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Abstract

Hydrometeorology in Eurasia connects the Arctic with lower latitudes through exchanges 

in moisture and teleconnections influencing climate variability. This thesis investigates the 

role of dams on the Kolyma basin, of precipitation and temperature change on a pristine 

permafrost lined basin of the Yana, and of changing snow cover over Eurasia on the Indian 

Monsoon. These three pieces of work illustrate different aspects of a changing climate that 

impact Eurasian hydrometeorological variations.

The Kolyma is one of the large rivers which flows into the Arctic Ocean where there has been 

a large winter increase and summer decrease in flow over the 1986-2000 period. Winter months 

are characterized by low flow while summer months by high flow. Reservoir regulation was 

identified as the main cause of changes in the discharge pattern, since water is released in winter 

for power generation and stored in summer for flood control. The overall discharge to the Arctic 

Ocean has decreased for Kolyma basin, despite the increase during winter. This study documents 

how human activities (particularly reservoirs) impact seasonal and regional hydrological 

variations.

The Yana Basin is a small pristine basin that has experienced minimal human impact and is ideal 

for investigating the role of climate variability on discharge. The precipitation discharge and 

temperature discharge analysis for Ubileinaya suggests that increased precipitation and higher 

temperatures resulted in higher discharge, but other parameters also come into play since greater 

precipitation does not always yield higher discharge. Overall our analysis for this station 

has increased our understanding of natural basins and how the climate variables like precipitation 

and temperature play a role.
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Recent increases in May-June Indian monsoon rainfall were investigated in the context of Eurasian 

snow cover variations since the onset of the monsoon has long been linked to Himalayan snow 

cover. Himalayan snow cover and depth have decreased and this study argues that this is the driver 

of increased rainfall during May-June, the pre-monsoon and early monsoon period. In addition, 

there has been an increase in snow water equivalent in Northern part of Eurasia and decrease 

in Southern part, suggesting that the anomalies are large-scale. Storm track analysis reveals 

an increase in the number of storms in northern and a decrease in southern Eurasia. The large- 

scale Eurasian snow increases have been shown by other studies to be linked to Arctic sea ice 

decline. The direct linkage between fall Arctic sea ice decline and an increase in May-June Indian 

monsoon rainfall is proposed in this work but the exact climate mechanism is tenuous at this 

point.

This study is focused on understanding changing Arctic rivers and the connection of the Arctic 

with the Indian monsoon. Our study has shed some light into the connection between the Arctic 

and the tropics. This study could benefit from modeling study where we could have case study 

with and without sea ice to understand better how that could impact the monsoon and the 

hydrological cycle in the present and the future. Better understanding of the mechanism would 

help us take steps towards better adaptation policies.

iv



Table of Contents

Abstract..................................................................................................................................................... iii

Table of Contents..................................................................................................................................... v

List of F igures......................................................................................................................................... ix

List of Tables......................................................................................................................................... xiii

Acknowledgements................................................................................................................................xv

1. Introduction.......................................................................................................................................1

1.1 Introduction to Arctic Hydrology................................................................................................1

1.2 Introduction to Indian Monsoon and its link to the Arctic....................................................... 5

1.3 Scientific Questions and Objectives......................................................................................... 10

1.4 References.....................................................................................................................................13

2. Streamflow Characteristics and Changes in Kolyma Basin in Siberia................................... 21

2.1 Abstract.........................................................................................................................................21

2.2 Introduction.................................................................................................................................. 22

2.3 Basin description, datasets, and methods of analyses............................................................ 23

2.4 Streamflow regime and change................................................................................................. 26

a. Kulu (upper basin).................................................................................................................26

b. Orotuk (upper basin)............................................................................................................ 27

c. Duscania (upper basin).........................................................................................................27

d. Sinegor’e (upper basin)........................................................................................................ 28

e. Ust’-Srednekan (upper basin ).............................................................................................29

f. Yasachnaya at Nelemnoy (unregulated tributary/middle basin)......................................30

v



g. Srednekolunsk (lower basin)............................................................................................... 30

h. Kolymskoye (lower basin).................................................................................................. 32

i. Eastern tributaries................................................................................................................. 34

2.5 Conclusions ................................................................................................................................. 35

2.6 Acknowledgments ...................................................................................................................... 38

2.7 Figures .........................................................................................................................................  39

2.8 Tables............................................................................................................................................45

2.9 References ...................................................................................................................................  46

3. Streamflow analysis for the Yana basin in eastern Siberia.......................................................51

3.1 Abstract.........................................................................................................................................51

3.2 Introduction.................................................................................................................................. 51

3.3 Data and Methodology................................................................................................................52

3.4 Result and Discussion.................................................................................................................53

a. Basin climatology................................................................................................................  53

3.5 Basin hydrology...........................................................................................................................54

3.6 SWE vs runoff..............................................................................................................................55

3.7 SWE vs discharge....................................................................................................................... 55

3.8 Conclusion.................................................................................................................................... 56

3.9 Figures...........................................................................................................................................57

3.10 References.................................................................................................................................. 60

4. Is there a Link Between Changing Indian Monsoon Seasonality and the Cryosphere? 61

4.1 Abstract.........................................................................................................................................61

4.2 Introduction.................................................................................................................................. 61

vi



4.3 Data and Methods........................................................................................................................ 66

4.3.1 D ata ........................................................................................................................................66

4.3.1.1 All India Rainfall D ata................................................................................................ 66

4.3.1.2 Snow Water Equivalent............................................................................................... 67

4.3.1.3 Snow cover E xtent.......................................................................................................67

4.3.1.4 Himalaya Snow Depth D ata........................................................................................68

4.3.1.5 Sea Ic e ............................................................................................................................68

4.3.1.6 Storm Tracks.................................................................................................................68

4.3.1.7 CESM LENS.................................................................................................................69

4.3.2 Analysis M ethods.................................................................................................................70

4.4 Results...........................................................................................................................................70

4.4.1 Monsoon Trend and Changing Seasonality.....................................................................70

4.4.2 Eurasian Snow...................................................................................................................... 72

4.4.3 Future of Monsoon: Comparison with Model and Future Simulations....................... 74

4.5 Discussion.................................................................................................................................... 75

4.6 Conclusion.................................................................................................................................... 78

4.7 Figures...........................................................................................................................................80

4.8 Reference.......................................................................................................................................88

5 Conclusions.................................................................................................................................... 95

5.1 Summary..................................................................................................................................... 95

5.2 Conclusions ................................................................................................................................. 97

5.3 Future outlook..............................................................................................................................98

vii



This page intentionally left blank

Vlll



Figure 1.1. Increase in temperature from 1880 to future projection till 2020...................................................... 1

Figure 1.2. This figure has been taken from Cohen et al. 2012 (a) JAS area-averaged (poleward of 

60°N) surface temperature anomalies (°C) from NASA MERRA. (b) September area- 

averaged (poleward o f 65°N) Arctic Ocean sea ice coverage (fractional area). (c) 

September-October vertically integrated (700-1000 hPa) and area-averaged (poleward 

o f 60°N) specific humidity (kg m-2). (d) October mean snow cover areal extent (106 

km2) over the Eurasian continent from observations (black) and the ensemble mean 

from the historical runs o f the CMIP5 model output (brown line). (e) The DJF average 

AO index (standardized). Same-colored dashed lines in (a)-(e) represent the linear trend 

in each index. A double asterisk (**) indicates trends that are significant at the p < 0.01

List of Figures

level............................................................................................................................................................2

Figure 1.3. (a) Map showing watersheds o f the Arctic Ocean and Hudson James, and Ungava Bays

(HJUBS), with discharge trends for rivers draining these different watersheds shown in

the accompanying graphs (b, c, d, e) (White et al. 2007)..................................................................4

Figure 1.4. The extreme fluctuations o f the Indian monsoon leads to drought or flood conditions,

which impact millions o f people in the Indian Subcontinent (Photos courtesy of:

National Geographic)..............................................................................................................................6

Figure 1.5. Variability o f May June rainfall over 100 years o f instrumental data........................................... 8

Figure 2.1. The Kolyma watershed and the location o f the dam and hydrologic stations used in this

study........................................................................................................................................................ 39

Figure 2.2. (a) Monthly mean discharge, (b) standard deviation o f discharge, and (c) trend analysis

for selected stations on the Kolyma River. (Refer to Table 1 for data period for every 

station.)...................................................................................................................................................40

Ix



Figure 2.3. Annual discharge plots for selected hydrologic stations in the basin........................................... 41

Figure 2.4. Comparison o f long-term mean monthly discharge at four stations between the pre- and

post-dam periods................................................................................................................................... 41

Figure 2.5. Monthly discharge records at selected hydrologic stations in the basin; the bar indicates

the filling period from 1986 to 1990.................................................................................................. 42

Figure 2.6. (a) Basin-mean annual temperature and (b) annual precipitation records from 1930

2000.........................................................................................................................................................44

Figure 3.1. Yana basin with all the stations listed from downstream to upstream.......................................... 57

Figure 3.2. Ubileinaya mean discharge, trend and standard deviation from 1972 to 1999.......................... 57

Figure 3.3. (a) Mean March SWE during 1988-2000; (b) monthly mean, STD and trend for SWE

for 1988-2000........................................................................................................................................58

Figure 3.4. Mean daily discharge and SWE for the basin, 1988-2000............................................................ 58

Figure 3.5. Time series o f SWE and discharge for the basin, 1988-2000...................................................... 59

Figure 4.1. Hypothesis: Increase in May June rainfall is connected to cryospheric anomalies in the

Himalayas, Eurasia, and Eurasian sea ice.........................................................................................80

Figure 4.2. All India Rainfall (AIR) monthly mean in mm (blue) and trend (red) in mm over the

period o f 1967- 2014. AIR is in mm and AIR trend is in mm per 46 years.................................81

Figure 4.3. Increasing trend for (a) May (b) June rainfall in the northern part o f India, using IMD 

spatial data for India. Precipitation is in units o f mm per X and Y years in panel a and

b ............................................................................................................................................................... 81

Figure 4.4. (a) Western Himalaya map with location o f Gulmarg and Dundhi (b) snow depth from 

Nov. to April for whole Western Himalaya (panel is Fig 4.a from Shekhar et al. 2010)

(c) snow depth trend for Gulmarg for March and April............................................................... 82

x



Figure 4.5. Spatial correlation with 90% and higher significance between Correlation between 

March snow depth in Gulmarg with rainfall in northern India in (a) May (b) June and 

with rainfall over the ocean in May in (c). (d) Time series from 1980-2014 of May-June 

rainfall shown in panel (d) with years above one sigma (+) and below one sigma (-)

identified for composite analysis........................................................................................................ 83

Figure 4.6. Spatial correlation o f May-June rainfall with SWE in March. There is a negative 

correlation with southern Eurasia and a positive with northern Eurasia. Hashing

identifies areas o f statistical significance at the 90% level o f greater...........................................83

Figure 4.7. Composite (High MJ years-Low MJ years) for SWE in mm for (a) October (b) March.

Both panels show higher snow in northern Eurasia and lower in southern Eurasia.

Hashing identifies areas o f statistical significance at the 90% level o f greater...........................84

Figure 4.8. Spatial Correlation between northern Eurasia and northern Storm tracks (a) OND (b)

JFM. Correlation between southern Eurasia and southern Storm tracks (c) OND (d)

JFM. Significance at the 90% level is shown by hashing............................................................... 84

Figure 4.9. (a) Climatology (blue) and trend (red) o f SWE for northern Eurasia (b) time series of 

cyclone intensity in Northern Eurasia (c) now cover extent trend over the Himalaya and

(d) time series for western disturbance count for the Himalayas................................................85

Figure 4.10. Composite o f November SWE mm for Eurasia for (Low-High) years for Kara Sea Ice.

 86

Figure 4.11. (a) The seasonal cycle o f monsoon rainfall from the pre-Industrial, historical and RCP

8.5 Ensemble from the NCAR LENS simulations in (a). Select ensembles from the 

historical simulation are compared to observed (circles) May-June rainfall in panel (b).

Trend o f May-June rainfall from LENS simulations for the historical (1980- 2005) and 

RCP 8.5 (2005-2080) scenario is shown with observed (1980-2014) trends in units of 

mm year-1...............................................................................................................................................86

xl



Figure 4.12. Mechanism for connecting the change in Seasonality of Monsoon with sea ice..................... 87

xii



List of Tables

Table 2.1. List of hydrologic stations used in this study..................................................................................... 45

xiii



This page intentionally left blank

xiv



Acknowledgements

Foremost, I would like to express my sincere gratitude to my advisor Dr. Uma Bhatt for 

the continuous support of my Ph.D. study and research, for her patience, motivation, enthusiasm, 

and immense guidance. I could not have imagined having a better advisor and mentor for my 

Ph.D. study. She has helped me how to draw the big picture from pieces of plots I made, 

reasoning critically, and most importantly, she inspired me to become an independent researcher 

and a hard- working scientist. I would also like to thank my previous advisor for the first part of 

my Ph.D. Dr. Daqing Yang for his guidance support and funding for the two papers. The impact, 

both Dr. Uma Bhatt and Dr. Daqing Yang, had has been amazing and I am so grateful to them.

I also thank the members of my committee: Dr. Nicole Molders, Dr. Xiangdong Zhang, Dr. 

John Walsh and Dr. V. Krishnamurthy for their encouragement, insightful comments, and 

support. Thank you very much, particularly to Dr. Molders, for encouraging me to do my Ph.D. 

and having faith in me. Thank you to Dr. Zhang and Dr. Walsh for helping me shape my Ph.D. 

Lastly, I would like to thank Dr. Krishnamurthy for giving good useful comment on monsoon 

and helping me move forward. My sincere thanks and appreciation to Dr. Shekhar from 

SASE, Chandigarh for providing observational snow depth data for Western Himalaya.

I would also like to thank friends, colleagues, faculty, and staff within the Atmospheric Sciences 

department, International Arctic Research Center (IARC), Water and Environmental Research 

Center and Geophysical Institute (GI). I will also like to thank my colleague and coauthor 

Dr. Soumik Basu for his constant support in data analysis and input on invaluable input on 

Indian Monsoon. Lastly, I would like to thank Dr. Peter Bieniek for helping me shape the

xv



Monsoon paper. I owe special thanks to Barbara Day for always helping me promptly with 

all my question and guidelines and helping me with my all required paperwork.

