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Abstract

Thermokarst lakes are one of the most common features on the moist depressions and valleys in
Mongolian permafrost region. Ithough the spatitemporal changes of thermokarst lake
dynamic have not been investigated in the region soffaermdarstlakes are defined as lakes
that occupy generally closed depressions formed by the settlement of ground following of ice
rich permafrost or melting of massive iédter a thermokarst lake has formed, the lake size may
change de to continued permafsb thaw, variations in air temperature, potential
evapotranspiration and precipitatidrhe factors controllingheir dynamics in decadal scale have
been controversial arglill the main research topics of permafrost regidie aims of this study
are (1)to provide quantitative information on tepatiotemporathanges of thermokarst lakes in
Mongolig, (2) to categorize the extracted lake areas into four distinct size cated@jids,
calculate volume changes of thermokarst lakes] @) to address theffects of the longerm
trends of hydreclimatic regimes and permafrost degradation on the changes of lakes.

This study used the high spatial resolution Cor&ihi4, KH-4A and KH4B (1962
1968), Landsat ETM+ (1992001), and ALOS/AVNIR2 (20062007) satdite images to
investigatechanges of thermokarst lake dynamics at selierentstudy sites in the continuous
and isolated permafrost zonesMongolia Lakes larger than 0.1 ha (1006)mvere analyzed
using remote sensing and geographical informagigstem toolsOn the other hand, this study
used the NCEP/NCAR data for air temperature, and APHRODITE data for precipitation.

Between 1962 and 200the total number and area of lakes increased by +21% (347 to 420)

and +7% (368Mha to 3936 ha) in theontinuous permafrost zone, respectively. These changes



correspondo the appearance of 85 new lakes (166 ha) during the last 45 years. In dakiast,

in the isolated permafrost zonembaveaddci &2 %e
ha to 371ha) in area from 1962 to 2007. The changes in Elea and number are likely
attributed to shifts in climate regimes and local permafcosiditions.In order, the dramatic
increase in number of smatllakes with sizes between @dl.lha and 110 ha compeedto larger

lakes (10100 ha and 10@000 ha) in the continuous permafrost zone is likely as a result of
permafrost degradation due to increasing temperature and evaporations. However, small lakes
(0.1- 1 ha) had a significant reduction in number in f@ated permafrost zon@n the other

hand, he volume changes of thermokarst lakesiaceesasedn the continuous permafrost zone

which is likely attributed to the increasing area and number of lakes in the deprésdios.
isolated permafrost zona contrast, that the volume changes observed only negative values.

Since 1962, the mean annual air temperature and potential evapotransparation
increased significantly in the northern continuous permafrost zone compared to the southern
isolated peamnafrost zone. Due to ongoing atmospheric warming without any significant trend in
annual precipitationice-rich permafrosthasthawed, and the number and areah®rmokarst
lakes have accordingly developed in the continuous permafrost zone. Shrinkiregrobkarst
lakes in the isolated permafrost zone may be due to disappearing permafrost, deepening of the
active layer, and increased water loss through surface evaporation and subsurface drainage.

This study provides the first baseline information ofrithekarst lake changes across
Mongolia, filling the gap in suérctic lake inventories at regional scales such as the southern

fringe of Siberian permafrost region.



Acknowledgements

First of all, 1 would like to express my most sincere apj&ion to my supervisor,Associate
ProfessorDr. Mamoru Ishikawa, Faculty of Environmental Science, Hokkaido Univerity
his constant supervision and support in every possible way to competeesiss. Thanks for
your high level requirements in scientific wamgi and for supporting my participation in
regional and international conferences. | will always be indebted to him for training me to
embark on this scientific field.

