
UC Irvine
UC Irvine Electronic Theses and Dissertations

Title
Glaciers and freshwater resources in a changing climate

Permalink
https://escholarship.org/uc/item/8vd100d2

Author
Lawrence, Collin

Publication Date
2014
 
Peer reviewed|Thesis/dissertation

eScholarship.org Powered by the California Digital Library
University of California

https://escholarship.org/uc/item/8vd100d2
https://escholarship.org
http://www.cdlib.org/


 

 

 

UNIVERSITY OF CALIFORNIA, 

IRVINE 

 

 

Glaciers and freshwater resources in a changing climate 

 

DISSERTATION 

 

submitted in partial satisfaction of the requirements 

for the degree of 

 

DOCTOR OF PHILOSOPHY 

in Earth System Science 

by 

 

Collin Lawrence 

 

         Dissertation Committee: 

                               Professor James S. Famiglietti, Chair 

 Professor Charles Zender 

                                              Professor Isabella Velicogna 

 

2014 



 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

© 2014 Collin Lawrence 

 



ii 

	  

Table of Contents 

Page 

List of Figures............................................................................................................................... iv	  

List of Tables ................................................................................................................................. v	  

Acknowledgements ...................................................................................................................... vi	  

Curriculum Vitae ........................................................................................................................ vii	  

Abstract of the Dissertation ........................................................................................................ ix	  

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

1.1	   Glaciers and the hydrologic cycle........................................................................... 1	  
1.1.	   Methods for determining glacier melt.................................................................... 3	  
1.2.	   Glacier melt contributions to streamflow.............................................................. 5	  
1.3.	   Methods of quantifying streamflow ....................................................................... 6	  
1.4.	   Research objectives.................................................................................................. 7	  

2	   Temperature index melt modeling for the Gulkana Glacier .............................................. 9	  

2.1.	   Introduction.............................................................................................................. 9	  
2.2.	   Background ............................................................................................................ 10	  
2.3.	   Data ......................................................................................................................... 12	  

2.3.1	   Glacier Data .................................................................................................. 12	  
2.3.2	   Climate Data ................................................................................................. 13	  
2.3.3	   In situ mass balance data............................................................................... 14	  

2.4.	   Methods................................................................................................................... 15	  
2.4.1	   Volume-area scaling ..................................................................................... 16	  
2.4.2	   Accumulation ................................................................................................ 16	  
2.4.3	   Estimating ablation - surface energy balance modeling ............................... 17	  
2.4.4	   Estimating ablation - temperature index melt model .................................... 20	  

2.5.	   Results ..................................................................................................................... 22	  
2.6.	   Discussion and conclusions ................................................................................... 23	  

3	   Contributions of glacier recession to streamflow in high mountain Asia from 2003 – 
2009 glacier recession ................................................................................................................. 31	  

2.1.	   Introduction............................................................................................................ 32	  
3.1.	   Data ......................................................................................................................... 36	  

3.1.1	   River network and basins.............................................................................. 36	  
3.1.2	   Glacier inventory .......................................................................................... 37	  
3.1.3	   Estimations of glacier recession contribution to streamflow........................ 37	  



iii 

	  

3.1.4	   Estimation of runoff contribution to stream flow from GLDAS data .......... 39	  
3.1.5	   Streamflow observations and estimates from literature................................ 40	  

3.2.	   Methods................................................................................................................... 40	  
3.3.	   Results ..................................................................................................................... 42	  
3.4.	   Discussion and Conclusions .................................................................................. 44	  

4	   Estimation of basin runoff using remote sensing and atmospheric reanalysis ............... 49	  

4.1.	   Introduction............................................................................................................ 49	  
4.2.	   Data and methods .................................................................................................. 51	  

4.2.1	   Combined land and atmosphere water balance............................................. 51	  
4.3.	   Results and conclusions ......................................................................................... 54	  

4.3.1	   GRACE terrestrial water storage changes .................................................... 54	  
4.3.2	   Global pattern of    -divQ

!"
................................................................................ 54	  

4.3.3	   Variability of GRACE dS/dt ......................................................................... 55	  
4.3.4	   Components of the land-atmosphere water balance ..................................... 55	  
4.3.5	   Comparison of land-atmosphere runoff with previous research and GLDAS 

simulated runoff .................................................................................................................... 56	  
4.4.	   Conclusions............................................................................................................. 58	  

Conclusions.................................................................................................................................. 66	  

References.................................................................................................................................... 70	  

 



iv 

	  

 
List of Figures 

Chapter 2 

2.1 Gulkana Glacier in RGI 3.2, along with surrounding glaciers 35 
2.2 Map of Gulkana Glacier basin  36 
2.3 Temperature and precipitation from USGS weather station 37 
2.4 Winter and summer mass balance for Gulkana glacier 38 
2.5 Net mass balance   39 
2.6 Cumulative mass balance  40 
 
Chapter 3 

3.1 Randolph Glacier inventory worldwide and in HMA 56 
3.2 Accumulated river flow and population  57 
3.3 Glacier fraction to streamflow  58 
 
Chapter 4 

4.1 Study basin masks  69 
4.2 Global cumulative GRACE TWSC  70 
4.3 Mean –divQ  71 
4.4 GRACE dS/dt time series  72 
4.5 Basin average components of runoff calculations 73 
4.6 GRACE runoff comparison with previous research 74 
4.7 GRACE runoff compared with GLDAS runoff 75 
 



v 

	  

 

List of Tables 

Chapter 3 

3.1 Basin characteristics, streamflow, and glacier fraction 55 
 



vi 

	  

 

Acknowledgements 

 

I thank Colene and my parents, Kim and Gail Lawrence, for their unwavering love and 

support. 

I would like to express my gratitude to my advisor, Jay Famiglietti, for his support, 

advice, and guidance. I thank Cédric David, for providing mentorship over a significant portion 

of my time at UC Irvine.  

Thanks to my dissertation committee members, Charlie Zender and Isabella Velicogna, 

and past committee members Eric Rignot, Russ Detwiler, and Todd Dupont for providing insight 

and value to this work. I have enjoyed my time with fellow research group members who have 

provided guidance, technical support, commentary, and conversation.   

I am grateful for the Department of Earth System Science for providing support, 

instruction, and an exciting scientific environment. Additionally, I would like to thank Cynthia 

Dennis, Morgan Sibley, Jennifer Wilkens and the rest of the ESS and UCCHM staff, past and 

present, for their assistance throughout my time in ESS.  

I would also like to express my gratefulness to the Brython Davis Fellowship and the 

Jenkins Fellowship for their support. 

 



vii 

	  

Curriculum Vitae 

Collin Lawrence 

Education 
 
Ph.D. 2014 Earth System Science 
  University of California, Irvine, CA 
  Advisor: Dr. James S. Famiglietti, Professor of Earth System Science 
  Dissertation: Glacier contributions to freshwater resources 
 
M.S. 2010 Earth System Science 
  University of California, Irvine 
 
B.S. 2009 Meteorology 
  Texas A&M University, College Station, TX 
 
Research Experience 
 
2009 – 2014 Graduate research assistant, Advisor: Dr. James Famiglietti 
  Dept. of Earth System Science, University of California, Irvine, CA 
 
2008  Summer research internship, Advisor, Dr. Ali Tokay 
  Joint Center for Earth Systems Technology, NASA GSFC, Greenbelt, MD 
 
2007 – 2009  Undergraduate research assistant, Advisor, Dr. Courtney Schumacher 

Dept. of Atmospheric Science, Texas A&M University, College Station, TX 
 
Publications 
 
Lawrence, C.B., C.H. David, and J.S. Famiglietti (2014) Contributions to Streamflow in high 

mountain Asia from 2003 – 2009 glacier recession, in preparation. 
 
Presentations 
 
Lawrence, C.B., C.H. David, and J.S. Famiglietti (2012), Mountain glacier melt modeling across 

spatial scales, Abstract C13F-0691 presented at 2012 Fall Meeting, AGU, San Francisco, 
CA., 3-7 Dec. 

 
Lawrence, C.B. and J.S. Famiglietti (2010), A sub-grid parameterization of alpine glaciers in 

land surface models, Abstract C21C-0558 presented at 2010 Fall Meeting, AGU, San 
Francisco, CA., 17 Dec. 



viii 

	  

Lawrence, C.B., A. Tokay, L. Carey, C. Schumacher, D.B. Wolff (2009), Raindrop Size 
Distribution: Inter-storm Variability, Abstract 6B.4. Presentation at the 89th American 
Meteorological Society Annual Meeting in Phoenix, AZ. 

 
Teaching Experience and Outreach 
 
Teaching Assistant, University of California, Irvine 
 EarthSS 5: The Atmosphere    Spring 2011, 2013 
 EarthSS 51: Land Interactions   Fall 2011 
 EarthSS 55: Ocean Biogeochemistry   Winter 2012 
 
Guest Lecturer, University of California, Irvine 
 EarthSS 5: Tornadoes and Hurricanes  Spring 2011 
 EarthSS 5: Midlatitude cyclones   Spring 2013 
 
Presenter and curriculum developer, CLEAN Education 2010 – 2014 
 

Fellowships and Awards 

 
Jenkins Graduate Fellowship     2013 
 
Brython Davis Fellowship     2012 
 
Outstanding contributions to the Dept. of ESS  2011    

 

 

 



ix 

	  

 
 

Abstract of the Dissertation 

Glaciers and freshwater resources in a changing climate 

By 

Collin Lawrence 

Doctor of Philosophy in Earth System Science 

University of California, Irvine, 2014 

Professor James Famiglietti, Chair 

 

One of the most rapid transformations forced by recent global climate change is the 

recession of glaciers worldwide. The study of the fate of glacier meltwater lies at the intersection 

of the cryosphere and hydrologic cycle, making it a unique interdisciplinary study of the Earth 

system. A substantial body of research has focused on the how the changing volume of glaciers 

is contributing to sea level rise. However, comparatively fewer studies have investigated how 

glacier meltwater moves over the land surface to the oceans, impacting runoff and freshwater 

resources. Using models, in situ data, and remote sensing observations, this work seeks to 

quantify glacier contributions to runoff at large scales.  

First, a temperature index melt model is developed to estimate mass balance for the 

Gulkana Glacier, Alaska, US. The model is forced with meteorological conditions taken near the 

surface of the glacier. Results from the model are compared with 40 years of glacier stake data 

recorded by the US Geological Survey. 



x 

	  

Next, glacier contributions to streamflow are estimated for eight highly glaciated river 

basins in high mountain Asia (HMA). This work utilizes a new, globally complete glacier 

inventory along with remotely sensed estimates of glacier recession to quantify glacier storage 

change for 2003 – 2009. Results are integrated with the HydroSHEDS (Hydrological Data and 

Maps Based on Shuttle Elevation Derivatives at Multiple Scales) river network to simulate how 

glacier melt in this region moves downstream. Runoff data from previous literature and 

simulations from the Global Land Data Assimilation System (GLDAS) are used throughout the 

study region to quantify the fraction of streamflow due to glacier melt. 

