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ABSTRACT 

 

Pan, Caleb, G., Ph.D., December 2018 Systems Ecology 

 

Implications of modulating glaciers and snow cover in Mongolia 

 

Chairperson: Dr. John. S. Kimball 

 

Mongolia’s cryosphere (glaciers and snow cover) drives ecosystem services and in turn, 

supports emerging economies in the water-restricted country. However, as Mongolia 

experiences long-term drought conditions and an increase in annual air temperatures at 

twice the global rate, the potential adverse effects of the changing cryosphere during a 

period of climate uncertainty will have cascading implications to water availability and 

economic development. Using several data sources and methods, I partitioned my 

dissertation into two components to determine the hydrologic and economic implications 

of modulations in Mongolia’s cryosphere. The first component is an examination of 

glacier recession in Mongolia’s Altai Mountains, where I identified the major drivers of 

glacier recession and the role of glaciers in the regional hydrology. In the second 

component we created novel techniques to detect snowmelt events and to determine their 

role in large annual livestock mortality across Mongolia.  

 

In chapter 2 we identified a rate of glacier recession of 6.4 ± 0.4 km2 yr-1 from 1990-

2016, resulting in an overall decrease in glacier area of 43%, which were comparable to 

rates of recession in mountain ranges across Central Asia. In chapter 3 we found that 

glaciers contributed up to 22% of the regional hydrology in the glaciated Upper Khovd 

River Basin (UKRB) and glacier melt contributions began to decrease after 2016, 

suggesting an overall depletion of accumulation zones. In chapter 4, we developed a 

novel approach to detect snow melt events in Alaska, USA – due to its high satellite 

coverage, climate monitoring network, and previous existing studies – and produced a 

gridded geospatial data product. In chapter 5, we expanded on the novel methods 

developed in chapter 4 to determine the spatio-temporal role of snowmelt events on large 

annual livestock mortality in Mongolia. Results showed strong correlations between 

snowmelt events and mortality in the southern Gobi during the fall and the central and 

western regions during the spring. As Mongolia continues to develop climatically 

vulnerable economic industries, future modulations in Mongolia’s cryosphere will likely  

decrease regional water-availability and amplify annual livestock mortality. 
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Chapter 1  

 

1.1 Introduction 

Mongolia is a semi-arid, sparsely populated country in the heart of the Asian 

landmass and has an economy comprised of industries including livestock production, 

mining, and agriculture that are highly susceptible to slight fluctuations to both water 

resources and climate change. Recent work has shown significant changes in Mongolia’s 

climate system, trending towards drier and warmer weather (Hessl et al 2018, Li et al 

2015, Batima et al 2005). Additional research has identified that the rapid decrease in 

lake levels across the country over the past 40 years is largely attributed to water 

extractions from mining and other land use practices coupled with increased aridity (Tao 

et al 2015). Mongolia’s economic vulnerabilities to climatic conditions are also 

manifested in the country’s extensive livestock population, such that during periods of 

drought coupled with anomalous climate conditions, annual livestock die-offs can extend 

into the millions (Fernández-giménez et al 2016). 

Fluctuations in Mongolia’s glaciers and snow cover are understudied but can 

provide important contributions to our greater knowledge of recent climate change, 

current and future water availability and an understanding of potential adverse effects to 

national livestock populations.  

Dynamic fluctuations in Earth’s cryosphere are one of the best natural proxies to 

global climate change – ranging from daily changes in snow cover to slower changes 

over decades and centuries in glaciers that provide excellent indicators of climatic 

variability (Oerlemans 2005, Zemp et al 2015). Globally scaled, snow and ice cover at 

high latitudes enhance surface albedo to create poleward temperature gradients, helping 

to move heat and energy through atmospheric and oceanic circulations (Mcconnell 2005). 

However, recent observations of reduced snowcover and sea-ice extent along with 

increased temperatures interact to create a positive feedback - amplifying the rate of 

increase in surface air temperature over time by reducing surface insolation and 

increasing the amount of absorbed solar energy (Serreze and Francis 2006, Derksen and 

Brown 2012, Stroeve et al 2007). 

In addition to being an important governor of the global energy budget, Earth’s 

cryosphere fills a critical niche in global, regional, and local hydrologic cycles and water 
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resources (Zemp et al 2013). For large regional watersheds like the Ob, Lena, Indus, or 

Amu Darya, snowmelt is the dominant contributor to regional runoff (Alford et al. 2013, 

Oshima et al 2018). However, in closer proximity to the watershed headwaters, the 

dominant contributor to runoff transitions from snow to glaciers, particularly in semi-arid 

environments where summer precipitation is uncommon and sporadic (Viviroli et al 

2007, Racoviteanu et al 2013). Regardless, snow and glacier melt runoff is critical for 

downstream populations ranging from large metropolitan centers to small mountain 

communities (Bolch et al 2012, Lutz et al 2012). But recently, amplified warming at 

higher elevations has made the timing and reliability of glacier and snow melt more 

unpredictable with changing melt durations (Kim et al 2012, Dietz et al 2014), rain-on-

snow (ROS) events (Beniston and Stoffel 2016), and an overall reduction in glacier area 

(Zemp et al. 2015). 

Snow cover processes, including melt events or ROS events, can also have 

adverse effects on ungulate populations (Loe et al 2016, Berger et al 2018). These events 

can occur after a brief period of warm weather increases the liquid water content (LWC) 

of the snowpack and accumulates between the snow and vegetation/surface interface 

where it freezes into a substantial layer of ice when temperatures return to below 

freezing. This layer of ice creates an effective barrier between the ungulate and their feed 

and can often result in large animal die-offs (Grenfell and Putkonen 2008). In Mongolia, 

these icing events are colloquially referred to as the tumer dzud or iron winter disaster 

which refers to large livestock die-offs that resulted from the development of thick ice 

lenses from snow melt (Allison 2017). 

 

1.2 Scientific Goals, Questions and Objectives 

The goal of this dissertation is to contribute to our greater knowledge of 

Mongolia’s evolving cryosphere to determine how such changes will manifest and to 

inform socio-economic development across Mongolia. To address the above goal, this 

dissertation asks the following questions; 1) How are amplified temperatures affecting 

glacier extent across Mongolia and what roles do extrinsic and intrinsic factors contribute 

to glacier areal extent? 2) What is the role of glacier-melt runoff in the regional 

hydrology of western Mongolia? 3) How effective are remote sensing platforms at 
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detecting snowmelt or rain-on-snow (ROS) events across the mid to high-latitudes? 4) 

What is the role of anomalous snowmelt events influencing large livestock mortality 

across Mongolia?  

The following dissertation objectives address the research questions. 1) To 

advance cryosphere research in the high and mid-latitudes and the potential socio-

economic impacts of modulations to the regional cryosphere under environmental and 

land use change. 2) Provide non-governmental organizations (NGOs), government 

institutes, and international development groups (e.g. World Bank, Asian Development 

Bank) with: i) a grounded understanding of the future potential of glacier-melt runoff as a 

water resource as Mongolia transitions to water-intensive industries, and ii) a scientific 

understanding of the spatiotemporal variability in climatic contributors to livestock die-

off events in Mongolia for a more effective determination in the distribution of aid relief 

during such events. 3) Provide the cryosphere community with two publicly available 

datasets i) a multi-temporal glacier inventory derived from satellite optical remote 

sensing and can be downloaded from the Global Land Ice Measurements from Space 

(GLIMS) Program (www.glims.org) and ii) a satellite based ROS record for Alaska 

archived at the Oak Ridge National Laboratory (ORNL) through the NASA Distributed 

Active Archive Center (DAAC). 

 

1.3 Outline 

This dissertation is partitioned into two components. In the first component, I 

address changes in the glaciers of the Altai Mountains of western Mongolia using 

satellite optical-infrared remote sensing. I then applied an ice ablation model to assess the 

contribution of glacier melt to regional hydrology.  The second component of the 

dissertation examines modulations in snow melt events across Mongolia using satellite 

passive microwave remote sensing. Next, I determine the role of snow melt events in 

annual livestock mortality across Mongolia. These components comprise the following 

four chapters and are the result of multiple publications or subject to peer-review. 

In Chapter 2 (Pan et al 2017), I assess the changes in glacier area and number in 

western Mongolia at multiple time intervals from 1990 to 2016 and regressed these 

changes to extrinsic and intrinsic conditions to determine the regional governors of 

http://www.glims.org/
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glacier recession. Using optical remote sensing from the recently launched Landsat 8 

Operational Land Imager (OLI) and Sentinel 2-A MultiSpectral Instrument (MSI), I 

created a new satellite derived glacier inventory from Kamp and Pan, 2015; resulting in a 

coherent glacier record for 1990, 2000, 2010, and 2016. I then used the new glacier 

satellite record coupled with a digital elevation model to characterize the intrinsic 

properties of the glaciers including, the equilibrium line altitude (ELA), maximum, 

minimum, and range elevations, aspect, slope, and latitude. Extrinsic factors, including 

seasonal mean temperature and seasonal precipitation, were derived by creating a 

homogenized climate time series from six regional long-term climate stations. 

Correlation analysis showed that summer temperature had the highest correlation during 

periods of the greatest rates of glacier recession, particularly from 1990 to 2000 and 2010 

to 2016. Aspect showed the greatest control on glacier recession relative to other intrinsic 

factors, but minimum elevation was also important. The rates of glacier recession in 

Mongolia compared well to other rates of glacier recession in continental climates which 

were all elevated when compared to rates of recession in maritime climates. 

In Chapter 3 (Pan et al. submitted), I contextualize the importance of glaciers to 

the hydrologic regime in western Mongolia by first estimating the amount of glacier-melt 

runoff to the Upper Khovd River Basin (UKRB) from 1990 to 2016 using a simple ice 

ablation model coupled with glaciological and hydrographic data. Model outputs 

determined that glaciers contributed 12% to the local hydrological runoff during the 

summer months of 2016. To simulate conditions of below and above normal 

temperatures, the ice ablation model was operated using an ablation gradient of ± 0.1 m 

water equivalent (w.e.) During periods of amplified temperatures, glacier-melt can 

contribute up to 15% of the total runoff. Model simulations suggest that earlier 

estimations of glacier-melt over-estimated the importance of glaciers to the regional 

hydrology at the national scale (Dashdeleg 1983). However, within the headwaters of 

glaciated watersheds, such as the UKRB, glacier-melt runoff is a critical component of 

the ecologic and hydrologic systems. 

 In Chapter 4 (Pan et al 2018), I  introduce a satellite data-driven algorithm to 

detect anomalous ROS events across Alaska, USA from 2003-2016. This chapter 

presents a new gridded ROS data record derived by fusing the Moderate-resolution 
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Imaging Spectroradiometer (MODIS) snow cover extent product (MOD10A1) with 

vertically (V) and horizontally (H) polarized passive microwave (PM) brightness 

temperature (Tb) retrievals at 19 and 37 GHz from the Advanced Microwave Scanning 

Radiometer (AMSR) mapped to a 6 km EASE-GRID projection. Detected ROS events 

were validated using a two-tiered approach. Tier-1 corroborated human observed ROS 

and in situ climate observations in Fairbanks, AK with satellite detected ROS events and 

produced an overall agreement between 75-100%. The second tier created temperature 

dependent variables as precipitation proxies from 53 long-term climate stations across 

Alaska. These proxies included a ratio between minimum and maximum temperature, a 

ratio between dew point and average temperature, and wet bulb temperature. Using these 

proxies, satellite detected ROS events were screened using thresholds that did not meet 

the conditions defined by the precipitation proxies and resulted in an overall accuracy of 

86%.  

We included Alaska in this dissertation to serve as a study domain to test and 

develop our initial ROS algorithm. As a study domain, Alaska provides high spatial and 

temporal coverage of polar-orbiting sensors and available data necessary for validation 

including; dense long-term climate monitoring networks, human observed ROS 

observations, and previous studies for which to compare results (Wang et al 2016, 

Semmens et al 2013, Wilson et al 2013). Regional similarities include large temperate 

conifer forests in northern Mongolia and the Alaska interior and both regions have 

observed winter time icing events that have contributed to ungulate mortality (Berger et 

al 2018, Allison 2017). Key differences exist in snow cover retrievals influenced by 

Alaska’s wet maritime relative to Mongolia’s semi-arid climate with deep and dry soils 

which should create favorable ROS retrievals. 

In Chapter 5 (Pan et al. submitted), I apply the algorithm developed in Chapter 4 

to determine and quantify the role of snow melt events on anomalously high annual 

livestock mortality across Mongolia. In this chapter I detected anomalous snowmelt 

events and subsequently examined their trends from 2003-2016. An analysis of the 

resulting seasonal patterns identified that snow melt events were more frequent in the 

southern Gobi Desert during the fall and more common in the western and central regions 

of Mongolia during the spring. An increasing trend in fall melt events was also identified 
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in certain regions, which may indicate an increase in intermittent snow cover and a 

reduction in persistent snow cover. I next created climate time-series for each provincial 

unit in Mongolia including winter temperature, normalized difference vegetation index 

(NDVI), and snow cover duration (SCD), in addition to seasonal melt events. The climate 

time-series were then used in a generalized linear model (GLM) framework to quantify 

how much variance in livestock mortality each climate driver explained. The GLM 

outputs indicated that anomalous seasonal melt events explained 18-34% of the total 

variance in annual livestock mortality, predominantly in the western and central regions. 

Winter temperature was found to be the leading driver of annual livestock mortality 

followed by an unseasonably low NDVI. 

In Chapter 6, the results of the prior chapters (2-5) are summarized and discussed 

relative to the dissertation objectives as well as future potential directions of scientific 

inquiry. 
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CHAPTER 2 
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2.1 Abstract 

 

Relatively little is known about glaciers in the continental climates of North Asia and 

even less is known about the glaciers of the Mongolian Altai. In an attempt to fill this 

knowledge gap, we present a new satellite-derived glacier inventory for the Altai 

Mountains of Mongolia, using the recently launched Landat-8 OLI and Sentinel-2A MSI 

sensors to monitor glacier change from 1990-2016. We examine changes in climatic 

trends and glacier topomorphological parameters in conjunction with glacier fluctuations 

to determine governing controls over glacier recession in the Altai Mountains. Our 

glacier mapping results produced 627 debris-free glaciers with an area of 

334.0 ± 42.3 km2 as of 2016. These data were made available for download through the 

Global Land Ice Measurements from Space (GLIMS) initiative. A subsample of 206 

glaciers that were mapped in 1990, 2000, 2010, and 2016 revealed that from 1990-2016, 

glacier area reduced by 43% at 6.4 ± 0.4 km2 yr-1. Glacier recession was greatest from 

1990-2000 at a rate of 10.9 ± 0.8 km2 yr-1, followed by 2010-2016 at 4.4 ± 0.3 km2 yr-1. 

Rates of glacier recession were significantly correlated with intrinsic glacier parameters 

including mean, minimum and range elevations, mean slope and aspect. Furthermore, 

climate records indicated the warmest summer temperatures occurred during periods of 

high glacier recession.  
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2.2 Introduction 

Glaciers are a keystone feature of terrestrial alpine ecosystems and have become 

one the best natural proxies for global climate change (Zemp et al. 2015; Oerlemans 2005). 

The global trend in retreat of glaciers in reaction to global climate change (IPCC, 2013) 

has implications for both ecological structure and function, and human development. A 

governor of ecological community composition, glacier sediment transported by melt 

runoff is an important input for both lentic and lotic aquatic ecosystem biodiversity 

(Muhlfeld et al. 2011; Brown, Hannah, and Milner 2007) and influences limitations on 

aquatic and terrestrial net primary productivity (Hodson et al., 2008). Glacier melt runoff 

is also an important water resource for downstream populations at scales ranging between 

small communities to large metropolitan centers (Lutz et al. 2014; T. Bolch et al. 2012). 

Remotely sensed Earth observation satellites provide one of the most effective 

means to monitor changes in alpine glaciers, enabling global coverage of multispectral and 

optical images at moderate spatial resolution, an effective temporal resolution, and at 

limited costs (Raup et al., 2007; Bhambri & Bolch, 2009; Racoviteanu et al., 2009). Many 

studies have employed satellite images to inventory glaciers at a regional scale to detect 

changes in glacier area (Tennant et al., 2012; Chand & Sharma, 2015; Tielidze, 2016). One 

of the most widely applied sensors in the application of glacier monitoring is the Landsat 

series beginning in 1972, providing open access to a now 45-year record of global 

environmental change (Wulder et al., 2012; Pope et al., 2014). Two more recent satellites 

that provide images useful in glacier monitoring are Landsat 8 Operational Land Imager 

(OLI) (launched in 2013) (Roy et al. 2014) and Sentinel 2-A Multi-Spectral Instrument 

(MSI) (launched in 2015). These two new sensors are operating at a critical period as 

Landsat 5 was decommissioned in 2012 and Landsat 7 continues to suffer from a 

malfunctioning scan-line corrector (Frank Paul et al. 2016). 

The glaciers of Mongolia are not well studied and have gained international 

attention only recently (Ganiushkin et al., 2015; Kamp & Pan, 2015; Syromyatina et al., 

2015; Zhang et al., 2016, Walther et al., 2017). The Mongolian Altai is located within mid-

latitudes of the North Asian landmass. Considering the majority of terrestrial alpine 

glaciers exist under some form of maritime influence, glaciers of North Asia and Mongolia 

are some of the few glaciers that exist in a continental climate (Baast, 1998). The objectives 
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of this paper are to: (1) map glaciers of the Mongolian Altai using the recently launched 

Landsat 8 OLI and Sentinel-2A MSI; (2) contribute new data to the previous glacier 

inventory created by Kamp & Pan (2015) to extend the glacier record for Mongolia; (3) 

analyze glacier change from 1990-2016 to understand the forces that contribute to glacier 

recession in the Mongolian Altai. 

2.3 Study Area  

2.3.1 Regional Context 

The Altai Mountains form the border between Mongolia and China and trend from 

the northwest to the southeast for 1200 km before turning east and terminating in the Gobi 

Desert; they form the most extensive longitudinal mountain range in Central Asia, 

continuing into Russia to join the Russian Sayan Mountains (Figure 2.1). There are a 

number of isolated mountains greater than 4000 m a.s.l. within the Mongolian Altai with 

the highest elevations in the Tavan Bogd, where Khuiten Peak reaches a maximum 

elevation of 4374 m a.s.l. (Shinneman et al. 2010; Herren et al. 2013; Grunert, Lehmkuhl, 

and Walther 2000).  

 

2.3.2 Previous Studies on Glaciers in the Altai Mountains 

Long-standing glacier monitoring efforts in the Mongolian Altai do not exist, 

attributed in large part to the region’s sparse population and limited infrastructure, making 

access to glaciers difficult. In spite of the challenges associated with glaciological methods 

in the Mongolian Altai, there have been a number of studies that used remotely sensed 

observations to monitor glacier changes. The majority of these studies focused on the 

glaciers of Tavan Bogd (Kadota & Gombo, 2007; Kadota et al., 2011; Krumwiede et al., 

2014), Turgen Mountains (Lehmkuhl, 1999; Khrusky & Golubeva, 2008; Kamp et al., 

2013), Tsambagarav Uul (Kadota et al., 2011), and Munkh Khairkhan (Krumwiede et al. 

2014). A few studies examined glacier area within the entire Mongolian Altai (Selivanov, 

1972; Devjatkin, 1981; Baast, 1998; Klinge, 2001; Enkhtaivan, 2006; Yabouki & Ohata, 

2009; Kamp & Pan, 2015; Nuimura et al., 2015; Earl & Gardner, 2016). Within these 

studies, glacier mapping results were quite sporadic ranging in total glacier area from 

300 km2 (Devjatkin, 1981) to 659 km2 (Baast, 1998). The discrepancy in these results is 

likely due to: (1) differing source data, (2) differing dates of source data, (3) author groups’ 



14 

 

definition of ‘glacier’, (4) glacier mapping methodology, and (5) the spatial extent of 

‘Mongolian Altai’. Only recently has the first satellite-derived systematic mapping and 

multi-temporal inventory of the Mongolian Altai been completed (Kamp & Pan, 2015). To 

the authors’ knowledge only two of the aforementioned studies mapped debris-covered 

glaciers in the Mongolian Altai. Aggregating the Russian and Mongolian Altai with the 

Russian Sayan Mountains, Earl & Gardner (2016) determined that debris-covered glaciers 

included 42 ± 4 km2 (3.6%) of the total glacier area. Krumwiede et al. (2014) documented 

that in Tavan Bogd, the debris-covered area was 3.4 km2 in 1989 and 2.9 km2 in 2006.  

 

2.4 Data and Methods 

2.4.1 Satellite Data 

In this study we employed Landsat 8 OLI and Sentinel-2A MSI imagery to generate 

a glacier inventory for the Mongolian Altai for 2016. Images for the new inventory were 

acquired from the USGS via its Global Visualization viewer (http://glovis.usgs.gov) (Table 

2.1). 

Both OLI and MSI possess sensor characteristics that are more advantageous to 

glacier mapping than earlier Landsat sensors. Improvements to radiometric resolution from 

8 bit to 12 bit for OLI and a radiometric resolution of 12 bit for MSI sensors (Winsvold, 

Kääb, and Nuth 2016) has proven to be more effective at identifying glaciers within 

shadows (Kääb et al. 2016). The spatial resolution of OLI has remained at 30 m, whereas 

MSI has a spatial resolution of 10 m in the visible and Near-infrared (NIR) bands and a 20 

m resolution moving into the Shortwave Infrared (SWIR). Possibly, the most important 

advantage for glacier mapping facilitated by these two new sensors is an unprecedented 

temporal coverage. In addition to OLI’s image acquisition rate of sixteen days, MSI 

acquires images every five days (at the equator). Combined, the synchronous operation of 

these two sensors greatly improves the annual acquisition of high-quality images with 

limited cloud cover at the end of the ablation season. 

We used a 90 m SRTM v4.1 Digital Elevation Model (DEM) downloaded from the 

CGIAR CSI (www.cgiar-csi.org/data/srtm-90m-digital-elevation-database-v4-1) to 

characterize our glacier outlines with parameters including: mean, minimum, and elevation 

ranges, mean slope, and mean aspect. The vertical accuracy of the SRTM is spatially 

http://glovis.usgs.gov)/
http://www.cgiar-csi.org/data/srtm-90m-digital-elevation-database-v4-1)
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variable, with the most significant errors originally existing in areas of steep topography. 

Voids have been filled with data from various DEM sources, greatly improving the overall 

quality of the SRTM (Frey & Paul, 2012).  