There are three papers as part of this thesis. I would like to acknowledge all the people who have 

helped materialize these papers

Dr. Daqing Yang conceived the presented idea about the Kolyma paper. I performed the 

computation and wrote the paper. Dr. Yang verified the analytical methods and supervised 

the findings of this work. All authors discussed the results and contributed to the final 

manuscript.

The Yana paper was an extension of the Kolyma paper where it was important to understand 

how climate variables were impacting the Arctic River. Dr. Daqing Yang developed the theory 

behind the paper. I performed the computation and wrote the paper. Dr. Yang verified the 

analytical methods and supervised the findings of this work.

Dr. Uma Bhatt devised the project ‘Link Between Changing Indian Monsoon Seasonality and 

the Cryosphere, the main conceptual ideas and proof outline. Dr. Uma Bhatt also supervised 

the project. I performed the data analysis, did the coding to plot the figures and Dr. Soumik 

Basu helped me with the coding and discussion throughout the formation of the paper. Dr. Peter 

Bieniek provided the storm track processed data for the data analysis. Dr. Shekhar provided 

the ground truth data for two Himalayan stations. Dr. Krishnamurthy is an expert in Monsoon, 

he provided the guidance throughout the development of this paper. Dr. Uma Bhatt verified 

the results, the computation and supervised the findings of this paper. Each author’s contribution 

has been critical in devising this paper.

xvi



Among my friends and family, I would especially like to thank Anupma Prakash, Santosh Panda, 

Snigdha Mishra, Soumik Basu, Debarati Ghosh, Mitali Chandani, Kushagra Saxena, Zhao Li, 

Ramaswamy Tiruchirapalli, Kelly Mendez, Yuan Yuan, Padma GopalKrishna, Shyam 

Gannavaram, Prasanna Ji, Kathleen, Vani Srirangam, Shiva Samudrala, Purna Gathani, 

Anirudha Sir, Yojana, Bithi De, Bindu Gandamsetty, Vaibhav Raj, Archana Bali who have made 

my stay in Fairbanks memorable.

In the end, I would like to thank my Parents, my mother, and father, their unconditionally love 

and support has been a great strength for me. They have always had faith in me and have pushed 

me forward with their love and affection. My husband has funded for most of my Ph.D. and has 

stood by me through all the ups and down with infinite patience and love and helped me with 

formatting my thesis and useful comments. Our daughter Aarini is the magic in our lives, her 

curious questions her constant support has always bought a smile on my face and helped me 

stay sane. My brother Rohit with his wisdom from childhood has been my greatest inspiration, 

along with his wife and daughter who have always created strong bonding and togetherness. 

The unconditional love of family, friends, and colleagues, and useful insights of my advisor 

and the stability of meditation has helped me through the whole process of Ph.D. My Guru, 

his Holiness Sri Sri Ravi Shankar, his grace in my life, has added divinity and unbound joy 

and happiness. Volunteering for Art of Living has added the much-needed love and compassion 

for the society and everyone around me. I am blessed to have come to so far.

xvii



This page intentionally left blank

xviii



1. Introduction

1.1 Introduction to Arctic Hydrology

Future Arctic climate states depend on anthropogenic emissions as well as natural climate 

variability. The Arctic is undergoing a rapid transition, at rates that are significantly faster than 

the global average and its hydrological system is responding to this change through the change in 

river discharge, sea ice, precipitation and permafrost among many other factors (Figure 1.1) 

(IPCC 2014). The minimum summer sea ice extent has continued to shrink in recent decades, 

and the Arctic Ocean is projected to become nearly ice-free in summer by the end of this century. 

Not all the changes in the cryosphere are marked by declines. The duration of snow cover extent 

and snow depth are decreasing in North America but are increasing in Eurasia from 1880-2012 

(IPCC 2014) (Figure 1.2). Rivers may be seen as integrators of changes in the hydrological 

cycle thus making changes more easily detectable.

1.0

-0 5
1880 1900 1920 1940 1960 1980 2000 2020

YEAR

Source: climate.nasa.gov 

Figure 1.1. Increase in temperature from 1880 to future projection till 2020.
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T im e  - [y e a r ]

Figure 1.2. This figure has been taken from Cohen et al. 2012 (a) JAS area-averaged (poleward of 60°N) surface 
temperature anomalies (°C) from NASA MERRA. (b) September area-averaged (poleward of 65°N) Arctic Ocean 
sea ice coverage (fractional area). (c) September-October vertically integrated (700-1000 hPa) and area-averaged 
(poleward of 60°N) specific humidity (kg m-2). (d) October mean snow cover areal extent (106 km2) over the 
Eurasian continent from observations (black) and the ensemble mean from the historical runs of the CMIP5 model 
output (brown line). (e) The DJF average AO index (standardized). Same-colored dashed lines in (a)-(e) represent 
the linear trend in each index. A double asterisk (**) indicates trends that are significant at the p < 0.01 level.

Large rivers in the Arctic can transport vast amounts of heat across large continental watersheds 

in the Arctic Ocean (Nghiem et al. 2014) and the recent warming of McKenzie river temperatures 

have reduced sea ice in the Beaufort sea. Changes in the freshwater fluxes impact the Arctic Ocean 

dynamics and are part of the global ocean-atmosphere. As river discharge to the Arctic increases 

and this additional freshwater enters the North Atlantic, it has the potential to disrupt deep
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convection and thereby inhibit the global thermohaline circulation. The thermohaline circulation 

is an important process by which ocean currents redistribute heat and help moderate the climate 

(Alkire et al. 2015).

Recent studies analyzed 19 circumpolar rivers between 1977-2007 and found an increase in 

annual flow by 9.8% (Overeem and Syvitski 2010) accompanied by shifts in flow timing. May 

snowmelt has led to increased May discharge but decreased peak discharge (Overeem and 

Syvitski 2010). A study of 64 Canadian rivers shows a decreasing trend from 1964-2003 (Dery 

and Wood 2005), (Figure 1.3(e)). Many studies document an increase in winter discharge 

especially in Eurasia, with a decrease in North America and unchanged flow in small basins of 

eastern Eurasia (Rennermalm et al. 2010). There is growing evidence that the global and pan- 

Arctic hydrological cycles have intensified (Huntington 2006; Holland et al. 2007; Zhang et al. 

2012). Different aspects of the pan- Arctic freshwater system have been impacted which 

include enhanced atmospheric moisture transport from lower to higher latitudes (McClelland 

et al. 2006), more frequent hydrological extremes (Tebaldi et al. 2006), and increasing river 

discharge to the Arctic Ocean (McClelland et al. 2006). The rapidly declining sea ice is expected 

to further alter the global hydrological cycle.
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1965 1970 1975 1BS0 19B5 1990 1995 2000

Figure 1.3. (a) Map showing watersheds of the Arctic Ocean and Hudson James, and Ungava Bays (HJUBS), with 
discharge trends for rivers draining these different watersheds shown in the accompanying graphs (b, c, d, e) (White 
et al. 2007).

In addition to climate change, anthropogenic activities such as reservoir constructions, inter-basin

water diversions, and water withdrawal for industrial and agricultural uses also affect river

discharge regimes and changes over space and time (Adel 2002; Vorosmarty et al. 1997).

We investigate the role of anthropogenic activities and a pristine basin in our study to better

understand the changes in discharge and its implication. The purpose of this study is to help begin

to fill some of these gaps in knowledge of the fundamental, physical mechanisms that drive and

characterize the Arctic discharge regime while drawing links to components of the earth system.

Further efforts are needed to study hydrologic responses to climatic changes and human

influences in the high latitudes (Shiklomanov 1978; Vorosmarty and Sahagian. 2000). Thus,

there is an urgent need to better understand the role of climate variability, climate change,

and anthropogenic disturbances on Siberian Rivers which form the vital links between the

atmosphere, Arctic, and the Arctic Ocean. Climate change and other factors may alter these

4



natural pathways for freshwater, leading to further environmental and societal change in the 

Arctic and the tropics (Dery et al. 2009). This thesis will assess three major topics in the 

context of anthropogenic impact, climate variability, and change in the Eurasian Arctic. The first 

two papers are studies that have focus on the hydrology of two Siberian rivers. The Kolyma 

river is analyzed to understand the role of dams in river discharge and the Yana river focuses 

on the change in river discharge related to temperature and snowmelt. Rivers in the Arctic play 

a significant role in the global climate system by contributing a large amount of discharge into 

the Arctic Ocean. Humans can directly affect land surface hydrology by redistributing runoff 

over space and time, through man-made structures such as dams. These structures can alter 

the natural partitioning of precipitation between runoff, evapotranspiration, and storage 

changes, such as via reservoir construction, irrigation, or land use changes.

1.2 Introduction to Indian Monsoon and its link to the Arctic

Precipitation is essential to sustain life on this planet and is an important parameter to assess 

the impact of a changing climate on agriculture production in India (Kishore et al. 2016). The 

Indian monsoon significantly affects agricultural planning which accounts for approximately 

17% of India's GDP and approximately 49% of employment (Chatterjee et al. 2009). 

Precipitation over the Indian subcontinent is highly variable in time and space, leading to 

large-scale floods and droughts. A slight deviation in the onset of Monsoon may lead to severe 

droughts or floods (Figure 1.4) causing damage to infrastructure and crop loss which is 

devastating to a large segment of the population (Kishore et al. 2016). Therefore, the study 

of changes in the spatial and temporal distributions of rainfall in India has great relevance in 

the context of planning and policy formulation (Dash et al. 2009).
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Figure 1.4. The extreme fluctuations of the Indian monsoon leads to drought or flood conditions, which impact 
millions of people in the Indian Subcontinent (Photos courtesy of: National Geographic).

Precipitation in the pre-monsoon month of May and monsoon month of June over India is highly 

variable and in recent years there has been an increase in May-June rainfall and decrease in July- 

August rainfall (Figure 1.5). Enhancing the ability to predict the Indian monsoon has great benefit 

and has been an area of research since the 1800s. Blanford (1884) was the first to demonstrate 

that the amount of Himalayan snow cover amount influenced the land surface’s thermal 

characteristics which in turn altered the onset of the Asian summer monsoon. His proposed 

mechanism can be described as follows. When snow is extensive, the monsoon is weaker 

than average due to a reduced land-sea contrast and when the snow cover is below average, the 

monsoon is stronger than average. Bamzai and  S h u k la  (1999) found that western Eurasia 

winter snow cover has a significant inverse correlation Indian summer monsoon rainfall. The 

mechanism was similar to Blanford with snow reducing the land-sea contrast.

This research aims to investigate whether changes in Eurasian snow cover provide an explanation 

for the recent increases of May-June rainfall (Fig. 1.5), which can be described as a shift in 

the seasonality of the monsoon. Finally, this study explores a more speculative link between
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sea ice and spring monsoon through Eurasian snow cover. Studies have shown that Arctic sea 

ice decline has been linked to an increase in snow depth in parts of Siberia (Ghatak et al. 2012). 

In contrast, the western part of Himalayas shows a decrease in snow depth (Shekhar et al. 

2010). This study investigates whether this decrease in snow depth could lead to higher May- 

June rainfall. Several studies suggest that the variability of Arctic sea ice extent (Yamamoto et 

al. 2006; Francis et al. 2009; Honda et al. 2009; Zhang et al. 2011; Frankignoul et al. 2014; 

Landerer et al. 2010; Koenigk et al. 2016; King et al. 2016) and Eurasian snow cover extent 

(Cohen and Entekhabi 1999; Cohen et al. 2007; Cohen and Rind 1991; Cohen and Jones 2011) 

have some influence on the atmosphere during winter over Eurasia. The influence of Sea Ice 

(SIC) on Eurasian Snow Cover Extent (SCE) is thought to be strongest in fall (October and 

November). Studies by Cohen et al. (2014) and Wegmann et al. (2015) show that continental 

SCE and Arctic SIC are linked, as a reduced Arctic sea ice extent leads to a moistening of 

the atmospheric boundary layer, which increases the moisture flux into eastern Siberia to 

increase snowfall, (Luo et al. (2016) showed that reduced sea ice is connected with Ural 

blocking, which is associated with warm Arctic and cold Eurasian anomalies during winter. 

However, only a few studies have investigated links between the SCE and sea ice and while 

somewhat speculative, it is explored in this thesis.

7
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May June Rainfall 1871-2014

160

1860 1880 1900 1920 1940 1960 1980 2000 2020

Figure 1.5. Variability of May June rainfall over 100 years of instrumental data.

The relative impact on the atmosphere of Arctic sea ice and Eurasian snow cover is largely 

unknown. In this study, we investigate the reason behind the increase in May-June rainfall and 

its possible connecting with the declining sea ice. The tropical teleconnections may both 

influence the snow cover over Eurasia and modify the atmospheric circulation (Fasullo 2004), 

leading to a possible confusion between cause and effect. Numerous studies have investigated 

the inverse relationship between Eurasian snow and Indian summer monsoon from June- 

September (Hahn and Shukla 1976; Dey and Bhanu Kumar 1982; Dickson 1984; Shukla and 

Mooley 1987; Khandekar 1991; Parthasarathy and Yang 1995; Bamzai and Shukla 1999; 

Kripalani et al. 2003). Several modeling studies have also investigated these mechanisms 

(Shukla and Mooley 1987; Barnett et al. 1989; Vernekar et al. 1995; Douville and Royer 1996;
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Bamzai and Marx 2000; Gong 2004; Dash et al. 2005; Turner and Slingo 2011; Saha et al. 2013). 

Some studies based on statistical analysis (Shinoda 2001; Robock et al. 2003; Peings and 

Douville 2010) have questioned the validity of this teleconnection and argue that the El N ino- 

Southern Oscillation (ENSO) modulates the Indian monsoon. Other mechanisms have also been 

suggested, Meehl and Washington (1993) suggested that surface temperature anomalies over 

Eurasia and South Asia are controlled by changes in large-scale mid-latitude circulation that 

are, in turn, driven by convective heating anomalies associated with the tropical biennial 

oscillation (TBO). Fasullo (2004) found that the inverse relationship between Eurasian snow 

cover and rainfall mainly over northern parts of India to be stronger during neutral ENSO years. 

In contrast, modeling studies (Ferranti and Molteni 1999; Turner et al. 2007) found that this 

relationship still holds and is independent of ENSO-ISMR relationship. Senan et al. (2016) have 

shown that years with higher snow depth over the Himalayan-Tibetan Plateau region in early 

April can delay the onset of the monsoon. However, none o f the above studies have 

investigated in detail the impact of the cryosphere on May June rainfall and its variability.

The link between the Arctic and the Indian monsoon across Eurasia has received some attention. 