Finally, the combined land-atmosphere water balance is used to estimate basin runoff for 

the HMA region. Terrestrial water storage changes observed by the Gravity Recovery and 

Climate Experiment (GRACE) satellites are combined with atmospheric reanalysis from the 

ERA-Interim Project to provide a remote sensing estimate of runoff. These are compared with 

runoff simulations from the various GLDAS models.  
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Chapter 1 

1 Introduction 

1.1 Glaciers and the hydrologic cycle 

The Earth System involves the interchange of nutrients, energy, and matter 

between the land, ocean, and atmosphere. The hydrologic cycle specifically concerns the 

stores and movement of water through this system. Through the main fluxes of 

precipitation, evaporation, runoff, and infiltration, the hydrologic cycle is responsible for 

transporting enormous amounts of water and energy. Additionally, stores of freshwater 

such as groundwater aquifers, lakes, and glaciers are vulnerable to changes in inflows and 

outflows, which can have severe consequences for ecosystem health and water 

availability. 

Knowledge of the magnitude of and timing of water fluxes and the volume of the 

stores of water are two principal foci of hydrology, shaping the entire field of research. 

As with all scientific endeavors, the level of understanding varies. Precipitation, for 

example, is well monitored by in situ gages, ground based remote sensing like radar, and 

satellite remote sensing. Runoff of excess surface water, and its subsequent discharge in 

rivers, is relatively unknown compared to other parts of the hydrologic cycle. Over some 

areas, such as the United States, dense networks of stream gages measure discharge 

frequently, and have been in operation for many years, allowing analysis of long-term 
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changes. However, observation networks are sparse in other parts of the world, and this 

necessitates the use of hydrologic models, which usually operate within a land surface 

model, or LSM. Land surface models enable quantification and detailed analysis of the 

hydrologic system. While LSMs have value on their own, they are generally coupled with 

atmospheric and ocean models, to form Earth system models, which can project the 

global climate over decades to centuries. These models give the unique ability to estimate 

what will happen to fluxes and reservoirs of water that help drive the climate. 

In hydrology, the availability and quality of freshwater reservoirs is paramount to 

life and the physical climate. Of all the water on earth, freshwater makes up only 2.5% of 

the total. Of this, a majority (68.7%) exists as ice sheets, glaciers, and ice caps [Gleick, 

1993]. Groundwater reserves underneath the earth’s surface make up 30% of the 

remaining freshwater, and a paltry 1.2% is available on the surface in permafrost, lakes, 

soil moisture, rivers, and lakes [Gleick, 1993]. The relatively small size of the water 

stores, combined with their importance, justifies the significant amount of research that is 

needed to quantify and monitor their health.  

The fact that the majority of freshwater is contained in frozen ice highlights the 

importance of the cryosphere. Unfortunately, the Antarctic and Greenland ice sheets 

make up a dominant portion of the cryosphere water volume, and they are removed from 

any populated land mass, precluding their use for water supply. However, in many areas 

of the world, mountain glaciers and ice caps are located near agricultural areas and 

populations and therefore act as natural reservoirs of water. Conventional man-made 

water reservoirs such as those formed by the damming of rivers are engineered, so the 

management of outflows can be controlled. Groundwater aquifers are similar in some 
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regards, in that they are fed by precipitation and their outflows are controlled by 

engineered pumping systems. Glaciers, on the other hand, are forced entirely by their 

climate and local meterological forcings, making the quantification of their stores an 

challenging and important scientific endeavor. 

While detailed knowledge of surface water, such as the stores of water in the 

world’s lakes, is well known [Shiklomanov and Rodda, 2003], the quantification of 

glacier volumes was, until recently, incomplete. Ohmura [2009] found that combining 

data from the World Glacier Monitoring Service (WGMS) and Global Land Ice 

Measurements from Space (GLIMS) project left 46% of the world’s glacier surface 

unaccounted for. A supplement to the GLIMS project released in 2013 resulted in the 

Randolph Glacier Inventory (RGI), the first globally complete inventory of glacier 

outlines [Arendt et al., 2013]. This revolutionary dataset allowed global analyses of 

glaciers for the first time [Gardner et al., 2013]. Although data in the RGI are snapshots 

in time, quantifying glacier area and location is an important first step that can facilitate 

further research. Such research is performed in this dissertation, where melt from glaciers 

is tracked through river networks. 

1.1. Methods for determining glacier melt 

Glaciers and the Greenland and Antarctic ice sheets are frozen stores of 

accumulated snow that remain over an extremely long time, up to hundreds of thousands 

of years for the ice sheets. Glaciers and ice sheets have two main seasons, the 

accumulation season (winter) and melt season (summer). During the accumulation 

season, snowfall builds up on the surface of the ice. The ablation season is when the 

glacier or ice sheet loses mass as a result of melting or calving. The difference between 



 4 

the amount of accumulation and ablation determines the mass balance of the ice mass, 

which influences sea level, freshwater stores, and streamflow in continental areas.  

Estimating mass balance can be done in a variety of ways. Glacier stakes are in 

situ observations that measure the change in glacier thickness over a season, but they are 

impractical for use on a scale that includes more than a few glaciers. The enormous scale 

of glacier distribution across the globe necessitates models or remote sensing to make 

estimates on more than a watershed scale. Degree-day models were developed to estimate 

the amount of melt as a function of positive temperatures, and with precipitation, to 

estimate mass balance. Widely available temperature data makes this method to be 

widely applicable [Braithwaite, 2002; Hock, 2003; Kaser et al., 2010; Radic and Hock, 

2013]. With the advent of more sophisticated land surface models that include all 

components of the surface energy balance, methods have been developed to estimate melt 

as a function of positive energy balances at the surface [Kotlarski et al., 2009; Schaner et 

al., 2012]. Significantly more complex and sophisticated models, like the Ice Sheet 

System Model (ISSM) [Larour et al., 2012], include ice sheet dynamics in an attempt to 

estimate mass balance, among other ice sheet processes. 

Remote sensing has enabled monitoring of glacier and ice sheet changes with 

unprecedented coverage. Kääb et al., [2012] used laser altimetry data from the Ice, 

Cloud, and land Elevation Satellite (ICESat), along with a Digital Elevation Model 

(DEM) to measure glacier melt in the Himilayas. Rignot et al., [2008] used satellite 

interferometric synthetic-aperature radar observations to estimate Antarctic mass flux 

into the ocean. Data from the Gravity Recovery and Climate Experiment have been used 

to measure changes in mass balance across both ice sheets and glaciers. Significant 
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decreases in ice sheet mass have been measured with GRACE over the Greenland and 

Antarctic ice sheets [Velicogna and Wahr, 2006; Velicogna, 2009; Velicogna et al., 

2014]. GRACE has also indicated significant declines in the mass of glaciers and ice caps 

worldwide [Jacob et al., 2012]. 

Different methods of accounting for glacier and ice sheet mass loss have resulted 

in a discrepancy in the magnitude of glacier contribution to sea level rise [Meier et al., 

2007; Jacob et al., 2012]. Gardner et al., [2013] used ICESat, GRACE, and traditional 

glaciological estimates to resolve the sea level rise budget. The regional results of that 

study provide a key contribution to the third chapter of this dissertation, where regional 

ICESat elevation changes are applied to glaciers in high mountain Asia. 

1.2. Glacier melt contributions to streamflow 

Early studies by Meier [1969] and Fountain and Tangborn [1985] examined how 

glaciers contribute to streamflow and water supplies for glacierized catchments. These 

papers looked at glaciers in the Cascade Mountain Range in the Pacific Northwest, 

because it was hypothesized impacts on water resources would be the greatest here 

[Meier, 1969]. Modern studies such as Kaser et al., [2010] and Schaner et al., [2012] 

were able to expand research efforts to a global scale due to advances in modeling and 

increased availability of global data. These studies found basins in Asia, Europe, and 

South America where glacier melt makes up a quantifiable portion of streamflow. 

In large scale glacier melt modeling, such as in Hirabayashi et al., [2013], Radic 

et al., [2013], and Gardner et al., [2013], any routing or simulation of land transport of 

liquid water discharged from glaciers is neglected. These studies are conducted globally, 

with a focus on sea level rise, and change in glacier storage is assumed to contribute 
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directly to increase sea level. Considering that most glaciers worldwide are in close 

proximity to the ocean (figure 3.1), this is not a bad assumption. However, the glaciers in 

high mountain Asia lie thousands of kilometers inland, and are upstream from enormous 

populations. Therefore, this area provides an ideal study region for investigating how 

glacier melt flows downstream. 

1.3. Methods of quantifying streamflow 

In quantifying how glacier melt, or any runoff source, contributes to the 

hydrologic cycle, estimates of streamflow are essential. In situ gage data is an ideal 

source for this information, but is generally limited in spatial extent and temporal 

resolution. LSMs provide one way of estimating runoff globally, and can do so at large 

scales. However, biases in atmospheric forcings and parameterizations of these models 

can result in significant errors [Rodell et al., 2004b], so using model output must be done 

with caution. Rodell et al., [2004a] developed a data-assimilated land surface modeling 

system to reduce these biases. The Global Land Data Assimilation System (GLDAS) uses 

land and space based observations to: (1) improve atmospheric forcings on the land 

model, and (2) adjust unrealistic model values with actual data. 

In addition to models, remote sensing methods have also been developed in an 

effort to estimate runoff on large scales. Syed et al., [2005] used GRACE observed 

terrestrial water storage changes and reanalysis data from European Centre for Medium-

Range Weather Forecasting (ECMWF) reanalysis in an effort to derive a satellite based 

runoff estimate for the Mississippi and Amazon River basins. This basic method has been 

applied in other research areas to quantify different portions of the surface water budget 

[Trenberth, 1997; Roads and Betts, 2000; Syed et al., 2007, Syed et al., 2014]. These data 



 7 

and methods are explored in an effort to provide additional runoff estimates in this 

dissertation. 

1.4. Research objectives 

This dissertation ultimately seeks to quantify the impact that glacier melt has on 

runoff and freshwater resources. Many tools, data, and methods are used to investigate 

this, from in situ measurements to global climate models, and time series analysis to river 

discharge modeling. The results presented here are intended to improve upon the current 

understanding of the linking between the cryosphere and hydrosphere. With this in mind, 

the research presented should enable the scientific community to better project how 

future climate change will affect glacier volumes and water resources. 

Chapter two details and employs methods for estimating mass balance of the 

Gulkana Glacier, Alaska, using meteorological data from the US Geological Survey. A 

degree-day model, including precipitation, is tuned to estimate the mass balance of the 

glacier over 40 years. Results are compared to yearly in situ stake data collected from the 

glacier surface.  

Chapter three quantifies contributions to streamflow from glacier storage change 

in high mountain Asia (HMA) from 2003 – 2009. Regional estimates of glacier elevation 

changes from Gardner et al. [2013] are used along with the Randolph Glacier Inventory 

to quantify the volume of water discharged from the glaciers of HMA. Using a river 

network and assimilated model estimates of runoff, glacier recession melt and surface 

runoff are accumulated through the river network to simulate the flows through eight 

river basins. The results have implications for the sea level rise budget, and, more 

importantly, freshwater resources in one of the world’s most populous areas. 
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Chapter four uses GRACE and atmospheric reanalysis to estimate basin runoff. 