 

2.4.2 Climate Data 

The analysis of temperature and precipitation trends was performed on data from 

six publicly available climate stations within western Mongolia and the Russian Altai; data 

were acquired from the National Climatic Data Center (NCDC) 

(https://www.ncdc.noaa.gov/cdo-web/datatools/findstation). These stations ranged in 

elevation from 936 m a.s.l. in Ulaangom to 1759 m a.s.l. at Kosch Agach (Figure 2.1, Table 

2.2). The geographic distribution of these stations is dispersed throughout the margins of 

the Altai Mountains, with the Ulgi station being the only one within the geographic center. 

The stations of Ulaangom, Khovd, and Omno Gobi are located at the transition between 

the desert steppes and the Altai Mountains, while Baitag and Kosch Agach are located at 

the Altai’s southern and northern extents, respectively. 

Climate data sets were used to examine fluctuations in temperature and 

precipitation in relation to changes in debris-free glacier area for the Mongolian Altai for 

the time periods 1990-2016, 1990-2000, 2000-2010, and 2010-2016. Due to the varying 

degree of elevation ranges, and temporal and spatial coverage, climate data from all six 

stations were aggregated to create a regional time series of precipitation and temperature 

trends. We homogenized the aggregated time series by extracting the monthly precipitation 

and temperature values from each station for a given month and year. The homogenization 

output a monthly mean value from all six stations. Trend coefficients were then extracted 

from linear regressions for both temperature and precipitation at seasonal and annual rates 

and for each time period (Bolch, 2007; Osmonov et al., 2013; Osipov & Osipova, 2014). 

Furthermore, it must be clarified that a glacier’s response to climatic forcing can often 

manifest as a delayed response (Tennant et al. 2012) that can vary for different glaciers and 

different regions (Gardent et al. 2014). For this reason, in lieu of presenting climatic data 

for specific years, we present climatic trends for different periods. 

 

2.4.3 Mapping Debris-free Glaciers 
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Glacier outlines for 1990, 2000, and 2010 were downloaded from the GLIMS 

database (www.glims.org). This multi-temporal inventory included a debris-free glacier 

area of 443 km2 in 1990, 428 km2 in 2000, and 371 km2 in 2010 (Kamp & Pan, 2015). 

However, since in their original inventory Kamp & Pan (2015) were unable to map all 

glaciers in 1990 owing to significant cloud cover, they corrected the total glacier area for 

1990 to 515 km2 by including glacier outlines from 2000 in the 1990 inventory. As a result, 

the 1990 total glacier area represents only an estimated minimum that we here use in our 

glacier change analysis. 

To retain glacier inventory integrity, we followed the same mapping approach as Kamp 

& Pan (2015). In their inventory, a NIR/SWIR band ratio was applied using a threshold of 

2 (Bishop et al., 2004; Bhambri & Bolch, 2009;). Here, we applied the same band ratio 

using raw digital numbers (DNs) of NIR and SWIR bands (OLI5/OLI6 and MSI8/MSI11). 

However, we deviated from the original inventory by qualitatively determining scene-

specific image thresholds (Table 2.1). The threshold was determined visually with the 

criteria to be as low as possible to include slightly dirty ice margins (F Paul et al. 2013). 

The average threshold was 1.5 for OLI images and 3.2 for MSI images. A 3 x 3 median 

filter was applied to band ratio thresholding results to remove misclassified isolated pixels 

before being converted to vector polygons. The polygons were aggregated, and a size 

threshold of 0.01 km2 was applied. The glacier polygons were intersected with DEM-

derived ice divides to segregate the entire debris-free glacier cover into individual glaciers 

(Tobias Bolch, Menounos, and Wheate 2010). After intersecting, the debris-free glaciers 

were manually edited to merge sliver polygons to larger adjacent glacier entities 

(Racoviteanu et al., 2009; Frey et al., 2012). Finally, we assigned each glacier outline either 

a GLIMSID from the previous inventory or a new GLIMSID (Raup et al. 2007). 

 

2.4.3 Uncertainty and Error 

Uncertainty and error in the mapping of debris-free ice can be manifested through 

several steps and processes. Addressing potential sources of uncertainty and error is critical 

as they can propagate through sequential steps and change detection analysis (A. E. 

Racoviteanu et al. 2015; F Paul et al. 2013). In our update of the glacier inventory, 

uncertainty and errors can potentially originate from: (1) the use of images with varying 

http://www.glims.org)/
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spatial resolutions; (2) image threshold selection; (3) the misclassification of snowpack as 

ice; and (4) accuracy of the ice divides derived (Racoviteanu et al., 2009; Nuth et al., 2013).  

We represented error as the residual error between the modeled and observed, 

which takes the following form: 

E =√𝐸𝑖 − �̂�𝑖
2
    (Eq.1) 

where 𝐸𝑖 is the area of the glacier polygon and �̂�𝑖 is the glacier area determined by the pixel 

count multiplied by the image resolution. �̂�𝑖 is derived from a Perkal’s epsilon band around 

each glacier outline and is buffered by the image resolution to represent a potential error 

within one pixel (Racoviteanu et al., 2009, 2015; Bolch et al., 2010). Analysis of glacier 

uncertainty has been documented to be <5% (Paul et al., 2013; Lynch et al., 2016). Our 

representation of uncertainty is a conservative assessment with values of 12.4% for 1990, 

13.8% for 2000, 14.7% for 2010, and 12.6% for 2016. 

2.5 Results 

2.5.1 Updated Glacier Inventory 

Our updated multi-temporal inventory resulted in 627 debris-free glaciers 

contributing to a total surface area of 334.0 ± 42.3 km2 in 2016 (Table 2.3). In 2016, almost 

60% of the glaciers were smaller than 0.125 km2, and less than 2% were greater than 5.6 

km2; the mean glacier area was 0.53 km2, the largest glacier area—that of the combined 

Potanin and Alexandra glaciers—was at 35.5 km2. The minimum glacier elevation was 

2708 m a.s.l., and the mean glacier elevation was 3449 m a.s.l. (Table 2.4).  

 

2.5.2 Glacial Changes  

2.5.2.1 Glacier Area Changes 

From 1990-2016, the debris-free area of the 627 glaciers decreased by 

181.0 ± 8.4 km2 (35%); it decreased by 86.4 ± 3.3 km2 (16.9%) from 1990-2000, 

57.5 ± 2.2 km2 (13.3%) from 2000-2010, and 66.5 ± 2.7 km2 (18.1%) from 2010-2016. 

From 1990-2016, the rate of recession was 7.0 ± 0.3 km2 yr-1, with the highest rate of 

11.1 ± 0.4 km2 yr-1 for 2010-2016, followed by 8.6 ± 0.3 km2 yr-1 for 1990-2000 and 

5.8 ± 0.2 km2 yr-1 for 2000-2010.  
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From henceforth, areal and topomorphological changes will be performed on a 

subsample of 206 glaciers. To be included in this subsample, a glacier was required to have 

been mapped and possess an area greater than 0.01 km2 during all four time periods. It 

should also be noted that, if a glacier disintegrated into multiple parts, only the part that 

contained the GLIMSID remained within the subsample of 206. Glacier area in our 

subsample decreased by 43% from 1990-2016, 28% from 1990-2000, 11% from 2000-

2010, and 10% from 2010-2016. Furthermore, the rates of glacier recession were 

6.4 ± 0.4 km2 yr-1 for 1990-2016, 10.9 ± 0.8 km2 yr-1 for 1990-2000, 3.2 ± 0.2 km2 yr-1 for 

2000-2010, and 4.4 ± 0.3 km2 yr-1 for 2010-2016.  

Our sample of 206 glaciers showed that both absolute and relative changes in 

debris-free glacier area indicated that larger glaciers (>0.86 km2) had the greatest change 

in area (Figure 2.2a). From 1990-2000, glaciers expressed the greatest change in area for 

all class sizes (Figure 2.2b), During this time, small glaciers (<0.125 km2) expressed the 

greatest loss in relative area, although mapping results indicate greater temporal variability 

within this class size, as positive relative area values can be observed during other time 

periods. The highest absolute rates of recession during 1990-2016 and 1990-2000 can be 

partially attributed to the disintegration of large glaciers into smaller glaciers. 

 

2.5.2.2 Changes in Glacier Topomorphology 

Changes in glacier topomorphologic characteristics indicate significant glacier 

recession (Table 2.4). From 1990-2016, the mean elevation of debris-free glaciers 

increased by 33 m, with the largest increase of 20 m during 2010-2016. The minimum 

glacier elevation increased by 123 m from 1990-2016, with the largest increase of 94 m 

during 2000-2010 and only 5 m during 2010-2016. The mean elevation range decreased by 

109 m during 1990-2016, with the largest decrease of 59 m during 1990-2000 and only 

15 m during 2010-2016. The changes in minimum elevation and mean elevation range 

indicate that debris-free glaciers experienced the highest rates of recession from 1990-

2000. Glacier hypsometries indicate that the debris-free glacier surface area below 3500 m 

decreased by 20.2% and by 15.5% above 3500 m (Figure 2.3). 

From 1990-2016, the mean glacier slope more or less stagnated—it changed only 

from 20.4° to 20.3°. However, for smaller glaciers (<0.86 km2) the mean slope decreased 
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by 1.4º from 23.0° to 21.6°, while for larger glaciers (>0.86 km2) it decreased by 2.2º from 

17.6° to 15.4°.  

In 2016, debris-free glaciers with an eastern aspect (36.7%) constituted the largest 

surface area, followed by northeast (33.2%) and southeast (16.5%) aspects. Debris-free 

glaciers with a northeast, northwest, or northern aspect—aspects that in the northern 

hemisphere favor glacier health—had a share of 26% in 1990, 41% in 2000, 36% in 2010, 

and 39% in 2016 of the total glacier area. However, when looking at the total number of 

glaciers, these three aspects constituted 52% in 1990, 59% in 2000, 62% in 2010, and 62% 

in 2016, suggesting that small glaciers are mainly situated in northern aspects (Figure 2.4).  

The rate of glacier change was negatively correlated with glacier area, mean 

elevation, and elevation range. Positive correlations were found between mean aspect, 

mean slope, and minimum elevation. Regressions performed on the rates of glacier change 

for 1990-2016 for all parameters were significant at the 99% confidence interval (p < 0.01). 

To identify fluctuations in controls of glacier recession, regressions were performed for 

rates of glacier change during 1990-2000, 2000-2010 and 2010-2016. Significance and 

correlations weakened for all three sub-periods relative to entire period of 1990-2016. Yet, 

glacier area and elevation range remained significant at the 99% confidence interval (p < 

0.01) for all four periods. Mean elevation and mean aspect were significant at the 95% 

confidence (p < 0.05) interval. Minimum elevation was significant for all periods at the 

90% confidence interval (p < 0.1). For the time periods of 2000-2010 and 2010-2016, mean 

slope became an insignificant control of the rate of glacier change at the 90% confidence 

interval (p < 0.1).  

 

2.5.2.3 Qualitative Analysis of Glacier Change 

Although this study did not attempt to apply a DEM-differencing approach to 

quantify glacier thinning (Tobias Bolch, Buchroithner, and Pieczonka 2008), the 

downwasting of debris-free glaciers is evident through qualitative visual inspection. 

Throughout all subregions of the Altai Mountains, many larger glaciers have disintegrated 

into smaller glaciers and most notably, this study presents the first evidence of the 

separation of the Altai’s two largest glaciers, Potanin and Alexandra in the Northwest 

Interior (Figure 2.5). Downwasting is also documented through the development of 
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proglacial lakes and increased exposure of nunataks as a result of glacier recession (Frank 

Paul, Kääb, and Haeberli 2007).  

 

2.5.3 Current Climatic Trends 

Trend coefficients indicated an increase in mean annual air temperature (MAAT) 

of 0.007 °C yr-1 from 1962-2015, with an amplified increase of 0.19 °C yr-1 from 1989-

2015. (Figure 2.6, Table 2.5). Seasonally and temporally aggregated air temperature trends 

indicated fluctuating positive and negative trends. From 1989-2015, the period of interest 

for our glacier monitoring, spring and summer seasons observed negative trends only 

during 2000-2010 (Figure 2.7). Further, the summer months observed the highest annual 

increase in air temperature at 0.12 °C yr-1 during 1989-2000, followed by 2010-2015 at 

0.07 °C yr-1. 

From 1962-2015, regional precipitation trends had higher variability relative to 

temperature trends (Figure 2.8, Table 2.6). Yet, there was an observable increase in annual 

precipitation of 0.28 mm yr-1 from 1962-2015, and an amplified trend of 0.81 mm yr-1 from 

1989-2015. However, within these overall increases in mean annual precipitation trends, 

there were distinct seasonal and temporal characteristics (Figure 2.9). The summer months 

during all time periods observed negative trends with highest trends occurring during 2010-

2015 followed by 1989-2000. During the winter, spring and fall seasons, positive trends 

were observed for the most part during all time periods. 

 

2.6  Discussion 

2.6.1 Comparison Between Different Inventories 

A comparison of our inventory results with those from Kamp & Pan (2015) proves 

challenging. As explained earlier, Kamp & Pan (2015) could not map all glaciers for 1990 

owing to significant cloud cover in some satellite scenes and, hence, estimated and then 

added the missing glacier area to the mapped one. They put the decrease in glacier area in 

the Mongolian Altai at 28% between 1990 and 2010. By extending the study period to 

1990-2016, we found a decrease in area of 35% for all 627 glaciers, and of 43% for only 

the 206 glaciers for which mapping results are available for all four years of 1990, 2000, 
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2010, and 2016. However, both cases document a continuation of the glacier recession after 

2010.  

The strong rates of glacier recession in the Mongolian Altai are above those 

documented in glacier inventories for regions with more maritime climates. For example, 

several authors reported a decrease in glacier area of 19% from 1985-2006/09 in the French 

Alps (Gardent et al., 2014), 25% from 1985-2011 in Northern Patagonia (Paul & Mölg, 

2014), and 11% from 1985-2005 in western Canada (Bolch et al,. 2010). More locally 

relevant, observations in the Chuya Ridge and Russian Altai indicated a glacier area 

reduction of 19.7% from 1952-2004 (Shahgedanova et al. 2010; Khromova et al. 2010). 

Other glacier inventories within the region are in strong agreement with our results for the 

Mongolian Altai. For example, Stokes et al. (2013) documented a decrease in glacier area 

of around 40% from 1995-2011 in the Kodar Mountains of east-central Siberia.  

Additionally, our results show that glaciers in the Altai Mountains decreased by 

29% from 2000-2016, which is similar to the reduction of 24% from 2000-2014 for the 

Kamchatka Penninusla (Lynch et al. 2016). In the east Sayan, Baikalsky and Kodar 

Mountains of southeast Siberia, Osipov and Osipova (2014) found a reduction in glacier 

area of 27% from 2001/02–2006/11.  

Notably, of the few glacier inventories within extreme continental climates 

(Surazakov et al., 2007; Stokes et al., 2013; Osipov & Osipova, 2014) and milder 

continental climates (Lynch et al. 2016), changes in glacier area are in the best agreement 

with the results for the Altai Mountains. The comparison of global and regional glacier 

inventories suggests that probably in recent decades continental alpine glaciers have 

observed a greater reduction in areal extent in comparison to maritime alpine glaciers. 

However, a more exhaustive review of the literature will be required to draw strong 

conclusions. 

 

2.6.2 Topomorphological Characteristics and Glacier Recession 

Despite the correlation and significance determined by regression analysis between 

glacier rates of change and topomorphological characteristics, it is difficult to determine 

the degree of influence of topomorphological glacier characteristics on their recession. A 

glacier’s elevation is not entirely independent of the glacier area largely because the 
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elevation is an intrinsic characteristic of a glacier and results in high correlations between 

changes in mean and elevation ranges and the rates of glacier recession. In other words, it 

is difficult to determine the influence of topomorphological characteristics on glacier 

recession because mean elevation and elevation ranges are largely determined by a 

glacier’s area. Hence, any changes in glacier area will be proportionally reflected in 

changes of mean elevation and elevation ranges. However, a glacier’s minimum elevation 

is not a derivative of its length or a proxy of its size, providing credence to minimum 

elevation as being one of the more independent and appropriate topomorphological glacier 

parameters. We identified accelerated rates of glacier recession in glaciers that possess a 

minimum elevation above 3500 m a.s.l (p < 0.001) relative to rates of recession below 

3500 m a.s.l (p < 0.001). The accelerated increase in glacier minimum elevation at higher 

elevations may be an indicator of glaciers trending towards slopes that are less shaded and 

are more exposed to solar radiation. Osipov & Osipova (2014) found results contrary to 

the results on minimum glacier elevation presented here, and other regional studies found 

no statistical significance between area loss and minimum elevation (Stokes et al., 2013; 

Lynch et al., 2016). 

Tsutomu & Gombo (2007) used the term ‘flat-top’ to describe many of the glaciers 

throughout the Altai Mountains. This terminology is used to qualitatively define the 

topomorphological context of Altai glaciers, in that many of the glaciated mountain peaks 

are quite homogenous with shallower slopes. The homogeneity reduces the topographic 

complexity and increases the exposure of glaciers to solar radiation at higher elevations. 

We can interpret the decrease in mean slopes for glaciers throughout the Altai Mountains 

as a consequence of glaciers receding from lower elevations to the more exposed ‘flat-top’ 

regions of these mountain tops. This possibility is in line with the accelerated recession at 

higher elevations determined by changes in minimum elevation as the glaciers become 

more exposed to solar radiation (Tennant et al., 2012; Osipov & Osipova, 2014).  

The northern aspect was the only aspect that consistently observed an increase in 

number of glaciers and consequently an increase in area for all years. As glaciers with 

initial aspects of northwest, northeast, or east begin to recede, they possess the propensity 

to recede in a fashion that evolves their aspect towards the north (DeBeer & Sharp, 2007), 

thus increasing the number of glaciers with a northerly aspect. Considering the minor 
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increase in area relative to the increase in number for glaciers with a north aspect, we 

conclude that these glaciers are smaller and protected by steeper slopes. Yet, even though 

small glaciers are transitioning into northern aspects, small glaciers still expressed higher 

relative rates of recession, and as a consequence we must consider aspect to possess a 

subdued role in the modulation of glacier recession (Granshaw & Fountain, 2006). 

 

2.6.3 Regional Climatic Trends 

Regional climatic trends throughout the mountain environments of western 

Mongolia and southern Siberia indicate consistent warming trends. From two climate 

stations in southeastern Siberia, Osipov & Osipova (2014) found a general trend of summer 

temperature increase at a rate of 1.7 ºC and 2.6 ºC, respectively, for 1970-2010. Within the 

adjacent Kodar Mountains, the mean summer temperature was 13.9 ºC for 1960-1995; 

however, in more recent decades, the mean summer temperatures increased by 1.1 ºC to 

15 ºC for 1995-2010 (Stokes et al. 2013). In the more local Russian Altai, Shahgedanova 

et al. (2010) observed an increase in summer temperatures by 1.26 ºC from 1950-2004, and 

by 1.9 ºC from 1985-2004. Interestingly, from 1951-2000, mean summer temperatures in 

the Aktru Basin increased by 1.03 ºC below 2500 m a.s.l. and by 0.83 ºC above 2500 m 

a.s.l., which is attributed to increased summer precipitation at higher elevations (Surazakov 

et al. 2007). For the Altai Mountains, we observed an increase in summer temperatures of 

1 ºC from 1962-2015. Indeed, our results of climatic trends also demonstrate accelerated 

rates of summer temperature increase in recent decades and are in agreement with the rates 

of glacier recession in the Altai Mountains.  

Given that the climate stations are at lower elevations than the glaciers, it is difficult to 

assess the interaction between precipitation trends and glacier recession. Precipitation 

during the accumulation (October–March) season has been historically limited by the 

Siberian High. However, the Siberian High has been undergoing considerable weakening, 

allowing greater amounts of precipitation during the accumulation season (Shinneman et 

al., 2010). Our results indicate positive trends in winter precipitation (1962-2015, 1989-

2015), though these trends are at low magnitude despite the weakening of the Siberian 

High. It could be possible that its weakening is expressed by increased spring precipitation, 

which could be a result of the Siberian High Pressure being replaced by the Asiatic Low at 
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an earlier time during the year. It is difficult to define how these changes in precipitation 

are influencing glacier recession in the Altai Mountains over time, particularly because it 

is unclear if the precipitation is falling as snow or rain. We can hypothesize that decreasing 

summertime precipitation can be a representative proxy for increased number of cloud-free 

days, which in turn enhances the amount of incoming solar radiation. However the 

dominant surface energy balance of Altai glaciers is unknown (Francou et al. 2003). While 

the increasing precipitation during the spring and fall seasons can be either rain or snow, 

with enhanced rates of increased temperature during these seasons, it is also possible that 

the glaciers in the Altai Mountains are receiving more rain in lieu of snow, which can 

accelerate the ablation processes (Osipov & Osipova, 2014). 

 

2.7 Summary 

We here continued our monitoring of glaciers in the Mongolian Altai and extended the 

period of the older inventory that covered the period from 1990-2010 (Kamp & Pan 2015) 

to now 2016 by using Landsat 8 OLI and Sentinel 2A-MSI. Our new glacier outlines for 

2016—like the ones for 1990, 2000, and 2010 from the first inventorying study—can be 

accessed from the GLIMS database website free of charge (Kargel et al. 2005). The new 

inventory consists of 627 debris-free glaciers covering an area of 334.0 ± 42.3 km2 as of 

2016. Our analysis of glacier change on a subset of 206 glaciers showed a decrease in 

debris-free glacier area of 43% at a rate of 6.4 ± 0.4 km2 yr-1 from 1990-2016. The highest 

rates of recession occurred during 1990-2000 at 10.9 ± 0.8 km2 yr-1. While some studies 

from other mountain ranges in the region present recession rates that are similar to the 

relatively strong recession of glaciers in the Mongolian Altai, others found much slower 

recessions. However, it seems that glaciers in the extreme continental Mongolian Altai are 

receding at higher rates than in many other mountain ranges worldwide. Mean summer 

temperatures are likely the primary driver of this accelerated glacier recession in the Altai 

Mountains, as there has been a measured increase of 1 ºC from 1962-2015 and an enhanced 

increase since 1990. The greatest increase in summer temperature correlates well to 

accelerated periods of glacier recession, particularly for 1990-2000 and 2010-2016. 

However, the topomorphological characteristics of debris-free glaciers also express certain 

controls on glacier recession. 
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Tables 

 

Table 2.1 Information for the scenes used for the updated glacier inventory, including the 

classification threshold used for each image (Described in section 3.1). 

