 mm in summer (JJA) and 70 mm in autumn 

(SON). It is generally believed that the precipitation rate is getting higher with elevation until 

an orographic optimum. However, the observation of this phenomenon is quite uncertain in 

UIB where higher precipitation values are measured at lower altitudes or no significant increase 

with altitude is observed (see Fig. 1.2). There can be two main possible reasons: the first one 

is related to the fact that the majority of meteorological stations are located in low lying areas 

and so there are significant chances of under catch snow precipitation, a common problem in 

windy and snow dominated areas like UIB (Petäjä et al. 2016). The second is related to the 

representation of precipitation with gridded datasets which are often lacking sufficient as well 

as reliable gauge observations.  The values of error statistics (2) to (5) computed with the leave-

one-out method over the grid points with gauge observations are presented in Table.1.5. The 

bias corrected CHIRPS precipitation had the best performance at annual and seasonal scale 

followed by ERA5 whereas PERSIAN-CDR had the worst performance at both scales. 

 

The summary performance of selected gridded datasets is as follows: CHIRPS datasets is 

slightly underestimated before correction while ERA5 is highly overestimated before 

correction. However, after correction the statistical results of ERA5 are closer to CHIRPS 

gridded datasets. The higher values of MAE, BIAS and RMSE for ERA5 before correction due 

to incorporating liquid and frozen water, consisting rain and snow that falls on the earth surface. 

Secondly, reanalysis datasets mostly rely on coupled numerical models, ocean and atmospheric 

data and do not dependent upon the ground-based observations (Copernicus Climate Change 

Service, 2017). 
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   Table 1.4 Comparison of LWLR Interpolated Precipitation with previous studies 

 

Sub-Basins 
 PPT 

mm/a-1 Dataset used Reference period  

Indus-

Behsam Qila 

536 

594 

671 

482 

675  

This Study (CHIRPS) 

This Study (ERA5) 

APHRODITE * 1.17 

Station data + KED interpolation 

ERA-Interim, NCEP/NCAR  

1995-2017  

1995-2017 

1998-2007 (Lutz et al. 2014a) 

1998-2012 (Dahri et al. 2016) 

1998-2009 (Reggiani and Rientjes 2015)  

Gilgit 

289 

402 

326 

162 

575 

This Study (CHIRPS) 

This Study (ERA5) 

APHRODITE * 1.17 

Station Observations  

Station data + KED interpolation 

1995-2017  

1995-2017 

1998-2007 (Lutz et al., 2014) 

1998-2007 (Akhtar et al. 2008) 

1998-2012 (Dahri et al. 2016) 

Hunza 

574 

372 

205 

582 

455 

This Study (CHIRPS) 

This Study (ERA5) 

APHRODITE * 1.17 

India-WRIS 

Observed + SRM 

1995-2017 

1995-2017 

1998-2007  (Lutz et al. 2014a) 

1971-2004 CWC and NRSC, 2014 

2000-2013 (Hayat et al. 2019) 

Shyok 

245 

395 

175 

342 

This Study (ERA5) 

This Study (CHIRPS) 

APHRODITE * 1.17 

Station data + KED interpolation 

1995-2017 

1995-2017 

1998-2007 (Lutz et al. 2014a) 

1998-2012 (Dahri et al. 2016) 

Shigar 

654 

576 

917 

550  

This Study (ERA5) 

This Study (CHIRPS) 

Station data + KED interpolation 

Model  

1995-2017 

1995-2017 

1998-2012 (Dahri et al., 2016) 

1980-2009 (Bocchiola et al. 2011b)  

Astore 

649 

868 

904 

431 

541  

This Study (ERA5) 

This Study (CHIRPS) 

Station data + KED interpolation 

APHRODITE * 1.17 

Observed+ SRM  

1995-2017 

1995-2017 

1998-2012 (Dahri et al. 2016) 

1998-2007 (Lutz et al. 2014a) 

2000-2013(Hayat et al. 2019)  

Shingo/ 

Zanskar 

383 

302 

277 

161 

This Study (ERA5) 

This Study (CHIRPS) 

Station data + KED interpolation 

APHRODITE * 1.17 

1995-2017 

1995-2017 

1998-2012 (Dahri et al. 2016) 

1998-2007(Lutz et al. 2014a) 

 

The performance of Aphrodite dataset is found to be inferior to ERA5 especially at annual 

scale. A great variation of PERSIAN-CDR with observed values might be associated to bias-

adjustment, which is based on GPCC dataset with coarse resolution of 2.5o resolution (Fallah 

et al. 2019). The reliability of CHIRPS and ERA5 were also cross checked by comparing with 

some previous studies as shown in Table.1.4. The results show reliable agreement for 

developing precipitation climatology using observed and gridded data series extended in space 

and time in UIB. The discrepancies with other studies are due to varied coverage of study area, 

time period and number of meteorological stations applied in the analysis.  
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Figure.1.3 Annual and seasonal precipitation climatology based on CHIRPS gridded datasets 

corrected using observed data.  
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Table 1.5 Annual and seasonal leave-one-out reconstruction errors of the 1995–2017 normal 

for the 5 testing stations (Astore, Chilas, Deosai, Gilgit and Ziarat) included in the study 

domain.  

 

3.2 Variability and trends of the precipitation in Upper Indus Basin 

 

The 1995-2017 annual and seasonal precipitation records for the study domain were evaluated 

for short and long term trends by using the Theil-Sen slope test (Theil 1950) while the trend 

significance was evaluated by MK test (Mann 1945). By assuming a confidence interval (C.I) 

0.05 (95%), the variability of precipitation on a finer time scale was calculated using running-

trend analysis or moving average window approach on the 1995-2017 records. 

 

 

Datasets Seasons MAE (mm) MAPE [%] BIAS (mm) RMSE (mm) 

CHIRPS Uncorrected Annual  69.7 20.5 -2.6 93.4 

Annual 50.0 14.0 21.1 56.9 

DJF 19.7 27.0 13.9 23 

MAM 27.1 26.3 15.2 28.4 

JJA 23.0 25.7 10.6 34.4 

SON 17.3 36.2 -10.2 20.9 

ERA5 

 

Uncorrected Annual  516.6 64.8 516.6 563.8 

Annual 53.7 15.4 27.7 61.6 

DJF 36.7 35.4 32.6 41.4 

MAM 20.5 15.7 14.5 23.3 

JJA 25.6 33.2 14.3 40.3 

SON 17.4 33.1 5.0 22.1 

APHRODITE Uncorrected Annual  111.4 30.7 36.1 118.4 

Annual 68.4 19.1 28.2 75.3 

DJF 30.1 31.3 26.9 34.9 

MAM 36.4 30.8 12.5 40.1 

JJA 36.1 39.9 -5.0 42.1 

SON 15.9 26.2 -6.2 18.3 

PERSIANN-

CDR 

 

 

 

  

Uncorrected Annual  155.6 28.9 155.7 195.5 

Annual 78.5 23.5 36.1 85.3 

DJF 40.4 38.1 28.1 43.2 

MAM 38.5 29.4 31.8 36.5 

JJA 49.4 33.7 -15.7 53.7 

SON 26.6 53.9 -9.6 30.8 

Mean (mm) 

Observed 

Rain gauge 

Annual 358.9 

DJF 86.6 

MAM 131.6 

JJA 86.8 

SON 53.9 
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Moreover, change point analysis of precipitation at annual and seasonal time series was also 

investigated using the Pettitt test as shown in Fig.1.4, Table.S1.2 and Fig S1.2. The trend rate 

for initial three years were excluded both for precipitation and runoff from because it is very 

difficult to examine upward/downward trend with small moving window. The value of MK-

Test significance is estimated on window of increasing width from 15 years up to the entire 

period spanned by series and running from the start to the end of the record. The long-term 

annual precipitation series exhibited varying interdecadal rising and falling trends. For annual 

scale, the trend analysis revealed significant increase of precipitation for Shyok, Shigar, UIB 

Kharmong basins and slightly significant for Indus Downstream and Gilgit basins. Although, 

Hunza and overall flow at Besham Qila also depicts increasing rate of precipitation but 

nonsignificant whereas Astore exhibited non-significance falling rate in precipitation. The 

Pettitt test marked 2004 as a change point year i.e., shift from drying to wetting phase for Indus 

Downstream, UIB Kharmong-Shyok and Shingo basins, 2005 was noted for UIB Kharmong.. 

In case of Hunza Gilgit and Shyok basins, change point has been observed during 2009 and 

2012, respectively.  

 

In nutshell, precipitation is increasing but non significantly and nonuniformly. It is also noted 

that Hunza and Shyok basins only exhibited significant change point year by Pettitt Test while, 

all other basins depicted nonsignificant change point year. UIB is characterized by various 

climatic regimes like westerly disturbances and monsoonal effect orographic disturbance from 

Tibetan Plateu that make climatology of this region complex, nonuniform distribution and 

result in inconsistency in precipitation anomaly (Anjum et al. 2018).    

 

On seasonal scale, trend analysis indicated significant increasing trend for Hunza, Shyok, UIB 

Kharmong, UIB Kharmong-Shyok and slightly significant rising trend of precipitation for 

(Gilgit, Shigar) during winter season. Astore and Indus at Besham Qila expressed non-

significance increasing trend until 2008-09 followed by declining rate of precipitation. The 

2003 years marked as a change point (drying to wetting phase) for Astore, Hunza (significant), 

Shingo, UIB Kharmong basins. Years 2009 and 2011 are noted as 5%-significant change points 

for Gilgit and Shyok basins. Although, Indus BQ exhibited change point for 2013 year but 

followed inverse phenomena i.e., wetting to drying phase. For spring season, UIB Kharmong, 

Astore, Shyok, Shigar and Indus BQ exhibited non-significant upward trend while, Shingo, 

Hunza and UIB Kharmong depicted nonsignificant decreasing trend. The change point line 

mainly found around the year 2003 for Gilgit, Hunza, Shingo, UIB Kharmong-Shyok and 

Shyok basins, 2009 for Shigar and Shyok basins. 

 

The increasing rate of precipitation during winter and falling rate during spring is possibly align 

with alteration in westerly precipitation regimes under climate change. The results of winter 

wetting also consistent with some previous studies (Cannon et al. 2015; Hasson et al. 2017; 

Ridley et al. 2013) who also supported rising rate in winter precipitation and drying days during 

spring season under climate change is mostly linked with incursion of westerly precipitation 

regimes and northward transfer of rainstorm trajectories in UIB. 



33 



34 

                                                                                    



35 

Figure.1.4 Running trend of annual and seasonal precipitation series. Average Precipitation 

values are divided into various classes (white to dark blue). Trend values are showed by upward 

(green) and downward triangles (yellow) while trend significance is described by filled circles 

(significant with at least 15 data) with Mann-Kendall p-values < 0.05). Red vertical line 

expresses ‘change point’ year (Pettitt Test) in the entire time series. The x axis is the starting 

year (central year), while the y axis is the moving window. 

 

For summer season, nonsignificant declining trend in precipitation is observed in 

Shingo/Zanksar, Indus Besham Qila Astore and UIB Kharmong-Shyok basins. Such fragile 

monsoon impacts in lower side of basins is possible cause of dryness in summer season. 

Although, precipitation trends are increasing gradually in remaining basins, they were non-

significant. Gilgit and Hunza, also experienced dryness from 1995-2010 that support the 

findings (Hasson et al. 2017) regarding precipitation decreased between 1995-2012. The 

change point (drying to wetting phase) varies from 2005 to 2014 for all basins except Shingo 

that follows in inverse direction. For autumn season, Shigar and Gilgit basins revealed 

significant upward trend in precipitation. Similarly, Hunza, Shyok and UIB-Kharmong also 

shows slightly significant rising trend. Although, Indus BQ and Shingo also reveal rising trend 

in precipitation, they were nonsignificant. Pettit Test found significant change point year for 

Shyok, Shigar, Gilgit and Hunza basins while rest of basins behaved nonsignificant.   

3.3 Long Term Temperature Trends 

 

The trends of long term annual and seasonal minimum, maximum, average temperature and 

diurnal temperature range (DTR) (Tmin, Tmax, Tavg and Tmax- Tmin) were observed in order to 

understand precipitation and streamflow behavior. The MK test and Theil–Sen slope were used 

to check the significance of trends and their slope. Table.1.6 shows the annual and seasonal 

slope values at different stations with bold values indicating trend’s significance. The overall 

main features of minimum temperature consisted of warming during winter and spring while 

significant cooling was observed during summer season. The autumn and annual periods 

experienced a mixed response.  

In case of maximum temperature, an overall significant increasing rate of temperature was 

noted for winter, spring and annual season while a significant cooling was noted for the summer 

season. Maximum and minimum winter temperature presented more warming trends than 

annual time series. Similarly, average temperature also followed a significant warming during 

winter, spring and annual season while a significant cooling is observed in the summer season. 

The high agreement of an upward trend for maximum and average temperature is also 

associated with the increasing streamflow for all stations during winter and spring season as 

shown in Fig.1.5. DTR also generally displays a significant increasing rate of temperature both 

for seasonal and annual scale except for the Chilas station.   

 

 

 

 



36 

Table 1.6 Long-term temperature trends (°C century-1) at seasonal to annual scale  
Variable Stations DJF MAM JJA SON ANN 

Tmin 

Astore 1.2 3.7 -1.0 0.2 0.9 

Bunji 0.5 0.9 -2.8 -2.6 -1.1 

Chilas 3.7 1.0 -1.8 0.6 0.9 

Gilgit 1.3 1.0 -1.9 -1.8 -0.4 

Gupis -1.3 -1.5 -4.9 -3.4 -2.7 

Skardu 0.4 -0.8 -3.4 -3.1 -1.5 

Naltar 5.4 4.2 2.3 1.9 3.2 

Shigar 5.0 3.6 1.8 -0.1 2.7 

Tmax 

Astore 3.2 5.0 0.0 1.5 1.7 

Bunji 3.4 2.7 -2.9 -1.2 0.4 

Chilas 0.4 1.4 -3.2 1.1 0.6 

Gilgit 4.2 4.2 -2.0 1.2 1.9 

Gupis 5.2 4.6 -2.6 1.7 2.6 

Skardu 4.8 4.8 -0.2 2.2 3.9 

Naltar 3.2 1.9 -2.0 -3.7 0.3 

Shigar 2.7 2.1 -0.6 -2.0 0.7 

Tavg 

Astore 2.4 4.8 -0.6 0.9 1.6 

Bunji 2.1 1.7 -2.6 -1.8 -0.4 

Chilas 2.0 0.6 -2.7 -0.4 0.1 

Gilgit 2.8 3.2 -2.7 0.2 1.1 

Gupis 1.8 1.7 -3.7 -1.0 0.0 

Skardu 2.6 1.7 -1.8 -0.5 0.5 

Naltar 4.3 3.6 0.3 -0.2 1.4 

Shigar 3.8 1.7 0.08 -0.6 1.7 

TDTR 

Astore 1.4 1.2 0.9 1.5 1.3 

Bunji 2.7 2.5 -0.2 1.6 1.5 

Chilas -2.9 0.9 -0.8 -1.8 -1.4 

Gilgit 3.2 3.3 1.2 3.8 2.9 

Gupis 6.9 5.6 2.6 5.3 5.5 

Skardu 4.5 4.9 3.6 5.9 5.0 

Naltar -2.2 -2.0 -2.8 -4.5 -3.6 

Shigar -2.3 -0.4 -1.9 -1.5 -1.5 

3.4 Variability and trends of the runoff in Upper Indus Basin 

The variability and trends of the river runoff were evaluated in different sub-basins as shown 

in Fig.1.5, Table S1.1 and Fig.S1.3. The trend magnitude is represented with upward and 

downward triangles only starting with 20 years time window just for reasons of clarity of the 

figure. The annual streamflow trends expressed strong significant increasing trend at Indus 

Kachura and slightly significant at Shyok and Astore stations. Although streamflow is also 

rising for Indus (Besham Qila), Bunji and UIB-Kharmong stations, the rates of increase were 

not statistically significant. In contrast, streamflow followed non-significant downward trends 

for Indus at Kharmong, BQ and Yogo stations. Change point analysis with Pettitt test was also 

studied for respective streamflow stations. The results marked year 2004 for Indus at Besham 

Qila, UIB at Kharmong, UIB at Kharmong and Shyok, and year 1988 and 1994, respectively, 

as change point (drying to wetting phase) for Kachura and Shyok stations. The Pettitt test also 



37 

depicted a 5%-significant change point in streamflow for Indus (Kachura and Bunji), Astore 

and Shyok stations.  

In winter season, most of subbasins showed a significant increase in streamflow. Although 

Shyok and Kharmong stations also followed positive trends in streamflow they were not 

statistically significant.  The  increasing streamflow trends in winter season is consistent with 

the increase of winter precipitation observed in most catchments, being significant in Shyok, 

Hunza and Shigar and also with earlier studies (Khattak et al. 2011; You et al. 2017) that 

reported climate warming causing early snow melt. Our analysis of temperature also reported 

similar results as shown in Table 1.6. Similarly, the change point analysis also confirms a 5%-

significance change at Besham Qila, Kachura, Shyok, Bunji and Astore in Table S1.1.    

In case of the spring season (MAM) streamflow overall shows an increasing trend in line with 

the winter season and this can be explained with temperature warming and resulting earlier and 

more intense snow- and ice-melt. Indus at Bunji and Astore revealed statistically significant 

increase in streamflow. The slightly rising trend in streamflow were also observed in Indus 

Downstream at Besham Qila, Kachura, Shyok, UIB-Kharmong and UIB-Kharmong and Yogo. 

Moreover, change point analysis exhibited significant changes in streamflow for Besham Qila, 

Astore and Bunji shown in Fig 1.5 and Fig S1.3.  

For the summer season (JJA), the trend analysis shows a 5%-significance increase in 

streamflow for Indus at Kachura. The change point analysis also confirms significant 

variability in streamflow at Kachura. Similarly, slightly significant upward trends were also 

seen at Astore station. In contrast a significant decrease of streamflow were observed at 

Kharmong station. Although Indus at Behsam Qila and Bunji and Shyok also uncovered 

declining trend in streamflow, these were not significant. Such long term decrease in runoff 

behaviors are consistent with some previous studies for Indus at Besham Qila and Kharmong 

by (Arfan et al. 2019; Yaseen et al. 2020) and Indus at Kachura by (Farhan et al. 2015). 

Similarly trend behavior for Hunza and Shyok sub basins are also in agreement with 

(Mukhopadhyay and Khan 2015). The decrease of flow during the summer season can also be 

associated with declining temperature.  

These finding demands a serious attention from policy makers and other stake holder agencies 

because variability of summer runoff significantly affects water availability in downstream 

areas in Indus Basin. In fact, about 70-75% of the Indus flow is generated during the summer 

season. Such changes in flow trends result in a significant reduction in water availability 

expected in the coming years. As a major share of this water is being used in the agricultural 

sector during the summer and winter season in Pakistan, if this trend of flow continues 

gradually in the long term, the reservoirs, farming and other water resources management 

operations must also be implemented and need to adapt accordingly.   

In the autumn season (SON), streamflow exhibited a slightly significant rising trend for Indus 

at Kachura, Shyok, Astore, Bunji and Besham Qila stations. Similarly, Kharmong station 

showed non-significant rising trend in streamflow whereas BQ-Kharmong and BQ-Kharmong-

Yogo depicted a slightly significant declining trend in streamflow. The change point analysis 

marked significant variation in streamflow for Bunji and Astore river. The finding of this study 

is also consistent with a recent study (Yaseen et al. 2020).  



38 

 

 

 

Table.1.7 Comprehensive Explanation of Basin Characteristics of UIB-Sub-Bains         

Sub Basins Gauge Location Area 
Elevation 

Range 

Glacier 

area 

Glacier 

Area 
Q runoff P CHIRPS P ERA5 

Annual_RF_C 

CHIRPS 

Annual_RF_C 

ERA5 

  (km2) m (km2) % (mm a-1) (mm a-1) (mm a-1) (-) (-) 

UIB Down 

Stream 
Besham Qila 163528 542–8572 19338 11.83 470 536 594 0.87 0.79 

Gilgit Gilgit 12761 1415-7104 
 

1169 
9.16 693 289 402 2.39 1.7 

Hunza Dainyor 13734 1420–7809 
 

4285 
31.20 369 574 372 0.642 0.98 

Shyok Yogo 33041 2389–7673 7388 22.36 368 395 302 0.931 1.22 

Shigar 
Kachura-Yogo-

Kharmong 
10639 2189–8448 2991 28.11 927 576 654 1.633 1.42 

Astore 
Shital 

Bridge/Doyian 
3903 1504–8069 258 6.61 1146 876 1089 1.30 1.05 

Shingo-

Zanskar 
Kharmong 69355 2250–7027 2763 3.98 205 302 383 0.68 0.53 

UIB_Pakistan 
QUIB-      

QKhar-QShyok 

 

61132 
569-8572 9187 15.03 824 664 877 1.24 0.93 

UIB_Pakistan QUIB-QKhar 
 

94173 
569-8572 16575 17.60 664 570 656 1.16 1.01 
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Figure.1.5 Running trend of annual and seasonal runoff series. Average runoff values are 

divided into various classes (white to red). Trend values are showed by upward (green) and 

downward triangles (blue) while trend significance is described by filled circles (significant 

with at least 20 data and Mann-Kendall p-values < 0.05). Black vertical line expresses ‘change 

point’ year (Pettitt Test) in the entire time series. The x axis is the starting year (central year), 

while the y axis is the moving window (a minimum assessment duration of 10 year is selected). 

3.5 Rainfall-runoff relationship in the Upper Indus Basin 

 

The rainfall-runoff relationship and runoff coefficients are first order representation of under- 

or overestimation of precipitation in the watershed. The annual and monthly runoff coefficients 

at sub-basins scale were developed as shown in Table.1.7 and Fig.S1.4. The results show that 

both precipitation datasets (CHIRPS and ERA5) including observed values are not able to close 

the water balance because runoff coefficients (Q/P) higher than one have been calculated in the 

majority of sub-basins. Higher values of runoff coefficient for Gilgit, Shigar, and Shyok basins 

depict negative mass balance in these basins. Similarly, Astore, Hunza and Besham Qila 

exhibited higher precipitation values than river runoff except in summer season, because of 

snow and glacial melt and have natural to negative balance at monthly scale. The Indus 

Downstream with outlet point at Besham Qila which merges drainage of all upstream sub 

basins experiences positive to slight negative mass balance during summer season. These 

results need to search for possible explanations. 

Overall, ERA5 performed better compared to CHIRPS precipitation dataset for closing the 

water balance. Although, CHIRPS dataset have good agreement with observed precipitation 

values, it is still unable to close the water balance in the majority of basins. Immerzeel et al. 

(2015) suggested that reanalysis products based on ECMWF IFS forecast model such as ERA5 

can be used to validate atmospheric convergence. ERA5 incorporated fully coupled 

components of atmosphere, land surface and ocean waves that are useful for closing 

atmospheric water balance. Gao and Liu (2013) argued that mountain regions exhibited higher 

values of runoff coefficient due to greater magnitude of surface runoff, shallow soils, steep 

slope, permafrost and glaciers.  In case of UIB, previous studies in this region and 

neighborhood glacierized catchments also indicated runoff coefficient values greater than one 

(Adnan et al. 2017; Dahri et al. 2016; Immerzeel et al. 2015; Wortmann et al. 2018). Siddique 

and Hashmi (2012) found 10%, 25% and 65% contribution of rainfall, snowmelt and glacier in 

the annual flows of Indus River at Tarbela outlet. The results of these studies about higher 

values of runoff coefficient also support our results. However, values are slightly changed from 

current study due to use of different gridded datasets, size and location of study area and in any 

case values higher than one are hardly acceptable.  

Generally, it is believed that higher values of runoff coefficient indicate glaciers retreat and 

alteration of catchment hydrology. However, it is not only the single possible reason for 

negative mass balance. There are some other factors such as under catch observed precipitation 

as well as production mechanism of various gridded precipitation as reported in UIB 

(Immerzeel et al. 2015; Kääb et al. 2012) and it is also evident in our results as shown in 

Table.1.4 and Fig.S1.3. The runoff values greater than precipitation in Shigar, Shyok and Gilgit 
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basins might also be associated with under catch precipitation due to non-availability of 

observed gauge stations at high elevation in UIB, where the orographic effect on enhancing 

precipitation could be relevant and because of possible systematic errors in measuring solid 

precipitation  (Eccel et al. 2012). Similarly, some other mass balance studies (Brun et al. 2017; 

Gao and Liu 2013) also reinforce our conclusion that glacier retreat is only a partial reason for 

the missing water volumes in UIB for closing the water balance.   

4. Discussion 
 

The diverse climatic signals and contrasting hydrological regimes observed in the UIB are the 

main sources of the uncertainties affecting the assessment of the key components of the 

hydrological balance, as precipitation, snow and ice accumulation and melt and runoff. A clear 

example of such an inconsistent behavior is the difference between accumulation patterns 

based on various remote sensing data acquisition techniques and the geodetic mass balance as 

reported in multiple studies (Immerzeel et al. 2015; Krakauer et al. 2019; Lutz et al. 2016).  

Based on the results of the analysis, it is concluded that CHIRPS dataset performs well with 

respect to observed gauge precipitation with lowest BIAS, MAPE and RMSE at annual and 

seasonal scale, followed by ERA5.The basin wide corrected monthly precipitation values from 

CHIRPS and ERA5 and their corresponding runoff coefficient values from each sub basin are 

illustrated in Fig.S1.4. The results of rainfall runoff, based on novel combination of gridded 

datasets and comprehensive ground observations, are in good agreement with some previous 

studies (Dahri et al. 2016; Kääb et al. 2015).The higher values of runoff in Gilgit, Shigar, Shyok 

imply a significant contribution of glacier retreat and snow melt, as well as under catch 

precipitation. It is also concluded that ERA5 precipitation proved to be a better dataset in-terms 

of closure of the water balance.  

In the second part of this study, varying positive and negative trends for both precipitation and 

runoff at seasonal and annual scale in all sub-basins are reported. Previous knowledge about 

hydro-climatic trend is mainly confined up to linear trend analysis or with specific time 

interval, not explaining non-stationary precipitation and runoff variability within decadal to 

interdecadal time scale. The reliable knowledge about hydro-climatic variability over the UIB 

is very challenging for effective management and precise usage of available water resources in 

downstream areas (Hasson et al., 2017). In summary, precipitation exhibited greater seasonal 

than annual variations. Although precipitation is increased annually, but its behavior non-

significant except Shyok and Shigar basins. Pettitt test indicates that change points (drying to 

wetting phase) mostly lie annually from 2005 to 2010 in the majority of the basins.  