Following the methods of Syed et al., [2005], components of the combined land-

atmosphere water balance are calculated and analyzed for the basins of HMA described 

in chapter three, along with the Amazon and Mississippi River basins. 
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Chapter 2 

2 Temperature index melt modeling for the Gulkana 

Glacier 

2.1. Introduction 

Recent climate change has had a significant impact on the cryosphere, and will 

continue to even if mitigation strategies are implemented in the near future. Widespread 

retreat and melting of mountain glaciers has been observed [Meier et al., 2007]. In some 

areas, glacier melt can contribute significantly to the water resources of a catchment 

[Fountain and Tangborn, 1985; Hopkinson and Young, 1998]. Additionally, glaciers 

distinct from the Greenland and Antarctic Ice Sheets contribute up to half of the eustatic 

contributions to sea level. From a freshwater resource prospective, understanding the 

magnitude and timing of these flows can heavily impact downstream communities, 

ecosystems, and agriculture. Glaciers are similar to traditionally engineered freshwater 

reservoirs that hold precipitation and runoff from upstream, in that they hold water over a 

season. However, the outflow of melt from glaciers cannot be engineered, it is forced by 

the climate and local meteorology. It is vital to estimate melt in order to determine long-

term mass balance for mountain glaciers. The ultimate goal of this research is to develop 

a method to determine if glaciers are changing in size, and if they are, by how much. 
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In this work, a simple temperature index modeling scheme is used to estimate 

melt of one of the United States Geological Survey (USGS) benchmark glaciers, the 

Gulkana Glacier, located in Alaska (figure 2.1). Estimated glacier melt is compared with 

observed melt from glacier stake data in order to assess the viability of degree-day 

modeling for estimating the change in freshwater stored in recent decades. 

2.2. Background 

Glaciers are bodies of ice that move under the gravitational force of their own 

weight. Technically, the ice masses on Greenland and Antarctica are considered glaciers, 

but are conventionally called ice sheets [Cuffey and Paterson, 2010]. Glaciers are 

typically confined by topographical features like mountainsides, and form by the 

accumulation of snow. If a portion of the snow remains through a melt season, more 

snow accumulates and turns into ice via snow metamorphism [Kotlarski, 2007]. 

Eventually the ice will be heavy enough to move due to the gravitational force and will 

be officially classified as a glacier [Kotlarski, 2007]. 

Mountain glaciers are an important and complex part of the climate system. 

Because of their cold surface and high albedo, they have a strong control on the surface 

energy balance in mountain catchments [Kotlarski, 2007]. More importantly, from a 

hydrological perspective, mountain glaciers represent large reservoirs of water on land. 

Because of the timing and magnitude of glacier storage and release, glaciers are 

important for water availability, hydroelectric power, flood forecasting, and sea level rise. 

Where seasonal snowpack accumulates in the winter and melts and releases in the 

summer, glaciers hold water from years to centuries [Jansson et al., 2003]. This is 
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especially important during years with low precipitation, as mountain glaciers provide an 

essential water source.  

The mass balance of a glacier is determined by the difference of two processes: 

accumulation and ablation. Accumulation is the addition of mass by snowfall and its 

transformation to ice, while ablation is the removal of ice from a glacier. Ablation 

includes processes such as melting and subsequent runoff, evaporation, sublimation, 

removal of snow by wind and avalanches, and calving with melting and runoff being the 

major contributors [Kotlarski, 2007]. Positive mass balance is the result of more 

accumulation than ablation in a given year, while negative mass balance is more ablation 

than accumulation in a given year. Over the area of a single glacier, mass balance can 

vary significantly, especially with elevation [Braithwaite, 2002]. The equilibrium line 

altitude (ELA) is a conceptual line that divides the upper area of the glacier, the 

accumulation zone, from the lower area of the glacier, the ablation zone. While an entire 

glacier is considered one system in most research applications, there are distinct physical 

areas where most accumulation and ablation occurs. Typically, the elevated area of a 

glacier has a positive mass balance because the yearly snowfall is not completely 

removed by ablation [Kotlarski, 2007]. Despite the intra-glacier variability, glacier mass 

balance time series are highly correlated for nearby glaciers in a given year [Cogley and 

Adams, 1998]. Additionally, Haeberli et al. [1989] determined that for a within a 

mountain range, the temporal variation in glacier mass balance predominates over inter-

glacier variation.  

Ablation is often a more complex process than accumulation due to feedbacks 

within the system of a glacier that can exacerbate melting. The snow and ice albedo 
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feedback is globally important to climate, but can be extremely important on the small 

scale of glaciers [Kotlarski, 2007]. A warmer climate will lead to higher overall melt 

rates. The enhanced melt rates will cause the seasonal snowpack to disappear sooner, and 

because snow has a higher albedo (~0.8) than the underlying ice (~0.3), more energy will 

be absorbed at the surface of the glacier and melt will increase [Klok and Oerlemans, 

2004]. An additional feedback occurs between surface elevation and mass balance.  

Climate change poses significant impacts to the processes and feedbacks affecting 

mountain glaciers. Hock et al. [2005] comprehensively analyzed climate change impacts 

to glaciers by looking at glacier mass loss due to climate warming. They found that short-

term (yearly) direct consequences to warming are larger peak flows, more specific runoff 

(runoff per unit drainage area), reduction of firn volume, and faster depletion of winter 

snow cover. The hastened depletion of winter snow cover leads to more bare ice and an 

increase in energy absorbed leading to more glacier mass loss. Additionally the find that 

because firn and snow hold liquid water in pore space and transport it slower than ice, the 

decrease in firn and snow will reduce the water retention capacity of the glacier. The 

accelerated flow will result in larger peak flows.  

2.3. Data 

2.3.1 Glacier Data 

In situ glacier data such as area, location, and change in mass are often difficult 

and costly to gather. Very limited field-scale data is available, which limits research to 

smaller spatial scales. Here, data from the USGS benchmark glacier program is used. The 

three USGS benchmark glaciers, the Gulkana, Wolverine, and South Cascade glaciers, 
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have been intensively studied over the past several decades in an effort to assess physical 

and temporal changes in the glacier systems [Fountain et al., 1997]. 

The limited spatial and temporal scale of in situ data necessitates remote sensing 

of glaciers. Remotely sensed glacier data has many benefits as detailed outlines, areas, 

and precise geographic locations can be gathered over large areas. For some glaciers, 

more detailed information such as elevation, ablation area, and accumulation area are 

available [NSIDC, 1999]. The remotely sensed glacier data is a “snapshot” in time and is 

therefore only representative for a glacier at the time when the data was captured. 

Remotely sensed glacier data has, up until recently, been incomplete [Ohmura, 2009]. 

The completion of the Randolph Glacier Inventory [Arendt et al., 2013] provided the first 

globally complete inventory of glacier outlines and locations. 

In this study analysis is performed for the Gulkana Glacier for the entire period of 

USGS observations, 1968 – 2008. For determining the glacier outline, it would be 

inaccurate to use glacier representation from a modern inventory such as the RGI, as the 

Gulkana Glacier has receded due to increasing temperatures. Because of this, a historical 

representation of the glacier is used. A map of the catchment and glacier outline from 

Fountain and Tangborn, [1985] (figure 2.2a) is georeferenced and digitized (figure 2.2b). 

Qualitatively, it is very similar to the glacier as represented in the Randolph Glacier 

Inventory (figure 2.1), 

2.3.2 Climate Data 

The methods that will be used to estimate melt require only precipitation and 

temperature. However, it is necessary to have a multi-year climate record in order to have 

a significant mass balance record. Climate data will be provided by a weather station 
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located near the edge of the Gulkana Glacier (figure 2.2a), at an altitude of 1,480 meters, 

slightly below the ELA [USGS, 2010].  

Daily precipitation measurements (figure 2.3) are made from a precipitation gage 

with a steel tank and windshield [USGS, 2010]. Because of high winds and variable 

meteorological conditions, precipitation gages in mountain environments like that of the 

Gulkana Glacier can have significant errors, with catch efficiencies less than 50% at 

times [Van Beusekom et al., 2010]. The windshield improves catch efficiency, but it is 

expected that the USGS precipitation data is a conservative estimate. While snowfall can 

range a wide range of density [Judson and Doesken, 2000], precipitation data is reported 

in depth of water equivalent, making any assumptions or calculations of snow density 

unnecessary.  

Temperature observations (figure 2.3) are made by an air temperature sensor 

located in a vented shelter [USGS, 2010]. Because of steep elevation changes over short 

distances, assuming measurements from one station or one modeled grid cell to be 

representative of an entire group of glaciers can be problematic. In larger scale studies 

[e.g. Kaser et al., 2010], a typical atmospheric lapse rate is used to estimate the 

temperature at different elevations. Here, the temperature data are used to be 

representative for the entire Gulkana Glacier. While there is some variation in 

temperature across the glacier surface, using the data from the in situ weather station is 

suitable.  

2.3.3 In situ mass balance data 

Regardless of the method used to determine the melt, accumulation, and 

subsequent mass balance of a glacier, it is vital to have direct observations of the glacier 
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itself to quantify the accuracy of the mass balance estimations. Here, stake data taken 

from the Gulkana Glacier is used to validate melt model results.  

Throughout the duration of the USGS benchmark glacier program, direct 

measurements of glacier mass balance have been made using stake data [Van Beusekom 

et al., 2010]. Reference stakes are placed in the glacier ice, and changes in ice thickness 

are measured anywhere from two to three times per year. Generally, measurements are 

made between the accumulation and ablation seasons, to allow for an observation of 

winter mass balance (positive) and summer mass balance (negative). The sum of both 

mass balances is the net mass balance, which, over a long enough time period, can give 

an indication of whether a glacier is growing or shrinking. Using several stakes along the 

elevation gradient of the glacier, the observations can be integrated into a direct estimate 

for glacier mass balance. Here, modeled mass balance is compared with stake data from 

[USGS, 2010]. 

2.4. Methods 

The two primary methods of modeling glacier melt are surface energy balance 

modeling and temperature index modeling. Both methods will be described in detail, but 

only results from the temperature index method will be presented. Energy balance 

modeling utilizes the sum of all surface energy fluxes to simulate melting rates. 

Temperature index modeling is a simpler method, and uses a degree-day method to 

estimate melt.  



 16 

2.4.1  Volume-area scaling 

In this study mass balance results are presented in units of meters of water 

equivalent, which is the amount of liquid water depth discharged from the entire surface 

area of the glacier. However, for hydrological and land surface modeling where fluxes of 

water are routed through river networks or between gridcells, volume-area scaling 

provides a straightforward method for not only producing model output, but for updating 

and changing water stores.  

Volume-area scaling provides a simple relationship for converting glacier area to 

volume by the equation  

  V = cAγ  (2.1) 

 

where V is volume, c is a calibrated constant, A is area, and γ is the power-law constant. 

The physical basis for this estimation was evaluated by Bahr et al. [1997]. Typical values 

of constant c=28.5 and power law constant γ=1.357 were calculated using 63 mountain 

glaciers [Chen and Ohmura, 1990]. 