Buermann et al. (2005) used statistical techniques and concluded that springtime surface 

conditions in India are a probable “bridge” between the wintertime Arctic circulation and summer 

monsoon rainfall during June in the northwestern part of India. Studies have looked at the 

influence of spring Arctic sea ice on the East Asian summer monsoon (EASM; Guo et al. 2014). 

Many observational and model-based studies suggest that Arctic sea ice changes impact regional 

and remote climate (Budikova 2009). Zhao et al. (2004) connected spring sea ice cover in the 

Bearing Sea and the Sea of Okhotsk and rainfall variability in the East Asian summer monsoon 

(EASM). Wu, Zhang, and Wang (2009) found a significant correlation between the spring Arctic
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sea ice concentration (ASIC) and summer rainfall over China using observational and reanalysis 

data for the last 30 years.

It is important to understand the implications of rapidly decreasing sea ice and its association 

with changes in surface hydrology over the Eurasian region and whether it could also affect the 

seasonality of the Indian monsoon. The main purpose of the present study is to investigate a new 

possible mechanism where fall Arctic sea ice impacts the winter and spring snow in Eurasia and 

Himalaya, which changes the surface conditions in the northern part of India leading to enhanced 

rainfall in May-June month.

1.3 Scientific Questions and Objectives

The overall goal of this thesis is to understand the hydrological changes in Eurasian with an attempt 

to link Arctic the tropics. Much is generally known about the impacts of teleconnections on Arctic 

hydrology and much still needs to be understood about possible links between the Eurasian Arctic 

to the tropics. However, the roles of anthropogenic impacts need to be understood along with how 

the climate variability plays into the changing seasonality of monsoon. Elucidating these 

mechanisms is necessary to better understand climate variability and change in the Arctic and 

its global implications. This thesis will investigate three topics in the area of Eurasian 

hydrology based on the analysis of observed data and global climate model simulations.

Paper 1: Streamflow characteristics and changes in Kolyma Basin in Siberia

•  Is there a change in seasonality of the flow?

•  Is the winter base flow increasing and if so why?

•  Has the total annual discharge into the ocean increased or decreased?

10



•  What impact does a dam have on the Arctic discharge?

Hypothesis: We hypothesize that since dam tends to store water in summer that the peak discharge 

will decrease, but the winter discharge will increase due to winter usage of the dam.

Paper 2: Streamflow analysis fo r  the Yana basin in eastern Siberia

•  How is the hydrology of a pristine basin different than the one impacted by 

anthropogenic activities?

•  How does temperature variability impact discharge flow?

•  How does precipitation variability impact the discharge?

Hypothesis: We hypothesize that warmer summers will result in greater discharge, and years with 

more snow will have higher peak discharge.

Paper 3: Does the Eurasian cryosphere play a role in recent increases in May-June Indian 

monsoon rainfall?

What are the climate drivers of the increase in May-June rainfall?

•  Could variations in Himalayan and Eurasian snow be responsible for the increase in 

May- June rainfall?

•  Is Himalayan snow variations part of larger-scale variations of snow in the Arctic? of 

Arctic sea ice?

Hypothesis: We hypothesize that increase in May-June rainfall is directly linked decreased snow 

depth in the Himalaya and indirectly linked to increased snow cover in northern Eurasia. In 

this thesis, we investigate changes in the Arctic and possible far-field impacts of these 

changes by investigating several components of the hydrological system: river discharge,

11



snow cover, and monsoon rainfall. An attempt is made to link tropical and Arctic processes to 

show that the global climate is interconnected.
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2. Streamflow Characteristics and Changes in Kolyma Basin in Siberia1

2.1 A bstract

This study documents major changes in streamflow hydrology over the Kolyma watershed due 

to climatic variations and human impacts. Streamflow seasonal cycles over the basin are 

characteristic of the northern region, with the lowest runoff in April and peak flow in June. 

Analyses of monthly flows and trends show that reservoir construction and operation have 

considerably affected streamflow regimes. Comparisons of mean monthly discharge records 

between pre- and post-1986 dam periods indicate that the mid-lower basin (downstream of 

the dam) experienced significant increase in low flows and decrease in peak flows after dam 

construction. For example, mean monthly flows during the post-dam period at the Ust’ -Srednekan 

station (located 1,423 km downstream of the dam) has strongly increased by about 205 m3s-1 (or 

522%-3,157%) during December-April, and decreased by 133 m3s-1 (41%) in June. Long-term 

monthly discharge data reveal an overall increase in streamflow during low flow seasons; 

the increase is greater for the stations located downstream of the dam. The Srednekolunsk 

station (1,720 km from dam) shows low flow increase ranging from 130 (43%) to 268 m3s- 

1(454%) during November-April, and high discharge decrease by 2,550 to 519 m3s-1 during 

June-August in the post-dam era (1986-2000). These changes in flow patterns are mainly caused 

by reservoir regulation, as reservoirs release water in winter for power generation and store 

water in summer for flood control. Dam impact on flow regimes and changes are visible along 

the main river trunk; thus, the cold season discharge increase at the basin outlet is primarily 

the result of reservoir regulation. Annual discharge records show different changes within

1 Majhi, I., and Yang, D. (2008): Streamflow, Journal o f Hydrometerology.9, 267- 279. DOI: 10.1175/2007JHM845.
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the Kolyma basin, with moderate increases in the upper basin and weak decreases in the m id- 

lower basin. Overall annual discharge near the basin outlet has decreased by 1.5% during 1978

2000. This study emphasizes the importance of human activities (particularly reservoirs) on 

seasonal and regional hydrology changes and points to the need to further examine natural 

causes and human impacts over other high-latitude watersheds.

2.2 Introduction

Rivers in the Arctic play a significant role in the global climate system by contributing a large 

amount of discharge into the Arctic Ocean. The Arctic Ocean receives 3,685 km3 of freshwater 

discharge in a year, which is about 11% of annual freshwater discharge into the global oceans 

(Shiklomanov 2000; Shiklomanov and Shiklomanov 2003). The amount of freshwater inflow 

affects ocean salinity, thermohaline circulation, and sea ice formation (Aagaard and Carmack 

1989). The Arctic Ocean is the most landlocked and most river-influenced of all oceans 

(Vorosmarty et al. 2000). River influence to the Arctic Ocean is pronounced on the shallow shelf 

regions, particularly in Russia (Lammers et al. 2001). The Arctic hydrological system varies over 

space and time because of large-scale variations in atmospheric circulation (Kane 1997; Walsh 

2000; Serreze 2003). Variations and changes in the hydrological cycle at local and regional scales 

affect vegetation patterns (Foley et al. 1994), permafrost dynamics (Nelson and Anisimov 1993; 

Kane et al. 1990), and gas fluxes (Oechel et al. 1993).

Significant changes have been observed in the large Arctic river basins. For instance, Ye et 

al. (2003) and Yang et al. (2003, 2004 a, b) found discharge increase during the winter months 

and shift in peak discharge timing related to winter and spring warming over the large 

watersheds in Siberia. Recent studies have focused on the mechanisms driving these changes 

(McClelland et al. 2004). Peterson et al. (2002) suggested that the transport of moisture from
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the lower to higher latitudes might be responsible for river runoff increases. Berezovskaya 

et al. (2004) recently reported inconsistency in yearly precipitation and runoff trends for the 

large Siberian Rivers. A better understanding of the hydroclimate system is critical to understand 

and explain the observed hydrologic changes. In addition to climate change, anthropogenic 

activities such as reservoir constructions, inter-basin water diversions, and water withdrawal 

for industrial and agricultural uses also affect river discharge regimes and changes over space 

and time (Miah 2002; Vorosmarty et al. 1997; Revenga et al. 1998; Dynesius and Nilsson 

1994). Slow economic growth and low population in the high-latitude regions have resulted in 

low impact by humans (Shiklomanov et al. 2000; Lammers et al. 2001). Among the human 

impacts, reservoir regulation has the most direct effects on hydrologic regimes and changes (Ye 

et al. 2003; Yang et al. 2004 a, b). More efforts are needed to study hydrologic responses to 

climatic changes and human influences in the high latitudes. This study systematically 

analyzes long-term monthly and yearly discharge for the Kolyma River watershed, with 

the emphasis on defining streamflow regimes and long-term changes induced by climate 

variations and human impacts. The results of this study will improve our understanding of 

hydrologic response to climate change in the Arctic regions.

2.3 Basin description, datasets, and methods of analyses

The Kolyma watershed situated in eastern Siberia is the sixth largest river flowing into the Arctic 

Ocean (Tsuyuzaki et al. 1999; IUCN 2006). The river is 2,410 km long; it rises in the Kolyma 

and the Chreskogo ranges and flows into the Arctic Ocean. The Kolyma River discharges 100.8 

km3 yr-1 to the Arctic Ocean. The Kolyma River is mostly fed by spring snowmelt and summer 

rainfall with the annual precipitation inputs to the watershed of 47% snow and 53% rain 

(Welp et al. 2005). The dominant land cover types in the Kolyma region are shrub (41%)
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and forest (31%; Revenga et al. 1998). The basin is characterized by taiga flora (Swanson 

2003). Tree lines are lower than 1,000 m, above which exists alpine tundra. The primary tree 

types are LarixM ill (larch) and Picea A. Dietr (spruce), and upland shrubs consist mainly of 

Pinus pumila (pine; Swanson 2003). The Kolyma basin has the typical Arctic climate of a 

long winter and a short summer. Temperatures are low during September to May; mean 

January temperatures are about -30° to - 40°C (Swanson 2003). Low temperatures promote 

continuous permafrost in the region (Kuchment et al. 2000). The active layer varies from 0.2 

m in the tundra to 1.0 m in the taiga. The soil starts to thaw after snowmelt in late May and 

freezes in early September. Permafrost acts as an impermeable surface, resulting in limited 

exchange between surface water and subsurface permafrost (Panfilova 1986). The Kolyma 

region is not very developed except for the dam constructions during the late 1980s and 

widespread gold mining activities. Hydrological observations in the Siberian regions, such 

as discharge, stream water temperature, river-ice thickness, dates of river freeze-up and 

breakup, have been carried out since the mid-1930s by the Russian Hydro-meteorological 

Services, and the observational records were quality controlled and archived by the same 

agency (Shiklomanov et al. 2000). The discharge data are now available from the R-ArcticNet 

(version 3.0) - a database of pan-Arctic River discharge (online at http://www.r- 

arcticnet.sr.unh.edu/main.html). Within the Kolyma basin, a hydrologic observing network 

consisting of 13 stations has been set up since the mid-1930s. Ten stations with long- term 

monthly and annual discharge records (the Kolymskoye, Srednekolunsk, Yasachnaya, Ust’- 

Srednekan, Sinegor’s, Duscania, Orotuk, Kulu, Bol’shoy Anuy, and Oloy) (Fig. 2.1) have been 

used for this analysis. Relevant station information is summarized in Table 1. In addition, basin- 

mean monthly and yearly temperature and precipitation records derived from the global 

(observational climatic) datasets (Jones 1994; Hulme 1991) are also utilized in this study.
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The warming of permafrost is important for Arctic hydrology. As permafrost degrades surface 

water will become closely connected to the subsurface groundwater. As a result, soil drainage 

will improve and basin storage will also change. These changes will alter the streamflow 

seasonal cycle (Hinzman et al. 2005). Holmes et al. (2003) examined the potential role of 

permafrost thaw as a significant contributor to the observed discharge changes over large rivers 

in Siberia. They found that thawing of permafrost may contribute to changes in yearly discharge 

but cannot be considered as a major driver. This paper did not investigate permafrost effect 

since we did not have permafrost data over the Kolyma basin. To examine the hydrological 

regimes and changes over the Kolyma basin, we first compiled the basic geophysical and 

hydrological information and identified dam-regulated and unregulated sub-basins. We 

divided the basin into upper, middle, and lower sub-basins to better examine the regional 

hydrological features and the effect of dam regulation. Second, we calculated and compared 

long-term monthly mean discharge, standard deviation, and trend for the major discharge 

stations. Trends were determined by a linear regression. The total trend was defined as the 

difference between the first and last point on the regression line. The trends for different 

stations have different time periods. We limited the trend calculations and discussions for flow 

records longer than 15 yr. The trend was expressed in terms of total discharge change over 

the observation period for each station. We understand that trend results are less compatible 

among the stations because of varying data periods used here. Flow trends in regulated basins 

are not very useful to examine climate impact on regional hydrology changes (Ye et al. 2003; 

Yang et al. 2004 a, b). However, trend analyses and results are necessary to document flow 

regime changes due to regulation over time. Significance of the trend was evaluated by the 

standard Student’s t-test. Third, we compared the mean streamflow between the pre- and post

dam periods, so as to quantify the effects of reservoir operation within the basin and at the
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basin outlet. To better determine the impact of dam regulation over the basin, we also analyzed 

discharge budget (changes) along the main river valley, and examined and compared discharge 

changes between the regulated and unregulated sub-basins. Finally, we discuss the relationship 

between monthly climate and hydrology changes over the basin as a whole.

2.4 Streamflow regime and change

This section discusses discharge regimes and changes at the 10 stations located in the main river 

valley and in the tributaries (Fig. 2.1). It also documents the dam in the basin and quantifies its 

influence on the seasonal characteristics of streamflow hydrology.

a. Kulu (upper basin)

The Kulu station (A in Fig. 2.1) represents the source area of the Kolyma River. No dams exist 

in this subbasin of 10,300 km2. The seasonal cycle shows the highest flow in June (405 m3 s-1) 

and the lowest flow in April (1 m3 s-1) (Fig. 2.2a). The start of snowmelt discharge is in May 

(95 m3 s-1); the other high flow months are July (240 m3 s-1), August (189 m3 s-1), and 

September (139 m3 s-1). Low flows from November to April range from 42 to 1 m3 s-1 (Fig. 

2.2a). The interannual variation of monthly discharge, measured by standard deviation, is small 

from October to April (17-1 m3 s-1), and large during June to August (199-78 m3 s-1) (Fig. 

2.2b). Flow data during 1942-94 show (total) monthly streamflow increased strongly by 80 

(53%) and 33 m3 s-1 (27%) in August and September, respectively, and weakly by 2 

m3 s-1 (17%) in November and 38 m3 s-1 (49%) in May (Fig. 2.2c). On the other hand, discharge 

changed very little in January, and decreased by 25 m3 s-1 (-6% ) in June and by 27 

m3 s-1 (-11% ) in July (Fig. 2.2c). The annual discharge increased by 10% during 1942-94 (Fig. 