| am greatly indebted tBr. Yamkhin JambaljavDepartment of Permafrost, Institute of
Geography and Geoecology, Mongolian Academy of Sciengas gave me many constructive
suggestions in field anaffice, and actively encouraged me througlke coursel wish to express
my enormous gratitud Professor Academician, and D.Sc. Dechingungaarjgotov, former
director of the Institute of Geography, Mongolian Academy of Sciencebkjdpartial financial
supportin this study

| would like to express my enormous gratitude to Professor Dr. Takanobu Sawagaki,
Faculty of Environmental Science, Kaido University, for his constructive suggestions,
instructions, and comments during my initial stages of this study. | wish to express my cordial
thanks to Associate Professor Dr. Tomonori Sato, Faculty of Environmental Science, Hokkaido
University, forhis comments and suggestions to improve this thiesisst express my gratitude
to Dr. Lamsal Damodaof Hokkaido University for his help in processingf high-resolution

images to orthorectify with the LRS



| would like to appreciate all the members tbe Course inGeoecology & Field
Informatics, Graduate School of Environmental Science, Hokk&versity, for their
assistance in various steps and also for their active participation in seminar and discussion.

| am deeply grateful to my parents, fmirelatives, friends and welishers for their
cooperation, patience, encouragement and concern for my research and study. They are the
source of inspiration to complete my PhD thesis.

| would like to dedicate this work to nigther D Adiya and motheBh. Altantsetsegfor
teaching me the value of education, whose love and character will forever positively impact my
life.

| am much thankful to mhusbandD. Otgonbaatgrour beautiful daughte®. Dulguun
sonO. Narankaatar and my young brothek. Erdenedalai.They allowed me to concentrate on
completing this dissertation and supported mentally during the course of this work. Without their
help and encouragement, this study would not have been completed.

Finally, I would like to express my sincere appiation to the Global Centre of

Excellence (GCOEprogram of Hokkaido University f@upportinghis study.



Contents

Abstract 0
Acknowledgements v
List of contents Vi
List of figures Vil
List of photographic IX
List of tables X
List of abbreviations Xl
Chapter I. Introduction 1

1.1.Scientific background 1
1.2.Permafrost anchermokarst lakesm Mongolia 4
1.3.Research objectivcs 7
1.4.0utline of the thesis 7
Chapter II. Physicalsettingsof Mongolia 9
2.1. Topographyand vegetaticn 9
2.2.Climateconditior: 10
2.3.Description of the study sites 11
Chapter Il . Climate and permafrost changes 19
3.1. Introductior: 19
3.2. Data and methods 21
3.3 Description of water balance moce: 22
3.4. Results and Bicussion 23

3.4.1. Data validation 23

Vi



3.4.2. Hydraclimatic changes

3.4.3. Spatial pattern othe mean annual air temperature and precipitaticn

3.3.4. Permafrost chargin Mongolia
3.4. Conclusios

Chapter IV. Thermokarst lake changes in the continuous and isolated

permafrost zones from 1962 to 20C7

4.1 Introductior:

4.2. Remote sensing datasats
4.2.1. Corona KH4, KH-4A, and KH4B satellite data
4.2.2. Landsat ETM+ satellite date
4.2.3. ALOS/AVNR-2 satellite data

4.3. Remote sensing methoc
4.3.1.0rthorectification and image aegistrations
4.3.2. Delineation and analyzing of thermokarst leke:s
4.3.3. Lakewater volume calculaticn

4.4. Results and Dissssiors
4.4.1. Thermokarst lake changes from 1962 to 29G7
4.4.2. Frequencyof the number and area of thermokarst lakes
4.4.3. Vdume changes of thermokarst lakes (12607

4.5. Conclusior:

Chapter V. General discussior:

Chapter VI. General conclusior:

Refaences

Vi

26
30
33
35

36

36
39
40
42
42
43
43
45
46
48
48
56
59
62

63

65

67



List of figures No

Figure 1.1. Permafrost distribution in the northern hemisphere (Bevat) 1997). 3
Map produced with data source (shape file) from Guido Grosse, University of Al
Fairbanks. The dashédhckrectanglerepresergthe location of thermokarst lake
change detection studies: a) Snattal, 2005; Biskaboret al, 2013; Karlssomet al,
2014; Manasypoet al, 2014, b) Morgensteret al, 2011, c) Walteet al, 2006, d)

Niu et al, 2011; ¢ Yoshikawa and Hinzman, 2003; Riordeinal., 2006; Hinkelkt al,
2007, 2012Jone<et al, 2011; and Andresen and Lougheed, 2014, and f)dlab
2008; Marstet al, 2009; Labrequet al, 2009; Sannel and Brown, 2010.