2.4.2 Accumulation 

The accumulation season begins when temperatures are low enough that surface 

melting does not occur and seasonal snowpack increases on the glacier. While the two do 

not necessarily occur simultaneously, they both must occur before accumulation happens. 

The accumulation season generally lasts until late spring, when increasing temperatures 

and energy fluxes on the glacier force melting. 
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In this work, accumulation is driven from precipitation accumulation that is 

measured by a snow gage (as described in section 2.3.2). Snow is the predominant form 

of precipitation recorded at the Gulkana Glacier weather station [USGS, 2010], and all 

recorded measurements of precipitation are assumed to add to the mass of the glacier.  

2.4.3 Estimating ablation - surface energy balance modeling 

The mass balance of a glacier can be represented by equation 2.2 where M is 

mass, P is precipitation, S is sublimation, E is evaporation, and w is the glacier discharge 

estimated using a surface energy balance model.  

 

 
dM
dt

= P − S − E − w  (2.2) 

 

The surface energy balance, and therefore glacier melt, is proportional to the net 

energy flux at the surface, EN. EN is the sum of the components in equation 2.3, 

 
 EN = ER + EG + EH + EE  (2.3) 

 

where ER is the net radiation absorbed by the surface, EG is the basal heat flux, EH is the 

sensible heat flux, and EE is the latent heat flux. 

Surface energy balance modeling can be employed at a wide range of spatial and 

temporal scales. At the glacier scale, the energy balance can be solved with data if 

extensive instrumentation exists. At regional, continental, or global scales, a regional or 

global climate model can provide the atmospheric forcing terms.  

The net radiation, ER, in equation 2.3 is simply the sum of incoming shortwave 

and longwave radiation minus reflected shortwave and outgoing longwave radiation. 
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Incoming shortwave and longwave radiation are outputs from climate models. Outgoing 

shortwave radiation is dominated by the surface albedo, which can vary greatly spatially 

and temporally. While clean, dry snow on ice can have an albedo of ~0.9, debris and 

pooling meltwater can decrease ice albedo to ~0.2, especially later in the ablation season 

[Warren, 1982]. An albedo of 0.4 has been used in previous mountain glacier modeling 

studies [Kotlarski, 2007]. The outgoing longwave component of the glacier is dependent 

on the surface temperature, according to the Stefan-Boltzmann law. 

The basal heat flux, EG, in equation 2.3 is a net flux caused by heat conduction 

through the ice and shortwave radiation to the surface layer [Cuffey and Paterson, 2010]: 

 

  
EG = kT

δT
δ z

− ES ( in) (1−α s ) ⋅ fα (Δz)  (2.4) 

 

Heat is transferred from the surface layer by the first term on the right, where kT is 

the thermal conductivity of ice, T is temperature, and z is the depth below the surface. 

The second term in the equation represents absorbed shortwave energy, where Es(in) is the 

incoming shortwave radiation and αs is the surface albedo. This term is multiplied by a 

factor fα, an exponentially decreasing number that is equal to one at the surface and zero 

at some point below. The value is determined by the thickness of the surface layer, Δz. 

The sensible heat flux, EH, and the latent heat flux, EE, in equation 2.3 both 

describe the movement of energy between the glacier surface and the atmosphere. They 

are driven by turbulent eddies mixing air from the surface to the upper part of the 

atmospheric boundary layer. The fluxes can be represented by the following equations 

that use the bulk aerodynamic approach [Cuffey and Paterson, 2010]: 
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  EH = ρacaCHu ⋅(Ta −Ts )  (2.5) 

 

 
  EE = ρa Lv/sCEu ⋅(qa − qs )  (2.6) 

 

where u (horizontal wind speed), Ta (temperature of the overlying air), and qa (absolute 

humidity of the overlying air) are values that represent the lower boundary layer. Ts and 

qs are the temperature and absolute humidity of the surface. CH and CE are the bulk 

exchange coefficients for heat and moisture, respectively, ρa is the density of air, ca is the 

specific heat capacity at constant pressure, and Lv/s is the latent heat of vaporization or 

sublimation [Cuffey and Paterson, 2010]. 

The melting rate of the glacier, ms, in water equivalent thickness per unit time (m 

s-1), is related to the net energy balance, EN, by 

 

  
ρwLf ms(1− fr )+ ρcδT

δ t
dz = EN

0

Δz

∫  (2.7) 

 

where ρw is the density of water, Lf is the latent heat of fusion for ice. The parameter fr 

indicates how much of the melt refreezes in a layer and ranges from zero to one. The 

integrated term is the gain of sensible heat in a vertical column of unit area where ρ is the 

ice density, c is the specific heat capacity of ice, T the ice temperature, and t time [Cuffey 

and Paterson, 2010]. Whenever the temperature of the layer of ice reaches the melting 

point, the integral term is equal to zero and the melting rate is simply  



 20 

 

 
ms =

EN

ρwLf

 (2.8) 

 

After the melting rate is calculated, the discharge can be determined. Because the 

glacier inventory provides the areal extent of the glaciers, the water volume discharge ,w, 

can be calculated simply by:  

 
 w = ms AΔt  (2.9) 

 

where Δt is the time step of the energy balance iteration and A is the area. This value can 

be calculated for each glacier at high temporal resolution and put back into equation 2.2 

to solve for the mass balance of the glacier. 

2.4.4 Estimating ablation - temperature index melt model 

The second way of estimating ablation is with temperature index melt modeling. 

This method begins with an equation for calculating daily mass balance, b (in meters of 

water equivalent), as the difference between accumulation (term 1) and melt (term 2): 

 
 b = P∑ Δt − Melt∑  (2.10) 

 

Temperature index melt modeling is used to calculate the melt term. 

Temperature index melt modeling offers a method to estimate glacier melt with 

much fewer data and more simplicity than using a surface energy balance model. 

Essentially, any temperature above the freezing point is proportional to melt. The general 

equation is  
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 Melt = DDF∑ T +Δt∑  (2.11) 

 

where DDF is a degree-day factor (mm °C-1 d-1) , T+ is the number of degrees above 

freezing (°C), and  (d) is the time step for the modeling method. One of the main 

shortcomings of temperature index models is that their accuracy decreases with 

increasing temporal resolution [Hock, 2003]. While the temporal resolution used here 

(one day) is large compared to other modeling applications in hydrology or meteorology, 

it is a good choice for this type of model 

Because of the simplicity of the temperature index method, some physical 

processes that play an important role in glacier mass balance, such as ice albedo, are 

accounted for in the degree-day factor. While this is beneficial for simplicity and ease of 

computations, it allows very little calibration. As a result, there is a wide range of values 

for the DDF. 

Degree-day factors vary depending on whether they are being used to calculate 

melt of snow or ice, the study location, and time of year. The DDF for snow is generally 

lower than that for ice [Hock, 2003]. The DDF can have significantly different values 

depending on the study region due to factors such as aspect, elevation, and albedo. 

Degree-day factors specifically for the Gulkana Glacier could not be found in the 

literature. Hock [2003] provides a review of temperature index melt modeling, and along 

with it, a collection of DDF from a number of glacier melt studies. Melt was calculated 

iteratively with several of the DDF listed. The process will be described further in section 

2.5. 
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With an estimate of melt, equation 2.10 can use used to calculate glacier mass 

balance. The mass balance is aggregated into two separate seasons, giving a winter mass 

balance and a summer mass balance. It is assumed that any negative mass balance at time 

t contributes to the summer mass balance, and any positive mass balance contributes to 

the winter mass balance. By separating the two seasons, the accuracy of the different 

processes during different times of the year can be assessed. 

In addition to daily and seasonal mass balances, total annual mass balance is 

calculated. This annual “net” mass balance is the sum of each daily mass balance. Over 

long timescales, the net balance reflects the state of the glacier, whether it is 

accumulating, receding, or is near steady-state.  

2.5. Results 

Preliminary calculations of the seasonal (winter and summer) mass balances 

revealed that the rate of glacier loss was greatly overestimated by the positive degree-day 

model when compared to USGS stake data measurements (not shown). It was determined 

that two main factors contributed to the model overestimation and to improve the mass 

balance model, adjustments were made to both the accumulation and melt schemes. First, 

it was evident that a typical DDF for mountain glaciers (5.4 - 16.9) resulted in far too 

much melt as compared to the USGS stake data. A lower DDF value of 3 was iteratively 

derived and resulted in a summer mass balance that more closely matches the stake 

observations (figure 2.4a). 

Second, it is likely precipitation measured at the weather station is 

underestimated. This is not surprising given the previously mentioned issues with 

precipitation gages in the mountain environment. To adjust for measurement error a 
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scaling factor of 1.5 was applied to the raw precipitation data, and the result shows a 

much closer match to the USGS winter mass balance record (figure 2.4b).  

From the improved model results, the annual net mass balance is complied by 

putting together both the winter and summer mass balances (figure 2.5). The results 

indicate varying degrees of accuracy. In all but 5 years, the temperature index method is 

able to determine whether the Gulkana Glacier has a positive or negative mass balance. 

The amplitude of the modeled estimates are fairly consistent with stake data. No clear 

pattern could be found to explain the timing of the amplitude discrepancies. 

On longer timescales, the temperature index model performs well in determining 

trends, illustrated by the cumulative mass balance record (figure 2.6). Although the 

model consistently overestimates the mass loss, the transition from a slowly receding 

glacier during the 1970-1980s to an accelerated period of melt in the 1990s is well 

captured by the model. 

2.6. Discussion and conclusions 

Determining the eustatic portion of the see level rise budget relies on melt 

estimates for hundreds of thousands of glaciers meaning inaccuracies could end up being 

quite significant. While the Gulkana Glacier on its own has essentially no impact on sea 

level rise, estimation of melt of glaciers in this region over several decades can add up. 

This highlights the need for a practical and reliable method to estimate glacier melt. 

While it is impractical to deploy meteorological measuring stations for all 

glaciers, it is also unnecessary as other datasets can be used to estimate melt on larger 

scales. The availability of temperatures and precipitation simulated by regional and 

global climate models makes expanding this method globally practical, as shown in 
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Radic et al., [2013], Hirabayashi et al., [2010], and Kaser et al., [2010]. While these 

studies made great strides in specifying the glacier contributions to sea level rise, they did 

not focus on how the meltwater impacts any part of the hydrologic cycle. 

The USGS benchmark glacier program is unique in that it has provided long term 

records of glacier mass balance, and data to simulate it, over an unparalleled time period. 

Programs like this are significant in that they allow method development and calibration 

without the need to perform costly field research. 

Surface energy balance methods have been developed and shown to well estimate 

glacier melt [e.g. Schaner et al., 2012]. However, data and computational requirements 

are much higher. Using temperature index models provides a viable alternative for 

calculating glacier melt, and should be considered in future modeling efforts. 