2.3).
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b. O ro tuk  (upper basin)

The Orotuk station (B in Fig. 2 .1) is located in the upper Kolyma basin; it has a drainage 

area of 43,600 km2. Flow pattern at the Orotuk station is similar to that of the Kulu station, with 

high flow ranging from 360 to 81 m3s-1 during May to October, and low flow from 25 to 2 

m3s-1 during November to April (Fig. 2.2a). This flow pattern is typical for regions with 

continuous permafrost. Because of limited subsurface storage in the shallow active layers, it 

is typical to have very low flow in the winter and very high peak flow in summer. The ratio 

between June (highest) and April (lowest) flows is about 500 in the Orotuk sub basin. Standard 

deviations of monthly flows are low from November to April (1-9 m3s-1), and high during May 

to August (243-280 m3s-1), with the maximum in June (539 m3s-1) (Fig. 2.2b). Discharge 

changes during 1957-97 over the Orotuk sub basin are characterized by positive trends for all 

the months. Total increase during 1957-97 are weak (2-6 m3s-1) over the cold season 

(November to April) and strong in May (195 m3s-1), June (184 m3s-1), July (183 m3s-1), August 

(177 m3s-1), and September (186 m3s-1) (Fig. 2.2c). Streamflow changes in this unregulated sub 

basin are possibly due to climatic changes. The annual discharge shows a strong increase of 

22% during 1957-97 (Fig. 2.3).

c. Duscania (upper basin)

The Duscania station (C in Fig. 2.1) is located in the upper Kolyma basin; it has a drainage 

area of 50-100 km2. Duscania shows similar pattern to that of the Kulu station, with high 

flow ranging from 364 to 92 m3s-1 from May to October, and low flows from 26 to 2 m3s-1 

during November to April (Fig. 2.2a). Standard deviations of monthly flows are low from 

November to April (2-11 m3s-1), and high during May to August (351-268 m3s-1), with the
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maximum in June (809 m3s-1) (Fig. 2.2b). Discharge changes during 1948-80 at the Duscania 

are characterized by negative (total) trends in June (79 m3s-1) and November (2 m3s-1). May has 

a positive trend of 261 m3s-1, while low flow months during December to April show very weak 

positive trends of less than 2 m3s-1 (Fig. 2.2c). The annual discharge increased by 19% during 

1948-80 (Fig. 2.3).

d. Sinegor’e (upper basin)

The Sinegor’e station (D in Fig. 2.1) is situated in the upper Kolyma basin. This station controls 

a drainage area of 61,500 km2. Flow data are available from 1932 to 1989, with missing data 

during 1952-67 (a gap of 15 yr). The seasonal cycle of monthly streamflow shows high 

discharge (160- 532 m3s-1) from May to October, with the maximum discharge in June (1762 

m3s-1), and very low flows from November (54 m3s-1) to April (10 m3s-1) (Fig. 2.2a). A 

reservoir was built in the main river valley above the Sinegor’e station in the early 1980s. The 

dam is 130 m high, 780 m long, and its volume is 10 km3. It is a rock-filled dam (with a soil 

core) with a surface area of 441,103 km2 (Petrov and Losev 1976). The Kolymskoye is the 

biggest dam in the Kolyma River basin and the reservoir was filled during 1986-90. A power 

plant (capacity of 3.26 X 109 kWh-1) was also built below the dam. Most of the reservoirs in 

Siberia were designed for multipurpose use, such as water supply and hydropower generation. 

To quantify the dam impact on streamflow regime and change, we compare the mean monthly 

flows between the pre- and post-dam periods. The results show discharge decreases during the 

post-dam period by 498-397 m3s-1 (or about 85%-36%) during May to July, and increases by 

136-134 m3s-1 (525%-1,151%) from December to January (Fig. 2.4a). Monthly discharge 

records clearly show sudden changes in streamflow right after the dam completion due to 

reservoir regulation (Fig. 2.5). Streamflow increases in cold season (November- April) because
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reservoir releases water to generate more power in winter season; discharge decreases in 

June and July are due to reservoir storing water to reduce the snowmelt and rainfall floods 

(Fig. 2.5). The monthly flow records also suggest that, as result of dam regulation, monthly 

discharge varied within the range of natural variability (the difference between the maximum 

and minimum flow during the pre-dam period) over the high flow season, and fluctuated out 

of the range of natural variability during the low flow season due to significant increases in 

discharge over the post dam period (Fig. 2.5). Similar discharge changes have been found in 

other regulated Siberian watersheds, such as the Lena, Yenisei, and Ob basins (Ye et al. 2003; 

Yang et al. 2004a). Ye et al. (2003) also reported that dam regulation affects long-term 

streamflow trends in Siberia. Their study reported overestimation of trends in winter and 

underestimation of trends in summer. Because of many missing discharge data at this station, 

dam impacts on streamflow trends cannot be determined.

e. Ust’-Srednekan (upper basin)

The Ust’-Srednekan station (E in Fig. 2.1) controls a drainage area of 99,400 km2. Similar to 

the upper basin, monthly discharge at the Ust’-Srednekan station is low from November (118 

m3s-1) to April (52 m3s-1) and high during May to July (969-1,621 m3s-1), with the peak flow 

in June (2,945 m3s-1) (Fig. 2.2a). The inter-annual variation follows the pattern of monthly 

flow, with the maximum in June (1,586 m3s-1) and minimum in April (100 m3s-1) (Fig. 

2 . 2b). The standard deviations are small (100-108 m3s-1) for the low flow months from 

November to April, and large (600-687 m3s-1) for the high flow months during May to July (Fig. 

2.2b). The Ust’-Srednekan station is located 1,493 km downstream of the dam. Usually dam 

impact is most significant at the location right below the reservoir. It is important, however, 

to note that the influence of the reservoir is clearly seen at the Ust’-Srednekan station. For
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example, comparisons of mean flows between the pre- and post-dam periods show flow 

increases for most months, except during May to July (Fig. 2 . 4b). Strong streamflow increase 

during the post-dam period by about 205 m3s-1 (or 522%-3,157%) in cold season (December- 

April) and decrease in June peak flow by 133 m3s-1 (41%) are the most typical indications of 

dam regulation. Furthermore, long-term (total) trend during 1933-2000 also show moderate 

decreases from May (70 m3s-1) to July (15 m3s-1), and significant (at 99% confidence) 

increases during November (209 m3s-1) to April (259 m3s-1). These changes in seasonal 

streamflow characteristics are mainly due to reservoir recharge during the summer and fall 

seasons (Ye et al. 2003). As the result of monthly flow changes, the annual flow has increased 

by 2% during 1933-2000 (Fig. 2.3).

f. Yasachnaya at Nelemnoy (unregulated tributary/m iddle basin)

The Yasachnaya station (F in Fig. 2.1) is located on a western tributary in the middle Kolyma 

basin. It has a drainage area of 32,000 km2 and contributes 6% of the total Kolyma discharge. 

There are no dams in this sub basin. Flow data are available from 1977 to 1988. Monthly 

mean flow is typical, with highest discharge in June (1,367 m3s-1) and lowest in April (18 m3s- 

1). The standard deviations show the same variation as monthly mean flows. The monthly 

discharge records in this unregulated sub basin did not show significant increases for the 

cold season (November- April) and very slight changes during the high flow months (May- 

July) (Fig. 2.5). The annual flow decreased by about 10% during the 12 yr (1977-88) (Fig. 2.3).

g. Srednekolunsk (lower basin)

The Srednekolunsk station (G in Fig. 2.1) is located in the lower part of main Kolyma River 

valley, 1,720 km downstream of the reservoir. This station controls a drainage area of
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361,000 km2. Monthly mean discharge, standard deviation, and trend generally show similar 

patterns with other upstream stations, such as low flows (115-241 m3s-1) during April to 

December and the peak flow (2,107 m3s-1) in June (Fig. 2.2a). Reservoir regulation alters the 

seasonal discharge pattern (Shiklomanov 2000; Yang et al. 2003). The dam effect is still visible 

at this station, although the impact is much weaker relative to the upstream stations near the 

dam. Comparisons of pre- and post-dam mean monthly flows (Fig. 2. 4c) show low flow 

increases by 130 (43%) to 268 m3s-1 (454%) during November to April, and high discharge 

decreases by 2,550 to 519 m3s-1 during June to August in the post-dam era (1988-2000) (Fig. 

2.2b). Monthly discharge records (Fig. 2.5) show long term increases during November to 

April and slight decreases during May to July. The trend analyses of monthly flow data 

during 1927-2000 show significant increases in the cold season. The most extreme trend is in 

January, with the total increase of 338 m3s-1 (4,110%), and followed by February, 337 m3s-1 

(1,234%), March, 323 m3s-1 (868%), and April, 300 m3s-1 (781%). The high flow season and 

early fall showed decreasing trends of 2,701 m3s-1 (30%) in June, 1703 m3s-1 (4%) in July, 584 

m3s-1 (3%) in August, and 108 m3s-1 (5%) in September, respectively (Fig. 2.2c). The t-test results 

reveal high significance for the low flow months, November, December, January, February, and 

April being statistically significant at 98%-99% confidence. Trends in May, June, and July 

flows are significant at 60%, 95%, and 98% confidence, respectively. Annual discharge has a 

decreasing tendency (-11%) over the 72 yr (1927-2000) (Fig. 2.3). The effect of dam regulation 

is strong and easy to detect during the low flow season than the high flow season. To examine 

how the impact of dam regulation has been transferred downstream, we analyzed discharge 

budget along a selected section of the main river valley. We calculated the mean monthly 

discharge during 1978-2000 between the pre- and post-dam periods for the Srednekolunsk and 

the Ust’-Srednekan stations. The results show that low flow changes during November to April
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are about 2.3 km3 at the Ust’-Srednekan station (near the dam site) and 3.5 km3 at the 

Srednekolunsk station. The regulation effect is expected to decrease from the dam site to 

downstream. However, flow increases are higher at the Srednekolunsk station and lower at the 

dam site. The Srednekolunsk station is 1,720 km downstream of the dam. It receives runoff 

contribution from other tributaries. Yearly flow at the Srednekolunsk station is much higher 

(71 km3) than that (25 km3) near the dam site. Because of lack of flow data for the tributaries 

above the Srednekolunsk station, it is impossible to use discharge data at these stations (currently 

available for this analysis) to accurately determine the impact of dam regulation in the mid- and 

lower parts of the basin. Additional flow data are necessary to calculate the tributary runoff 

contribution and secular streamflow budget. Differences in both yearly flow amount and trend 

found between the Srednekolunsk station and the dam site seem to imply that dam regulation 

cannot account for 100% of the observed increases in winter discharge near the basin outlet. 

It also suggests that other factors, such as climate effects and permafrost changes, may 

influence streamflow change over this part of the basin.

h. Kolymskoye (lower basin)

The Kolymskoye station (station H in Fig. 2.1) is located above the mouth of the Kolyma River; 

it is the nearest station to the basin outlet. Discharge data collected at or near the basin outlet 

are particularly important, as they have been used for validations of hydrological/land surface 

models and GCMs. The monthly flow data at the Kolymskoye station are available during 1978

2000. The monthly mean discharge (Fig. 2.2a) is low from November to April (47-18 m3s-1) 

and high during May to June (178-754 m3s-1), with the highest flow in June (1490 m3s-1) 

during the snowmelt season. Discharge from August to October varies from 602 to 180 m3s-1. 

The peak flow in June is about 80 times greater than the lowest flow in April. Following the
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pattern of monthly mean discharge, the standard deviations of monthly flow are low for 

November to April (129-109 m3s-1) and higher during May to June (1464-4844 m3s-1) (Fig. 2b). 

Comparisons of the long-term mean streamflow between the pre- and post-dam periods 

demonstrate significant changes (Fig. 2.4d). In the post-dam era, peak flows decreased by 217 

m3s-1 (1%) in June, 3,710 m3s-1 (37%) in July, and 1,189 m3s-1 (17%) in August. Discharge 

increased by 1,051 m3s-1 in September and by 433 m3s-1 in October, respectively. The most 

significant impact of reservoir regulation is seen during the cold season from November to 

April, when flows increased by 32% (127 m3s-1) in December to 208% (164 m3s-1) in April. 

The Kolymskoye station is located 1902 km downstream of the reservoir. Streamflow 

routing and runoff contribution from tributaries subdue the effect of dam regulation. Monthly 

flow records during 1978-2000 at this station (Fig. 2 . 5) show significant changes. Total 

trends over 1978-2000 were 229 to 250 m3s-1 during November to April (Fig. 2.2c), with the 

highest increase of 250 m3s-1 (400%) in April. Changes in March and February were 275 (350%) 

and 263 m3s-1 (275%), respectively. Negative trends were found for July, 4982 m3s-1 (-49%), 

and August, 1490 m3s-1 (-22%) (Fig. 2.2c), and a weaker increase of 925 m3s-1 (6%) was seen in 

June. The remaining months have positive trends of 40%-109%. Annual discharge at the 

Kolymskoye station shows a weak decrease of 1.5% during 1978-2000 (Fig. 2.3). This 

decrease seems to be consistent with climate changes over the basin, since basin yearly 

temperature increased and precipitation decreased slightly during 1978-2000 (Fig. 2 .6 ). Dam 

regulation also affects the inter-annual variation in streamflow. To determine the changes in 

flow variation, we calculated and compared the standard deviation of monthly streamflow 

between the pre- and post- dam periods at the four stations downstream of the dam (Fig. 2.7). 

