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Abstract

In continental scales, the areas with the active-layer underlined by permafrost are hugely
overlapped with the biomes of tundra and boreal forest, while seasonally frozen ground is
principally distributed in the steppe biome. In northeastern Eurasia, natural transitional shift from
the Siberian boreal forest to the steppe is clearly seen in central and northern Mongolia, where
the landscapes are generally characterized by a mosaic-like distribution of forest and steppe, and
such mosaic region roughly lies on the southern edge of the Siberian discontinuous permafrost
zone. These situations would reflect complicated distribution of permafrost and seasonally frozen
ground, and their symbiotic features with local geographic settings such as topographic relief,
vegetation cover and micro-climate. In a warming climate, such mosaic regions are likely
sensitive and susceptible to environmental and climate changes. It is therefore important to
understand what determines the occurrence or absent of current permafrost in this region. To
better understand this, it is necessary to describe the physical interaction between the ground
thermal regime, vegetation cover, and local climate parameters using the intensive field
observations in various locations within the mosaic. Since the aim of this study is to examine
physically the interactive manners between the ground temperatures and site-specific factors,
using five-year records of comparable hydro-meteorological parameters obtained from
permafrost underlying forested slopes and its adjacent permafrost-free ground underlying steppe
slopes.

The local topography together with the forest cover was found to be the most important
factors that control the different amount of solar radiation on the ground surface at each site.

During the winter, the topographic effect on the solar radiation seems to be very important for



the forested north-facing slopes, as it strongly reduces potential solar radiation (PSR) compared
with adjacent south-facing slopes. Inversely, the topography effect on solar radiation at each
slope is less, and the differences in PSRs among the sites are identical during the summer.
However, large differences in solar radiation at the ground surface between the sites were
observed. This indicates that the considerable differences in observed solar radiation at the
ground surface between the sites were caused mostly by forest cover, rather than the topography
effect during the summer. Significant reduction in the amount of solar radiation on the forest
floor probably caused lower ground surface temperature than air temperature. In contrast, the
mountain steppe on a dry south-facing slope receives a large amount of solar radiation, and
therefore the ground surface temperature exceeds air temperature during the summer, leading to
a warm soil profile.

During the summer, solar radiation is the dominant factor controlling magnitudes of the
energy budget, and the magnitudes of net radiation below the forest on north-facing slope was
considerably smaller than that on the south-facing slope. This difference in net radiation between
the sites was primarily contributed to differences in heat fluxes at each site, and the ground heat,
sensible heat and latent fluxes at the former slope was 2.3, 3.6 and 5.0 times-lower than those at
the later slope, respectively. These results indicate that the small amount of solar radiation
reduced by forest cover and slope on the north-facing slopes has also potential to reduce heat
exchanges between atmosphere and permafrost.

The thick organic layer within the forested slope impedes the effects of air temperature to
the deep ground during summer, and this is confirmed by the lower thawing ratios that computed
within active-layer at the forested north-facing slope. Consequently, the active-layer thaws

slowly, although the active-layer thickness (ALT) was determined during the summer warmth. In



winter, the surface temperature is warmer on the forested slopes than on the steppe slopes, owing
to the greater amount of accumulated snow cover and its low heat conductivity. However, the
thick organic layer beneath the snow cover and the ice-rich substrate at the forested slopes
greatly enhance the freezing rate, which leads to rapid refreezing of the active-layer. The
duration and thickness of snow cover at the mountain steppe have a considerable influence on
the seasonal development of seasonally frozen ground, and is inversely related to seasonally
frozen ground thickness (SFGT). Furthermore, despite of similar geographical conditions and
soil textures at the sites, there was a later onset of soil thawing in the forested area than in the
adjacent mountain steppe, even though soil freezing began simultaneously in both areas.

These results exhibit that forested slope and the underlying thick organic layer at the edge
of the Siberian forest are both important factors contributing to the ground cool and the existence
of permafrost in this region, which appears only beneath the forested north-facing slopes. In the
mosaic, climate warming is not only the problem facing the state of permafrost occurrence, but
also disturbances of vegetation cover could have considerable impact on the current permafrost
occurrence. Therefore, it is important to preserve the vegetation cover, particularly forest cover
and organic layer in Mongolia in order to protect further disturbances of permafrost and

ecosystem.
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Abstract

In continental scales, the areas with the active-layer underlined by permafrost are hugely
overlapped with the biomes of tundra and boreal forest, while seasonally frozen ground is
principally distributed in the steppe biome. In northeastern Eurasia, natural transitional shift from
the Siberian boreal forest to the steppe is clearly seen in central and northern Mongolia, where
the landscapes are generally characterized by a mosaic-like distribution of forest and steppe, and
such mosaic region roughly lies on the southern edge of the Siberian discontinuous permafrost
zone. These situations would reflect complicated distribution of permafrost and seasonally frozen
ground, and their symbiotic features with local geographic settings such as topographic relief,
vegetation cover and micro-climate. In a warming climate, such mosaic regions are likely
sensitive and susceptible to environmental and climate changes. It is therefore important to
understand what determines the occurrence or absent of current permafrost in this region. To
better understand this, it is necessary to describe the physical interaction between the ground
thermal regime, vegetation cover, and local climate parameters using the intensive field
observations in various locations within the mosaic. Since the aim of this study is to examine
physically the interactive manners between the ground temperatures and site-specific factors,
using five-year records of comparable hydro-meteorological parameters obtained from
permafrost underlying forested slopes and its adjacent permafrost-free ground underlying steppe
slopes.

The local topography together with the forest cover was found to be the most important
factors that control the different amount of solar radiation on the ground surface at each site.

During the winter, the topographic effect on the solar radiation seems to be very important for



the forested north-facing slopes, as it strongly reduces potential solar radiation (PSR) compared
with adjacent south-facing slopes. Inversely, the topography effect on solar radiation at each
slope is less, and the differences in PSRs among the sites are identical during the summer.
However, large differences in solar radiation at the ground surface between the sites were
observed. This indicates that the considerable differences in observed solar radiation at the
ground surface between the sites were caused mostly by forest cover, rather than the topography
effect during the summer. Significant reduction in the amount of solar radiation on the forest
floor probably caused lower ground surface temperature than air temperature. In contrast, the
mountain steppe on a dry south-facing slope receives a large amount of solar radiation, and
therefore the ground surface temperature exceeds air temperature during the summer, leading to
a warm soil profile.

During the summer, solar radiation is the dominant factor controlling magnitudes of the
energy budget, and the magnitudes of net radiation below the forest on north-facing slope was
considerably smaller than that on the south-facing slope. This difference in net radiation between
the sites was primarily contributed to differences in heat fluxes at each site, and the ground heat,
sensible heat and latent fluxes at the former slope was 2.3, 3.6 and 5.0 times-lower than those at
the later slope, respectively. These results indicate that the small amount of solar radiation
reduced by forest cover and slope on the north-facing slopes has also potential to reduce heat
exchanges between atmosphere and permafrost.

The thick organic layer within the forested slope impedes the effects of air temperature to
the deep ground during summer, and this is confirmed by the lower thawing ratios that computed
within active-layer at the forested north-facing slope. Consequently, the active-layer thaws

slowly, although the active-layer thickness (ALT) was determined during the summer warmth. In



winter, the surface temperature is warmer on the forested slopes than on the steppe slopes, owing
to the greater amount of accumulated snow cover and its low heat conductivity. However, the
thick organic layer beneath the snow cover and the ice-rich substrate at the forested slopes
greatly enhance the freezing rate, which leads to rapid refreezing of the active-layer. The
duration and thickness of snow cover at the mountain steppe have a considerable influence on
the seasonal development of seasonally frozen ground, and is inversely related to seasonally
frozen ground thickness (SFGT). Furthermore, despite of similar geographical conditions and
soil textures at the sites, there was a later onset of soil thawing in the forested area than in the
adjacent mountain steppe, even though soil freezing began simultaneously in both areas.

These results exhibit that forested slope and the underlying thick organic layer at the edge
of the Siberian forest are both important factors contributing to the ground cool and the existence
of permafrost in this region, which appears only beneath the forested north-facing slopes. In the
mosaic, climate warming is not only the problem facing the state of permafrost occurrence, but
also disturbances of vegetation cover could have considerable impact on the current permafrost
occurrence. Therefore, it is important to preserve the vegetation cover, particularly forest cover
and organic layer in Mongolia in order to protect further disturbances of permafrost and

ecosystem.
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Chapter 1. Introduction

1-1. General background

Permafrost is soil, rock, sediment, or other earth material with a temperature that has
remained below 0°C for two or more consecutive years (van Everdingen, 1998). The top ground
layer is subject to annually thawing and freezing in areas underlain by permafrost and is known
as the active-layer (Harris et al., 1988). In the present study, seasonally frozen ground is defined
as the top layer of ground that freezes annually in areas without permafrost. The active-layer
underlying by permafrost and seasonally frozen ground are the most widespread cryospheric
components in the world (Figure 1.1), and occupy approximately 57 percent of the land mass in
the Northern Hemisphere (Zhang et al., 2003). According to the common knowledge on
vegetation cover in continental scales, permafrost mostly forms in the areas of tundra and boreal
forest biomes, while seasonally frozen ground widely coincides with the area of steppe biome.

During the past several decades, studies on permafrost degradation have received much
attention worldwide. Such degradation can be manifested by deepening of the active-layer and
increase in permafrost temperature. Observed evidences show that active-layer thickness (ALT)
and seasonally frozen ground thickness (SFGT) are significantly changing with monotonous
trend in various regions of the Northern Hemisphere under the influence of climate change. For
example, Frauenfeld et al. (2004) evaluated comprehensively the long-term trend of ground
temperatures at hydro-meteorological stations over Russia and found that rate of decreases in
SFGT were even greater than that of the increase in ALT. SFGT has decreased by 4.5 cm/decade
from 1930 to 2000 in the Eurasian high latitudes (Frauenfeld and Zhang, 2011) while ALT
increased by 0.32 m between 1956 and 1990 in the Lena river basin (Zhang et al., 2005a), and by

0.2 m during the period of 1956-1990 in the Arctic regions (Frauenfeld et al., 2004). In the



Qinghai-Tibetan Plateau, mean ALT increased by 7.5 cm/year during 1995-2007 while

SFGT has reduced by 7.1 cm/decade since 1980 (Wu and Zhang, 2010).

 — 9
————

I Permafrost
[0 Intermittently frozen ground

7] Seasonally frozen ground

Figure 1.1 The distribution of permafrost and seasonally frozen ground in the

Northern Hemisphere (Zhang et al., 2003).

The changes in ALT and SFTG have the potential to alter surface energy balance,
hydrologic cycle, carbon fluxes, ecosystem performance, which is one of the main driver
as feedback process to climate in high and middle latitudes (Brown et al., 2000; Jorgenson
et al., 2011), because heat and energy exchanges between atmosphere and ground occur
through these layers. Also, permafrost degradation can severely damage to ecosystem and

engineering infrastructure through activation of surface subsidence. Therefore, it is



important to understand the thermal regimes controlling variations in active-layer and seasonally
frozen ground, although they are determined by the various factors such as surface temperature,
snow cover, land cover, subsurface materials, and soil moisture (Brown et al., 2000; Zhang,
2005a; Walker et al., 2003; lijima et al., 2010; Ishikawa et al., 2006; Shiklomanov et al., 2010).
In northeastern Asia around Mongolia, a vegetation transitional zone is found, where the
vegetation cover slowly change from forest to steppe and to desert along a north-south transect.
The northern part of Mongolia is covered by forested mountain ranges while the central part of
the country is characterized by steppe, and the southern part by desert zone (Figure 1.2). In
general, such natural zones roughly overlap with the zones of permafrost and seasonally frozen
ground in Mongolia (Figure 1.2 and 1.3). Furthermore, in the graduation of these main zones, it

is existed intermediate zones such as forest-steppe and desert-steppe. The general landscapes in
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Figure 1.2 Vegetation zones in Mongolia (Batima and Dagvadorj, 2000).



forest-steppe zone are characterized by a mosaic-like distribution of forest and steppe, where
steppe prevail on exposed sunny south-facing slopes and forest predominantly grow on north-
facing slope. The forest-steppe zone includes the most general landscape type in northern central
Mongolia. Previous study noted that the steppe is one of the largest vegation zones in the country
(Batima and Dagvadorj, 2000), whereas the forest region covers 8.1 percent of the total land area
in Mongolia, composed mainly of the larch species Larix sibirica (Tsogtbaatar, 2004).
Climatological report in Mongolia (MARCC, 2009) indicated that current and projected
climate change within these natural zones in Mongolia, particularly air temperature and
precipitation will likely be enhanced, and will decrease the productivity of boreal forest
(Dulamsuren et al., 2011) and permafrost occurrence (Ishikawa et al., 2011). Such forest-steppe
boundary of natural zones, therefore, may be vulnerable against on-going climatic change.
However clarification of interaction between landscape and thermal regime of ground is still

hindered by the lack of reliable intensive observation and analyses.