Estimating glacier mass balance for the Gulkana Glacier provides a proof of 

concept for utilizing the temperature index method on larger scales. Limited data 

requirements and simple mathematical computations make temperature index modeling 

an efficient way to approach a large problem, quantifying the melting of mountain 

glaciers. Glacier melt influences several different parts of the earth system, most 

importantly shifting water from the land to the ocean. Not only does this raise sea level, 

but decreases stores of freshwater on land.  
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Figure 2.1. The Gulkana Glacier as represented in the Randolph Glacier Inventory 
(version 3.2), along with other glaciers in the same region. 
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Figure 2.2. (a) The Gulkana Glacier as represented in Fountain and Tangborn, 
[1985]; and (b) the georeferenced, digitized version of (a), overlaid with elevation 
data from the Advanced Spaceborne Thermal Emission and Reflection Radiometer 
(ASTER) global Digital Elevation Model (DEM) at 1 arc-second resolution. 
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Figure 2.3. Temperature (degrees Celsius) and precipitation (cm. of water 
equivalent) record for the Gulkana Glacier weather station. 
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Figure 2.4. Winter and summer mass balance for the Gulkana Glacier, modeled 
with the degree-day method (DDF = 3) compared with USGS stake data. In a) no 
scaling of precipitation and b) precipitation scale factor of 1.5  
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Figure 2.5. Annual net mass balance (DDF=3, precipitation scaling factor of 1.5), 
and USGS stake data for the Gulkana Glacier. 
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Figure 2.6. Cumulative mass balance (in meters of water equivalent) as calculated 
by the degree-day method (DDF=3, precipitation scaling factor of 1.5), compared 
with the USGS stake data. 
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Chapter 3 

3 Contributions of glacier recession to streamflow in 

high mountain Asia from 2003 – 2009 glacier 

recession 

Abstract 

This study quantifies glacier recession contributions to streamflow in high 

mountain Asia (HMA) using recently-published remote sensing estimates of net change 

in glacier storage between 2003 – 2009 and off-the-shelf land surface model outputs for 

the same period. Observed glacier storage change and modeled estimates of surface and 

subsurface runoff are averaged from 2003-2009 and accumulated along the 15 arc-second 

HydroSHEDS river network for the major river basins of HMA and compared to 

observations of streamflow. Using this basic steady-state routing of streamflow, the final 

destination of glacier recession meltwater from mountainous areas, to nearby oceans, 

inland seas, and desert basins is determined. This study finds that, contrary to common 

practice, some of this glacier recession water must be integrated within the hydrologic 

cycle before contributing to sea level rise. Additionally, results show that upstream river 

reaches are more vulnerable to decreases in glacier storage than downstream reaches. 
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3.1. Introduction 

Glaciers, along with the Antarctic and Greenland ice sheets, make up the major 

frozen water reservoirs on Earth. Because ice sheets are host to limited population, 

glaciers are the largest frozen source of freshwater used for human consumption. In some 

places such as North America, they can contain more freshwater than lakes, ponds, rivers, 

and reservoirs [Meier, 1969]. Glaciers have significant hydrologic importance because of 

their long turnover time, holding water for decades to centuries [Jansson et al., 2003]. 

Over recent decades, climate change has caused dramatic decreases in the total glacier 

volume worldwide [Meier et al., 2007; Hirabayashi et al., 2010; Radić and Hock, 2011]. 

Until recently, changes in glacial volume were estimated to be the majority of the 

freshwater contribution to increasing sea level [Rignot et al., 2011].  

The glaciers in high mountain Asia (HMA, hereafter) are further away from the ocean 

than glaciers in other parts of the world (figure 3.1a). Because of the significant distance 

separating HMA glaciers from nearby oceans, it is of interest to study the path of glacier 

water in the region. The river basins of HMA (figure 3.1b and 3.2) encompass a very 

complex hydrologic region, with dominant river flows coming from glacier melt, 

seasonal snowpack, and monsoons [Sorg et al., 2012, Mirza et al., 2001]. Nearly all of 

this area has substantial agricultural activity [Hazell, 2009]. Increased population and 

development have greatly reduced flows to the Tarim River, which has dried up along the 

furthest downstream areas [Zhang et al., 2010]. The Amu Darya river basin has many 

reservoirs, and relies almost exclusively on snow and glacier flows from the far upstream, 

mountainous portions of the basin [Olsson et al., 2008]. Significant extractions of water 

from the Syr Darya river basin for irrigation greatly reduce inflows to the Aral Sea 
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[Murray-Rust et al., 2003]. Large portions of the Ganges/Brahmaputra and Indus river 

basins have been subjected to severe groundwater depletion for irrigation and other 

anthropogenic uses [Rodell et al., 2009]. This, in part, indicates that shifts in the 

partitions or amounts of the basin water balance could have drastic effects for a vast 

number of people.  

Processes dictating changes in glacier volume principally occur at two time scales, 

and the line differentiating the two is not distinct. First, glaciers mostly grow in the 

winter, and shrink in the summer, which means they generally contribute to stream flow 

during the summer melt season. Second, the extent of glaciers can vary from one winter 

to the next depending on climate. Multi-year variations of glaciers can result in glacier 

recession, which also contributes to streamflow. Existing literature on the contribution of 

glacier melt to stream flow has focused on these two important aspects. In this study, the 

former process will be referred to as “seasonal glacier melt” and the latter as “recession 

glacier melt,” for clarity. 

Early studies explored seasonal glacier melt and its contributions to land hydrology 

on various spatio-temporal scales, using different approaches based on in situ 

observations. Meier [1969] was first to recognize the importance of glacier runoff on 

streamflow in mountain catchments, by quantifying amounts and timing of seasonal melt 

of mountain glaciers in North America. Fountain and Tangborn [1985] followed by 

comparing streamflow data from glacierized and unglacierized river basins in the 

Cascade Mountain Range (Western North America) to show that seasonal glacier melt 

induced a delay of maximum seasonal flow and a decrease of variation of runoff on 

annual and monthly time scales. Hopkinson and Young [1998] used detailed glacier 
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extent maps and surface area-volume relationships to calculate the effect of recession 

glacier melt on the flows of the Bow River (Alberta, Canada) over a multi-decadal time 

period. 

Recent studies have taken a modeling approach, rather than observation-based 

approach, to broaden the scope of research on glacier contributions to water resources. 

Kaser et al. [2010] calculated seasonal glacier melt contribution to freshwater resources 

over large river basins, using high-resolution (10 arc-minute) atmospheric model outputs. 

In Kaser et al. [2010], glacier accumulation was estimated with precipitation and glacier 

ablation was modeled using a temperature index method. Seasonal glacier melt was 

assumed to be equal to the accumulation, so contributions to streamflow are likely a 

lower-bound estimate in case of glacier recession.  

More advanced glacier modeling efforts have been improved to include glacier mass 

balance and subsequent discharge routing in regional and global climate models, allowing 

broader analysis of glacier seasonal melt and recession contributions to the hydrologic 

cycle and the global sea level. Kotlarski et al. [2009] created an energy-balance 

parameterization for modeling the mass change of glaciers within a regional climate 

model over the Alps, running simulations at one-sixth degree resolution. In a related 

study, the corresponding seasonal and recession glacier melt was routed offline using a 

lateral routing scheme [Kotlarski, 2007]. A similar energy-balance approach was used by 

Schaner et al. [2012] for modeling an upper-bound estimate of total (seasonal and 

recession) glacier melt contributions to streamflow for all globally glacierized basins at a 

one-quarter degree resolution. Modeled seasonal and recession glacier melt was then 

transferred through the gridded flow direction network of Wu et al. [2011]. Lutz et al., 
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[2014] used a cryospheric-hydrologic model with a degree-day melt scheme to show that 

flows in the upper reaches of several rivers in HMA would increase through mid-century 

due to increased precipitation and glacier recession. In Lutz et al., [2014], the area was 

limited to just the mountainous areas of southern HMA, and not downstream. 

Other studies have used climate model outputs to calculate glacier recession melt, and 

specifically, its subsequent contributions to sea level rise. Hock et al., [2009] used a 

globally gridded glacier dataset along with a temperature-index based modeling approach 

to estimate recession at one-degree resolution. A substantial advance in glacier studies 

was the compilation of the Randolph Glacier Inventory (RGI) [Arendt et al., 2013], 

which provided the first complete, global database of glacier outlines (figure 3.1). This 

dataset was used in Hirabayashi et al. [2013] and Radic et al. [2013], which made 

significant contributions to model glacier recession globally in order to better project this 

portion of the sea level rise budget.  

A recent study by Garder et al. [2013] resolved previous disagreements in glacier 

recession contributions to sea level rise by utilizing existing satellite measurements and 

glaciological records. Glacier mass budgets were calculated over the entire RGI database 

for the overlapping observational time period among various datasets, 2003 – 2009.  

However, even with the improvements in glacier mass accounting, routing of glacier 

recession melt is generally not considered in studies of sea level rise. Hock et al., [2009], 

Hirabayashi et al. [2013], Radic et al. [2013], and Garder et al. [2013] all neglected any 

land surface processes to account for the movement of glacier recession meltwater 

downstream. 
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The goal of this study is to quantify glacier recession contributions to streamflow. 

The focus will be on HMA at the river reach scale using best-available observations of 

glacier volume change over the RGI and model estimates of surface and subsurface 

runoff. This will also provide an estimate for glacier recession melt that does not directly 

contribute to sea level rise. 

3.2. Data 

3.2.1 River network and basins 

A high-resolution hydrological dataset is utilized for analysis of basin characteristics 

and flow accumulation: the Hydrological data and maps based on Shuttle Elevation 

Derivatives at multiple Scales [HydroSHEDS; Lehner et al., 2008]. This dataset contains 

information detailing near-global river networks, including flow direction, flow 

accumulation, a vector river network, and corresponding river basins. The data is 

provided near-globally (excluding Antarctica and high latitudes) at a 15 arc-second 

resolution. Catchment area Ai (m2) was calculated for each HydroSHEDS river reach i 

according to the methods described in David et al. [2014]. The average of the start and 

end location and derived catchment area of each river reach in the 15-arcsecond 

HydroSHEDS river network is used to estimate catchment streamflow from the 1-degree 

GLDAS product. The basins product contains eight large, recognizable basins in the 

HMA region shown in figure 3.1b and figure 3.2. 
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3.2.2 Glacier inventory 

For this study, the RGI version 3.2 [Arendt et al., 2012; referred to as RGI hereafter] 

is used. The RGI is a complete global inventory of glacier outlines at their geographic 

location (figure 3.1), combining previous glacier outlines from Global Land Ice 

Measurements from Space initiative (GLIMS) and delineations from modern satellite 

imagery [Arendt et al., 2013]. The data are separated into 19 first-order regions, of which 

the Central Asia, South Asia (West), and South Asia (East) are used in the analysis. 

These first-order region are further separated into smaller order 2 regions. For each 

glacier, the inventory contains an ID number, location, and glacier area. Additional 

information such as glacier type, survey date, and name is provided for a portion of the 

data. In this study, each RGI glacier is paired with a unique HydroSHEDS river reach 

using a nearest neighbor approach. 

3.2.3 Estimations of glacier recession contribution to streamflow 

Recent work by Gardner et al. [2013] resolved discrepancies in glacier recession 

contributions to sea level rise by integrating traditional glaciological estimates, 

gravimetry from the gravity recovery and climate experiment (GRACE) satellites, and 

altimetry from the Ice, Cloud, and land Elevation Satellite (ICESat). Here the regionally 

averaged ICESat elevation changes from Gardner et al. [2013] are applied to the RGI 

order 2 regions. This provides an estimate of a yearly-averaged glacier thinning (dh dt-1 

(m yr-1)) for the years 2003 – 2009, which is the time period where the GRACE and 

ICESat missions overlap. The RGI glaciers were separated into their sub-continental 

order 2 regions and corresponding regional ICESat glacier elevation changes (yearly-
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averaged total  Δh  (m)) from Gardner et al., [2013] were applied over the area of each 

individual glacier Ag (m2). 