The results show that, relative to the pre-dam period, the post-dam streamflow variations
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increase during the low flow months (November-April), and decrease in high flow season 

(June-July). This means that dam impacts on flow variation differ over the season.

i. Eastern tributaries

There are five maj or unregulated tributaries in the eastern part of the Kolyma basin. To understand 

the streamflow characteristics and changes mainly due to natural causes over the eastern Kolyma 

basin, two control stations on the main eastern tributaries, that is, the Bol’shoy Anuy (station I 

in Fig. 2.1) at the Konstantinovo Valley and the Oloy station (J in Fig. 2.1) at the Utuchan 

Valley were analyzed in this study. The Bol’shoy Anuy station has a drainage area of 49,600 

km2 and the Oloy station controls a drainage area of 15,700 km2. The monthly mean flows at 

the Bol’shoy Anuy station are characteristic of the Kolyma basin, with high discharge (292

67 m3s-1) from May to October, the maximum discharge in June (1272 m3s-1), and very low 

flows from November (16 m3s-1) to April (2 m3s-1) (Fig. 2.8a). Flow records collected at the 

Oloy station during 1975-98 show that monthly mean streamflow are high (40-35 m3s-1) from 

May to October, with the maximum discharge in June (488 m3s-1), and very low discharge from 

November (13 m3s-1) to April (7 m3s-1) (Fig. 2 .8a). Trend analyses for the Bol’shoy Anuy 

station during 1978-2000 show total flow decreases in May (-17 m3s-1), July (-426 m3s-1), 

August (-135 m3s-1), and October (-20 m3s-1); positive trends in June (239 m3s-1), September 

(82 m3s-1), and little changes during November to April (Fig. 2.8b). These monthly flow 

changes caused an annual discharge decrease of 8% during 1978-2000. Discharge data records 

at the Oloy station during 1975-88 indicate increasing trends (0.2-9.8 m3s-1) during November 

to April, and decreasing trends of 0.8 m3s-1 in June, 33.9 m3s-1 in July, and 85.5 m3s-1for 

September. Annual discharge decreased by 3 m3s-1 (3%) over the period 1975-88. It is
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important to notice the clear difference in flow trends between the regulated and unregulated 

sub basins of the Kolyma River. For instance, low flow trends are much smaller in the unregulated 

eastern tributaries (Fig. 2.8b) and very high in the regulated main valley, such as at the 

Kolymskoye station near the basin outlet (Fig. 2.2a). This clearly demonstrates the effect of 

dam regulation that caused winter flow increases in the main river valley.

2.5 Conclusions

Climate over the Arctic regions has significantly changed in the last decades (Chapman and Walsh 

1993; Serreze et al. 2000). This study investigates Kolyma River hydrologic regimes and changes 

induced by reservoir regulation and climate variations. Streamflow records show that the Kolyma 

basin has the basic characteristic of permafrost regions, with low flow from November to April 

and high discharge during May to August. Changes in monthly discharge are different for 

the upper, middle, and lower parts of the basin. In the upper basin without dam regulation, 

streamflow increased for most months. The increases were weak during November to May, 

and strong for August and September, while flow decreased weakly in June and July over the 

Kulu Valley (source of the Kolyma basin). The two eastern tributaries did not show consistency 

in streamflow trends. In the Konstantine Valley, discharge decreased weakly in March, May, 

and October and strongly in July and August; and increased strongly in both June and 

September and weakly during November-February and in April.

Dams have a major influence on watershed storage, discharge regime, and change (Vorosmarty 

et al. 1997; Yang et al. 2004 a, b; Ye et al. 2003). Over the m id- lower parts of the basin 

(downstream of the dam), streamflow increased during the low flow season, and decreased 

in the high flow months, because reservoirs store water during the peak flow season and release
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water during the low flow season. For instance, over the post-dam period (1986- 2000), 

streamflow at the Ust’-Srednekan station (1,493 km downstream of the dam) suddenly 

increased by 522%-3,157% during December to April, and decreased by 41% in July. Similarly, 

comparisons of pre- and post-dam mean monthly flows at the Srednekolunsk station (1,720 

km downstream of the dam) show low flow increases of 130 m3s-1 (43%) - 268 m3s-1 (454%) 

from November to April, and high discharge decreases by 2,550-519 m3s-1 during June to August 

in the post-dam era. Comparisons of flow changes between the two downstream stations 

demonstrate the diminishing effect of the dam as the distance between the dam and the station 

increases. Changes in seasonal streamflow, particularly the increases in low flows, over the m id- 

lower reaches of the Kolyma basin is partly due to dam regulation. A study by Ye et al. (2003) 

for the Lena basin found similar results, and they reported that cold season increase in discharge 

is a combination of both reservoir regulation and natural runoff changes. Because of the 

dramatic hydrologic changes caused by the dam regulation in the Kolyma watershed, it is 

difficult to detect streamflow changes due to natural causes in the regulated mid-lower basins.

Annual discharge records show different changes within the Kolyma basin. The upper basin 

(upstream of the dam) shows yearly runoff increases of 10%, 19%, and 22% at the Kulu, 

Duscania, and Orotuk stations, respectively. The two eastern tributaries have flow decreases by 

8% and 3% at the Bolsoy Anuy and Oloy stations, respectively. Annual flow decreased by 

about 2%-4% over the mid-lower basin (downstream of the dam) partly due to reservoir 

regulation. Similar to the temperature changes reported in Symon et al. (2005) over the Arctic 

regions, the Kolyma basin climate records show an annual warming trend of 0.4°C during 

1930-2000. The seasonal basin temperatures show a cooling trend during November to 

December. Similar changes in winter temperatures were reported by Chapman and Walsh
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(1993) for the east Siberian regions. Basin yearly precipitation showed a decrease during the 

last 4-5 decades. These changes are somewhat consistent with river runoff decrease over the 

Kolyma basin as a whole; discharge changes in the unregulated sub-basins are perhaps mainly 

due to climate variations. However, given the weak changes in climate over the basin, the 

weak decreases in yearly runoff near the basin outlet is also likely due to dam impact, such 

as in- filtration and evaporation water losses from the large reservoir (Jansen 1988). Regardless 

of the cause, it is important to note that the Kolyma River discharge into the Arctic Ocean has 

decreased slightly over the past 20 yr. Long-term (1927-2000) data collected at the 

Srednekolunsk station (181 km above the Kolymskoye station) show discharge decrease by 

11%. The Kolyma basin is one of the six largest Siberian rivers analyzed by Peterson et al. 

(2002), and this river showed no increase in yearly discharge.

Seasonal discharge changes are stronger and easier to detect than the annual flow changes. 

Recent analyses have shown discharge increases in the winter season for the Ob, Yenisei, and 

Lena Rivers (Ye et al. 2003; Yang et al. 2004 a, b), where human impacts are predominant due 

to dam constructions, farming, mining, and other activities. Macdonald et al (2002) suggested 

that timing of freshwater input is important and change in seasonal streamflow, increase in 

winter flow at the expense of summer inflow, could stall convection of shelf. On the other 

hand, insignificant change was found for the less developed regions, such as the Mackenzie 

basin in northern Canada (Dynesius and Nilsson 1994; Revenga et al. 1998; Dery and Wood 2005). 

This study identifies major changes in streamflow seasonal cycle over the Kolyma basin due 

to reservoir regulation; it clearly underlines the importance of human activities in regional and 

global environment changes. Further research is necessary to better understand climate impact
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on river discharge changes, particularly the relationships among river streamflow, basin 

temperature, precipitation, and snow cover changes.
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2.7 Figures

165 E 170 E 175 E

Figure 2.1. The Kolyma watershed and the location of the dam and hydrologic stations used in this study.
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Figure 2.2. (a) Monthly mean discharge, (b) standard deviation of discharge, and (c) trend analysis for selected 
stations on the Kolyma River. (Refer to Table 1 for data period for every station.)
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Figure 2.3. Annual discharge plots for selected hydrologic stations in the basin.

Figure 2.4. Comparison of long-term mean monthly discharge at four stations between the pre- and post-dam 
periods.
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Figure 2.5. Monthly discharge records at selected hydrologic stations in the basin; the bar indicates the filling period 
from 1986 to 1990.
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2.8 Tables

Table 2.1. List of hydrologic stations used in this study.

Station code 
(Fig. 2.1)

Station name/location Latitude
(°E)

Latitude
(°N) Data period Discharge 

area x 1000 km2

% of 
Kolyma 
Basin

Annual 
runoff (km3)

% of 
basin 
runoff

Dam information

H Kolymskoye/basin outlet 68.73 158.72 1978-2000 526 100 103 100 Downstream of dam

G
Srednekolunsk/main river 
valley 67.47 153.69 1927-2000 361 69 68 67 Downstream of dam

F Y asachnaya/tributary 65.4 151.07 1972-88 32 6 9 9 Unregulated subbasin

E
Ust’-Srednekan /main river 
valley 62.43 152.3 1933-2000 99 19 23 22 Downstream of dam

D Sinegor’s/main river valley 62.07 150.47 1936-89 61 12 10 9 Downstream of dam

C Duscania/main river valley 61.65 148.83 1948-80 50 10 11 10 Upstream of dam

B Orotuk/main river valley 62.12 148.47 1957-97 43 8 9 8 Upstream of dam

A Kulu /main river valley 61.9 147.42 1942-94 10 2 3 3 Upstream of dam

I
Bol’shoy Anuy/ 
Konstantinovo 68.15 161.16 1978-2000 49 12 8 8 Unregulated subbasin

J Oloy /Utuchan 65.67 162.43 1975-88 15 5 4 3 Unregulated subbasin
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3. Streamflow analysis for the Yana basin in eastern Siberia2

3.1 A bstract

We analyze Yana River streamflow and climate data in order to understand climate change and 

its impact on basin hydrology. Basin temperature and precipitation records show little change 

during 1977-1999. Discharge data near the basin mouth suggest changes (increase and decrease) 

over the summer months. Basin precipitation has a positive correlation with discharge during 

June, July and August. The relationship between snow water equivalent and discharge follows 

an inverse relation; maximum snow water equivalent and discharge have a linear relation, with 

inconsistencies in some years. Further examination is needed to improve this relationship. 

The results of this study are useful for a better understanding of the hydrological regime and 

changes over the northern regions.

3.2 Introduction

Arctic climate and hydrology have changed significantly in the past decades. Recently we have 

studied hydrological regimes and changes over the Kolyma and Lena basins in order to quantify 

and understand human impact and climatic effects on regional hydrological changes (Yang et 

a l,  2003; Ye et al., 2003; Majhi and Yang, 2008). The Yana basin lies in eastern Siberia and 

drains into the Mesozoic continental collisional/accretionary zone of very complex geology. 

This region has a mountainous topography with the Verkhoyansk Range reaching 2000 m. The 

Yana River is an average sized basin along the coast of the Arctic Ocean. It has a drainage area

2 Majhi, I., and Yang, D. (2011): Cold Regions Hydrology in a Changing Climate, 39-43.
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of 238,000 km2 (Fig. 3 .1 ), a length of 1,073 km (Huh et al., 1998), and annual discharge of 

34 km3/year. There are no dams in the basin, which has a low population density. It thus provides 

ideal conditions to examine the effect of climatic variation on streamflow changes. The 

objective of this study is to better understand factors affecting discharge and its changes. We 

examine streamflow change and its relation with climatic variables, such as precipitation, 

temperature and snow cover. The results of this analysis will improve our understanding of 

hydrological response to climate change in the northern regions.

3.3 D ata and Methodology

The Russian Federal Service for Hydrometeorology and Environment (Roshydromet) has 

monitored discharge of Russian rivers since the early part of this century. The discharge data 

for this study were obtained from the University of New Hampshire (www.r- 

arcticnet.sr.unh.edu).

Stage height readings were made daily and cross-channel measurements o f discharge were made 

25-30 times for a rating curve. Estimates of daily discharge from the rating curves were accurate 

to ±5% (Shiklomanov and Shiklomanov, 2000). Discharge data are available over various parts 

of the basins; this analysis focuses on the basin scale. We use monthly and daily flow data 

collected near the mouth of the river during 1972-1999.

Passive microwave remote sensing in recent years has provided the ability to monitor various 

features of the Earth’s atmosphere and surface, including snowpack properties. A previous study 

was done on snow covered area for the Lena basin (Yang et al., 2003). A special sensor 

microwave imager (SSM/I) on the US Defense Meteorological Satellite Program (DMSP) has 

a daily temporal and good spatial coverage for most areas, which is an important feature for
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snow pack monitoring. The SSM/I data are from a seven-channel microwave radiometer, which 

has dual polarized channels at 19, 37 and 85 GHz, and a vertically polarized channel at 22 GHz 

(Hilburn et a l,  2010). The daily SWE data were compiled by the University of New Hampshire 

from 1987 to 2003, and are available through their website (www.r-arcticnet.sr.unh.edu). We 

use these data for snow analysis in this study.

The results of the analysis can be briefly summarized in three parts. First, we define the climatic 

regime and change, using monthly precipitation and data. In the second section, we quantify the 

discharge regime and change at monthly and annual timescales over the basin. Finally, we 

compare the snow water equivalent and discharge data at various time scales, in order to examine 

their compatibility and the effect of SWE change on discharge.

3.4 Result and Discussion 

a. Basin climatology

We analyzed temperature and precipitation data for the Yana basin during 1972 to 1999 - 

a common data period for this study. The mean annual temperature ranged from -14°C to - 

18°C. The cold temperature is characteristic of regions with continuous permafrost. The basin 

has a long cold season of eight months, with temperatures ranging from 0°C in September to 

around -1°C in May. The coldest month is January, with a mean monthly temperature of -45°C. 

The brief warm season has a temperature range of 9°C in June to 8°C in August; July is the 

warmest month with a mean temperature of 12°C. Both the seasonal variation and the linear trend 

have low values. Mean annual precipitation over the basin ranged from 171 mm to 300 mm, with 

an average of 217 mm. Trend analysis of the precipitation data showed no significant change
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for any month; the highest change was for July, about 4 mm during 1972-1999. The rest of the 

months had very low trend.

The month with the most significant trend was April, with an a  value of 0.03. It is interesting 

to note that the precipitation changes are mostly during the winter months, except for August. 

We compared the relationship between precipitation and temperature during 1972-1999, and 

found that they were strongly correlated, and significant at an a  value of ±0.05 for a few 

months. The winter months (October to April) showed positive correlations, implying warmer 

temperatures associated with higher precipitation.

3.5 Basin hydrology

The Ubileinaya station, situated on the main river valley, (70.77°N, 136.08°E) (Fig. 3 .1), is 

the closest station to the basin outlet. It has a drainage area of 224,000 km2, with a mean annual 

flow of 1,020 m3/s from 1972 to 1999. The highest discharge takes place in June (4,300 m3/s), 

followed by July (3,055 m3/s), August (2,615 m3/s), and September (808 m3/s). Low flows 

were from December (12 m3/s) to April (0.1 m3/s). Seasonal flow fluctuations showed a 

high standard deviation for the months with high flows, i.e. June (1,771 m3/s), July (1,051 m3/s), 

August (1,075 m3/s), and September (805 m3/s). Flow records showed a decrease of 500 m3/s 

in May, and an increase in June by approximately 1,000 m3/s. The increase in June was 

compensated by July, which had a decrease of 1,000 m3/s. Flows in August, September and 

October also increased by 100 m3/s (Fig. 3.2). Flow changes in March (-1.5 m3/s) and April 

(2.2 m3/s) were significant. There is a positive change in the base flow for the rest of the winter 

months. Annual discharge increased by 492 m3/s (57%) during 1972 to 1999 (Fig. 3.2), 

significant at 83%; this significant change is most likely due to natural causes.
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3.6 SWE vs runoff

The snow water equivalent (SWE) data used for this work relate to the period 1988-2000. We 

examine the relationship between SSM/I snow water equivalent and discharge data collected near 

the basin outlet. Snow starts to accumulate from September (5 mm) and continues to build up 

through October (26 mm), November (76 mm), December (116 mm), January (130 mm) and 

February (Fig. 3.3(b)). The maximum SWE occurs in March, ranging from 133 mm to 180 mm. 