1-2. Distribution of permafrost and seasonally frozen ground in Mongolia

Approximately 95 percent of permafrost in the earth is distributed within the five countries
of Russia, Canada, China, USA and Mongolia (Zhang et al., 2000). Mongolia is the fifth largest
country, consisting of permafrost. In terms of the thermal studies of the active-layer, permafrost
and seasonally frozen ground in Mongolia are special interesting topics due to (i) regional and
local location, (ii) vulnerability and resilience, (iii) distribution: (i) According to permafrost map
of Zhang et al. (2003), as shown Figure 1.1, the southern edge of Siberian continuous permafrost

zone is located in Mongolia with gradual change from continuous to discontinuous and sporadic



states. Permafrost regions occupy about 63 percent of Mongolian total territory or almost two-
thirds of Mongolia (Figure 1.3), predominately distributed in the Altai, Khangai, Khentii, and
Khuvsgul mountains in the northern part of Mongolia. The seasonally frozen ground is widely
found in the southern part of Mongolia, where the dominant natural zones are steppe and desert.
The lowest limit of sporadic permafrost is found at an altitude between 600 and 700 meters
above the sea level (m a.s.l). while the lower limit of continuous permafrost on south-facing
slopes ranges from 1,400 to 2,000 m a.s.l. in the Khuvsgul and Khentii mountains and from
2,200 to 3,200 m a.s.l. in the Altai and Khangai mountains (Sharhkuu et al., 2007). (ii) The
observation data of ground temperatures for covering the country indicate that the temperatures
of permafrost in Mongolia is closely to the melting point (0°C) and is therefore vulnerable to
climate warming and human activities in terms of vegetation disturbances, and in some locations

permafrost has already disappeared (Sharhkuu et al., 2007; Ishikawa et al., 2012).

Permafrost zones in Mongolia
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Figure 1.3 Permafrost zones in Mongolia, based on (Brown et al., 1997).



(iii) The distribution of permafrost in Mongolia is known in numerous previous studies, from
local to country-wide scale (Gravis et al., 1987; Etzelmdiller et al., 2006; Jambaljav and
Dashtseren, 2007). They showed that permafrost distribution in Mongolia illustrates an obvious
latitudinal shift from the northern to the southern territories on country-wide scale. While at local
scales, permafrost distribution is mosaic-like and it depends on the micro-climate associated with
topography, thermal properties of soils and vegetation cover. For example, in the discontinuous-
sporadic permafrost zone, permafrost can be found only under the forested north-facing slope
while permafrost-free ground can be found under the south-facing slope within a small mountain
basin (Ishikawa et al., 2006, 2008). In the northern territory with continuous permafrost region,
the thick active-layer occurs beneath the dry south facing slopes while thin active-layer lies
underneath immediately adjacent wet terrains (Heggem et al., 2006). The detailed classifications

of permafrost and seasonal frozen ground in Mongolia are given in Table 1.1.

Table 1.1 Detailed classifications of permafrost and seasonally frozen ground in Mongolia
(Sharkhuu et al., 2006).

Extent of Thickness, Mean annual temperatures,
Permafrost zone permafrost (% 0
(m) (C)
of area)
Continuous 85> 250-500 -2.0--4.0
Discontinuous 50-85 50-120 -1.0--2.0
Sporadic 10-50 5-15 -0.2--1.0
Seasonally frozen ground 1.7-3.2 Above 0.0




1-3. Research history

Several studies have already reported the thermal regimes of the active-layer and
permafrost in Mongolia. Most of these studies indicated that permafrost is warming, thawing and
degrading under climate change. Ishikawa et al. (2012) analyzed the thermal state of permafrost
on regional and national scales using 48 research boreholes. They found, the ratio of permafrost
warming ranges between 0.01-0.03 °C/year over Mongolia. Similarly, Sharkhuu et al. (2007)
noted that long-term increasing ratio was 0.2-0.4 °C/decade. Both studies agreed that recent
degradation of permafrost is generally more intensive in the Khuvsgul Mountains with
continuous permafrost region than in the Khentii and Khangai Mountains with discontinuous and
sporadic permafrost region. Furthermore, rapid ground warming in the Khentii Mountains has
resulted in permafrost degradation, although the warming ratio of Mongolian permafrost is not
only controlled by air temperature but it is largely controlled by temperature-independent soil
properties (Ishikawa et al., 2012). Overall, average trends of warming permafrost in Mongolia
are similar to those in Central Asia and in the European mountains but lower than those in
eastern Siberia and Alaska (Zhao et al., 2010).

The warming of Mongolian permafrost is leading the deepening of ALT, but it is also
depending on the permafrost zones. For example, the ratio of increase in ATL ranged from 0.3-
2.4 cm/year in the Khuvsgul Mountains with continuous permafrost zone and 0.2-1.5 cm/year in
the Khentii and Khangai Mountains with discontinuous and sporadic permafrost zones
(Sharkhuu et al., 2007). Compared to high latitude and artic regions, the active-layer and
seasonally frozen ground show large spatial interannual variations in their thicknesses, and are

relatively deep over Mongolia. In general, these studies are generally based on single-borehole



temperatures and clearly showed the thermal state of permafrost at local, regional and
national scales.

Other studies, in the northern territory with continuous permafrost region, modeling
results show that potential solar radiation (PSR), soil wetness and tree shading have
considerable control on permafrost distribution (Etzelmiller et al., 2006; Heggem et al.,
2006). In discontinuous permafrost zone, Ishikawa et al. (2006) examined the
hydrological-thermal regimes of the dry active-layer and its nonconductive heat transfer
dynamics and their connections to the atmosphere. They pointed out that the ground
moisture played dominant role on the fraction of total heat storage in active-layer. The
climate warming in this transitional zones in Mongolia is more intensive than most of the
regions in the world (MARCC, 2009). It will result in the decay of both the cryospheric
and natural transitional zones. However, few reports have partly described the interactions
between ground temperatures, vegetation cover, and the atmospheric conditions in

Mongolia, especially within the forest-steppe mosaic at discontinuous zone.

1-4. Purpose of the study

The general goal of this study is to evaluate the importance of site-specific factors
(topography, vegetation cover, snow cover, soil organic layer and soil moisture), which
influence the current permafrost occurrence in the forest-steppe mosaic in Mongolia to
better understand the ground temperature regimes and energy allocation at the southern
distribution limit of Eurasian continuous permafrost in the central Mongolia. The goal was

achieved through meeting two objectives:



1. To evaluate effects of topography and forest canopy occurrence on reaching solar
radiation at the ground surface at the forested slope and steppe slope.

2. To evaluate influences of the site-specific factors (topography, forest, snow cover and
organic layer) on developments of the active-layer and seasonal frozen ground using

by comparative observational hydro-meteorological variables.

1-5. Structure of the thesis

The structure of this dissertation is divided into six parts, which are as follows: Chapter 1
introduces general introductions of permafrost and its situation in Mongolia. Chapter 2 contains
overviews of the specifics of the study sites and used datasets. Chapter 3 examines the solar
radiation reallocations at both contrasted slope types using the Global Digital Elevation Model
(GDEM) data and measured solar radiation. Chapter 4 describes the summer energy fluxes at the
sites and the influences of site-specific factors on temperatures of the active-layer and seasonally
frozen ground based on the comparable hydro-meteorological parameters from September 2003
to the end of 2007. A general discussion is presented in Chapter 5. Finally, the conclusions of the

thesis are summarized in chapter 6.



Chapter 2. Study area and observations

2-1. Study area

The study area is situated in the Shiljiree River basin, near Terelj village, located
approximately 50 km northeast of Ulaanbaatar, the capital of Mongolia. The Shiljiree river basin
is a tributary of the Tuul River in the Khentii Range, north central Mongolia and it is
characterized by mountainous topography with 2799 m a.s.l. of the highest peak. The elevation
of the basin ranges from 1550 m a.s.l. in the river valley to 2195 m a.s.l. on the mountain top.
This basin has a typology of both permafrost and natural transitional zones as mentioned in
chapter 1, as it is the forest-steppe landscape. According to the map of permafrost distribution
around Mongolia (Brown et al., 1997), the study area is approximately located in the node of
discontinuous-sporadic permafrost zone (Figure 2.1a). The vegetation cover defferences at the
study area can be clearly seen in Photo 2.1. The Siberian boreal forest (Larix sibirica Ledeb and
Pinus sylvestrs) is predominant over the north-facing slopes (Dulamsuren et al., 2011; Sugita et
al., 2007). Permafrost is found under the most of these forested north-facing slopes (Ishikawa et
al., 2005), where Equisetum pretense and Fragaria orientalis are the dominant vegetation
species at the forest floor. Whereas south-facing slopes and valleys are generally covered by a
mountain steppe without underlying permafrost (Ishikawa et al., 2005), therefore, here is
seasonally frozen ground in winters. The dominant vegetation species on the south-facing slopes
are Artemisia frigida, Potentilla acaulis, Agropyron cristatum, and Carex duriuscula. Soil
textures of the north-facing slope is complex, consisting of humus and moss in the upper surface
layer, sand, gravel and silt in the lower part of the soil layer. The thicknesses of organic layer on

this forested slope are ranged from 0.2 to 0.4 m. In contrast, south-facing slopes are underlined
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by a thin organic layer up to 0.05 m deep and the lower part of the soil is composed of sandy

gravels (Ishikawa et al., 2005).
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Figure 2.1 Study site locations. (a) Permafrost distribution around Mongolia based on Brown
et al. (1997). (b) Field site: FN and SS are automatic meteorological stations; F and S are
shallow boreholes with temperature dataloggers. The black arrows show direction of
photograph was taken, corresponding to the black arrow in Photo 2.1. The meanings of FN,
SS, F and S are the forested north-facing slope, steppe south-facing slope, forest and steppe,

respectively.
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Geologically, the Khentii Mountains mainly consists of sandstone, aleurolite, argillaceos,
siliceous shale, radiolarian chert, basalt, dolerite, mafic effusion tuff, gabbro and marbl. This
geological group is well-exposed along the Tuul River and its total thickness reaches

approximately 1100 m (Dorjsuren et al., 2006).

Photo 2.1 Photograph of the Shiljiree Basin is showing the landscape type of each study

observation site. The black arrow show direction of photograph was taken, corresponding to

the black arrow in Figure 2.1.
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The study area was constructed in 2002 by researchers of Japan Agency for Marine-Earth
Science and Technology, Japan (JAMSTEC) and Institute of Geography (IG), Mongolian
Academy of Science, Mongolia. Since 2003 we have been continuously measuring the hydro-
meteorological parameters at these sites (Photo 2.1), aiming to delineate the different
hydrological characteristics between mountain steppe on south-facing and forested north-facing
slopes (Ishikawa et al., 2005, lijima et al., 2012). Two automatic weather stations (AWS) were
installed at sites SS and FN at the end of summer in 2003 (Figure 2.1b and Photo 2.1). FN site on
the forested north-facing slope and SS site on the steppe south-facing slope were considered to
be representative for forest and steppe zones in Mongolia, respectively. Because one of the
important criteria that defines a natural zone is the vegetation cover type. As reported by Batima
and Dagvadorj. (2000), the forest zone in Mongolia is mostly covered by boreal forest (Larix
Sibirica, Pinus Sibirica, Pinus Sylvestric), while the steppe and desert zones in the country are
characterized by grasses, forbs and shrubs.