Glacier recession, 
 
Q gi

 (m3 s-1), is the negative storage change of a glacier, and is 

distributed as a flow from the glacier to nearest river reach (equation 3.1), where  is 

the density of solid water (assumed to be 900 kg m-3) and  (kg m-3) is the density of 

liquid water. 

 

  

Qgi

⎡
⎣

⎤
⎦DJF ,MAM ,SON

= 0

Qgi

⎡
⎣

⎤
⎦JJA

=

Ag (−Δhg )ρws

ρwl

(30+ 30+ 31) ⋅24 ⋅3600
 

(3.1) 

A decrease in glacier volume contributes a positive flow to streamflow, and vice 

versa. The yearly glacier recessional melt is calculated on two different time scales, 

which is necessary in order to compare our analysis with both modeled and observed 

discharge estimates. First, the yearly-averaged glacier recessional melt is constrained to 

the months of June, July, and August, (
 

Qgi

⎡
⎣

⎤
⎦JJA

) and assume it to be zero for the rest of 

the year (equation 3.1). In addition, the same volume of glacier recessional melt is 

temporally distributed over the entire year (
 

Qgi

⎡
⎣

⎤
⎦annual

) according to equation 3.2. 
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(3.2) 
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3.2.4 Estimation of runoff contribution to stream flow from GLDAS data 

Simulations from the Global Land Data Assimilation System (GLDAS) [Rodell et 

al., 2004a] are used to calculate surface and subsurface runoff in this study. GLDAS 

assimilates satellite and ground observations with land surface models to estimate ground 

states and fluxes, and has been widely used in hydrology studies on large spatial scales 

[e.g. Rodell et al., 2009]. Outputs of GLDAS surface runoff  Rs (m s-1) and subsurface 

runoff  Rb (m s-1) from the Variable Infiltration Capacity (VIC), Community Land Model 

(CLM), and the NOAH land surface models are used at a monthly 1-degree resolution for 

the study period, 2003 – 2009. The GLDAS runoff data is multiplied by each catchment 

area to get surface and subsurface discharge (m3 s-1). 

 
 
Qsi

= Ai Rsi
 (3.3) 

 

 
 
Qbi

= Ai Rbi
 (3.4) 

 

Average total discharge, 
 

Qsi
+Qbi

⎡
⎣

⎤
⎦JJA

, (the sum of surface and subsurface 

discharge) is calculated for the melt months of June, July, and August (JJA) and as a 

yearly average
 

Qsi
+Qbi

⎡
⎣

⎤
⎦annual

. The yearly estimates allow for direct comparison with 

other discharge data. Results from the individual models are presented, but an average 

across the three models is used for analysis. 
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3.2.5 Streamflow observations and estimates from literature 

River discharge data in HMA is generally sparse (if available), as countries have 

different entities that collect such observations with varying degrees of spatio-temporal 

resolutions. To calculate basin sensitivities to glacier discharge, data is gathered from 

existing water resource databases and case studies of the river basins. The Global Runoff 

Data Centre (GRDC) has data for the Ganges/Brahmaputra, Indus, Amu Darya, and Syr 

Darya rivers [GRDC, 2014]. Station values were gathered from the most downstream 

available point, and in the case of the Ganges/Brahmaputra basin, GRDC data for the 

main stem of the Ganges (Hardinge Bridge) and Brahmaputra (Bahadurabad) basins were 

added together. For other river basins, the Tarim, Ili, Mansi, and Ebinur Lake, data were 

gathered from relevant literature (Table 1). The Ili River discharge estimate comes from 

Dostay et al., [2012], the Manasi River from Yuan et al., [2007], and the Tarim was 

estimated using data from the Alar gage station, just past the confluence of the three 

biggest tributaries of the Tarim River [Xu et al., 2004]. The Ebinur Lake basin is small 

and remote, and limited research has been done on the basin, provides no additional data 

to complement the modeled discharge estimates. 

3.3. Methods 

The aim of this project is to assess the impact that meltwater from long-term 

glacier recession has on streamflow. The total amount of water that discharges from a 

glacier in a year is the combination of recession (in the case of a long-term negative mass 

balance), and seasonal discharge caused by the melt of winter accumulation. This study 

does not focus on the latter term, but instead examines how the former term, glacier 
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recession melt, 
 
Q gi

, contributes to streamflow at basin and river reach scales. Glacier 

recession melt, 
 
Q gi

, average surface runoff, 
 
Q si

, and subsurface runoff, 
 
Q bi

, are routed 

downstream through the HydroSHEDS river network according to equations 3.5 and 3.6, 

where  ϕ i  is the accumulated streamflow from surface, subsurface runoff, and glacier 

recession flow for river reach i, 
 
ϕgi

 is the accumulated glacier recession flow, Ai is the 

area of the catchment i, and  
ϕ j  is the streamflow for each of one to four upstream river 

reaches of reach i. 

 

  
ϕgi

⎡
⎣

⎤
⎦JJA,annual

= [Qgi
]JJA,annual + ϕ j

⎡⎣ ⎤⎦JJA,annual
j−upstream
∑  (3.5) 

 

 
  
ϕ i⎡⎣ ⎤⎦JJA,annual

= [Qsi
+Qbi

+Qgi
]JJA,annual + ϕ j

⎡⎣ ⎤⎦JJA,annual
j−upstream
∑  (3.6) 

 

The accumulated glacier fractional component of streamflow,  λi , is calculated 

according to equation 3.7. 

 

  
λi⎡⎣ ⎤⎦JJA,annual

=
ϕgi

⎡
⎣

⎤
⎦JJA,annual

ϕ i⎡⎣ ⎤⎦JJA,annual

 (3.7) 

 

The two temporal averages, JJA and yearly, are used to calculate  λi  at the basin 

scale and along each reach of the HydroSHEDS network. 

Glacier fraction,  λi , is calculated in two ways. First,  λi  is calculated as a portion 

of total basin discharge (sections 2.4-5), in which there is one value for each basin over 
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the entire time period. Secondly,  λi  is calculated as a fraction along each section of the 

HydroSHEDS river network. In order to analyze the glacier recession contributions to 

discharge at this scale, the amount of glacier flow and modeled runoff accumulated at 

each catchment must be determined. Both the spatially variable average runoff value and 

catchment size contributes to the runoff for each section of the river network. This high-

resolution estimate is used to calculate the accumulation along the dense network, 

providing a view of how the glacier contribution varies spatially within the selected study 

river basins.  

3.4. Results 

Moderate discrepancies exist between basin discharge as estimated here by the 

GLDAS model averages and what can be found in the GRDC and literature. This 

highlights the lack observations, as well as public availability of data. The discharge data 

gathered was taken at time periods inconsistent with the study period, and at various 

observational frequencies. Additionally, the method used here for routing GLDAS runoff 

ignores the effects of infiltration and evaporation, which for some basins, such as the 

Tarim and Indus, could be quite significant. 

Combining the basin-summed 
 
ϕg  estimates along with average basin streamflow 

illustrates the sensitivity that basin discharge has to glacier recession. Table 1 shows that 

glacier recession melt contributions to basin water balance during JJA are significant 

(greater than 10%) for all but one of our study basins: the Ganges/Brahmaputra. This is 

expected, as the Ganges/Brahmaputra basin receives abundant summer precipitation in 

the form of the South Asia Monsoon overshadowing contributions from glacier melt. The 
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Tarim, Manasi, and Ebinur Lake basins are situated in very arid climates, and glacier 

recession contributes a large proportion of water flow in the basins. The Tarim River has 

been subjected to substantial desertification in the 20th century [Zhang et al., 2010], so 

the basin could be particularly vulnerable to further changes in its water resources.  

Glacier recession melt contributes a majority portion of streamflow in far 

upstream river reaches in all river basins (figure 3.3). As the flow accumulates 

downstream, the glacier recession contribution to the water budget diminishes. For the 

Indus and Ganges/Brahmaputra basins, annual summer monsoon flow is the dominant 

portion of the water balance, so glacial melt is relatively insignificant at a basin-wide 

scale. However, the rest of the basins are comparatively dry, lying in the arid subtropics. 

Because of this, most of the river flow occurs during the summer, when melt from 

snowpack and glaciers reach their peak. 

The accumulated glacier fractional component of streamflow, , is calculated 

during the summer and as an average of yearly flow. Constraining yearly glacier 

recession to a shorter time period increases the average flow rate considerably. However, 

limiting our runoff averaging time period to the summer also increases average flow, due 

to monsoonal precipitation, snowmelt, and seasonal and recession glacier melt. Despite 

these considerations,  
λi⎡⎣ ⎤⎦JJA

 is greater than  
λi⎡⎣ ⎤⎦annual

 in all basins.  

In recent decades, sea level rise estimates have assumed that glacial loss 

contributes an immediate water flux to the oceans, and until recently glacier melt was 

assumed to contribute most of eustatic sea level rise [Meier et al., 2007]. In the case of 

the Syr Darya, Amu Darya, Tarim, Ili, Manasi, and Ebinur Lake basins, downstream river 

flows terminate in inland seas, lakes, or arid inland deserts meaning they do not flow to 
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the ocean. Summing the average change in glacier storage in these river basins yields ~9 

km3 year-1 of inland draining river flow, which equates to ~0.025 mm year-1 of equivalent 

sea level height. Glacier melt in these basins is about one third of the total glacial 

discharge in HMA. 

3.5. Discussion and Conclusions 

This study presents a quantification of relative glacier recession contributions to 

streamflow from watershed to continental-basin scale in HMA. Unlike previous modeling 

studies, these results show the impact of remotely sensed long term changes in glacier 

volume, independent of the yearly fluxes of accumulation and ablation. Glacier fractions 

are higher when calculated in the summer months of June, July, and August than for the 

yearly averages. As one would expect, this fraction decreases as water progresses 

downstream, but still constitutes a quantifiable portion of the water budget. In the face of 

projected climate change and continued loss of glacier storage, flows of glacier recession 

melt will increase streamflow initially, but as the volume of frozen stores of water 

decreases, so will their contributions to basin discharge. This effect could be hastened by 

decreased seasonal snowpack, which would leave glaciers more vulnerable to the summer 

melt season. Changes in glacier storage have implications for the management of water 

resources, particularly in areas with high population and agricultural activity. 