Satellite Date 
Path/Row or 

Tile # 
Sensor Threshold 

Landsat 8 9022014 141/26 OLI 1.21 

Landsat 8 8242016 140/27 OLI 2.24 

Landsat 8 8022015 143/26 OLI 1.24 

Landsat 8 8272015 142/26 OLI 1.50 

Sentinel 2A 8112016 T46TCS MSI 3.05 

Sentinel 2A 9062016 T45UXP MSI 2.21 

Sentinel 2A 9062016 T45UXRs MSI 3.52 

Sentinel 2A 9062016 T45UWQ MSI 3.39 

Sentinel 2A 9132016 T46UCU MSI 4.70 

Sentinel 2A 8312016 T46TES MSI 3.40 

Sentinel 2A 9132016 T45TYN MSI 2.06 

Sentinel 2A 9132016 T45UYP MSI 3.38 
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Table 2.2 Climate stations utilized for climatic trend derivations within the Altai region 

(“Coverage” is the temporal data availability for a specific period). 

Station 
Latitude 

[dd] 

Longitude 

[dd] 

Elevation 

[m a.s.l.] 
Period 

Coverage 

[%] 

Mongolia      

   Baitag 46.12 91.47 1186 1963-2015 65 

   Khovd 48.02 91.57 1405 1962-2015 96 

   Omno Gobi 49.02 91.72 1590 1973-2015 62 

   Ulaangom 49.80 92.08 936 1962-2015 96 

   Ulgi 48.93 89.93 1715 1962-2015 57 

Russia      

   Kosch Agach 50.00 88.68 1759 1962-2015 94 
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Table 2.3 Mapping results from the 1990-2010 glacier inventory after Kamp & Pan (2015) 

and for the new 2016 glacier inventory (area in km2; bracketed numbers indicate the 

number of glaciers). See Section 3.3 of the text. 

  Year/Period Total Subsample (206) 

Area [km2] 

1990 
443.1 ± 54.9 [690] 391.38 ± 41.7 

515*  

2000 428.6 ± 59 [716] 281.88 ± 31.8 

2010 371.1 ± 54.4 [671] 250.1 ± 36.7 

2016 334 ± 44.4 [627] 223.9 ± 29.8 

Absolute Change [km2] 

1990-2016 181.0 ± 8.4 167.48 ± 11.36 

1990-2000 86.4 ± 3.3 109.5 ± 7.4  

2000-2010 57.5 ± 2.2 31.78 ± 2.2 

2010-2016 66.5 ± 2.7 26.2 ± 1.8 

Rate of Change [km2 yr-1] 

1990-2016 7.0 ± 0.3 6.4 ± 0.4 

1990-2000 8.6 ± 0.3 10.9 ± 0.8 

2000-2010 5.8 ± 0.2 3.2 ± 0.2 

2010-2016 11.1 ± 0.4 4.4 ± 0.3  

    

* This is the corrected assumed total glacier area that makes up for missing satellite 

imagery. See the text for explanations.  
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Table 2.4 Temporal changes of parameters of glaciers in the Mongolian Altai using the 

206 subsampled glaciers. 

Glacier Parameter 1990 2000 2010 2016 

Mean Elevation [m a.s.l.] 3437 3442 3450 3470 

Minimum Elevation [m a.s.l.] 2586 2610 2704 2709 

Elevation Range [m] 412 353 318 303 

Mean Slope [°] 20 20 20 20 

Mean Aspect [°] 148 147 144 143 

  



36 

 

Table 2.5 Trend coefficients (°C yr-1) of temperature derived as seasonal aggregate means 

from six climate stations within the Mongolian Altai. 

Period Winter Spring Summer Fall Annual 

1962-2015 0.041 0.028 0.019 0.041 0.032 

1962-1989 0.052 -0.007 0.000 0.065 0.019 

1989-2015 -0.108 0.045 0.035 -0.046 -0.007 

1989-2000 0.028 0.137 0.118 -0.152 0.038 

2000-2010 -0.183 -0.061 -0.015 0.232 -0.009 

2010-2015 0.183 0.196 0.069 -0.078 0.422 
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Table 2.6 Trend coefficients (mm yr-1) of precipitation derived as seasonal aggregate 

means from within six climate stations with the Mongolian Altai. 

Period Winter Spring Summer Fall Annual 

1962-2015 0.010 0.133 -0.350 0.239 0.063 

1962-1989 -0.177 0.263 -0.499 0.048 -0.365 

1989-2015 0.284 0.335 -2.085 0.381 -0.931 

1989-2000 0.236 0.074 -3.110 1.220 -1.581 

2000-2010 1.388 -0.787 -0.174 0.018 0.445 

2010-2015 -0.310 6.346 -5.575 5.285 9.283 
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Figures 

 

 

Figure 2.1 Overview map of the Altai Mountains of Mongolia (defined by the dashed line). 

Glaciated mountain ranges are identified within the greater Altai complex. 
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Figure 2.2a Boxplots of absolute change in glacier area by class size in the Mongolian 

Altai. Red dots indicate outliers.  
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Figure 2.2b Boxplots of relative change in glacier area by class size in the Mongolian 

Altai. Red dots indicate outliers. 

  



41 

 

 

Figure 2.3 Hypsometries of glaciers in the Mongolian Altai, including debris-covered 

glaciers.  
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Figure 2.4 Distribution of area and number of glaciers by aspect in the Mongolian Altai.  
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Figure 2.5 Examples of glacier change in the Mongolian Altai. A) Sutai Uul in the Southern 

Altai exhibits the disintegration of a larger glacier into smaller glaciers, a common trend 

throughout the region. B) The tongues of Mongolia’s two largest glaciers, Potanin and 

Alexandra, began separating from each other for the first time in 2016. The distance of 

Alexandra to the end of the Little Ice Age (LIA) extent was about 2.6 km. From 1990-2016, 

the terminus of (originally combined) Potanin/Alexandra glacier retreated by 597 m. C) 

Tsambagarav Uul in the Central Altai demonstrates the development of a proglacial lake 

between 1990 and 2000, and a “growing” nunatak in the center of the lower portion of the 

glacier. The distance between the LIA extent and the 2016 termini was 1.6 km. Between 

1990 and 2016, the terminus retreated by 636 m. 
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Figure 2.6 Mean annual air temperature from 1962-2015 in the Mongolian Altai. Red line 

indicates the mean MAAT. Dashed black lines indicate one standard deviation. 
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Figure 2.7 Seasonal temperature trends (including the standard deviation) between 1962 

and 2015, derived from six climate stations within the Altai Mountains. Increasing 

temperature trends can be observed for all seasons. 
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Figure 2.8 Annual precipitation from 1962-2015. Red line indicates the mean annual 

precipitation. Dashed black lines indicate one standard deviation.  
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Figure 2.9 Seasonal precipitation trends (including the standard deviation) between 1962 

and 2015, derived from six climate stations within the Altai Mountains. Decreasing 

summer precipitation can be observed while increasing precipitation trends are occurring 

in the fall and spring. 
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3.1 Abstract 

 

In the (semi) arid climate of Mongolia, glaciers are critical contributors to water 

resources, particularly during the dry summer months. But as the glaciers in Mongolia’s 

Altai Mountains continue to recede under unprecedented climatic change, our knowledge 

is still limited with respect to the overall contribution of glacier melt to the regional 

hydrology. This study investigates the impact of glacier recession on the regional 

hydrology of the Upper Khovd River Basin (UKRB) in northwestern Mongolia. The 

analysis coupled recent observations acquired through the glaciological method with 

satellite-derived glacier records to estimate the relative contribution of glaciers to the 

regional hydrology using a simple ice ablation model. The model was operated using a 

mass balance gradient (MBG) of 0.32 m water equivalent (w.e.) 100 m-1 for the years 

2000, 2010, and 2016. Warm and cold conditions were also simulated by applying a 

sensitivity analysis of ±0.1 m w.e. 100 m-1. Results showed that the glaciers contributed 

13.7% to the UKRB’s water resources in 2000, and that this contribution decreased to 

11.5% in 2016.  Hypsometries indicated that the glaciers decreased in area at all 

elevations, indicating that only small accumulation zones exist. Hence, our simulations of 

warmer conditions are likely more representative of the glacier contribution to total 

runoff, estimated at 18% in 2000 and 15% in 2016. The pattern of decreasing glacier melt 

to the regional hydrology indicates that the UKRB glaciers have passed the tipping point 

of an increased contribution that first follows enhanced melting. In light of the projected 

ongoing glacier recession, glaciers will contribute continuously less to the total water 

budget and, hence, to water availability. 
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3.2 Introduction 

The mountains of Mongolia and Central Asia are uniquely positioned in an 

extreme continental climate that governs a semi-arid to arid landscape.  Arid 

mountainous landscapes are limited by the availability of water, naturally reflected in the 

dry-tolerant grass and scrublands that dominate the region (Li et al. 2015). However, as 

Central Asia’s populations increase, water demand will increase in synchronous, placing 

greater importance on regional water security issues (Karthe et al. 2017). Water security 

and related vulnerabilities are exasperated through several mechanisms in Central Asia, 

for example: agricultural consumption as a result of transitioning dry-tolerant vegetation 

for crops that are only possible by irrigation (Mosello 2008); the development of 

hydropower plants (HPPs) as a solution to increasing energy demand but also as 

regulators of downstream water flows (Gaudard et al. 2014); and a continued amplified 

warming (Chen et al. 2009) coupled with decreasing precipitation (Batima 2005). For 

much of Central Asia, the high mountains of the Pamirs, Tian Shan, and Altai are 

perceived as the source of water for much of the downstream populations (Sorg et al. 

2012). 

The glaciers and snowpack in Central Asia’s mountains are known as the regional 

‘water towers’ or ‘wet islands’ – an oasis providing water to the surrounding arid 

landscape and downstream services (Viviroli et al. 2007). Yet, as accelerated glacier 

recession continues in the twenty-first century with amplified warming (Zemp et al. 

2015), understanding the role of glacier melt to the regional hydrology has become urgent 

and has received a great deal of attention from scientists, water planners, and 

development organizations. Much of the glacio-hydrologic research has focused on the 

Amu Darya and Syr Darya as these two basins extend to seven Central Asian countries. 

Particular interest has been given to their glaciated headwaters including sub-basins of 

the Tanimas in Tajikistan and of the Naryn in Kyrgyzstan (Wilfried Hagg et al. 2013; W 

Hagg et al. 2011). This melt-water is critical for sustaining water levels in the semi-arid 

to arid climates with little summer precipitation (Sorg et al. 2012). However, at the 

eastern fringes of Central Asia, in Mongolia, little scientific attention has been focused on 

analyzing    the relationship of glaciers to regional hydrology. 
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Since the collapse of the Soviet Union in 1991, the trajectory of Mongolia’s water 

availability has been connected to the country’s top economic sectors. Mining as the 

largest economic driver has significantly increased since Mongolia’s introduction to the 

free-market economy and is one of the country’s most water-intensive industries (Bury et 

al. 2013; Karthe et al. 2017). Further, with accelerated attempts to reduce agricultural 

imports from Russia and China, Mongolia has rapidly developed agricultural production 

since 2008, consequently increasing the extent of irrigated land (Priess et al. 2011). In 

2011, 93% of Mongolia’s energy was derived from fossil fuels, 6% was imported from 

Russia, and only 1% was produced from hydropower (UNDP/ICSHP 2013). To transition 

away from fossil-heavy energy and become less dependent on energy imports, Mongolia 

dictated in its 2005 National Renewable Energy Program to increase its renewable 

energy supply to 20-25% by 2020 (Ministry of Energy w.y.). Hence, Mongolia is at the 

social-ecological crossroads in meeting water-intensive demands in a water-restricted 

country. But relative to regions of Central Asia affiliated with the Amu Darya and Syr 

Darya, the glaciers that make up Mongolia’s ‘water towers’ are significantly smaller and 

underrepresented in the scientific literature. 

Since 2010, international attention has focused on water-related issues across 

Mongolia, including the German-Mongolian sponsored research project Integrated Water 

Resources Management in Central Asia: Model Region Mongolia (IWRM MoMo) 

(Karthe et al. 2014) and the international Global Land Ice Measurements from Space 

(GLIMS) initiative that offers open access to glacier datasets (Kamp and Pan 2015). 

These relatively recent efforts support  Mongolia’s Law on Water from 2004 which 

created a framework for the establishment of broad stakeholder representation in the form 

of River Basin Councils (RBCs) charged with the implementation of an IWRM across 29 

designated river basins, identified by the Ministry for Environment and Tourism (MET) 

(Horlemann and Dombrowsky 2012; Karthe et al. 2015)). In 2009, the MET in its 

National Programme on Water specified details on sustainable use, protection and 

conservation of water resources. Priority areas of recent research organized by these 

initiatives and legislation focus on rangeland ecology, water security, and the adoption of 

spatial units (river basins) to evaluate the human and biophysical influences on regional 

water resources. 
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This article seeks to build upon and extend environmental change research efforts 

in Central Asia in several inter-connected ways. First, our intent is to contribute to an 

understanding of water security issues in western Mongolia by bringing attention to the 

importance of glacier melt to regional hydrology; we couple recent in situ glaciological 

methods (Konya et al. 2013, Syromyatina et al. 2015) with remote sensing derived glacier 

records within an ice ablation model (Alford et al. 1992, Racoviteanu et al. 2013). In 

addition, as Mongolia’s glaciers recede (Pan et al. 2017), we also seek to contextualize 

the importance of glacier melt to regional water security as Mongolia’s climate and 

social-ecological systems rapidly change.  

3.3 Study Area: Hydrologic Change in the Altai Mountains 

In Mongolia, our knowledge of glacier contributions to regional hydrology is still 

limited owing to the overall poor quality of the sparse regional hydrographic network and 

data as well as limited observations collected using glaciological methods. Yet, 

streamflow in many glaciated catchments has been observed to increase in recent years, 

relative to non-glaciated basins (Davaa 2010). This is in line with the theoretical 

underpinnings that glacier recession will initially increase the stream discharge as a result 

of enhanced ice melting (Bury et al. 2013). Hence, for now, we know that at a minimum, 

glaciers are an important and significant contributor to regional hydrology. 

Regardless of the status of glaciers in Mongolia, part of the strategy to secure 

water resources in the face of rapid economic and urban development has been the 

construction of several HPPs across Mongolia. Currently, Mongolia has 13 such HPPs, 

and eight additional ones are in the planning stage at some of the country’s largest rivers. 

In the Mongolian Altai, three smaller HPPs are situated in its central parts, while the new 

12 MW Durgun HPP and some diesel generators produce energy for its northern parts, 

where consumption in the Western Energy System more than doubled from 2008 to 2014 

(UNIDO/ICSHP 2013, Ministry of Energy 2015). Of this total energy consumption, 22% 

was supplied by Durgun HPP, 76.5% by imports from Russia, and 1.5% by imports from 

China; the costs of the imported energy was six times the costs of local energy 

production. The Durgun HPP was erected between 2004 and 2008 and is expected to 
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meet more than 90% of the electricity demand of the three remote western provinces of 

Bayan Ulgii, Khovd and Uvs (UNFCCC 2005). 

The Durgun HPP is located 120 km to the northeast of Khovd, the capital of Khovd 

Aimag, at the outflow of Khar Us Lake on the Chono Kharaikh River (henceforth referred 

to as the Durgun Basin). Yet, the primary inflow to Khar Us Lake is the Khovd River, 

which brings snow and glacier melt from its headwaters in the Altai Mountains. Our study 

focuses on the Upper Khovd River Basin (UKRB), which is defined as the watershed that 

contributes to the Khovd River at Ulgii and provides one of the most complete hydrologic 

datasets in the region. (Figure 3.1). The basin covers a total area of approximately 

23,000 km2 and includes the Tavan Bogd massif, where Mongolia’s largest glaciers, 

Potanin and Alexandra, exist. In 2000, the UKRB contained 345 glaciers with a total area 

of 170.8 km2 representing 42% of the entire glacier area in the Altai. In addition to glaciers 

and snow, the UKRB also has a mosaic of continuous and discontinuous permafrost at 

varying active layer depths (Dashtseren et al. 2014). 

To our knowledge, only one study has quantified the contribution of glaciers to 

regional hydrology (Davaa et al. 2007). The earliest glaciological research in Mongolia 

used a volume-area scaling approach to determine that the total cumulative volume of 

glaciers across the country was 62.8 km3 (Dashdeleg et al. 1983). Using an estimated 

total surface water value of 599 km3 yr-1 and the total volume of glaciers from Dashdeleg 

et al. (1983) as an absolute value of water equivalent, it was determined that the glaciers 

in Mongolia store an accumulated 10% of the total annual water resources (Davaa et al. 

2007). Given the relatively small area of glaciers in western Mongolia – the only recently 

glaciated region in the country – an annual contribution of 10% to the country’s total 

water resources is likely an overestimation.  

The Altai has a continental climate with long, cold, and dry winters, and mild and 

relatively short summers (Rudaya et al. 2009). The climate is largely controlled by the 

westerlies, bringing moisture from the Atlantic and Mediterranean (Blomdin et al. 2016). 

As moisture is brought in from the west, the windward side of the Altai receives most of 

the annual rainfall at around 1000 mm, whereas the leeward side receives only around 130-

400 mm. Generally, the precipitation totals decrease from west to east across the Altai 
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(Rudaya et al. 2009, Lehmkuhl et al. 2016). Although the annual precipitation is low, the 

intensity can be high, potentially experiencing 40-60 mm in a single day. With the fate of 

these rain events resulting in 90% evaporation, of the remaining 10%, 64% becomes 

surface runoff and 36% infiltrates the soils (Batima et al. 2005). The mean winter 

temperatures can be as low as -20 °C, and mean summer temperatures can range from 15 

to 20 °C (Rudaya et al. 2009; Ganiushkin, Chistyakov, and Kunaeva 2015; Lehmkuhl et 

al. 2016). 

3.4 Data and Methods 

In recent years, cryo-hydro-meteorological modeling has gained great prominence 

but results often vary leading to uncertainties and confusion among users (Alford et al. 

2014). Therefore, we employ a relatively simple ice ablation model first described by 

Alford (1992) and later applied in several high mountain regions including the Pamir, Tien 

Shan, and Nepalese Himalayas (Alford et al. 2010, Racoviteanu et al. 2013, Alford et al. 

2015, Kamp et al. 2016). The ice ablation model is a heuristic model developed specifically 

for high mountains, where limited information exists, and requires three input datasets: 1) 

glacier hypsometries; 2) daily hydrographic measurements; and 3) a mass balance gradient 

(MBG). Glacier hypsometries were generated from glacier outlines downloaded from the 

Global Land Ice Measurements from Space (GLIMS) initiative website for the years 2000, 

2010, and 2016 (Table 3.1) (Kamp and Pan 2015, Pan et al. 2017). To determine the 

altitudinal distribution of the glaciers, a 30 m SRTM digital elevation model (DEM) was 

downloaded from CGIAR CSI (www.cgiar-csi.org). Hydrographic data were acquired 

from the Mongolian Ministry of Nature and Environment (MNE) and span from 2000 to 

2012, with missing observations from 2003 to 2006 (Figure 3.2). Mean daily discharge 

observations (m3 s-1) were employed to create total mean daily discharge (m3 day-1).  

The MBG is here defined as the water equivalent of ice melt per one hundred meters 

of vertical elevation change within a given ablation zone (Racoviteanu et al. 2013). More 

specifically, at the equilibrium line altitude (ELA), the MBG equals zero; for every 100 m 

below the ELA, the MBG linearly and cumulatively increases by a defined value (meter 

water equivalent; m w.e.). For this study, the MBG was drawn from the literature. A 

number of recent studies have published MBGs across Central Asia (Wang et al. 2012, 

http://www.cgiar-cs.org)/
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Kronenberg et al. 2016), but only a few exist for the Altai Mountains (Konya et al. 2013, 

Syromyatina et al. 2015). Konya et al. (2013) calculated a MBG of 0.55 m w.e. 100 m-1 at 

Potanin glacier during the 2008 ablation season, and 0.41 m w.e. 100 m-1 at Maliy Aktru, 

a glacier north of Potanin in the Russian Altai. Syromyatina et al. (2015) presented a MBG 

of 0.01 m w.e. 100 m-1 during the ablation season of 2014 for Kozlov Glacier, a south-

facing glacier, just north of Khoton Nuur in Tavan Bogd. We used the mean of these three 

MBGs, i.e. 0.32 m w.e. 100 m-1. A sensitivity analysis of ± 0.1 m w.e. 100 m-1 was applied 

to accommodate for the spatial heterogeneity of the MBG and to simulate below and above 

normal seasonal temperatures. 

This study is concerned with the glacier melt component of the annual streamflow, 

hence, the hydrologic continuity equation describing the relationship between glaciers and 

streamflow volume is: 

Qt = R + Ms + Mi – Et ± ∆s    (1) 

Where Qt is total runoff, R is input as rain, Ms is snowmelt runoff, Mi is glacier melt runoff 

(ablation), Et is evaporation, and ∆s is the change in storage as snow, glacier ice, or 

groundwater. In the glacier ablation zone, evaporation is assumed to be minimal, and the 

change in groundwater storage for the hydrologic year is assumed to be zero (Rasmussen 

and Tangborn 1976). As a first approximation, the hydrologic continuity equation reduces 

to a determination of the relative importance of snow melt and glacier ablation in the 

hydrologic regime of the UKRB: 

Qt = Ms + Mi      (2) 

The ice ablation model takes the following form:  

Q = ∑ 𝑀𝑖 ∗ 𝐴𝑖
n
=1      (3) 

Where Q is the glacier melt volume in cubic meters, bn is the specific ice melt for a given 

elevation range, and Ai is the glacier area within the given elevation range (Racoviteanu et 

al. 2013). The employed model deviated from previous studies by using s glacier-specific 

ELAs rather than a basin-wide ELA. By applying glacier-specific ELAs, Equation 3 was 
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applied to each glacier in the UKRB, and we then summed to acquire the total annual 

specific glacier melt.  

3.5 Results 

Hydrographic data provide a qualitative assessment in the relative contribution of 

glaciers to streamflow. Within heavily glaciated basins in arid regions, hydrographs will 

express a second peak during the ablation season, attributed to glacier melt runoff. In the 

UKRB, the seasonal hydrologic flow peaks in late June and early July indicating the onset 

of the ablation season as snow cover has melted (Figure 3.3). Since only less than 1% of 

the UKRB is glaciated, a distinct second peak cannot be easily observed in the hydrograph. 

However, after the main peak, the total daily discharge decreases sharply before stabilizing 

in the latter half of July and early August, as glacier meltwater begins to contribute to 

regional hydrology during the dry periods of summer. The duration between the sharp 

decrease in total daily discharge and the stabilized period can be described as the lag time 

between the initiation of the ablation season and the moment the early season glacier 

meltwater reaches Ulgii. 