In order to evaluate the influences of topography and trees shading the solar radiation, and
influences of the site-specific factors on dynamics of the active-layer and seasonal frozen ground,
SS and FN sites were selected in this study. SS site is on the south-facing slope (1662 m a.s.l,
47°59'23"N and 107°25'19"E) and covered by a mountain steppe, on seasonally frozen ground.
While, FN site is on the north facing slope (1653 m a.s.l, 47°58'30"N and 107°25'30"E) covered
by a forest. The inclinations of these slopes are almost similar and are 11°-12° and the distance
between these sites is about 1.58 km. Based on a vegetation survey in 2004 of both slopes,
vegetation cover on the forest floor (below 1.3 m) was approximately 50 percent plant cover and
75+16 g/m® (dry weight) of above-ground biomass. Plant cover on the south-facing grassland

was 60 percent with 167+95 g/m? (dry weight) of above-ground biomass. This biomass shows
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larger spatial variability than that of the forest floor due to density of livestock grazing (lijima et
al., 2012). The average height and diameter at breast height of larch trees at the FN site were 16
m and 0.28 m, respectively, with a stand density of 0.15 trees/m?. The average age of larch tress
was 70-90 years and the maximum age of the larch trees was about 300 years old (Miyazaki et
al., 2014). At each AWS, two adjacent deep boreholes were excavated to collect soil temperature
and moisture data.

In addition, plots (F and S) for soil temperature measurement at 0.05 and 1.0 m depths
were set on the east-facing slope in the study area. These plots are situated at almost the same
altitudes (1780 m a.s.l), orientation, and vegetation cover (60—65 percent). F (47°59'27"N and
107°24'53"E) plot is on the small patch of forest and S (47°59'28"N and 107°24'54"E) is on
mountain steppe just 30 m apart from F plot (Figure 2.1b and Photo 2.1). The inclinations of
these plots are approximately 22°-25°. According to the pit survey result (Ishikawa et al., 2005),
the soils in the upper layer at F and S plots are particularly identical, consisting of sand and
gravel. Moreover, volumetric soil water at the plots had similar amount in both summer and fall.
On the other hand, as described previously, SS and FN have antipodal aspects and ground
textures, which make difficult condition to exactly evaluate the influence of vegetation (forest vs.
steppe) on ground temperature regimes within the mosaic. However, F and S plots have very
similar slope direction, altitude, soil texture, and soil moisture contents but with different
vegetation cover. Hence, the major differences of ground temperature between two plots are
caused by the presence of forest cover, which is expected to affect ground thermal regime in this
area. By comparing the differences of ground temperature from F and S plots, it can determine

the forest effect on the ground temperature regimes in this mosaic.
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2-2. Hydro-meteorological observations

The main stations at the study area are FN and SS, where we observed several atmospheric
parameters, including the ground temperatures and soil moisture in boreholes. Observation
components at the sites are listed in Table 2.1. The setup view of the meteorological instruments
at sites FN and SS is shown in Photo 2.2. The air temperatures at 1 and 2 m height were
measured using a shielded and ventilated sensor probe (model HMP35D, Vaisala Inc., Vantaa,
Finland). The shortwave (including direct and diffuse) and longwave radiations were measured
in both upward and downward directions at 1 m below the forest canopy at FN, and at 2 m above
the steppe at SS. The measurements of shortwave and longwave radiations were made using 4
components net radiometer (CNR-1, Kipp & Zonen, Delft, Netherlands; with two CM3
pyranometer sensors with a range of 0.3-3 pm and two infrared radiometer sensors (MS202,
EKO, Japan) with a range of 3-50 um, respectively). Soil moisture at depths of 0.1-1.2 m was
measured using a frequency domain reflectometry sensor (EC-10, Decagon Devices, Pullman,
WA, USA), and rainfall at site SS was measured using a tipping-bucket rain gauge (Rain
Collector II, Davis Instruments, Hayward, CA, USA) on the ground surface. Relative humidity
was observed using hygrothermometer (HMD45D, Vaisala Oyj, Finland). The soil heat flux was
observed by heat flux plate (PHFO1, REBS, Inc, USA) at 0.05 m depth in the soil. All of these
measurements were sampled at intervals of 30 sec (using a CR-10X data logger, Campbell
Scientific Instruments, Logan, UT, USA) and were averaged and totaled every 10 min at each
site. The soil temperature was measured at depths of 0, 0.1, 0.2, 0.4, 0.8, 1.0, 1.6, 2.4, and 3.25 m
at site FN and at 0, 0.1, 0.2, 0.4, 0.8, 1.0, 1.6, 2.4, 3.25, 4.0, and 6.0 m at site SS using 100-ohm

platinum resistance thermometers. Soil temperature data were stored at 30-min intervals by an
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LS-3300 data logger (Hakusan, Tokyo, Japan). The daily average thickness of snow cover was
manually measured from five fixed poles with a centimeter range at each site, and the median of
these was used in the analysis. At F and S plots, two shallow (1 m) boreholes were also installed
with data-loggers (Logger TR52, T&D Corporation, Japan) in order to record ground
temperatures at the depths of 0.05 and 1 m. These ground temperature are recorded at 1 h

interval.

Photo 2.2 Photographs of the metrological instrument at SS (a) and FN (b). Photographs

were taken by author in the summer of 2007.
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Table 2.1 Summary of components by the automatic weather stations at FN and SS sites.

Observation Unit  Sensor tvpe Station with heights Record
items P or depth interval
Above ground components
Alr °C  HMP45D; Vaisala PN (L, 2m), S505 4 min
temperature 1,2,4m)
Humidity and temperature
Relative y probe (HMD45D, Vaisala Oyj,  FN (1,2m), SS(0.5, o .
humidity ’ Finland) with ventilation pipe 1, 2, 4m)
(PVC-02, PREDE, Japan)
. 4 Anemometer (AC750, Kaijo FN (1, 2m), SS(0.5, i
Wind speed ms Corporation, Japan) 1,2, 4m) 10 min
Shortwave

CNR-1, Kipp&Zonen Delft,

. wm2
radiation /up Netherlands

and downward/

FN (1m), SS (2m) 10 min

Longwave
radiation/up ~ Wm?™
and downward/

Infrared radiometer (MS202,

EKO, Japan) FN (1m), SS (2m) 10 min

Rainfall mm RT-1E; Ikeda Keiki SS 10 min

Below ground components

H(_aat flux in the Heat flux plate (PHFO1, REBS, FN & SS (0.05 m) 10 min
soil Inc, USA)
Soi FN &SS (0, 0.1, 0.2,
°C TS101; Hakusan Kougyo 04,0.8,1,1.6,24, 30min
temperature
3.25m)

i FN 4 1 .
Soil °C TS101; Hakusan Kougyo &S5 (4,6,8,10 30 min
temperature m)

Volumetric m®m® ECHO-10; Decagon FN&SS (01,02, 0 a

water content 0.4,0.8,12 m)
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As mentioned above, hydro-meteorological observations began in September 2003 and
have continued to the present day. However, because of data recording problems (e.g.
instrumental failure and gaps caused by sensor malfunction, power loss, rain and frost) and
missing datasets since 2008, in this thesis | only use datasets between 1 September 2003 and 31
December 2007. No gap filling in our datasets was performed for the study period, and all
recognizable faulty data were removed from the datasets before analyses (e.g. missing values and
obvious logger inaccuracies). In general, 1 April to 31 September was used as the summer cycle,

while 1 October to 31 March was used as the winter cycle, unless otherwise stated.
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2-3. General meteorological condition of the study area

The general climate of Mongolia is continental with short summers, long cold winters. The
air temperature ranges between -40°C in winters and +40°C in summers. The mean annual air
temperature (MAAT) of 0°C in Mongolia is around the 46°N latitude which is the northern part
of Gobi desert region. Permafrost exists in the areas where MAAT is below -2°C. The amount of
precipitation in Mongolia is low and its distribution depends on both terrain-relief and seasons.
Annual mean precipitation ranges 250-300 mm in the Khangai, Khenteii and Khuvsgul
mountainous regions; 150-250 mm in the Altai mountainous and forest-steppe zone; 50-100 mm
in the steppe zone and in the desert zone (MARCC, 2009).

The climate of the Khentii Mountains is dominated by Asiatic anticyclones in winter,
which typically has its center southwest of Lake Baikal and causes dry and cold winters. In
summer, warm air masses from the south flow into northern Mongolia resulting in formation of
cyclones when they meet the cold air from Siberia (Dulamsuren et al., 2011). Generally, the area
has a continental climate which is characterized by large variation in air temperature and low
precipitation (Table 2.2). The warmest year of the study period was 2007, with a MAAT of -
1.7°C (resulting primarily from a dry hot summer), and the coldest year was 2006, with a MAAT
of -3.3 at the FN site. The maximum and minimum daily air temperatures ranged from 27.4°C to
-34.2°C at SS, and from 24.2°C to -36.3°C at FN. The snow-free periods observed at FN in 2005
and 2006 were longer than those of other years. Total precipitation from April to September
during the study period ranged from 223 mm in 2007 to 295 mm in 2005.

In order to assess the general meteorological conditions of our study period, we also used

data obtained from Ulaanbaatar station (UB). UB is one of the nearest permanent meteorological
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stations, located 40 km west of the study site, where a long-term mean (1980-2010) air
temperature was -0.3°C. In the study period, MAAT at UB was 0.4°C, 0.3°C, -0.3°C, and 1.9°C
in 2004, 2005, 2006, and 2007, respectively. Therefore, it is inferred those MAATS over the
study period were generally higher than the long-term mean temperature at UB. Annual
precipitation at UB ranged from 166 mm to 395 mm (mean annual precipitation from 1980-2010
was 265 mm), of which approximately 90 percent occurred between April and September. The
mean annual total precipitation at UB was 260 mm, 193 mm, 256 mm, and 185 mm in 2004,
2005, 2006, and 2007, respectively. This indicates that the study period was dry and warm,
which is in agreement with the general warming tendency experienced throughout most of the

Mongolian territory (MARCC, 2009).

Table 2.2 Characteristics of general meteorological parameters at the mountain steppe on the south-

facing slope and on the forested north-facing slope. Note: non-available data is represented by “na”.

Variable Unites  Site 2004 2005 2006 2007
Maximum air temperature °C  SS/FN 23.3/22.6  na/21.7 21.1/17.8 27.4/24.2
Minimum air temperature °C  SS/FN -28.4/-29.1 -30.2/-30.8 -34.2/-36.3-23.9/-26.5

Mean annual air

°C  SS/FN na/-2.1 na/-2.9 na/-3.3  na/-1.7
temperature

Rain (April-September) mm SS 243 295 227 223

Duration of snow-free

period day SS/FN 232/194 268/214 na/202 249/185
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Chapter 3. Solar radiation reallocations on the forested slope and

steppe slope

3-1. Introduction

Solar radiation is the main energy of physical, biological and chemical processes on earth
surface (Dubayah and Rich, 1995). Incoming and net radiation from the Sun, through their role in
the surface energy and water balances, affect many environmental processes such as air and soil
heating, turbulent mixing of the atmosphere, air pressure, winds, photosynthesis,
evapotranspiration, and snowmelt (Dubayah, 1994; Eugster et al., 2000). The latitudinal gradient
in solar radiation caused by the orientation of the Earth relative to the Sun, and the response of
vegetation to this gradient at broad spatial and seasonal time scales, is well known (Dubayah,
1994; Hatzianastassiou et al., 2005). Significant variability in solar radiation can also occur at
spatial and temporal scales because of clouds and other types of atmospheric diverse. Variability
in elevation, slope inclination, slope orientation (aspect or exposure), and shadowing, among
other topographic effects, can lead to strong local gradients in solar radiation, which directly and
indirectly affect the of permafrost and its energy balance, especially in the margin permafrost
areas. For example, the southern boundaries of the discontinuous permafrost zones in
northwestern Canada and central Mongolia are characterized by tree-covered permafrost
(Ishikawa et al., 2005; Chasnmer et al., 2011). Chasnmer et al. (2011) also reported that the
increased solar radiation due to canopy cover reduced may result in augmented thawing of
permafrost and increased meltwater runoff, which further inhibits vegetation and permafrost

persistence. Moreover, Shur and Jorgenson. (2007) suggested that vertical degradation of
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permafrost within the subarctic regions may occur where canopy cover does not protect
permafrost from a warmer climate, such as by trees canopy shadowing.

In the northern Mongolia with continuous permafrost zone, PSR is the one of main factors
controlling permafrost distribution, especially at the lower elevations (Etzelmiller et al., 2006;
Heggem et al., 2006). However, they did not consider the effects of forest shadowing on solar
radiation allocation reaching at the ground surface.

During the last several years, the migration of natural zones in Mongolia has been observed.
For instance, a comparison study of the 1992 and 2002, which were taken 10 years apart, reveals
that the land surface has changed significantly (Figure 3.1); desert and steppe area have
increased and forested area has decreased in Mongolia (MARCC, 2009). Moreover, that future
climate warming will decrease productivity of the Siberian larch (Dulamsuren et al., 2011) thus
affecting its existence within the forest-steppe mosaic of Mongolia. Sugita et al. (2007) reported,
if forest in this region is destroyed by human activates and forest fire, it will be not easy to
recover the forest again. These changes in vegetation cover can lead to changes in the surface
energy balance, soil temperature and moisture, which in turn affect the ground thermal regimes
as well as permafrost occurrence.