An overall increasing trend of winter precipitation are found in all sub-basins. Such a rising 

rate of precipitation can be due to a significant contribution of winter westerlies regimes and a 

transfer of rainstorm trajectories in UIB. The results of higher rates in winter precipitation also 

consensuses with previous studies (Krakauer et al. 2019; Latif et al. 2018; Yaseen et al. 2020).  

In spring the majority of glacierized catchments show a downward trend in precipitation. On 

the other hand, Indus Besham Qila, Astore, UIB Kharmong indicate increasing rate of 

precipitation, but they are statically not significant. Change point analysis also did not record 

well any transition phase (drying to wetting) in all sub-basins. In summary, spring is drying, as 

it is also reported in some recent studies (Yaseen et al. 2020). 
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In summer the basin is not showing any significant trend in the precipitation amount. On the 

other hand, some basins (Shyok, Gilgit, Hunza and Shigar) show a rising rate of precipitation, 

but none of them is statistically significant. The results showing a decreasing rate of summer 

precipitation align with previous studies (Cannon et al. 2015; Latif et al. 2018; Rizwan et al. 

2019). Lutz et al. (2016) found a clear shift of the summer long-term rising precipitation trends 

to drying, revealing a transition towards weaker monsoonal influence at lower levels. In order 

to crosscheck this hypothesis, it would be to better to analyse seasonality in precipitation and 

streamflow by modeling melt water runoff in the selected area under different climatic 

conditions. It will be discussed in future perspective of this study. The Indus Downstream with 

outlet point at Besham Qila usually receives 70% of the annual precipitation in the summer 

season. This water is stored in two major reservoirs, Tarbela and Mangla, for next cropping 

season, known as Kharif and Rabi season, when rice and wheat is cultivated in major 

downstream areas of the UIB. If the same downfall trend of precipitation continues in the 

future, it will reduce the water availability, ultimately putting further stress on already 

dwindling water reserves of Pakistan.  

Concerning streamflow, variabilities are more pronounced seasonally than annually. Results 

indicate that winter and spring streamflow discharge significantly or slightly significantly 

increased in all sub-basins, whereas it decreased in summer. Yaseen et al. (2020) suggested 

that a rising trend of winter discharge is mainly linked with westerly precipitation regimes, 

because a major portion of UIB hydrology is dominated by westerly disturbances rather than 

monsoon offshoots. There are also different significant interpretations about these flow 

dynamics. One reason could be found in the significant warming in winter and spring, as shown 

in Table 1.6, whereas summer cooling caused early snow melt during spring and less flow 

available during summer (i.e., decreasing trends in summer discharge show lower melting rates 

in summer, resulting in potential stability of glaciers and consequently positive basin storage). 

5. Conclusions  
 

The study presents a comprehensive hydro-climatic trend and precipitation anomaly analysis 

for the UIB at the sub-basin scale. The primary objective of this study is to evaluate the 

performance of four gridded precipitation datasets for developing a precipitation climatology 

and check its reliability for the UIB. The datasets were examined for an overlapping period 

spanning from 1995 to 2017 at the seasonal and at the annual scale. Based on results, it is found 

that the performance of CHIRPS dataset is good to describe the distribution of observed 

precipitation with lowest BIAS, MAE, RMSE and MAPE, followed by ERA5. The mean 

annual corrected precipitation was calculated as 536 mm a-1 in the UIB gauged at Besham Qila. 

The precipitation climatology exhibited a higher rate of precipitation in the lower part of the 

basin for both the annual and the seasonal scale. The runoff coefficient for CHIRPS and ERA5 

is though greater than one in some basins, making the water balance unrealistic. There can be 

two main reasons: 1) underestimate of precipitation, as most of the monitoring stations in the 

UIB are valley-based and do not represent the true basin hydrology in the high elevation bands 

2) glacier retreat and early snow melt due to global warming and elevation-dependent warming. 

However, there are small chances for glacier retreat because most glaciers, especially in 

Karakorum, have been advancing or in stable conditions in the last decade (2008-2016) 
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(Berthier and Brun 2019). Meanwhile, precipitation rate declines with elevation annually, rises 

during winter and spring season but decreases during summer season. These issues demand 

further investigation, as they are affecting the contribution of glacier and snow melt in total 

flow from each sub-basin. The findings of this study would be helpful to understand the 

discrepancies between the observed and the gridded precipitation datasets referring to the UIB 

and may have substantial impact on studies related to the designing, planning, modeling and 

management of the water resources under climate change. The results of the study also 

recommend that gridded precipitation is corrected before its usage in hydrological modeling 

studies, especially in those involving glacierized catchments. The anomaly method proved to 

be worthwhile for assessing precipitation climatology, especially in data scarce regions with a 

sparse monitoring network.   

In the second part of this study, annual and seasonal precipitation revealed significant 

variability seasonally rather than annually. Summer is drying while winter is wetting. The 

increasing rate of precipitation was also seen during spring in some basins, but they were not 

statistically significant. Similarly, trend analysis of observed streamflow at various gauge 

stations in the UIB facilitates understanding about comprehensive water balance for the region. 

Like precipitation variability, streamflow one is more pronounced seasonally rather than 

annually. At the annual scale, trend analysis of discharge shows slightly significant increasing 

trend at the Indus River Kachura, Shyok and Gilgat stations, while nonsignificant decreasing 

trends at Kharmong stations, BQ-Kharmong and BQ-Kharmong-Shyok stations are found. 

Seasonal flow analysis reveals more complex regime: winter (December-February) and spring 

(March-May) exhibit a rising trend in streamflow, while summer (June- August) shows a 

declining trend. The seasonal analysis also shows an increasing rate of warming in spring and 

early seasonal melt discharge from most of the sub-basins, whereas field significant low 

flow/drying was observed during summer. 

 

The findings of this hydro-climatic analysis are expected to support future sustainable 

development projects in the study area. For instance, it would be helpful to assist engineers, 

the government and its organizations, as well as other stakeholder agencies to set up structural 

and non-structural measures to handle extreme flood and other natural hazard events, such as 

building dams and other control structures, lining canals and water course and adopt precision 

agricultural techniques (drip and sprinkler irrigation). It would also be viable to bridge the gap 

in terms of water availability and supplies especially in the lower area of the basin, where a 

major share of this water is being used for growing crops. These results would facilitate farmers 

and other stakeholder agencies to set cropping pattern according to water availability under 

prevailing climatic conditions.  
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Summary 
 

Energy budget-based distributed modelling at High Mountain Asia (HMA) is important to 

examine glaciological-hydrological processes and quantify flow rates. Trends in ablation of 

snow and glaciers retreat depend upon initial ice reserves, meteorological parameters and 

geographical features which vary across sub-basin in HMA. In this study, the Physical Based 

Distributed Snow Land and Ice Model (Grossi et al. 2013; Ranzi et al. 2010; Ranzi and Rosso 

1991) is employed in the Karakorum for the Naltar catchment located in Hunza river basin 

(Pakistan) to simulate snow and glacier retreat as well as daily runoff. The overall objective is 

to explore the feasibility of this modelling system in the Karakoram environment. The accuracy 

of the model in simulating snow and glacier retreat is crosschecked using improved MODIS 

snow cover product (M*D10A1GL06) and Landsat based snow cover area for both spatial and 

temporal scale. The results exhibited overall satisfactory performance in terms of coefficient 

of determination (R2) = 0.96 and Nash-Sutcliffe Efficiency (NSE) = 0.95 of model against 

satellite-based snow cover area for all simulated years. Downstream daily runoff measurement 

at the outlet of Naltar catchment at Naltar Bala station was used as a reference of comparison 

for simulated streamflow. The results of runoff simulations compared with observed daily 

discharge obtained NSE and KGE of 0.90 and 0.89 for calibration and validation period 

respectively. Simulated runoff volume computed by PDSLIM coupled with runoff model was 

in reasonable agreement and only 1.03% higher than mean observed runoff volume with mean 

absolute percentage error of 8%. Flow composition analysis revealed that runoff regime of 

Naltar catchment is composed 39% glacier runoff, 42% sub-surface runoff and 18% surface 

runoff. The eight years mean value of net mass balance exhibited slightly negative mass 

balance (-810 ± 311 mm w.e. a-1) less pronounced than in the Alps. Overall, PDSLIM, so far 

tested in the Alps, is thus suitable to estimate energy and mass balance in the glacierized 

catchments of Karakorum and Himalayan and to understand snow-glacier melt runoff 

dynamics and floods in highly complex terrain with glacier rich mountains. This study provides 

a basis for potential application of such an integrated model to the entire Hindu-Kush-

Karakoram-Himalaya region toward simulating snow and glacier hydrologic processes within 

a water and energy balance-based, distributed hydrological modeling framework. 

 

Keywords: PDSLIM, energy balance, snow and ice melt, Naltar catchment, Karakoram 
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1. Introduction  
 

Mountain glaciers are key freshwater resource and vital components of the hydrological cycle. 

Water resources are directly influenced by the dynamics of snow and glaciers melt runoff. 

However, there is still a lack of understating about hydrological processes linked with glacial 

dynamics and runoff. Blöschl et al. (2019) analyzed the impact of climate on glacial runoff and 

marked it as one of twenty third unsolved problems in hydrology. The significance of glacial 

runoff dynamics is worthwhile for million of people living in downstream areas worldwide. 

These questions are especially challenging for Indus Basin which is considered as a climatic 

hotspot region (Immerzeel et al. 2015).    

The Upper Indus Basin (UIB) is enriched with world largest natural reserves of snow and ice 

that retain water balance in this region and surrounding valleys (Immerzeel and Bierkens 2010; 

Smiraglia et al. 2007). Snow and glacier melt runoff comprises the major share of Indus River 

flow (Tahir et al. 2011).  

 

The economy of Pakistan is largely dependent upon the Indus River system which is providing 

indispensable water supply for irrigation, hydropower generation, municipal and industrial use 

(Kult et al. 2012). Additionally, the economy of the Pakistan is agriculture based and it is 

entirely dependent upon the flow of Indus river for irrigating its cash crop and 90% of country’s 

food grains (Ringler and Anwar 2013). Indus River receives its major share of water from UIB- 

around 90% of overall flow. Out of 60% come from snow and glacial melt (Biemans et al. 

2019). It makes UIB glaciers utmost important for providing fresh water supply to millions of 

people living downstream. Hence, any changes in UIB flow would have serious consequences 

on country water-food and energy nexuses.  

Climate mediated changes, such as glaciers retreat, variability in snow cover area, melting and 

precipitation have altered seasonal and annual water availability in downstream areas of UIB. 

Rasul et al. (2011) found rising rate in temperature trends at annual and seasonal scale which 

accelerated flood events and lake formation in northern parts of Pakistan. Such catastrophic 

disasters brought uncertain and abrupt flow variation in mountainous area claiming massive 

loss of lives and property damages.   

 

The northern part of Pakistan is enriched with 5218 glaciers and 2420 glacial lakes located in 

10 sub-basins (Saifullah et al. 2020). However, a substantial number of uncertainties have been 

examined in previous hydrological studies in this region. These uncertainties are primarily 

associated with lack of reliable input data, diverse modeling tools and poor feedback 

mechanism. Some studies found rising rate of glacier retreat in the Himalaya and Hindu Kush 

region (Benn et al. 2012; Muhammad et al. 2019) while, others exhibited advancing in central 

Karakoram (Berthier and Brun 2019; Bolch et al. 2017; Muhammad et al. 2019). Hewitt (2005) 

who coined the term 'Karakoram Anomaly', the stability or abnormal growth of glaciers in the 

central Karakoram, as opposed to glaciers retreating in nearby mountain ranges such as the 

Himalayan range and other mountain ranges around the world as in the alps (Paul et al. 2014) 

and the Italian alps in particular (Carturan et al. 2016). Recently, (Javed et al. 2022) found 

~10% increase in precipitation intensity and higher percentage of snow fall (65%) in 

Karakoram relative to total seasonal snow fall linked western disturbances behind the 



47 

emergence and continual presence of Karakoram anomaly in recent years. Thus, it is crucial to 

estimate the accurately of snow and glacier melt runoff to cope with the issues of Karakoram 

Anomaly in these catchments. It is also substantial to incorporate reliable tools and methods 

for modeling snow-glacier melt and runoff dynamics to handle the climate change impacts.   

 

Over the past years, various hydrological, energy balance and temperature index models have 

been used to evaluate melt rates in Himalaya and Karakorum including Hydrologiska Byråns 

Vattenbalansavdelning (HBV) (Akhtar et al. 2008; Bergström 1976; Fowler and Archer 2006), 

the soil water assessment tool (Garee et al. 2017), the snowmelt runoff model (Adnan et al. 

2017; Tahir et al. 2011) and the University of British Columbia watershed model (Hasson, 

2016) . Although, fully distributed models are also used in High Mountain Asia (HMA) (Lutz 

et al. 2016; Shrestha et al. 2015), it demands extensive amount of data, time and efforts to 

correctly extrapolate snow glacier melt rate in high altitude terrains where surface atmosphere 

and meteorological process are widely varied.   

Additionally, researchers preferred to use simple conceptual models and adopt lumped 

approach as compared to spatial distributed due to less data demand, smaller computational 

time and easy to calibrate in UIB in order examine melt and hydrological dynamics in current 

and future climatic scenarios (Ayub et al. 2020; Immerzeel et al. 2010; Naeem et al. 2016; 

Pellicciotti et al. 2012; Saleem et al. 2020). But considering climate change, temperature index 

models are disputable as they are not fairly capture the spatial variability of melt rates over 

glacier surfaces (Farinotti et al. 2010). Similarly, hydrological models used in UIB catchments 

exhibited considerable variation in results consequently set off uncertainties. These ambiguities 

are generally associated with inter-annual variation in temperature and precipitation due to 

climatic anomaly, modeling tools and calibrated parameters (Dolk et al. 2020; Ragettli et al. 

2013). 

 

In this study, high altitude automatic weather station data were used to assess the melt rate 

using fully distributed energy balance model. This technique works by the concept that 

simulated melt rates with a physically based energy balance model are reliable at the location 

of Automatic Weather Stations due to the use of available high-quality meteorological 

measurements. The present research employed the energy balance model Physical based 

Distributed Snow Land and Ice Model (PDSLIM) for first time in Pakistan at Naltar catchment 

located in Hunza river basin. Hunza river basin is the second largest glacierized basin in UIB. 

Glaciers are important part of the water balance for Hunza basin and any changes in glacial 

storage consequently influence the streamflow. Earlier studies on snow glacier melt runoff in 

Hunza basin were carried out at basin level (Ali et al. 2018; Dolk et al. 2020; Faiz et al. 2020; 

Farhan et al. 2020; Hayat et al. 2019; Ragettli et al. 2013; Shrestha and Nepal 2019) however, 

water resources management decisions take place at a smaller sub-basin /catchment scale 

except few one (Shakoor and Ejaz 2019). Furthermore, the availability of data is another 

important factor in selecting the Naltar catchment as a suitable location for energy mass balance 

simulations. UIB is a region with limited data sources, and most of the stations are not 

distributed uniformly. In Naltar catchment both hydro-metrological stations are providing 

complete attributes which are main requisite of PDSLIM model. Bearing all these 

considerations in mind, the study has two main objectives: (1) to examine the performance of 



48 

PDSLIM model to compute accurate flow composition and snow cover extent, (2) to quantify 

the contribution of snow and glacier melt to net river runoff and explore the ability of PDSLIM 

for prospective applications in forthcoming studies. This model exhibited good performance in 

snow and ice covered Italian Central Alps by (Grossi et al. 2013; Ranzi et al. 2010). It considers 

physical processes in a distributed hydrological modeling framework at a catchment scale to 

explore melting and would therefore lessen different sources of uncertainties. This study would 

also provide path for application of such modeling tool in future energy and mass balance 

studies in this region and will encourage accurate prediction of hydrological processes under 

climate change scenarios. 

2. Material and Methods 
 

In this section, both statics and dynamic type of input data are presented which were used by 

PDSLIM.  Statistics data comprised of spatial data such as digital elevation model (DEM), 

landcover, leaf area index (LAI), snow albedo, SWE and catchments details while, dynamic 

data include hydro- meteorological data. The detailed information about stations locations, 

elevation, time period and available meteorological attributes are given in Table.2.1 as well as 

presented in Fig.2.1. 

 

2.1 Description of the study area 

 

The Naltar catchment was selected as a case study to conduct energy balance modeling test by 

examining melt and runoff. It is geographically located (36.10-36.37 N and -74.01-74.25 E), a 

climatically temperate region of Hunza river basin. The region is characterized by pine forests, 

snow peak trekking routes, glaciers, small lakes, and most important one of famous spot for 

winter skiing for national and international visitors (Gardezi et al. 2022). The elevation of 

Naltar catchment varies from 2270 m to 5886 m with mean elevation 3980 m. It is situated in 

Hunza basin about 42 km away from Gilgit city and 208 km from K2 (the second largest 

mountain range in world) in the Gilgit-Baltistan region of Pakistan. The total area of Naltar 

catchment is 242.62 km2 with glacierized area of 42 km2. The largest glacier within Naltar 

catchment is Shani glacier with an area of 19 km2. The average annual precipitation and 

temperature recorded at Naltar station are 685 mm/yr and 6.5oC (Liaqat et al. 2022). The 

streamflow was measured at Naltar Bala stations with mean flow 11.79 m3/sec over period 

(2006-2016). The water further moves through Naltar stream into Hunza river which is one of 

the main tributaries of the Indus River. Fig.2.1 shows the location of Naltar catchment and, the 

location of 5 meteorological and streamflow gauge stations used in this study. 
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Figure.2.1 (a) The administrative and political boundary of the Upper Indus Basin (green), (b) 

Location of the Naltar catchment within the Hunza Basin (black border) and hydro-

meteorological stations (circles), (c) Annual cycle of mean monthly temperature of several 

meteorological stations (d) a clear picture of Naltar catchment with glacier coverage.  

2.1 Meteorological Data 

Physical based distributed snow land and ice model (PDSLIM) requires six meteorological 

parameters to effectively simulate snow melt runoff and snow development. The input data 

consisted of precipitation, temperature, relative humidity (RH), wind speed (WS) solar 

radiation (SR) and pressure. All parameters except pressure were obtained from Water and 

Power development Authority (WAPDA), Pakistan based automated weather stations known 

as data collection platforms (DCPs), located in Gilgit and Hunza basin. The detail description 

about these stations is given in Table.1 as well as shown in Fig.2.1. The above stations are 

selected due to their location and data from these stations have converted into PDSLIM specific 

text format. A consistency check revealed that this dataset had some missing values for some 

variables at different dates and times. Initially, we selected 8 out of 11 years for which missing 

values amounted to less than 20%. The final set of years was 2006, 2008, 2009, 2010, 2011, 

2012, 2014 and 2016 and simulations with PDSLIM cover from 1st April to 30th September 

each year. The remaining missing values were imputed through multiple linear regression  as 

used by (Prabnakorn et al. 2019). The method involves developing a relationship between 

different sets of neighboring stations and choosing one (Naltar station) with the best coefficient 

of determination (R2), but not less than 0.6 for precipitation, relative humidity, windspeed and 

solar radiation and 0.75 for temperature, respectively. Reconstructed hourly pressure values 

were obtained from (Bair et al. 2020). 

 

      Table.2.1 Details of meteorological data used in the study and their sources. 
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Basin Stations 
Period 

from 

Period 

to 
Agency 

Latitude 

(0) 

Longitude 

(0) 

Elevation 

(m asl) 

Gligat 
Gilgit 2006 2016 WAPDA 35.92 74.33 1460 

Yasin 2006 2016 WAPDA 36.40 73.5 3280 

Hunza 
Ziarat 2006 2016 WAPDA 36.77 74.46 3629 

Naltar 2006 2016 WAPDA 36.17 74.18 2898 

2.2 Hydrological Data 

 

The hydrological station was installed at Naltar Bala since 2006. This streamflow measurement 

equipment was installed by WAPDA when Government of Pakistan decided to construct Naltar 

Hydro-power plant at Naltar river. Currently, Naltar-IV hydro-power plant is operational in 

Naltar. It has a small reservoir which holds enough water to produce electricity at full capacity 

of 18 MW. To a limited extent, the plant can shape hourly water releases during the day such 

that production is highest during peak load hours. The mean Explanatory Data Analysis (EDA) 

curve (2006-2016) for Naltar streamflow is shown in Fig.2.2. 

 

                   
 

Figure 2.2. Explanatory data analysis of streamflow in naltar catchment (2006-2016) 

2.3 Geo-topographic Data 

The meteorological variables used by the PDSLIM for the evaluation of energy and 

hydrological balance components constitute only one part of input data by the model itself.  In 

order to make a effective spatial distribution of the variables and to estimate energy balance, it 

is imperative to incorporate the topographic characteristics of the territory since they have 

different behavior in terms of energy exchange. These topographic variables include: the digital 

elevation model of the study area, albedo, land use/ land cover, the leaf cover index and the 

terrain view factor. 
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2.3.1 Landcover and Lead Area Index 

 

Land use/land cover (LULC) and leaf area index (LAI) are two important parameters of 

PDSLIM model, as variation in land use/ land cover (LULC) and LAI cause significantly 

change on evapotranspiration, runoff and some other parameters of the hydrological cycle 

(Shah et al. 2020). The landcover data based on ENVISAT’s MERIS Level 1B with spatial 

resolution of 300 m were obtained from GlobCover landcover product developed by European 

Space Agency (ESA)-GlobCover. The data were clipped according to the area of interest and 

divided into 15 major classes. For each land cover class, the model provides a unique code. 

The major LULC classes are snow/glacier, grassland, rocks, and mixed forest. A glacier layer 

derived from the Randolph Glacier Inventory (RGI) Version (V) 6.0 released on July 2017 was 

overlaid on landcover data. The LULC and LAI map of Naltar catchment are shown in Fig 2.3. 

 

              
                Figure.2.3 LULC classes and albedo observed in Naltar catchment.  
 

MODIS 8DAY composite LAI product MYD15A2H.006 was acquired from Land Processes 

Distributed Active Archive Centre (LPDAAC) 

(https://lpdaacsvc.cr.usgs.gov/appeears/task/area) from the start of each melt period. The 

quality assessment (QA) flags in the databased were utilized to make sure the quality of the 

MODIS LAI data at given period. Both LULC and LAI were reclassified and resample 

according to PDSLIM requirement. The initial value of Snow Water equivalent (SWE) used in 

PDLSIM was derived from high resolution reconstructed SWE products  using MODSCAG 

and SPIRES approaches developed by (Bair et al. 2019).  

 

In this study, we used both products to put some uncertainty bounds on simulated results. The 

SWE was reconstructed from the snow melt-out date to the date of maximum SWE at the 

beginning of melting season using satellite-based retrievals of MODIS fractional snow cover 

https://lpdaacsvc.cr.usgs.gov/appeears/task/area
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area in combination with energy balance equations and land surface metrological variables 

(Bair et al. 2016; Rittger et al. 2016). Further validation of reconstructed SWE product in High 

Mountain Asia (HMA) was carried out by employing full distributed energy balance model 

(SNOWPACK and ALPINE 3D) and in-situ values of snow depth collected and maintained by 

the Aga Khan Agency for Habitat (AKAH) (Bair et al. 2020). Further information about these 

products and its developing mechanism can be found in following studies (Bair et al. 2018; 

Bair et al. 2019; Rittger et al. 2016). 

                                  Table. 2.2 Sources, description and type of data used in this study. 
Data Type Data Source Scale Description 

Digital Elevation  

Model 
NASA-SRTM (90m) 

grid cell 

(90 x 90 m) 

NASA Shuttle Radar Topographic Mission 

(SRTM) 

Landuse / Land 

Cover 
GlobCover land 

cover 
300 m 

European Space Agency (ESA) GlobCover 

land cover product 

LAI 
MODIS 500 m 

MODIS 8-day composite LAI product 

MYD15A2H.006 

ALBEDO MODIS 500 m MOD10A.006 Daily Snow Albedo 

Meteorological 

Data 
WAPDA 

(Bair et al. 2020) 
Hourly 

Temperature, Wind Speed Relative 

Humidity, Solar Radiation, Rainfall 

Pressure 

Discharge Data 
WAPDA Daily 

Mean Daily Discharge at Naltar Bala Station 

(m3/sec)  

Snow Water 

equivalent 

(SWE) 
(Bair et al. 2020) Daily 

Reconstructed SWE product using 
MODSCAG and SPIRES approaches 

 

 

2.4 Satellite snow and glacier data 

Accurate snow monitoring is indispensable for glacio-hydrological modelling studies, 

cryosphere monitoring and associated changes. Naltar catchment has wide spatial variability 

of ice, snow and seasonal snow cover. MODIS daily satellite images are reliable source to 

monitor spatial and temporal variability of snow cover areas. Although, MODIS daily snow 

cover product provide more reliable results than other remote sensing products, still significant 

proportion of cloud covers in images especially in winter and monsoon season may cause 

underestimation of snow and ice cover extent. The present study used improved MODIS snow 

cover product (M*D10A1GL06) developed by Muhammad and Thapa (2021) derived from 

original MOD10A1 (Terra) and MYD10A1 (Aqua) from same sensor using multi-step 

approach in order to access the accuracy of PDSLIM model to accurately simulate the snow 

cover areas during the melting season. Muhammad and Thapa (2021) improved the product by 

applying spatial, seasonal and temporal filters to reduce snow cover estimation caused by cloud 

cover and by swath and lower spatial resolution. They divided product into 13 classes (25: No 

Snow classes, 50: Cloud, 198: Snow only in Terra, 199: Snow only in Aqua, 200: Snow in both 

Terra and Aqua, 238: Debris-covered ice with Terra Snow, 239: Debris-covered ice with Aqua 

Snow, 240: Exposed debris-covered ice, 242: Debris-covered ice with Snow in both Terra and 

Aqua, 248: Debris-free ice with Terra Snow, 249: Debris-free ice with Aqua Snow, 250: 

Exposed debris-free ice, 252: Debris-free ice with snow in both Terra and Aqua). In this study, 

we used pixels of class (200+240+242+250+252) in order to compare with simulated snow and 

ice cover. The detail description about this product can be seen in Muhammad and Thapa 

(2021). Historical glacier boundaries in Naltar watershed were masked out from RGI V6.0. 
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Additionally, the Shuttle Radar Topographic Mission (SRTM) digital elevation model (DEM) 

at spatial resolution of 90 m for Naltar catchment was downloaded from CGIAR Consortium 

for Spatial Information (STRM,2013). The DEM data was used to define catchment boundary 

and topography. The boundary of Naltar catchment defined by filling the unnecessary cells 

with no-data in order to save from extra model computational time. Afterwards, the DEM map 

clipped to keep area of interest using QGIS. A temperature lapse rate of 0.0065 oC m-1 is applied 

at pixel at grid resolution to represents grid resolution. The sub-grid temperature correction is 

mandatory for presenting elevation gradients. The mean monthly temperature data and lapse 

rate were also used to compute freezing line altitude (FLA) 0oC Isotherm is shown in Fig.2.4.  