Our results determined that the glacier runoff was 0.083 km3 in 2000, 0.08 km3 in 

2010, and 0.07 km3 in 2016. Sensitivity analysis results showed that during periods of 

cooler temperatures, glacier runoff for these same years was as low as 0.057 km3, 

0.055 km3, and 0.048 km3. However, during periods of warmer temperatures, melt runoff 

from glaciers can be potentially significant and amounted to 0.11 km3, 0.11 km3, and 

0.09 km3 (Table 3.2). While such numbers may seem rather negligible when compared to 

other heavily glaciated basins, they must be interpreted in the context of the small mean 

annual discharge at the Ulgii station at only 1.64 km3 yr-1: in the UKRB, the glaciers 

contributed 13.7% in 2000 and 13.1% in 2010 to the total discharge, and in the following 

years until 2016, this contribution decreased to 11.5%. For simulated conditions of cooler 

than average temperatures, glaciers contributed between 9.4% and 7.9% in all three years, 

while it was between 15.0% and 18.0% during simulated conditions of warmer than 

average temperatures (Table 3.3). In semi-arid to arid climates, glacier melt runoff is most 

critical during the dry summer periods (Viviroli et al. 2007). During the ablation period, 

the mean annual discharge at the Ulgii station was 0.32 km3 and results in a significant 
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contribution from glaciers of 26% in 2000, 25% in 2010, and 22% in 2016. In addition, 

using the simulated warm conditions during 2016, the glacier melt runoff contributed 29% 

to the total runoff in the UKRB. 

Temporal changes in glacier runoff indicated a reduction in glacier area of 19.3 km2 

from 2000 to 2010, and in both years the glaciers contributed almost the same amount to 

the total basin discharge. However, from 2010 to 2016, there was an observed decrease in 

glacier area of 20 km2, but the glacier contribution decreased by 2%. Glacier hypsometries 

showed that changes in glacier area between 2000 and 2010 compared to between 2010 

and 2016 were distributed differently with respect to elevation. From 2000 to 2010, change 

in glacier area was confined to lower elevations, whilst a significant decrease in glacier 

area at higher elevations occurred between 2010 and 2016 (Figure 3.4).  

3.6 Discussion 

3.6.1 Glaciers and Hydrology 

The hypsometric changes in ice loss between 2000 and 2016 signify that the ELA 

is actually higher than the mean elevation and, hence, is an underrepresentation of the 

ablation zone, which demonstrates the model’s inability to capture periods of accelerated 

melting (Buytaert et al. 2017). Regardless, the hydrographic data in conjunction with the 

ice ablation model illustrate the critical contribution of glacier melt runoff to the regional 

hydrology of the UKRB, both annually and during the ablation season. 

As the glaciers of the Altai Mountains recede in reaction to increasing summer 

temperature trends (Pan et al. 2017), their melt runoff will continue to be a critical 

component to the water availability in the UKRB. The observed decrease in glacier area 

near the glacier’s maximum elevation indicates that only disproportionally small 

accumulation zones remain. Consequently, the large ablation zones equate to the maximum 

glacier melt runoff contribution annually; hence, the ice ablation model results should be 

perceived as a minimum and warmer simulations using a MBG of 0.42 m w.e. 100 m-1 are 

feasible. Without a substantial accumulation zone, the longevity of the glaciers is unknown; 

however, the large ablation zones point out that the glaciers are currently contributing their 
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maximum potential. Unfortunately, in the years to come, the glacier contribution will 

increasingly decrease—we already glimpsed at a slight decrease from 2010 to 2016. 

Results derived from the ice ablation modeling indicate that the contribution of 

glaciers in the Mongolian Altai to the total water availability in the entire Mongolia must 

be less than the 10% asreported by Davaa et al. (2007).  Their results were derived from a 

volume-area scaling approach that included glaciers from the formerly (insignificantly) 

glaciated mountains of Otgon Tenger, Khentii, and Khanghai, the contribution of glaciers 

to regional hydrology decreases with increasing distance from glaciated basins 

(Racoviteanu et al. 2013).  

The determination of the contribution of glaciers to regional hydrology in the 

UKRB is a key step forward in creating adaptations and building resilience within an 

environment and culture that is vulnerable to slight environmental fluxes. Furthermore, 

these environmental fluxes often manifest in water availability and demand. Yet, glacier 

melt runoff as a contributor to hydroelectricity, with respect to the Durgun HPP, might be 

negligible as surface water in the Durgun Basin will be diluted by other sources. 

Nevertheless, climatic and land use changes (Karthe et al. 2015) will likely have more 

influence on water availability in the Durgun Basin, than glacier retreat alone. 

3.6.2 Glaciers and Water Resources 

The portrait of water availability and demand is a complex mosaic of environmental 

conditions, governance, and socio-economic conditions (Buytaert et al. 2017). 

Nevertheless, water scarcity will probably increase across Mongolia in the near future: 

from the 1980s to 2010, 63 lakes (> 1 km2) disappeared and about 683 rivers dried up (Tao 

et al. 2015, Szumińska 2016). Surface water withdrawals by mining and livestock irrigation 

have been found to be the dominant drivers of decreasing lake levels (Tao et al. 2015), 

while projected climatic changes that manifest through decreasing precipitation and 

increasing air temperature have been identified as a secondary driver (Szumińska 2016). 

How glacier recession fits into this picture of disappearing lakes is unknown. Water 

consumption in Mongolia is principally distributed to mining (26.7%), domestic use 

(20.3%), livestock (20.2%), and irrigation (14.9%) (Batsukh et al. 2008). As Mongolia’s 

water demand from livestock precipitously increased after 1990, the mining industry is 
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expected to become the greatest consumer of water in the coming years (Hofmann et al. 

2015, Karthe et al. 2015).  

In 2004, a United Nations water and sanitation report stated that only 30% of 

Mongolia’s rural population had access to an ‘improved’ water source, whilst the 

remaining population relied on lakes, rivers, and springs (Shinneman et al. 2009). Within 

the Durgun Basin and UKRB, the quality of these natural resources has seen significant 

degradation, particularly through increased salinity and eutrophication (Shinneman et al. 

2010) and is likely a consequence of reduced glacier melt in sync with increased livestock 

grazing in riparian zones (Vorobyeva et al. 2015). In addition to livestock, mining 

implications also contribute to the deterioration of surface water quality with increased 

sulfates and pH values from small scale artisanal mining (Mcintyre et al. 2016). The socio-

economic development in Mongolia has created a positive feedback loop, such that the 

demand for water has increased and the consequence of livestock production and mining 

further degrade the water quality in the already water-restricted country, thereby 

marginalizing rural populations’ access to water.  

3.7 Conclusion 

As Mongolia continues to develop water-dependent economic sectors, we must 

begin to reconsider and posit the likelihood that the water availability in the UKRB will 

begin to decrease as the Altai’s glaciers continue to recede. In this case, water-based 

decisions in western Mongolia must be exceptionally well-informed to maintain the 

country’s commitment to sustainable use, household access, protection, and conservation 

of water resources. We suggest that sustainable economic development is best informed 

by consistent and long-term environmental monitoring. In this paper, we estimated the 

contribution of glacier melt within a data-scarce region by selecting a glacier-hydrologic 

model that required accessible and limited data inputs. Importantly, our model is 

restricted by its inability to project the future contribution of glacier melt due to limited 

data, providing credence to transitioning important watersheds within the Altai 

Mountains from data scarce to data rich to provide the strongest scientific foundations in 

developing water-based decisions in western Mongolia.  
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Regardless of our suggestions, there must first be a consensus amongst 

stakeholders, non-governmental organizations and government sectors as Mongolia’s 

temperature continues to increase at twice the global rate. It is unlikely that any glacier’s 

lost accumulation zones will be recovered. Therefore, understanding the consequences of 

a reduced glacier melt contribution to the livelihoods of western Mongolia’s population 

remains critical. Future water availability in western Mongolia is particularly uncertain 

because it is dictated by a complex interaction between climate and an evolving land use. 

HPP development can be a possible solution, but the longevity of the region’s glaciers 

must be acknowledged. It is certain, however, that effective water management and 

strategies must be developed to increase Mongolia’s resilience to water vulnerabilities 

and security in the Altai Mountains. 
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Tables 

Table 3.1 The number and area of glaciers in the UKRB during 2000, 2010, and 2016. 

Glacier area and numbers are also aggregated for the Bayan-Ulgii Aimag and the entire 

Altai for reference. 

 
Upper Khovd River Basin 

Bayan-Ulgii 

Aimag 
Entire Altai 

Year Glacier 

Count 

Glacier Area 

[km2] 

Glacier Area 

[km2] 

Glacier Area 

[km2] 

2000 345 170.8 307.3 428.6 

2010 333 151.5 268.6 371.1 

2016 311 131.5 237.3 334 
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Table 3.2 Ice ablation model results for the years 2000, 2010, and 2016; included are MBG 

sensitivity results of ± 0.1m w.e. 100 m-1. 

  

MBG 

[m w.e. 100 m-1] 

Clean Ice Runoff [km3] 

2000 2010 2016 

0.32 0.083 0.080 0.070 

0.22 0.057 0.055 0.048 

0.42 0.109 0.105 0.092 
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Table 3.3 Percent of glacier contribution to regional hydrology in the UKRB for the years 

2000, 2010, and 2016.  

  

MBG 

[m w.e. 100 m-1] 

Clean Ice Contribution [%] 

2000 2010 2016 

0.32 13.68 13.12 11.45 

0.22 9.41 9.02 7.87 

0.42 17.96 17.22 15.02 
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Figures 

 
Figure 3.1 The defined study area is the Upper Khovd river basin the Altai Mountains of 

northwest Mongolia. The hydrograph station is located Ulgi, Mongolia and is the soum 

center of Bayan-Ulgii aimag. 
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Figure 3.2 Mean daily discharge observed at Ulgii, Mongolia in the Upper Khovd River 

Basin (UKRB).  
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Figure 3.3 Mean total daily discharge observed at Ulgii, Mongolia. The shaded region 

highlights the period of significant the ablation period. 
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Figure 3.4 Glacier hypsometries within the Upper Khovd River Basin (UKRB) (solid lines) 

and associated percent change (dashed lines). 
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CHAPTER 4 

 

Rain-on-snow events in Alaska, and their frequency and distribution from satellite 

observations 

 

Corresponding publication: 

 

Pan, C. G., Kirchner, P., Kimball, J., Kim, Y., Jinyang, D. (2018). Rain-on-snow events 

in Alaska, and their frequency and distribution from satellite observations. 

Environmental Research Letters 13 075004 DOI: 10.1088/1748-9326/aac9d3. 

 

4.1 Abstract 

Wet snow and the icing events that frequently follow wintertime rain-on-snow (ROS) 

effect high latitude ecosystems at multiple spatial and temporal scales, including 

hydrology, carbon cycle, wildlife, and human development. However, the distribution of 

ROS events and their response to climatic changes are uncertain. In this study, we 

quantified ROS spatiotemporal variability across Alaska during the cold season (Nov-

Mar) and clarified the influence of precipitation and temperature variations on these 

patterns. A satellite based daily ROS geospatial classification was derived for the region 

by combining remote sensing information from overlapping MODIS and AMSR sensor 

records. The ROS record extended over the recent satellite record (water years 2003-2011 

and 2013-2016) and was derived at a daily time step and 6-km grid, benefiting from finer 

(500m) resolution MODIS snow cover observations and coarser (12.5 km) AMSR 

microwave brightness temperature based freeze-thaw retrievals. The classification 

showed favorable ROS detection accuracy (75-100%) against in situ climate observations 

across Alaska. Pixel-wise correlation analysis was used to clarify relationships between 

the ROS patterns and underlying physiography and climatic influences. Our findings 

indicate that cold season ROS events are most common during autumn and spring months 

along the maritime Bering Sea Coast (BSC) and boreal Interior (INT) regions, but are 

infrequent on the colder arctic North Slope (NS). The frequency and extent of ROS 

events coincided with warm temperature anomalies (p < 0.1), but showed a generally 

weaker relationship with precipitation. The weaker precipitation relationship was 

attributed to several factors, including large uncertainty in cold season precipitation 

measurements, and the important contribution of humidity and turbulent energy transfer 

in driving snowmelt and icing events independent of rainfall. Our results suggest that as 
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high latitude temperatures increase, wet snow and ROS events will also increase in 

frequency and extent, particularly in the southwestern and interior regions of Alaska. 

 

4.2 Introduction 

The atmospheric conditions typically associated with high latitude winter rainfall 

affect the physical properties of the snowpack, including energy content, water content, 

depth, density and grain size, frequently resulting in a wet snow surface (Singh et al. 

1997). These effects are due to the associated transfers of latent and sensible heat, either 

directly or through turbulent exchanges that hasten snow melt (Marks et al 1998). 

Whenever snow surface layers reach 0°C, additional energy flux to the snow surface 

contributes to melt and rising water content; snowmelt will continue to occur whenever 

the cold content of the snowpack exceeds 0°C or until the snow has completely melted 

(Dingman 2014). Thus, wintertime rain events can be a major driver of wet surface snow 

conditions indicated from satellite observations (Frei et al 2012). However, rain is not 

required for wet snow to exist, nor do wet snow conditions always follow rainfall events. 

Different science communities have used the term “rain-on-snow” to collectively refer to 

wet surface snow conditions and the many physical processes that lead to their 

occurrence. We recognize that rain-on-snow is not necessarily synonymous with wet 

snow, but that the occurrence of rain on a winter snowpack frequently precedes the 

presence of wet snow conditions at high latitudes. We therefore retain the usage of the 

term rain-on-snow (ROS) in this investigation to collectively describe these processes. 

Wet snow, and the icing events that frequently follow ROS, affect several 

ecosystem processes including hydrology, carbon cycling, wildlife movement and human 

transportation, at multiple spatial and temporal scales (Putkonen and Roe 2003, McCabe 

et al 2007). ROS events, and the positive heat flux to the snowpack often associated with 

them, are one of the dominant drivers of winter/springtime flooding in mountainous 

regions and at higher latitudes (Marks et al 1998, Guan et al 2016, Jeong and Shushama 

2017). Enhanced liquid water content (LWC) to the snowpack whether by ROS or melt 

events can also reduce a snowpack’s insulating effect on the soil (Lafrenière et al 2013, 

Kim et al 2015). Furthermore, accumulated water at the soil surface from ROS driven 

snowmelt can release latent heat into the soil horizon, and in turn result in accelerated 
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thawing of frozen ground (Putkonen and Roe 2003, Rennert et al 2009). These thawing 

processes ultimately hasten the release of soil carbon to the watershed and atmosphere in 

the form of dissolved organic matter or gasses (Hobbie et al 2000). Further, accumulated 

water between the soil surface and snowpack also has the potential to freeze, forming a 

significant ice barrier to browsing ungulates, which can contribute to large wintertime 

die-offs (Grenfell and Putkonen 2008; Riseth et al. 2011; Loe et al. 2016; Berger et al. 

2018). As intensified warming of the high latitudes, known as ‘Arctic Amplification’, 

continues (Serreze and Francis 2006, Cohen et al. 2014), an increase in the frequency, 

distribution, and intensity of ROS events is predicted (Jeong and Shushama 2017), with 

potentially adverse impacts to Arctic ecosystems and the communities that depend on 

them.  

The Arctic Boreal Vulnerability Experiment (ABoVE) is a broad-scale 

international and interdisciplinary field campaign initiated by NASA to understand 

environmental change in the Arctic and boreal region (ABR) of western North America 

and associated linkages to social-ecological systems (Kasischke et al. 2014). The ABoVE 

science objectives include quantifying changes in the condition and distribution of snow, 

and its impact on ecosystem structure and function. A key limitation for quantifying and 

understanding ROS in the region is a general lack of available observations, which are 

constrained by remoteness, severe climate and sparse regional weather station networks. 

Alternatively, satellite remote sensing methods have for detecting and mapping ROS in 

the ABR have been developed. Successful approaches include the use of active and 

passive microwave sensors from polar-orbiting satellites that provide frequent 

observations and enhanced sensitivity to landscape freeze-thaw dynamics (Kimball et al. 

2004, Bartsch 2010b, Semmens et al. 2013, Wilson et al. 2013). However, these 

approaches have generally involved only limited areas and periods, or relatively coarse 

(~10-25 km resolution) retrievals. 

The objectives of this study were to quantify spatiotemporal variability in ROS 

across Alaska during the winter season (Nov-Mar) and clarify the influence of 

precipitation and temperature anomalies on ROS frequency and distribution. The domain 

for this study is the state of Alaska, which has a long snow season and faces challenges to 

both natural resources management and socio-economic structure due to changing snow 
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conditions due to regional warming trends (Bokhorst et al. 2016, Kontar et al. 2018). 

Much of Alaska is in the ABoVE domain, where a better understanding of the 

distribution and underlying drivers of ROS will contribute to the ABoVE science 

objectives and provide critical information to Alaskan land managers.  

To address the study objectives, we generated a daily ROS geospatial 

classification across Alaska by combining synergistic remote sensing information from 

overlapping MODIS (Moderate Resolution Imaging Spectroradiometer) and AMSR 

(Advanced Microwave Scanning Radiometer) sensors. Here, MODIS provides 8-day 

repeat coverage and relatively fine scale (500m resolution) information on snow cover 

extent, while AMSR provides daily microwave brightness temperature (Tb) retrievals 

sensitive to landscape freeze-thaw dynamics, but within a relatively coarse (~12.5 km) 

sensor footprint. The combined information from these sensors provides a means for 

ROS mapping with enhanced (~6-km resolution) gridding suitable for resolving regional 

ROS patterns and underlying physiographic and climate drivers.   

The application of satellite remote sensing to detect ROS events has progressed in 

recent years through the development of new data sources and techniques, including both 

radar (Kimball et al. 2004, Bartsch 2010b, Bartsch et al. 2010a), and passive microwave 

(PM) sensors (Grenfell and Putkonen 2008, Wang et al. 2013, Wang et al. 2016).  In 

Alaska, these sensors have been applied to detect ROS using different classification 

algorithms, including backscatter change detection (Kimball et al. 2001, Bartsch 2010b, 

Wilson et al. 2013), Diurnal Amplitude Variation (DAV) from PM Tb retrievals 

(Semmens et al. 2013), and a Tb differencing approach (Wang et al. 2016). More 

recently, spectral gradient ratios, including the Gradient Ratio (GR, Grenfell and 

Putkonen 2008) and Gradient Ratio Polarization (GRP, Dolant et al. 2016), were 

developed to exploit complimentary information from different microwave frequencies 

and polarizations for ROS detection. The PM based GRP approach was also observed to 

be effective in detecting ROS and associated winter melt events within the ABR (Dolant 

et al. 2016, Langlois et al. 2017). However to our knowledge, this study provides the 

only available ROS satellite record for Alaska that provides 6 km daily resolution from 

current operational satellites that overlaps with the timing of the ABoVE campaign. 
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In this study, we used the GRP approach with PM observations from the 

Advanced Microwave Scanning Radiometer sensors AMSR-E and AMSR2 (hereafter 

denoted as AMSR) for daily classification of ROS events across Alaska. The AMSR 

GRP based ROS classification was conducted over snow covered areas defined from 

MODIS. The study period for this investigation encompassed water years (WY) 2003-

2016 and the available AMSR record, which overlapped with the first phase of the 

ABoVE campaign (Kasischke et al. 2014). The daily ROS record encompassed the 

months of November through March (Nov-Mar) when snowmelt from solar irradiance is 

minimal and snow cover is widespread and relatively consistent throughout the region 

(Lindsay et al. 2015). The ROS classification was mapped to a 6-km resolution grid and 

used to quantify and understand ROS spatiotemporal variability and underlying drivers 

across Alaska.  

 

4.3 Data and Methods 

4.3.1 Spatial domain 

The state of Alaska spans approximately 20° of latitude and 50° of longitude, 

encompassing the North Pacific and Arctic Boreal regions of the northern hemisphere. 

Within the region many gradients influence the climate including: latitude, distance from 

large water bodies, the relative thermal mass and circulation of coastal waters, terrain and 

elevation. Alaska a peninsula with over 10,000 km of coastline, is bounded by the Pacific 

Ocean to the south and the shallower seasonally ice covered Bearing, Chukchi and 

Beaufort seas to the west and north, respectively. The eastern border of Alaska runs 

through boreal forest characterized by a cold interior continental climate. Thirteen 

different climate divisions have been described for the state of Alaska (Bieniek et al. 

2012). For the spatial analysis of ROS distributions, we aggregated the thirteen climate 

divisions into four larger regions delineated by National Hydrography Hydrologic Unit 

Code (HUC 8) watersheds (USGS, 2017) (Figure 4.1). The aggregated Alaska HUC 8 

divisions examined for this study include the Alaska Gulf Coast (AGC), Interior (INT), 

Bering Sea Coast (BSC) and North Slope (NS). These areas reflect the major Alaska 

climatic regions, of the relatively moderate Pacific maritime, cold-dry boreal interior, and 

polar arctic northwest coast and North Slope regions. The high latitude ecosystems found 
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in these climate divisions play an important role in Earth’s energy, water and carbon 

cycles and are some of the most vulnerable to recent climate warming (Chapin et al. 

2014, O’Neel et al 2015).  

 

4.3.2 Satellite data used for ROS classification 

The AMSR-E sensor was launched in 2002 on-board the NASA Aqua satellite 

and operated until 2011 (Kawanishi et al 2003). The AMSR2 follow-on mission was 

successfully launched in 2012 on-board the JAXA GCOM-W satellite and continues 

normal operations (Imaoka et al 2010; Du et al 2014). We used combined calibrated Tb 

records from AMSR-E for WY 2003-2011 and AMSR2 for WY 2013-2016. The AMSR 

record was derived using an empirical calibration of similar frequency Tb retrievals from 

overlapping FY3B MWRI (Microwave Radiation Imager) observations (Du et al. 2014). 