Many glaciated areas are in close geographic proximity to the ocean, where nearly 

all of their discharge would drain. This study shows that, at a minimum, roughly a third 

of glacier discharge in HMA stays on the continent. This is negligible in the context of 

global sea level rise, with the current budget being dominated by fluxes from the ice 

sheets and glaciers in other parts of the world [Gardner et al., 2013]. 
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Table 1. Basin characteristics, streamflow, and glacier contributions calculated using equation 3.7. 
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Figure 3.1. Complete Randolph Glacier Inventory version 3.2 (left), and RGI 3.2 glaciers 
for study area, with selected 15 arc-second HydroSHEDS basins (right). 
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Figure 3.2.  along 15-arcsecond HydroSHEDS river network with associated study 
basins and population density. 
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Figure 3.3. , as calculated according to equation 3.7, along the 15-arcsecond 
HydroSHEDS river network. 
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Chapter 4 

4 Estimation of basin runoff using remote sensing and 

atmospheric reanalysis 

4.1. Introduction 

Runoff and its and subsequent discharge through rivers is one of the key processes of the 

hydrologic system. Determining quantity and timing of surface water flows has implications for 

not only physical processes of the earth system, but for societies water resources. In regions with 

dense observation networks, such as the United States, streamflow data is readily available for 

most rivers and streams from the US Geological Survey. In other parts of the world, however, 

measurements are irregularly made in both space and time, and availability is sometimes limited. 

Hydrologic models provide one way of estimating discharge at large scales with varying 

spatiotemporal resolutions [Famiglietti et al., 2011b]. However, uncertainties in model results 

can be large.  

In the future, missions like the Surface Water and Ocean Topography (SWOT) mission 

will measure changes in surface water volumes and therefore provide improved accuracy of the 

movement of surface water. In the meantime combining satellite gravimetry and atmospheric 

reanalysis has shown to be a novel approach for estimating basin discharge [Syed et al., 2005, 

Rodell et al., 2004b, Syed et al., 2009]. This chapter uses data from the Gravity Recovery and 
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Climate Experiment (GRACE) satellites and reanalysis from the ERA-Interim project to solve 

the combined land-atmosphere water balance in order to estimate runoff over the Mississippi 

river basin, the Amazon river basin and eight basins in high mountain Asia (figure 4.1).  

The GRACE satellites measure variations in Earth’s gravity field at a monthly resolution. 

While one of the primary motivations of GRACE was to develop gravity fields for the solid 

Earth [Tapley et al., 2005], Rodell and Famiglietti, [1999] explored the capabilities of using 

GRACE to detect terrestrial water storage changes (TWSC). As hypothesized, one of the main 

contributors to the changes in Earth’s gravity is the movement of water either as ice, liquid, or 

water vapor, and GRACE data has been applied to study many parts of the Earth’s climate 

system, including, but not limited to, groundwater [Yeh et al., 2006], floods [Reager and 

Famiglietti, 2009], the ocean [Chambers, 2006], and changes in the mass balance of the ice 

sheets [Velicogna and Wahr, 2006; Velicogna, 2009].  

Traditionally, the spatial scale of GRACE has been limited to areas of ~400 kilometers 

[Tapley et al., 2004]. However, a new GRACE product has been developed to allow application 

to finer spatial scales of ~100 kilometers [Landerer and Swenson, 2012]. In Landerer et al., 

[2012], hydrologic modeled terrestrial water storage variations were used to derive a GRACE-

independent gain factor that allows GRACE data to be extrapolated to the finer spatial 

resolution. This innovative GRACE-based product allows for comparison with other 

conventional, gridded hydrologic datasets. For this application, the interest lies in the GRACE-

observed TWSC at a 1° x 1° resolution, which are the result of changes in groundwater, soil 

moisture, snow, and surface water.  

In order to isolate changes of individual hydrologic stores or fluxes, additional datasets 

are used in conjunction with GRACE. A wealth of research has developed methods for doing just 



 51 

this. Rodell et al., [2009] used simulations of soil water from the Global Land Data Assimilation 

System (GLDAS) models and GRACE TWSC to quantify groundwater depletion in India. In a 

follow on study, Famiglietti et al., [2011a] combined GRACE TWSC with modeled 

precipitation, satellite estimated evaporation, operational surface water measurements, a data-

assimilated snow product, and GLDAS soil moisture to quantify similar patterns of groundwater 

depletion in California’s Central Valley. Syed et al., [2005] was the first to integrate atmospheric 

reanalysis with GRACE TWSC data to derive runoff, which is used in this chapter. 

While GRACE storage change data gives a metric for TWSC, estimates of precipitation 

(P) and evapotranspiration (ET) are needed to solve the land-atmosphere water balance equation 

(equation 4.1). P and ET are the key sources and sinks of water, respectively, for the land 

surface. However, large uncertainties in estimating both fluxes prevents their use in this 

application [Fekete et al., 2004; Rodell et al., 2004]. Using atmospheric reanalysis to estimate 

equivalent terms for P-ET has been shown to be a good option in hydrologic and atmospheric 

applications [Dai and Trenberth, 2002; Syed et al., 2005; Lavers et al., 2012].  

4.2. Data and methods 

4.2.1 Combined land and atmosphere water balance 

The hydrologic cycle is essentially the transfer of water between the land, ocean, and 

atmosphere. In this study, land and atmosphere water balances are used to solve for basin runoff 

from continental river basins. The land water balance is described by  

 

 
δS
δ t

= P − ET − R  (4.1) 
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where S is land water storage, P is precipitation, ET is evapotranspiration, and R is runoff. In 

practice, R could be solved alone with GRACE and estimates of P – ET. However, uncertainties 

in estimates of P – ET mean that they are usually not sufficient for use in water budget studies 

[Fekete et al., 2004; Rodell et al., 2004b]. Because P – ET is the difference between the sources 

and sinks of water in the atmosphere, the atmospheric water balance (equation 4.2)  

 

  
δW
δ t

= ET − P − divQ
!"

 (4.2) 

can be utilized in its place. In equation 4.2, W is the vertically-integrated total precipitable water 

(equation 4.3),  

 

 
W = q

pS

pT

∫
dp
g

 (4.3) 

and   divQ
!"

 is the divergence of the vertically-integrated average atmospheric moisture vector 

(equation 4.4) 

 

  
Q
!"
= qv

"

pS

pT

∫
dp
g

 (4.4) 

where q is the specific humidity [kg kg-1], pS and pT are the atmospheric pressures at the surface 

and top of the atmosphere, respectively, g is the gravitational constant, and   v
!

 is the horizontal 

wind vector [m s-1]. Combining equations 4.1 and 4.2 yields the combined land-atmosphere 

water balance equation, (equation 4.5). 

 

  
R = −δS

δ t
− δW

δ t
− divQ

!"
 (4.5) 

In this study, GRACE-Tellus release 05 (referred to as simply GRACE, hereafter) data 

are used as an estimate of the change in storage term. The GRACE data are the result of post-

processing of the spherical harmonics detected by the twin satellites. Here, the processed product 
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from CSR (University of Texas/Center for Space Research) is used. The gridded terrestrial water 

storage anomalies are produced at a 1-degree spatial resolution once per month from April 2002 

– December 2013 in units of liquid water equivalent. Missing from the GRACE dataset are June 

2003, January 2011, June 2011, May 2012, October 2012, March 2013, August 2013, and 

September 2013. For these months, the terrestrial water storage anomalies from the neighboring 

months are used to interpolate for the missing month. Along with these gridded data, a scaling 

factor is supplied. The gridded scaling factor is intended to restore energy that is removed during 

processing of the GRACE-Tellus data, and multiplying the GRACE data by this factor gives the 

final scaled GRACE TWSC data used here. 

To estimate the atmospheric moisture terms in equation (4.5), reanalysis from the ERA-

Interim reanalysis project are used. The ERA-Interim dataset is the result of an atmospheric 

model with data-assimilation produced by the European Centre for Medium-Range Weather 

Forecasts (ECMWF). Monthly averaged values of q, u, and v are interpolated from a 0.703125° 

x 0.703125° spatial resolution to 1° x 1° resolution in order to match the resolution of GRACE. 

The bounds for the vertically-integrated atmospheric terms in equations 4.3 and 4.4 are 1000 hPa 

to 250 hPa.  

The land-atmosphere water balance estimate of runoff as described in equation 4.5 is 

calculated globally, and basin masks are used to calculate a basin average value for each month. 

These values are compared to GLDAS estimates of total basin surface and subsurface runoff. 

Results are calculated for the Amazon and Mississippi River Basins, to allow comparison 

with previous terrestrial water budget studies in those areas [Syed et al., 2005; Seneviratne et al., 

2004; Roads and Betts, 2000] 
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4.3. Results and conclusions 

4.3.1 GRACE terrestrial water storage changes 

The cumulative change in terrestrial water storage from GRACE (figure 4.2) shows high 

spatial variability across the globe. Regions with negative ΔS include the Gulf of Alaska, vast 

areas of the Middle East, Northern India, Patagonia, the southeastern United States, and parts of 

the Amazon. Negative ΔS signals could be attributed to losses of various water stores, and have 

been highlighted in previous research. While the GRACE Tellus data is not suitable for studies 

of the cryosphere, the negative ΔS pattern in Alaska and Northern India is consistent with results 

found by Jacob et al., [2012]. Additionally, negative trends have been found during the GRACE 

study period in the southeastern United States [Houborg et al., 2012] and the Middle East [Voss 

et al., 2013]. Positive ΔS are scattered, and located in southern Africa, the Tibetan Plateau, and 

eastern Australia. The positive ΔS signal in the Tibetan Plateau was found in Jacob et al., 

[2012]. 

4.3.2 Global pattern of   −divQ
!"

 

According to equation 4.2,   −divQ
!"

 is roughly equivalent to P – ET, as the temporal 

variability of W is comparatively small. Figure 4.3 illustrates the global pattern of P – ET, where 

areas of high precipitation, such as the Intertropical Convergence Zone (ITCZ) and South Pacific 

Convergence Zone (SPCZ), are prominent. Areas of excess evaporation, such as the midlatitude 

ocean gyres, have negative values for P – ET.  
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4.3.3 Variability of GRACE dS/dt 

GRACE time series results for the study basins (figure 4.4) are consistent with previous 

studies [Syed et al., 2008; Voss et al., 2013]. No significant difference between the scaled and 

unscaled GRACE data is evident. While the main goal of scaling the GRACE data is to decrease 

signal attenuation [Landerer and Swenson, 2012], a few study basins, like the Tarim, Manasi, 

and Ebinur Lake basins, show smaller amplitude in the scaled product. These are the driest study 

basins and in the case of the Manasi and Ebinur Lake basins, the smallest. The remaining 

majority of the study basins show increased amplitude as a result of scaling the data, as expected. 

The Amazon and Ganges/Brahmaputra basins show the greatest amplitude in TWSC as a result 

of the large seasonal changes in rainfall.  

4.3.4 Components of the land-atmosphere water balance 

Isolating each term of equation 4.5 shows their relative contributions to the runoff 

estimation. Figure 4.5 shows basin-averaged time series of each term. Generally,   −divQ
!"

is 

greater in magnitude than dS/dt, while –dW/dt values are relatively small. For the Mississippi 

and Amazon river basins, the amplitude and magnitude of the components is consistent with 

previous studies [Syed et al., 2005]. However, for the remainder of the study basins, the 

magnitude of   −divQ
!"

 is exceptionally high. The Ganges/Brahmaputra, Amu Darya, Syr Darya, 

and Tarim River basins exhibit negative   −divQ
!"

 (that is positive   divQ
!"