 

 
Figure 2.4 (a) The hypsometric curve of Naltar catchment and distribution of glacierized area 

under 500-meter elevation band layer b) Mean monthly freezing line altitude or 0oc isotherm 

within Naltar catchment.  

2.5  Modeling Strategy 

 

Although, PDSLIM is a physical based model, it encompasses few parameters that can be 

optimized to attain better simulation results with respect to reference data. The most important 

parameters for snow cover extent include precipitation and temperature lapse rate, value of 

fresh snow albedo at start of melting season and debris cover. In case of hydrological 

simulations, the training parameters are runoff coefficient, saturated hydraulic conductivity of 

snow, ice, and soil and lag time. The PDSLIM simulated at the hourly time step with 90 m 

spatial resolution scale and PDSLIM need all meteorological inputs at the same scale. 

However, modeling outcomes can be ascertained at daily and monthly scales according to 

user’s demand. The modeling outcomes have been examined at the site and catchment scale. 

   

2.5.1 Calibration with MODIS and LANDSAT Snow Cover Area 
 

The PDSLIM derived snow cover area was compared with MODIS snow cover product 

(M*D10A1GL06) and LANDSAT, and the comparison used to calibrate the snow and glacier 

related parameters. The snow + ice melt progression was carried from April 1st to September 

30th for each of eight simulation year. Both the statistical evaluation and visual inspection were 
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employed to develop comparison between model and MODIS/LANDSAT based snow cover 

extent. 

2.5.2 Calibration and Validation with Naltar Streamflow 

The rainfall runoff and snow-ice melt from linear reservoir model were calibrated by 

comparing the observed runoff with model runoff at Naltar bala station. Simulated runoff data 

for (2006, 2008, 2010 and 2016) marked as low, medium and high flows were used for 

calibration while remaining (2009, 2011, 2012 and 2014) were used for validation respectively. 

The missing years (2007, 2013 and 2015) were excluded from simulation due to missing values 

and substantial inconsistencies present in the observed data. The model performance was 

investigated using both efficiency criteria and visual inspection associated with systematic 

(over or underestimation) and dynamic (rising/falling limbs, timing) and baseflow behavior of 

model. A combination of multiple efficiency criteria such as Nash-Sutcliffe efficiency (NSE), 

Percent bias (PBIAS), Mean Absolute Percentage Error (MAPE), Root-Mean-Square Error 

(RMSE), Coefficient of Determination (R2), Kling Gupta efficiency (KGE) were used in this 

study as single criteria is not optimum to examine model performance. The KGE is goodness 

of-fit method developed by Gupta et al. (2009) to overcome drawbacks present in NSE.  

 

2.6 Glacier Surface Mass Balance 

 

The mass balance of glacier is considered as one of primary indicator of climate variation. The 

mass balance is basically divided into two parts: 

rts: accumulation (c) and ablation (a). The accumulation on glacier is calculated by deposition 

of solid precipitation on the glacier surface and ablation is determined by melting of snow and 

ice. 

At a given point (x,y) and at any time (t) on a glacier surface, the accumulation rate ċ = ċ(x,y,t) 

is the rate of mass gain and ablation rate ȧ = ȧ (x,y,t)  is the rate of mass loss. The mass balance 

is usually expressed in kgm-2 or meters water equivalent (m.w.e). The integral b can be 

measured at any time in field. 

   b= b(x,y) = a+c = ∫ (ċ + ȧ)𝑑𝑡
𝑡2

𝑡1
  

                                   
Figure.2.5 Basic representation of annual mass balance for a specific point (x, y) on the glacier 

surface  

2.6.1 Annual Mass Balance 

The computation of mass balance anomaly is very substantial to understand incoming and 
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outgoing water volume in glacierized catchments over a given period. Primarily, glaciological 

method is preferred to assess annual and seasonal mass balance. However, its applicability in 

large and high altitude glaciers in remote areas as Naltar is challenging due to complex terrain 

and poor accessibility. In this case, hydrological can be a valid alternative. It indicates the 

estimation of incoming and outgoing water volumes typically over one year or over the 

accumulation and the ablation seasons. For a given period, the annual mass balance of Naltar 

catchment is equal to winter and summer mass balance. It is usually expressed in terms of 

equivalent water volume B [L3]. It is assumed that winter starts on 1st of October indicated as 

tow of the previous year and ends on the 31st of March denoted as tfw of the current year. The 

ablation season start on the 1st of April tos = tfw of the given year, when first snow melt event 

detected and ends on the 30th of September tfs of the balance year.  

2.6.2 Winter Mass Balance  

The winter glacier’s mass balance is computed as the sum of the snow mass balance and the 

firn and ice mass balance.  The ice and firn mass balance Bw,ice is equivalent to total volume of 

the snow water equivalent left at the beginning of the balance year Sweq(tow) which start its 

metamorphosis into firn and late ice. Ice melt is assumed to be negligible in winter. The snow 

winter balance Bw, snow is given by the difference Sweq (tfw)- Sweq(t0w), between the snow 

water equivalent observed at the end Sweq (tfw), Sweq (t0w) at beginning, the last often being small 

or negligible. Hence, the glacier’s winter mass balance is: 

 

 Bw  =  Bw,ice + Bw,snow = Sweq(t0w) + Sweq(tfw) – Sweq(t0w) = Sweq(tfw)  (1) 

 

In this study winter balance i.e. SWE for each simulated years was derived from (Bair et al., 

2019) 

2.6.3 Summer Mass Balance 

 

The summer mass balance on snow/glacier surface is computed as total of the point mass 

balance over each pixel of the study domain, measuring dA = 90 m x 90 m = 8100 m2. Snow 

mass balance Bs is computed as 

Bs        =              Bs, snow + Bs, ice     

Bs, snow =  Sweq (tfs) - Sweq (t0s) = 

 

∫ ∫ [𝑟(𝐴(𝑡),t) + 𝑠(𝐴(𝑡),t)-msnow(𝐴(𝑡),t)-esnow(𝐴(𝑡),t)]dAdt
𝐴𝑠𝑛𝑜𝑤(𝑡)

𝑡𝑓𝑠

𝑡0𝑠
                                (2)  

Here, s shows snowfall, msnow (comprising drainage of the snow liquid water content), r depicts 

the rainfall rate and esnow characterize the net snow sublimation and evaporation losses. All 

above mentioned terms have dimensions [LT-1
 ]. The rainfall over firn and ice areas is assumed 

to flow as runoff on the surface and on subsurface channels of the glacier. Therefore, summer 

balance Bs,ice of this part of glacier with area Aice(t) is always negative being the sum of the 

sublimation rate eice and melt rate mice calculated as: 

Bs, ice  =           ∫ ∫ [-mice(𝐴(𝑡),t)-eice(𝐴(𝑡),t)]dAdt
𝐴𝑖𝑐𝑒(𝑡)

𝑡𝑓𝑠

𝑡0𝑠
                                                 (3) 

The summer mass balance of ice and snow over the glacier’s area Ag is 
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Bs, snow =       ∫ ∫ [𝑝snow(𝐴(𝑡),t)-m(𝐴(𝑡),t)-e(𝐴(𝑡),t)]dAdt
𝐴𝑔(𝑡)

𝑡𝑓𝑠

𝑡0𝑠
                                         (4) 

 

Here psnow shows total precipitation rate, either snow (s), over snow or rain (r), m = msnow+ mice 

imply the total melt as well as drainage from the snowpack, and e = eice+ esnow evaporation and 

sublimation from snow and ice. Negative sign represents condensation of air water vapour 

occurs. All these terms have dimension [LT-1
 ]. Total precipitation over the glacier is the sum 

of the total precipitation on snow psnow, rain on ice, rice that does not contribute to the glacier 

mass balance because it runs off the glacier’s surface. The annual mass balance is represented 

by the sum of the winter and summer mass balance: 

 

Bs, snow = Sweq(tfw) +   ∫ ∫ [𝑝snow(𝐴(𝑡),t)-m(𝐴(𝑡),t)-e(𝐴(𝑡),t)]dAdt
𝐴𝑔(𝑡)

𝑡𝑓𝑠

𝑡0𝑠
     (5) 

 

The annual specific mass balance over a unit surface of the glacier with dimension [L] can be 

obtained as: 

   b  = 
𝐵

𝐴𝑔
  =

𝐵𝑠𝑛𝑜𝑤+𝐵𝑖𝑐𝑒

𝐴𝑖𝑐𝑒+𝐴𝑠𝑛𝑜𝑤 
                                                                  (6) 

It is noted that areal changes are neglected in current mass balance computation as their 

estimation would require a continuous monitoring of the glacier’s areal extent.  

 

 2.7 Energy Balance of Snow and Ice 

In this section, energy balance modelling framework, known as PDSLIM (Physically based 

Distributed Snow Land and Ice Model) are described. The PDSLIM model is modified form 

of the PDSM model, applied at catchment scale to simulate snowmelt and evapotranspiration 

fluxes Cordevole Ranzi and Rosso (1991)  and Toce Grossi and Falappi (2003) and then applied 

to Adamello glacier (Grossi et al. 2013; Ranzi et al. 2010).  

For a unit area, melt rate for finite depth of layer of ice or snow superimposed over ice is 

computed using the energy balance equation: 

  Hm + Hc  = Sio + Lio + Hl + Hs + Hp + Hg   ,   (7) 

Here unit of all terms are W/m2 

Hm: energy available for melt, 

Hc: Internal Energy of the snow or ice layer, 

Sio: net shortwave radiation, 

Lio: net longwave radiation, 

Hl: latent heat, 

Hs: sensible heat, 

Hp: advective heat from precipitation, 

Hg: Conductive heat at the bottom side of the snow or ice layer 

For an snow or ice layer with finite depth Δz, mean Temperature T, specific heat C and density 

р changes over time 

  Hc    = C р Δz dT/dt         (8) 

Here specific heat of ice is equal to C = Ci = 2093.4 J  kg-1 K-1 and its density is assumed р = 

рi 830 kg m-3. In case of snow, density changes over time according to snow pack simulation 
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depicted by (Ranzi and Rosso 1991). The detailed description of the shortwave and longwave 

radiation terms of the energy balance equation, Sio and Lio, followed by global shortwave 

radiation measurements, Rm can be seen in (Ranzi and Rosso 1991; Ranzi and Rosso 1995). 

For glacierized areas, the fraction of the measured incoming global radiation Rm reflected by 

terrain surrounding each point and the the diffused shortwave radiation from the sky calculated 

as Rd with mean albedo αt(x,y) provide the flux of diffuse radiation at each point Rd(x,y).  The 

sky view factor Vs i.e. the fraction if sky hemisphere surrounding each point and the terrain 

view factor Vt which is its complementary value Vt=1-Vs the diffuse radiation results: 

Rd(x,y)=Rd Vs(x,y)+ αt(x,y) Rm Vt(x,y)      (9) 

The sensible (Hs) and latent heat (Hl) fluxes of energy balance equation is computed based on 

mixing length theory, assuming stable conditions at the snow and ice surfaces (Hock and 

Holmgren 2005). It is considered as reliable supposition during melting period especially when 

detailed measurements of the wind field and turbulent structure are of scare quality.  

Accordingly, Hs and Hl are computed as: 

  Hs = Cp рa Dh (Ta – Ts)                 (10) 

      

  Hl  = Lv рaDw 
0.622

р
(𝑒𝑎 − 𝑒𝑠)                     (11) 

 

  Dh = Dw = k2uz/[ln(z/zo)]
2                          (12) 

Here Dh and Dw are turbulent and momentum exchange coefficients while, the other parameters 

are characterized as:  

рa (kg/m3): air density, 

Cp (J kg-1, K-1): specific heat of air 

p(Pa) atmosphere pressure, 

Ta (K) air temperature at height z, 

Ts (K): ice or snow surface temperature  

ea (Pa): air vapor pressure, 

es (Pa): vapor pressure at snow or ice surface, 

Lv (J kg-1): latent heat of sublimation  

uz (m s-1) wind velocity at measurement height z, assuming the same reference height for 

temperature and humidity, 

zo (m): surface aerodynamics roughness, 

The value of surface roughness is assumed 0.007 m for ice (Hock 1998) and 0.003 for snow 

(Plüss and Mazzoni 1994). The value of Karman constant (k) is 0.4. The term conductive heat 

(Hg) is computed at the bottom of a surface firn or ice layer 0.1 m deep using Fourier law: 

  Hg = Kt dT/dz        (13) 

Where value of thermal conductivity (Kt) of ice (Wm-1K-1) determined after Paterson (1994) 

as a function of mean temperature of the ice layer Ti 

  Kt =  9.828exp(-0.0057Ti)      (14) 

The surface of ice or firn layer is considered to interchange conductive heat with an underlaying 

isothermal, Tg, a reasonable assumption for a temperate glacier in the melt season, semi-infinite 

and ice layer at constant 0oC temperature a reasonable assumption for a temperate glacier in 

the melt season. By using this assumption, the conductive heat flux obtained from the glacier 
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during the time step  [tk,tk+1 = tk+Δt] by the surface ice layer with mean temperature Ti,k at the 

beginning of time step, 

     

  Hg =  2√
𝐶𝑝𝑖𝐾𝑡 

𝜋𝛥𝑡
(Tg- Ti,k)                 (15) 

Where a and c depict the constant terms 

  α  =       𝐶𝑃𝑖

𝛥𝑧

𝛥𝑡
        (16) 

  c =  2√
𝐶𝑝𝑖

𝜌𝑖𝐾𝑡

𝜋𝛥𝑡
(𝑇𝑔 − 𝑇𝑖,𝑘)                               (17)     

Hk the heat flux 

   Hk  = Sio + Lio + Hl + Hs + Hp + Hg      (18) 

Hk computed at the start of each computational time step [tk, tk+1] in a finite difference implicit 

scheme to solve in time the energy balance equation (7) for the finite volume of surface layer 

assumed 0.1 m deep. Afterwards, merging equations (10), (11) ,(13), (15), (18) by assuming 

first that Hm = 0 we can solve equation (8) 

Hc = Hk + Hg         (19) 

With regard to the unknow average ice temperature Ti,k+1 at the end of the computational time 

step 

(Ti,k+1 - Ti,k)=Hk-c(Ti,k+1 + Ti,k)/2                (20) 

 

acquiring  

 

Ti,k+1=[Hk+Ti,k(a-c/2)]/(a+c/2)      (21) 

 

If temperature Ti,k+1 results greater than 0°C the ice temperature is equal to 0°C and excessive 

heat available for ice melt is  

Hm=max (a Ti,k+1 ,0)         (22) 

The surface ice temperature T0 which is required to determine the convective and radiative part 

of equation (6) at each computational time step, assuming a linear temperature profile within 

the ice layer is set twice the mean ice layer temperature T0,k+1=2 Ti,k+1. A similar numerical 

approach is also adopted to estimate convective heat fluxes in the upper snow layer 0.1 m deep 

and at the bottom of the snowpack. The melt begins  as soon as temperature of snow/ice layer 

reaches 0°C at a rate of m (m s-1) processed by dividing the energy flux Hm by the latent heat 

of fusion of ice Lf = 334944 J/ kg and the water density, ρw, being ρw=1002.28 kg/m3 at 0°C: 

mice/snow=Hm/Lf/ ρw      (23) 

The relative low ice density (kg/m3), close to literature value for firn was selected because ice 

crusts and sublimation crystals were observed on glacier surface that cause higher porosity. 

 

 

3 PDSLIM Model Structure 
 

The PDSLIM model consist of two main cycles: time and spatial cycle. In time cycle, model 

executed each hour of the day within a spatial cycle that calculates the individual components 
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of the energy balance on each cell of the area of interest considered. The spatial cycle follows 

various calculation processes depending upon cell position which it is executing is on a snowy, 

ice or ground. If the position of cell is on a glacierized surface, the model may take into account 

the possible presence of debris cover layer. The PDSLIM provides a abundant of output 

variables that can be chosen upon user demand. It also allows the users to turn on/ turn off 

segments (processes) that are relevant/ non-relevant with study region.  

 

The energy available for glacierized surface is calculated by 

Hm + Hc  = Sio + Lio + Hl + Hs + Hp + Hg    (1) 

Here unit of all terms are W/m2 

Hm: energy available for melt, 

Hc: Internal Energy of the snow or ice layer, 

Sio: net shortwave radiation, 

Lio: net longwave radiation, 

Hl: latent heat, 

Hs: sensible heat, 

Hp: advective heat from precipitation, 

Hg: Conductive heat at the bottom side of the snow or ice layer 

In the case of an ice surface, the contribution of the heat exchange with the Hg soil shall be 0. 

The short wave radiation balance is performed by the GminS0 function and  depends on the 

value of the albedo: 

Swabva =  (1-albedo) Radnet(x,y)    (2) 

Albedo is determined with the following relationships: 

Albedo = min[(albedi ·( 1+VAR/100),1)]   (3) 

Here: VAR  increases the value of the albedo taking into account the possible presence of 

diffuse radiation: 

VAR = 0.499+0.0097 · (10 · Difrad)³              (4) 

- Albedi  is the value of the ice albedo estimated by MODIS image from start from melting 

season for simulated years 

In the literature, several values are attributed to the glacier ice albedo. This value is influenced 

by the degree of debris cover, the dust content, as well as the surface characteristics of the ice 

itself, such as roughness and crystal orientation. Table.2.3 shows some ice albedo values 

considered in some studies:  

 

Table 2.3: Ice albedo values used and obtained from certain energy balance models.  

(a) simulated; (b) simulated albedo values 0.35<α<0.39;  

(c) simulated albedo values 0.33<α<0.38 

 α Ice 

Munro & Young, 1982 0.25<α<0.3 (a) 

Lang, 1987 0.27 (a) 

Hock, 1998 0.37 (b) 
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Arnold, Willis & altri, 1996 0.24 

Hock & Holmgren, 2005 0.355(c) 

 

In the case of snow cover, the value of the albedo is different from that found on ice: a semi-

empiric relationship is used, based on experimental cases, in which it is mainly a function of 

the season, expressed in days from December 21: 

𝐴𝑙𝑏𝑐𝑙𝑠(𝑡2112) = 𝐴𝑆𝑃𝑅𝐼𝑁 −
𝐴0

90
⋅ 𝑎𝑟𝑐 𝑡𝑎𝑛 𝑡𝑎𝑛 [ 𝐴1(𝑡2112 − 𝑇𝑆𝑃𝑅𝐼𝑁)]    (5) 

Here the value of Spring Albedo in the Dolomites (Ranzi and Rosso 1991), Asprin assumed 

to be equal to approximately 0.735, A0 seasonal albedo variability equal to 0.08 and the value 

of A1 and TSPRIN equal to 0.16 [g-1] and106 [g]. The value of albedo is associated with 

fresh snow which is decreased by passage of time.  

An exponential law of variation is assumed with snow metamorphism resulting from melt in 

which the variable 𝑇𝑎𝑙 is represented by the sum of the maximum daily temperatures greater 

than 10°C. 

 
An albedo value of the snow will tend asymptotically to  AM0: 

 

𝐴𝑙𝑏𝑚𝑒𝑙 = (𝐴𝑙𝑏𝑐𝑙𝑠 − 𝐴𝑀0) ⋅𝑒𝑥𝑝  ( −𝐶𝐴𝑀 ⋅ 𝑇𝑎𝑙) + 𝐴𝑀0   (6) 
 

Here CAM and  AM0 are  calibration  parameters of the model which took in the case under 

consideration based on albedo measurements in the Dolomites 

 
CAM = 0.044  and   AM0  = 0.4.      (7) 

 
For a glacierized surface, the value of albedo is also a function of the radiation type. It grows 

well if it is widespread, i.e. for low angles of solar height; it is then evaluated taking into 

account the index of diffused radiation Difrad: 

 

𝐴𝑙𝑏𝑑𝑖𝑓 = 𝑀𝐼𝑁[1; 𝐴𝑙𝑏𝑚𝑒𝑙(1 + 0,00449 + 0,097𝐷𝑖𝑓𝑟𝑎𝑑3)]                    (8) 

  
The next step after albedo determination, the net net shortwave radiation can be evaluated: 

 

Swabva (1-albedo) Radnet(x,y)                      (9) 

The long wave radiation balance is computed by the RLio function: 
 

𝐿𝑖𝑜 = (1 − 𝐹𝑂𝑅) ⋅ 𝐸𝑀𝐼𝑆𝑆 ⋅ 𝑆𝑡𝑒𝑓𝑎𝑎 + 𝐹𝑂𝑅 ⋅ (𝐸𝑀𝐼𝑆𝑆 − 1) ⋅ 𝑆𝑡𝑒𝑓𝑎𝑎 − (1 − 𝐹𝑂𝑅) ⋅ 0.99 ⋅

𝑆𝑡𝑒𝑓𝑎𝑛(𝑇𝑆 + 273.14)         (10) 

Here 

FOR: shows the percentage of area covered by vegetation; 

Stefaa: calculates Stefan-Boltzmann's law for a body at T= Ta; 

Stefan(Ts+273.14):Stefan-Boltzmann's law for a body at T= Ts; 

EMISS: represents the atmospheric emissivity which indicate presence of clouds. It is 

determined by following equation: 
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1),()1( +−= CloudiEATEPsaCloudiEMISS a     (11) 

Here 

EPsa: characterizes atmospheric emissivity which is determined according to the Satterlund 

report (1979) dependent on  air temperature Ta   and steam pressure  EA. 

Cloudi: it is the percentage of cloud cover, it is taken equal to the percentage of diffuse 

radiation Difrad. The turbulent flow of sensitive and latent heat are also continuity to the 

energy balance. Both parameters are computed by HC and HL functions respectively.  

In the literature there are many studies aimed at determining the roughness coefficients for 

wind speed, temperature and vapor pressure; in analogy with many experimental cases, the 

model assumes following 𝑧0𝑤 = 𝑧0𝑒 = 𝑧0𝑇 = 𝑧0 equality for the roughness coefficient.  The 

roughness coefficient chosen in the present case as well as used different studies are shown in 

Table 2.4 depending on the type of area concerned.  

Table 2.4 Equivalent roughness coefficient used in the model as a function of surface type 

 

Surface type 0z  

snow 0.003 

ice 0.007 

Debris 0.01 

Table 2.5 Surface Roughness values in literature  

 Surface type 0z  

Plush & Mazzini, 1994 
Snow before the melting season 0.0019 

Snow in the melting season 0.0044 

Hock, 1998 
snow 0.007 

ice 0.007 

Hock & Holmgren, 2005 
snow 0.01 

ice 0.01 

 

As far as the snow core is concerned, the accumulation, expressed in terms of snow cover 

height hs [m]: 

 

ℎ𝑠(𝑡) = ℎ𝑠(𝑡 − 1) + 𝑃𝑆𝑁𝑂𝑊 − 𝐷𝑀𝐸𝐿𝑇 − 𝑅𝐸𝐷𝑈𝐶𝑇   (12) 
 

In the above equation, hs (t-1) depicts the height of previous snow event followed by newly 

contribution of precipitation as snow (PSNOW). The term REDUCT revealed a reduction in 

snow cover. There are two primary reasons for snow reduction: 1) compaction from fresh snow 

layer 2) melting. As snow melt begins to increase, water content becomes higher that occupies 

the pore of snow which ultimately increase snow and reduce its height. The mathematical 

expression of these factors are given as follows: 
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𝑃𝑆𝑁𝑂𝑊 =
𝑆𝑁𝑂𝑊

𝑅𝑠𝑓
 

𝑅𝐸𝐷𝑈𝐶𝑇 =
𝑆𝑁𝑂𝑊

𝑅𝑠
⋅ ⌈

ℎ𝑠(𝑡 − 1)

0,25
⌉

0.35

 

 

𝐷𝑀𝐸𝐿𝑇 =
𝑆𝑁𝑀𝐸𝐿𝑇

𝑅𝑠
 

Here Rsf ratio of specific weight of fresh snow to water and Rs ratio of specific weight of snow 

and water. The snowpack density varies over time and is determined by the equation of mass 

continuity in each layer of the snowpack. The nivale cover is also variable, so it is considered 

that, when the height of the snow cover of a cell is less than a fixed minimum value, that cell 

is excluded in the next time step, since the thin layer is supposed to have melted for soil heating, 

except that precipitation occurs to replenish it. For the evaluation of the initial coverage it 

would be very important to have a satellite-detected image available at the start date of the 

simulation, from which to deduce the snowy cells.  In the present study, the map of the height 

of the snow cover has been reconstructed from MODIS SWE product (Bair et al. 2020). The 

SWE product is further divided by snow density (300 kg/m3) in order to computer height of the 

snow cover.  

Evaporation losses from snow and ice free areas are estimated using a Penman-Monteith 

approach:(Monteith 1981) adopted in (Grossi and Falappi 2003): 

 

                       TPd =                            
1

𝜆

𝛥𝑅𝑛+𝜌𝑐𝑝 (𝑒𝑠− 𝑒𝑑) / 𝑟𝑎

𝛥+ 𝛾(1+ 𝑟𝑠
𝑟𝑎

⁄ )
                                  (13) 

 

Where TPd represents potential transpiration from a dry vegetative surface, rs is surface 

resistance, 𝛥 is the gradient of saturated vapour pressure 𝑒𝑠, against temperature T, 𝜆 is the 

latent heat of vaporization, 𝑅𝑛 is energy available for melting for processing, 𝜌 is density of 

air, 𝑐𝑝 is specific heat of air at a constant pressure, 𝑒𝑠 −  𝑒𝑑  Water vapour pressure deficit, ra 

and rs are aerodynamic and surface resistances, 𝛾 describe about psychrometric constant. 