The AMSR record has twice-daily, vertical (V) and horizontal (H) polarization Tb 

retrievals acquired from ascending and descending polar orbital equatorial crossings at 

1:30 pm and 1:30 am, which is suitable for detecting ROS (Dolant et al 2016, Du et al 

2016). Lower frequency Tb retrievals (18.7 GHz and 36.5 GHz, henceforth rounded to 19 

and 37) from the AMSR record were used for ROS detection in this study, as they are 

sensitive to snow cover properties and landscape freeze-thaw dynamics (Kim et al. 2017) 

but insensitive to potential signal degradation from polar darkness, low solar 

illumination, cloud cover and atmospheric aerosol contamination effects (Rees 2010, 

Tedesco 2015). The native AMSR Tb footprints are relatively coarse at 19 GHz (27 km x 

16 km for AMSR-E and 22 km x 14 km for AMSR2) and 37 GHz (14 km x 8 km and 12 

km x 7 km) due to naturally low PM earth emissions  (Kawanishi et al 2003, Imaoka et al 

2010, Frei et al 2012). In this study, we used spatially resampled ascending orbit Tb 

retrievals from the calibrated AMSR record in conjunction with MOD10A2 8-day 

maximum snow cover extent (SCE) derived from the Moderate Resolution Imaging 

Spectroradiometer (MODIS) (D. K. Hall et al. 2002; D. Hall and Riggs 2007). 

 

4.3.3   Spatially resampled AMSR 

The AMSR orbital swath Tb data were spatially re-sampled to a 6-km resolution 

polar EASE-Grid (version 2) geographic projection using an inverse distance squared 
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weighting method (Brodzik et al. 2012; Du et al. 2017). To ensure cross-sensor 

consistency, the gridded AMSR2 Tb data were empirically calibrated against the same 

AMSR-E frequencies using a Double-Differencing method and similar overlapping 

observations from the FY3B MWRI sensor record (Du et al. 2014). The new 6-km grid 

provided an intermediate resolution between the finer scale (500 m) MODIS SCE and 

coarser (~12.5 km) resolution AMSR Tb observations, while enabling enhanced assessment 

of terrain and land cover spatial heterogeneity.  

 

4.3.4 Theoretical approach to the ROS classification 

We operationally defined ROS days as the satellite PM detection of abrupt changes 

in surface snow wetness and isothermal states induced by physical processes, such as 

sensible, latent and turbulent heat exchange that are often associated with winter rainfall. 

The physical basis of the PM ROS algorithm is the differential response in microwave 

emissions at 19 (V, H) GHz and 37 (V, H) GHz frequencies to changes in snow cover 

density and liquid water content (LWC) within the snowpack surface. As relatively dry 

snow initially transitions to wet snow with increasing LWC, Tb increases due to 

absorption by wet snow (Tedesco 2015). Yet, the interaction between Tb and snow 

wetness varies over different regions of the microwave spectrum. Tb at 19 (V and H) GHz 

will change with LWC to a lesser degree than at 37 (V and H) GHz (Rees et al. 2010; 

Vuyovich et al. 2017). Grenfell and Putkonen (2008) found distinct patterns in dielectric 

properties at 19 and 37 GHz in response to ROS events, leading to their application of a 

spectral Gradient Ratio (GR) that portrays larger differences between V and H polarized 

(pol) Tb retrievals at these frequencies following ROS events (Eq. 1).  

 

𝐺𝑅(𝑝𝑜𝑙(37,19)) =  
[𝑇𝑏(𝑝𝑜𝑙,37)−𝑇𝑏(𝑝𝑜𝑙,19)]

[𝑇𝑏(𝑝𝑜𝑙,37)+𝑇𝑏(𝑝𝑜𝑙,19]
     (1) 

 

Dolant et al. (2016) found that during ROS events, the GR derived from H pol Tb 

(GR-h) returned negative values, while the GR derived from V pol Tb (GR-v) returned 

positive values. This inverse relationship led to the development of the gradient ratio 

polarization (GRP) between GR-v and GR-h, allowing for the ability to set designated 

thresholds to classify ROS events. Dolant et al (2016) and Langlois et al (2017) applied 



80 

 

the GRP (Eq. 2) to single-pixel Tb timeseries from SMMR, SSM/I, and AMSR-E to 

detect ROS in areas of Quebec and the Canadian Arctic Archipelago, respectively. 

 

𝐺𝑅𝑃 =  
𝐺𝑅−v

𝐺𝑅−ℎ
     (2) 

 

4.3.5 ROS workflow 

In the current study, we applied a similar GRP approach developed from previous 

studies at point locations (Grenfell and Putkonen 2008, Dolant et al 2016, Langlois et al 

2017) for mapping daily ROS patterns across Alaska. The Alaska regional classification was derived 

using daily ascending V and H pol Tb retrievals at 19 and 37 GHz from the 6-km 

resolution polar EASE-grid AMSR record. The created workflow is summarized in 

Figure S4.1 and described below. 

We masked water contaminated pixels induced by the conical scanning AMSR 

sensor records  (Derksen et al. 2012; Du et al. 2016) using a 24-km (~4 pixel) shoreline 

and water-body buffer created from the 2011, 30 m resolution National Land Cover 

Database (NLCD) (Homer et al. 2015).  We then used the MODIS SCE record to identify 

snow covered areas after screening out low quality pixels, including missing or degraded 

snow cover observations, identified by the MOD10A2 product quality flags. The AMSR 

37 GHz V pol Tb record was analyzed separately to identify potential snow covered 

pixels outside of the water body buffer where Tb < 265 K (Vuyovich et al. 2017). Pixels 

identified as snow covered by both the MODIS SCE and AMSR Tb records were then 

used to derive daily GR and subsequent GRP values for each classified snow pixels over 

the multi-year (2003-2011, 2013-2016) study period defined by the AMSR record. We 

applied two different GRP thresholds to classify ROS events for different elevation 

zones, where GRP < 1 was used to identify ROS events below 900 m, while GRP < -5 

was used for elevations above 900 m; a more detailed description of the GRP threshold 

selection is in the supplementary section (S1). A spatial connectivity threshold of > 10 

pixels was then used as a designated size threshold to isolate and analyze more regionally 

extensive ROS events (Wilson et al. 2013).  

 

4.3.6 Two-Tiered validation 
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4.3.6.1 Tier 1 – Empirical in-situ ROS observations  

The Tier-1 validation coupled empirical ROS observations by an observer at the 

National Weather Service (NWS) field office in Fairbanks, Alaska (Table 4.1), with in 

situ weather station measurements acquired from Fairbanks International Airport 

(MesoWest ID-PAFA, 134 m a.s.l.). To determine the agreement between the in-situ 

observations and the satellite PM derived ROS classification, daily mean GRP values 

were created from 6-km pixels located within a 50-km radius around the Fairbanks 

station location. Next, the occurrence of the daily mean GRP values < 1 were examined 

in conjunction with: 1) ROS events empirically observed by the NWS observer; 2) 

precipitation and fog observations (Wang et al. 2016) at the station; and 3) measured 

precipitation the day before or the day where GRP was < 1.  

 

4.3.6.2  Tier 2 - Climate observation network 

The Tier 2 validation involved an expanded spatial domain employing climate 

observations across Alaska acquired through the MesoWest & SynopticLabs API 

(https://synopticlabs.org/api/). The API provided data from several regional weather 

station networks including National Weather Service (NWS), remote automated weather 

stations (RAWS), and snow telemetry network (SNOTEL) stations. The climate data 

were assembled from 235 individual stations to acquire daily surface meteorological 

parameters including minimum and maximum air temperature (Tmin, Tmax), average (24-

hour) air temperature (Tavg), 24 hour (hr) accumulated precipitation (prcp), dew point 

temperature (Tdew), and relative humidity (RH). For the study period, 53 of the 235 

stations had all of the requested climate variables. The developed Tier 2 workflow is 

shown in Figure S4.3 and described below. 

ROS days classified from the satellite record were validated using in situ weather 

observations from collocated climate stations to identify if rain occurred either the day of 

or the day before (i-1) a classified ROS event (Obsrain), or if the observed station 

precipitation was null (Obsnull). Given the limitations of wintertime precipitation 

measurements (Merenti-Valimaki 2001, Martinaitis et al 2015, Grossi et al 2017), Obsnull 

included conditions where either no precipitation was measured or there was no effective 

precipitation measurement. Three temperature driven variables were therefore created 

https://synopticlabs.org/api/)
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and used as a proxy for the rainfall observations (Obsrain), which can have large 

measurement uncertainty during freeze-thaw transitions (Martinaitis et al. 2015). The 

temperature based Obsrain metrics included wet bulb temperature (Tw), the ratio between 

daily Tdew and Tavg (Tdew/Tavg,), and the ratio between daily Tmax and Tmin (Tmax/Tmin), 

which were used as indicators for atmospheric moisture and energy flux to surface snow. 

A more detail description of the temperature-based precipitation metrics can be found in 

the supplementary section (S2). We then constrained Obsnull by the mean and standard 

deviations derived from temperature based Obsrain metrics. ROS days which met all the 

constraining conditions set by Obsrain were classified as commission whereas all Obsnull 

observations that did not meet the defined conditions were classified as omission.  

 

4.3.7 Statistical methods and climate anomalies 

Due to the relatively short study period and a data gap between the AMSR-E and 

AMSR2 records for 2012, we did not attempt to perform a temporal trend analysis of the 

ROS results. However, we did calculate the mean, standard deviation and coefficient of 

variation (Cv) of monthly total ROS days. The Cv was used to characterize the relative 

dispersion of ROS days (Sugg et al. 2017), with higher values equating to high variability 

and low predictability, with the inverse being true as the Cv approaches zero (Frei et al 

2012).  

Pixel-wise correlations were performed to determine the sign and strength of 

relationships between monthly total ROS days and respective climate anomalies. Climate 

anomalies were derived using 1-km resolution gridded daily surface weather station 

observations from the North America Daymet record (Thornton, Running, and White 

1997). Daymet was one of the few products available for Alaska with a spatial (1 km2) 

and temporal resolution similar to the AMSR derived ROS record. Daymet daily Tmin, 

Tmax, and prcp for the period from 1980 to 2016 were acquired from the DOE ORNL data 

portal (www.daymet.ornl.gov/dataaccess.html). The 1-km Daymet data were resampled 

to the 6-km study grid and used to create a baseline monthly mean climatology and 

standard deviation for each pixel and climate parameter. Here, the baseline climatology 

was assembled from a 22-year Daymet historical record (1980 to 2002). Monthly mean 

annual values of each climate parameter were then derived for each year of record from 

http://www.daymet.ornl.gov/dataaccess.html)
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2003-2016 (excluding 2012) and used with the respective climatology for each pixel to 

create gridded normalized anomalies (Figure 4.2). 

 

4.4 Results 

4.4.1 Tier-1 validation  

The Tier 1 validation indicated strong agreement between PM observed ROS and 

the occurrence of liquid precipitation from both direct measurements and empirical 

observations. Of the three types of precipitation validation measurements and 

observations, no single type showed consistent agreement with the PM observed ROS 

record (Table 4.2). Of the 11 ROS event observations made by the NWS observer over 

the 13-year record, 10 were detected as PM observed ROS days. The precipitation type 

observations (rain, fog) from the PAFA station provided more overall observations than 

the direct precipitation measurements, but were unable to identify all ROS events 

consistently (Figure 4.3 (a), Figure 4.3 (b)). Yet, for the years of interest, ROS omission 

errors indicated from all three types of validation observations ranged from 0 to 5 events, 

with associated accuracies ranging from 75-100 %.  

The results summarized in Figure 4.3 (a,b) also show several days in early 

November when the GRP was < 1, suggesting early wintertime freeze/thaw transitions 

due to sensible and latent heat flux, as there was limited precipitation measured during 

this period. Also, significant snowfall is reported in late February (Figure 4.3 (a)) and 

early December (Figure 4.3 (b)). During these snowfall events, the GRP remained above 

the detection threshold, which suggested confidence in the identification of ROS rather 

than snowfall events when GRP was < 1 and measured precipitation was > 0. 

 

4.4.2 Tier-2 validation 

During the study period, 278 PM detected ROS events occurred at the 53 Alaska 

climate station locations. Of these 278 events, 54 coincided with in situ station 

precipitation measurements either the day of or before the PM detected ROS event 

(Obsrain). The remaining 224 PM days with ROS coincided with null precipitation 

observations (Obsnull). After the constraining process, 41 Obsnull observations were 

classed as errors of omission, while the remaining 183 Obsnull observations were classed 
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as errors of commission. The combined commission errors with Obsrain produced a final 

PM ROS classification accuracy of 86 % (Table 4.3). Further discussion on the 

limitations and caveats of validating the PM derived ROS events is presented in the 

supplement (S4) 

.  

4.4.3 Temporal and spatial patterns of ROS 

For the entire study period, about 52% of Alaska was affected by at least one ROS 

day on average; however, the ROS distribution showed large temporal variability (Figure 

4.4). For example, in WY 2005 about 38% of the domain experienced a ROS event 

compared to a maximum of 72% in WY 2014. With respect to frequency, during the 

study period about 27% of the domain experienced at least 5 ROS days in a given year; 

this percentage peaked at 51% in WY 2014 and dropped to 16% in WY 2006. Some 

years of record showed relatively frequent and widespread ROS occurrences (WY 2003, 

2005, 2014), while other years had far fewer ROS events (e.g. WY 2004, 2006, 2011). A 

visual comparison between our annual results and Wilson et al. (2013) showed good 

agreement, particularly for WY 2003 and 2005. However, results must be seen as a 

relative comparison as Wilson et al. (2013) included October and April in their annual 

summations. Both studies indicated a higher occurrence of freeze-rethaw or ROS days in 

the southwestern portion of Alaska. Bartsch (2010b) also detected melt events across 

Alaska using daily 13.4 GHz (Ku-band) radar backscatter retrievals from QuickSCAT 

during the same period and as Wilson et al. (2013) and found similar results. But more 

interesting, PM derived melt events (Semmens et al. 2013, Wang et al. 2016) and active 

microwave melt events (Bartsch 2010b, Wilson et al. 2013) demonstrated similar results 

to this study, an increasing trend in events moving from the central interior region and 

into southwest Alaska. 

The PM observed ROS days showed the greatest occurrence in the southwest and 

central portions of Alaska, including the BSC, AGC, and INT regions, but the frequency 

and intensity of these events showed large year-to-year variability. The temporal 

variation by WY and month in PM detected ROS days for each Alaska sub-region is 

shown in Figure 4.5; these results indicate that the BSC and north central portions of the 

AGC consistently possessed the highest mean number of annual ROS days [pixel -1]. 
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Except for WY 2003 and WY 2014, the INT and NS regions experienced ROS almost 

exclusively in the month of November.  

An inter-annual comparison between Wilson’s et al. (2013) freeze-rethaw record 

derived from QuickSCAT and our calculated ROS events showed strong agreement from 

November to March (2003-2008). Both studies indicated that the largest spatial coverage 

of such events occurred in November, while the NS experienced no events during March 

for both studies. Wilson et al. (2013) reported that the NS did not observe any form of 

melt events until April. The results from Wang’s et al. (2016) analysis of melt events 

from 25-km PM retrievals also supported the temporal and geographical pattern in the 

NS.  Summary statistics in Table 4.4 show that the Cv during November and December in 

the NS is quite high at 0.91 and 1, respectively. These values indicate that even during 

November and December, ROS days are still an uncommon event across the NS.  

 

4.4.4 Correspondence between ROS events, temperature, and precipitation 

Linear regressions between temperature departure data, provided by the Alaska 

Climate Data Center (Figure S4.4), and the PM derived mean seasonal ROS events 

indicated that temperature had the greatest explanatory power for predicting ROS events 

within the BSC (p < 0.001) followed by the INT (p < 0.01) and AGC (p < 0.01) regions 

(Figure 4.6). In the NS, the temperature departure was insensitive to ROS occurrence (p < 

0.9), likely due to colder climate conditions and a lower overall number of ROS events 

detected in the region. However, ROS events are sensitive to not just temperature, but 

rather the interactions between temperature, humidity and precipitation. Correlation 

analysis between PM derived ROS and Daymet derived climate anomalies aided in 

exploring these interactions. 

The correlations between monthly (Nov-Mar) climate anomalies and days with 

ROS were statistically significant (p ≤ 0.1) in many locations (Figure 4.7). Overall, days 

with ROS coincided with above-normal precipitation and temperature with notable 

temporal and spatial variability in both the sign and strength of the relationships. The 

relationships between days with ROS and temperature, and precipitation showed greater 

spatial heterogeneity in November than in December as both positive and negative 

relationships are observed. However, from January through March, ROS days and 
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climate anomaly correlations became positive, with the strongest of these positive 

correlations occurring in February. Correlation patterns were similar for both daily 

minimum and maximum air temperatures and ROS events over all months represented.  

Aggregated  correlations for ROS days and associated climate anomalies by 

Alaska climate regions showed consistently positive correlations from January through 

March for all regions except the NS (Figure 4.8). In November and December, the mean 

temperature correlations remained positive, but had a large spread in the correlation 

distribution including both positive and negative relationships. The mean precipitation 

correlations from Nov-Dec were negative in the BSC and INT regions, but like 

temperature, also showed a large range of variability. The negative correlations may be a 

consequence of the uncertainty introduced by the Daymet model (Daly et al. 2008; Oyler 

et al. 2015), but could also be a consequence of using a maximum snow cover extent 

product (MOD10A2) during periods of intermittent snow. The NS region showed a 

predominantly positive relationship with temperature, but a more variable relationship 

with minimum temperature in March. Precipitation correlations in the NS were sporadic 

and weak due to the characteristic colder and drier Arctic climate of the region, which 

showed a paucity of PM derived ROS events during the Dec-Mar period when seasonal 

temperatures are generally well below freezing and the cold Arctic air mass holds little 

moisture. Also, shown in Figure 4.2 are below normal temperature anomalies across the 

NS during the study period, which also likely contributed to infrequent occurrence of 

ROS days across the region. 

 

4.5 Discussion  

4.5.1 Sources of error, limitations, and advances 

The PM ROS events over Alaska showed variable correlations with the selected 

climate anomalies during November and December, particularly in regions with low 

elevation (< 200 m) pixels. Inconsistent correlations may also indicate the occurrence of 

misclassified pixels at lower elevations. The combination of the high variability in 

correlations and greater occurrence of PM derived ROS events indicates that these areas 

are influenced by wet snow and shallow, transient snowpack conditions frequently found 

in low-elevation landscapes (Rees et al. 2010). The high-density network of tundra lakes 
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at low elevations in the BSC region in addition to large proglacial lakes in southwest 

Alaska, may also contribute to the higher number of PM derived ROS observations in the 

region (Wilson et al. 2013, Wang et al. 2016). The generally greater occurrence of 

freeze/thaw events in early November and late March in these regions may contribute 

additional uncertainty such that the ROS algorithm may be detecting increased LWC 

introduced by snowmelt in the absence of rainfall or atmospheric condensation (C. 

Dolant et al. 2016).  

Our validation results from Fairbanks, AK, showed that most ROS events 

occurred in early November. The timing of ROS events coincided with many fog 

observations, indicating that latent and turbulent heat flux driven snowmelt may have 

contributed to the ROS detection during periods with no measured precipitation 

(Semmens et al. 2013, Wang et al. 2016). These results are also consistent with a prior 

study indicating that fog and positive temperatures are a primary driver of melt events in 

the YBR, and that that the presence of fog is an effective indicator for warm air intrusions 

(Semmens et al. 2013). 

The results from this study were similar to the ROS spatial and seasonal patterns 

reported from previous studies involving different satellite microwave sensors, 

classification algorithms and study periods (Bartsch 2010b, Semmens et al. 2013, Wilson 

et al. 2013, and Wang et al. 2016). These similar findings include generally greater 

occurrence of melt events in the southwestern portion of Alaska. The studies show that 

melt events are very infrequent from November to March, but increase dramatically 

further into spring. While the combined results from these studies indicated multiple 

effective methods for classifying and documenting ROS and associated melt events from 

different algorithms and sensors they do not utilize ongoing sensor missions and/or report 

ROS events at a 6-km resolution.  In this study we address this by 1) creating a new ROS 

record over Alaska using synergistic MODIS and AMSR-E/2 observations that are 

overlapping with the NASA ABoVE campaign, while enabling continuity of the ROS 

record through continuing satellite operations; 2) our algorithm approach required only 

limited inputs emphasizing MODIS SCE and AMSR Tb retrievals, while the combined 

information from these sensors supported finer (6-km) resolution delineations of ROS 

patterns and environmental gradients; 4) our study also provided a regional application of 
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the GRP algorithm, which extended previous localized GRP applications involving in situ 

field sites (Grenfell and Putkonen 2008, Dolant et al. 2016, Langlois et al. 2017). 

Future ROS record versions will continue to focus on refining the GRP threshold 

to more effectively account for variations in snow conditions and constraining 

uncertainties over different landcover types. Yet, regardless of the threshold challenges, 

this study demonstrated the utility and effectiveness in using the GRP to detect ROS and 

associated melt events across a large boreal-Arctic landscape. Potential applications of 

the GRP to detect other snow processes including snow onset, melt onset, and duration 

remain to be explored. 

 

4.5.2 Consequences of climate change and ROS events in Alaska  

Studies examining projected temperature and precipitation trends over Alaska in 

the latter part of the 21st -Century indicated future warmer winter and annual temperature 

conditions across the state (Stafford et al 2000, Serreze and Francis 2006, Bieniek et al 

2014); and historically, over the past 60 years, Alaska has experienced almost double the 

rate of warming relative to other regions in the United States (Chapin et al. 2014). While 

our results from both temperature departures and climate anomalies indicated that ROS 

frequency is intensified in years with anomalously high temperatures, these temperature 

anomalies are often driven by large-scale atmospheric circulation patterns that have been 

found to be highly-correlated with ROS (Cohen et al. 2015). Such warm events in Alaska 

are associated with southwesterly flows and Pacific-North American (PNA) pressure 

systems that promote ROS and melt events from October to December (Rennert et al. 

2009, Semmens et al. 2013). More recent studies indicated that stratospheric circulations 

(i.e. polar vortex) strongly influence Alaskan winter temperatures. Specifically, during 

periods of a weak polar vortex, cold polar air masses are replaced by warmer conditions 

known as ‘warm Arctic cold continents’ (Overland et al. 2010, Cohen et al. 2014, 

Kretschmer et al. 2018), which may promote ROS and associated melt events. The 

atmospheric blocking and enhanced winter temperatures are also purported to be a major 

driver of recent record warm Arctic temperatures and record low sea ice extents (Cohen 

2016). 
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Projected warming trends across Alaska and the Arctic (Chapin et al. 2005) are 

expected to increase variability in regional snow cover conditions. Model simulations 

projected a 10-20% decrease in SCE across the Arctic by 2050 with the greatest losses 

over Alaska (Callaghan et al. 2011). These warming trends may also increase the 

frequency, duration and extent of surface thawing and refreezing, rainfall and mixed 

precipitation events, altering snowpack structure and decreasing snow covered area and 

duration (Chapin et al. 2005, Callaghan et al 2011, Cohen et al 2015, Kim et al. 2015 ).  