), which indicates an 

excess of ET relative to P. While this is realistic in specific cases where evaporation is 

anomalously high (e.g. over surface water), over large areas it is likely an error of reanalysis 

[Syed et al., 2009]. Trenberth [1997] details issues with using atmospheric moisture budgets, and 

notes that the moisture terms in mountainous areas are contaminated due to pS values being 
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below the Earth surface. Given that all basins except for the Amazon and Mississippi have 

extensive mountain ranges, it is likely that the “contamination” of P – ET estimates is the cause 

of spurious R estimates in these basins. This effect is especially apparent in figure 4.3, where 

extremely high and low values of   −divQ
!"

 are located in close proximity over much of the Earth’s 

mountain ranges, along the Andes, Rocky Mountains, Himilaya, Hindu Kush, and the various 

mountain ranges of eastern Africa. As a result, the river basins of high mountain Asia are ill-

suited for determining runoff using atmospheric reanalysis. 

4.3.5 Comparison of land-atmosphere runoff with previous research and GLDAS 

simulated runoff 

While the aforementioned issues preclude calculating runoff in high mountain Asia, 

results for the Amazon and Mississippi river basins are presented in figure 4.6 and 4.7. The 

relatively short time frame studied in Syed et al., [2005] limits the availability for extensive 

comparisons.  

Generally, GRACE derived basin runoff compares to previous results better for the 

Amazon basin than for the Mississippi basin. Generally, the Amazon runoff time series is within 

the range of values from Syed et al., [2005]. Seasonal variability does not match exactly, but 

whether runoff is increasing or decreasing is consistent for a majority of the overlapping time 

period.  

Runoff estimates for the Mississippi basin are consistently overestimated in this project 

as compared to Syed et al., [2005]. Increasing or decreasing trends for the basin track relatively 

well, in a similar manner from the Amazon basin. There are, at times, periods when basin runoff 
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is estimated to be higher for the Mississippi basin than the Amazon basin, which is unrealistic 

[GRDC, 2014]. 

The GRACE mission had been producing data for a very short amount of time when the 

first basin runoff calculations were made [Syed et al., 2005]. Additionally, there were several 

months missing, which would certainly affect dS/dt values, as they are the difference from month 

to month. It is possible that with the GRACE data employed in this study, GRACE runoff would 

be expected to vary considerably when compared to previous research.  

While models have issues simulating certain hydrologic variables, particularly runoff, 

using GLDAS runoff provides a reasonable comparison. GRACE derived runoff is plotted along 

with total surface and subsurface runoff from the GLDAS CLM, NOAH, and VIC models. The 

order of magnitude for the runoff in the Mississippi River basin is far greater than GLDAS 

runoff, and does not compare well with previous research [Syed et al., 2005]. In looking at the 

individual GRACE runoff components for the Mississippi River basin in figure 4.5, an 

anomalous aspect is that GRACE dS/dt is anti-correlated with   −divQ
!"

. That is, when   −divQ
!"

 is 

positive, dS/dt is negative and vice-versa. Because both terms are negatively proportional to 

runoff, it results in anomalous and unrealistic runoff estimates. 

The Amazon basin, unlike the rest of the analyzed study basins, shows an order of 

magnitude similar to GLDAS runoff estimates and previous results [Syed et al., 2005]. However, 

there is a lack of seasonal variation in runoff, which is captured well by the GLDAS simulated 

runoff. Additionally, the GRACE runoff signal has a significant amount of noise, showing sharp 

changes from month to month. The Amazon River basin mask covers significant portion of the 

northern Andes Mountains, and it is possible that contamination of the atmospheric moisture 

terms by the aforementioned orographic effects could affect the results. 
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4.4. Conclusions 

A lack of expansive discharge observations for the rivers in high mountain Asia and the 

downstream area necessitates alternative methods for determining basin runoff and river 

discharge. However, the steep topography of the area causes poor estimates of the atmospheric 

moisture budget. Additional errors could be a result of inaccurate interpolation of the data, but 

previous research [Trenberth, 1997] suggests that orographic effects are likely the culprit.  

This research further emphasizes the need for improved runoff measurements, both in 

situ and by remote sensing. The SWOT mission will greatly improve the spatial coverage of 

surface water stores, and in time could contribute greatly to the scientific knowledge of 

hydrology. Actual streamflow measurements will still be necessary, as in situ data is 

indispensable for validation, increased accuracy, and temporal resolution. 
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Figure 4.1. Basin masks for the Amazon, Mississippi, Ganges/Brahmaputra, Indus, Amu 
Darya, Syr Darya, Tarim, Ili, Manasi, and Ebinur Lake river basins. 
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Figure 4.2. GRACE terrestrial water storage anomalies summed from January 2003 - 
December 2012 in mm of water equivalent. The Antarctic and Greenland Ice Sheets, along 
with the oceans, are masked out and have no contribution to the runoff calculations. 
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Figure 4.3. Mean -divQ for January 2003 - December 2012. 
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Figure 4.4. GRACE dS/dt for study region river basins from January 2003 - December 
2012. 
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Figure 4.5. Basin averaged values for the components of equation 4.5 from January 2003 - 
December 2012.
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Figure 4.6. GRACE derived runoff compared to results from Syed et al., [2005] for the 
Amazon (top) and Mississippi (bottom) River basins. 
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Figure 4.7. Runoff derived from GRACE and the CLM, VIC, and NOAH GLDAS model 
simulations for the Amazon River basin (top) and the Mississippi River basin (bottom). 



 66 

 
 

Chapter 5 

Conclusions 

Interactions between the cryosphere and hydrologic cycle are becoming more important 

with the onset of global climate change. This work quantifies glacier contributions to streamflow 

using a variety of models and remote sensing.  

Chapter two explores the main methods for estimating glacier mass balance: surface 

energy balance melt modeling and degree-day melt modeling. In situ precipitation and 

temperature data is used to force a mass balance model to estimate the change in storage for the 

Gulkana Glacier in Alaska over a 40 year time period. Results of the model are compared with 

stake data and, with calibration, the model is able to simulate the mass balance of the glacier 

reasonably well. Modeled winter mass balance results suggest that gage measured precipitation 

is underestimated. Summer results indicate that previously published degree-day factors are not 

viable for the Gulkana Glacier, and potentially, the surrounding glaciers. The sign of the yearly 

net mass balance is correctly simulated for almost all years. The cumulative long term decreasing 

trend in glacier storage tracks well to the validation data.  

Chapter three quantifies glacier recessional melt contributions to streamflow in high 

mountain Asia (HMA). This study uses regional glacier storage change estimates from Gardner 

et al., [2013] to estimate the total glacier storage change from 2003 – 2009. Temporally averaged 

flows of glacier recessional melt and simulated runoff from the GLDAS land surface models are 
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accumulated through a high-resolution river network to determine the ultimate fate of HMA 

glacier melt. Accumulated discharge is compared to average discharge values from previously 

published literature. Agreement between the two discharge sources varies, but disagreement can 

be attributed to inconsistent time periods and a lack of infiltration and evaporation processes in 

the routing method. Glacier recession melt fraction of streamflow is calculated over two time 

intervals, the summer (June, July, and August) and the full year. Glacier fractions were found to 

be higher when calculated over the summer time period compared to the yearly average. Glacier 

recession melt contributes a significant portion (more than 10%) for all of the study basins 

except for the Ganges/Brahmaputra river basin. Change in glacier storage for inland draining 

basins (Amu Darya, Syr Darya, Tarim, Ili, Manasi, and Ebinur Lake) amounts to ~9 km3 per 

year. This is equivalent to ~0.025 mm per year of equivalent sea level rise, which is insignificant 

when put into context of the global sea level budget.  

As a result of inadequate basin discharge estimates in previous research, chapter four uses 

a combined land-atmosphere water balance method to estimate runoff for the Mississippi and 

Amazon River basins, as well as the HMA basins mentioned in chapter three. An innovative 

GRACE dataset was used to provide gridded terrestrial water storage change data, and reanalysis 

data from the ERA-Interim project were used to complete the combined water balance equation. 

Ultimately, this method is found to be ill suited for the HMA region. Complex terrain results in 

inaccurate values for certain components of the runoff equation, which was first observed by 

Trenberth et al., [1997]. Runoff estimates for the Mississippi and Amazon River basins compare 

well with previous research [Syed et al., 2005], and are relatively close to GLDAS modeled 

runoff data. 
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The results of this dissertation provide a simple methodology for determining the timing 

and quantity of glacier melt, how that melt water moves across the Earth’s surface, and how it 

compares to other parts of the land water budget. The development of the Randolph Glacier 

Inventory, the first globally compete dataset of glacier outlines, has proved to play a vital role in 

extending glacier melt analysis to an unprecedented spatial extent. However, considering the rate 

at which the cryosphere is changing, it is well worth follow on research to continue to monitor 

how glacier areas and distribution change in time. Additionally, glacier storage change varies 

significantly between regions, and this suggests that some areas should be studied more closely 

than others. Particularly, the significant populations downstream of HMA make the glaciers of 

this area worth close monitoring.  

Numerous research efforts have, and continue to, use the methods of this dissertation on 

large scales in order to accurately estimate glacier contributions to sea level rise. Glaciers are 

even included in the most current and advanced global climate models, like the Community 

Earth System Model (CESM). This dissertation suggests that, contrary to modern practice, 

consideration should be paid to simulating how glacier melt moves across the land surface. 

Although results from chapter three suggest there may only be relatively small portions of glacier 

melt that do not contribute to sea level rise, additional hydrologic modeling could add upon these 

results. Glacier melt flows in the Indus, Ganges, and Brahmaputra Rivers, in particular, travel a 

great distance, and some fraction of those flows must infiltrate to groundwater or evaporate to 

the atmosphere. 

Currently, many river basins worldwide are not extensively monitored. Research efforts 

to improve the knowledge and management of freshwater resources depend on observations of 

critical hydrologic variables, such as surface water volume, soil moisture, streamflow, 
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precipitation, and runoff. While there are computer models and remote sensing satellites, many 

of these key variables are still relatively unknown, which limits scientific research efforts. 

Observations of river discharge, in particular, are vital because streamflow is the main source of 

water for many populations worldwide. The Surface Water and Ocean Topography (SWOT) 

mission, slated for launch in 2020, will measure change in water stored in wetlands, lakes, and 

reservoirs, which will enable improved estimates of river discharge worldwide. Data from the 

SWOT mission will not only be valuable on its own, but should be used to improve hydrologic 

models and data assimilated products. The improved knowledge about remote and unobserved 

basins will have the ability to close the gap in our knowledge of the hydrologic cycle. 

With the current concerted focus on making hydrologic models more realistic 

[Famiglietti et al., 2011b], processes previously not considered will become important to 

include. Increasing spatial and temporal resolutions will only reinforce this concept. Datasets like 

the RGI and HydroSHEDS river network are significant contributions to making model 

frameworks more naturalistic. However, parameterizations and modeling schemes still have a 

gap to close in order to improve on current simulations. 

Ultimately, this research sought out to improve knowledge of freshwater resources, how 

they are changing, and how they might change in the future. With greatly increasing worldwide 

populations and dwindling freshwater availability, changes in water stores have never been more 

important.  
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