Monteith formula also used to compute potential evaporation (EP) of the intercepted water 

surface (assuming surface resistance rs = 0). The aerodynamic resistance to the water vapour 

diffusion is computed using the formulation:  

                 ra   =     
𝑙𝑛2[

(𝑧−𝑑)

𝑧0
]

𝑘2.𝑢𝑧
                                            (14) 

Here, the height of wind speed measurement is indicated by the letter z, d is the zero plane 

displacement, k is the von Karman constant ( = 0.41), uz  is windspeed at height z. Accrding to 

(Wigmosta et al. 1994), Dividing the two formulas results in the ratio of potential transpiration 

from a dry canopy and potential transpiration from a wet canopy 

           TPd / EP  =                                            
𝛥+ 𝛾

𝛥+ 𝛾(1+ 𝑟𝑠
𝑟𝑎

⁄ )
                                   (15) 

As with the calculation of TP, the same ratio is applicable to calculating the potential 
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transpiration rate of partially wet vegetation. It is proportional to the potential evaporation 

rate from wet surfaces, EP, diminished by the effective evaporation of intecepted water, EI: 

TP =                                    (EP-EI)  
𝛥+ 𝛾

𝛥+ 𝛾(1+ 𝑟𝑠
𝑟𝑎

⁄ )
                                       (16) 

3.1 Hydrological Simulations  

A hydrological simulation consists of equations that helps in determination of runoff, thus 

making possible a correlation between melt the input and rainfall runoff output data. A 

hydrological model is function of multiple parameters which are used to portrait watershed 

characteristics. The primary function of fully distributed PDSLIM model to validate dynamics 

of snow and glacier cover in area of interest. It provides various forms of output such as SWE, 

snow cover area, precipitation, shortwave and longwave radiation, sensible and latent heat flux, 

rain on snow cover, rain no snow area, snow and ice melt, evaporation from snow and no snow 

cover area. In this study, the output of PDSLIM model: (snow melt on ice, runoff from ice 

melt, rainfall – evaporation on ice, melt from snow + ice free areas, net rainfall over terrain i.e., 

snow and ice-free areas) is used to compute glacier runoff, sub-surface runoff, surface runoff. 

The linear reservoir model (LRM) is based on theory of linear tank over run on which the entire 

project is based. This linear method integrates the behavior of basin into three separate tanks 

in which a flow rate p(t) enters and from which the flow rate q comes out.The general equation 

describing the function of a flow rate in a linear reservoir model: 

𝑞 (𝑡) =  𝑞 (𝑡 − 1)𝑒−
𝑡

𝑘 +  𝑝(𝑡) 𝜑   (1 − 𝑒−
𝑡

𝑘)                                       (1) 

where: p dt:  volume of water entered in time dt; q dt:  volume of water released over time dt 

For simplification, the equation is further divided into sub-component of net runoff i.e. 

- For Glacier Runoff 

 𝑞 (𝑡)𝑔𝑙𝑎𝑐𝑖𝑒𝑟 =  𝑞𝑖𝑐𝑒 (𝑡 − 1)𝑒
−

1

𝑘𝑖𝑐𝑒 +  𝑝𝑔𝑙𝑎𝑐𝑖𝑒𝑟(𝑡)    (1 − 𝑒
−

1

𝑘𝑖𝑐𝑒)              (2) 

- For Surface Runoff 

𝑞 (𝑡)𝑠𝑢𝑟𝑓𝑎𝑐𝑒 =  𝑞𝑠𝑢𝑟𝑓𝑎𝑐𝑒 (𝑡 − 1)𝑒
−

1

𝑘𝑠𝑢𝑟𝑓𝑎𝑐𝑒 +  𝑝𝑠𝑢𝑟𝑓𝑎𝑐𝑒(𝑡) 𝜑𝑠𝑢𝑟𝑓𝑎𝑐𝑒   
(1 − 𝑒

−
1

𝑘𝑠𝑢𝑟𝑓𝑎𝑐𝑒)   (3)    

- For the Sub-Surface Runoff 

𝑞 (𝑡)𝑠𝑢𝑏 =  𝑞𝑠𝑢𝑏 (𝑡 − 1)𝑒
−

1

𝑘𝑠𝑢𝑏 +  𝑝𝑠𝑢𝑏(𝑡) (1 − 𝜑𝑠𝑢𝑏)   (1 − 𝑒
−

1

𝑘𝑠𝑢𝑏)               (4)                     

 

Here: 𝑝𝑔𝑙𝑎𝑐𝑖𝑒𝑟(𝑡)  is composed of snow melt on ice, runoff from ice melt, rainfall – 

evaporation on ice. 𝑝𝑠𝑢𝑟𝑓𝑎𝑐𝑒(𝑡)  and 𝑝𝑠𝑢𝑏−𝑠𝑢𝑟𝑓𝑎𝑐𝑒(𝑡) is composed of melt from snow + ice 

free areas, net rainfall over terrain or snow on ice-free areas 

q(t)glacier, q(t) surface, q(t) sub-surface: (mm/h) is the melting flow flowing at the glacier’s 

outlet, surface and sub-surface layers at time t respectively.  

q(t-1): (mm/h) the flow rate recorded at time t-1 i.e. at the previous hour; 

kice, ksurface, ksub: (h) Time constant of reservoirs; φice, φsurface, φsub: runoff coefficient. 

in (mm/h): infiltration rate, which gives rise to a sub-surface outflow. 

τ (h): delay for the linear channel. 
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The calibration parameters used by the hydrological LRM model is shown in Table.S2.2. The 

values of these calibrated parameters are optimized by examining the statistical indices that 

were used to check difference between simulated and observed runoff.  The schematization of 

the hydrological model considered is shown in Fig.2.6 (a). Similarly, layout of  this study is 

give in Fig.2.6 (b). 

                             
Figure.2.6 (a) PDLSIM and LRM modelling scheme  

                                                                                                       
 

Figure.2.6 (b) Scheme of LRM model for inflow and outflow transformation. 
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Here Pice indicate melt ice and effective precipitation over ice, Psnow refers to snowmelt and 

effective precipitation over ice-free areas, Psurface denotes net precipitation, Psub-surface 

infiltration, Qsurface surface runoff from ice-free areas, Qsub-surface sub-surface runoff from ice 

free areas and Qglacier is runoff from glacierized areas.  

3.2 Sensitivity and Uncertainty Analysis 
 

The performance of any model largely depends on availability and quality of observed datasets. 

In this study, primary meteorological parameters were acquired from station-based values. 

However, all these stations are valley based and the altitudinal difference among weather 

stations is not appropriate for estimation of temperature lapse rate (TLR), which may cause 

uncertainties in the distribution of model input to each of altitudinal belt and grid. Therefore, 

sensitivity of model performance was tested for the change in TLR ±0.065-0.0085°C 100 m-1 

for clear sky and ±0.051-0.045°C 100 m-1 for cloud cover). Moreover, observed weather 

stations are unable to estimate SWE which substitutionally are used in PDSLIM as snow depth. 

In this study, initial SWE values were derived from derived from high resolution reconstructed 

SWE products  using MODSCAG and SPIRES approaches developed by (Bair et al. 2019). In 

this study, we used both products to put some uncertainty bounds on simulated results. The 

simulated snow and ice progression, glacier mass balance and catchment runoff were examined 

using multiple statistical indicators for sensitivity analysis of model parameters.  

3.3 Net Summer Glacier Mass Balance  

The simulated glacier wide summer mass balance (April-September) is processed by analyzing 

the hydrological balance of Naltar catchment using following equation: 

 

 SMBhydro (Apr-Sep) = -Qin-situ (Apr-Sep) +P tot (Apr-Sep) -ETA(Apr-Sep) — S(Apr-Sep) + AS(Apr-Sep)  (1) 

                         AS(Apr-Sep) = AM snow (Apr-Sep) — AG(Apr-Sep)                                (2) 

                                       AG(Apr-Sep) =   0                                                                    (3) 

Where SMBhydro (Apr-Sep) is the simulated glacier-wide seasonal (ablation) summer mass 

balance from April- September for each simulated year, Qin-situ (Apr-Sep), P tot (Apr-Sep), ETA(Apr-Sep), 

S(Apr-Sep), is observed runoff, total precipitation, evapotranspiration, the sublimation of the 

overall ice and snow surfaces of the Naltar catchment and storage variation of catchment by 

end of melting season. AS(Apr-Sep) shows the storage variation of the catchment during ablation 

season, including the snow melt AM snow (Apr-Sep) contribution accumulated during (October-

March) outside of the glacierized areas and the groundwater AG(Apr-Sep). The later is assumed 

to be equal to zero. The glacier storage variation is included in the glacier-wide seasonal surface 

mass-balance term. All quantities are in mm/day. 

 

3.4 Visualizing Water Balance Change in Non-Dimensional Space 

 

Non-dimensionless visualization tools are helpful to study water balance especially in complex 

and data scare catchments. The most prominent suggested by (Turc 1955) and (Budyko et al. 

1974). In this study, the hydrological alternative of the Turc-Budyko plot was employed to 

analyze the observed precipitation data for reproducing a reasonable water-energy balance. In 

this method, the realistic closure of water-energy balance was examined using observed 
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precipitation data. Seasonal runoff coefficient or water yield (Q/P) was plotted as a function of 

seasonal long term aridity index (P/ETp) (Coron et al. 2015). 

 

                   Q/P    = f  (𝑃/𝐸𝑇𝑝)       (1)  

Here, ETp, Q and P depicts evapotranspiration, specific runoff and precipitation in a given 

watershed respectively.  The aridity index in equation 2 determines wettest and driest condition 

of catchment based on input precipitation (higher value of  (P/ETp) infers wetter catchment). 

There are generally three limits which illustrates this non-dimensionless hydrological 

interpretation: (1) Q ≥0, (2) Q ≥ P- ETp,, (3) Q ≤ P. All these assumptions are based on simple 

traditional water balance in a watertight (conservative) catchment:  

 

  P = Q + 𝛼𝐸𝑇𝑝   (where 𝛼 <1)                  (2) 

If a relationship for a specific year lies above the water limit i.e. (Q>P) limit, it is referred as 

glacier dominating catchment/ “Gaining zone”  (Andréassian and Perrin 2012). If a glacierized 

catchment based on water energy balance lies within the Gaining zone (Q>P), it indicates that 

there are some additional water resources that contribute to net streamflow. This additional 

water is contributed by glacier melt. Alternatively, a catchment is considered as rainfall 

dominating catchment when a relationship for a simulated year is located below water and 

accumulated runoff is less than available energy, it means either the precipitation is 

overestimated or part of net runoff is unaccounted from water balance. The simple water 

balance equation in a glacierized catchment can be written as: 

 

                     
𝛥𝑆

𝛥𝑡 
= 𝑃 −  〈𝑄 +  𝐸𝑇𝑎〉 + 𝑀𝑃                              (3) 

Here MB and ETa depicts mass balance and evapotranspiration in the catchment. 
ΔS

Δt 
is change 

in storage. If ΔS = 0, the catchment is marked as “True” catchment. The true catchment can 

encompass indicate incoming and outgoing flow becoming zero by the end of simulated year 

which practically is not possible. Normally, it is observed that “Gaining”/glacier dominating 

catchment mostly have negative change in storage (ΔS < 0) while “Leaky” rainfall dominant 

catchment has generally positive change in storage (ΔS > 0).  

4. Results and Discussion 
 

In this section, PDSLIM optimization and simulated results at the Naltar catchment are 

presented and discussed. Performance of model mass balance are checked and presented in 

tabular form. Simulated snow cover area (SCA) at catchment level were compared with 

MODIS and Landsat SCA. Graphical flow composition and comparison between model and 

observed runoff have been shown and reasons for overestimation/underestimation reviewed.   

 

4.1 Snow Cover Simulation 

 

The ability of PDSLIM model to access snow cover simulation was accessed by comparing 

with LANDSAT and (M*D10A1GL06) derived snow and ice cover area at both temporal and 

spatial scale from 1st April to 30th September for each simulated year. The spatial and temporal 
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distribution of model SCA based on MODSCAG and SPRIES approaches is shown in (Fig.2.7, 

Table 2.7(a) and 2.7(b)). Despite the scale difference and lack of representations of in situ 

measurements, PDSLIM results are in agreement for simulating snow cover with (R2 = 0.96, 

NSE = 0.95 and negative bias 1.8%) using SPIRES and (R2 = 0.96, NSE = 0.94 and positive 

bias 6.12%) using MODSACG.  

 

Based on this analysis, both approaches are simulating well to reproduce snow + ice melt 

progression. It also observed that simulated snow and ice cover showed underestimation 

patterns using (MODSCAG) and slightly overestimation (SPIRES) especially by the end of 

melting season. Such underestimation/overestimation is possibly related to misclassification or 

coarse resolution of MODIS pixels and low/high values of SWE products which ultimately are 

incorporated into simulated PDSLIM results. Moreover, sensitivity analysis was also applied 

are discussed in a later part of this study.  

 

The mean maximum simulated snow cover area using (MODSCAG and SPIRES) was recorded 

(92.44% and 94.24%) (224.26 km2 and 228.56 km2) respectively which were closer to MODIS 

based snow cover 94.51% (229.31 km2). Similarly, the results mean minimum simulated snow 

cover area using (MODSCAG and SPIRES) was measured (18.4% and 23.2%) (44.60 km2 and 

56.37 km2) respectively and these results were also in agreement with mean minimum MODIS 

snow cover area 19.8% (48 km2) by end of melting season.  

 

Generally, snow melt progression starting higher by end of April with increase of solar 

radiation and air temperature follows MODIS SCA curve. The snow melt progression generally 

reached its peak by the end of July except in high altitude zone where snow persists throughout 

ablation period as shown in Fig.2.8. Afterwards, glacier melt starts, except in some high 

elevation zones due to low temperature. It is also observed that model and MODIS snow cover 

area also experienced a very short abrupt snowmelt or snow accumulation during the simulation 

period (2009 and 2010). Such changes are possibly due to the occurrence of precipitation as a 

snowfall event at high altitude zones where temperature is already below 0oC as shown in 

Fig.2.7.  

 

Further, the simulated SCA results were also crosschecked with high resolution LANDSAT 

based SCA to check reliability of model at higher spatial and temporal scale. A 20% threshold 

for cloud covers were applied while selecting LANDSAT tiles for specific area of interest. It 

is also concluded that model displays satisfactory results for snow and ice melt progression at 

high spatial resolution during the entire melting season except a moderate underestimation have 

been observed for 2016 year as shown in Fig S2.1. Such underestimation is primarily due to 

presence of cloud covers in the study catchment which are clearly visible in NIR bands as 

shown in Fig S2.1. 
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Figure 2.7. Comparison of MODIS (M*D10A1GL06) and LANDSAT with simulated snow 

cover area (2006-2016) for the same time with TLR (-0.0065 oC 100 m-1 and -0.0051 oC 100 

m-1) for clear sky and cloud cover. Here HSNOW refers to snow depth derived from 
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MODSCAG based SWE and HSNOW1 refers to snow depth derived SPIRES based SWE. 

Table.2.7 (a) Statistics evaluation of snow cover simulation of Naltar catchment using 

MODSCAG based SWE for 2006-2016  

Year NSE 
ME 

(km2) 

%Bias 

 

MAPE 

(%) 

RMSE 

(km2) 
R2 

2006 0.83 25.1 14.9 20.3 21.3 0.91 

2008 0.96 7.7 6.7 10.0 11.1 0.98 

2009 0.92 21.3 8.0 12.2 16.7 0.96 

2010 0.92 17.5 6.7 9.8 14.7 0.95 

2011 0.93 7.6 6.1 13.6 14.4 0.95 

2012 0.97 10.3 2.1 8.3 10.4 0.97 

2014 0.96 -1.4 3.5 9.3 10.9 0.97 

2016 0.95 24.2 4.1 12.5 13.5 0.97 

Average 0.94 14.0 6.1 11.5 13.6 0.96 

 

Table.2.7 (b) Statistics evaluation of snow cover simulation of Naltar catchment using 

SPIRES based SWE for 2006-2016  

Year NSE 
ME 

(km2) 

%Bias 

 

MAPE 

(%) 

RMSE 

(km2) 
R2 

2006 0.93 20.5 -2.3 13.0 14.1 0.93 

2008 0.97 2.5 -2.1 8.3 9.0 0.98 

2009 0.96 19.9 0.5 9.1 11.5 0.97 

2010 0.91 16.8 2.4 9.8 15.9 0.96 

2011 0.94 19.8 -2.0 12.9 13.2 0.95 

2012 0.94 13.1 -4.8 14.0 14.1 0.97 

2014 0.95 2.1 -3.0 12.5 12.9 0.96 

2016 0.96 19.8 -3.3 13.0 11.4 0.97 

Average 0.95 14.3 -1.8 11.6 12.8 0.96 
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Figure 2.8 Comparison of maximum snow cover extent from 1st April based on (a) MODIS 

and (b) PDSLIM respectively. Minimum snow cover extent in August based on (c) MODIS 

and (d) PDSLIM.  

 

4.2 Hydrological Simulations 

 

The simple LRM model is setup in Naltar catchment to examine the hydrological regimes more 

specifically snow-glacier contribution to net streamflow. The simulated runoff computed by 

LRM model were compared with observed runoff at daily scale. A split sample method was 

applied for calibration and validation of simulated against observed runoff. The glacier 

boundaries derive from (Randolph Glacier Inventory V 6.0) are located between 3800 m to 

5800 m elevation range and their spatial coverage is used as input in PDSLIM. The PDSLIM 

simulated glacier melt at hourly scale from Naltar catchment. Four years (2006, 2008, 2010 

and 2016) marked as low, medium and high flow years were selected for calibration while the 

remaining four years (2009, 2011,2012 and 2014) were used for validation.  

 

Fig.2.9 depicts the observed and simulated daily runoff relationship for both calibration and 

validation period with net precipitation along with bar plot. Table 2.8 shows statistical 

indicators exhibits relationship between observed and simulated runoff both for calibration and 

validation period. The graphical and statical comparison revealed that LRM model reasonably 

develop hydrological simulations with mean R2 value of 0.92 and NSE 0.90 for calibration and 

mean R2 value of 0.93 and NSE 0.89 for validation period based on outputs of PDSLIM as 

shown in Table.8. Overall, both the efficiency criteria and visual inspection showed that 

simulated runoff have reliable relationship with observed runoff especially (base flow+ runoff 

peaks) in both the calibration and validation period based on NSE, KGE and R2 threshold 

suggested by Moriasi et al. (2007) for reliable working of any hydrological model 

.  

The mean maximum flow during the calibration was recorded across ablation period (observed 

17.99 mm/day: simulated 13.62 mm /day). Similarly, mean maximum runoff during validation 

was correlated throughout ablation period (observed 11.35 mm/day: simulated 10.13 mm/day). 

Generally, simulated runoff exhibited twice peak in a year, first one occurred in late spring 

possibly due to snow melt and secondly in summer due to glacier melt and monsoon rainfall. 

Although rainfall have small contribution in net streamflow, it poses significant high flow 

peaks in some years (2010, 2014, 2016). 

 

The discharge curve started rising from mid of April and reached its peak during mid of July 

to early August while, downward trends in runoff started from mid of August till end of 

September. The hydrological response of Naltar catchment primarily due to snow-glacier melt 

runoff followed by monsoon rainfall. The baseflow was fairly simulated during both the 

calibration and validation periods. Generally, the increasing and decreasing simulated runoff 

limbs were also correlated with observed runoff with slight overestimation and 

underestimation. Additionally, the model also captured the August 2010 extreme flood event 

as is evident from Fig.2.9. However, sub-optimal performance has been noted during glacier 
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melt dominated runoff period from (Aug-Sep) for 2010 and 2016. Such overestimation is 

possibly due to abnormal high wind speed which boosts the turbulent fluxes over snow 

surfaces. Turbulent fluxes directly impact energy balance and increase the heat flux that 

penetrates the snowpack causing overestimation of melt.  

 

Additionally, uncertainty in observed data is also one of possible reason that cause 

overestimation of melt rate. Fig.S2.2 also illustrates scatter plot relationship between daily 

simulated and observed runoff values. The results also exhibited satisfactory performance on a 

daily scale.  

 

 Table. 2.8 Statical evaluation of observed and simulated runoff during calibration and in bold 

values with validation period. 
 

Year Qobs 

Mean 

(mm/d) 

S.D. 

(mm/d) 

NSE KGE PBIAS 

(%) 

MAPE  

(%) 

RMSE 

(mm/d) 

R2 

2006 4.83 2.08 0.89 0.90 4.79 18.49 0.72 0.91 

2008 5.30 1.59 0.82 0.84 -8.19 9.38 0.76 0.89 

2009 5.08 1.96 0.91 0.89 -6.23 10.98 0.64 0.93 

2010 5.47 3.36 0.82 0.81 17.50 24.59 1.48 0.90 

2011 5.23 2.29 0.85 0.82 8.79 9.46 0.77 0.94 

2012 5.24 2.14 0.83 0.87 5.13 12.54 0.90 0.85 

2014 5.96 3.11 0.94 0.91 0.70 14.72 0.84 0.95 

2016 7.63 2.99 0.85 0.83 -14.10 13.83 1.34 0.96 

Average 5.47 2.51 0.90 0.89 2.74 13.93 0.78 0.92 

 

The average precise computation of snow-glacier melt contribution to net streamflow is one of 

important component of any hydrological model for a glacierized catchment. In this study, net 

streamflow is combination of glacier runoff, sub-surface runoff and surface runoff. Total runoff 

is composed of rainfall on land, glacier runoff consists of (snowmelt on ice+ runoff on ice and 

ice melt) and sub-surface encompass (snow melt over ice free areas and net rainfall over snow 

and ice free areas) runoff. The baseflow is low flow regime from October/ November to march 

of next year. Baseflow mainly derived from lakes within study area, groundwater and snowmelt 

from lower elevation zone in study region when temperatures rise melt threshold.  
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Figure.2.9 Comparison of observed and simulated runoff at Naltar Bala (Naltar Catchment 

outlet) during calibration (2006, 2008, 2009, 2010) and validation (2011, 2012, 2014, 2016) 
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with rainfall; seasonal distribution of mean monthly flow composition (Baseflow, Glacier 

runoff, Subsurface runoff, and Surface runoff).  

 

The results in Fig.2.9 revealed that glacier and snow melt are in consistent agreement with the 

maximum flow peak of the runoff except some abnormal underestimations have been noted for 

2014 and 2016. There can be two possibilities for such abnormal behavior: (1) precipitation 

occurs as snow during summer season at high elevation zones which is not contributing 

optimum to net streamflow (2) uncertainties in observed datasets especially in temperature, 

rainfall and windspeed which have significant impact on melt from snow and ice. The flow 

composition analysis shows that larger contribution is from sub-surface (42.07%) flow 

followed by glacier runoff (39.91%) and surface runoff (18.02%). The greater contribution of 

sub-surface is due to dominant presence of snowmelt in groundwater storage which returns to 

surface flow through baseflow. The results of current study about mix snow-glacier melt 

composition are also in agreement with Lutz et al. (2016) who also found similar mix melt 

composition for Hunza basin in western Karakorum. Similarly, results of (Shrestha et al. 2015) 

are also in line with current study who found significant contribution of snow and glacier melt 

(50% and 33%) into net Hunza river runoff followed by summer rainfall 17%.  

 

                        
 

                                    
 

Figure.2.10 Observed and simulated runoff during the modeling period: (a) Boxplot of mean 

monthly observed and simulated runoff; (b) scattered plot of mean simulated and observed 

runoff.  
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The figure 2.10 (a) (b) depicts the average monthly observed and simulated runoff values and 

a scatter plot of the daily observed and simulated runoff values. Based on the graphical and 

statistical evaluation, it can be concluded that the PDSLIM model reproduces the hydrological 

dynamics reasonably well. Overall, it is concluded that seasonal summer hydrological cycle of 

Naltar catchment is dominated by snow-glacier melt contribution followed by glacier melt with 

small contribution from monsoon rainfall. Table.2.10 revealed mean monthly values of 

individual runoff components to net runoff. For all simulated, sub-surface contributions were 

higher until mid of June while snow-glacier contribution was higher from mid-July to end of 

September.  

 

Table.2.10 Mean monthly snow glacier melt contribution to net runoff (2006-2016) 
 

Month 
Glacier runoff 

(mm) 

Surface runoff 

(mm) 

Subsurface runoff 

(mm) 

Total runoff 

(mm) 

Qobs 

(mm) 

Apr 0.1 12 58 71 66 

May 6 37 64 106 107 

Jun 36 51 75 162 159 

July 97 54 88 239 239 

Aug 149 30 86 265 270 

Sep 125 2 64 192 167 

Mean 413 (39.91%) 186 (18.02 %) 435 (42.07%) 1034 1008 

      
     Table.2.11 Comparison of mean observed and simulated hydrological runoff along with flow 

composition 

       

Observed 

runoff (m3) 

Simulated 

runoff 

(m3) 

Glacier 

Runoff 

% 

Sub-Surface 

Runoff 

% 

Surface 

Runoff 

% 

2.45 x 108 2.50 x 108 39.91 42.07 18.02 

 

The results in Table.2.11 revealed that net simulated runoff volume computed by PDSLIM was 

in reasonable agreement and only 1.03 % higher than mean observed runoff volume with (NSE, 

R2, MAPE) of (0.66, 0.72, 4.95%). Jain and Sharma (2014) suggested that performance of a 

model is “satisfactory” if percentage error fall between 15-23%. Hence, these results motivate 

the future usage of PDSLIM in Hindukush, Karakoram and Himalayans (HKH) mountain 

ranges and recommend that additional good results can be achieved if it is executed with better 

quality input data. 

4.3 Water Balance  

Water balance in a glacierized catchment can be represented as;  

 

Qverfied = (SWEo – SWEend) + P – ET + GM - (Wsurface.o- Wsurface.end) –    

 (Wsub-surface.o – Wsub surface.end) -(WGlacier.o – WGlacier.end)  (1) 

 

Where, P is precipitation, GM is contribution from ice melt, ET is evapotranspiration, 

(Wsurface.o- Wsurface.end) represent change in surface storage change, (Wsub-surface.o – Wsub-surface.end) 

shows change in sub-surface storage change and (WGlacier.o – WGlacier.end) depicts glacier storage 
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change. Table.2.12 present a quantification of each component of water balance during summer 

season over eight years in Naltar catchment.  