The objective of this chapter was to evaluate the influences of topography and trees
shadowing on the redistribution solar radiation within the forest-steppe mosaic in the
discontinuous permafrost region, which represents the most general landscape type in northern

central Mongolia.
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Figure 3.1 The vegetation cover change over Mongolia for 1992 (a) and 2002 (b)
(MARCC. 2009).
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3-2. Methods

3-2.1. Estimation of solar radiation reallocation

In this study, it was used PSR and in situ measurements of solar radiation at FN and SS
sites. Because we could not measure solar radiation above the forest canopy, we geometrically
estimated PSR above the forest canopy (site FN) and the mountain steppe (site SS) in order to
clarify the solar radiation reallocation at each site. GDEM provides useful data to describe the

solar radiation regime in complex topography (Tovar-Pescador et al., 2006; Huang and Fu, 2009).

107°26'0"E 107°28'0"E

47°58'0"N

47056|0nN -
High : 2196 E W Low : 1483

Figure 3.2 ASTER GDEM over the study area.
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The improved ASTER GDEM (Advanced Space borne Thermal Emission and Reflection
Radiometer; Global Digital Elevation Model) with 30 x 30 m resolution in the study area was
downloaded from the Japan Space System data portal developed by the Ministry of Economy,
Trade, and Industry of Japan and NASA. According to GDEM in the study area, the minimum
elevation level in the region is 1550 m a.s.l. and the maximum is 2195 m a.s.l. with 50 percent of
the points above 1850 m a.s.l. (Figure 3.2). The maximum surface slope is approximately 75°,
and 30 percent of the cells have a slope greater than 15°. As discussed in Tachikawa et al. (2011),
the average elevation error for area from 1000 m a.s.l. to 2500 m a.s.l. is reported to be less than
+5 m. GDEM generally maps the tops of dense land covers such as forest and urban areas
(Tachikawa et al., 2011). In relation to this reference, we can presume that PSRs in our study
only represent values above the forest and grassland but not below the forest canopy. Also, the
elevation of ASTER GDEM at FN site was 1662 m which is 9 m higher than the field or GPS
measurement at FN, and this difference could be related to forest cover. However, at the SS site
the elevation of ASTER GDEM was 1660 m, which is 2 m lower than the field or the Global
Positioning System (GPS) measurement at SS. In addition, a regional study in Japan showed that
ASTER GDEM differs from the 10-m national elevation grid by -0.7 meters over bare areas, and
by 7.4 meters over forested areas (Tachikawa et al., 2011). Therefore it is acceptable for use in

estimating the PSR over the forest and steppe in our study area.

This study used the solar radiation analysis tools in ArcGIS10.2® Spatial Analyst to
calculate PSR. This calculation requires some environmental parameters such as transmittivity, a
diffuse proportion, viewshed direction, zenith and azimuth divisions. According to ESRI (2011),
the present study used a transmissivity of 0.5 and diffused proportion of 0.3 in the calculation for

clear sky conditions. Other parameters were set to a sky size of 200 x 200, a skymap of eight
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zenith divisions and eight azimuth divisions, and a sunmap of half-hour intervals throughout the

monthly intervals throughout the year.

The solar radiation analysis tools account for site latitude and elevation, steepness (slope)
and compass direction (aspect), sun angle shift, and topography shadows. These calculations,
which can be performed for point locations or entire geographic areas. The steps for using a
GDEM data to calculate PSR using ArcGIS are summarized in the following scheme (Huang and

Fu, 2009).

Digital Elevation Model
/Raster/

: Viewshed calculations
: /The calculation of an upward-looking
I hemispherical view based on topography/

Skymap calculations

Sunmap calculations i
/Overlay of the viewshed on a diffuse to :
[

r |
] ]
: /Overlay of the viewshed on a direct :
1 1
L |

sunmap to estimate direct radiation/ skymap estimate diffuse radiation/

Overlay of viewshed with sunmap and skymap :
/The viewshed is overlaid with the sunmap and skymap :
rasters to calculate diffuse and direst radiation received :

from each sky direction/ :

I

1

: Repeating the process for every location of interest to
: produce potential solar radiation map
1
1

Scheme 3.1 Steps followed to calculate potential solar radiation on GDEM using ArcGIS.
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This simulated PSR contains the sum of direct and diffuse radiation, and represents the
influence of the topography on distribution of solar radiation but it do not include reflected
radiation and cloud effects (Huang and Fu, 2009; Tovar- Pescador et al., 2006). As mentioned in
chapter 2.2, a pyranometer is used to measure solar radiation falling on a horizontal surface at
each site with AWSs (FN and SS). Its sensor has a horizontal radiation-sensing surface that
absorbs solar radiation (including direct and diffuse) from the whole sky (i.e. a solid angle of
2xr) (Campbell Scientific, Inc., 2011). Therefore, it is considered satisfactory to estimate the
effects of cloud and forest on reallocation of solar radiation in the study area based on PSR and
measured solar radiation at each site. We here define and use hereafter four parameters (Scheme
3.2): PSR above the forest canopy (Ras]), PSR above the mountain steppe (Rasl), solar radiation
observed below the forest canopy (1 m) at site FN (Rpsc]), and solar observed on the mountain
steppe (2 m) at site SS (Rs]). It was therefore considered straightforward to calculate the
coefficient of cloud cover (k;) for a given time, and this was defined as 1 minus the ratio of solar
radiation at the surface (Rs|) to the solar over the mountain steppe Ras| because there was no

forest cover at site SS:
Ke=1-(Rs}/Rasl) (1)

It is considered possible therefore to consider that values of k. at SS and FN are almost the
same, because the cloud frequencies at the two sites are almost identical owing to the short
distance between them (the distance between the two sites is only 1.58 km). Thus, it was also
possible to compute the solar radiation (Wm™) above the forest canopy (Ratl), which was

estimated by the following equation for site FN:
Rafcl = (Rafl - Rafl*kc) (2)
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An estimation of the coefficient of forest cover was then deduced as follows:

Ki=1 - (Rofc)/ Ratcl) 3)

The magnitudes of the coefficient of cloud cover and forest ranges from 0 to 1 and can be
indicated by as the percentage. The subscripts f, a, b and ¢ represents for forest, above, below

and canopy. Clear descriptions of the equations are also shown in Scheme 3.2.

Scheme 3.2 Schematic illustration of the method of calculating solar radiation at each site. Ry -

PSR above the forest canopy, Ras)- PSR above the mountain steppe, Rysc|- observed solar radiation
below the forest canopy (1 m) at site FN, Rs| - observed solar radiation on the mountain steppe (2
m) at site SS, k. - the coefficient of cloud cover, ks -the coefficient of forest cover, and Rz |-

computed solar radiation above the forest canopy.
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3-3. Results and discussions

3-3.1. Potential solar radiation over the study area

Topography had fundamental effect on the solar radiation reallocation. Figure 3.3 illustrate
the spatial distribution of monthly PSR allocation over the study area through 2006. The
geographical distribution of solar radiation is greatly varied with heterogeneity of the study area
and seasonal shifts of the sun. The PSR in the study area for two coldest months of January and
December show that the area receives a low amount of solar radiation with a range of 0.5-160.0
Wm™ approximately. During these months, the minimum PSRs were observed over the forested
north-facing slopes, ranging from 0.5 to 20.0 Wm™ due to low angles of the sun and slope
shading. These small values, especially closely to 0 Wm™ imply that the duration of sunshine is
very short somewhere in the study area. While, the higher values of 70.0-160.0 Wm™ were
observed over the mountain chain with a forest and south-facing slopes. In June and July, the
hottest months, PSRs in the area reached its annual maximum values due to the higher sun
solstice of the year. During this period, the received average monthly solar radiation in this area
is varied between 340.0 and 440.0 Wm™. The higher PSRs of 420.0-440.0 Wm™ were only
observed on the mountain chain while absolute values in solar radiations on the south-facing and
north-facing slopes were almost similar with a range of 400.0-420.0 Wm. This small difference
between the south-facing and north-facing slopes indicates that the effect of topography on solar
radiation is less on the north-facing slope during summers, and both slopes have potential to
absorb similar amounts of solar radiation during the summer. In contrast, the considerable
differences on PSR between slopes in winter reveal that the effect on topography on solar

radiation on the north-facing is a large compared to the south-facing slopes.
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Figure 3.3 Monthly averages of potential solar radiation over the study area for 2006.
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These results are also confirmed by the simulated PSRs at sites SS and FA as summarized in

Table 3.1. For instance, the monthly differences between Ry and Rys| ranged from 76.2 Wm’

2

to 94.3 Wm™ during the winter season, but they ranged only from 28.0 Wm™ to 24.3 Wm? in

June and July. On an annual basis, the mean annual PSR was 2999.0 Wm™at SS site and 2160.3

Wm™

at FN site, respectively.

Table 3.1 The monthly potential solar radiation (Wm™) at SS and FN site for 2006.

Ras!

Rafl

Jan Feb Mar Apr May Jun Jul  Aug Sep Oct Now Dec

105.0 121.0 221.3 3350 415.0 423.0 420.0 364.4 2559 1444 108 86

115 282 136.8 2652 3733 395 3957 301.2 1744 555 13.7 98
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3-3.2 Cloud effect on solar radiation

Figure 3.4 compares the monthly PSRs (Ras|) and measured solar radiations (Rs]) at SS
site for 2006. The monthly values of R, were exhibited higher values than those of Rg| at the
site owing to effects such as clouds, precipitation and aerosols in atmosphere. However, the
seasonal variations in Rs| corresponded closely with those of Rs| (R? = 0.96, p < 0.0001) during

the year.

500 ~
EMRas| HRs|

400 -

200 -

Solar radiation Wm-2

100 -

o
|

I T MAMJT J A S O ND

Figure 3.4 The monthly potential Rys| and observed solar radiation Rg| at SS for 2006. Note:
there was no observed solar radiation data in October.
Table 3.2 summarizes the effect of cloud cover (kc) on the monthly solar radiation at site
SS throughout the year. Smaller values of k. ranged from 0.03 to 0.15, and these valleys
occurred from November to March. Inversely, large values of k. (ranging from 0.13 to 0.38)
were found in the summer. These seasonal phenomena in k. could be related to the cloud

frequency over the study site. In general, Mongolia’s climate is controlled by the westerlies,
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which bring a cloud with precipitation from the Atlantic and the Mediterranean in summer,
rather than by the South Asian monsoon (Gillespie et al., 2003). According to the hydro-
meteorological data at SS site, the total precipitation from April to September comprised 78-90
percent of total annual precipitation, which is consistent with previous studies. For example, in
central Mongolia, about 85 percent of annual precipitation falls from April to September
(MARCC, 2009). Furthermore, Sato et al. (2007) examined the temporal and spatial variations of
cloud distribution over arid and semiarid Asia. They summarized that the cloud frequency is high
near the top and northwest of the Khentii Mountain during summers. Therefore, in the vicinity of
study area has higher cloudy days during summer, which strongly affect the reallocation of the

solar radiation at reaching the ground surface as shown in Table 3.2.

Winter atmospheric conditions in Mongolia are dominated by the clear sky, less snow fall
and high anticyclone (Batima et al., 2005). Moreover, there are approximately 250 sunny days a
year, often with clear cloudless skies, the most of which occurs in winters (Batima et al., 2005).

These might be caused to smaller values of k over the study area in winters.

Table 3.2 Coefficients of cloud cover over the study area (k.). Note: non-available data is

represented by “na”.

Date Jan Feb Mar Apr May Jun Jul Aug Sep Oct Now Dec

ke 0.03 0.04 0.15 023 033 031 038 024 013 na 0.04 0.04
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3-3.3. Forest effect on solar radiation in the forested area of the study area

The shelter effect of forest canopy on monthly solar radiation was assessed by the values in

Table 3.3 and Figure 3.5. The comparison of Rasc| and Rpge| in Figure 3.5 implies that the forest

canopy greatly reduce the penetration of solar radiation. Moreover, the monthly variations in

Ratc| and Ryic| showed very different (R? = 0.52 p < 0.04) patterns in their seasonal variation,

mainly due to the evolution of the forest canopy throughout the year. For example, the annual

maximum of solar radiation over the forest (Rasc]) occurred in June, while the annual maximum

Roic) was in May or before leaf expansion begins. Thereafter, Rys] decreased due to the leaf

growth of trees.