Max SWE has an increasing trend during 1988 to 1999, with a sudden drop in 2000 (Fig. 3.3(a)). 

Snow ablation starts in April, when SWE reduced from 146 mm in March to 130 mm in April. 

With the increase in air temperature in May, SWE reduced to 66 mm. There are variations in 

snowmelt processes among the years. Earlier melt was observed in the springs of 1997, 1998 and 

1999, when the snow had gone by Julian day 142. For the other years, snow disappeared around 

Julian day 150. In spring 2000, snowmelt was complete by day 150.

3.7 SWE vs discharge

Discharge and SWE follow an inverse relationship, with the advent of snowmelt at about day 

86 (last week of March) and its final disappearance at day 150, around the last week of May. 

The discharge subsequently peaks on Julian day 160 (Fig. 3.4). This is typical for the Arctic 

regions with continuous permafrost. The time series of discharge and snow water equivalent 

emphasizes the inverse relationship (Fig. 3.5). A high value of SWE does not always lead to a 

high peak discharge; this could be due to different ablation rates, which are very variable 

from year to year. We calculated the ablation rates around mid-May to the first week of June, 

and it varies from as low as 2 mm/d to as high as 16 mm/d at the start of snowmelt. The melt 

rates change with increase in temperature.
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Yana basin is a pristine and permafrost basin in eastern Siberia. It drains into the Laptev Sea. The 

basin has a long cold season of eight months, with temperatures ranging from 0°C in September 

to around -1°C in May. The basin has warmed up over the past three decades. Mean precipitation 

for the Yana basin ranged from 171 to 300 mm. Precipitation and temperature during 1972-1999 

were strongly correlated (significant at a  value of ±0.05) for a few months. The winter months 

(October to April) showed positive correlations, implying warmer temperatures related with high 

precipitation. Monthly flow increased during the low flow months and decreased in June. These 

changes are significant and consistent with the slight increase in temperature over the last three 

decades. The snow water equivalent shows the maximum accumulation in March; the inter

annual variability in the maximum SWE shows an increasing trend during 1988-2000. The SWE 

and discharge relationship does not always show consistency, that is, the years with high SWE 

do not always have peak discharge. Different melt rates could result in this discrepancy. There is 

a logarithmic relation between daily maximum SWE and discharge. Similar results exist for 

monthly flow and SWE. It is necessary to continue this research so as to better understand the 

discharge dynamics and hydrological cycle for the Arctic regions.

3.8 Conclusion
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3.9 Figures

Figure 3.1. Yana basin with all the stations listed from downstream to upstream.

Figure 3.2. Ubileinaya mean discharge, trend and standard deviation from 1972 to 1999.
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Figure 3.3. (a) Mean March SWE during 1988-2000; (b) monthly mean, STD and trend for SWE for 1988-2000.

Figure 3.4. Mean daily discharge and SWE for the basin, 1988-2000.
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Figure 3.5. Time series of SWE and discharge for the basin, 1988-2000.
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4. Is there a Link Between Changing Indian Monsoon Seasonality and the Cryosphere?3

4.1 A bstract

The Indian subcontinent has recently experienced increases in rainfall during the pre-monsoon 

months of May and June. The Indian economy is dependent on the monsoon rainfall; therefore, 

it is important to fully understand the processes associated with variations in this phenomenon. 

In this study, we explore a potential connection between the cryosphere and changes in rainfall 

in India. In particular, the main cause of the rainfall increases in May-June has been linked 

to a general decrease in snow depths in the Himalayas and southern Eurasia as well as an 

increase in snow cover in northern Eurasia. We track a linkage between an increase of snow 

water equivalent (SWE) in northern Eurasia and a corresponding decrease in southern Eurasia. 

Associated with the large-scale SWE anomalies there is a poleward shift in storm tracks and an 

increase in storm count in northern Eurasia. The reduction of sea ice extent in the fall has been 

found to be one of s the reason for increased snow in Eurasia and we propose that it changes 

the storm tracks. In sum, we present evident that is consistent but not conclusive with the notion 

that large-scale snow cover changes are one of the drivers of increased May-June rainfall in 

India.

4.2 Introduction

The Indian summer monsoon (ISM) is one of the most energetic and vigorous regional monsoon 

systems and exhibits highly complex spatio-temporal variability during June-September (JJAS)

3 Ipshita Majhi1, Uma S. Bhatt1, V. Krishnamurthy2, M.S. Shekhar2, Soumik Basu3, Peter Beinek3 (2018) Is there a 
Link Between Changing Indian Monsoon Seasonality and the Cryosphere?
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(Goswami 2012). It is also one of the largest seasonal anomalies of the global climate system, 

impacting the lives and economic well-being of millions of people in India through food 

production and water supply (Shukla 2007). India has an agrarian economy which accounts 

for 18% of the GDP and the employment of 52% of the workforce in 2014 (Arjun 2013). Thus, 

any change in climatic drivers of the monsoon season ultimately impacts the farmer along 

with the economy of Asian countries. Small fluctuations in precipitation can have a large 

impact on the agriculture and economy of the region by disturbing the overall water cycle 

(Krishna Kumar et al. 2004; Zhang et al. 2011).

The Indian monsoon is a coupled atmosphere-land-ocean system that is driven by solar heating 

and is strongly influenced by sea surface temperature (SST) (Krishnamurthy and Krishnamurthy 

2014). The land heats up more quickly than the surrounding ocean and the ensuing temperature 

gradient drives moist maritime winds to converge over the continent, leading to the onset of 

a monsoon. Understanding the variability in the differential heating between the land and sea 

helps to determine the strength of the overall monsoon (Bhutiyani et al. 2010; Chatterjee et al. 

2009; Das et al. 2002). There are various factors which impact the Indian monsoon such as ENSO, 

sea surface temperature, and aerosols, to name a few. This study focuses on May- June rainfall, 

which has notably increased in parts of northern India. This area of India is semi-arid and 

features an intense low pressure during spring months which leads to dust storms (Narayanan et 

al. 2013). The month of May is usually characterized by a reversal of surface winds to bring 

warm, moist and unstable air from Indian Ocean onto the Indian continent (Chandrashekhar

2010).

Aerosols are one of the factors that impact pre-monsoon rainfall in India. One of the theories

is that aerosols are thought to reduce clouds, which subsequently increases short wave
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radiation, increases surface heating, and leads to more June precipitation (Bollasina et al. 2008). 

Rainfall in the pre-monsoon period is also associated with the formation of semi-permanent 

heat lows over the northwest parts of India and central parts of Pakistan during the summer 

months (Chandrashekhar 2010). The recent rise in temperature has led to an intensification of 

convective heating which causes higher rainfall during March, April and May.

The monsoon is sensitive to global warming (Kitoh et al. 2013) so it is expected that increased 

GHG emissions will likely increase the severity and complexity of the Indian Summer Monsoon. 

Climate extremes can catalyze societal instability, such as the civil war like that sparked by 

a multiyear drought in Syria (Gleick 2014). Over the Indian subcontinent there could be 

disastrous impacts for agricultural production, ecosystems, health and food security, and 

the economy (Gadgil and Kumar 2006). This study investigates the mechanisms behind the 

recent increase in May-June rainfall and this understanding can contribute to improved 

predictability of the Indian Monsoon. This study will make use of all available data: station 

observations, remote sensing data, reanalysis products, and global climate model simulations. 

The available climate model simulations provide insight into the monsoon spanning from the 

historical to the future period.

Realistic projections of the future behavior of Indian Summer Monsoon (ISM) variability is 

critical for sustainable economic development and to better adapt in the future. In a future warmer 

climate from increased GHG concentrations, most studies find an intensification of monsoon 

rainfall (Meehl and Washington 1993; Hu et al. 2000; Kripalani et al. 2007; Turner and 

Slingo 2011; Stowasser et al. 2009; Cherchi et al. 2011). Understanding mechanisms behind 

the monsoon, the different parameters which impact it and how it will change in the future, will 

help to better predict the monsoon.
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This study investigates the possible connection between increases in May-June rainfall with 

the cryosphere. The relationship between the Indian monsoon and Himalayan snow has been 

known for over a century. Blanford (1884) demonstrated a link between the amount of 

Himalayan snow cover and the Indian summer monsoon. His proposed mechanism can be 

described as follows. Above normal snow cover delays heating of the Indian subcontinent 

and leads to weaker than average monsoons. Conversely, when the snow cover is below 

average, the land-surface warms up faster and the monsoon is stronger than average. Bamzai and 

Shukla (1999) found that western Eurasia winter snow cover has a significant inverse correlation 

with Indian summer monsoon rainfall. This mechanism is similar to the mechanism described by 

Blanford—that is, snow reduces the land sea contrast. Numerous studies have investigated the 

inverse relationship between Eurasian snow and the Indian Monsoon (Hahn and Shukla 1976; 

Dey and Bhanu Kumar 1982; Dickson 1984; Bamzai and Shukla 1999; Kripalani et al. 

2007). Several modeling studies have also investigated this snow-monsoon mechanism 

(Bamzai and Marx 2000; Turner et al. 2007; Saha et al. 2013).

We go a step further to examine if the changing Himalayan snow pattern is linked to larger scale 

Eurasian cryospheric variability in snow and Arctic sea ice. There is a growing body of research 

that supports the notion that Arctic sea ice decline drives mid-latitudes extreme weather. Extreme 

winters in Northern Hemisphere mid-latitudes have been connected to declining Arctic sea ice 

and continental snow cover changes in autumn through modified planetary waves in the 

coupled troposphere-stratosphere system (Handorf et al. 2015). Another study linked the recent 

warming in the Arctic and decrease in sea ice with anomalously large snowfall in large parts 

of North America, Europe, and east Asia through variations of the Arctic Oscillation (Liu et al.
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2012). Sea ice decline is associated with warmer ocean surface waters and intensified turbulent 

fluxes of heat and moisture into the atmosphere (Cohen and Jones 2011).

Snow depth has an important hydrological effect of enhancing soil moisture, which persists into 

the following summer and changes the dynamics of evaporation and river discharge (Park et 

al. 2013). Cyclones are connected with snow in Eurasia which follow a preferred path or track in 

the extratropics (Whittaker and Horn 1984). A systematic shift in either the geographical location 

or the intensity of the storm track will result in precipitation anomalies, which are relevant for the 

regional climate (Chang et al. 2002). Studies show that declining sea ice in the Barents and Kara 

Seas (BKS) acts as a moisture source for the enhanced Western Siberian snow depth as a 

result of altered tropospheric moisture transport. There are atmospheric disturbances that are 

generated due to low sea ice in Barents Kara sea which enter Eurasia from the BKS region and 

then move southward along the Ural Mountains merging into the extension of the Mediterranean 

storm track (Wegmann et al. 2015) bringing more snow to the northern part of Eurasia.

In this study, we want to understand a possible pathway by which sea ice variations impact 

the Eurasian cryosphere and subsequently the Indian Monsoon (Figure 4.1).

Studies have shown that changes in Arctic sea ice extent have wide-ranging impacts, including 

an increase in snow cover in Eurasia. For example, some parts of Siberia even show an increase 

in snow depth (Ghatak et al. 2012), while the western Himalayas show a decrease in snow 

depth (Shekhar et al. 2010). We start our research by asking the few basic questions:

The loss of Arctic sea ice has caused wide-ranging impacts, some of which appear to be related 

to changes in snow depth and snow cover over Eurasia. In this study, we seek to better 

understand changes in monsoon seasonality. First, there has been a change in the seasonality
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of the Indian monsoon (Figures 4.2 and 4.3): positive trends during May-June and negative 

trends during July-August. Therefore, we focus on the following three questions.

Research Question 1: Are changes in Himalayan snow cover consistent with the recent shift 

in the seasonality of the monsoon?

Research Question 2: Is there a link between Himalayan snow and Eurasian snow? Can 

storm tracks help to uncover the connection between the snow and sea ice?

Research Question 3: Is there a link between changes in Eurasian-Himalayan snow 

cover/depth and Arctic sea ice decline?

To understand the above questions, we will use wide range of data from sources such as 

station observations, satellite data, model output and CEMS LENS data.

4.3 D ata and Methods 

4.3.1 Data

4.3.1.1 All India Rainfall Data

The All India rainfall (AIR) index is a long and well-maintained record of monsoon rainfall 

in India. In this study, we use the area averaged index as well as gridded data that describes 

rainfall spatially. This study uses the daily gridded rainfall data which has been processed at a 

high spatial resolution (0.25° x 0.25°) over a period of 113 years (1901-2013) over the Indian 

mainland (Pai et al. 2014). The gridded data has been qualitatively prepared by the India 

Meteorological Department (IMD) using the daily rainfall records from the 6,995 rain gauge 

stations in India. In addition to the spatial data, we have also used the All India time series 

which is also from 1871- 2014. Parthasarathy et al. (1992) created monthly, seasonal and
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annual rainfall time series for all- India, 29 meteorological subdivisions and 5 homogeneous 

regions on the basis of fixed 306 rain gauge stations for the period 1871-1990.

4.3.1.2 Snow W ater Equivalent

The data for snow water equivalent (SWE) data was obtained from the European Space Agency 

(ESA) Global Snow Monitoring for Climate Research (GlobSnow) for the northern hemisphere 

from 1979 to present day (Luojus et al. 2011). The SWE is defined as the amount of liquid water 

in the snow pack that would be formed if the snowpack was completely melted. The data is 

a combination of passive microwave radiometer and ground-based weather station data. 

SWE information consists of terrestrial non-mountainous regions of the northern hemisphere, 

excluding glaciers and ice sheets. The SWE maps are generated using EASE-Grid projection 

and a 25-km spatial resolution.