  

 

Table.2.12 Seasonal Water Balance change of Naltar Catchment 
 

Year 2006 2008 2009 2010 2011 2012 2014 2016 Mean 

  mm mm mm mm mm mm mm mm mm 

Qobserve 916 982 947 999 942 954 1043 1279 1008 

SWEstart 1362 1362 1278 1391 1311 1515 1365 1465 1381 

SWEend 25 46 42 109 83 121 69 99 74 

Ice melt 193 245 148 101 192 147 174 140 167 

Precipitation 296 324 411 535 406 397 441 530 417 

Evaporation 575 682 645 551 597 631 640 565 611 

Qsimulated 955 981 979 1139 984 1006 1019 1210 1034 

Qice storage change 276 311 202 107 255 243 243 191 276 

Qsurface storage change 0.87 0 0 0.36 0 0 0 0 0.87 

QSub-surface storage change 195 35 169 295 148 238 203 285 195 

Baseflow 183 160 217 237 180 202 192 225 183 

Qverified 962 1016 994 1201 1007 1027 1017 1219 962 

 

Looking at the evolution of the summer balance, it can be seen that runoff produced by 

simulated balance (including all its attributes) is similar in relation to observed runoff. Over 

the study period, the mean and individual contribution to the simulated outflow (Qsim) are in 

agreement in relation to outflow (Qverified) given by (SWEstart-end + Ice melt + Precipitation+ 

Evaporation + Ice Storage Change+ Surface Storage + Sub-Surface Storage+ Baseflow). 

 

4.3.1 Water Balance Analysis using Truc-Budyko  

 

The water balance analysis in each simulated melt season (AMJJAS) was tested and plotted 

based on hydrological alternative of the Truc-Budyko plot as shown in Fig.2.12. The runoff 

coefficient (Q/P) and aridity index were computed (P/ETp) and plot on y-axis and x-axis, 

respectively. It is shown that almost all points were above water limit (Q/P = 1). These points 

marked the Naltar as a “Gaining” catchment. In gaining catchments, precipitation was not 

sufficient to complete the water balance cycle. In the “Gaining” catchments which break the 

water limit (Q>P) additional water is required to close the water balance. This additional water 

is fed by glacier melting in glacierized catchments. Such phenomena result in negative glacier 

storage change (ΔS < 0). as shown in Table.2.12. The results show all years exhibited negative 

glacier storage which means significant glacier melt water contributed to net runoff. The 

modified form of Truck-Budko theory along with mass balance are useful to analyze the 

quantitative information about glacier storage change in simulate years. The storage change 

varies from 314 mm w.e. a-1 to -1354 mm w.e. a-1 for all simulated years with mean value -811 

mm w.e. a-1. 
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Figure.2.12 Truc-Budyko plot illustrating the water balance in Naltar catchment in AMJJAS 

4.4 Net Glacier Mass Balance Simulations 

The primary components of net glacier mass balance (NGMB): precipitation falls in the 

catchment, SWE, runoff and evapotranspiration. NGMB are difficult to simulate especially for 

large river basin. Therefore, it is convenient and informative to examine the NGMB and 

physical aspects of cryosphere of a catchment at smaller scale. Mean mass balance of all 

glaciers with positive and negative areas lies within Naltar catchment are computed and results 

are given in Table.2.13 and Fig.2.13. 

 

                       Table.2.13 Simulated net glacier mass balance all simulated years 

 

Year 

Positive Mass 

Balance 

Negtive Mass 

Balance 

Average Mass 

Balance 

Positive 

Area 

Negtive 

Area 
 (mm w.e. a-1) (mm w.e. a-1) (mm w.e. a-1) km2 km2 

2006 597 -1286 -1062 5.04 37.36 

2008 777 -1665 -1354 5.4 36.99 

2009 487 -1123 -831 7.68 34.72 

2010 591 -1054 -334 18.55 23.85 

2011 814 -1528 -912 11.15 31.25 

2012 872 -1216 -600 12.5 29.9 

2014 626 -1454 -837 12.57 29.82 

2016 884 -1181 -560 12.76 29.64 

Average 657 -1203 -811 8.93 33.47 

 

NGMB was computed from 1st April to 30th September for each simulated year. NGMB in the 

catchment was estimated -334 mm w.e. a-1 to -1354mm w.e. a-1 and -600 mm w.e. a-1 to -837 

mm w.e. a-1 during calibration and validation phase. Overall, catchment exhibited slightly 

negative mass balance -811 mm w.e. a-1.  
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Figure.2.13 Simulated mass balance based on calibrated and validation PDSLIM model in 

Naltar catchment. 

 

The results of our study are in good agreement with some previous studies based on remote 

sensing and geodetic mass balance which depicted that glacier mass balance in Karakoram are 

relatively stable or slightly decreasing (Berthier and Brun 2019; Kääb et al. 2012; Muhammad 

et al. 2019). Similarly, Shrestha et al. (2015) investigated the mass balance in different glaciers 

in Hunza basin. The results exhibited mixed response at small scale or glacier level. The results 

also support our NMB simulations which showed that glaciers near to Naltar catchment such 

as Mianpin, Batura, and Pasu also experienced negative or slightly positive mass balance.  

 

4.5 Sensitivity Analysis. 

 

Although, PDSLIM is well calibrated and validated as described in previous sections, it is 

necessary to investigate any potential uncertainties associated with model input (SWE) and 

parameters (TLR). Because major part of Naltar catchment is cover by snow/ice, rocks and 

bare soil, sensitivity to variations of LAI/FPAR were not considered. Snow and Ice melt 

progression, runoff regimes and net glacier mass simulations (NGMB) were investigated for 

each experiment. It was speculated that both low (MODSCAG) and high (SPIRES) derived 

SWE have substantial impact on snow and ice melt progression consequently on NGMB as 

shown in (Fig.2.7, Table 2.7 (a, b) and Table S1(a, b).  

In first scenario, with standard temperature lapse rate (-0.0065 oC 100 m-1) marked as TLR and 

usage of low MODSCAG based SWE values caused early melt of snow, which led to early 

exposure of glaciers. Consequently, glacier melt increased causing average net mass balance 

loss (-2114 mm a-1, NSE 0.94, ME = 14.03, RMSE = 13.60) while SPIRES based SWE with 

TLR augmented the amount of snow depth, which ultimately reduced the negative NMB (-811 

mm a-1, NSE = 0.95, ME = 14.31, RMSE = 12.8); it had less effect on snow and ice area and 

runoff simulations.  

In second scenario, by decreasing temperature lapse rate (-0.0085 oC 100 m-1) marked as TLR1 

using MODSCAG, and SPIRES shows the opposite situation as expected with less NMB (-

1792 mm a-1 and -443 mm a-1), both snow and ice melt rate decrease. Although, NMB decrease 

by changing lapse rate, but it reduced model efficiency and underestimation of runoff 

especially using SPIRES TLR1 as shown in Table S1(b). Based on these analyses, both SWE 

and TLR changes have significant impacts on net mass balance simulations and snowmelt 
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progression. Table 2.14 provide overall picture of net mass balance by incorporating two 

scenarios. Thus, sensitivity analysis showed that improvement of one efficiency criteria may 

reduce the other criteria as it can be seen in SPIRES TLR1 where NMB loss only (-443 mm a-

1) but we have to compromise on model efficiency in snow and ice melt progression and 

underestimation of runoff.  

 

Table.2.14 Net glacier mass balance simulation. Here TLR refers temperature lapse rate (-

0.0065 oC 100 m-1 and -0.0051 oC 100 m-1) for clear sky and cloud cover and TLR1 refers 

temperature lapse rate (-0.0085 oC 100 m-1 and -0.0045 oC 100 m-1) for clear sky and cloud 

cover 

 

Year 2006 2008 2009 2010 2011 2012 2014 2016 MBAvg 

  mm mm mm mm mm mm mm mm mm 

MODSCAG_TLR 
-2636 -2547 -1860 -1447 -2406 -1956 -2264 -1797 -2114 

SPIRES_TLR 
-1062 1354 -831 -334 -912 -600 -837 -560 -811 

MODSCAG_TLR1 
-2358 -2253 -1759 -1089 -1967 -1607 -2102 -1200 -1792 

SPIRES_TLR1 
-800 -1124 -687 74 -363 -180 -746 281 -443 

 

Thus, it is recommended to use SPIRES_TLR combination followed by MODSCAG_TLR1 

for simulating future glacio-hydrological and mass balance studies in this region.  
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5. Discussion and Conclusion  
 

The current study used the distributed energy balance PDSLIM model at hourly time scale and 

high resolution spatial scale to assess the hydro-glaciological behavior of Naltar catchment 

located in the Hunza basin (Pakistan) where snow and glacier melt runoff contribute in 

substantial amount to runoff. The overall objective was to test the model performance in view 

of its applicability in High Mountain Asia (HMA) to quantify snow-glacier melt, and the water 

and energy balance in mountain glacierized watershed, in the perspective of climate change 

impact assessment. The study has some limitations associated with input data. Firstly, observed 

data obtained from WAPDA have some inconsistencies and missing gaps at a specific date 

which were observed during consistency check. Although lot of efforts have already been given 

to remove these missing gaps, uncertainty in the data cannot be completely ignored. In order 

to examine the accuracy of snow cover simulation, we used improved MODIS snow cover 

product (M*D10A1GL06) developed by Muhammad and Thapa (2021). We used fixed number 

of classes (200,240, 242, 250 and 252) from this product as they are combination of snow and 

ice covered areas. However, pixels of these classes showed rise/drop in snow and ice cover 

simulation at specific time interval which is evident during years of 2006, 2009 and 2011. Such 

rise/drop of snow and ice cover area is due to coarse resolution or misclassification from 

original MODIS SCA data. Similarly, the observed runoff might also be affected by random 

and systematic measurement errors. For instance, abnormal rise/drop in runoff limbs were 

noted during 2006 and 2011. Such abnormal behavior in observed runoff series is probably due 

to water level measurement and its conversion using discharge rating curve. Finally, this study 

used fixed temperature lapse rate. It would be better to use varied temperature lapse rate in 

different elevation zones of a watershed which could further improve the model accuracy.  

 The following conclusions can be inferred from this study: 

 

- The results of snow and ice cover simulation indicates that the model simulates the 

spatial and temporal distribution of Snow Cover Areas against MODIS and LANDSAT 

SCA with mean negative bias –1.8%, NSE=0.95, RMSE=12.8 km2 and R2=0.96. Some 

overestimation and underestimation were observed during the spatial and temporal 

analysis of SCA in the comparison with satellite data. Such biases might be due to 

misclassification or the coarse resolution of MODIS pixels or uncertainties in observed 

data. The snow and ice cover simulation facilitate to provide snow and glacier related 

parameters which are not only helpful for streamflow evaluation but also in water 

balance simulations. 

- The streamflow dynamics revealed that PDSLIM and the Linear Runoff Model used to 

transform melt and net rainfall into runoff are able to develop reliable relationship 

between model and observed runoff with KGE, NSE and RMSE  equal to 0.89, 0.90, 

0.78 (mm/day) , respectively. Overall, both low and high simulated flow limbs were 

fairly in agreement with observed runoff. The results revealed that sub-surface runoff 

accounted for larger contribution to net streamflow (42.1%), glacier melts runoff 

contributed 39.9% while rainfall-induced surface runoff had the smallest contribution 

accounting for 18.0%. The larger share of sub-surface to net streamflow is probably 

due to dominant presence of snowmelt recharging groundwater storage which returns 



82 

to surface flow. Sub-optimal performance of the model has been observed in some years 

especially during glacier melt which is possibly due to uncertainties in spatialization of 

observed meteorological data. However the model was able to reproduce mean 

catchment runoff volume resulting only 1.03% times higher than observed runoff. 

-    

- The net glacier mass balance in Naltar catchment exhibited a slightly negative mass 

balance of –810 ± 311 mm w.e. a-1. Similarly, Truc-Budkyo theory marked Naltar 

catchment as a “gaining” catchment indicating additional water from glacier melt is 

required to close the water balance. The results offer quantitative indications about 

snow and ice melt progression, streamflow, water balance and glacier mass balance and 

recommend further investigations in this region in order to compute the water fluxes.   

- The results of this study indicate that PDSLIM model can be used to investigate the 

glacio‐hydrological process at high altitude Hindukush, Karakoram and Himalayans 

(HKH) glacierized catchments. It is also important to mention that output performance 

of this energy balance can be improved by incorporating for optimization and 

simulations higher quality observed data with smaller errors. A careful selection of 

weather stations which depict accurate trends of weather in the study area plays a 

crucial role in model accuracy. The study also recommends using of physically based 

models as PDSLIM for possible future projections of energy and mass balance studies 

and to examine their potential application to assess climate change impact on the 

hydrological cycle. The study strongly recommends performing quality control check 

on observed hourly data obtained from meteorological stations due to the presence of 

uncertainties, gaps and outliers present in the data. In particular the existing stations are 

unable to capture snow water equivalent and measurement of solid precipitation is very 

uncertain. The study also suggests the need to install new or modify existing network 

of hydro- meteorological stations that are equipped with snow depth sensors and solid 

precipitation gauges that are capable to better monitor in the accumulation zones of 

glacierized catchments. 

-  

Future work is needed also to monitor the expansion/contraction of ice volumes and 

permafrost extent. Although high resolution satellite data become available on a daily 

basis, the need for ground-based values cannot be substituted. The so-called 

“Karakoram anomaly” could exist in some areas of the region but can be seriously put 

in doubt, especially in the future climate. Hence, long term monitoring should develop 

to ensure that hydrologists and other stakeholder agencies have adequate information 

to implement existing or new water management plans with a sound scientific basis.        

 



83 

 
 

Chapter III 

Impact of climate change on Naltar Catchment 

Hydrology, Upper Indus Basin 
 

Muhammad Usman Liaqat, Ana Casanueva2,3, Givonna Grossi1, Rubina Ansari1 ,Roberto Ranzi 

 
1Department of Civil, Environmental, Architectural Engineering and Mathematics, Università 

degli Studi di Brescia-DICATAM, Via Branze, 43, 25123 Brescia BS, Italy 

 
2Dept. Matemática Aplicada y Ciencias de la Computación (MACC), Universidad de Cantabria, 

Santander (Spain)  

 
3Grupo de Meteorología y Computación (Unidad Asociada al CSIC por el IFCA), Santander 

(Spain) 
 

This chapter consists in a paper in preparation for Hydrology and Earth System Sciences: 

 

Liaqat, M.U.,Ansari, R., Casanueva,G.,Ranzi, R. 2022. Energy balance modeling of snow and ice 

melt in the Naltar Catchment (UIB, Pakistan). Hydrology and Earth System Sciences (In 

preparation) 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
 



84 

Summary 
 

High Mountain Asia (HMA), including the Hindu Kush-Karakoram Himalayas (HKH) is one of 

the world's key "water towers", with the resources supporting hundreds of millions of people. 

Currently, this region is experiencing significant demographic and socio-economic growth. It is 

likely that this evolution will continue for the next few decades and will put even more pressure 

on resource management systems from inevitable climate change. Reliable hydrological 

projections of the future supply of water resources are essential, given the likelihood that water 

resources demand will continue to increase. In this study, CORDEX South Asia (CORDEX-

WAS44) regional climate models (RCMs) and the Physical based Distributed Snow Land and Ice 

Model Grossi et al. (2013); Ranzi and Rosso (1991) are employed in the Naltar catchment (area of 

236.17 km2, with 36.12 km2 glacierized), located in the Hunza river basin, Upper Indus Basin to 

project glacio-hydrological projections. The latter model was already calibrated and validated 

successfully using observed historical data from high altitude meteorological stations (Liaqat et al. 

2021). For each of the CORDEX-WAS44 simulations, climate change signals for near future 

(2040-2059) and far future (2080-2099) under three Representative Concentration Pathways 

(RCPs) namely RCP2.6, RCP4.5, and RCP8.5 are presented with respect to corresponding present 

climate (1991-2010). Results show overall significant increases in mean temperature between 

(+0.87 to +6.02 oC) and total precipitation (29% (121 mm) from April to September between 1991-

2010 and 2080-2099 for RCP 2.6, 4.5, and 8.5. The projected simulations of energy and mass 

balance indicate that snow + ice melt progression increases consistently in both future periods with 

an early shift in the timing of the maximum snowmelt (–51.3% –83%) as it appears in June during 

near future (2040-2059) and in May during far future (2080-2099) under the high emission 

scenario. The increase in temperature is also expected to have a substantial impact on the peak 

hydrological regime in the Naltar catchment, which is expected to occur one to two months earlier 

by 2090. Based on these results and the discussion above, we concluded that water availability in 

the Naltar catchment will be uncertain by the end of the century. 

 

 

 

Keywords: Climate Change, Hydrological Modelling, Climate Projection, CORDEX South Asia, 

Regional, Climate Models 
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1. Introduction 
 

The impact of climate change on the hydrological cycle is one of the key scientific interest both 

on global and local scale. These impacts vary from one region to another in magnitude, nature and 

intensity and they depend upon topography and morphological characteristics. However, there is 

common consensus that the probability of extreme events such as flood and droughts will likely 

increase in various parts of world. These impacts are more significant especially in cryosphere rich 

Hindu Kush Himalaya and Karakoram ( HKH) (Fowler et al. 2003). 

 

Snow and glaciers are the primary source of freshwater resources in HKH especially in Pakistan, 

where they release substantial amount of water supply during the whole year. Indus river, which 

is marked as lifeline in Pakistan water and energy sector, receive 70-80% of annual water at 

Tarbela outlet from snow-glacier melt in the Himalaya, Karakoram and the Hindu Kush (HKH) 

mountains. The hydrological setup of Pakistan is marked as a climate change “hotspot”. In the last 

two-three decades, Pakistan has also become one of vulnerable region that confronted severe 

floods, droughts, and storm events (Hussain and Mumtaz 2014). The temperature rise due to global 

warming further enhances elevation-dependent warming and increases early snow melt rate during 

pre-monsoon which leads to significant impacts on magnitude, and timing of generated flows 

(Hasson and Böhner 2019). It is found that precipitation and streamflow also exhibit significant 

increasing observed trends especially during winter and pre-monsoon, while temperature decreases 

in summer season (Liaqat et al. 2022) . Moreover, the Government of Pakistan is also constructing 

multiple hydropower plants especially in Gilgit-Baltistan (GB) region of Karakoram to meet the 

growing demand of electricity. Hence, it is crucial to understand how glaciers are responding to 

climate change and its effect on the region’s snow melt progression and hydrological systems. 

 

Global climate models (GCMs) are the primary source of knowledge about future climate change. 

These models offer a simplified form of the physical processes that connect the atmosphere, ocean, 

sea ice, land surface, and biogeochemical system. GCMs have a typical horizontal resolution of 

approximately 100x100km resolution. Numerous studies have made use of hydrological models 

in combination with GCMs to assess future changes in the hydrological cycle in the HKH. Tahir 

et al. (2011) used the snowmelt runoff model (SRM) integrated with MODIS snow cover product 

to simulate daily runoff under climate change conditions in glacier covering Hunza basin (Upper 

Indus Basin). They found that a) increasing 1oC temperature by keeping constant (precipitation 

and snow cover is anticipated to rise in summer runoff up to 33% b) under far future period 2-4 oC 

rise in mean temperature with 20% increase in snow cover area is expected to increase future 

streamflow by 100%. Laghari et al. (2012) examined current and future water availability in the 

Indus basin. They concluded that water availability will be increase in near future, while it will 

decrease in the long term. 

 

Hasson et al. (2019) projected water availability in three important Himalayan watersheds (Kabul, 
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Indus and Jhelum). They found that if glaciers remain in current conditions, future water 

availability would increase by 34% and 43% on average under global warming levels of 1.5 °C 

and 2.0 °C, respectively. However, if the glacierized area in Himalayan watersheds is completely 

retreated by 100%, water availability will decline up to 25% under both warming levels. Similarly, 

some other studies also used different hydrological models to assess the possible impacts of 

climate change on the hydrological regime of the UIB with HKH ranges (Atif et al. 2019; 

Bocchiola et al. 2011a; Fowler et al. 2003; Ismail et al. 2020; Kiani et al. 2021; Lutz et al. 2016; 

Soncini et al. 2016). Despite the large availability of GCMs, their coarse resolution posed large 

limitations for simulating physical surface processes especially in HKH, where complex 

topography further introduced uncertainties in climate change projections and subsequently, in 

future water availability assessments (Hasson and Böhner 2019).  

 

RCMs, with finer spatial resolution and better parameterized small-scale atmospheric processes, 

are considered more reliable to simulate the regional climate (Choudhary and Dimri 2018). RCMs 

are commonly developed on a 50x50 km or 25x25km grid and use boundary conditions of GCMs. 

Processes occurring at smaller scales than the grid spacing are introduced by means of physical 

parameterizations. The World Climate Research Programme (WCRP) started the Coordinated 

Regional Downscaling Experiment (CORDEX) that developed an ensemble of regional climate 

change projections for 14 continental domains, including South Asia (CORDEX-WAS44), 

developed on a 0.44ºx0.44º grid (approximately 50x50km) (Gutowski Jr et al. 2016). In the past 

years, different studies employed CORDEX-WAS44 simulations with integration of hydro-

glaciological models to compute possible climate change and hydrological effects in HKH (Ahmad 

and Rasul 2018; Azmat et al. 2020; Fatima et al. 2020; Ismail et al. 2020; Khan et al. 2020). Each 

study developed specific criteria for model selection before their application in future projections 

and impact assessments. For instance, Fatima et al. (2020) selected four CORDEX-WAS44 RCMs 

based on the availability of all emission scenarios (RCPs, Representative Concentration Pathways) 

for consistency purposes. Azmat et al. (2020) other employed four CORDEX-WAS44 RCMs 

based on the temporal consistency of the historical simulations with observed data. Analyzing 

model performance before applying them in impact assessments can also be one way to reduce the 

overall uncertainties, but it is still questionable if a model exhibiting good agreement with the 

reference data in the historical period will have a more realistic behavior regarding its projected 

impacts. 

Previous studies mainly focused on climate change impact assessment and hydro-glaciological 

projections at transboundary or large drainage basins (Bokhari et al. 2018; Kiani et al. 2021; 

Kraaijenbrink et al. 2017; Kraaijenbrink et al. 2021; Lutz et al. 2014b; Lutz et al. 2016; Rounce et 

al. 2020; Shah et al. 2020; Zheng et al. 2018). However, water resources management decisions, 

especially in complex topography, take place at smaller catchments/ sub-basins level (Shakoor and 

Ejaz 2019). Recently, the Government of Pakistan also approved construction of the Naltar 

hydropower project (Phase-III). Hence, it would be imperative to examine the evolution of future 

water availability in Naltar catchment which is not only important to compute water demand for 
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people living in downstream areas, but it is also helpful to fulfill energy demand for Naltar and 

surrounding areas.  

Bearing all these issues in mind, this study examines the performance of the largest possible 

ensemble of fine resolution RCMs using a energy balance model Physical based Distributed Snow 

Land and Ice Model (PDSLIM), for the first time in Pakistan at the Naltar catchment located in 

the Hunza river basin. The study explores (i) the evolution of snow and ice melt progression using 

PDSLIM, (ii) future flow regimes generated by snow-glacier melt and precipitation by near future 

(2040-2059) and far future (2080-2099) under RCP 2.6, RCP 4.5 and RCP 8.5, (iii) how future 

changes in mass balance of glaciers reveal the Karakoram anomaly and if this anomaly applies to 

the Naltar basin. The outcomes of this study would provide substantial understanding about future 

snow and ice melt progression and water availability for efficient water resources management 

and for future power generation projects in the Naltar catchment. The findings will provide a basis 

for appropriate decision making and designing long-term plans, adaptation strategies to deal with 

future changes. The structure of this study is organized as follows. Section 2 summarizes the data 

and methodology used in this analysis. Section 3 describes results about snow and ice melt 

projections, runoff regimes and mass balance change, Section 4 summarizes the main conclusions 

and highlights further research directions. 

2. Material and Methods 

2.1 Study Area  

 

Covering an area of 242.69 km2, estimated by the ASTER Global Digital Elevation Model 

(ASTER GDEM) available at 90-m resolution, the Naltar catchment lies within high mountain 

ranges of Western Karakoram between 36.05o and 36.27o N and 74.08o and 74.28o E as shown in 

Fig 3.1. It is located in the Hunza basin about 42 km away from Gilgit city and 208 km from K2 

(the second highest mountain in the world) in the Gilgit-Baltistan region of Pakistan (Gardezi et 

al. 2022). The largest part of the Naltar catchment is filled with snow-glacier cover due to the 

westerlies. According to Randolph Glacier Inventory (RGI 6.0), the glacier coverage in the Naltar 

catchment is 42 km2 with a largest glacierized area of 19 km2. The mean annual (2006-2016) snow 

coverage ranges between 93.5% of the basin area in March and 18.31% in September (Muhammad 

and Thapa 2021). The Naltar is characterized by complex topography and deep valleys. The 

elevation of the Naltar catchment ranges from 2270 m to 5869 m with a mean elevation of 4064 

m.a.s.l. The mean annual accumulated precipitation and temperature recorded at the Naltar station 

(triangle in Fig.1) are 685 mm and 6.5oC, respectively (Liaqat et al. 2022). There are three small 

operational hydropower plants in the Naltar river (Naltar-II, Naltar-IV, Naltar-V) with average 

capacity of 2.8 MW, 18 MW, 14.4. Recently, the Government of Pakistan also approved 

construction of another hydropower project (Naltar-III), which is not only helpful to control water 

coming from glacier melting but also fulfills energy demand of the Gilgit-Baltistan region.  
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Figure.3.1 (a) The administrative and political boundary of the Upper Indus Basin (green), (b) 

Location of the Naltar catchment within the Hunza Basin (black border) and hydro-meteorological 

stations (circles), (c) Annual cycle of mean monthly temperature of several meteorological stations 

(d) a clear picture of Naltar catchment with glacier coverage.  

2.2 Hydro- meteorological, satellite and snow cover measurements for the 

Naltar catchment 

PDSLIM required both meteorological and satellite data to simulate snow and ice melt progression 

and runoff regimes. In this study, hourly meteorological data for eight years (2006-2016) were 

acquired from the Water and Power development Authority (WAPDA), Pakistan. A consistency 

check revealed that this dataset had some missing values for some variables at different dates and 

times. Initially, we selected 8 out of 11 years for which missing values amounted to less than 20%. 