Solar radiation Wm-2

500

400

300

200

100

—4—Rafc| —S—Rbic|

Raf|

F M

I J

A M A § O ND

Figure 3.5 The monthly potential (Racl), calculated (Rys]) and observed solar radiation (Rpsc])

at FN for 2006.

The seasonal evolution of the forest canopy in north central Mongolia has been illustrated in

other studies (lijima et al., 2012; Miyazaki et al., 2014), where it has been observed that leaves
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emerge in May, mature in July, and leaf senescence occurred in mid-September. These features
corresponded with the seasonal variation in kfas shown in Table 3.3. From January to August, ks
showed an increasing trend, which was followed by a decreasing trend that lasted until the end of
year. During the full-leaf period, especially in June, July, and August, ki was higher, ranging
0.78-0.86, owing to strong shading by the forest canopy. This means that 22—14 percent of the
solar radiation over the forest cover reaches the forest floor and that 78-86 percent of it is
sheltered by forest canopy. In winter season, ki was lower and ranged from 0.33-0.37 from
December to February. These results suggested that the solar radiation reaching the forest floor
was affected by not only forest leaf evolution in summers but also by defoliated trees in winters.
This is proved by Photo 3.1. Two hemispherical photographs at FN were taken from the forest
floor (Photo 3.1), which certainly illustrate the situations of forest canopy in winter and summer,
respectively. As viewed by these photographs, on 9 August 2007 for FN site, forest canopy was
well developed and the sky horizon was considerably occluded. It was strongly blocked the
penetration of solar radiation through forest. While on 20 February 2007, the forest canopy
completely disappeared and the sky horizon was wide-open, although defoliated trees have still

shade.

Table 3.3 Monthly coefficients of forest canopy (k) at FN site for 2006. Note: non-available
data is represented by “na”.

Date Jan Feb Mar Apr May Jun Jul Aug Sep Oct Now Dec

K¢ 033 034 052 058 062 078 08 08 0.77 na 039 0.37
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Compared with other stations in the boreal and subarctic zones (Eugster et al., 2000), Ry
usually showed a considerably smaller amount, but Rae| and Rs|as shown in Figure 3.4-5 were
obviously higher than those in subarctic and Arctic zones during summer. Overall, these results
indicate that the changes in vegetation cover within the forest-steppe mosaic have potential to
greatly modulate solar radiation, which further leads to differences on the surface energy balance,
thus ground temperature regimes. Furthermore, the reduced solar radiation on the ground within

the forested area at the edge of the Siberian forest is likely to limit the heat exchange between the

ground and the atmosphere.

Photo 3.1 Hemispherical photos at FN site were taken from the roughly same point; (a) at
11:00 on 9 of August in 2007, (b) at 15:00 on 20 of February in 2007, (photos by Ya.
Jambaljav).
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3-4. Conclusions

In a local mountain basin with complex topography and heterogeneous landscape,
measured and simulated solar radiation over two contrary slopes were used to evaluate the spatial
distribution of solar radiation reallocation. The following conclusions are synoptically drawn
from this chapter.

The PSR over the steppe site agrees well with measured solar radiation on the steppe site
(SS) at south-facing slope throughout the year, but no correlation was found between PSR and
measured solar radiation on the forest floor at the forested north-facing slope (FN) due to the
forest canopy. During the winter, the topography effect on solar radiation seems to be very
important for north-facing slopes, as it strongly reduces PSR compared with adjacent south-
facing slopes. Inversely, the topography effect on solar radiation at each slope is less, and the
difference in PSR among the site is practically identical during the summer. The results show
that the considerable differences in observed solar radiation between the sites were caused
mostly by forest cover during the summer. Of the amount of solar radiation above the forest
canopy, 33 — 86 percent is prevented from passing the forest canopy, and only the remnants
reach the forest floor throughout the year. Therefore, the small amount of solar radiation reduced
by forest cover and slope on the north-facing slopes has potential to reduce heat exchange
between atmosphere and permafrost, and may provide favorable conditions for permafrost

existence at FN site in the forest-steppe mosaic.
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Chapter 4. Influences of site-specific factors on thermal regimes of

the active-layer and seasonally frozen ground

4-1. Introduction

Recent and even ongoing climate changes influencing on permafrost degradation have
been described from a huge number of sites in permafrost regions of Mongolia, Tibet, Siberia
and Alaska. Another factor that contributes permafrost degradation is anthropogenic disturbances,
including overgrazing, forest clear-cutting, forest fires, mining and engineering construction
(Yoshikawa et al., 2003; Iwahana et al., 2005; Sharkhuu et al., 2007; Jorgenson et al., 2011).
Disturbances of the soil surface layer, especially of the vegetation and snow cover alter the
thermal regime of ground, because of the thermal insulation effects of them. These thermal
insulation effects are considerably more important in the discontinuous-sporadic permafrost zone
than that in the continuous permafrost zone (Shur et al., 2007; Jorgenson et al., 2011). The
discontinuous-sporadic permafrost zone is one of the most sensitive areas to climate warming in
the world, the thermal condition of which is quite unstable, very closely to melting point
(Yoshikawa et al., 2003; Ishikawa et al. 2012). As mentioned earlier, Mongolia is located in the
permafrost shift zone from the Siberian continuous permafrost zone to the discontinuous-
sporadic permafrost zone. Therefore, the permafrost in the country could be most vulnerable to

both climate warming and disturbances of thermal insulation effect.

In Mongolia, the permafrost plays an important role in the hydrological cycle and water
supply due to the poor permeability of permafrost, which directly sustains the animal husbandry,

livelihoods of inhabitants and vegetation. For example, the most of rivers in Mongolia originate
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from four large mountains such as Altai, Khangai, Khuvsgul and Khentii, where permafrost is
extensively developed. If we look at more locally, streams and rivers usually flow from the
forested north-facing slopes, especially in the forest-steppe mosaic. There is another evident
example on Figure 2.1, those all streams in our study area flow from the north-facing slope while
the south-facing slopes does not provide any water recourse to river. Also lijima et al. (2012)
already found that precipitation and soil water on the north-facing slope can be partitioned to
evapotranspiration and river runoff. On the other hand, the mountain steppe on the south-facing
slope underlying permafrost-free has large evapotranspiration and therefore, both precipitation
and soil water were consumed entirely as evapotranspiration. Thus, the current permafrost

occurrence in Mongolia is one of the most important issues in water resources.

Since 2003 we have been continuously measuring the hydro-meteorological parameters at
the sites in northern Mongolia, aiming to delineate the different hydrological characteristics
between mountain steppe on south-facing and forested north-facing slopes (Ishikawa et al., 2006;
lijima et al.,, 2012). The ground temperature measurement and direct resistivity surveys
(Ishikawa et al., 2003, 2005) have demonstrated that the permafrost develops only under the
forested north-facing slope, from which the river water comes entirely (lijima et al., 2012).
However, few studies have documented the interplays between the ground temperature regime,

vegetation cover, and atmospheric parameters in such a mosaic region.

The purpose of this chapter is to describe five-year (2003-2006) records of comparable
hydro-meteorological parameters on these slopes, with special focus on the site-specific factors
controlling ground temperatures regime of the active-layer and seasonally frozen ground on these

contrasted slopes.
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4-2. Methods

4-2.1. Analytic procedures of the soil thawing and freezing processes

An analysis of ground temperature regimes of the active-layer at FN site and seasonally
frozen ground at SS site was performed using thawing/freezing degree-days (TDD and FDD,
respectively), the thickness of the active-layer and seasonally frozen ground, the zero-curtain
effect, the freezing/thawing rate, and the onset of thawing/freezing for the period with available
datasets (because some datasets were missing as mentioned above reasons in chapter 2). ALT
and SFGT were the annual maximum depth reached by the 0°C isotherm during the soil thawing
and freezing, respectively. ALT was determined by a linear interpolation of the soil temperature
profiles between two neighboring measurements at the time of maximum thawing (Brown et al.,
2000), and SFGT was estimated by maximum freezing. The onsets of soil thawing and freezing
at the sites were determined by daily average ground surface temperatures that remained
consistently above and below 0°C, respectively. Soil freezing and thawing rates describe how
fast soils can freeze and thaw, and were defined by linear interpolation using the 0°C isotherm
penetration based on soil temperature data. TDD and FDD defined as the sum of degree days
above 0°C during the thawing season and the sum of degree days below 0°C during the freezing

season, and were calculated using by following integrals.

TDD = [’ Topecdt  (4)
FDD = [ Tyacdt (5)
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where 1 and 365 represent the first and the last day of year and T is the temperature of air and
ground surface.

The daily average thickness of snow cover was manually measured at SS and FN sites
using five fixed poles with a centimeter range, and the median of these was used in analysis. This
was available during the winters of 2003/04 and 2004/05 but was only collected once per month
in the remaining winters. The exact duration of snow cover at each AWS site was calculated
from the surface albedo, using the ratio of the downward shortwave radiation to reflected
shortwave radiation, and it was assumed that an albedo above 0.4 magnitudes indicated the

existence of snow cover.
The thermal conductivity (k) of soils at SS and FN sites can be estimated using Farouki's

equation (1981). This equation requires volumetric estimates of the soil compositions, soil

physical characteristic, volumetric water and ice contents at given depths.

ki = kI EMORE (o)

where ni is the soil porosity of the ith layer (%/%), 6 is volumetric water contents
(m*m?), k is the thermal conductivity of soil (W/mK), k; is the thermal conductivity of ice
(W/mk), and k,, is the thermal conductivity of water (W/mk). These parameters were described
by Ishikawa et al. (2005), and set; {n1,n2,n3,n4} = {0.54, 0.4 0.4, 0.4 m*m’} at SS and
{n1,n2,n3,n4} = {0.6, 0.4 0.4, 0.4 m*m°} at FN, and {ks,_ ki ks }={0.55, 2.2, 0.57 W/mk }at the
sites. As mentioned in chapter 2, 8 was measured using a frequency domain reflectometry sensor
at each site. During the soil unfrozen period, 6 can be estimated from soil moisture
measurements. However, the soil moisture measured by a frequency domain reflectometry

sensor during the freezing period is not efficient since it measures only unfrozen water in the soil
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layers. While, during the freezing period when the soil temperature continuously below 0°C, 8
denote the soil volumetric soil liquid plus the solid water (ice content), which was assumed to be
the same as that observed the preceding fall just before the soil froze, as long as there was no
significant change in the data of frequency domain reflectometry. This assumption was applied
in the permafrost region of the Tibetan Plateau (Zhang et al., 2003).

In addition, given that the F and S plots are located in the same geographical situations and
that their soil’s compositions are practically identical. Hence, the main differences in the ground
surface temperature between the F and S plots are likely to be attributed to differences in
vegetation cover (forest and steppe). By comparing the differences of ground temperature from F

and S plots, it can determine the forest effect on the ground temperature regimes in this mosaic.

4-2.2. Calculation of heat fluxes

To clarify the summer energy budget at FN and SS sites, it was used the following
components and equations. The net radiation (Ry) is the sum of downward shortwave radiation
mainly from the sun (Rs]), reflected shortwave radiation from the ground surface (Rs?),
downward longwave radiation emitted by clouds, aerosols and gases (R.|), and upward
longwave radiation (R._1). All of these radiation comments were measured at FN and SS sites. In

the current study, R, (Wm™) is expressed as following equation:

Rl’l=Rs~L—RsT +RL~L+RLT (7)

The energy balance at each site can be described as follows:
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Rn = LE+ H, + G (8)

where LE is the latent heat flux (Wm™), Hs is the sensible heat flux (Wm™) and G the ground
heat flux (Wm™). To clarify turbulent heat fluxes and its variations at the sites, it was used the
Bowen-ratio (Bo) method (Bowen, 1926), which is defined as the ratio of the gradients of

temperature (T) and water vapor pressure (€) between two heights.
AT
Bo=yL ()

Then, the computations of sensible and latent heats for summer period can be determined from

Bowen-ratio, energy balance equation and ground heat flux.