Figure 1.2. a) Permafrost ttikoution in Mongolia at the southern fringe of Siberian 5
permafrost region. b) Distribution of ice contents in the regions (high > 20%, me:
107 20%, and low @ 10%).

Figure 2.1. Topography of Mongolia 9

Figure 2.2. Location of study sites in @ifént permafrost zones: a) Darkhad 12
depression, Mungut river valley, Chuluut river valley, Khongdun, Nalaikh
depression, Galuut depression, and Erdene. b) These study sites were located i
different icecontent ground.

Figure 2.3. Topography map study sites in the continuous permafrost zone: a) 14
Darkhad depression, b) Mungut river valley, c¢) Chuluut river valley, and d) Khon
Ulun. Black polygons representing surface area of the identified thermokarst lak
these sites (as of 1962/1968).

Figure 2.4. Topography map of study sites in the isolated permafrost zone: a) Ni 16
depression, b) Galuut depression, and c) Erdene. Black polygons repsesiite
area of the identified thermokarst lakes at these sites (as of 1962/1968).

Figure 3.1. Diagram of the Thornthwaite water balance model (Mc€&hle 2007). 22

Figure 3.2. Scatterplots of the reanalysis data (NCEP/NCAR & APHRODITE), ai 24
observation data such as Renchinkhlunhaenrug, Terkh, and BayatJlgii from

1979 to 2007 in theontinuous permafrost zone: a) NCEP/NCAR and observation
data for MAAT (C°), and b) APHRODITE and station data for total annual P (mn

Figure 3.3. Scatterplots of the reanalysis data, and meteorological station data s 25
Ulaanbaatar, Galuut, anddene from 1979 to 2007 in the isolated permafrost zon
NCEP/NCAR and station data for MAAT (C°), and b) APHRODITE and station d
for total annual P (mm).

Figure 3.4. Hydreclimatic change trends {fgears moving average) at Darkhad, 27
Mungut rivervalley, Chuluut river valley, and KhongHun in the continuous
permafrost zone from 1962 to 2007: a) mean annual air temperature (MAAT), b)
annual precipitation (P), c) total annual potential evapotranspiration (PET), and
water balance PET).

VI



Figure 3.5. Hydreclimatic change trends {fears moving average) at Nalaikh 28
depression, Galuut depression, and Erdene in the isolated permafrost zone fromn

to 2007: a) mean annual air temperature (MAAT), b) total annual precipitation (F
totd annual potential evapotranspiration (PET), and d) water balareE T,

Figure 3.6. The differences in the mean annual air temperature (MAAT, °C) durii 31
last four decades in Mongolia based on the NCEP/NCAR data. Black points indi
the positio of all study sites.

Figure 3.7. The differences in the total annual precipitation (P, mm) during the la 32
four decades in Mongolia based on the APHRODITE data. Black points indicate
position of all study sites.

Figure 3.8. Permafrost changesstudy sites in Mongolia from 1973 to 2009. 34

Figure 4.1. Arctic and suBrctic map showing probable thermokarst lake regions 37
(map compiled by Grossa al,, 2013). Black rectangle represents location of stud
region.

Figure 4.2. Geometric disttion of Corona satellite image (Slama, 1980). 40

Figure 4.3. An example of the delineation for lake areas from Corona satellite i 45

Figure 4.4. @lculating the water volume of layer of water in lake. 47

Figure 4.5. Mapping of thermokarst lake obes in the Darkhad depression from 49
1962 to 2006 in the continuous permafrost zaeey large lakes such as Dood Nuu
Targan, and Tsoidon are excluded from the recent analysis.