The final set of years was 2006, 2008, 2009, 2010, 2011, 2012, 2014 and 2016 and simulations 

with PDSLIM cover from 1st April to 30th September each year. The remaining missing values 

were imputed through multiple linear regression  as used by (Prabnakorn et al. 2019). The method 

involves developing a relationship between different sets of neighboring stations and choosing one 

(Naltar station) with the best coefficient of determination (R2), but not less than 0.6 for 

precipitation, relative humidity, windspeed and solar radiation and 0.75 for temperature, 

respectively.  

The input meteorological variables required to run the fully distributed PDSLIM model were 

precipitation, temperature, relative humidity, wind speed, solar radiation and air pressure. Air 

pressure values are not measured by WAPDA stations. These values were assessed from (Bair et 
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al. 2020). Similarly, streamflow data for Naltar river were also collected from WAPDA for same 

time period as metrological variables recorded. The detailed description of these hydro- 

meteorological stations are given in Table S3.1 and Fig.3.1. The Shuttle Radar Topographic 

Mission (SRTM) digital elevation model (DEM) at 90 m resolution was used to delineate the 

catchment boundary (STRM, 2013). For this study, present ice thickness and glacier coverage were 

derived from Kraaijenbrink et al. (2017) in order to compute projected ice thickness. A minimum 

number of pixels per elevation band is required for model simulations to be carried out, so glaciers 

with an area less than 0.4 km2 were excluded from analysis. This resulted in a glacier coverage of 

36.17 km2 instead of 42 km2. The landcover data based on ENVISAT’s MERIS Level 1B with 

spatial resolution of 300 m was accessed from GlobCover landcover product developed by 

European Space Agency (ESA)-GlobCover for each simulated year. MODIS 8DAY composite 

leaf area index (LAI) product MYD15A2H.006 was obtained from Land Processes Distributed 

Active Archive Centre (LPDAAC) (https://lpdaacsvc.cr.usgs.gov/appeears/task/area) from the 

start of each simulated period.i.e. 1st April. MODIS snow cover products are a reliable source to 

examine spatial and temporal variability of snow cover areas. In this study, an improved version 

of MODIS snow cover product (M*D10A1GL06), developed by Muhammad and Thapa (2021) 

were used as reference data to check model accuracy to predict snow and ice progression during 

the melting period. More details about the dynamic data are available in Table S3.2. 

2.3 Climate Projections 

 

Climate projections given by regional climate models (RCMs) serve as an essential input for 

climate change studies and impact assessments (Giorgi et al. 2009). In this study, we employed 

sixteen CORDEX-WAS44 RCM simulations (3 RCMs unevenly driven by 10 GCMs) at 0.44o 

(~50 km) spatial resolution for the period 1991-2099 (Table 3.1). In particular, we considered daily 

data from six meteorological variables (precipitation, temperature, solar radiation, wind speed, 

relative humidity and air pressure). Three representative concentration pathways (RCP 2.6, RCP 

4.5 and RCP 8.5, from low to high emissions) were analyzed in this study in order to assess future 

snow and ice melt progression, mass balance change and runoff regimes. Note that the number of 

available simulations depends on the RCP (Table 3.1), and it is reduced from sixteen to five for 

RCP 2.6. The period 1991-2010 was selected as control period (CTL) due to the limited availability 

of observed hydro-climatic data to simulate the PDSLIM model. In order to build this control 

period we used data from the historical simulation (until 2005) and fill up the remaining 5 years 

with data of the corresponding RCP4.5 simulation for each model. Another reason was to maintain 

consistency and to extend previous work where PDSLIM setup (calibration + validation) was 

already verified by observed climatic data within this domain (Liaqat et al. 2021). Future 

projections are analyzed for two periods (SCE) as near (2040-2059) and far future (2080-2099), to 

take into account snow and ice melt changes and runoff regimes over the Naltar catchment. 

 

Raw RCM data show systematic biases when compared with reference data. The use of raw RCM 

https://lpdaacsvc.cr.usgs.gov/appeears/task/area
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outputs without any post-processing for future impact/modelling studies, might lead to adaptation 

decisions based on incomplete information (Christensen et al. 2008). These biases are mainly 

associated with temporal and spatial disaggregation Teutschbein and Seibert (2012), inaccurate 

and incomplete representations of basic physical processes Stevens and Bony (2013) and 

parametrizations of unresolved sub-grid-scale processes such as precipitation, temperature 

inversion, cloud formation and convection. Such biases need to be minimized in order to reduce 

their impact on the hydro-climatological conditions of the area of interest.   

 

In this study, we used an improved form of the delta change method at daily scale, by using an 

additive delta for (temperature and air pressure Räisänen and Räty (2013) and multiplicative for 

(precipitation, relative humidity, wind speed and solar radiation) (Räty et al. 2014). In the typical 

delta change approach, a climate change signal (“delta”) is computed by comparing raw climate 

model output for a future scenario period and a historical reference period. This delta is then used 

to scale observational time series in either an additive or a multiplicative manner, thus mean model 

biases are overlooked and the temporal structure of the new, projected time series follows the 

observed one. This method is a good alternative to bias correction when several variables are 

involved, since it preserves the inter-variable relationships in the reference data. However, one 

limitation of the method is the assumption of constant delta changes throughout the distribution. 

In order to account for varying deltas throughout the year, we use day-of-the-year (hereafter doy) 

dependent deltas. Initially, we computed the  daily climatology (March-November) of each 

individual meteorological variable for CTL and SCE periods separately and for each RCM and 

used spectral smoothing (Bosshard et al. (2011), Eq.1) to reduce uncertainties and smooth the 

climate change signals by using a 31-day moving average. 

 

In second stage, additive (temperature and air pressure) and multiplicative deltas (precipitation, 

relative humidity, solar radiation, wind speed) were calculated for both SCE periods (2040-2059 

and 2080-2099), relative to the CTL period 1991-2010. These change signals were used to project 

the observed meteorological time series to future scenarios in order to build climate change 

meteorological forcings, which are required at hourly temporal resolution to assess the glacio-

hydrological regimes. The general equations for the improved delta method using both additive 

and multiplicative deltas are given below:  

                                             𝑋(ℎ)
𝑆𝐶𝐸,𝑎𝑑𝑑 =

𝑋𝑜(ℎ)−𝑋́𝐶𝑇𝐿(𝑑)

𝜎𝐶𝑇𝐿(𝑑)
𝜎𝑆𝐶𝐸(𝑑) + 𝑋́𝑆𝐶𝐸(𝑑)                          (1) 

 

                                           𝑋(ℎ)
𝑆𝐶𝐸,𝑚𝑢𝑙𝑡 =

𝑋𝑜(ℎ)

𝑋́𝐶𝑇𝐿(𝑑)
𝑋́𝑆𝐶𝐸(𝑑)

𝜎𝑆𝐶𝐸(𝑑)

𝜎𝐶𝑇𝐿(𝑑)
                                  (2) 

 

where Xo (h) indicates hourly meteorological observed series recorded at Naltar station,  and 

 denote the 20-year mean variable for the day d (March-November) for the control and 

scenario periods, respectively, and  and  stand for the 20-year standard deviation of the 

X́SCE(d)

X́CTL (d)

σ
SCE(d) σ

CTL(d)
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variable for the day d (March-November) for the control and scenario periods, respectively.  

 

2.4 Energy and mass balance of snow and ice: the physical based hydrological 

model 

The snow and ice melt progression and summer specific mass balance of Naltar catchment from 

the 1st of April to the 30th of September for eight year was estimated in chapter #2 by simulation 

of the mass and energy balance with PDSLIM assuming similar type of modeling also adopted in 

current studies to project glacio-hydrological regimes.  For a unit area, the melt rate for finite depth 

of layer of ice or snow superimposed over ice is computed using the energy balance equation: 

  Hm + Hc  = Sio + Lio + Hl + Hs + Hp + Hg   ,   (3)  

Here unit of all terms are W/m2 

Hm: energy available for melt, 

Hc: Internal Energy of the snow or ice layer, 

Sio: net shortwave radiation, 

Lio: net longwave radiation, 

Hl: latent heat, 

Hs: sensible heat, 

Hp: advective heat from precipitation, 

Hg: Conductive heat at the bottom side of the snow or ice layer 

For an snow or ice layer with finite depth Δz, mean Temperature T,specific heat C and density р 

changes over time 

  Hc    = C р Δz dT/dt                     (4) 

 

Here specific heat of ice is equal to C = Ci = 2093.4 J kg-1 K-1 and its density is assumed р = рi 

830 kg m-3. In case of snow, density changes over time according to snow pack simulation depicted 

by Cagnati et al. (2004); Ranzi and Rosso (1991). The detail description of the shortwave and 

longwave radiation terms of the energy balance equation, Sio and Lio, followed by global shortwave 

radiation measurements, Rm can be seen in (Ranzi and Rosso 1991; Ranzi and Rosso 1995). It is 

important to mention that shading is estimated using sun tracking algorithm and cloudiness index 

is computed by comparing measured global shortwave radiation on a horizontal surface Rm with 

clear-sky radiation. Direct radiation on each computational cell, measuring 90 x 90 m2 and centered 

O is attained by projecting with scalar product estimated beam radiation Rb  on the local vector 

normal to the surface Vn. Additionally, diffused radiation from the sky, Rd is weighted by sky view 

factor, Vs = 1-Vt being Vt the terrain view factor which is function of the horizontal angle ho(𝜓). in 

each azimuthal direction (𝜓). 

 

                  Vt = 
1

𝜋
∫ ∫ cos(ℎ) sin(ℎ) 𝑑ℎ𝑑𝜓 =  

1

𝜋
∫

1

2
𝑠𝑖𝑛2[ℎ(𝜓)]𝑑𝜓

2𝜋

0

ℎ0
(𝜓)

0

2𝜋ℎ

0
                      (5) 
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Terrain covering each point depicts incoming measured radiation with a spatially-average albedo 

αt 

          Sin = -Rb . Vn + VsRd + Vt αtRm                                               (6) 

 

The results of net incoming shortwave radiation is written as Sio = Sin (1-α), being α marked as 

local albedo. Ice-albedo is derived from a map estimated from the radiation detected from the 

sensor ASTER satellite image dated 23 August 2003, when the glacier was almost snow-free. 

Future ice albedo is assumed to remain as in actual conditions. In case of snow cover area within 

the Naltar catchment, albedo is derived based on temperature-dependent snow ageing and diffused 

radiation Ranzi and Rosso (1991) and hence it values vary with the climate change scenario.   

Net longwave radiation, Lio is calculated by assuming snow and ice as a black bodies and the 

Satterlund model for atmospheric emissivity (Satterlund 1979). Moreover, convective fluxes of 

latent heat, Hl and Hs are calculated based on mixing land theory (Ranzi et al. 2010).  

In PDSLIM the ice is modelled as a 0.1 m thick surface layer with temperature Ti superimposed 

to a semi-infinite ice layer at constant 0oC temperature, a reasonable assumption for a temperate 

glacier in the melt season. The surface layer can be covered by a debris layer, as occurred for 

instance in an earlier application of the model to simulate melt for the Belvedere glacier, in the 

Western Italian Alps (Ranzi et al. 2004; Taschner and Ranzi 2002). If this layer does not exist as 

for the Mandrone glacier, ice can be covered by a snowpack, modelled as a surface layer with 0.1 

m thickness, superimposed to the bulk snowpack. 

 

The snowpack model explained in Cagnati et al. (2004); Ranzi and Rosso (1991) computes liquid 

water content, snow depth, density and temperature. Conductive heat fluxes in snow and ice are 

derived based on the Fourier law and melt infiltration by supposing Colbeck’s celerity (Colbeck 

1976; Ranzi and Rosso 1991). It is important to mention that snow model does not take into 

account transformation from snow into ice and firn.  

 

In order to predict the climate change impacts on streamflow of Naltar catchment for near future 

(2040-2059) and far future (2080-2099), the calibrated and validated LRM conceptual rainfall-

runoff model used in chapter#2 is forced by meteorological data under RCP 2.6, RCP 4.5 and RCP 

8.5 scenarios. It is important to mention that parameters of the model were kept the same as in the 

calibration/validation stage. Due to extreme topography and less human intervention in this 

catchment, land use/ land cover map of present simulated years is also used for future streamflow 

predictions.



93 

                      Table.3.1 List of CORDEX South Asia (WAS-44) Regional Climate Model simulations, driving GCMs and available RCPs 

RCM RCM description 
Contributing CORDEX 

modelling center 

    ID 
Driving CMIP5 GCM Contributing CMIP5 modeling center RCP26 RCP45 RCP85 

RegCM4 

 

The Abdus Salam 

International Centre for 

Theoretical Physics 

(ICTP) Regional 

Climate Model version 

4 (RegCM4; (Giorgi et 

al. 2012)) 

Centre for Climate 

Change Research 

(CCCR), Indian Institute 

of Tropical Meteorology 

(IITM), India 

RCM1 
CCCma-CanESM2 

Canadian Center for Climate Modelling and Analysis 

(CCCma), Canada 
 ✓ ✓ 

RCM2 
CSIRO-QCCCE-CSIRO 

Commonwealth Scientific and Industrial Research, 

Australia 
 ✓ ✓ 

RCM3 IPSL-IPSL-CM5A-LR Institut Pierre Simon Laplace, France  ✓ ✓ 

RCM4 
MPI-M-MPI-ESM 

Max Plank Institute for Meteorology,  

Germany (MPI-M)  
 ✓ ✓ 

RCM5 NOAA-GFDL-GFDL-

ESM2M 

National Oceanic and Atmospheric Administration, 

Geophysical Fluid Dynamics Laboratory (GFDL) 
 ✓ ✓ 

RCA4 

 

Rossby Centre 

Regional Atmospheric 

Model version 4 

(RCA4; (Samuelsson et 

al. 2011)) 

Rossby Centre, Swedish 

Meteorological and 

Hydrological Institute 

(SMHI), Sweden 

RCM6 
CCCma-CanESM2 

Canadian Center for Climate Modelling and Analysis 

(CCCma), Canada 
 ✓ ✓ 

RCM7 CNRM-CERFACS National Centre for Meteorological Research, France  ✓ ✓ 

RCM8 
CSIRO-QCCCE-CSIRO 

Commonwealth Scientific and Industrial Research, 

Australia 
 ✓ ✓ 

RCM9 
ICHEC-EC-EARTH 

Irish Center for High-End Computing, European 

Consortium 
✓ ✓ ✓ 

RCM10 IPSL-IPSL-CM5A-MR Institut Pierre Simon Laplace, France  ✓ ✓ 

RCM11 

MIROC-MIROC5 

Model for Interdisciplinary Research on Climate 

(MIROC), Japan, Agency for Marine-Earth Science and 

Tech 

✓ ✓ ✓ 

RCM12 MOHC-HadGEM2-ES Met Office Hadley Centre for Climate Science ✓ ✓ ✓ 

RCM13 
MPI-M-MPI-ESM 

Max Plank Institute for Meteorology,  

Germany (MPI-M) 
✓ ✓ ✓ 

RCM14 NCC-NorESM1-M Norwegian Climate Center (NCC), Norway ✓ ✓ ✓ 

RCM15 NOAA-GFDL-GFDL-

ESM2M 

National Oceanic and Atmospheric Administration, 

Geophysical Fluid Dynamics Laboratory (GFDL) 
 ✓ ✓ 

REMO2009 

MPI Regional model 

2009 (REMO2009; 

(Teichmann et al. 2013) 

Climate Service Center 

(CSC), Germany 

RCM16 

MPI-M-MPI-ESM 
Max Plank Institute for Meteorology,  

Germany (MPI-M) 
 ✓ ✓ 
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3. Results and discussions 
3.1 Future Climate Forcings 

The future climate forcings for precipitation, relative humidity, solar wind speed, solar 

radiation, temperature and air pressure are shown in Fig.3.2 and Fig.S3.1. Results show the 

change factor for the scenario period (2040-2059 and 2080-2099) relative to control period 

(1991-2010) using 16 CORDEX-WAS44 simulations for the gridbox over the Naltar 

catchment under three RCPs (2.6, 4.5 and 8.5) as representatives of future climate change over 

the Naltar catchment. We focus on the months from April to September in order to examine 

the melting season. The ranges of the mean projected changes and the projected changes in 

standard deviation were examined and served to detect outliers which might lead to undesired 

effects in the multi-model ensemble. 

In case of precipitation, multiplicative delta changes vary largely across models during summer 

season, especially in RCM11, RCM12, RCM13, RCM14, RCM15, for both mean values and 

their standard deviation under RCP 4.5 and 8.5, as shown in Fig.3.2 and Fig.S3.1. For RCP 

2.6, where data from only five simulations are available in both scenario periods, RCMs 11, 

12,13 present larger departures. The change factors of the overall CORDEX-WAS44 ensemble 

from April to September ranges between 0.37 – 3.85 for mean precipitation and 0.33 – 6.24 for 

standard deviation. Such larger differences in change factors projected significant 

overestimation up to 52% under RCP 8.5 in precipitation values, which is not fully coherent in 

light of the present observed precipitation trends (Liaqat et al. 2022). Moreover, according to 

the IPCC Atlas Diez-Sierra et al. (2022) the projected increase in precipitation using 

CORDEX-WAS44 in this region is expected to lie between 25-35% by the end of the 21st 

century. If we exclude from the final ensemble the above mentioned five RCMs which 

exhibited significant deviation in the change factor and standard deviation projected increase 

in precipitation lie around 29 % by the end of this century under RCP 8.5. Hence, our rejection 

criterion of precipitation range suggested by IPCC atlas and several other studies Azmat et al. 

(2020); Jury et al. (2020) leads to exclusion of 5 RCMs from the subsequent analysis. 

An increase in temperature was found for both future periods under RCP 4.5 and RCP 8.5, 

especially towards the end of the century (2080-2099) under RCP 8.5. It is also observed that 

a substantial rise in change factor and standard deviation for temperature is more accentuated 

during the pre-monsoon especially for 2080-2099 under RCP 8.5, which enhances the early 

snow melt rate followed by glacier retreat. Similarly, the rising delta change of temperature is 

also prominent in case of monsoon with temperature values ranging between +1.67 to +5.39 

oC/day Overall, temperature increase by substituting projected delta changes into present 

temperature forcings vary largely across RCPs, spanning from 1.63 ± 0.95 to 6.02 ± 0.88 

(oC/day) in the far future period. The rise in temperature and precipitation changes of the 

current study are in line with previous field campaigns (Ali et al. 2015; Jury et al. 2020; 

Kraaijenbrink et al. 2017; Soncini et al. 2015). 

For relative humidity, overall, small delta change was noted in both the mean and the standard 

deviation. It is also observed that a couple of outlier simulations leads to a larger increase in 

near future (RCM5) and decrease in the far future (RCM10). Overall, there is some indication 

of a decrease of RH with time and emission scenario. Change factors for the whole RCM 
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ensemble range between 0.58 – 1.38 for the mean relative humidity and 0.79 – 2.87 for standard 

deviation. For solar radiation, marginal change factors were found for RCP 2.6. However, 

signals get larger from near future to far future under RCPs 4.5 and 8.5 in April and May, which 

is also one evidence of global warming in this region. The range of the delta changes for the 

overall ensemble is 0.78 – 1.65 for mean radiation and 0.49 – 2.19 for its standard deviation, 

considering all RCPs. Wind speed is also an important component of energy balance and 

hydrological modelling studies. Overall, the climate change simulations revealed small 

changes in this variable, with some indication of future increase towards the end of the century. 

This increase is larger in the pre-monsoon season than in summer in terms of mean wind speed 

(Fig. 3.2). Such difference can be linked with early snow melt especially in glacierized 

catchments. Similarly, the increase in mean wind speed is larger for RCP 8.5 compared to RCP 

4.5, while RCP 2.6 did not exhibit important changes, both in terms of mean and standard 

deviation. Overall, the change factors for the full ensemble range between 0.65 – 1.24 for mean 

wind speed and 0.54 – 1.39 for its standard deviation. For air pressure, an increasing delta 

change is projected both in terms of the mean and standard deviation, especially for RCP 8.5 

for near future and RCP 4.5 and 8.5 for far future.  

Overall, it is found that delta changes for temperature and precipitation exhibited large spread 

both in terms of the mean and standard deviation while other variables depict more robust and 

smaller changes. Temperature and precipitation have a critical role in hydrological and mass 

balance studies. With the exclusion of 5 RCMs (RCM11-RCM15) from the final model 

ensemble the unexpected and remarkable overestimation in terms of precipitation was reduced. 

Therefore, they were excluded from all meteorological variables for the subsequent 

hydrological simulations. 
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Figure 3.2 Annual cycle (April-September) of multiplicative (unitless) for precipitation, 

relative humidity, solar radiation, wind speed and additive change factors for temperature (oC) 

and air pressure (hpa) over the scenario periods (2040-2059 and 2080-2099) relative to the 

control period (1991-2010) for the 16 CORDEX-WAS44 simulations (individual numbered 

dots within the boxes) under 3 RCPs (colours). The change factors were obtained for each doy, 

from the daily annual cycle in the scenario and control periods (see Methodology) and here 

were averaged into monthly values. 
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3.2 Projected changes in snow water equivalent  

The projected rise of temperature in Naltar catchment is predicted to have substantial 

implications on snow water equivalent (SWE), snow melt and runoff regimes. The projected 

changes of seasonal SWE at the beginning of April for both scenario periods and RCPs are 

provided in Table.3.2. The PDSLIM simulations indicated that at present (control period, 

average over the years 2006-2016), the average snow water equivalent in Naltar catchment is 

1465 mm. The SWE proportion is predicted to decrease from 1465 mm at present to 1332 mm 

(~ 9.1%) and 1184 mm (~19.2%) with ensemble mean in near future (2040-2059) under RCP 

4.5 and RCP 8.5. Additionally, by the far future (2080-2099), the proportion of SWE will 

reduce to ∼6.1 % and ∼37.4% under RCP4.5 and RCP8.5 scenarios. In case of RCP 2.6, 

projected SWE will show an increasing rate in SWE (21.2%) in near future and decreasing rate 

(-17.2%) in far future. Overall, the PDSLIM simulations predicted a significant decrease in 

SWE reference to control period in both scenario periods and under all RCPs.  

 

Table.3.2 Projected changed in snow water equivalent proportion at the beginning of April in 

both future time segments relative to control period under RCP 2.6, RCP 4.5 and RCP 8.5 

 
  1991-2010 to 2040-2059 1991-2010 to 2080-2099 

mm Change (%)    mm Change (%) 

RCP Reference 1465   1465   

RCP26 RCM9 1775 21.2 1213 -17.2 

RCP45 RCM1 1238 -15.5 1376 -6.1 

RCM2 1238 -15.5 1376 -6.1 

RCM3 1238 -15.5 1376 -6.1 

RCM4 1332 -9.1 1342 -8.4 

RCM5 1332 -9.1 1376 -6.1 

RCM6 1095 -25.3 1302 -11.1 

RCM7 1790 22.2 1775 21.2 

RCM8 1612 10.1 1494 2.0 

RCM9 1553 6.0 1435 -2.0 

RCM10 681 -53.5 1583 8.0 

RCM16 1332 -9.1 1376 -6.1 

Ensemble 1332 -9.1 1376 -6.1 

RCP85 RCM1 1101 -24.9 918 -37.4 

RCM2 1101 -24.9 918 -37.4 

RCM3 1101 -24.9 918 -37.4 

RCM4 1184 -19.2 918 -37.4 

RCM5 1184 -19.2 918 -37.4 

RCM6 844 -42.4 696 -52.5 

RCM7 1627 11.1 1435 -2.0 

RCM8 932 -36.4 1036 -29.3 

RCM9 1479 1.0 1154 -21.2 

RCM10 932 -36.4 282 -80.8 

RCM16 1184 -19.2 918 -37.4 

Ensemble 1184 -19.2 918 -37.4 

 

The reduced SWE during accumulation period and rapid melting of depleted snow also led to 

early exposure of the glacier surfaces consequently boosting up the melting of glaciers because 

of the reduced albedo.  The results of current study are in line with previous studies Lutz et al. 

(2016); Romshoo and Marazi (2022) who found significant changes in form of precipitation 

and SWE in Indus and Jehlum basin.  
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3.3 Projected change in snow and ice melt progression and mass balance 

 

The temporal pattern of the projected changes in seasonal RCMs and its ensemble mean snow 

and ice cover area based on CORDEX for the near future (2050s) and far future period (2090s) 

relative to control period (1991-2010) and individual years under RCP (2.6, 4.5 and 8.5) are 

shown in Fig.3.3. The primary reason to develop snow and ice melt progression is using 

individual models to examine spread in glacio-hydrological projections especially during flood 

occurrence years which some time neglected by making ensemble of all simulated models. For 

RCP 2.6, where projected simulation is available for only one experiment (RCM9), the 

obtained results indicate increasing magnitude in projected change of snow and ice melting 

shrinkage (–25.9%) in near future (2040-2059) and (–51.5%) in far future (2080-2099) relative 

to control period.  

 

In case of RCP 4.5 and RCP 8.5, almost all RCMs and their ensemble means exhibited gradual 

increase in snow followed by ice melt. It is also noticed that relative change in snow and ice 

melt progression produced by each RCM in Naltar catchment is different from each other. 

Under RCP 4.5, snow and ice melt depletion ranges from (–5.4% to –56.3%) with ensemble 

mean –36.5 % in the near future (2040-2059) and depleted further up to (–30.4% to –67.9%) 

with ensemble mean (–47.7%) by end of century. The higher projected increase in snow and 

ice melt is mostly linked with higher temperature. Under RCP 8.5, rapid snow and ice melt 

depletion is observed with snow cover completely disappeared by mid of June followed by ice 

melt in early July. The projected change in SCA with respect to control period ranges from 

(0.2% to –78.2%) with ensemble mean –51.5% during near future (2040-2059) and depleted 

further up to (–67.4% to –87.6%) with ensemble mean (–83%) in far future (2080-2099).  

 

The largest increase is noted for the transitional months (May and June) as shown in Fig.3 (a) 

where larger part of precipitation is projected to fall into liquid form in the future followed by 

early ice melt in July. Early seasonal snow and ice melt progression is likely caused by warming 

in elevated regions, resulting in not only earlier temperatures but also in a likely risk of 

increased flooding and landslides. As one example, a glacial surge occurred in the Upper Naltar 

valley on July 5, 2021. There were four fatalities, over 150 livestock killed, and 4km of 

pastureland was destroyed by the avalanche (DAWN 2021). The reduced snow precipitation 

during the accumulation period and rapid melting of the depleted snow also led to the early 

exposure of the glacier surfaces thus enhancing the melting of glaciers in the catchment. 