_ (Rn—-G)

"~ (1+Bo) (10)
__ Bo(Rn+G)
HAZ (1+Bo) (11)

where vy is the psychrometric constant (hPa °C), and AT and Ae are the temperature (°C), water
vapor pressure (hPa) gradients, AT=Tx-T., Ae=ea-€,, and z; and z, are the measurement
heights of air temperature and water vapor pressure, respectively. Before using Bo in final
analysis, a quality control of Bo was performed, according to the objective criteria as indicated
by Ohmura. (1982). This operation removed the values of Bo and that were very close to -1 and
those corresponding to flux direction the same as that of the gradient. This generally occurs at
the early morning and late afternoon (Ohmura, 1982). In this study, the G was estimated from the

observed values by a soil heat flux plate at 0.05 m depth in the soil.
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4-3. Results

4-3.1. Radiation fluxes

In order to clarify the radiation balance and summer energy exchanges within the forest-
steppe mosaic, we only used data for the summer of 2006, due to the data-recording problems as
mentioned in chapter 2. As shown in Figure 4.1, the spatial variability of vegetation structure
along the forest-steppe mosaic profoundly alters the radiation regimes at the ground surface,
although they had similar patterns. During summer, the steppe (SS) site received more Rg| than
the forest (FN) site, with a peak of 411 Wm™ at the end of June at SS site. At FN site, the amount
of Rs| below the forest canopy strongly related to the canopy density. The peak value of daily
Rs| below the forest canopy reached 126.9 Wm™, and typically occurred at the end of May,
approximately one month earlier than at SS site. Thereafter, at the beginning of the leaf growing
period, Rs| below the forest canopy began to decrease sharply between early June and July, due
to forest canopy expansion. From mid-July to mid-September, daily average of Rs| below the
forest canopy was weak and ranged from 15 to 45 Wm™. Then, it increased slightly for a few
days during mid-September (Figure 4.1a) despite the seasonal decrease in Rs| above the forest
canopy as described in the previous chapter, and this was attributed to initial leaf loss from the
forest canopy. Thereafter, at the end of September, Rs| at the forest floor started to decline again,
and this decline in Rs| also happened at SS site due to a gradual change in the sun angle. In
winter, downward Rs| is low and remains almost stable at each site due to the lower solar angles.
The lowest Rs| value (nearly zero) below the forest canopy at FN occurred between mid-

December and the beginning of January. These comparisons imply that the energy absorbed by
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Rs| on the ground is considerably low in forested areas than steppes areas, especially in warm

Seasons.

In both areas, the seasonal variations in Rs| were strongly modified by surface conditions
and Rs?1 (Figure 4.1). For example, differences the relative magnitudes of Rs? in relation to Rs]
at each site were found throughout the year (Figure 4.1a and b). In winter, Rs? followed the
course of Rg| at both sites, and it dropped suddenly at SS in mid-March and at FN early April,
the due to the disappearance of snow. During the full snow covered period from January to
February, the average Rs? accounted for 80 percent (10.8 Wm™®) of Rs| at FN and 76 percent
(92.0 Wm™) of Rs| at SS, due to the high albedo of snow cover. Inversely, it accounted for 20
percent (8.0 Wm™) of Rg| at the former site and 18 percent (48.5 Wm™®) of Rg| at the latter site
from July to August, primarily owing to the low albedo of vegetation coverage at each site.
These percentages in Rs] for the summer were consistent with percent of 21 for Mongolian

grassland (Li et al., 2006).

In general, R.| and R 1 showed a similar temporal variations pattern at both sites, with the
lowest values in winter and the highest in summer at the area (Figure 4.2). However, it was
found that R, 1 in the year considerably exceeded Ry | at the steppe site (SS). For example, at SS
site, R.| was averaged 284.1 Wm™ and R.1 was averaged 375.5 Wm™ during the summer,
respectively. This difference may correspond to the surface feature, less clouds, low water vapor
pressure in the atmosphere and higher Rs| (Zhang et al., 2010). While, at the forest floor (FN),
R.1 was almost similar or somewhat large than R.|, whit averages of 345.5 Wm™ and 337.9
Wm, respectively. This is likely caused by the strong shade of forest canopy during the summer.
It is also confirmed by those similar values of R_| and R 1 that were observed during the full-

leaf period (Figure 4.2a and b). In winter, R, 1 at FA was 250.4 Wm™and R.| was 239.4 Wm™.
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At the same time, R._1 usually exceeded R| | at SS site, although no complete data were available
(Figure 4.2). These results indicate that the energy loss by R. 1 from the steppe is greater than
that of the forest floor.

On the whole, the average amount of radiation components in both directions at the steppe
was obviously larger throughout the year than at the forest floor. Hence, any differences in the
vegetation structure, for example a forest vs. a steppe, can significantly influence the shortwave
and longwave radiation regimes at the ground surface. These differences in radiatiave energy in
the study sites could lead to distinctly different heat fluxes. Summer energy exchanges at the

sites are examined in detail in the following sub-chapter.
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Figure 4.1 (a) Daily averages of downward shortwave radiation (Rs|) and (b) downward
upward shortwave radiation (Rs?) at FN and SS for 2006. The red and black colors

represent sites for SS and FN, respectively.
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Figure 4.2 (a) Daily averages of downward longwave radiation (R_]) and (b) upward
longwave radiation (R.1) at FN and SS for 2006. The red and black colors represent
sites for SS and FN, respectively.
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4-3.2. Summer energy budget at the sites

Figure 4.3 shows the variations of the five-day average values of summer energy fluxes at
the sites. The considerable differences in R, between two sites were markedly affected by net
shortwave radiation, albedo and the net longwave radiation at each site. Ground surface albedos
varied between 0.18-0.28 at FN and 0.17-0.27 at SS for snow free seasons, respectively. The
magnitudes of lowest albedo at both sites were in August. The maximum peaks of R, were
occurred at the end of May at FN and at the end of June for SS. These patterns are consistent
with the observed peaks of Rs? at each site. During the growing sessions, R, was approximately
70 percent greater over SS than that at FN. Indeed, from April through September 2006, R,
averaged 27.9 Wm™ at the latter site, and 112.3 Wm™ at the former site, respectively. This
difference in R, between the sites was primarily contributed to differences in heat fluxes at each
site.

A more Rpat SS site compared with FN site could lead to the higher amounts of LE, Hs
and G as shown in Figure 4.3. During the beginning of April, R, was mostly converted to Hs,
that is, Hs was higher than LE during the period. From mid-April to the end of May R, gradually
increased and led to increasing LE, but Hs tended to reduce, and LE was higher than Hs.
Thereafter, R, began to decrease steadily together with LE and Hs from June to September.
These patterns are consistent with energy exchange observation at the forested area on
permafrost in northern Mongolia (Miyazaki et al., 2014) and a larch forest in eastern Siberia
(Ohta et al., 2001). Temporal variations in G were very similar to variations in Rn during the
summer time, and it was positive from the beginning of April to the end of September, indicating

heat loss from the ground to the air.
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The patterns of summer energy fluxes at site SS (Figure 4.3b) were typically similar with
the above mentioned patterns on energy fluxes at site FN. However, the absolute values of
fluxes at the former site were much higher than at the latter, and the peak values of LE were
usually computed in the mid-summer. These results imply that the LE is dominant factor in
energy budget rather than Hs at each site. The main reasons for the temporal altering
characteristics of the turbulent fluxes among the study sites are mostly the summer precipitation,
the thawing-freezing of ground and plant activity (Liu et al., 2010; Miyazaki et al., 2014). As
mentioned earlier, the total precipitation from April to September comprised 80-90 percent of
total annual precipitation, which led to the significant increase of the subsurface soil moisture
content during the summer. Therefore, probably this is one of the important reasons why the LE
increased after mid-April and was much higher than Hs during the summer at both sites.
Furthermore, in the study area, the dense grass started to grow from early May in conjunction
with increasing evapotranspiration, especially at steppe (lijima et al., 2012). In early summer, the
thawing of the ground, which acts as an impenetrable layer for ground water (Ishikawa et al.,
2005), making the ground water available to evaporation. Therefore, these combined facts at
sites likely cause that LE is higher than Hs at the sites.

On average over the summer period, the fractions of Rn that were conducted into LE (53
percent) and Hs (32 percent) at FN are comparable to values found by other studies in permafrost
area. Values of LE /Rn and Hs /Rn reported are 53 percent and 38 percent for on peat at larch
forest in Canada, 53 percent and 31 percent for a bog at the Siberia (Eugster et al., 2000). The
fraction 15 percent of Rn was partitioned into G for the same period at FN. This value is similar
to those reported in permafrost areas of Canada and central Siberia (Ohmura, 1982; Boike et al.,

1998). Whereas, at site SS, G, Hs and LE shared 8 percent, 28 percent and 63 percent of Rn,
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respectively. These percent are similar to those observed at four steppe sites in central Mongolia
(‘YYamanaka et al., 2007).

A considerable difference in partitioning into G was computed between the sites. The
fraction of G in Rn at FN site was approximately two times higher compared with that SS site.
This variance probably mostly results from site differences in soil thermal regime. Permafrost,
which was only found at forested north-facing slope (Ishikawa et al., 2005, 2008), could also
have contributed to the large percent G by creating a strong thermal gradient between the ground
surface and soil deep. However, the absolute values of G at the SS site were much higher than at
FN. Indeed, G averaged 4.2 Wm™ at the former site and 9.7 Wm™ at the latter site during the
summer, respectively.

Since energy exchanges between the ground surface and the atmosphere drive local climate,
such computed differences in heat fluxes between the our study sites is one of important factors
that influence the temperature regimes of ground, as well as the current occurrence of permafrost
and seasonally frozen ground. The results presented in this sub-chapter indicate that gradating
forest to steppe in the forest-steppe mosaic is mostly to enhance the amount of solar radiation on
the ground surface, which may promote heat transmission between the ground surface and
atmosphere. Therefore, any disturbances of forest cover within the forest-steppe mosaic can
substantially alter the solar radiation regimes, which would lead to increased amounts of heat
fluxes at the ground surface. Consequently, permafrost in the mosaic will become vulnerable,
and it may start to thaw because the permafrost temperatures in this region are often at or near

0°C.
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Figure 4.3 Five-day averages of net radiation (Rn), latent heat flux (LE), sensible heat flux
(Hs) and ground heat flux at FN (a) and SS (b) for 2006, respectively.
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4-3.3. Hydro-meteorological variables

The basic factors affecting radiation regime and heat fluxes have been examined in
previous chapters. When the radiation regime and heat fluxes at the sites are inevitably
determined by some site-specific factors such as forest and heterogeneity of topography,
however, studies of the chapters only based on single year data and did not describe the interplay
between the site-specific factors and atmospheric parameters. In the following sub-chapters,
therefore, the interplay between the site-specific factors and atmospheric parameters are
discussed, together with the developments of the active-layer and seasonal frozen ground, using
by five-year records measuring comparable atmospheric parameters on these contrasting slopes.

Figure 4.4 shows the annual cycles of daily solar radiation above steppe and below the
forest canopy, and the air, surface temperatures and wind speed at sites SS and FN. The annual
variations of solar radiation at both sites were markedly affected by solar elevation, vegetation
cover, and weather conditions. During the summer period, the SS site received a higher amount
of solar radiation with peaks of 411 \WWm™ and 403 Wm at the end of June 2006 and June 2007,
respectively, while the amount of received solar radiation below the forest canopy was
considerably related to the density of the forest canopy. Peak values of solar radiation below the
forest canopy at FN ranged from 126.9 Wm™ to 155.2 Wm™, and these values typically occurred
at the end of May, approximately one month earlier than at site SS. Thereafter, at the beginning
of the leaf growing period, solar radiation below the forest canopy began to steadily decrease
between June and the end of September until the onset of leaf senescence. It was also found to
increase slightly again for a few days during the middle of September (Figure 4.4a), and this was

attributed to initial leaf loss from the forest canopy. The seasonal evolution of the forest canopy
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in north central Mongolia has been illustrated in other studies (lijima et al., 2012; Miyazaki et al.,

2014), where it has been observed that leaves emerge in May, mature in July, and die in mid-

September.
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Figure 4.4 Daily averages of: (a) solar radiation; (b) air temperature; (c) ground surface
temperature; and (d) wind speed from September 1, 2003 to the end of 2007 measured at the

mountain steppe on the south-facing slope and on the forested north-facing slope.
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In winter, solar radiation is low and remains almost stable at each site due to the lower solar
angels. The lowest solar radiation value (nearly zero) below the forest canopy at FN occurred
between the middle of December and the beginning of January for every year. The average solar
radiation from December to February was 95 Wm™, 96.8 Wm™, 108.5 Wm™, and 92.3 Wm™ at
SS and 10.5 Wm™, 8.7 Wm™, 11.3 Wm™ and 10.1 Wm™ below the forest canopy at FN in the
winters of 2003/04, 2004/05, 2005/06 and 2006/07, respectively (Figure 4.4a).