All these factors are expected to contribute to the polar amplification of global warming 

due to the important role of snow cover on surface albedo and the terrestrial energy 

budget (Serreze and Francis 2006, Derksen and Brown 2012). The changing snow cover 

conditions are also expected to impact regional hydrology and ecosystem processes due 

to the role of snow cover as an important water storage and thermal buffer influencing 

underlying soil active layer temperature and moisture constraints on ecosystem processes, 

and permafrost stability (Cohen et al. 2012, Yi et al. 2015). Some studies suggested that 

ROS events will become more common in a warming climate across the ABR (Semmens 

et al. 2013, Jeong and Shushama 2017), which is consistent with an analysis of the recent 

historical record reporting an annual increase of about 7 melt event days yr -1 from 1998-

2013 over the pan-Arctic (Wang et al. 2016). However, the long-term influence of 

enhanced ROS and melt events within Alaska and the associated impacts of these 

changes on the regional hydrology, ecosystems and human populations remain uncertain. 

4.6 Summary 

This paper presented a new satellite derived ROS dataset derived from MODIS 

snow cover observations and a passive microwave spectral gradient ratio based 

classification (Dolant et al. 2016) derived using calibrated 6-km AMSR Tb records at 19 

GHz and 37 GHz frequencies. The daily ROS classification was conducted over Alaska 

for the winter months (Nov-Mar) from WY 2003-2016 (excluding 2012). A two-tiered 

validation approach using regional weather station observations indicated favorable ROS 

classification accuracies ranging from 75-100%. The resulting multi-year satellite record 

revealed markedly higher ROS frequencies in the southwest and central portions of 

Alaska. The ROS days also occurred most frequently in November and December and 
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coincided with warm temperature anomalies. ROS events were consistently observed in 

the BSC and AGC during all months of the year, and often occurred during periods of 

above-normal temperatures in the INT and NS regions. These results were similar to 

previous remote sensing based ROS studies derived over different periods and using 

different classification algorithms; together, these results indicate strong sensitivity of 

satellite microwave remote sensing to freeze-thaw related ROS processes.  

The northern boreal and Arctic regions are characterized by an extended period of 

seasonal snow cover, which strongly influence regional ecosystems, hydrologic 

processes, the surface energy budget and global climate. As the northern-latitudes 

continue to experience accelerated warming at roughly twice the mean global rate, ROS 

is expected to play a more significant role in both ecological and hydrologic processes. 

To understand future implications of enhanced ROS events, we presented a ROS 

algorithm that utilized satellite observations from current operational satellites (AMSR2, 

MODIS), enabling ROS retrievals over Alaska that are overlapping with recent extensive 

and planned field campaigns from the NASA ABoVE. Thus, the data record developed in 

this study, when synthesized with other biophysical observations, are anticipated to 

contribute to addressing several data gaps and ABoVE science objectives pertaining to 

climate related impacts on boreal and Arctic ecosystems, wildlife, permafrost hydrology 

and snow processes, and associated climate impacts on human-natural systems.  
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Tables 

 

Table 4.1 2003 – 2016 observations of ROS events and precipitation totals from 

Fairbanks, AK (64.80°N, -147.88°W).  

Date 
Precipitation 

[mm] 

March 23 -26 2016 8.89 

November 26 2015 < 2.54 

February 21 - 22 2015 5.8 

December 31 2014 < 2.54 

January 23 - 24 2014 1.02 

December 5 2013 0.51 

November 14 - 15 2013 18.54 

January 14 2013 3.81 

November 22 - 24 2010 24.13 

November 2 - 8 2003 11.18 

March 2 2003 0.25 

February 8 - 10 2003 7.37 



99 

 

Table 4.2 Tier-1 validation of PM observed ROS omissions and accuracy. 

WY 
NWS 

Empirical1  

PAFA 

Prcp type2  

PAFA 

Measured prcp3  

Total ROS 

Events 

Accuracy 

% 

+/- Error 

 ROS Events 

2003 3/3 9 6 15 100.00 0 

2004 1/1 9 0 9 100.00 0 

2011 1/1 17 14 22 95.45 1 

2013 1/1 5 7 8 75.00 2 

2014 1/1 35 38 46 89.13 5 

2015 1/2 6 1 22 100.00 0 

2016 2/2 15 15 16 93.75 1 

 

1PM detected ROS days/empirical ROS observations made by NWS observer; 

2Precipitation observed at PAFA, includes rain and fog; 3Measured precipitation at 

PAFA the day of, or before, a detected ROS event. 
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Table 4.3 Tier-2 validation of PM observed ROS days. 

  Nov-Mar 

Obsrain 54 

Obsnull 224 

Commission 183 

Omission 41 

Total ROS Events 278 

Accuracy [%] 85.9 

+/- Error [ROS Events] 39 
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Table 4.4 Monthly ROS statistics by climate region. 

  

North Slope 

(NS) 

Bering Sea Coast 

(BSC) 

AK Gulf Coast 

(AGC) 

Interior 

(INT) 

  mean sd Cv mean sdCv mean sd Cv mean sd Cv 

November 0.91 0.71 0.91 4.04 2.07 0.49 1.93 0.92 0.42 1.56 1.19 0.66 

December 0.15 0.15 1.00 2.67 1.30 0.58 1.63 0.66 0.51 0.65 0.49 0.82 

January 0.04 0.04 NA 2.29 1.81 0.63 2.19 0.50 0.30 0.37 0.34 0.95 

February 0.02 0.02 NA 2.12 1.79 0.78 2.11 0.61 0.35 0.29 0.28 0.96 

March 0.01 0.01 NA 2.14 1.52 0.63 2.79 0.87 0.32 0.38 0.40 0.87 

 

 

  



102 

 

Figures 

 

Figure 4.1 Alaska study domain shown with digital elevation model, climate stations used 

for tier 2 validation and climate regions used for the ROS correlation analysis. 
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Figure 4.2 Daymet derived standardized anomalies for prcp (top), Tmin (middle), and Tmax 

(bottom) from 2003-2016 (excluding 2012) over the Alaska study domain; a 24 km 

coastal mask (white areas) is used to minimize open water body effects on the PM 

retrievals. 
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Figure 4.3 (a, b) PM derived daily mean GRP values and in situ precipitation, 

temperature, snow depth, rain and fog observations from Fairbanks, Alaska for 2011 and 

2013 water years; red vertical bars indicate NWS observer ROS events and dashed black 

horizontal line indicates the GRP threshold. 
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Figure 4.4 Time series of annual days with ROS summed for each pixel, with 24 km 

coastal mask used to minimize open water body effects on the PM retrievals. 
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Figure 4.5 Timeseries of mean ROS days pixel-1 WY-1 for aggregated Alaskan climate 

regions from WY 2003 - 2016. 
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Figure 4.6 Relationship between mean annual (WY) days with ROS pixel-1 and surface 

air temperature departures (°F) aggregated within each Alaska climate region for each 

year of record from 2003-2016.  
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Figure 4.7 Daymet derived climate anomalies and ROS correlations from November to 

March in Alaska from 2003-2016 (2012 excluded), black contour lines indicate pixels 

with > 90 % confidence level. 
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Figure 4.8 Boxplot summaries for climate anomaly and ROS day correlations for all 

pixels where p ≤ 0.1, aggregated by Alaska climate region for each month (Nov – Mar) 

from 2003-2016 (excluding 2012).  
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Supplemental 

 

Figure S4.1 Schematic of workflow used to derive gridded daily PM ROS product. 

 

Supplemental 1. GRP Threshold Selection 

Algorithm outputs with a GRP threshold of 1, used to classify ROS events, were found to 

detect an anomalously high number of ROS events per year (i.e. >120 days) at higher 

elevations above 900 m (Figure S4.2). This apparent ROS overestimation at higher 

elevations was attributed to the strong GRP sensitivity to variations in snow density 

(Alford 1967; Pistocchi 2016), where the GRP threshold increases with decreasing snow 

density (Langlois et al. 2017). A discrete increase in apparent GRP overestimated ROS 

pixels at elevations between 900 - 2700 m is illustrated in figure S2. To address potential 

ROS classification errors we applied two different GRP thresholds for varying snow 

conditions at lower and higher elevations. We applied a GRP threshold of 1 (C. Dolant et 
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al. 2016) for elevations below 900 m and an alternate GRP threshold of -5 (Langlois et al. 

2017) for elevations above 900 m. Figure S4.2 also portrays the apparent ROS 

overestimation at elevations between 0 and 200 m, addressed in section 4.2. Finally, ROS 

affected pixels below a minimum spatial connectivity threshold of 10 pixels at each daily 

time step were screened from the data record to spatially distinguish more extensive ROS 

occurrences from smaller isolated events. The resulting elevation threshold reduced 

anomalous ROS pixels above 900 m elevation by 100 %, while the spatial connectivity 

filter reduced the number of isolated locations with ROS below 900 m by 63 % (Figure 

S4.2). 

 

 

Figure S4.2. Distribution of ROS days per year by mean elevation band, vertical red line 

(900 m) denotes the minimum elevation where the GRP threshold of -5 was used. 

 

 

 



112 

 

 

Figure S4.3. Workflow schematic for Tier 2 validation. 

 

Supplemental 2. Description of Tier-2 temperature metrics 

We created three temperature driven variables to be used as a proxy for rainfall 

conditions. These metrics included wet bulb temperature (Tw), the ratio between daily 

dew point temperature (Tdew) and average temperature (Tdew/Tavg) and the ratio between 

maximum temperature (Tmax) and minimum temperature (Tmin) (Tmax/Tmin). The 

precipitation proxies are used as indicators for atmospheric moisture and energy. 

 

Because air temperature can be highly variable during ROS events (Caroline Dolant et al. 

2017), we chose a more stable approach of Tw, where Tw is a proxy for precipitation and 

ROS occurrence. This served two purposes: 1) Tw constrained the feasibility that 

precipitation would fall as liquid and 2) Tw provided a better indicator of precipitation 

phase (Sims and Liu 2015). The derivation of Tw can be found in supplemental 3. The 

Tdew/Tavg metric was used to represent the dew point depression and the amount of 

moisture in the atmosphere (Feld, Cristea, and Lundquist 2013), providing a normalized 

value for the ‘degree of saturation’ in the atmosphere. The Tmax/Tmin metric was used as a 

proxy for cloudiness based on the assuming cloudier conditions decreased radiative 

heating and cooling of the land surface and the associated daily temperature amplitude 
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(Tomsett and Toumi 2000). Cloudiness was defined as a relative percentage from 0-

100% ranging between clear sky conditions and complete cloud cover. 

 

Using Obsrain, the mean (µ) and standard deviation (𝜎) were created for each precipitation 

proxy to constrain Obsnull. If Obsnull met all of the requirements set by the precipitation 

proxies, the conditions were identified as feasible for precipitation. ROS days which met 

all of the constraining conditions set by Obsrain were classified as commission whereas all 

Obsnull observations that did not meet the defined conditions were classified as omission. 

The final ROS accuracy was calculated as a percentage of the sum of Obsrain and 

commission days divided by the total number of classified ROS days. 

 

Supplemental 3. Derivation of wet bulb 

To derive Tw, we first calculated vapor pressure [E] from Tdew: 

 

𝐸 = 6.11 ∙  10
7.5 ∙ 𝑇𝑑𝑒𝑤

237.7+ 𝑇𝑑𝑒𝑤  Eq. 1 

 

Using E, Tdew, Tavg, and station pressure [mb] (STP), Tw can then be derived by the 

following (Sullivan and Sanders 1977): 

 

𝑇𝑤 =  (0.00066 ∙  𝑆𝑇𝑃 + 𝑇𝑎𝑣𝑔) +  
[

4098 ∙ 𝐸

(𝑇𝑑𝑒𝑤+237.7)2 ∙ 𝑇𝑑𝑒𝑤
]

[
(0.00066  ∙ 𝑆𝑇𝑃)+(4098 ∙ 𝐸)

(𝑇𝑑𝑒𝑤 + 237.7)2 ]
  Eq. 2 

 

 

 

Figure S4. Time-series of mean annual temperature departures across the state of Alaska 

from 1949-2016; data are provided by the Alaska Climate Data Research Center. 

 

Supplemental 4. Limitations in validating PM derived ROS  

Validating satellite derived ROS is limited by the number and quality of in situ 

meteorological observations in boreal and arctic regions; a region with limited access, 

severe climate conditions and sparse weather station networks. The Tier-1 assessment 

included multiple precipitation observations and was the most inclusive and reliable form 

of validation used in this study, despite being limited to a single set of ground 

observations for a single location in central Alaska. The Tier-1 results also showed the 

limitation of in situ precipitation observations to exclusively validate ROS; this reflects 

uncertainty in precipitation measurements and reporting due to sensor limitations, wind 
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redistribution effects, blockage of gauges/sensors, biases introduced during post-thaw 

events, and human error (Merenti-Valimaki 2001, Martinaitis et al 2015, Grossi et al 

2017). Discrepancies between the satellite retrievals and in situ precipitation 

measurements may also reflect differences in both the spatial footprint of observations 

and the physical phenomena being measured. For example, the PM derived ROS signal 

reflects changes in surface wetness that may be caused by either direct rainfall inputs or 

surface snowmelt driven by sensible, turbulent and or latent heat fluxes (Marks et al. 

1998). The Tier-1 validation results indicated that the majority of ROS events occur in 

early November at the Fairbanks station location. This early occurrence and the large 

number of reported observations of fog suggests that latent and turbulent heat flux 

contribute to the ROS observations during periods with no measurable precipitation; 

these results also suggest that fog followed by wind may be a valid proxy for ROS 

occurrence. However, no attempt was made to differentiate between fog and freezing fog, 

as freezing fog would not contribute to wet snow conditions. Measured precipitation 

provided the highest omission error during each year of record, except for WY 2014, 

suggesting that a number of ROS events possessed only trace amounts of precipitation 

that were below the detection level of the PAFA station. Unfortunately, the Tier-1 

validation was restricted to the PAFA station since it was the only record documented as 

a high-quality data set by human observers. 

 

Tier-2 validation was applied across the Alaska domain, with only 19 % of the PM 

derived ROS days showing measured precipitation (Obsrain). Two factors contribute to 

this lack of coincident observations. First, rain is not the singular factor determining wet 

snow surface conditions, which are frequently due to energy exchange processes that can 

occur before, during and after, and sometimes independently, of rain events. These 

processes include turbulent exchange and sensible and latent heat fluxes, which are the 

primary source of snowpack melt energy flux during the winter accumulation phase of 

high latitude snowpacks. The period for ROS detection in this study was constrained 

between Nov-Mar when solar insolation is relatively low, so that solar radiation is not the 

primary source of snowmelt energy. Second, measurement technologies and the arduous 

quality checking (QA and QC) process required to effectively discriminate between rain, 
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snow and mixed precipitation data are nearly nonexistent for Alaska climate records; the 

first observer data for the Fairbanks site used in the Tier-1 validation was the only record 

of this type we could find (Martinaitis et al. 2015; Grossi et al. 2017).  
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5.1 Abstract 

 

Livestock production is a socio-economic linchpin in Mongolia that is affected by large-

scale livestock die-offs. Colloquially known as dzuds, these die-offs are driven by 

anomalous climatic events, including extreme cold temperatures, extended snow cover 

duration (SCD) and drought. As temperatures across Mongolia have increased – we 

hypothesized that increasing cold season snow melt events associated with regional 

warming have become increasingly important drivers of dzud events as they can reduce 

pasture productivity and potentially inhibit access to grazing through subsequent icing 

events.  Here, we use integrated satellite observations to determine the spatiotemporal 

variability in anomalous snowmelt events across Mongolia from 2003-2016 and their 

contribution to dzuds relative to other climatic drivers, including winter temperatures, 

SCD, and drought. We find a positive relationship between melt events and livestock 

mortality during the fall in southern Mongolia and during the spring in the central and 

western regions. Further, anomalous seasonal melt events explain 17-34% of the total 

variance in annual livestock mortality, with cold temperatures as the leading contributor 

of dzuds. Our results indicate that snowmelt events will become an increasingly 

important driver of dzuds as annual temperatures and livestock populations are projected 

to increase in Mongolia. 
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5.2 Introduction 

Livestock production is a central part of Mongolia’s economy (Fernández-

Giménez 1999)and is exemplified by half of the regional human population’s livelihoods 

connected to various forms of pastoralism(Johnson et al. 2006; T. Ã. Sternberg 2008). 

Mongolia’s large livestock population and its role as a national economic driver, 

facilitates extreme vulnerabilities to small climatic fluctuations and can often result in 

large annual livestock die-offs. In Mongolia, these anomalous die-off events are known 

as dzuds, or wintertime disasters in the English language. Historically, dzud events 

played an important role in regulating livestock populations (Fernández-Giménez, 

Batkhishig, and Batbuyan 2012). However, the intensity and frequency of dzud events 

have increased with growing livestock populations, reduced rangeland management, and 

accelerated climate change(Batima et al. 2005). The largest recorded dzud event in the 

modern era occurred in 2010, where 8-10 million livestock perished in a single year 

(Hilker, Natsagdorj, and Waring 2014; Rao et al. 2015). Notably, these losses would 

likely have been greater had 10-20 million livestock not perished during the preceding 

dzuds of 1999-2002 (Pederson et al. 2014). 

Through much of the 20th Century, Mongolia was influenced by the Soviet Union, 

during which the government subsidized key resources enabling herders to cope with 

challenging climatic conditions, including well maintenance(Sugita, Yoshizawa, and 

Byambakhuu 2015), and winter time hay and fodder storage(Fernández-Giménez 1999) - 

providing a necessary bridge for livestock to survive regional weather extremes and 

challenging climatic conditions. More recently, with the collapse of the Soviet Union and 

the privatization of livestock, livestock populations have precipitously increased whereas 

formerly provided vital services and subsidies have been reduced, increasing herder 

vulnerabilities to dzuds(T. Ã. Sternberg 2008). In 1990, there was a livestock population 

of approximately 25 million across Mongolia, and by 2016 this population increased over 

200 % to 60 million (Mongolia Statistical Service, 2017) – straining Mongolian social 

and ecological systems near their tipping points (Fernández-giménez et al. 2016).  

There are many different types of dzuds classified by different climatic and 

environmental conditions. The most studied dzuds include, but are not limited to, the 

tsagaan dzud (anomalously deep snow), khar dzud (extreme cold with snow), and 
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khavsarcan dzud (combination of deep snow and extreme cold)(Allison 2017). The most 

devastating dzud events often occur during winters that follow summertime drought, 

where limited summertime precipitation decreases pastoral productivity, which reduces 

available hay and fodder storage needed to sustain animal fitness during subsequent 

periods of extreme weather conditions including dzuds(Fernández-Giménez, Batkhishig, 

and Batbuyan 2012).  

The magnitude of pastoral vulnerability to significant dzud events is a result of 

the interaction between climate, rangeland management, and governance, rather than just 

climatic events. However, perturbations in climatic conditions are the triggers of dzud 

events, manifested through or enhanced by multiple mechanisms, including: 1) summer 

time droughts (Rao et al. 2015; Pederson et al. 2014); 2) below average winter 

temperatures (T. Sternberg, Thomas, and Middleton 2011); and 3) above normal snowfall 

( a. L. C. Shinneman et al. 2010).  However, few scientific efforts have examined  the 

role and spatiotemporal heterogeneity of the tumer dzud, defined as a significant 

snowpack melt and subsequent icing event purported to be a major driver of livestock 

mortality in Mongolia(Hahn, Allison 2017). Much less is known regarding the frequency 

and regional extent of the tumer dzud due to challenges in detecting such events (Rennert 

et al. 2009; Pan et al. 2018). Moreover, as Mongolia’s annual temperatures are warming 

at roughly twice the global average rate(Batima et al. 2005) and wintertime temperatures 

are also increasing (A. L. C. Shinneman et al. 2009), wintertime snowmelt events (J. 

Cohen, Ye, and Jones 2015) and the tumer dzud may become more common, leading to 

potentially greater risk of livestock die-offs within Mongolia.   

Accumulated snowpack liquid water content (LWC) from melt events and/or rain-

on-snow (ROS) can potentially freeze between the soil surface and overlying snowpack, 

forming a significant ice barrier to browsing wild and domestic ungulates - sometimes 

leading to large wintertime die-offs(Grenfell and Putkonen 2008; Riseth et al. 2011; Loe 

et al. 2016). Fall and spring melt events have also been found to reduce landscape 

productivity (Chen et al. 2015; Bokhorst et al. 2009), which can inhibit herder abilities to 

fatten animals to a critical weight (Fernández-Giménez, Batkhishig, and Batbuyan 2012) 

moving into and out of an extreme winter. However, both wild and domestic reindeer 

populations in the Eurasian Arctic have been found to offset the negative impacts of ROS 
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and icing events by adjusting movement and herding patterns to avoid impacted 

areas(Bartsch et al. 2010; Loe et al. 2016). But in Mongolia, livestock have less freedom 

of movement due to rangeland management (Johnson et al. 2006), limited herder 

preparedness and access to resources (Fernández-Giménez, Batkhishig, and Batbuyan 

2012). Remote sensing observations from current operational passive microwave (PM) 

and optical satellites provide an opportunity to reduce the risk of livestock mortality 

through detection and monitoring of anomalous melt events from the tumer dzud in 

Mongolia.  

In this paper we determine the spatiotemporal variability and trends in seasonal 

melt events across Mongolia using satellite daily brightness temperature (Tb) retrievals 

from the Advanced Microwave Scanning Radiometers (AMSR-E and AMSR2) and 

Special Sensor Microwave Imager/Sounder (SSMI/S)(Dolant et al. 2016; Grenfell and 

Putkonen 2008; Pan et al. 2018) from October through April for water years (WY) 2003-

2016. As dzud events are a complex interaction of multiple climatic forces, we also 

examine the role of anomalous seasonal snowmelt events as a contributor to dzud events 

in addition to cold temperatures, SCD, and drought. This research clarifies the role of 

seasonal snow melt events and other climatic factors in influencing the occurrence, extent 

and severity of dzud events. Several international groups and non-governmental 

organizations (NGOs) including the World Bank, United Nations (UN), People in Need 

(PIN), and Save the Children, provide humanitarian aid during periods of severe dzuds – 

including cash, livestock feed, veterinary services, medical provisions, and other 

necessary resources.  Thus, we aim to provide a resource available to the Mongolian 

government and international NGOs for identifying regions in Mongolia that are more 

prone to specific types of dzuds, to inform regional planning and risk mitigation. 