 

Moreover, climate change scenarios using ensemble RCMs also translated into projected 

change in glacier extent and mass balance given in Table.3.3. Although, the moving average 

of climatology and standard deviation signals predict increases in precipitation, glacier extent 

and mass balance are expected to shrink by the end of 21st century in Naltar catchment, since 

precipitation increase cannot compensate for the substantial rise in temperature. 



99 

 

 

 

  

 

Figure.3.3 Temporal change of snow and ice melt progression from control period average for 

8 years over Naltar catchment in different CORDEX experiments and their ensemble for near 

future (2040-2059) and far future (2080-2099) for RCPs (2.6, 4.5, 8.5).  

 

Such projected changes will accelerate snow and ice melt and eventually reduction in ice 

volumes ranges from –27% to –80% and increment in glacier mass balance (–654 to – 2597) 

mm w.e. a-1) under different scenario period as shown in Table.3.3. The result shows that 

  

  

  

0

50

100

150

200

250

Apr May Jun Jul Aug Sep

A
re

a
 (

k
m

2
)

1991-2010 to 2040-2059 under RCP 2.6 

(RCM9)

0

50

100

150

200

250

Apr May Jun Jul Aug Sep

A
re

a
 (

k
m

2
)

1991-2010 to 2080-2099 under RCP 2.6 

(RCM9)

0

50

100

150

200

250

Apr May Jun Jul Aug Sep

A
re

a
 (

k
m

2
)

1991-2010 to 2040-2059 under RCP 4.5

0

50

100

150

200

250

Apr May Jun Jul Aug Sep

A
re

a
 (

k
m

2
)

1991-2010 to 2040-2059 under RCP 8.5

0

50

100

150

200

250

Apr May Jun Jul Aug Sep

A
re

a
 (

k
m

2
)

1991-2010 to 2080-2099 under RCP 4.5

0

50

100

150

200

250

Apr May Jun Jul Aug Sep

A
re

a
 (

k
m

2
)

1991-2010 to 2080-2099 under RCP 8.5



100 

glacier extent in Naltar catchment is projected to lose (–27% to -41%) under RCP 2.6, (–41% 

to –60%) under the RCP 4.5, and (–58% to –80%) under the RCP 8.5. The spatial variability 

in glacier retreat relevant to the reference time is shown in Fig.3.4. 

 

                       
 

Figure.3.4. Projected changes in the glacier mass loss (mm w.e. a-1) simulated by the integration 

of ensembles of 11 different CORDEX-SA RCM experiments with PDSLIM and LRM for 

2040-2059 and 2080-2099 under RCP 2.6, RCP 4.5 and RCP 8.5 relative to control period 

1991-2010. 

 

 

Table.3.3 Projected change in mass balance and ice extent for 2050 and 2090 relative to 

reference period (2014) in Naltar catchment, when forced by ensemble members  
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Mass balance scenario Avg (mm w.e. a-1) Ice extent (km2) Change (%) 

Reference Period (Average for 8 years) –737 36.17  

1991-2010 to 2040-2059 under RCP 2.6 

(RCM9) 
–654 26.40 -27% 

1991-2010 to 2040-2059 under RCP 4.5 –887 21.50 -41% 

1991-2010 to 2040-2059 under RCP 8.5 –2018 15.10 -58% 

1991-2010 to 2080-2099 under RCP 2.6 

(RCM9) 
–1621 20.60 -43% 

1991-2010 to 2080-2099 under RCP 4.5 –1154 14.50 -60% 

1991-2010 to 2080-2099 under RCP 8.5 –2597 7.40 -80% 

 

The findings of this current study are also in agreement with Rounce et al. (2020) projected 

glacier mass change in High Mountain Asia using PyGEM model by employing data of 22 

GCMs and four RCPs. Overall, their results exhibited retreat of glaciers in the Naltar catchment 

varies considering uncertainties (–35% to –71%). Unsurprisingly, the mass loss in Naltar 

catchment 5-10% higher under different RCPs in our study. Such differences in glacier 

projections are possibly due to usage of different climate forcings (GCM and RCP scenarios), 

model physics and calibration scheme, present day mass balance, projected changes in climate 

forcings and various glacier attributes (e.g., ice thickness and glacier hypsometry). Rounce et 

al. (2020) also mentioned that PyGEM presently designed for large scale applications and its 

model physics allows instant estimations over large catchments (e.g., use of mass distribution 

curves), care should be taken when applying this model application especially for small scale 

while, PDSLIM normally used for small scale applications (Grossi et al. 2013; Ranzi and Rosso 

1991). Moreover,  Kraaijenbrink et al. (2017) also found that regional variation in mass loss in 

HMA is quite high and there are several regions where mass loss drop below 10% under RCP 

8.5. Hence, these arguments strengthened our results about higher mass loss and glacier retreat 

as compared to other part of HMA where the so-called Karakorum anomaly prevails. As a 

result of these projections, regional water management and mountain communities may 

experience serious consequences. The results of our study also show that the Karakorum 

anomaly has less impacts especially at small scale catchment in the southern region of 

Karakoram. Future work should seek to continue the use of physically models as PDSLIM for 

future mass balance and glacier retreat studies and to explore the Karakoram anomaly in the 

context of climate change in glacierized catchments as well as glacier outburst regions in 

Pakistan. 

3.4 Glacier Mass Change Projections 

To estimate the response of the Naltar glaciers in response to future climate forcings, we setup 

PDSLIM model as described in chapter#2 (section 3.3) to project seasonal summer mass 

balance for all individual glaciers with area larger than 0.4 km2. Overall results as described in 

Fig.3.5 indicating that glaciers are out of balance in Naltar catchment. 
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Figure.3.5. Projected changes in mass balance loss over Naltar catchment in 11 CORDEX 

experiments and their ensemble for near future (2040-2059) and far future (2080-2099) 

scenarios for RCPs (4.5, 8.5). Red marked as reference period with mass loss (-737 mm w.e. 

a-1). 

 

Projections estimate that from 2010 to 2100, glaciers in Naltar catchment varies the mass 

balance (–654 to –1621 mm w.e. a-1 by 2050 and 2090) in the two scenario periods under RCP 

2.6 with RCM9, For RCP4.5 mass balance varies between (128 to –2436 mm w.e. a-1) with 

ensemble mean (–887 mm w.e. a-1) in near future (2040-2059) and (–352 to –2277 mm w.e. a-

1) with ensemble mean (–1154 mm w.e. a-1)  in far future scenario (2080-2099) with reference(-

737 mm w.e. a-1). For RCP8.5 mass balance varies between (1197 to –6913 mm w.e. a-1) with 

ensemble mean (–2018 mm w.e. a-1) in near future (2040-2059) and (–1508 to –4489 mm w.e. 

a-1) with ensemble mean (–2597 mm w.e. a-1) in far future scenario (2080-2099). The spatial 

variability in projected mass loss is dependent on the projected temperature, precipitation, 

present-day mass balance and several glacier attributes such as, e.g., ice thickness and glacier 

hypsometry. Overall, a rise in temperature varies between 1.63 ± 0.95 to 6.02 ± 0.88 (oC/day) 

during both scenario periods under all RCPs. Although precipitation is also projected to 

increase 28.7% under high emission scenario by the end of century, it cannot compensate the 

substantial increase in temperature.     

3.5 Projected change in streamflow 

In order to predict the impact of climate change on future streamflow, the linear reservoir model 

already calibrated and validated in the previous chapter was executed with future climate 

forcings. The model parameters were kept the same during future simulation, except initial 

baseflow. The predicted streamflow hydrographs for two future scenario periods (2040-2059) 

and (2080-2099) with reference to control period 1991-2010 under three RCPs 2.6, 4.5 and 8.5 

are shown in Fig.3.6. The uncertainty in the future climate of Naltar catchment is also evident 

in projections of future hydrology. The result show different projected seasonal variability in 

streamflow in all selected climate models under three RCPs in Naltar catchment. Under RCP 
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2.6 with RCM9, the projected streamflow is found to be increasing in magnitude in near future 

followed by steady decline during far future period relative to control period. It is also seen in 

Fig.3.6. that peak stream flow is shifted from Aug-Sep to June-July by end of the century in 

both future periods.  

Under RCP 4.5, projected streamflow exhibited increasing and decreasing rate in both future 

scenarios relevant to control period in different RCMs. Overall, the ensemble projected 

streamflow is expected to follow a slightly decreasing trend (-1.88%) in near future (2040-

2059) following the steady increase (3.61%) in far future (2080-2099). The peak runoff curve 

is also shifted from Aug-Sep to July-Aug by the end of the century. Under RCP 8.5, the 

projected streamflow is expected to continuously decrease (-3.02%) in near future (2040-2059) 

and (-23.69%) in far future (2080-2099). Similarly peak streamflow duration in majority of 

RCMs as well as their ensemble mean also shifted significantly from Aug-Sep to mid of June 

to July in near future whereas mid of May to end of June in far future. 

     
Figure.3.6. Comparison between daily runoff of control period (1991-2010) and projected 

runoff of scenario years (2040-2059) & (2080-2099) under RCP 2.6, RCP 4.5 and RCP 8.5 of 

Naltar catchment.  

Table.3.4 illustrates the projected monthly variation in streamflow and its change under three 

RCPs (2.6, 4.5, 8.5) for each selected model and its ensembles. The change in future climate 

induced significant variation in seasonal runoff especially during pre-monsoon (April-June) 

and monsoon seasons (July-September). During the spring season, the streamflow is normally 
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generated due to snowmelt with small contributions from the rainfall whereas during monsoon 

periods, streamflow is dominated by glacier melt with monsoon precipitation. From Table.3.4 

it can be seen that in the present climate scenario peak streamflow period normally lies from 

July-Sep while maximum increment in projected streamflow were noticed during the pre-

monsoon season under RCP 4.5 and RCP 8.5 in all selected models and their ensembles. Under 

RCP 2.6, the streamflow shows substantial increase in magnitude during (pre-monsoon) (25.3 

to 33.6%) while a downward trend (–7%) during the monsoon in near future and it is stronger 

decrease in far future scenario up to (–46.9%).  

For RCP 4.5 simulations, streamflow evident ensemble increasing rate (13.8%) during pre-

monsoon in both scenario period and it is more pronounced (34.1%) by end of century. 

Similarly in 8.5 simulations, projected streamflow also exhibited substantial mean rise in 

streamflow in both scenario periods (25.6% & 48.4%). It was also noticed that almost all RCM-

simulations and their ensembles recorded substantial decline of streamflow during monsoon 

despite significant increases in streamflow was examined at control period. For RCP 4.5, the 

ensemble streamflow during monsoon decreased by –9.4% to –11.4% during near 2050s and 

far future 2090s periods respectively which was even stronger in case of RCP 8.5 simulations 

with –17.8% in 2050s and –57.2% in 2090s. It is mainly linked to the bilateral relationship 

between significant increase in temperature and early onset of snow and glacier melt during 

pre-monsoon (April-June: snow melt followed by extreme events in conjunction with glacier 

melt) consequently one month earlier peak flow pre-monsoon (July) was observed under RCP 

4.5 in both scenario periods whereas peak streamflow shifted to late pre-monsoon (June) than 

the reference (August) under RCP 8.5 by end of century.  

Several factors may have contributed to these substantial shifts in hydrological regime, 

including regional hydroclimatic factors and the physical characteristics (presence of snow and 

glaciers) of the study region. Naltar catchment is mainly characterized by snow fed- glacierized 

catchment with major influence of westerlies circulations. During the pre-monsoon period, 

there was a significant rise in temperature, and solid precipitation occurred in high altitude 

parts during the control period; this precipitation could occur in a liquid state during the 

scenario periods. It may result occurrence of earlier peak cryosphere melt with varied 

magnitude during pre-monsoon in both future scenarios under considered RCPs. Results from 

our PDSLIM and LRM models for intra-seasonal streamflow changes are consistent with 

projections developed by Lutz et al. (2016)  using the Spatial Processes in Hydrology (SPHY) 

model, Azmat et al. (2020) using multiple models in Hunza and Mishra et al. (2020) in two 

sub-catchments of HMA (Naltar in Karakoram and  Trishuli in Nepal. Due to varying scenarios 

and climate models, it is difficult to make a direct comparison with absolute results. As a result 

of the uncertainty surrounding the future climate change projections, climate models must be 

improved in order to make better predictions about the future. Overall, intra-annual potential 

change in streamflow show a substantial alteration in hydrological regime of the selected study 

basins attaining decline of peak flows one-two month early than the current natural conditions. 

Further, it should be important to know that the streamflow during early pre-monsoon season 

is mainly contributed by the seasonal snowmelt and partially by glacier-melt and this 

phenomena is vice versa in case of monsoon season.  

 

 



105 

 

Table.3.4. Naltar monthly streamflow changes by CORDEX climate models under RCP 2.6, 

RCP 4.5 and RCP 8.5 as compared to control period 

RCM RCP Decade April May June July August September    

RCM1 

RCP45 

2050s 1.2 45.7 66.9 16.6 -24.4 -23.2    
2090s 3.2 33.0 97.8 15.0 -35.5 -34.2    

RCP85 

2050s -1.6 54.3 78.6 -4.3 -39.9 -40.5    
2090s -4.3 142.3 46.0 -47.6 -65.7 -66.6    

RCM2 
RCP45 

2050s 6.3 23.0 33.0 31.1 -2.3 -2.4    
2090s 10.1 29.5 88.0 47.9 -17.4 -16.7    

RCP85 

2050s 10.6 94.9 96.4 -0.2 -18.5 -13.8    
2090s -20.4 63.3 64.0 -35.9 -57.3 -58.6    

RCM3 
RCP45 

2050s -3.0 -22.2 -30.3 21.1 -3.5 -20.2    
2090s -5.8 -10.3 -5.7 18.0 -10.0 -26.0    

RCP85 

2050s 0.2 11.0 -0.9 35.6 -20.2 -28.8    
2090s -16.5 122.2 68.0 -40.9 -55.3 -57.6    -100% 

RCM4 
RCP45 

2050s 19.6 -19.4 -17.6 -3.4 -9.2 -21.2     

2090s 38.0 86.0 13.5 4.2 -27.4 -33.9     

RCP85 

2050s 34.0 83.4 59.2 -14.2 -39.3 -40.2     

2090s 60.4 68.9 -7.0 -40.9 -64.8 -65.6    0 

RCM5 
RCP45 

2050s -6.3 1.4 7.2 -14.2 -18.9 -29.0     

2090s 47.8 15.7 -8.0 -21.0 -21.8 -40.4     

RCP85 

2050s 127.9 264.4 64.5 -10.5 -26.6 -20.0     

2090s -1.4 12.6 3.0 -22.1 -61.9 -62.8    100% 

RCM6 
RCP45 

2050s -7.5 -10.8 25.1 -0.5 -40.2 -28.4    
2090s 25.0 8.0 31.0 -6.2 -42.9 -41.4    

RCP85 

2050s -32.3 -7.8 48.0 -19.6 -55.9 -57.9    
2090s -14.6 39.2 24.0 -63.7 -80.4 -85.5    

RCM7 
RCP45 

2050s 58.4 77.4 9.7 19.7 -1.1 -9.6    
2090s 54.3 122.0 47.7 52.0 -4.5 -9.9    

RCP85 

2050s 24.9 43.9 -17.1 10.2 -10.6 -26.6    
2090s 48.1 114.9 64.1 38.0 -31.7 -34.7    

RCM8 
RCP45 

2050s 30.3 -0.5 35.5 29.4 -7.0 -14.1    
2090s 37.9 34.0 71.3 54.8 -9.2 -17.1    

RCP85 

2050s -4.5 -16.2 2.7 9.0 -21.1 -33.4    
2090s 38.3 91.6 96.2 -31.3 -61.4 -61.3    

RCM9 

RCP26 

2050s 25.3 25.6 33.1 22.2 -0.4 -7.0    
2090s -14.8 -16.0 21.4 -6.2 -44.7 -46.9    

RCP45 

2050s 41.3 44.4 87.9 50.4 0.2 15.5    
2090s 27.1 10.5 79.9 24.1 -29.1 -25.0    

RCP85 

2050s 31.5 21.1 65.8 60.5 -16.9 -14.2    
2090s 44.1 24.6 103.1 -12.4 -42.1 -47.2    

RCM10 
RCP45 

2050s -24.3 -22.2 -22.0 -46.8 -58.2 -46.0    
2090s 78.7 88.7 149.9 56.2 -12.9 -14.9    

RCP85 

2050s -0.1 24.3 26.8 -15.3 -39.7 -34.5    
2090s -31.1 -69.0 -78.9 -85.0 -85.8 -83.3    

RCM16 
RCP45 

2050s 57.0 46.3 28.8 -0.4 -24.2 -29.0    
2090s 82.1 89.1 32.1 1.0 -30.9 -33.8    

RCP85 

2050s -19.5 -44.2 -66.1 -41.0 -19.5 -34.7    
2090s 155.6 129.1 11.6 -49.4 -69.0 -69.3    

Ensemble 
RCP45 

2050s 13.4 7.6 20.6 13.3 -19.7 -21.7    
2090s 25.6 30.3 46.2 22.6 -26.7 -30.0    

RCP85 

2050s 1.6 27.6 47.5 12.6 -33.3 -32.7    
2090s 16.3 76.2 52.9 -43.0 -63.5 -65.2    
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3.6 Projected change in hydrological components to net streamflow 

The impact of climate change on hydrological components (glacier runoff, surface runoff and 

sub-surface runoff) to net streamflow is of highly important especially in snow-glacier 

dominated catchment. Table.3.5. depicts the relative change in individual hydrological 

contributions to net flow during for all RCMs and their ensemble during scenario periods 

relative to control period. Similarly, projected changes in hydrological components by 

integration of ensemble of 11 RCMs for both future scenario periods are given in Fig.3.7. 

 

  

  

  

 
Figure.3.7 Projected changes in the contribution of individual components to total flow 

simulated by the integration of ensembles of 11 different CORDEX-SA RCM experiments 

with PDSLIM and LRM for 2040-2059 and 2080-2099 under RCP 2.6, RCP 4.5 and RCP 8.5 

relative to control period 1991-2010  
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Table.3.5 Hydrological contributions to the Naltar streamflow considering RCP 2.6, RCP 4.5 

and RCP 8.5 climate scenarios using PDSLIM and LRM 
    1991-2010 to 2040-2059 1991-2010 to 2080-2099 

RCP 
  

Glacier Runoff Surface Runoff 

(mm) 

Sub-surface 

Runoff (mm) 

Glacier Runoff Surface Runoff 

(mm) 

Sub-surface 

Runoff (mm) (mm) (mm) 

Reference 368 177 416 368 177 416 

   MODEL 
Value Change Value Change Value Change Value Change Value Change Value Change 

 mm    %  mm    %  mm    %  mm    %  mm    %  mm    % 

RCP26 RCM9 259 -29.6 248 40.1 563 35.3 177 -51.9 169 -4.5 402 -3.4 

RCP45 

RCM1 266 -27.7 239 35.2 507 21.8 177 -51.9 270 52.7 555 33.3 

RCM2 323 -12.2 246 38.7 500 20.2 225 -38.8 317 78.9 600 44.2 

RCM3 183 -50.2 236 33.2 457 9.8 136 -63.2 266 50.4 502 20.7 

RCM4 181 -50.7 227 28.1 454 9.0 155 -58.0 261 47.5 543 30.6 

RCM5 175 -52.4 212 19.9 445 7.0 114 -68.9 230 29.9 476 14.3 

RCM6 223 -39.3 195 10.2 403 -3.2 141 -61.8 216 22.2 468 12.6 

RCM7 215 -41.7 282 59.2 611 46.9 199 -45.9 349 97.0 710 70.7 

RCM8 239 -35.0 257 44.9 553 33.0 202 -45.2 337 90.4 640 53.8 

RCM9 314 -14.7 333 88.0 642 54.2 193 -47.6 280 58.4 555 33.3 

RCM10 243 -34.0 102 -42.3 210 -49.6 217 -41.0 395 123.1 749 80.0 

RCM16 229 -37.7 233 31.7 501 20.5 160 -56.4 289 63.5 552 32.7 

Ensemble 230 -37.6 231 30.5 481 15.7 168 -54.3 275 55.4 550 32.2 

RCP85 

RCM1 198 -46.3 240 35.6 487 17.1 127 -65.4 215 21.2 409 -1.7 

RCM2 345 -6.2 250 41.5 509 22.3 126 -65.8 212 19.5 417 0.2 

RCM3 158 -57.2 242 36.6 493 18.5 121 -67.2 237 33.7 455 9.3 

RCM4 253 -31.3 207 17.1 472 13.5 100 -72.9 182 2.6 396 -4.9 

RCM5 446 21.2 257 45.1 547 31.4 87 -76.4 185 4.5 378 -9.2 

RCM6 157 -57.4 191 7.8 353 -15.3 102 -72.2 156 -12.1 254 -39.0 

RCM7 149 -59.4 255 44.3 535 28.7 117 -68.3 342 93.0 664 59.6 

RCM8 188 -48.9 240 35.5 421 1.1 128 -65.1 260 46.8 471 13.1 

RCM9 242 -34.3 313 76.7 598 43.9 123 -66.5 272 53.9 533 28.0 

RCM10 221 -40.0 198 12.0 399 -4.1 125 -66.0 33 -81.5 48 -88.4 

RCM16 59 -83.9 198 12.1 354 -14.8 109 -70.3 222 25.4 456 9.6 

Ensemble 209 -43.3 244 38.0 478 15.0 114 -69.0 208 17.6 410 -1.3 

 

It can be seen that relative change in each hydrological component produced by RCMs is 

significantly different from each other. The results indicate that direct surface runoff is found 

to contribute less to net streamflow in Naltar catchment while it is significantly influenced by 

both subsurface and glacier runoff.  Under RCP 2.6, the results show a continuous decrease in 

surface and glacier runoff in both scenario periods. Further an abrupt increase in sub-surface 

runoff (13.7%) and subsequent decline (–42.1%) even below control period is projected for far 

future scenario.  

In RCP 4.5 simulations, the glacier runoff is projected to decrease in all RCMs and their 

associated ensembles –37.6% and –54.3% in both future scenarios by end of century. Infact, 

the decrease is strongest under RCP 8.5 in all RCMs and their ensembles decline up to –43.3% 

during 2040-2059 and –69% during   2080-2099. Similarly, projected surface runoff in all 

considered scenarios is found to be higher than control period. In RCP 4.5, the projected surface 

runoff contribution to net streamflow is expected to peak (56.2%) by end of century which was 

steady declined (42.6% to 17.6%) under the RCP 8.5 but still higher than control period.  
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In Naltar catchment, sub-surface runoff contributes more to net streamflow through most of 

the year. The largest contribution of sub-surface runoff is due to dominant present of snowmelt 

in groundwater storage which returns to surface flow through baseflow. The contribution of 

sub-surface runoff in net streamflow pattern is continue in future and maximum contribution 

(56.2%) is reached during far-future scenario (2080-2099) under RCP 4.5 subsequently steady 

decline (–1.3%) until 2099 with RCP 8.5. Another reason for higher contribution of sub-surface 

runoff in Naltar catchment, glacier area is gradually reduced in both future scenarios under 

three considered RCPs, the contribution of store snow melt in favor of glacier melt. Hence, 

seasonal snow provides considerable amount of melt water.  

 

Lutz et al. (2016) found significant increase in winter precipitation in Karakoram, but rapid 

increase in temperature especially at high altitude zones lead to shift precipitation pattern to 

fall as rain instead of snow. Thus, reduced snow precipitation during accumulation period and 

rapid melting of snowpack from subsurface layers also result in early exposure of glacier 

surfaces, which enhances the melting of glaciers in the basin. It is also observed that glaciers 

initially contribute a significant amount to net streamflow in near future under RCP4.5 and 

RCP8.5 until glacier mass depletion reaches tipping points in the far future scenario under 

RCP8.5 consequently a sharp decline in streamflow 733 mm (–23.69%) as shown in Table.3.6. 

The findings from our glacier and hydrology modeling components, indicating an increasing 

glacier melt driving an increase in river runoff from glaciers and a subsequent decline in river 

flow, are a characteristic of "peak water" conditions. The dynamics of our results are in an 

agreement with previous studies with earlier shift in snow melt followed by significant 

increasing trend in ice melt/glacier shrinkage and peak shift in streamflow at large scale 

(Kraaijenbrink et al. 2017); Rounce et al. (2020) and regional/catchment level (Ali et al. 2018; 

Azmat et al. 2020; Mishra et al. 2020; Soncini et al. 2015).  

3.7 Projected change in water balance  

The projected water balance analysis in all RCMs and their ensemble was estimated and plotted 

based on hydrological alternative of the Truc-Budyko plot as shown in Fig.3.8. Further, 

projected values of individual component of water balance were computed and displayed in 

Table.3.6. The runoff coefficient (Q/P) and aridity index were computed (P/ETp) and plot on 

y-axis and x-axis, respectively. 

Under RCP 2.6, 4.5 & 8.5, most of RCMs and their ensemble broke the water limit and were 

located within the “Gaining” domain as shown in Fig 3.8(a-f) in both future scenarios. In 

gaining catchments, precipitation was not sufficient (underestimated) to close the water balance 

cycle. In the “Gaining” catchments which break the water limit (Q>P) additional water is 

required to close the water balance. This additional water is fed by glacier melting in glacierized 

catchments. Such phenomena result in negative glacier mass balance. as shown in Fig.3.5.  It 

is also noticed that one of RCM10 under RCP 8.5 in far future scenario not only below water 

limit but also out of the energy limit i.e., simulated streamflow was highly underestimated. 

Such underestimation is due to lower projected values of snow depth ratio as shown in Table 

S3.3 which ultimately put impact on all glaciological and hydrological simulations as shown 

in Fig.3.3 and Fig.3.5.  
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Given the importance of glacier melt contribution to streamflow in Naltar catchment, it is also 

found that projected mass balance loss significantly increases in both future scenario under all 

RCPs due to increase in temperature (6.15%) and evapotranspiration (23.72%), consequently 

less ice melt is available in the future. Additionally, RCMs and their ensemble also projected 

increase in precipitation in both future scenarios (+5.39% to +27.95%). Based on such 

arguments, it can be seen in Fig 3.8, RCMs and their ensemble are moving towards water limit 

line in both future scenarios especially under RCP 8.5 and there is possibility that state of 

hydrological regime of Naltar can convert from snow & glacier melt dominance to rainfall 

dominance.  