Although similar patterns of daily air temperature were measured at both FN and SS, air
temperatures at FN were lower than those at SS during summer and winter (Figure 4.4b). For
example, it was possible to estimate the differences in air temperatures between the two sites
from May to August for the summers of 2004, 2006, and 2007, as 2.0°C, 2.6°C and 2.7°C,
respectively. However, the air temperature differences between the two sites from November to

February were lower, at 0.9°C, 0.6°C, and 2°C during the first three winters.

Table 4.1 Comparisons of summer air and ground surface temperatures for mountain steppe on
the south-facing slope and the forested north-facing slope. Note: non-available data is represented

by “na”.

Variable /unit/ Units Site 2004 2005 2006 2007
Mean air temperature °Cc SS/FN 13.6/11.6 na/11.4  11.7/9.1 15.4/12.7
(May-Aug)

Mean surface temperature °C SS/FN 15.6/10.2 na/9.5 14.5/9 20/na
(May-Aug)

TDDair °Cdays SS/FN na/1753 na/1726 na/1495 2356/1866
TDDsur °Cdays SS/FN 2495/1522 na/1436 na/1409  3453/na
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The surface temperature in summer exceeded the air temperature at SS, and the opposite
occurred at FN (Table 4.1). In addition, as shown in Figure 4.4c, surface temperature fluctuations
were higher at SS throughout the year than that at FN, and the former site was considerably
warmer in summer and slightly colder in winter than the latter site. These seasonal differences in
ground surface temperatures between the two sites can be mostly explained by interannual
variations in solar radiations at the ground surface at each site, together with variations in snow
cover and soil moisture content. The soil moisture at SS (near-ground surface at 0.1 m) seldom
exceeded 20 percent after rainfall, and immediately started to decrease until the following
episode of rain (Figure 4.5b). Furthermore, there were only small seasonal variations in the soil
moisture content of deeper soil layers (0.4, 0.8, and 1.2 m), which did not exceed 12 percent
during the study period (Figure 4.5b), indicating that soil at the SS site is dry. It is therefore
considered likely that the higher solar radiation on the dry ground at SS causes a warm soil

profile during summer compared to the profile at FN.
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Figure 4.5 Soil moisture content measured from September 1, 2003 to the end of 2007 at: (a)

the forested north-facing slope; and (b) the mountain steppe on the south-facing slope.
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For example, the mean summer ground surface temperature (May—August) at SS was warmer by
5.4°C in 2004 and 5.5°C in 2006 than at FN, respectively (Table 4.1). Such differences in ground
surface temperatures between the sites were also evident in other summers (2005 and 2007);
however no complete temperature data were available for this period (Figure 4.4c).

Interannual variations of snow cover showed similar patterns between both the sites (Figure
4.6), although the thickness and duration of snow cover were greater at FN than that at SS. This
difference in snow cover between FN and SS sites is probably mainly due to different amounts of
sublimation and weaker wind. Strong wind decreased the thickness and duration of snow cover,
especially at SS. The daily wind speed during winter averaged 1.64 m/s for 2003/04 and 1.65 m/s
for 2005/06 (Figure 4.4d), which was sufficient to cause drifting of snow. Snow sublimation is
also an important factor that decreases the snow thickness at site SS, where Zhang et al., (2008)
estimated sublimation at 0.16 mm/day. Inversely, the wind speed during winter was considerably
lower at FN and ranged from 0.35 to 0.49 m/s (Figure 4.4d). Also, Zhang et al. (2008) pointed
out that sublimation from snow cover at FN was 0.08 mm/day, which is two times lower than
sublimation at site SS.

Owing to the thicker snow cover, the surface temperature at FN was quite warmer than at
SS during winter, despite the lower air temperature at FN (Table 4.2). In addition, the air
temperature was colder than the surface temperature at both sites, even though the different
values depended on snow thickness. As summarized in Table 4.2, the snow cover effect is seen
clearly in the interannual variations of ground surface temperatures at each site. For example,
during the cold winter of 2003/04, when average air temperatures from November—February
were -17.9°C at SS and -18.8°C at FN, the maximum thickness and duration of snow cover were

(17 cm and 141 days) at SS and (18.6 cm and 159 days) at FN, which resulted in large
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differences in the seasonal evolution of air and surface temperature at each site. In contrast,
during the winter of 2005/06, when average air temperatures were -15.8°C at SS and -17.8°C at
FN, there was a reduced maximum thickness and duration of snow cover (5 cm and 85 days) at
SS and (8 cm and 140 days) at FN, respectively. As a result, differences in the seasonal evolution
of air and surface temperature at each site were small. Furthermore, despite the cold winter in
2003/04, both the ground surface temperature and freezing degree-days of surface (FDDg,) at

two sites were greater than in winter of 2005/06.
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Figure 4.6 Thickness of snow cover on the mountain steppe on the south-facing slope (purple
circle) and the forested north-facing slope (brown triangle), measured during the winters of the

study period.
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Table 4.2 Comparisons of winter air and ground surface temperatures, snow cover for the

mountain steppe on the south-facing slope and the forested north-facing slope sites during the

winter period. The last row is the seasonal frozen ground thickness at south-facing mountain

steppe. Note: non-available data is represented by “na”.

Variable Units  Site
Mean air temperature (Nov- °C SS/FN
Feb)

Mean surface temperature °C SS/FN
(Nov-Feb)

FDDsur °Cdays SS/FN
Duration of snow cover day SS/FN
Maximum snow thickness cm  SS/FN
Seasonal frozen ground m SS
thickness

2003/04 2004/05

2005/06

2006/07

-17.9/-18.8 -16.9/-17.5-15.8/-17.8 na/-16.5

-11/-9.7 -11.4/na

-1635/-1504 na/na

141/159 114/162

17/18.6 6.8/8.9

3.9 4

-11.8/-11.6 na/-9.4

na/-1789

85/140

5/8

4.4

Na/-1427

111/170

10/17.5

3.7
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4-3.4. Dynamics of the active-layer and seasonal frozen ground

Figure 4.7 shows interannual variations in soil temperature at FN, from the surface to a
depth of 3.2 m. The active-layer usually begins to thaw at the end of April, with an average
thawing ratio of 0.022 m/day from the surface to a depth of 2 m (the average from the first three
summers). The maximum ALT was usually observed in mid-September, and was strongly related
to the thawing degree-days of air (TDDy;) for FN (Table 4.1). In the period 20042006, the ALT
was at a maximum amount of 2.67 m in 2004 (the year in which the higher TDDg; occurred), and
in the summer of 2005 and 2006 was 2.6 and 2.4 m respectively (at a time when TDD,;, was
moderately low). However, the hottest summer occurred in 2007, when TDDg; was 1866°C days,
during which time ALT developed to more than 2.5 m in early September (thereafter further
developing) (Figure 4.7). Such results indicate that air temperature during summer is the

dominant factor controlling the thickness of the active layer.
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Figure 4.7 Seasonal changes in daily average soil temperature at a depth of 3.2 m from the
ground’s surface at the forested north-facing slope (FN). The gray or open areas indicate missing

data owing to instrument failure, and the ground temperature isoline interval is 1°C.
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Refreezing of the active-layer usually begins in mid-October, and it is completely frozen
by the end of December. The depth of penetration of soil refreezing is inhibited by the latent heat
of fusion (Hinkel et al., 2001), and during some of this period soil temperatures remain close to
0°C; this is known as the zero-curtain effect (Outcalt et al., 1990). Soils at FN site are
characterized by the presence of abundant water, particularly in the deeper soil layers (Figure
4.5a), and as a result a freezing zero-curtain effect was observed at a depth of 1 m for a duration
of 20 days and 27 days in 2004 and 2005, respectively. In 2006, when soil water contents were
higher, a longer zero-curtain effect of 34 days was observed. However, in spite of the zero-
curtain effect and the thicker snow accumulation at this site compared to that at SS, soil freezing
penetrated rapidly at the rate of 0.043 m/day between the ground surface and a depth of 2 m
throughout all the recorded winters. The rates presented here imply that the refreezing of active-
layer is faster rather than the thawing of active layer, and it is evidently seen in Figure 4.7. This
might be primarily explained by the presence of thick organic layer and soil moisture at FN site,
which has an important influence on conductivity of soil at FN.

In summer, when the organic layer is usually dry because of evaporation, thus most of pore
spaces in the organic layer are filled with air, which has an extremely low thermal conductivity
at FN. Therefore, the warming of ground is inhibited. However, in winter the organic layer at FN
site could become quite moist because of reduced evaporation, and pores in the organic layer
could be filled with ice. The thermal conductivity of ice is approximately four and ninety times
larger than that of water and air (Williams and Smith, 1989). These mechanisms may be
attributed to the differences in soil conductivity as show in Figure 4.8. The figure presents the
calculated conductivity of soil at FN site under freezing and thawing conditions. It was found

that there was significant difference in conductivities of soil for both seasons. In summer, the
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conductivity of soil were lower at the given depths, with mean ranges of 0.57-0.98 W/mK. In
winter, the mean ranges conductivity of soil were 0.80-1.14 W/mK. Thus, the thawing and
refreezing of active-layer at FN site is strongly influenced by the insulating ability of thick

organic layer.
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Figure 4.8 Seasonal variations in thermal conductivity for soil layers from 0.2 mto 1.2 m
under the forested north-facing slope (FN) for winter and summer in 2006.

As shown in Figure 4.9, seasonally frozen ground at SS began to thaw in early April
immediately after the disappearance of snow cover, and the thawing deepened quickly at rates of
0.057 m/day and 0.054 m/day to a depth of 2 m in 2004 and 2006, which is enough twice as fast
as the rate at site FN. The ground had thawed completely by June 30 in 2004 and by June 17 in

2005, but in 2006 it had only completely thawed by August 18 (Figure 4.9).
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Thermal insulation from snow cover was found to be predominant factor in controlling the
development of SFGT than air temperature. The SFGT at SS was 3.9 m in 2003/04 and 4.4 m in
2005/06, even though air temperature was lower during the former winter than during the latter
winter (Table 4.2). By examining subsequent records, it was found that the thickness and
duration of snow cover decreased from 2003/04 to 2005/06 and the SFGT increased (Figures 4.6,
4.9, and Table 4.2). However, this situation was reversed in the winter of 2006/07: the increased
thickness (10 cm) and duration (111 days) of snow cover resulted in a decreased SFGT of 3.7 m.
This demonstrates that thin snow cover with a shorter duration potentially leads to a deeper
thickness of seasonally frozen ground. The average freezing ratio from the surface to the soil

depth of 2 m was 0.037 m/day during the first three winters.
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Figure 4.9 Seasonal changes in daily average soil temperatures at a depth of 6 m from the
surface at the mountain steppe on the south-facing slope (SS). The gray or open areas indicate

missing data owing to instrument failure, and the ground temperature isoline interval is 1°C.
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Figure 4.10 presents the computed thermal conductivity of soils for SS site. During the
winter and summer, no significant differences in the thermal conductivity at the soil depths were
occurred due to steady moisture content. However, the absolute values of the thermal
conductivity were usually higher at SS than that of FN for both winter and summer. The average

thermal conductivity of soil at SS varied between 09.2 W/mK and 1.04 W/mK.
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Figure 4.10 Seasonal variations in thermal conductivity for soil layers from 0.2 mto 1.2

m under the steppe on south-facing slope (SS) for winter and summer in 2006.
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4-3.5. Comparison of ground temperature in forested and steppe areas

As shown in Figure 4.11a, plot S is colder than plot F during winter, but warmer in
summer. The average surface temperatures from June to September in the summer of 2004 were
10.8°C at F and 16.7°C at S, and 10.4°C and 15.0°C, respectively, in the summer of 2006. In
contrast, in winter the difference in surface temperature between these sites was small owing to
the snow insulation effect, and depended strongly on the interannual variation in snow
accumulation. In the winter of 2003/04 the snow cover was thick and the surface temperature
averaged from November to March was -8.7°C at F and -8.9°C at S, which are almost similar
values. However, for the same period during the winter of 2005/06 there was only a thin snow
cover, and the averaged surface temperatures were -11.4°C at F and -12.6°C at SS, respectively.
This is acknowledged that such seasonal differences in the ground surface temperature between
forested and steppe areas have also been demonstrated previously in this study.