 

5.3 Geographical Context 

Mongolia is situated in the heart of the Asian landmass, centrally located between 

Russia and China, and spanning about 33° of longitude and 12° of latitude. The region 

has a strong continental climate with extreme seasonal temperature variations and limited 

precipitation. January is the coldest month, with average temperatures ranging from -15° 

C to -35° C. Average July temperatures are much warmer, ranging from 15°C in the 
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mountains of the northern and western regions to between 20-25°C at lower 

elevations(Batima et al. 2005). Winter precipitation in the region is limited by the 

Siberian High Pressure (SHP) zone ( a. L. C. Shinneman et al. 2010; Gong and Ho 2002) 

while summer precipitation is associated with the westerlies bringing moisture from the 

Atlantic and Mediterranean regions (Blomdin et al. 2016). However, the majority of 

atmospheric moisture flow to Mongolia is blocked by surrounding mountain ranges, 

which creates strong regional gradients in annual precipitation ranging from 1000 mm yr-

1 in the western and northern regions to 130-400 mm yr-1 in the central and southeastern 

areas (Rudaya et al. 2009; Lehmkuhl et al. 2016). Mongolia’s ecoregions are dominated 

by arid deserts and shrublands (45%) and temperate grasslands (39%). The remaining 

17% of Mongolia’s landscape is comprised of temperate conifer forests (8%), montane 

grasslands (5%) and boreal forests (2%)(Olson et al. 2001) (Figure 5.1). 

 

5.4 Results 

The mean and coefficient of variation (Cv) of satellite detected melt events in each 

Mongolian aimag (provincial unit) during the fall (ON), winter (DJF), and spring (MA) 

months over the WY 2003-2016 period are shown in Figure 5.2. The number of 

anomalous melt events was relatively low in the fall, with a regional mean of 1.5 melt 

events yr-1 over Mongolia and a range from 0-3 melt events aimag-1 yr-1. The fall months 

had the highest mean CV at 117%, indicating high inter-annual variability across all 

aimags relative to other seasons. Melt events were most common in the winter months, 

with a mean of 3 events yr-1 and range from 1 to 6 events aimag-1 yr-1 with the greatest 

number of winter events occurring in the mountainous region of western Mongolia. 

Variability in wintertime melt events is moderately distributed across Mongolia, 

suggesting that anomalous melt events can occur in any aimag during the coldest months 

of the year. 45% of all annual melt events over the study period occurred during winter 

months, though March had the highest percentage (25%) of melt events congruent with 

the general onset of the spring snowmelt. Further, spring had a mean of 2.5 anomalous 

melt events yr-1 and range from 1 to 5 events aimag-1 yr-1, with the largest number of 

events occurring in the western and north central regions. There was also an increase in 

variability of spring melt events moving from the northwest to the southeast, where 
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higher variability in the southeast results from sporadic snowfall and lack of a persistent 

snowpack in the Gobi Desert.  

We estimated the sign and strength of melt event trends and their rates of change 

for each aimag using Kendall’s tau trend and regression analysis, with results 

summarized in Figure 5.3. The results show a weak to moderate increasing melt trend in 

the fall, which may inhibit the development of persistent snow cover until later in the fall 

or early winter. In contrast, the number of winter melt events show a general declining 

trend. Our results showed both positive and negative trends in the number of spring melt 

events, with positive trends predominately occurring in the western and central aimags 

characterized by more persistent winter snow cover. However, few of the seasonal trends 

were statistically significant (p ≤ 0.1) due to the relatively short data record (13 years). 

The correlations and associated statistical significance between  the mortality 

index (MI)  and anomalous melt events are presented in Figure 5.4 (a-c). The calculated 

MI were significantly and positively correlated with anomalous melt events across 

Mongolia, while the relative impact of melt events on mortality varied for different 

aimags and seasons. Four aimags showed strong to moderate relationships between the 

number of fall melt events and annual livestock losses, with a mean correlation of 0.35 (p 

< 0.05). These aimags were predominantly located in the Gobi Desert, except for 

Khovsgol in northern Mongolia. Winter melt events corresponded with higher mortality 

in only three aimags, with a mean correlation of 0.36 (p < 0.05). In contrast, spring melt 

events contributed directly and strongly to annual livestock losses in nine aimags, which 

represented 47% of the analyzed aimags and showed a mean correlation of 0.39 (p < 

0.05). Six western and central aimags showed the strongest correlations between spring 

melt events and livestock mortality (mean correlation of 0.46, p < 0.02). 

To clarify the role of seasonal melt events relative to other dzud climatic drivers, 

we present the correlations and significance of the relationships between MI and winter 

temperatures (f), summer NDVI (e), and SCD (f) in Figure 5.4 (d-f). The annual MI was 

generally inversely proportional to both winter temperature and summer NDVI (used as a 

proxy for rangeland productivity). Specifically, colder winter temperatures corresponded 

with a higher MI y (r = -0.39) while years with lower summer NDVI also coincided with 
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higher mortality (r = -0.55, p < 0.05) in 18 of the 19 aimags examined. The MI was also 

directly proportional to SCD in eight aimags across north-central and western Mongolia 

(r = 0.49, p < 0.05), whereby years with longer SCD coincide with greater livestock 

losses. 

We next contextualized the role of melt events relative to other climatic dzud 

drivers by quantifying the relative contribution of each climatic driver to annual livestock 

mortality using a general linear model (GLM) regression framework. Due to collinearity 

between seasonal melt events, three separate GLM models were created, one for each 

respective season. Collinearity also existed between SCD and melt events, so we 

excluded SCD from all GLM models. The percent of total variance in the MI explained 

by each GLM and environmental factor is presented in Figure 5.5. Fall melt events 

explained 13-27% of the total variance in annual livestock losses in five aimags and were 

significant in (p < 0.1) Selenge and Uvs. Spring melt events explained 16-24% of the 

variance in annual MI in five aimags and were significant (p < 0.1) in Bulgan, Govi-

Altai, Khentii, and Ovorkhanghai. Winter melt events had less explanatory power relative 

to fall and spring but were able to explain 23% (p < 0.1) of the variance in annual 

livestock losses in Sukhbaatar. 

Winter temperatures and summer NDVI levels generally had greater influence on 

annual livestock mortality than seasonal melt events. However, in Selenge aimag fall 

melt events explained more variance in annual livestock losses than either winter 

temperatures or summer NDVI. Moreover, for each GLM, winter temperature 

consistently had the most significant results (p < 0.05) and accounted for 21 to 37 % of 

the total variance in annual MI. Summer NDVI was a significant (p < 0.05) predictor of 

annual mortality predominantly in the western regions, as well as the Sukhbaatar and 

Dundgovi aimags in eastern Mongolia. Summer NDVI also explained 26 to 47% of the 

total variance in annual livestock mortality in the spring melt model, with the strongest 

correspondence in Selenge and Zavkhan aimags of north central and western Mongolia, 

repectively. 

The dzuds of 2010 were among the most devastating livestock mortality events in 

recent decades in which 10.2 million livestock perished across Mongolia (Mongolia 

Statistical Service 2017). The five environmental factors examined in this study and the 
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reported annual livestock losses are presented for the 2010 dzud as standardized 

anomalies from the long-term (2003-2016) record in Figure 5.6 (a-f). Here, the livestock 

mortality anomaly in 2010 for Sukhbaatar in eastern Mongolia is very low because of a 

dzud event in 2008 that elevated morality and resulted in a 25% decline in total livestock. 

Dornogovi to the south of Sukhbaatar, also shows a low livestock loss anomaly due to a 

large livestock die-off event in 2006 which contributed to a decline of 18% in total 

livestock. Regardless, these results show that the number of fall melt events in 2010 was 

anomalously high in the southern Gobi Desert and a few aimags in northern Mongolia. In 

addition, the number of spring melt events and SCD were anomalously high in the central 

and western aimags. Winter temperatures and summer NDVI were also anomalously low 

in 2010. Each of these factors alone promotes mortality, while their combined effects 

reinforce one another in contributing to the dramatic livestock losses in 2010. These 

results suggest that the most severe dzud events in Mongolia are a potent combination of 

cold winter temperatures, summer drought, and both enhanced snow duration and the 

number of anomalous melt events. 

 

5.5 Discussion 

Our results on the detection of melt events from satellite observations across 

Mongolia and the determination of their subsequent role in annual livestock mortality 

improves our understanding of the role that anomalous snowmelt events and other 

environmental factors have on dzud risk across the region. Our findings are consistent 

with other studies indicating anomalously cold winter temperatures are the leading 

contributor to dzuds (Nandintsetseg, Shinoda, and Erdenetsetseg 2017; Rao et al. 2015; 

Middleton et al. 2015; Tachiiri et al. 2008). However, our results also reveal that 

anomalous fall melt events contribute significantly to annual livestock mortality in the 

southern aimags of the Gobi Desert, while spring melt events are significant contributors 

to livestock mortality in the western and central aimags. 

The impact future melt events have on livestock mortality will in large part be governed 

by climatic effects on seasonal snow cover. There has been an observed increase in 

Eurasian snow cover over the past two decades, largely attributed to a weakening of the 

polar vortex (J. L. Cohen et al. 2012). However, a weakening polar vortex has not 
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equated to enhanced snow cover in Mongolia, which agrees with our results indicating no 

significant positive trends in SCD (S5.1), and is also consistent with a recent study of 

snow cover trends over the Tibetan Plateau from 2000-2015 (Wang et al. 2017). In 

contrast to observed increased Eurasian snowcover, our results indicate increasing trends 

in anomalous fall snowmelt events, which likely inhibit the development of a persistent 

snowpack and extend the periods of intermittent regional snowcover. Hence, the duration 

of persistent or intermittent snow cover may be more suitable than the SCD metric for 

determining climatically driven modulations in snowcover characteristics in the semi-arid 

environments of Mongolia. 

Climate warming in Mongolia(Batima et al. 2005) will likely increase the 

frequency of anomalous melt events (Pan et al. 2018). However, changes in precipitation 

mechanisms have shifted towards more convective activity during fall, winter, and spring 

across Eurasia due to warming (Ye et al. 2017). Warmer air temperatures and more 

frequent and intense convective activity under regional climate change is expected to 

enhance radiative melting and ROS events in the region; yet the impact of these changes 

on ecosystem processes and services, and livestock mortality risk in Mongolia remain 

uncertain.  

Our GLMs and the results from other studies are not able to fully explain 

livestock mortality using only environmental variables (Nandintsetseg, Shinoda, and 

Erdenetsetseg 2017; Rao et al. 2015; Middleton et al. 2015; Tachiiri et al. 2008) because 

dzud events in Mongolia are caused by a combination of physical, biological, socio-

economic and institutional factors (Fernández-Giménez, Batkhishig, and Batbuyan 2012; 

Murphy 2014). Hence, we suggest that improving herder capacities and preparedness 

during periods of extreme weather can greatly improve herder’s resilience and reduce 

annual livestock mortality. Regardless, governance and socio-economic factors should be 

included through herder interviews and surveys in future studies to provide a more robust 

understanding of how snow melt and icing events influence livestock mortality at local 

scale.  

The assumptions and simplifications used in our GLMs likely contributed to 

model uncertainty as described here. The derivation of melt events is acquired using a 50 

km window around a long-term climate monitoring station located within a city center in 
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each aimag. Given that some aimags encompass over 60000 km2  (Rao et al. 2015), the 

detection of melt events may not be representative of landscape heterogeneity within an 

aimag. However, during the winter months, herders often relocate to smaller aimag 

provincial units (soums) or city centers to increase access to resources(Murphy 2014) so 

that the local station may more closely represent environmental conditions that a greater 

number of livestock experienced. In addition, reported livestock losses are based on an 

annual census acquired in December that does not record the reason for mortality losses; 

this can lead to model uncertainty because we assume that the years with significant 

livestock losses reflect anomalous climate conditions rather than other factors including 

predation, isolated disease outbreaks, or inexperienced herders(Rao et al. 2015). Despite 

these uncertainties, our results indicate a seasonal and spatial pattern in the contribution 

of anomalous melt events to annual livestock mortality. Whether fall and spring melt 

events impact livestock through subsequent icing events (Berger et al. 2018; Grenfell and 

Putkonen 2008) or the degradation of landscape productivity (Chen et al. 2015; Bokhorst 

et al. 2009) remains undetermined. However, as temperatures and convective 

precipitation is predicted to increase into the future across Mongolia, seasonal melt 

events will also likely increase, placing greater demands on informed regional planning 

and governance to mitigate increased dzud and livestock mortality risk across Mongolia. 

 

5.6 Methods 

5.6.1 Satellite Datasets 

Mongolia is at the southern boundary of consistent daily image retrievals from 

polar orbiting PM satellite sensors, which resulted in frequent gaps in daily Tb retrievals 

in the early portion of the satellite record used for this study due to diverging sensor 

orbital swath. The daily Tb coverage was improved after 2002 with the introduction of the 

AMSR and Special Sensor Microwave Imager/Sounder (SSMI/S) sensors. For this 

reason, we defined our study period from WY 2003-2016. The AMSR-E sensor was 

launched on-board the NASA Aqua satellite and operated until 2011 (Kawanishi et al. 

2003). The AMSR-2 follow-on mission was successfully launched in 2012 on-board the 

JAXA GCOM-W satellite and continues normal operations (Imaoka et al. 2010; Du et al. 

2014). We used similar Tb retrievals from SSMI/S on-board the Defense Meteorological 
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Satellite Program (DMSP) F18 satellite platform to fill an approximate nine-month data 

gap in 2012 between the effective end of AMSR-E and beginning of the AMSR2 Tb 

record. Daily AMSR-E (18.7 and 36.5 GHz) ascending retrievals (1:30 pm) and SSMI/S 

(19 and 37 GHz) evening retrievals (6:30 pm) were acquired from the NASA 

MEaSUREs calibrated enhanced-resolution PM daily EASE-GRID 2.0 ESDR V1 Tb 

record mapped to a consistent 25 km x 25 km global EASE-grid projection format 

(Brodzik et al. 2012).  Daily AMSR2 (18.7 and 36.5 GHz) ascending retrievals (1:30 pm) 

were acquired through the JAXA G-portal as Level 3 (L3) Tb retrievals mapped to a 

similar 25 km x 25 km resolution global grid (www.gportal.jaxa.jp/gpr).  

 

5.6.2 Ancillary Datasets 

We used the Moderate Resolution Imaging Spectrometer (MODIS) derived Terra 

Daily MOD10A1 V6 daily 500 m Snow Cover product (Hall et al. 2010) to derive annual 

SCD. Pixels were first screened using the Quality Assurance (QA) band such that any 

pixel classified as ‘Poor’ was excluded. Daily MOD10A1 observations then were 

extracted from 19 WMO station locations across Mongolia (S5.2) using Google Earth 

Engine (GEE) for WY 2003-2016. The MOD10A1 snow cover timeseries were used to 

estimate annual SCD for each aimag using the following equation (Dietz et al. 2014) (Eq 

1.): 

𝑆𝐶𝐷 = ∑ (𝑆𝑖)
𝑛
𝑖=0             (Eq 1.) 

where n is the number of days in a given water year, and Si is the extracted information 

from the binary snow cover information (0 no snow, 1 snow). 

We extracted Landsat derived summer normalized difference vegetation index 

(NDVI) values for each aimag as a proxy for rangeland productivity (Hilker, Natsagdorj, 

and Waring 2014). We used mean NDVI values for August aggregated by aimag 

boundaries to represent summertime drought, such that, low NDVI values equate to 

limited water and as a result reduced above ground biomass (AGB) (Berner et al. 2018). 

Pasture productivity peaks in August in Mongolia and is followed by hay and fodder 

storage in September (Nandintsetseg, Shinoda, and Erdenetsetseg 2017; Johnson et al. 

2006). The use of the NDVI is preferred over other (meteorological) drought proxies as it 

directly reflects anomalies in vegetation health associated with drought. Furthermore, 

http://www.gportal.jaxa.jp/gpr
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meteorological drought proxies do not always match with negative anomalies in 

vegetation health (Bachmair et al. 2018). Here, we used the NDVI of the preceding 

summer to represent the rangeland productivity of a given water year (e.g., the NDVI of 

August 2002 is used for WY 2003). With respect to dzuds, limited AGB in the late 

summer limits the amount of available hay and fodder available for winter storage 

(Nandintsetseg, Shinoda, and Erdenetsetseg 2017). A detailed explanation of our 

derivation of NDVI can be found in Robinson et al. (2017) (Robinson et al. 2017). 

Annual livestock data were acquired from the Mongolia Statistical Service 

(www.1212.mn) and include the total number annual livestock losses and total livestock 

population. We represented annual livestock losses in the statistical analysis as a 

Mortality Index (MI), calculated by creating a normalized ratio between livestock losses 

and the previous year’s total livestock population for each aimag (Hansen et al. 2014).  

 

5.6.3 Climate Observations 

Meteorological observations from 49 climate stations distributed across Mongolia 

were acquired from World Meteorological Organization (WMO) global weather station 

daily records archived at the National Climate Data Center (NCDC) 

(www.ncdc.noaa.gov). Station measurements included daily average, minimum, and 

maximum surface air temperature, total precipitation, snow depth, and precipitation type 

observations. Daily average temperature observations were used to create homogenized 

mean annual winter time temperatures for 19 of Mongolia’s 21 aimags. We excluded the 

Govisumber and Darkhan Uul aimags from this study because they did not possess any 

WMO stations.  

We selected one representative WMO station from each aimag (S5.2) and created 

a 50 km remote sensing sampling window around the station location. These windows 

were then used to extract and calculate daily mean Tb values from the PM satellite record 

and averaged August NDVI values. Station locations were determined by selecting 

stations with a consistent temporal record matching the study period and located near 

populated centers. Proximity to populated centers is important because herders often 

move their herds to these areas during the winter months to improve access to necessary 

http://www.1212.mn/
http://www.ncdc.noaa.gov/
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resources. Station site locations were also used to extract the MOD10A1 snow cover time 

series for each aimag. 

In addition to the WMO stations, we also used a more comprehensive set of in 

situ meteorological measurements from a research station located approximately 100 km 

northwest of the Mongolian capital of Ulaanbaatar in the Sugnugur Valley. The station is 

located at the valley entrance at the transition zone between grasslands and boreal forest 

on a southern exposed slope at 1,193m elevation (a.s.l., 48°26’55” N, 107°11’41” E). The 

Sugnugur station has continuously collected measurements since spring 2012, including 

surface and air temperatures, precipitation, soil temperature, global and net radiation, 

wind velocity, and surface albedo (Minderlein and Menzel 2014). We performed the 

same remote sensing sampling window selection at the Sugnugur Valley site to compare 

the satellite retrievals and collected in situ measurements. 

5.6.4 Detection of melt events 

Our approach to detect melt events builds upon a ROS algorithm developed from 

gradient ratio polarization (GRP)(Dolant et al. 2016) and used in several other 

studies(Dolant et al. 2016; Langlois et al. 2017; Pan et al. 2018). The PM ROS algorithm 

is driven by the differential response in microwave emissions at 19 (V, H) GHz and 37 

(V, H) GHz frequencies to changes in snow cover density and LWC  within the 

snowpack surface. We first apply a spectral gradient ratio (GR)(Grenfell and Putkonen 

2008), which identifies distinct differences in the dielectric response at 19 and 37 GHz to 

enhanced LWC in the surface snowpack; here, the LWC increase can result from either 

snowmelt or rainfall. The GR is derived separately for both V and H polarized (pol) Tb 

retrievals (Eq. 2). 

𝐺𝑅(𝑝𝑜𝑙(37,19)) =  
[𝑇𝑏(𝑝𝑜𝑙,37)−𝑇𝑏(𝑝𝑜𝑙,19)]

[𝑇𝑏(𝑝𝑜𝑙,37)+𝑇𝑏(𝑝𝑜𝑙,19]
     (2) 

During periods of enhanced snowpack LWC, the GR from H pol Tb frequencies 

(GR-h) returned negative values and the V pol GR returned positive values (GR-

v)(Dolant et al. 2016). The inverse relationship between the polarizations contributed to 

the development of a GRP (Eq. 3). 

𝐺𝑅𝑃 =  
𝐺𝑅−v

𝐺𝑅−ℎ
     (3) 
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Previous research has applied the GRP to a variety of satellite PM sensors 

including SMMR, SSM/I, and AMSR to detect ROS events in Quebec, the Canadian 

Arctic Archipelago (CAA) , and Alaska (Dolant et al. 2016; Langlois et al. 2017; Pan et 

al. 2018). These studies applied a global GRP threshold, ranging from less than 1 to -10 

to classify ROS and melt events.  

Our preliminary research found that the GRP had discrete characteristics sensitive 

to both atmospheric and surface conditions. In regions of persistent snow cover, the GRP 

ranges from around zero during periods of no snow to 1 during periods of snow cover. 

Yet, we observe deviations from both zero and one at higher snowpack LWC levels 

associated with ROS or freeze-thaw events that can result in a range of GRP values from 

just under 1 to -10, depending on the magnitude of the such events (S5.3). In our melt 

detection algorithm, rather than applying a global threshold, we set a GRP condition such 

that the GRP must be greater than 1 the day before the GRP is observed to be less than 1. 

GRP values greater than 1 were assumed to coincide with snow-cover (S5.3). A detailed 

schematic for detecting melt events can be found in S5.4.   

 

5.6.5 Statistical Analysis 

The Kendall’s tau statistic was used to quantify the sign and strength of annual 

and seasonal trends in melt and SCD at each station location. We also extracted the slope 

coefficient from the linear regressions to determine the rates of change in melt events and 

SCD. 

Pearson’s correlation coefficient (Pearson’s r) was used to determine the sign and 

strength of the relationship between the derived dzud proxies (melt events, SCD, summer 

NDVI, and winter temperatures) and MI. Results from the correlation and trend analyses 

were ranked based on their significance, ranging from relatively strong (p ≤ 0.05), to 

moderate (0.05 ≤ p < 0.1) and weak (p ≥ 0.1) relationship categories(Kim et al. 2015). 