Figure 4.6. Mapping of thermokarst lake changes in the Mungut rivey \fedia 51
1968 to 2006 in the continuous permafrost zone

Figure 4.7. Mapping of thermokarst lake changes in the Chuluut river valley fronr 51
1966 to 2007 in the continuous permafrost zone

Figure 4.8. Mapping of thermokarst lake changes in the Khedgor from 1968 to 52
2007 in the continuous permafrost zone

Figure 4.9. Mapping of thermokarst lake changes in the Nalaikh depression fron 54
to 2007 in the isolated permafrost zone

Figure 4.10. Mapping of thermokarst lake changes in the Galputskon from 1964 55
to 2007 in the isolated permafrost zone



Figure 4.11. Mapping of thermokarst lake changes in the Erdene from 1962 to 2 56
the isolated permafrost zane

Figure 4.12. Lake size classes in the continuoumsitaber; barea of lakes)ral
isolated (enumber; darea of lakes) permafrost zones for 12607 .

Figure 4.13An example for the formation of new thermokarst lake in the Darkhac 57
depression, the continuous permafrost zone from 196Z(aona satellite image) to
2006 (bi ALOS satellite image).

Figure 4.14An example of thermokarst lake that has been drained in the Galuut 58
depression, the isolated permafrost zone from 1964 to 2007. Blue polygon repre
the water surface area of lake.

Figure 4.15Topographic mapsf@a) Darkhad depression in the continuous 59
permafrost zone, and (b) Galuut depression in the isolated permafrost zone. Ma
produced by ASTER GDEM.

Figure 4.16Volume changes of thermokarst lakes: (a) Darkhad depression in the 60
continuous permatfrost me, and (b) Galuut depression in the isolated permafrost
zone.

List of photographic No

Photo 1.1. Exposure of igé&ch deposits at the Darkhad depression, in the nort 6
continuous permafrost zone, Mongolia. Photo was taken by researchers ofréstr
Department at the Institute of Geography and Geoecology, Mongolian Acade
Sciences.

Photo 2.1. Surface characteristics of each study site: (a) Darkhad depressi 17
Mungut river valley, (c) Chuluut river valley, (d) KhongOtun, (e) Nalaikh
depression, (f) Galuut depression, and (g) Erdene. All photos were taken duri
field work in 2009.



List of tables No

Table 2.1. General hydidimatology and environmental characteristics at all st 18
sites: Mean annual air temperature (MR°C), summer air temperature (0), mean
annual precipitation (MAP/mm), and summer precipitation (P/mm) between 196
2007 based on loAgrm reanalysis data. Permafrost and groundacgent datasets

all study sites are updated from Brownhal, (1997). Ground control points (GC|
were collected from field work in 2009.

Table 3.1.Linear trends in mean annual air temperature (MAAT), total an 29
precipitation (P), total annual potential evapotranspiration (PET), and water balar
PET). Their statistical parameters were computed c h as changes
and 2007, coefficients of determination of timer trend ¢2) and significance levepy.

31
Tade 4.1. The Corona KH4, KH-4A, and KH4B, Landsat ETM+, anc

ALOS/AVNIR-2 satellite images used in this study.

Table 42. Important parameters of highsolution satellite images used in this study 41

Table 4.3. Thermokarst lake changes by sites and by permafrost zones over tt 50
period.

Xl



List of Abbreviations

ALOS Advanced Land Observing Satellite

AVNIR -2 AdvancedVisible and Near Infrared Radiometer type 2

AS.L Above Sea Level

APHRODITE Asian Precipitation Highly Resolved Observational Data Integration
towards Evaluation

ASTER Advanced Spaceborne Thermal Emission and Reflection Radiometer

GDEM Global Digital Elevation Model

GrADS Grid Analysis Display System

GIS Geography Information System

GPS Global Positioning System

GCPs Ground Control Points

ETM+ Enhanced Thematic Mapper Plus

JAXA Japan Aerospace Exploration Agency

KH-4 Keyhole4

KH-4A Keyhole4A

KH-4B Keyhole4B

LPS Leica Photogrammetric Suite

MAAT Mean annual air temperature

MSS Multi-spectral Scanner

NASA National Aeronautics and Space Administration

N/A Not Available

NCEP National Center for Environméad Prediction

NCAR National Center for Atmospheric Research

PALSAR Phased Array type-band Synthetic Aperture Radar

P Precipitation

PET Potential Evapotranspiration

p significance level

RMSE Root Mean Square Error

T™ Thematic Mapper

Xl



coefficient of determination
World Geodetic System

Universal Transverse Mercator

Changes
Volume changes dhelake

Difference in depth between two successive depth contours
Lake level in different time periods as