4.3.1.3 Snow cover Extent

The Northern Hemisphere Snow Cover Extent (SCE) was obtained by Rutgers Snow Lab 

(Robinson 1984) and is based on weekly snow cover maps produced by the U.S. National Oceanic 

and Atmospheric Administration (NOAA) from visible satellite imagery, including the Advanced 

High Resolution Radiometer (AVHRR) series and other geostationary and polar orbiting platforms, 

and in situ data. Their record extends from 1966 to the present and is a global data with resolution 

of 24 km.
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4.3.1.4 Himalaya Snow Depth Data

The Snow and Avalanche Study Establishment (SASE) is a part of Defense Research and 

Development Organization (DRDO) and is located in Chandigarh, India. SASE maintains 

weather stations that provide meteorological data and they also conduct weather and avalanche 

forecasting for the western Himalaya. The observational network of SASE includes 60 surface 

observatories and three upper-air stations spread over the western Himalaya. The snow depth is 

measured using a snow stick (which is a plane surface with a one meter measuring stick 

perpendicular to the surface) every three hours during a snowstorm, otherwise at 0830 hrs and 

1730 hrs IST (Shekhar et al. 2010). Figure 4.4(a) shows a map of the study region showing the 

meteorological stations.

4.3.1.5 Sea Ice

Sea ice data used for this study was provided by the Hadley Center (Rayner 2003). The data 

spans from 1871 to present and is available at a monthly time resolution. HadISST is the longest 

gridded sea ice data available for the Arctic. It is a 1° x 1° spatially filled data set which is basically 

designed as an input for models. HadISST is combination of data from historical ice charts from 

shipping, expeditions and other observational data, passive microwave satellite retrievals 

(primarily the NASA Goddard NASA Team data set), and NCEP operational ice analyses (also 

based on NASA Team and NASA Team 2 algorithms).

4.3.1.6 Storm Tracks

Six-hourly SLP from the National Centers for Environmental Prediction-National Center for 

Atmospheric Research (NCEP-NCAR) reanalysis (Kalnay et al. 1996) was used to identify storm
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tracks from 1948-2014. Cyclone, cyclone number and cyclone intensity were calculated using 

the methodology developed by Zhang et al. (2004). The reanalysis has a horizontal resolution of 

2.58° latitude by 2.58° longitude. The cyclone track is defined as the trajectory of the cyclone 

center and is calculated based on the position of the cyclone and if it moves within radius of 

600 km within the 6-h time frame, then it is the new location of the same cyclone and 

this way all trajectories are calculated, otherwise, a new cyclone is generated. Cyclone intensity 

was calculated in two steps: first, the mean absolute values of the difference between the central 

SLP of cyclones and the climatological monthly mean SLP at corresponding grid points over 

the cyclone duration were calculated for each individual cyclone; second, the mean absolute 

values were averaged over all cyclones.

4.3.1.7 CESM  LENS

The National Center for Atmospheric Research (NCAR) Community Earth System Model Large 

Ensemble Project (CESM LENS) is a publicly available set of climate model simulations 

intended to understand internal climate variability and climate change and is described in Kay 

et al. (2015). The LENS consists o f a 40-member ensemble of fully-coupled CESM1 simulations 

for the period 1920-2100. Each member is subject to the same radiative forcing scenario 

(historical up to 2005 and RCP8.5), but is initialized with slightly different atmospheric states 

(created by randomly perturbing temperatures at the level of round-off error). This data set 

provides many realizations that are very useful to investigate climate variability, in particular 

natural variations.
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4.3.2 Analysis Methods

Standard statistical methods are applied in this study. The simple least squares fit method was 

used to determine the trends of Indian monsoon, SWE, sea ice and storm tracks. Correlation 

coefficients were calculated for linearly detrended data to determine the degree to which 

two parameters vary together. Standard correlation coefficients are used to investigate the 

relationship between monsoon and Himalayan snow cover, Eurasian SWE and storm tracks. 

The statistical significance of correlations and trends was assessed using the two-tailed Student’s 

t-test at the 90% or greater level. Composite analysis was conducted for extreme anomalies 

greater than one standard deviation and used to examine climate anomalies corresponding to 

anomalously high and low Arctic sea ice states and snow cover.

4.4 Results

4.4.1 Monsoon Trend and Changing Seasonality

This study attempts to sketch a possible pathway between sea ice variations, Eurasian snow cover, 

and the Indian Monsoon. The change in seasonality of the Indian monsoon with May- 

June increases and July-August decreases motivates this study (Figure 4.2). The observed 

increase in May-June rainfall is concentrated in the northern part of India (Figure 4.3). Even 

though other parameters such as sea surface temperature will always be key, to help better predict 

the monsoon we look at the cryosphere to provide additional variability. Precipitation trends 

during May and June over the period 1980-2014 (Figure 4.3) based on the IMD gridded 

precipitation shows an increase in May and June rainfall especially in the northern region of 

India. The precipitation increased over northern India (20-30° lat, 70-90° lon) during the 35- 

year period by 42.55 mm in May and by 10 mm in June. Himalayan snow depth is investigated
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next to examine whether the Blanford mechanism is operating. Snow depth for Dundhi and 

Gulmarg (Figure 4.4 c), India, were analyzed for the period of 1990-2015. Dundhi is located 

about 20 km from Manali at 2,800 m above sea level pressure (Upadhyay et al. 2010) and the 

observatory at Dundhi (lat. 32.2°N, lon. 77.07°E), is surrounded on three sides by high 

mountains partially covered with vegetation. Gulmarg is a hill station located in Baramula 

district in Jammu & Kashmir state of India (Figure 4.4a) at 34.06°N and 74.38°E located in 

north-western Himalayan ranges at around 2,690 m above sea level. It is surrounded by 

Afghanistan and Pakistan to the north-west and Tibet to the north- east. Gulmarg is located 52 

km to the south-west from Srinagar. Snow falls during the months of November to May. There 

are no major industrial units around this hill station making the site relatively pristine, which 

is ideal for our study. The major sources of air pollution at this site are tourist activities and 

emissions from generators used for electricity generation by various hotels (Kumar et al. 2016).

Himalayan snow depth for Gulmarg from 1990-2014 displays a negative trend for both the month 

of March and April (Figure 4.4c). Dundhi exhibits a consistent trend of decreased snow depths 

in spring (not shown). These findings are consistent with previous studies that documented 

snow depth declines from November to April in this region by Shekhar et al. (2010). Trends are 

negative in February for both stations in this study from 1990-2014 (not shown). Overall, the 

spring snow depth for both stations has decreased.

As a point of caution, decreases in snow depth could result from warmer spring temperatures 

and earlier snow melt. The long-term mean temperature trends in the northwestern Himalaya 

during the 20th century (Bhutiyani et al. 2007) suggest a significant rise in air temperature, 

with winter warming occurring at a faster rate. Black carbon as a result of pollution also

results in reduced snow depths (Ramanathan and Carmichael 2008; Qiu 2008).
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Late spring (March-April) snow depth in the Himalayas is negatively correlated with precipitation 

over northern India is May (Figure 4.5a) and June (Figure 4.5b) as well as over the ocean in 

May (Figure 4.5c). May and June rainfall is negatively correlated with March snow depth over 

northern India. The negative correlation is stronger between June rainfall and March snow 

depth. In addition, March snow depth is negatively correlated with rainfall over parts of 

southwestern India and over the ocean (Figure 4.5). The correlation is significant in regions 

with dots at 90%. The decrease in spring Himalayan snow depth is consistent with increased 

May-June rainfall over India based on the Blandford mechanism. Detrended correlations 

indicate that the strongest negative correlations are between Himalayan snow depth and north 

India precipitation in May and June.

4.4.2 E urasian Snow

The connection between Eurasian snow and Indian monsoon is well documented. In the previous 

section the Himalayan snow and rainfall in May and June was shown. The next step is to explore 

if  the Eurasian snow co-varies with Indian rainfall in May-June. Snow water equivalent (SWE) 

in March was correlated with the time series of India May-June rainfall and displays 

negative correlations in southern Eurasia and positive correlations in northern Eurasia (Figure 

4.6). Statistical significance is shown with stippling for levels at the 90% or greater. When spring 

time rainfall in India is above normal then there is more snow in northern and less in southern 

Eurasia.

Composite analysis was performed for high and low May-June rainfall from 1980-2014 (See 

Figure 4.7). Years with anomalies exceeding one standard deviation comprised the high and low
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cases of the composite analysis. Composites for SWE during October and March are presented 

in Figure 4.7. Both months show a pattern similar to Figure 4.6, with more snow in the north and 

less snow in the south in preceding October in years with followed by above normal rainfall for 

May-June (Figure 4.7).

Variations in storm tracks are explored in the context of snow anomalies. Storm track measures 

are fairly noisy so are best viewed aggregated over an area. Two sub-regions are delineated 

to investigate the storm track measures: one over northern and the over southern Eurasia. 

North Eurasia is defined as the area between 60°-80° N, and longitude 120°-160° W, and South 

Eurasia is defined over 30°-60° N and longitude 120°-160° W.

We analyzed storm tracks that bring snow to the northern and southern region of Eurasia. Storm 

track count was averaged over the northern and southern Eurasia domains and were then correlated 

with the SWE. The results indicate that enhanced SWE in northern Eurasia during October- 

December coincides with higher storm counts in the north. For the southern Eurasia storm tracks, 

Figure 4.8c-d the southern Eurasia gets SWE from the southern storm track. In fall, the southern 

storm tracks move and deposit snow in northern Eurasia. The count of storm tracks in the northern 

Eurasia matches the SWE for most of the years, with both the SWE and storm track count 

displaying positive trends (Figure 4.8a). From the above analysis, the results show that snow 

and storm track is connected. During fall, the north and south storm tracks deposit snow in 

their respective region. As winter progress and spring arrives, the southern storm tracks along 

with northern tracks deposit snow in northern Eurasia.

After establishing the relationship between storm track and snow, we further analyze the storm 

track and intensity. The storm track intensity shows increase from 1948-2014, it does not show
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much variability between 1980-2014, so we examined the storm count and the storm count 

for northern Eurasia shows an increase for the fall months of October, November and December 

and is consistent with the increase in SWE (Figure 4.9b). To understand the decrease in 

snow in Himalaya, snow cover extent along with snow depth was investigated. Snow cover 

extent shows a decrease in the fall months of October, November and December (OND) 

months. The western disturbances which are storms that flow through India from November to 

May are analyzed. The western disturbance count is decreasing from November-April (Figure 

4.9d).

The composite analysis is done for the years with high and low Kara sea ice from 1980-2014. 

The result is then used to create composite of (Low-High) years of snow water equivalent 

and for October and November, the years with low sea ice shows higher snow in central Siberia, 

for month of November there is a dip from extending from Scandinavia to southern Eurasia, 

which could explain the increase in storm track number (Figure 4.10).

4.4.3 F uture of Monsoon: Com parison with Model and F uture Simulations

To understand the mechanism of increased May-June rainfall, model simulations were 

investigated. CESM LENS modeling output was used to investigate the proposed mechanism. 

There are 40 ensemble runs for historical simulations that span the period from 1920-2005. 

The mean monsoon seasonality from the pre-industrial run, the historical run and observations 

compare favorably. The range of May-June rainfall for the 40 ensembles also compares well 

to observations. The ensembles are fairly close in value with each other and close to 

observation (Figure 4.11c). The analysis done with the observed data and satellite data match the
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model results for average of 40 ensembles. The next step would be to analyze the future run 

to see how the monsoon will change in the future but is beyond the scope of the current study.

4.5 Discussion

The Indian monsoon and snow relationship has been well documented. The pre-monsoon month 

of May and June are analyzed in our study. Rainfall in the pre-monsoon period is due to 

the formation of semi-permanent heat lows over the northwest and northern parts of India and 

central parts of Pakistan during the summer months (Kumar et al. 2016). The rise in the 

surface air temperature since 1971 (Krishna Kumar et al. 2004) during the months of March, 

April and May probably suggests the intensification of the convective heating over different 

parts of India, along with a positive trend of hot days and nights. The month of May is usually 

characterized by a major reversal of surface winds that brings warm, moist and unstable air from 

the Indian Ocean into the Indian Peninsular region under the influence of land sea thermal 

contrast, which plays a major role in the establishment of planetary scale monsoon circulation 

over the entire subcontinent for coming months (Chandrashekhar 2010). Results show that 

Himalayan snow depth has negative trend in Feb, March, April and May (Figure 4.4(c)). 

Reduced snow depth is consistent with rising temperatures. Long-term trends in mean 

temperatures over the northwestern Himalaya during the 20th century (Bhutiyani et al. 2007) 

show a significant rise in air temperature in the northwestern Himalaya, with winter warming 

occurring at a faster rate. Black carbon also helps to reduce snow depth (Ramanathan and 

Carmichael 2008; Qiu 2008). In this study, it is shown that the decline in snow is linked to 

changes in storm tracks and their impact on the western disturbance. In an observational 

study, Das et al. (2002) found that western disturbances in the Himalaya activate monsoons
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in certain areas of northwestern India. They also studied trends in the annual pre- monsoon 

(March-May) frequency of western disturbances and the onset date of monsoon over north 

India for the period 1971-2000 and found that frequency of May western disturbances has 

significantly decreased over recent years. Our study finds a similar decrease in Western 

Disturbances from 1980-2014 from November to April, which can also be a process by which 

Himalaya snow cover decreases, which can lead to earlier heating of the land and higher May- 

June rainfall. Now, the question remains whether the increase in rainfall is just connected to 

the local parameters or is there a connection with the cryosphere?

To answer this question, we looked at the Eurasian snow cover in March and correlated it with 

the May-June rainfall. The analysis showed that May-June rainfall is positively correlated 

with northern Eurasian snow and negatively correlated with southern Eurasian snow. Less 

snow in southern Eurasia increases the land sea temperature gradient over Indian continent 

and favors a stronger monsoon.

Consistent with this study is one by Bulygina et al. (2009), which found that there was increase 

in SWE in northern Russia and decrease in southern fringes of Russia. This leads us to conclude 

that there is more snow falling in northern Eurasia and less in Southern Eurasia and this is heating 

the land up in southern Eurasia and causing the northern part of India to heat up faster leading 

to earlier rainfall. The impact of Eurasian snow on the Indian monsoon is well researched. 

Shukla and Mooley (1987) hypothesized that an excessive snowfall during the previous winter 

and spring seasons can delay the buildup of the monsoonal temperature gradient, since part of 

the energy will be reflected and part of it will be utilized in melting the snow or evaporating the 

soil moisture. This can explain the impact of southern Eurasia snow on May-June rainfall. 