We employed a stepwise general linear model (GLM) regression approach and 

Analysis of Covariance (ANCOVA) to determine the influence of each dzud proxy on 

annual livestock mortality represented by the proportion of explained variance (SS). We 

first tested the correlations between each dzud proxy to reduce potential collinearity 

within the GLM. We found high collinearity between each seasonal melt event proxy as 
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well as between seasonal melt events and SCD (r > 0.6). For this reason, we created three 

separate GLM models, one for each respective melt season, and excluded SCD from all 

GLM models. We then ranked the models using a two-way stepwise approach using the 

Akaike information Criterion (AIC), such that the ranked model that produced the lowest 

AIC was selected (Tao et al. 2015; Rao et al. 2015). Lastly, ANCOVAs were performed 

on each seasonal model with lowest AIC to calculate the proportion of explained 

variance. The final models can be found in the supplementary section (S5.5). 
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Figures 

 

Figure 5.1  Reference map of Mongolia including the in situ climate station at Sugnugur 

Valley and other surface weather (WMO) stations. WWF ecoregions and the boundaries 

of provincial units (i.e. aimags) are also shown. 
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Figure 5.2 The mean and coefficient of variation (Cv) in the number of anomalous melt 

events for each aimag and season during WY 2003-2016 in Mongolia; the images 

represent aggregated monthly results for fall (ON), winter (DJF) and spring (MA). 
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Figure 5.3 The Kendall’s tau and slope coefficient for melt events across Mongolia for 

WY 2003-2016. The black dots indicate weak correlations (p > 0.1), black triangles 

indicate moderate correlations (0.05 ≤ p < 0.1) and the black ‘x’ symbols indicate strong 

correlations (p < 0.05).  
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Figure 5.4 Correlations between dzud climate proxies and MI for WY 2003-2016. The 

black dots indicate weak correlations (p > 0.1), black triangles indicate moderate 

correlations (0.05 ≤ p < 0.1) and the black ‘x’ symbols indicate strong correlations (p < 

0.05).  
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Figure 5.5 GLM results for the fall, winter, and spring. For each model, the proportion of 

total variance in annual MI explained by each environmental factor is represented. Black 

dots indicate weak correlations (p > 0.1), black triangles indicate moderate correlations 

(0.05 ≤ p < 0.1) and the black ‘x’ symbols indicate strong correlations (p < 0.05). 
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Figure 5.6 Standardized anomalies for fall melt events (a), spring melt events (b), winter 

temperature (c), summer NDVI (d), SCD (e), and livestock losses (f) during the dzud of 

2010. Note winter melt events were not included due to the limited number of significant 

correlations with livestock losses. 
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Supplemental 

 

Supplementary 5.1 (S5.1). The Kendall’s tau and slope coefficient for MODIS derived 

SCD across Mongolia for WY 2003-2016. The black dots indicate weak correlations (p > 

0.1), black triangles indicate moderate correlations (0.05 ≤ p < 0.1) and the black ‘x’ 

symbols indicate strong correlations (p < 0.05). 
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Supplementary 5.2 (S5.2). The selected WMO stations used to extract Tb retrievals and 

validate melt events and SCD. 

Aimag Station 
Lat 

[dd] 

Long 

[dd] 

Elev 

[m] 

Start 

[YYYYMMDD] 

End 

[YYYYMMDD] 

Arkhangai TSETSERLEG 47.5 101.5 1691 19560803 20171230 

Bayankhongor GALUUT 46.7 100.1 2126 19570725 20171230 

Bayan-Ulgi ULGI 48.9 89.9 1715 19590101 20171230 

Bulgan BULGAN 48.8 103.6 1208 19560805 20171230 

Dornod KHALKH-GOL 47.6 118.6 688 19831011 20171230 

Dornogovi UNKNOWN MNG 43.2 109.2 213 19730102 20171230 

Dundgovi CHOIR 46.5 108.2 1286 19560802 20171230 

Govi-Altai ALTAI 46.4 96.3 2181 19560802 20171230 

Khentii BAYAN-OVOO 47.8 112.1 926 19690101 20171230 

Khovd HOVD 48.0 91.6 1405 19561016 20171230 

Khovsgol TARIALAN 49.6 102.0 1235 19830112 20171230 

Omnogovi TSOGT-OVOO 44.4 105.3 1298 19690101 20171230 

Ovorkhangai 

BAT OLDZIY 

BUND 47.0 103.8 1358 19730103 20171230 

Selenge BARUUNHARAA 48.9 106.1 807 19560802 20171230 

Sukhbaatar ERDENETSAGAAN 45.9 115.4 1076 19730101 20171230 

Tov MAANTI 47.3 107.5 1430 19560821 20171230 

Ulaanbaatar 

CHINGGIS KHAAN 

INT 47.8 106.8 1330.1 19560802 20171230 

Uvs ULAANGOM 49.8 92.1 939 19570701 20171230 

Zavkhan URGAMAL 48.5 94.3 1263 19750109 20171230 
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Supplementary 5.3 (S5.3). GRP timeseries plotted with in situ atmospheric and climatic 

parameters during selected WY 2014 from the Sugnugur valley (Khentii) site. The gray 

circles indicate melt event that were classed as commissions and the gray triangles 

indicate melt events that were classed as omission. 
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Supplementary 5.4 (S5.4). Workflow chart to illustrate the steps required to detect melt 

events from PM retrievals. Each frequency (37, 19) and polarization (v, h) are averaged 

and processed separately before calculating the gradient ratio. 
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Supplementary 5.5 (a-c) (S5.5). GLM model outputs for the fall (a), winter (b), and 

spring (c) models. Each table includes the p-value and the proportion of variance each 

predictor explains (SS). 

(a) 

Aimag 
Winter Temperature Fall Melt Summer NDVI 

p SS% p SS% p SS% 

Arkhangai 0.11 22.43 0.49 3.73 0.72 0.96 

Bayan-Ulgi 0.06 21.11 0.57 1.65 0.03 29.92 

Bayankhongor 0.26 10.80 0.87 0.22 0.20 14.08 

Bulgan 0.18 9.04 0.29 5.43 0.01 42.97 

Dornod 0.03 32.50 0.14 13.02 0.45 3.17 

Dornogovi 0.53 2.23 0.27 7.29 0.03 36.90 

Dundgovi 0.03 36.67 0.27 7.67 0.97 0.01 

Govi-Altai 0.29 8.30 0.31 7.66 0.13 17.96 

Khentii 0.21 11.22 0.14 16.21 0.26 8.99 

Khovd 0.04 33.62 0.44 3.86 0.44 3.76 

Khovsgol 0.11 23.90 0.99 0.00 0.95 0.03 

Omnogovi 0.09 22.63 0.63 1.61 0.23 10.70 

Ovorkhangai 0.08 25.86 0.43 4.56 0.61 1.92 

Selenge 0.26 5.82 0.03 27.22 0.03 26.39 

Sukhbaatar 0.77 0.59 0.29 8.20 0.07 26.22 

Tov 0.05 25.11 0.12 14.66 0.21 9.09 

Ulaanbaatar 0.11 22.53 0.60 2.24 0.85 0.27 

Uvs 0.07 21.04 0.09 17.88 0.19 10.11 

Zavkhan 0.19 11.82 0.82 0.33 0.05 28.88 

 

 

 

 

 

 

 

 

 

 

 

 



156 

 

(b) 

Aimag 

Winter 

Temperature 
Winter Melt Summer NDVI 

p 
SS

% 
p 

SS

% 
p 

SS

% 

Arkhangai 0.1 22.4 0.41 5.3 0.55 2.7 

Bayan-Ulgi 0.06 21.1 0.2 9.0 0.05 23.1 

Bayankhongor 0.27 10.8 0.81 0.5 0.29 10.0 

Bulgan 0.17 9.0 0.22 6.9 0.01 43.6 

Dornod 0.04 32.5 0.36 5.7 0.65 1.4 

Dornogovi 0.58 2.2 0.67 1.3 0.06 29.8 

Dundgovi 0.03 36.7 0.31 6.5 0.6 1.6 

Govi-Altai 0.27 8.3 0.59 1.9 0.05 29.6 

Khentii 0.21 11.2 0.11 19.2 0.33 6.5 

Khovd 0.04 33.6 0.77 0.6 0.5 3.0 

Khovsgol 0.09 23.9 0.35 6.6 0.88 0.2 

Omnogovi 0.1 22.6 0.31 7.9 0.67 1.3 

Ovorkhangai 0.09 25.9 0.6 2.1 0.73 0.9 

Selenge 0.29 5.8 0.57 1.6 0.01 45.8 

Sukhbaatar 0.77 0.6 0.08 23.3 0.18 12.9 

Tov 0.05 25.1 0.25 7.1 0.07 19.4 

Ulaanbaatar 0.12 22.5 0.75 0.8 0.75 0.8 

Uvs 0.07 21.0 0.22 8.7 0.08 19.5 

Zavkhan 0.14 11.8 0.19 9.3 0.03 32.0 
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(c) 

Aimag 

Winter Temperature Spring Melt Summer NDVI 

p 
SS

% 
p 

SS

% 
p 

SS

% 

Arkhangai 0.08 22.4 0.14 15.9 0.65 1.4 

Bayan-Ulgi 0.04 21.1 0.28 5.2 0.02 33.8 

Bayankhongor 0.22 10.8 0.42 4.5 0.1 21.3 

Bulgan 0.17 9.0 0.04 22.3 0.03 28.0 

Dornod 0.04 32.5 0.22 9.9 0.7 0.9 

Dornogovi 0.59 2.2 0.57 2.6 0.12 21.3 

Dundgovi 0.01 36.7 0.13 10.0 0.05 17.1 

Govi-Altai 0.21 8.3 0.08 17.1 0.03 29.0 

Khentii 0.16 11.2 0.07 19.8 0.06 21.3 

Khovd 0.02 33.6 0.22 8.4 0.19 9.8 

Khovsgol 0.1 23.9 0.42 5.1 0.96 0.0 

Omnogovi 0.11 22.6 0.66 1.5 0.6 2.2 

Ovorkhangai 0.03 25.9 0.04 24.3 0.22 7.2 

Selenge 0.29 5.8 0.8 0.3 0.01 47.4 

Sukhbaatar 0.76 0.6 0.24 9.1 0.04 31.6 

Tov 0.05 25.1 0.64 1.2 0.06 23.0 

Ulaanbaatar 0.12 22.5 0.88 0.2 0.79 0.6 

Uvs 0.09 21.0 0.8 0.4 0.09 20.3 

Zavkhan 0.13 11.8 0.93 0.0 0.01 43.5 

 

Supplementary 5.6 (S5.6) Validation of GRP derived melt events 

GRP timeseries extracted over the Sugnuguur Valley climate station correlated well with 

the in situ surface albedo (r = 0.73, p < 0.001) and air temperature (r = -0.60, p < 0.001) 

measurements. These two parameters were therefore used to evaluate the GRP 

effectiveness in detecting melt events. In the Sugnuguur Valley, the GRP detected 17 

melt events from WY 2013-2016. Under the assumption that snow albedo decreased with 

enhanced LWC we found that 11 of the GRP detected melt events corresponded with a 

decrease in albedo from the previous day whilst the albedo was at least greater than 0.5 

(Meinander et al. 2013) and resulted in an agreement of 65%. Further, since during the 

winter months and a persistent snow cover, we observed 235 days that met our surface 

albedo however no GRP melt event was detected. However, during there were no days 



158 

 

during the fall and spring that met our albedo conditions that did not coincide with a GPR 

melt event.  

In contrast, the GRP melt events occurred across a broad range of air temperatures at the 

Sugnuguur Valley site. For example, temperatures coincident with GRP melt events 

ranged up to 9 °C and as low as -20 °C, with strong diurnal variation. Overall, the melt 

events occurred when mean temperatures were approximately -5.8 ± 4.5 °C. These results 

are consistent with other studies documenting large air temperature variability during 

snowmelt events, including temperatures extending well below freezing (Dolant et al. 

2016; Kim et al. 2018; Wilson et al. 2013). However, the apparent temperature 

discrepancy may also reflect spatial scale differences between the in situ station 

measurement and coarser satellite footprint. For this reason, we next evaluated the GRP 

algorithm and associated melt events using other WMO station air temperature records 

within each aimag. We stratified GRP detected melt events by daily maximum 

temperature [°C] including; T > 0, 0 ≥ T > -4, -4 ≥ T > -8, and T ≤ -8 (S5.7). The results 

showed that during the fall and spring, 82.5% of all GRP melt events occurred during 

days with a maximum surface air temperature greater than 0°C. However, during 

December and January 76.1% of the GRP melt events occurred on days when the 

maximum temperature was below -8 °C; these results suggest that changes in snowpack 

properties, including grain size, depth, and density, are being influenced through 

mechanisms other than surface air temperature such as snow redistribution, sublimation, 

and enhanced solar radiation (Freudiger et al 2017, Zhang et al 2008, Komatsu et al. 

2011) 
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Supplementary 5.7 (S5.7). The percent occurrence of melt event for each month stratified 

by the daily maximum temperature for when the melt event occurred. 
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Chapter 6: Conclusions future research directions 

 

6.1 Glacier recession in Mongolia 

A glacier inventory was created for the Altai Mountains in western Mongolia 

derived from optical satellite sensors including multiple Landsat missions and Sentinel 2-

A for 1990, 2000, 2010, and 2016; providing one of the most comprehensive temporal 

glacier records in the HMA. In 2016 there were 627 debris-free glaciers covering an area 

of 334.0 ± 42.3 km2.  The trend analysis revealed that from 1990-2016, glaciers receded 

at a rate of 6.4 ± 0.4 km2 yr-1 and resulted in an overall decrease in area of 43%. Glacier 

recession in Mongolia’s Altai Mountains compares well with other mountain ranges in 

the region. For example, glacier recession in the Kodar Mountains of Siberia observed a 

decrease in glacier area of 40% from 1995 to 2011 (Stokes et al 2013). From 2000 to 

2016 the glaciers in Mongolia receded by 29% , similar to a reduction of 24% from 2000 

to 2014 in the Kamchatka Peninsula (Lynch et al 2016) and a reduction of 27% from 

2001/02 to 2006/11 in the east Sayan of southeast Siberia (Osipov and Osipova 2014). 

Relative to glacier recession in regions governed by maritime climate influences (e.g. 

Paul and Mölg 2014, Bolch et al 2010, Gardent et al 2014), the rates of glacier recession 

are higher in mountain environments of continental climates. However, no extensive 

comparison exists within the literature that explicitly compares rates of recession across 

globally discrete climatic zones.  

Regardless, optically stimulated luminescence (OSL) dating (Blomdin et al 2016) 

and ice cores acquired from Tsambagarav in western Mongolia (Herren et al 2013) have 

identified competing climatic influences on glacier mass balance in Mongolia’s 

continental climate. It has been largely believed that Mongolia’s modern glaciers are 

remnants of the late Pleistocene (Lehmkuhl et al 2016). However, recent work suggests  

Mongolia’s glaciers are a result of a neoglaciation that occurred during the mid-Holocene 

(6k BP), facilitated by a transition from a dry-westerly influence to a cool-wet climatic 

influence from the Asian monsoons (Herren et al. 2013).  The transition between hot-dry 

to cool-wet during the time of the mid-Holocene is also in agreement with lake sediment 

cores collected at Hoton Nuur (Rudaya et al 2009). However, this period of enhanced 

regional moisture began to weaken later in the Holocene (5k BP) and equated to the end 

of the regional neoglaciation – further emphasizing the importance of precipitation to 
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glacier mass balance within the continental regions. In addition, we can anticipate the 

recession of Mongolia’s glaciers to continue recession in the future, unless the Asian 

monsoon replaces the westerlies as the regional mechanism of moisture delivery to the 

region. 

As the glaciers of Mongolia continue to recede, future glaciological research in 

the region should be directed at contributing to a better understanding of the spatial and 

temporal variability of glacier recession, and the forces that govern it. In chapter 2, I 

presented a new satellite-derived glacier inventory of Mongolia and described potential 

drivers of recession.  However, temporal integrity is the most critical component of 

glacier monitoring, while the anticipated launch of Landsat 9 in 2020 (Wulder et al 2012) 

and continuity of the European Space Agency’s (ESA) Sentinel series (Berger et al 2012) 

offer better capabilities for regional monitoring and longer-term trend analysis to 

distinguish both annual and decadal variations in glacier recession. These new data 

sources will allow for a more robust modelling of glacier mass balance as these ‘water 

towers’ (Viviroli et al 2007) recede in the already water restricted country (Batima 2005). 

6.2 Water availability and land use in western Mongolia 

Colloquially, alpine glaciers are often referred to as  regional ‘water towers’ 

because during the summer months, glacier melt from the high mountains is often the 

major contributing source of freshwater, particularly in [semi] arid landscapes (Viviroli et 

al 2007). Accordingly we found that glaciers are an important contribution to the regional 

hydrology of the Upper Khovd River Basin in western Mongolia despite their relatively 

small area.  Temporally, our analysis showed that during 2000 and 2010, glacier melt 

contributions were consistent but decreased in 2016. These results indicated that from 

2010 to 2016 glacier accumulation zones have reduced in area and nearly disappeared, 

resulting in a decreasing trend in glacier melt contributions (Bury et al 2013). 

The disappearance of Mongolia’s glaciers in the mid-Holocene (Herren et al. 

2013) was of little importance with respect to water resources and availability, since 

water-dependent livelihoods did not exist. Today, the decrease in annual glacier melt 

contributions in western Mongolia is significant because Mongolia’s dominant economic 

drivers are water-intensive industries. In addition to the observed glacier recession, other 

sources of surface water have been observed to decrease as well. Recent work identified 
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that from the 1970s to the 2000s, lakes across Mongolia have decreased by about 18% a-1 

(Tao et al 2015) and several lakes have disappeared in the western region (Szumińska 

2016). Similar to the glacier recession, climate change in Mongolia is an important driver 

for decreasing lake area, such that the observed decrease in precipitation coupled with 

increasing temperatures enhances atmospheric evaporation potential (Tao et al 2015, 

Szumińska 2016, Zhang et al 2017). However, the dominant causative factor for 

decreasing lake levels across Mongolia are unsustainable land use practices including 

mining, livestock, and agriculture (Tao et al. 2015).  

As Mongolia’s climate becomes more arid and the glaciers and lakes of western 

Mongolia decrease in area – action should be taken to accommodate economic 

development as water availability decreases into the future. Some initiatives have already 

begun, namely the joint Mongolian-German projects: Integrated Water Resources 

Management in Central Asia, and Model Region Mongolia (MoMo). MoMo’s goal is to 

develop sustainable management strategies in the Kharaa river basin in north central 

Mongolia (Priess et al 2011). However, in the more remote and data scarce regions of 

western Mongolia, very few such initiatives exist. In lieu of water management 

initiatives, attempts are being made to improve data richness in western Mongolia to 

contribute to our knowledge of relationships between glaciers, lakes, climate, and land 

use. Efforts have included the installation of high-elevation climate stations in the Altai 

Mountains, bathymetric mapping, and glacier ablation measurements (Walther et al 

2017). These observations will provide the foundation for future research that will focus 

on quantifying water availability in western Mongolia under different climate scenarios 

and hopefully contribute to a transition towards more sustainable economic development. 

6.3 Remote sensing of rain-on-snow and melt events and their role on livestock 

mortality 

Several methods have been developed to detect rain-on-snow (ROS) and melt 

events from passive microwave (PM) satellite remote sensing, often drawing from either 

37 GHz or both 37 and 19 GHz frequencies. The diurnal amplitude variation (DAV) is 

one technique that effectively teases out diurnal fluctuations of surface snowpack liquid 

water content (LWC) and is often a thresholding technique utilizing differences in the 

daytime and nighttime dielectric properties at 37 GHz frequency (Tedesco et al 2009, 
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Ramage and Isacks 2002). However, the DAV is limited in that it only utilizes one sensor 

frequency, whilst other methods can extrapolate more information by including multiple 

frequencies and polarizations to examine snow surface properties. The difference 

between brightness temperatures (Tb) at 19v and 37v have been used to assess global 

changes in surface snowpack properties including melt events and main melt onset dates 

(MMOD) (Wang et al 2008, 2016, Takala et al 2011). The Tb differencing approach 

exploits the varying sensitivities and interactions of both 19 and 37 GHz frequencies in 

relation to the snow pack LWC. Specifically, as LWC increases, the Tb will increase in 

both 19 and 37 GHz channels but to a greater magnitude at 37 GHz. Hence, if the 

difference between 19v and 37v GHz exceeds a threshold, a ROS or melt event can be 

classified. The Tb differencing approach is limited by high seasonal variability, including 

large variability during relatively stable (dry snow) conditions which can decrease 

retrieval accuracies. 

In chapters 4 and 5, I employed the recently developed Gradient Ratio 

Polarization (GRP) algorithm to detect ROS and melt events across both Alaska and 

Mongolia. An Alaska regional domain was selected for ROS algorithm development and 

validation because of the high density of polar orbiting satellite data and a sufficient 

density of in situ weather observations form the region, used for ROS algorithm 

development and validation. In contrast, Mongolia has an extremely sparse and 

inconsistent weather station network. The GRP improves upon the DAV and Tb 

differencing approaches in that it utilizes both 19 and 37 GHz frequencies, and vertical 

and horizontal polarizations. The GRP algorithm was first used at single pixel locations 

across Canada and the Canadian Arctic Archipelago (CAA) using a thresholding 

technique to detect ROS events (Langlois et al 2017, Dolant et al 2016). In chapter 4, I 

applied the GRP algorithm across the state of Alaska to create the first gridded ROS 

product using the GRP (Pan et al 2018), drawing from similar combined satellite 

observational records from the Advanced Microwave Scanning Radiometers (AMSR-

E/2) for water years (WY) 2003-2016. In chapter 5, I elaborated on the use of the AMSR-

E/2 derived GRP to detect snow melt events at single pixel locations across Mongolia 

using a dynamic time-series approach.   
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In chapter 5, I tested seasonal snowmelt events with livestock mortality to 

determine if snowmelt events exert any control on annual livestock mortality. My results 

showed that fall melt events were significantly correlated to livestock mortality in the 

southern Gobi Desert, but spring melt events were significantly correlated to livestock 

mortality in the central and western regions of Mongolia. These results document the 

importance of understanding the spatio-temporal variability in seasonal snowmelt events 

in Mongolia because they are important contributors to annual livestock mortality. 

Further, the application of the GRP coupled with a time-series detection technique was 

effective in detecting anomalous snow melt events. 

Future work can improve upon our understanding of snow melt events and 

livestock mortality in Mongolia with two distinct contributions. First, extending the 

satellite passive microwave based ROS record to earlier years by incorporating Tb 

retrievals from the Special Sensor Microwave Imager/Sounder (SSMI/S) on-board the 

Defense Meteorological Satellite Program (DMSP). The extended Tb record will allow 

for a longer snowmelt record that extends from 1988 to the present and facilitates more 

robust statistical analysis. Furthermore, the addition of qualitative interviews and surveys 

would also contribute to this work. Because snowmelt events are only validated using 

climate variables (i.e. temperature), in situ observations will provide the most concrete 

form of validation. Interviews and surveys will also provide a rich source of information 

as to how herders in Mongolia react to and are affected by snowmelt events, providing an 

opportunity to create well-planned hazard-mitigation strategies. 
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