Surfacearea of lake at depth

Xl



Chapter I. Introduction

1.1. Scientific background

Approximately 24% of the northern land surface is located in permafrost Z8woesn(et al,

1997. Permafrost, defined as the ground that remains at or @6vwor more than two years,

can be differentiated by its spatial extertbigontinuous (90L00%), discontinuous (500%),
sporadic (1050%), and isolated (@0%) zones (Figure 1.1) as well as by its thickness, the
amount of ground ice present, and its temperditae Everdingen, 1998Recent global clirate
warming is occurng in the northern hemisphea¢ a much faster rate than in other parts of the
world and therefore significantly affects permafrost regions, which has resulted in widespread
permafrost degradation and also its disappearance in some rdBiGas 2013.

A typical form of that permafrost degradation involves the formation and growth of
thermokarst lakes (Solowie1962). Thermokarst lakes are defined as lakes that occupy generally
closed depressions formed by the settlement of ground following afcltggermafrost or
melting of massive ice (van Everdingen, 1998jch lakes have mainly formeduring the
transition from late Pleistocene to Holocene and are a sign of local permafrost degradation
following climate warming Rampton, 1988; Walteet al, 2007. A thick overburden of
unconsolidated sediments, and high ground ice content (above 30% by volume), this often results
in the formation of thermokatst laké&s aeas with lowlandJoneset al, 2011; Grosset al,

2013). However, thermokarst lakes canoatscur in perennially frozen peat lands, poorly
consolidated and ieech bedrock, and in alpine permafrost, such as mountain valleys and

plateaus (Sannel and Brown, 2010).



Thermokarst lakes are one of the most dynamic and widespread features inqgstrmarfr
regions, covering up to 50% of the total land area ohdmhernhemisphere (Frohat al, 2005;
Hikel et al, 2007). Scientific interest in the interactions between thermokarst lakes, permafrost,
and climate has increased over the last decddes. importance to global climate changed
northern high latitude landscapnd permafrosstored carbon cycling has beédentified
(Zimov et al, 1997; Walteret al, 2007). Thereforequantifying changes in thermokarst lake
dynamicss of importance for mderstanding potential positive feedbacklimate warming

Historical observations of changes in thermokarst lake dynamics in permafrost regions
have shown different trends over the last five to six decades using remote sensing imagery
(Figure 1.1).Seeral studies from areas of discontinuous to isolated permafrost zones agree in
general reduction in area and number of thermokarst |akeshikawa and Hinzman, 2003;
Smith et al, 2005; Riordanet al, 2006; Andresen and Lougheed, 2Q14ttributed to
evamtranspiration and permafrost degradation, resulting in lateral and subsurface drainage
(Andersonet al, 2013. However,other studies in the continuous permafrasine are more
ambiguous with diverse resposge the effects of climatand permafrosncluding the area and
number of thermokarst lakescireases (Smitbkt al, 2005; Jonest al, 201% Luo et al, 2015,
both increases antkcreased (Plugt al, 2008; Labrecquet al,, 2009),small changes (Hinkedt
al., 2007) This ambiguity can be atbuted primarily to regional differences in clima(r
temperature, evapotranspiration, water balpacel permafrost conditionground icecontent
and active layer thicknessConsequentlythe factors controllingheir dynamics in decadal scale

have ben controversial anstill the main research topics of permafrost regions
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Figure 1.1. Permafrost distribution in theorthernhemisphergBrown et al, 1997). Map
produced with data source (shape file) from Guido Grosse, University of Alaska Fairl
The dashed blackectanglerepresert the location of thermokarst lakehange detectior
studies: a)Smith et al, 2005;Biskabornet al, 2013; Karlssoret al, 2014; Manasypoet
al., 2014 b) Morgensterret al, 2011, c) Walteet al, 2006, d) Lucet al, 2015,Niu et al,
2011, e) Yoshikawa and Hinzman, 2003; Riordanhal., 2006; Hinkelet al, 2007, 2012;
Joneset al, 2011;andAndresen and Lougheed, 2014, an®li)get al, 2008; Marsket al,