Vernekar et al. (1995) associated higher snow cover with reduced mid-tropospheric temperature
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gradient over the Indian peninsula, which leads to weaker monsoon. The shift of snow to higher 

latitude is causing higher May June rainfall and the probable cause is an increase in storm tracks. 

A systematic shift in either their geographical location or the level of storm activity will lead to 

substantial precipitation anomalies which has an impact on regional climate (Chang et al. 2002). 

With their strong connection to weather, storm tracks play a prominent role in mid-latitude 

climate dynamics. The cyclone activity of the southern Eurasia is significantly correlated with 

snow in the Northern Eurasia in the winter months. We looked at the storm count and we find 

it is increasing during winter months in northern Eurasia. McCabe et al. (2001) found that 

cyclone centers have increased in the Arctic but have decreased in mid-latitudes, while cyclone 

intensity increased in both high and mid-latitudes. The storm count and snow water equivalent 

are almost parallel to each other.

To understand the possible cause for a shift in storm tracks and the role sea ice plays in 

it, composite analysis was conducted. The composite analysis shows that for years with low Kara 

sea ice, there is above average snow in the central Siberia especially in the month of November 

and statistically significant area spans from Northern Siberia and down towards the southern 

edge of Siberia. Studies have shown that declining sea-ice in the Barents and Kara Seas 

(BKS) acts as moisture source for the enhanced Western Siberian snow depth as a result of 

altered tropospheric moisture transport. Transient disturbances enter the continent from the 

BKS region related to anomalies in the planetary wave pattern and move southward along the 

Ural Mountains where they merge into the extension of the Mediterranean storm track 

(Wegmann et al. 2015).

This study provides a body of evidence to suggest that sea ice could lead to an increase in May

June rainfall by impacting snow. Climate models are useful tools to simulate present climate and
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provide quantitative estimates of the future climate variability. Over the last two decades, several 

modeling studies have addressed the link between sea ice decline and Eurasian snow using 

different sensitivity experiments. Most of these modeling studies advocate the role of increased 

preferable thermodynamic conditions over ISM region for the intensification of monsoon rainfall 

leading to the ‘wet-get-wetter’ situation (Held and Soden, 2006) in response to greenhouse 

warming (Bhaskaran and Mitchell., 1998; Kitoh et al., 1997; Hu et al., 2000; Turner et al., 2007; 

Cherchi et al., 2011). The combination of warmer Indian Ocean along with enhanced low-level 

moisture convergence play a significant role in increasing monsoon rainfall despite the 

weakened south- westerly monsoon flow through reduction in meridional thermal gradient 

(Dairaku and Emori, 2006; Meehl et al., 2007; Stowasser et al., 2009; Turner and Slingo,

2011). In the future, the hydrological cycle will invariably be impacted by decreases in Arctic 

sea ice, increases in snow in the northern Eurasia and decreases in snow in the Himalaya and 

southern Eurasia.

4.6 Conclusion

The growing populations and the development of socio-economic criteria in India are 

predominantly interlaced with timing of rainfall; pre-monsoon and monsoon both are significant. 

Any change in rainfall will have important implications on water resources, agricultural output, 

public health and economy of the subcontinent. In this study, we have explored the probably causes 

for increase in May-June rainfall. More than a century ago Blanford suggested an inverse 

relationship between Himalayan spring snow accumulation and subsequent summer monsoon 

rainfall over India. We explore the possibility of shift in seasonality by investigating recent 

changes in Himalayan snow depth and snow cover extent. The results showed the snow depth
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in March is negatively correlated with May June rainfall in northern India in both May and June 

and over the two oceanic branches over the Arabian Sea and Bay of Bengal during May. This 

result reinforces the important role of Himalaya on monsoon rainfall. In this study we also 

examine how the cryosphere impacts the increase in May June rainfall through changes in 

Eurasian snow. The March snow water equivalent has a positive correlation with May-June 

rainfall northern Eurasia and a negative correlation in the southern part of Eurasia. Below 

average snow depth in southern Eurasia helps to strengthen the meridional temperature gradient 

and favors earlier rainfall. More snow in northern Eurasia and less in Himalayas and southern 

Eurasia was shown to be linked with a northward shift in storm tracks. The intensity of storm 

tracks is increasing in the northern Eurasia and western disturbances, which bring snow in 

Himalaya are decreasing. The Storm tracks in turn are impacted by Kara sea ice, where less 

sea ice causes increased snow amounts by deepening cyclones and providing extra moisture. 

Though the historical conditions do not give a statistically significant positive trend pre-monsoon 

or shows a strong shift so we look at the future scenario for answers. The CESM LENS ensemble 

runs when averaged for 40 ensembles reinforce our present result. For future research, a modeling 

study would provide the answers to missing gap and would help provide better link between the 

shift in seasonality of monsoon and the cryosphere.
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4.7 Figures
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Figure 4.1. Hypothesis: Increase in May June rainfall is connected to cryospheric anomalies in the Himalayas, Eurasia, 
and Eurasian sea ice.
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Figure 4.2. All India Rainfall (AIR) monthly mean in mm (blue) and trend (red) in mm over the period of 1967
2014. AIR is in mm and AIR trend is in mm per 46 years.
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Figure 4.3. Increasing trend for (a) May (b) June rainfall in the northern part of India, using IMD spatial data for 
India. Precipitation is in units of mm per X and Y years in panel a and b.
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Figure 4.4. (a) Western Himalaya map with location of Gulmarg and Dundhi (b) snow depth from Nov. to April 
for whole Western Himalaya (panel is Fig 4.a from Shekhar et al. 2010) (c) snow depth trend for Gulmarg for 
March and April.
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Figure 4.5. Spatial correlation with 90% and higher significance between Correlation between March snow depth 
in Gulmarg with rainfall in northern India in (a) May (b) June and with rainfall over the ocean in May in (c). (d) 
Time series from 1980-2014 of May-June rainfall shown in panel (d) with years above one sigma (+) and below 
one sigma (-) identified for composite analysis.
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Figure 4.6. Spatial correlation of May-June rainfall with SWE in March. There is a negative correlation with 
southern Eurasia and a positive with northern Eurasia. Hashing identifies areas of statistical significance at the 90% 
level of greater.
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Figure 4.7. Composite (High MJ years-Low MJ years) for SWE in mm for (a) October (b) March. Both panels 
show higher snow in northern Eurasia and lower in southern Eurasia. Hashing identifies areas of statistical 
significance at the 90% level of greater.
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Figure 4.8. Spatial Correlation between northern Eurasia and northern Storm tracks (a) OND (b) JFM. Correlation 
between southern Eurasia and southern Storm tracks (c) OND (d) JFM. Significance at the 90% level is shown by 
hashing.
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Figure 4.9. (a) Climatology (blue) and trend (red) of SWE for northern Eurasia (b) time series of cyclone intensity 
in Northern Eurasia (c) now cover extent trend over the Himalaya and (d) time series for western disturbance count 
for the Himalayas.
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Figure 4.10. Composite of November SWE mm for Eurasia for (Low-High) years for Kara Sea Ice.

Figure 4.11. (a) The seasonal cycle of monsoon rainfall from the pre-Industrial, historical and RCP 8.5 Ensemble 
from the NCAR LENS simulations in (a). Select ensembles from the historical simulation are compared to observed 
(circles) May-June rainfall in panel (b). Trend of May-June rainfall from LENS simulations for the historical (1980
2005) and RCP 8.5 (2005-2080) scenario is shown with observed (1980-2014) trends in units of mm year-1.
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Figure 4.12. Mechanism for connecting the change in Seasonality of Monsoon with sea ice.
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5 Conclusions

The Arctic is experiencing unprecedented change from amplified warming and a strengthened 

hydrological cycle to sea ice decline. Amplified warming is argued by many studies to impact 

extreme weather in the midlatitudes and possibly beyond to the tropics. It is imperative to better 

understand different components of the hydrological cycle to improve seasonal to longer-term 

forecasts to anticipate future changes. This study focused on the Eurasian hydrological cycle from 

different perspectives: river flow in the Kolyma and Yana basins and the link between Eurasian 

snow and the seasonality of Indian Monsoon. There exist many gaps in knowledge and this study 

is aimed to address this problem by studying components of the Eurasian hydrosphere. Climate 

change and other factors may alter these natural pathways for freshwater, leading to further 

environmental and societal change in both the Arctic and the tropics.

This study investigated Kolyma River hydrologic regimes and changes induced by reservoir 

regulation and climate variations. Dams have a major influence on watershed storage, discharge 

regime, and change. Seasonal discharge changes are stronger and easier to detect than the annual 

flow changes. This study documents major changes in streamflow hydrology over the Kolyma 

watershed due to climatic variations and human impacts. Streamflow seasonal cycles over 

the basin are characteristic of the northern region, with the lowest runoff in April and peak 

flow in June. Analyses of monthly flows and trends show that reservoir construction and 

operation have considerably affected streamflow regimes. Comparisons of mean monthly 

discharge records between pre- and post-1986 indicate that mid-lower basin experience 

significant increase in low flows and decrease in peak flows after dam construction. In this

5.1 Summary
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study we found that low season flow is increasing due to dam constructions, farming, mining, 

and other activities. This study has improved our understanding of human impacts on discharge 

which is important to gage the societal impacts o f change in discharge and the timing of 

freshwater input is important since increase in winter flow could stall convection of shelf.

The Yana Basin was chosen to investigate the impact of climatic parameters where there has been 

minimal human interference with the natural system. The Yana Basin is a nearly pristine basin 

in Eastern Siberia that drains into the Laptev Sea and is surrounded by continuous permafrost. 

The basin is characterized by a long cold season o f eight months, with temperatures ranging 

from 0°C in September to around -1°C in May. The basin has warmed up over the past three 

decades. Mean precipitation for the Yana basin ranged from 171 to 300 mm. Precipitation and 

temperature during 1972-1999 are significantly correlated. Discharge data near the basin 

mouth suggest both an increase and decrease over the summer months. Basin precipitation has 

a positive correlation with discharge during June, July and August. The relationship between 

snow water equivalent and discharge follows an inverse relation; maximum snow water 

equivalent and discharge have a linear relation, with inconsistencies in some years. This study 

leads to a better understanding about the discharge regime that both precipitation and 

temperature together shape the discharge peak and contributes to better understanding o f the 

hydrological regime and changes over the northern regions.

The final component o f the Eurasian hydrological cycle this thesis examined was change

in Eurasian SWE and how it could be linked to the Indian monsoon. It is well-established that

the strength o f the Indian monsoon is affected by the amount o f Himalayan snow cover. This

thesis documents an increase in rainfall during May and June, which can adversely impact

agricultural production and have socio-economic consequences. This study is an attempt to
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outline a possible mechanism to explain possible drivers of the increase in May June rainfall, 

namely Himalayan snow, Eurasian snow, and Arctic sea ice. The process is summarized as 

follows. The decrease in snow amount and earlier snowmelt allows the land surface to heat up 

over a longer period. This earlier start to the heating of the Indian subcontinent leads to an 

intensified thermal gradient between the land and the ocean. Consequently, this leads to an 

influx of moisture from the ocean and promotes an increase in May June rainfall. SWE decline 

in southern Eurasia in recent years coincides with an increase of SWE in Northern Eurasia. 

This increase in northern Eurasian snow is coincident with an increase in storm track counts 

that originate in southern Eurasia, bringing moist subtropical/midlatitude air from southern to 

northern Eurasia. Composite analysis presented in this thesis suggests that the reorganization 

of the storm tracks is coincident with sea ice anomalies in the Kara Seas. Years with more 

open water in September are associated with more snow in northern Eurasia and vice versa. This 

observational analysis can help to develop a possible mechanism but climate models are needed 

to show that sea ice is forcing the snow anomalies. To understand the future changes in the 

monsoon, with the sea ice almost gone, we used CESM LENS model output. The future of 

monsoon shows a positive trend in all the months accept June, which could be due to a delay in 

the onset for thermodynamic reasons. Overall these analyses have shown that there many 

complexities related to change in Indian monsoon or Arctic river discharge. While many gaps in 

knowledge of change in seasonality of monsoon or discharge still exist, these studies have each 

helped to bridge a few of these gaps.

5.2 Conclusions

These analyses have shed light on the important changes in the Eurasian hydrological cycle that
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may link the Arctic and tropics. Evidence presented in this study supports a possible mechanism, 

though it is not the only possible mechanism. There are other possible mechanisms which were 

not covered in our study. Kolyma river basin showed how the winter discharge is increasing due 

to anthropogenic reasons and Yana basin showed how temperature and snow play a crucial role 

in discharge. Hydrological changes in snow amounts have wide ranging impacts: change in 

Eurasian snow impacts not only Arctic river discharge but also the Indian monsoon. The Indian 

monsoon shows an increase in the month of May and June, which was shown to be consistent with 

variability in Himalaya and Eurasian snow. A physical mechanism was provided that links 

between climate process in Arctic and the tropics acting on time scales of 1-3 seasons. Any 

additional information to create better forecasts is important for planning and socio-economic 

reasons. This knowledge will have better understand climate variability and aid future climate 

researchers. Based on the results o f these studies it can be concluded that winter discharge in 

some o f the Arctic rivers with dams have dramatically increased. The pristine Arctic basin is 

impacted by change in temperature and solid precipitation. The Eurasian snow along with 

Himalayan snow can modulate the Indian monsoon.

5.3 Future outlook

The Arctic is undergoing unprecedented change, it is important to model the changes and predict 

the future outcome for us to better prepare for the future changes whether it be infrastructure 

or weather. Also, there is a need for better and more fruitful collaboration between scientist 

in the Arctic, mid-latitudes and the tropics so that the global climate can be viewed as a 

whole. The moisture transport from lower to higher latitudes needs to be better understood, 

also changes in the global hydrological cycle has to be understood. Synthesizing modeling
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studies, remote sensing data, and observational station data is necessary to better understand 

the impact o f changing climate on discharge and Monsoon. Critical gaps in knowledge 

concerning mechanisms that drive the change in Eurasian and Himalayan snow via change in 

sea ice and storm track needs to understood. The people who live in the Arctic face great 

challenges due to its extreme climate conditions and any small change in monsoon impacts 

billion of people in the tropics. Improving our understanding of how the climate functions helps 

to reduce some of this uncertainty and improves the human condition.

Finally, a platform for communication between the climate science and users from different 

communities needs be developed further and created at the international level. In doing so practical 

applications o f research and science will be available for stakeholders that included planners, 

people and society in general. These steps will help politicians, scientists and different aspects 

o f humanity make better decision in response to current and future changes in weather and 

climate.
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