 
Figure.3.8. The hydrological alternative of the Turc-Budyko plot for 11 RCMs and their 

ensemble in future scenarios (2040-2059) & (2080-2099) relative to control period (1991-

2010). Reference point marked relationship during present condition .  
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Table.3.6 Projected changed in water balance components from 2010-2099 under RCP 2.6, 

RCP 4.5 and RCP 8.5. 
 

 

 

 

 

 

 

 

 

 

 

 

    1991-2010 to 2040-2059 1991-2010 to 2080-2099 

RCP 
  

SWE 
Ice 

melt 
Precipitation ET 

Q 

simulated 
SWE 

Ice 

melt 
Precipitation ET 

Q 

simulated 

mm mm mm mm mm mm mm mm mm mm 

Reference 1294 133 414 664 960 1294 133 414 664 960 

   MODEL           

RCP26 RCM9 1671 48 262 720 1080 1161 61 227 718 748 

RCP45 

RCM1 1311 129 363 659 1012 1362 72 384 676 1002 

RCM2 1330 214 419 683 1069 1376 136 434 578 1142 

RCM3 1267 42 509 710 876 1338 38 533 764 904 

RCM4 1261 48 396 627 862 1341 53 383 648 959 

RCM5 1237 39 355 621 833 1241 17 375 676 820 

RCM6 1083 125 515 750 821 1284 54 387 830 825 

RCM7 1680 38 289 706 1107 1761 60 435 762 1258 

RCM8 1582 71 269 743 1049 1486 91 607 828 1178 

RCM9 1532 139 765 801 1288 1431 95 431 790 1028 

RCM10 679 214 503 792 555 1567 86 772 852 1360 

RCM16 1290 89 421 699 964 1338 54 554 769 1002 

Ensemble 1302 91 437 704 942 1360 64 481 742 993 

RCP85 

RCM1 1176 105 418 682 925 918 92 415 735 751 

RCM2 1184 324 451 733 1104 918 93 384 613 754 

RCM3 1169 66 563 763 892 918 78 652 771 812 

RCM4 1184 188 303 778 932 917 62 367 663 677 

RCM5 1184 429 364 727 1250 917 44 409 674 649 

RCM6 839 94 513 771 700 696 85 473 1048 511 

RCM7 1546 34 272 744 940 1435 48 545 745 1122 

RCM8 930 113 773 777 849 1036 90 677 1019 859 

RCM9 1478 133 617 850 1153 1154 71 634 833 928 

RCM10 931 167 702 817 818 282 132 622 1180 206 

RCM16 669 3 644 496 612 917 65 654 883 787 

Ensemble 1182 126 511 738 931 918 77 536 821 733 
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4. Conclusions  
 

As global climate change progresses, interacting processes in physical systems and economic 

activities become highly complicated and uncertain (Abbasi et al. 2017). In the High Mountain 

Asia (HMA), assessing future hydro-glaciological changes is complicated by uncertainties 

associated with the historical and projected climate data, glacier extent, glacier mass balance, 

and model processes and parameters. In this study, the energy balance model named Physically 

based Distributed Snow Land and Ice Model (PDSLIM) was used in Pakistan to explore its 

applicability and assess the relative impacts of projected climatic changes in glaciological and 

hydrological regimes of Naltar catchment, located in Hunza, one of largest glacierized region 

in High Mountain Asia (HMA). 

 

To select the most appropriate set of RCMs for climate change assessments on glacio-

hydrology, a multi-perspective approach based on improved delta change method and 31-days 

moving window was proposed and applied in Naltar catchment as a case study. Using this 

approach, eleven RCMs were shortlisted out an initial pool of 17 from CORDEX- SA domain 

with two future scenarios (2040-2059 and 2080-2099) under three RCPs representing the full 

spectrum of projected changes in mean and extreme climate conditions. By using the proposed 

approach, 37 simulations of RCMs and their ensemble from the CORDEX-SA were selected 

to produce a full range of climate change ensembles, which ultimately results in a reduction of 

the glacio hydrological simulation task. 

 

The climate projection exhibited significant increase in warming between +0.87 to +6.02 oC 

and precipitation up to +29% (121 mm) from April-September between 1991-2010 and 2080-

2099 for RCP 2.6, 4.5 and 8.5. A maximum increase in precipitation and temperature was 

observed during the 2090s under RCP8.5, whereas seasonal changes were observed during pre-

monsoon for temperature and early monsoon for precipitation. A similar increase in solar 

radiation was also evident in both future scenarios under RCP 4.5 and 8.5, which is also 

indicative of the presence of global warming in this region. Additionally, relative humidity, 

wind speed, and pressure are showing increasing trends both in the near term and in the long 

term, but the variability of these variables is not as high as that of temperature and precipitation.  

 

The projected simulations of energy and mass balance indicate that snow and ice melt 

progression consistently increases in both future scenarios with early shift in the timing of the 

maximum snowmelt (65% -80%) as it appears in June during near future (2040-2059) and in 

May for far future (2080-2099) under high emission scenario. Further, projections of glacier 

mass balance show glaciers in Naltar catchment are expected to retreat (–39% to –40%) for 

2.6, (–46% to –62%) for 4.5 and (–65% to –80%) for 8.5 ensemble scenarios. The glacier extent 

is expected to change sharply after the 2050s for most glaciers, indicating that glaciers are 

retreating more rapidly and that some glaciers may be disappeared by the end of century. Such 

earlier seasonal snowmelt followed by glacier retreat is likely to be a result of warming over 

elevated regions, which drives not only temperatures to melt earlier in the season but also may 

lead to more severe floods and landslide events in future. An example of such a catastrophic 

event occurred on July 5, 2021, when a glacial surge caused extensive damage to infrastructure 

and the death of four people in the Upper Naltar valley.  

 

Water availability in the Naltar catchment is highly uncertain based on PDSLIM and LRM 

simulations that exhibited variable time distribution at monthly scale. Projected changes of 

water availability for RCP 4.5 (–2.7% to +3.38%) and (–4% to –23.69%) for RCP 8.5 under 

ensemble scenarios with respect to 2010 are highly variable.  Separating the flow into primary 
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sources of glacier runoff, sub-surface runoff and surface runoff depicts decreasing contribution 

of glacier runoff up to (-69%) by the end of the century under RCP 8.5. Additionally, the rise 

in temperature is expected to have a substantial impact on the hydrological regime at seasonal 

scale. Based on the monthly projections, it is apparent that the streamflow in the Naltar will 

significantly increase in the pre-monsoon season and then decrease in the monsoon season in 

both future scenarios. The effects of these changes are likely to result in a shift of peak 

hydrological regime from one to two months earlier by 2090s over Naltar catchment. Using 

Turc-Budyko approach, the water energy and mass balance indicate that Naltar's hydrological 

regime can shift from snow and glacier melt dominance to rainfall dominance. 

 

In light of the above results and discussion, we concluded that water availability in the Naltar 

catchment will be highly uncertain by the end of century in comparison with the current 

situation. Pakistan is investing in hydropower development in Northern areas to meet energy 

demand. It is estimated that a combined hydropower capacity of 51.2 MW will be operational 

by 2030 on the Naltar river, which not only helps to control water from glacier melt but also 

meets energy demands in Gilgit-Baltistan. The results of this study will help the government 

and other stakeholders to take informed decisions and assess financial risks for further 

development of reservoir operation and agriculture on farm water management in downstream 

areas by considering change in hydrological patterns driven by a projected climatic variable. 
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Conclusion and perspectives of the PhD thesis 

1 Conclusion  

 

In the data scarce region of High Mountain Asia, it is imperative to understand the sensitivity 

of the hydrological regime, snow melt water runoff, and glaciers' evolution to climate 

variability. A change in hydro-glaciological regime in upstream affects the availability of water 

for hundreds of millions of people living downstream and poses new management challenges. 

The studies of the interaction between glaciers, climate and hydrology are not so many because 

of the few observed hydro- meteorological time series long enough for climatological studies 

available in this region.   

 

The study is focused on the Naltar catchment covering an area of 242.62 km2 in Hunza basin, 

High Mountain Asia with glacierized area 42 km2. The objectives are: 1) Characterization of 

Interannual and Seasonal Variability of Hydro-Climatic Trends in the Upper Indus Basin; (2) 

Energy balance modeling of snow and ice melt in the Naltar Catchment (UIB, Pakistan (3) 

Impact of climate change on Naltar Catchment Hydrology, Upper Indus Basin. 

 

The specific conclusions of each chapter are reported as follows: 

 

1. The performance of four gridded datasets shows that CHIRPS produces the lowest BIAS, 

MAPE, and RMSE at the annual and seasonal scales, followed by ERA5. The mean annual 

corrected precipitation was calculated as 536 mm a-1 in the UIB gauged at Besham Qila. 

Based on the mean seasonal precipitation over the entire study basin, precipitation in the 

winter is 96 mm, in the spring 150 mm, in the summer 220 mm, and in the autumn 70 mm 

(SON). Both the annual and seasonal precipitation climatology showed that the lower part of 

the basin experienced a higher amount of precipitation. In glacierized basins, rainfall runoff 

coefficients are higher, suggesting that glacier retreat and snowmelt are significant 

contributors in net stream flow with under catch precipitation. It is also recommended that 

gridded precipitation be corrected before it is used in hydrological model studies, particularly 

those that include glacierized catchments. A novel running trend analysis and spectral 

analysis based on a moving window approach revealed significant seasonal variation in 

precipitation rather than annual variability. Summer is drying while winter is wetting. A 

significant increase in temperature was observed for the winter, spring, and annual scale, 

while a significant cooling was observed for the summer season. In terms of streamflow, 

variabilities are more pronounced seasonally than annually. The results indicate that runoff 

increased significantly or slightly in winter and spring in all sub-basins, while in summer it 

decreased. A possible explanation for the increased flow during the winter and spring may 

be due to warming over elevated regions, which causes temperatures to rise earlier in the 

spring season, leading to earlier melt of the snow. The impact of these issues on glacier and 

snow melt on total flow from each subbasin requires further investigation.   

 



124 

 

2. Energy budget based distributed modeling at high-altitude glacerized catchments is 

indispensable to examine the glacio-hydrological processes and quantify flow rate. In this 

study, the energy balance Physical Based Distributed Snow Land and Ice Model (PDSLIM) 

are employed for the first time in Pakistan at Naltar catchment located in Hunza river basin 

to simulate snow ice melt progression, summer glacier mass balance as well as seasonal 

runoff. The results exhibited satisfactory performance with coefficient of determination (R2) 

= 0.96 and Nash-Sutcliffe Efficiency (NSE) = 0.95 of model against satellite-based snow +ice 

cover area for all simulated years. In terms of streamflow dynamics, PDSLIM and LRM have 

been found to be capable of developing reliable relationships between the model and 

observed runoff based on KGE, NSE, and RMSE (0.89, 0.90, 0.78). Both low and high 

simulated flow limbs were fairly correlated with observed runoff. Flow composition analysis 

reveals the simulated lake flow is comprised of glacier runoff, sub-surface runoff, and surface 

runoff. Sub-surface runoff accounted for a large proportion of Naltar catchment runoff 

(42.07%); whereas glacier runoff contributed 39.91% and surface runoff had the smallest 

contribution (18.02%). During the 8-year simulations, the average value of the net glacier 

summer mass balance is slightly negative (–810 ± 311 mm w.e. a-1) which shows that the 

Karakoram anomaly is varying especially at the catchment scale. Based on these findings, 

possible future projections of energy and mass balance studies should be conducted and their 

impact on climate change should be considered. Overall, PDSLIM perform well for snow-

glacier retreat dynamics and put a strong foundation for the potential usage of highly accurate 

distributed energy balance in the glacierized catchments of HMA to understand snow-glacier 

melt runoff dynamics in highly complex terrain with glacier rich mountains. 

 

3. In Natar catchment, hydro-glaciological projections were developed from an ensemble of 

37 simulations in two future scenarios (2040-2059) and (2080-2099) under RCP 2.6, RCP 

4.5 and RCP 8.5. It appears from the overall analysis that the Naltar catchment faces an 

uncertain future in terms of the availability of water. Based on the projected climate, there 

will be an increase in both warming (+0.87 to +6.02 oC) and precipitation up to +29% (121 

mm) from April to September in a far future scenario (2080-2099) relative to the reference 

period 2010. Projections of glacier mass balance indicate that glaciers in the Naltar 

catchment will retreat (–27% to –43%) for 2.6, (–41% to –60%) for 4.5 and (–58% to –80%) 

for 8.5 under ensemble scenarios. According to the projected simulations of energy and mass 

balance, snow and ice melt progression by integration ensemble of RCMs is consistently 

increasing in both future scenarios (–47.7% to –83%), with an earlier shift in the timing of 

the maximum snowmelt. Further, projected changes of water availability by integration 

ensemble of RCMs in far future varies from (+3.41% to –23.69%) relevant to reference 

2010. Turc-Budyko's approach suggests that Naltar's hydrological regime will possibly shift 

from (snow and glacier melt dominance) to (rainfall dominance). The intra-seasonal shift in 

water availability across catchment-wide patterns is changing across both future scenarios, 

despite large uncertainties about climate and water availability. The effects of these changes 

are likely to result in a shift of peak hydrological regime from one to two months earlier by 

2090s over Naltar catchment. This finding underlines the relationship between the runoff 

and glacier changes in highly glacierized catchments. 
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Overall, this study highlighted the importance of the evaluation of all available static and 

dynamic datasets (hydro- meteorological, gridded datasets, snow cover area), the associated 

uncertainties before performing an energy mass balance and hydrological modelling. This 

finding underlines the relationship between the runoff and glacier changes in highly glacierized 

catchments. It provides a better understanding of the physical processes taking place within a 

catchment. Additionally, this study can provide further insight for temporal and spatial changes 

in the projected snow and ice melt seasonal cycle under climate change scenarios. Moreover, 

the suitability of a PDSLIM in simulating the hydrological regime is an important result, since 

four operational and one under construction hydropower plants a’re strongly dependent on 

glacier runoff generated by Naltar glaciers. Finally, the limitations and potential for further 

improvement have been identified, providing new research challenges. 

2 Outlook for further research 

 

1) This study used precipitation data for a period of 23 years (1995-2017) to develop a 

high resolution precipitation climatology and examined seasonal and annual trends. 

World Metrological Organization (WMO) recommends a 30-year reference period for 

monitoring global and regional climate anomalies. Moreover, the relationship between 

station elevation and measured precipitation is represented in (Chapter#1: Fig.1.2), 

which shows that no significant altitudinal trend can be observed, although doubts arise 

about the reliability of precipitation data when snowfall occurs. The development of an 

altitude trend at sub-basin levels is recommended. It would be beneficial to consider 

these points in future work.   

2) The study also has some limitations associated with input data. Firstly, observed data 

obtained from WAPDA have some inconsistencies and missing gaps at a specific date 

which were observed during consistency check. Although, lot of efforts have already 

been made to remove these missing gaps, uncertainty in the data cannot be completely 

ignored. There is a need to strengthen the existing network of hydro-meteorological 

monitoring and to increase the length of record.  

3) Currently, the majority of glacio-hydrological studies, including this study, rely on 

remote sensing data for calibration and validation of snow cover extent and mass 

balance. Remote sensing datasets have their own limitations as discussed in chapter#2. 

A short-term specific monitoring program in the HMA Alps could provide a useful 

substitute for long-term observations by quantifying water budgets and actual 

cryosphere status. 

4) The potential of PDSLIM to simulate glacio-hydrological processes in HMA Alps is 

highly recommended especially in the context of climate change. Furthermore, the 

study encourages the use of PDSLIM for future studies of energy and mass balance as 

well as exploring its potential application for glacier lakes outburst in Pakistan. 
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Supplementary Material Chapter # 1 
 

 
Figure.S1.1 The hypsometric curve of Upper Indus Basin (UIB), Pakistan 

 
Figure.S1.2 Running trend of annual and seasonal precipitation series. Average Precipitation 

values are divided into various classes (white to dark blue). Trend values are showed by upward 

(green) and downward triangles (black) while trend significance is described by hollow 

(nonsignificant) and filled circles (significant) with Mann-Kendall p-values < 0.05). Red 

vertical line expressed change point (Petit Test) in whole time series. The x axis is the starting 

year (central year), while the y axis is the moving window (a minimum assessment duration of 

5 year is selected). 
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Table.S1.1 Streamflow Pettit Test (<0.05 Significance Level) at Annual and Seasonal scale 
 

Stream Flow Pettit Test (<0.05 Significance Level) 

Basins DJF MAM JJA SON ANN 

Indus_BQ 0.01 0.05 0.82 0.43 0.91 

Indus_Kachura 0.01 0.1 0.02 0.03 0.00 

Indus_Shyok 0.002 0.11 0.07 0.15 0.04 

Indus_Kharmong 0.63 0.51 0.08 0.63 0.09 

Indus_Bunji 0.01 0.01 0.20 0.04 0.03 

Astore 0.01 0.05 0.32 0.00 0.03 

Shigar 0.11 0.43 0.06 0.43 0.24 

BQ-Kharmong 0.36 0.04 0.91 0.11 0.80 

BQ-Kharmong-Shyok 0.41 0.06 0.84 0.06 0.54 

 

Table S.1.2 Precipitation Pettit Test (<0.05 Significance Level) at Annual and Seasonal scale 
 

Precipitation Pettit Test (<0.05 Significance Level) 

Basins DJF MAM JJA SON ANN 

Shingo 0.27 0.01 0.13 0.81 0.2 

Shyok 0.00 0.50 0.01 0.00 0.00 

Shigar 0.09 0.36 0.80 0.01 0.07 

Astore 1.00 0.50 0.67 0.78 0.87 

Hunza 0.03 0.67 0.40 0.03 0.05 

Gilgit 0.05 0.55 0.22 0.01 0.17 

BQ 0.55 0.50 0.80 0.67 0.1 
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Figure.S1.3 Running trend of annual and seasonal runoff series. Average runoff values are 

divided into various classes (white to red). Trend values are showed by upward (green) and 

downward triangles (blue) while trend significance is described by filled circles (significant) 

with Mann-Kendall p-values < 0.05). Black vertical line expressed change point (Petit Test) in 

whole time series. The x axis is the starting year (central year), while the y axis is the moving 

window (a minimum assessment duration of 10 year is selected). 

 

Rainfall Runoff Relationship in Upper Indus Basin 

 

The rainfall runoff relationship and runoff coefficients are first order representation of under 

or overestimation of precipitation in the watershed. The annual and monthly runoff coefficients 

at sub-basins scale were developed as shown in Table.5 and Fig.9. 
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Figure S1.4. Rainfall runoff relationship among bias corrected ERA5, Chirps precipitation and 

runoff at sub-basins level. 
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Supplementary Material Chapter # 2 
 

 
   Fig S1. LANDSAT based snow cover area with B3(Green Band) and B6(NIR Band) for 20/07/2016 

 

Table.S1 (a) Statistics Evaluation of Snow Cover Simulation of Naltar Catchment using 

MODSCAG based SWE for 2006-2016 (TLR for clear sky (-0.0085) and cloud cover (-

0.0045)) 
 

Year NSE 
ME 

(Km2) 

%Bias 

 

MAPE 

(%) 

RMSE 

(Km2) 
R2 

2006 0.92 20.14 6.79 14.00 14.82 0.96 

2008 0.95 12.65 6.57 9.82 11.78 0.97 

2009 0.96 13.14 0.91 9.41 11.80 0.96 

2010 0.91 14.22 4.35 9.97 16.13 0.92 

2011 0.93 13.67 -1.53 13.97 14.21 0.94 

2012 0.94 10.03 -2.02 12.54 11.02 0.96 

2014 0.95 -3.16 -1.72 12.06 12.60 0.96 

2016 0.95 14.15 -1.94 9.95 12.50 0.96 

Average 0.94 11.85 1.43 11.46 13.11 0.95 

 

Table.S1 (b) Statistics Evaluation of Snow Cover Simulation of Naltar Catchment using 

SPIRES based SWE for 2006-2016 (TLR for clear sky (-0.0085) and cloud cover (-0.0045)) 

 

Year NSE 
ME 

(Km2) 

%Bias 

 

MAPE 

(%) 

RMSE 

(Km2) 
R2 

2006 0.90 19.59 -4.94 14.90 16.21 0.92 

2008 0.90 -0.50 -7.84 17.57 17.18 0.94 

2009 0.95 18.68 0.23 11.43 13.58 0.96 

2010 0.85 15.41 1.00 15.13 20.63 0.89 

2011 0.92 19.00 -6.38 15.77 15.58 0.95 

2012 0.92 12.16 -7.97 16.48 16.22 0.96 

2014 0.94 3.46 -5.48 14.78 14.65 0.96 

2016 0.90 19.43 -11.17 18.55 18.70 0.96 

Average 0.91 13.40 -5.32 15.58 16.59 0.94 
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Figure S.2.2 Scattered plot between observed and simulated streamflow 
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Table S2: Calibrated Parameters for PDSLIM and LRM model in Naltar Catchment 
 

Parameter Description  Initial Range Calibrated  

SurfaceRF Surface runoff fraction 0.25-0.31 0.28 

Tthreshold  Threshold temperature (ºC) 0- 3.0 0 

TLR Temperature lapse rate (°C m-1) -0.0085-0.0045 -0.0065 

kice Time constant for ice layer 815-2160 1480 

ksurface Time constant for surface layer 168-240 217 

ksub-surface Time constant for sub-surface layer 2400-4800 3840 
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Figure.S3.1 Same as Fig.2, but for the change factors of the 20-year standard deviation for the 

six variables. 
 

  Table.S3.1 Details of meteorological data used in the study and their sources. 

Basin Stations 
Period 

from 
Period to Agency 

Latitude 

(0) 

Longitude 

(0) 

Elevation  

(m asl) 

Gligat 
Gilgit 2006 2016 WAPDA 35.92 74.33 1460 

Yasin 2006 2016 WAPDA 36.4 73.5 3280 

Hunza 
Ziarat 2006 2016 WAPDA 36.77 74.46 3629 

Naltar 2006 2016 WAPDA 36.17 74.18 2898 

                          

Table. S3.2 Sources, description and type of data used in this study. 

 

 

 

 

Data Type Data Source Scale Description 

Digital Elevation  

Model 
NASA-SRTM (90m) 

grid cell 

(90 x 90 m) 

NASA Shuttle Radar Topographic Mission 

(SRTM) 

Landuse / Land Cover 
GlobCover land cover 300 m 

European Space Agency (ESA) GlobCover 

land cover product 

LAI 
MODIS 500 m 

MODIS 8-day composite LAI product 

MYD15A2H.006 

ALBEDO MODIS 500 m MOD10A.006 Daily Snow Albedo 

Meteorological Data WAPDA 

 

 

(Bair et al. 2020) 

Hourly 

Temperature, Wind Speed Relative Humidity, 

Solar Radiation, Rainfall 

Pressure 

Discharge Data 
WAPDA Daily 

Mean Daily Discharge at Naltar Bala Station 

(m3/sec)  

Snow Water equivalent 

(SWE) 
(Bair et al. 2020) Daily 

Reconstructed MODIS SWE product 
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Table. S3.3 Projected Snow Depth Raito with respect to the reference snow depth from 

(control run period:1991-2010 to scenario period (2050;2090) under RCP 2.6, RCP 4.5 and 

RCP 8.5 
 

    1991-2010 to 2040-2059 1991-2010 to 2080-2099 
 Reference (SPCK) 1 1 

RCP26 RCM9 1.21 0.83 

RCP45 

RCM1 0.91 0.94 

RCM2 0.91 0.94 

RCM3 0.91 0.94 

RCM4 0.91 0.94 

RCM5 0.91 0.94 

RCM6 0.75 0.89 

RCM7 1.22 1.21 

RCM8 1.1 1.02 

RCM9 1.06 0.98 

RCM10 0.47 1.08 

RCM16 0.91 0.94 

Ensemble 0.91 0.94 

RCP85 

RCM1 0.81 0.63 

RCM2 0.81 0.63 

RCM3 0.81 0.63 

RCM4 0.81 0.63 

RCM5 0.81 0.63 

RCM6 0.58 0.48 

RCM7 1.11 0.96 

RCM8 0.68 0.71 

RCM9 1.01 0.79 

RCM10 0.64 0.2 

RCM16 0.81 0.63 

Ensemble 0.81 0.63 
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Table S3.4. Projected change in summer glacier mass balance for both scenario period relative to control 

period under RCP 2.6, RCP 4.5 and RCP 8.5 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

  1991-2010 to 2040-2059 1991-2010 to 2080-2099 

(mm w.e. a-1) Change (%) (mm w.e. a-1) Change (%) 

RCP Reference -737   -737   

RCP2.6 RCM9 -1150 56.0 -1287 74.6 

RCP4.5 RCM1 -1342 82.1 -1257 70.6 

RCM2 -2373 222.0 -2377 222.5 

RCM3 -185 -74.9 -493 -33.1 

RCM4 -223 -69.7 -797 8.1 

RCM5 -30.65 -95.8 -235 -68.1 

RCM6 -1328 80.2 -903 22.5 

RCM7 -101 -86.3 -1022 38.7 

RCM8 -650 -11.8 -1618 119.5 

RCM9 -1553 110.7 -463 -37.2 

RCM10 -2380 222.9 -1483 101.2 

RCM16 -804 9.1 -803 9.0 

Ensemble -881 19.6 -1103 49.7 

RCP8.5 RCM1 -1636 122.0 -3133 325.1 

RCM2 -4918 567.3 -3156 328.2 

RCM3 -988 34.1 -2663 261.3 

RCM4 -2918 295.9 -2091 183.7 

RCM5 -6480 779.2 -1508 104.6 

RCM6 -1490 102.2 -2870 289.4 

RCM7 -265 -64.0 -1630 121.2 

RCM8 -1784 142.1 -3056 314.7 

RCM9 -1999 171.2 -2420 228.4 

RCM10 -2611 254.3 -4489 509.1 

RCM16 1196 -262.3 -2197 198.1 

Ensemble -1982 168.9 -2597 252.4 
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