2009; Labrequet al, 2009; Sannel and Brown, 2010



1.2. Permafrost and thermokarst lakes in Mongolia

Mongolia is located in the soutmerfringe of Siberian permafrost (Figufe?). Permafrost
distribution chagesaccording to geomorphologic and microclimatic conditj@ssts in almost

two thirds of Mongolia predominantlydistributedin the Altai, Hangai, Hovsgol, and Hentii
mountain ranges and th& surrounding areagJambaljavet al, 2013) The territory is
characterized by mountain and aléhd permafrostThe permafrost divides into four altitudinal

zones of permafrost distribution such as continuous, discontinuous, sporadic, and isolated
(Figure 1.2a). Permafrost of the country has temperatures dlmgero degree and is expected to

thaw drastically due to climate warming (Ishikaetal, 2012). The averagehickness and

mean annual temperature in the areas of permafrost af#0B0mand 11 t o 1T 2eC i
valleys and depressions,and 2ab50 m and 1 1 t o (Janbaladeta,R01Mount a i
The thickness of the active layer in the continuous permafrost zone3isnl while it ranges 4

7 m in the discontinuous and isolatpdrmafrostzone (Sharkhuu, 2011¥%round ice in this

region is characterized mainly by low and moderate ice content in unconsolidated sediments
(Figure 12-b). As shown the map,dwever, icerich permafrost iCe-patche$ consists in the

valleys and depresons under lacustrine and alluvial sedimentSontinuous and icech
permafrost occurs in the northern arefisviongolia with volumetric ice contents higher than

20% (Photo1.1), while discontinuous, sporadic and isolated permafrost has low ice camtent i

the southern area@®rown et al, 1997) According tothis environmental gradienwould be

interesting for comprehensive analysis of the factors controdivepngesof thermokast lake

dynamics Consequently, this study is focusedpermafrost region dflongolia.
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Numerous thermokarst lakes exist on moist depression and river validyis the four
mountainranges irMongolia, where permafrost shows significant spatial variations in the extent

and differentice contentsinformaion about thermokarst lakes this region at the southern

fringe of Siberian permafrgshowever,s remarkably scarcd.serensodnom (20) published a

book entittednamei La ke catal og of Mongoliad which was
morpholay, and type(e.g., glacial, flood plain, thermokarst and others)y each provinces

across MongoliaOther few researcherseportedonly the distribution ofthermokarst lakein

some specific areqg3umurbaatar200L; Nishida and Jamsran, 2Q@harkhuu2011). However,

these studiesdid not show the longterm changes of thermokarst lakelynamics the

spatiotemporathanges of these lakes have not been investigated in Mongolia so far.

Photo 1.1. Exposure of iceich deposits atthe Darkhad depressionin the northern
continuous permafrost me, Monglia. Photo was taken by researchers of Permai
Department at the Institute of Geography and Geoecology, Mongolian Acader

Sciences.



1.3. Research objectives

In light of the aboe background, this study aimstg provide quantitative information on the
temporal and spatiahanges of thermokarst lakat seven sites in the continuous and isolated
permafrost zones of Mongolia, iy categorize the extracted lake areas into faatindt classes
in order to better understand the lake dynamics of individual lake size categortes;aigulate
volume changes ahermokarst lakes atudy sitesand vi)to address the effects of the leng
term trends ofhydro-climatic regimes and ggmafrostdegradation on the areal changes
thermokarst lakes.

To accomplish these objectives, remotely seneltl survey and the reanalysidata
were used in an integrated manner. Remote sensing dataspdtial resolution 1-8.5 m
(Corona panclumatic images), 15 m (Landsat ETM; band 8 panchromatic images), and 10 m
(ALOS/AVNIR-2 images) were employed based on specific needs and their suitability for
achieving the desired level of details. This study used remote sensing data from the 1962 to 2007
to investigate thermokarst lake changéshestudy sites, so that thermokarst lake changes can

be mapped over a relatively long period of time.

1.4. Outline of the thesis

This thesis containgxschaptersChapterl describes the background infornaettiof thermokarst
lakes and their importancprevious studies on thermokarst lakpermafrost and thermokarst
distributions in the study regiongesearch objectives, and outline of the thesis itself. Chpte

presents the geographglimate settings fothe study regionand description of each study site



Chapter lll concentrateson the longterm hydreclimatic, and permafrost changes ateth
observation siteMongolia, which follows thelongterm reanalysis data and water balance
mode| and literaturereview on permafrost dataChapter V focuses on thermokarst lake
dynamics at study sites in Mongolia from 1962 to 2007, which includes: the remote sensing
images, the general methods for image processing and analyzing, mapping of thermokarst lakes,
the aeal changes on the categorized lake sizes, and volume changes of lakes in the continuous
and isolated permafrost zones. In additibre field survey include the ground control points, and
remote sensing techniques, which has been recently used to ciifiiaitee high resolution
Corona KH4, KH-4A, and KH4B, and ALOS/AVNIR2 satellite dataChapterV presentedhe
generaldiscussion on the thermokarst lake changes and lake size categorzatibferent
permafrostzones long-term climate and permafvst changes reflects on thermokarst lakes

Finally, Chapter VI presents the general conclusbthe study



Chapter Il. Physicalsettingsof Mongolia

2.1.Topography and Vegetation

Mongolia is located irthe entralpart of theAsia, andis bounded in the north by Russia and in
the south by Chinalopography of the country consists mainly of a plateau can, in general, be
divided into the Altai, Hangai, Hovsgol, and Hentii mountdirgure 2.1) The northwest and
central parts are high motain regions, while the eastern part is a vast steppe region. The
southern part of the country is covered with seesert and desertarBaGo b i @ARCE,r t 0
2009).The averagelevation of Mmgolia is 1580 nmabove sea levdh.s.). The bottoms of the
lowest depressions aabout 533 a.s.l while the highest of these is the Altai mountain region

(up to D00 ma.s.) located in western Mongolia
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Figure 2.1.Topography of Mongolia
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On the other hand, the territory of Mongolia has a transition zone in its rainfall amount as
well as in its vegetation conditions, which change from desert to grassland and forest, over a
northto-south distance of only several hundreds of kilometargeneral, this transition zone is
reflected in the vegetation patterns over Mongolia. The vegatafi Mongolia is characterized
by Siberian forest, especially in the Hangai, Hentii, and Hovsgol mountains, and digghby

mountain steppe vegetationthe Altai mountain regior{Dorjsuren 2014).

2.2. Climatecondition

Mongolia hasa typically cortinental climate. A gradual temperature and moisture change is
reflected inthe prevailing climatgattern along a latitudinal gradieMARCC, 2009).Climate

of the countryis characterized hyold and moist conditions in thm@rthern territoriesyvarm and
dry conditions in the southern territorie&linter air temperatures oftaeachto -50°C in the
northern territory, and to 4°C in the sowénritory. In the warmest month, air temperaturasge
between 10 and 15°C in Hegol, Hangai, Altai, and Hentimountainsand reach upot 20°C in

the southern provincd he air temperatures are the lowest in4daduary and range betwe@b
and-30°C in the northern regions and betwe®n and-20°C in the southern regiofBagvador]

et al, 2009. About 85% of total precipitation falls in warm season from April to September, of
which about 60% falls between July and AugysiACC, 2005) Total awnual mean
precipitation is 300400 mm in the Hangai, Hentii, and Hovsgohountains and t decreases to
100/ 200mm in southern Hangai andhltai mountains Since 1940s the precipitation over
Mongolia has decreased at a rat®di 2.0 mm per year, whilthe air temperature in Mongolia

hasincreased by 2.F€ (Natsagdorj and Sarantuya, 2014)
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2.3. Description of the study sites

In this study,sevensitesare selectedwithin the continuous and isolated permafrost zones of
Mongolia(Figure 2.2a): DarhaddepressionMungut river valley, Chuluutriver valley, Khongor
Ulun, Nalaikh depression Galwt depression and Erdene.These sites contaifong-term
permafrost monitoring boreholes located for our sifedle 2.1 shows detailed informatioof
basichydro-climatology andenvironmental characteristics at all study si@s the other hand,
we collected ground control points (GCPs) at all study sites during the field work in 2009.

The Darkhad depressiois located in the northern Hovsgol mountain regiasthin the
ice-rich continuous permafrost zo€able 2.1 Figure 22-a, and b)lt is up to 40km wide and
110 km long extended from north to south, is bounded by high mountains on all sides, which
elevated up to 3300 m a.gHigure 2.3a). The depression has an extensive flat floor underlain by
thick lacustrine sediments (Ishikawa and Jambal45). Permafrost generally extends to
depths of 15200 m below ground in ihdepression, and the active layer ranges betwegmnl
depth (Sharkhuu, 201I)he mean annual ground temperature has been recasd@&C within
the area(lshikawaet al, 2012). The surface of thg@ermafrost experienced strong thermal
erosion, whichresulted in the formation of thermokarst lakes ondépressiorfloor during the
Last Glacier Maximum(Krivonogov et al, 2013. Consequently, umerous thermokarst lakes
concentrée in the depression floor The depression is characterized by periglacial features
including icewedge polygons, thermokarst, and frost mounds (Nishida and Jamsran, 2009;
Tserensodnom, 2000umurbaatar, 200) Sharkhuu, 2011; Ishikawa and Jambaljav, 20The
networks of icewedge polygons are only clearly visible at altitudes between 1560 and 1570m

a.s.l. (Krivonogoet al, 2005), near the lacustrine terraces.
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Figure 2.2 Location of study sitesn different permafrost zonesa) Darkhad
depression,Mungut river valley, Chuluut river valley, KhongoiUlun, Nalaikh
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different icecontent groumnd.
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The Mungut river valley is situated inthe continruous permafrost with ndeum ice
content, which is near the Hangain mountain redfigure 22-a, and b;and Table 2.1 The
entire the river valley was filled with lacustrinesediment during the Late Pleistocene
(Yoshikawaet al, 2013. The sedimenih the areas about 120 m thick, and permafrost is about
100 to 150m thick, with a maximum depth of 200 mK&khuu, 1969). &mafrost temperature
at the site ranges fronl.2°C to -1.5°C, and the thickness of the active layer isi2.8 m
(Sharkhuu, 20%lshikawaet al, 2012) Theriver valleyis coveredoy smallthermokarst lakes
pingos, and hummocksurface characteristic shows cleamyPhoto 2.1b and Figure 2.3.

In thenorthern part of the Hangai mountain regiahe Chuluut river valleyis locatedin
the continuous permafrostith medium ground ice conte(fEigure 22-a, and . Thevalley s
characterized by the intéayering silt and clay sedimentgsermafrost thickness ranges from 15
m to 30 m(Sharkhuu, 1969)Permafrost temperature hassherecorded asl.6°C at the study
site (Ishikawaet al, 2012) the active layer thicknesanges between 1.6 and 3 darhbaljavet
al., 2013. Thermokarst processes have greatly influenced the landscaped in thduaréa
recent climate changdSharkhuu, 2011). Many snall thermokarst lakegingo, and hummock
existalong the river valleyPhoto 2.1c). On the other hand, éhsite is surrounded by larch forest
on the northern slope of the mountains and by steppe grassland on the southern slope

In the northwesern Altai mountain regionKhongorUIlun is located within thehigh
mountains which elevatedip to 3500 m as.l (Figure 23-d, andPhoto 2.1d). The permafrost
temperaturein this site,ranges betweer2.4°C and-3.5°C, is colder than other studytes
(Ishikawa et al, 2012) The study sitein continuous permafrost is coverdmy several
thermokarstakes. These lakgzobably formedas a result opermafrost degradatipmvhich are

connected to channel outflow (Tserensodnom, 2000).
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Figure 2.3. Topographymap of study sitesin the continuous permafrost zona) Darkhad
depression, b) Mungut river valley, ¢) Chuluut river valley, and d) Khebigom. Black
polygons represestsurface area of the identified thermokarst lakes at tlsges (as of

1962/1968).
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