The effects of vegetation cover and the soil organic layer on ground temperature are also
shown in Figure 4.11. The ground surface temperatures at sites F and FN were almost similar for
all summers (Figure 4.11a), which is considered likely to indicate that the low temperature on the
forest floor is usually related to forest cover and not to site location or soil composition. For the
summer ground surface temperature of steppe areas, site SS showed a slightly higher surface
temperature than site S (Figure 4.11a), and this variance is explained partly by the differences in
slope, aspect, and elevation mentioned earlier. For example, average surface temperatures during
June-August were 17.4°C, 18.2°C and 16.9°C at SS site and 15.4°C, 16.6°C and 13.6°C at S plot

for summers of 2004, 2005 and 2006, respectively.
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Figure 4.11b suggests the importance of the organic layer on ground temperature at greater
depth. Despite similar ground surface temperatures at F and FN in summer, the ground
temperatures at 1 m showed large variations; the monthly ground temperature at F was 1.3°C—
2.3°C higher in the summers of 2004, 2005, and 2006 than that at FN. This is considered likely
to be attributed to differences in the soil organic layer. According to Ishikawa et al. (2005), the
thickness of the organic layer at site F was 0.1 m (which is twice as thin as that at site FN),
because the thickness of the organic layer along the north-facing slope ranges from 0.2 to 0.4 m,
as previously mentioned. However, the observed differences of monthly ground temperature at 1

m between F and FN sites ranged from 0.1°C to 1.4°C during the winters of 2005/06 and

2006/07.
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Figure 4.11 Monthly patterns of soil temperatures from September 1, 2003 to the end of 2007 at

all observation sites: (a) surface temperatures; and (b) soil temperatures at a depth of 1-m.
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These comparable results indicate that the dominant thermal insulator affecting ground surface
temperature within the mosaic throughout the year was mainly vegetation cover, rather than
snow cover. Also, a thick organic layer on forested slopes is favorable for the existence of
permafrost beneath.

Table 4.3 shows the onsets of thawing and freezing during the observation period, where it
is evident that the onset of thawing at the ground surface occurred earlier in the steppe sites than
in the forest sites. For example, in 2004 and 2006, the onset of thawing was noted on DOY (day
of year) 98 and 109 at site S, respectively, which is 9 and 13 days earlier, respectively, than at
the adjacent forested area F. In addition, the onset of thawing at site S at a depth of 1 m was
several days earlier than at site F. In contrast, the onset of freezing occurred approximately on
the same day at both sites, as shown in Table 4.3. Overall, the onset of thawing was earlier, but
the onset of freezing in our study area was later than those in evergreen conifer, larch, and tundra

at high northern latitude (Smith et al., 2004).

Table 4.3 The onset of spring thawing and fall freezing for plots F and S from 2004 to the end of
2006. O and Os represent the day of the year when the onset of thawing and freezing occurred.

Note: non-available data is represented by “na”.

Year Depth (cm) F S
Ot Of Ot Of
0 107 294 98 295
2004
100 146 na 123 334
0 na 289 98 289
2005
100 na 329 128 329
0 122 290 109 na
2006
100 162 325 134 326
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4-4. Discussions

The studies in the chapter exhibit that the interannual variations in soil temperatures under
the forest floor are significantly different from those of the mountain steppe, and although the
locations are immediately adjacent, the temperatures in the forest are colder. These differences
are mainly associated with the behavior of the local climate, the vegetation cover, and the
thermal properties of the ground. In the following the dominant interplay and site-specific
characteristics are discussed for each site.

Mountain steppe: As shown in Figure 4.6, the disappearance of snow cover occurred
several days earlier at SS than at FN in spring, implying that the available heat storage on the
surface could be used efficiently in soil heating and turbulent heat fluxes, thereby causing a
much longer thawing session. As almost all summer precipitation was consumed by
evapotranspiration at SS (lijima et al., 2012), soils were generally dry at SS during summer
(Figure 4.5b). Therefore, a higher amount of solar radiation on the dry ground surface at SS is
considered likely to cause a warm soil profile in summer. The soil texture beneath the south-
facing slope is simpler, characterized by sandy gravel (Ishikawa et al., 2005) which has higher
thermal conductivity (Williams and Smith, 1989) than the gravelly soil with a deeper organic
layer on north-facing slope. A lower amount of soil moisture in the ground also allows the
effective transfer of heat into the ground, because less energy is required for a phase change into
soil water, and this is confirmed by the lack of zero-curtain effects that were observed within the
soil upper layer during the entire observation period. These combined effects on the site could
therefore be responsible for driving the rapid soil warming at the SS site during spring and

summer, resulting in the rapid thawing of seasonally frozen ground.
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Snow cover accumulation is one of the most important factors determining ground
temperature variations during the winter season because it limits heat exchanges between the
ground and the atmosphere owing to its low heat conductivity (Williams and Smith, 1989; Zhang
et al., 2005b). The smaller amount of snow cover at SS than at FN, and the shorter retention
period (Figure 4.6 and Table 4.2), is considered to be mainly due to the higher amount of
sublimation and wind scour. Zhang et al. (2008) reported sublimation from snow cover at SS as
0.16 mm/day, which is twice as high as that at FN. It is therefore evident that there is a weak
effect from snow insulation in the steppe areas, releasing more heat from dry ground to the
atmosphere, thereby enabling the development of deep seasonally frozen ground at SS.

Forested slope: The strong reduction in the amount of solar radiation on the forest floor
(Figure 4.4) is related to its modulation by the forest canopy and the slope, and is considered to
be one of the factors causing lower ground surface temperatures in summer in the forested areas
compared to the steppe areas (Figure 4.11b). Permafrost beneath north-facing slopes acts as an
impenetrable layer for ground water (ishikawa et al., 2005), and on the other hand, a lower
amount of evapotranspiration from this slope (lijima et al., 2012). This results in wet ground at
FN (Figure 4.5a), which generally has a higher thermal conductivity than that of dry soils
(Farouki, 1981; Hinzman et al., 1991) and should therefore contribute to heat transfer from the
ground surface to deep soil layers, enabling a warm soil profile. However, soil temperatures in
the deeper layers at FN are generally colder than at other sites during the summer, as shown in
Figure 4.11b, probably indicating that the thick organic layer at the site has an efficient
insulation of heat from the surface towards the deeper soil, and because of the low conductivity
of the organic layer in the unfrozen state (Williams and Smith, 1989). The cooling effect of thick

organic layers during summer has been reported in other boreal forested regions in Alaska and
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Kamchatka, (Yoshikawa et al., 2003; Fukui et al., 2008). In addition, the longer lasting snow
cover at the forested site (FN) shortens the summer thawing period. Therefore, these combined
effects at FN considerably prevent the soil from warming during summer and lead to lower soil
temperatures in the soil substrate during summer compared with those at the SS site.

As shown in Figure 4.4c and Table 4.2, the insulation effect of low conductivity of snow
cover on the ground surface temperature is more significant at FN than at SS in winters, although
the thick organic layer at FN site probably contribute to heat loss from the ground due to their
high conductivity in the frozen state (Williams and Smith, 1989). It is likely that there could be a
considerably higher ice content within the upper ground layer at FN during winter, as the soil
moisture values were higher in this area during autumn. It is therefore considered that the ice
content within the upper frozen ground in winter also promotes a quick heat transfer, due to its
high conductivity and low heat capacity. Thus, the ground temperature decreases rapidly in

relation to the above-mentioned factors, which leads to quick refreezing of the active-layer at FN.
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4-5. Summary

Five-year measurements of hydro-meteorological parameters over two slopes with

different vegetation covers were used to demonstrate the characteristics of temperature regimes

in active-layer and in seasonally frozen ground. These remarkably contrary environments

strongly showed variable thermal regimes at both of the two slope types. The following points

summarize the results presented in this chapter.

Changes in vegetation cover firstly influenced on the solar radiation amount on the
ground surface and thus on net radiation. Consequently, the seasonal variation in
energy energy flux at the two sites exhibited different features and amounts. During
the summer of 2006, net radiation averaged 27.9 Wm at FN site and 112.3 Wm™ at
FN, respectively. This difference in R, between the sites was primarily contributed to
differences in heat fluxes at each site. The turbulent heat fluxes at the sites showed a
seasonal characteristic, and sensible fluxes were greater than latent heat fluxes in early
summer, but the opposite occurred throughout the summer. During the summer, about
15 percent of net radiation stored as ground heat flux at FN site due to the strong
temperature gradient, and it is approximately twice higher percent than at SS site.
However, the absolute value of ground heat flux at the latter was much greater than the
former.

In summer, the surface temperature exceeded the air temperature, mostly because of a
large amount of solar radiation, on the dry south-facing slope, which resulted in rapid
thawing of seasonally frozen ground and a warm soil profile. Inversely, forest cover

canopy on the north-facing slope significantly reduced air temperature and solar
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radiation to the ground, thus the air temperature was higher than the surface
temperature. Moreover, a thick soil organic layer strongly limited heat transfer to the
ground deep.

In winter, the surface temperature was warmer at the forested slopes than at the steppe
slopes owing to greater accumulated snow cover. However, the thick organic layer
beneath the snow cover enhanced the freezing rate, especially at FN. The snow cover
duration and snow thickness at SS had a considerable influence on the development of
seasonally frozen ground and were inversely related with SFGT.

The effects of forest and an underlying thick organic layer at the edge of the Siberian
forest are both important factors for contributing the existence of permafrost in this

region, which appears only beneath forested north-facing slopes.
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Chapter 5.

General discussion

On a global scale, climate is the main factor influencing permafrost occurrence, though
site-specific factors become increasingly important at the local scale. Shur and Jorgenson, (2007)
created a permafrost classification system to describe the interaction of climate and ecological
processes in permafrost formation and degradation that differentiates five patterns of formation:
‘climate-driven’; ‘climate-driven, ecosystem-modified’; ‘climate-driven, ecosystem-protected’;
‘ecosystem-driven’; and ‘ecosystem-protected’ permafrost. According this classification, the
study site could be belonged to the ecosystem-driven permafrost, which forms in the
discontinuous permafrost zone in poorly drained, low-lying and north-facing landscape
conditions, and under strong ecosystem influence. Their study also confirmed that climate alone
is insufficient to cause permafrost formation in the discontinuous permafrost zone.

As the study sites located within the small basin, we can assume that general climate
conditions over the sites are similar and it can be neglected in the current study. The results of
this thesis reveal that three major factors influencing in differences of ground thermal regimes
between permafrost and seasonally frozen ground within the mosaic are topography, vegetation
and soil moisture. Firstly, the heterogeneity of topography plays a major role in modifying solar
radiation regime near the ground surface, although it depended on the seasons. The absolute
differences in average PSR between north-facing and south-facing were small during the summer,
probably indicating that the available heat storage could be similar. This implies that the ground
surface temperatures on the both slopes might be similar during summer. This agrees well with

other field study (Jorgenson et al., 2010), and they found south-north slopes had minor effects on
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ground temperatures throughout the summer, but elevation had a large effect on ground
temperatures when compared within the similar vegetation structures. In contrast, topography
strongly affected the PSR over the study area in winter, and it can alter the soil thermal regimes
as described the following dominant phenomena. In the mosaic, north-facing slopes receive
small amounts of solar radiation compared with adjacent south-facing slopes. Consequently,
north-facing slopes typically have a thick snow cover, which has more thermal insulating effect
than south-facing slopes. Thus, it limits heat transform from the ground surface to the
atmosphere, resulting in higher ground surface temperature on the north-facing slopes than that
on the south-facing slopes. However, this situation would be opposite at the end of winter.
Because the duration of snow cover was longer on north-facing slopes, and thus the ground
surface temperature is generally lower on the north-facing slopes than that on the south-facing
slope.

As clarified in chapter 4, variations vegetation covers have a strong effect on the ground
thermal regime in the forest-steppe mosaic. Studies have described that the vegetation cover
changes are attributed to the variations of the surface energy balance (Yoshikawa et al., 2003;
Zhang et al., 2005; Genxu et al., 2012). In the study site, although PSR above the slopes were
nearly identical during the summer, the difference in observed solar radiation on the ground
surface between the sites was a large, mostly due to forest cover. These differences result in
differences in energy transmission and its amount, and thus soil temperatures at each site,
especially during the summer. For example, forested area resulted in cool ground surface during
summer, while adjacent steppe resulted in warm ground surface, and the ground heat flux at the
former was several-times greater than at the latter. In winter, the forest on the north-facing slope

reduces wind and solar radiation reaching on the forest floor that increases the snow
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accumulation (Jean and Payette, 2014). As a result, the surface temperature was higher on the
forested north-facing slope than that on the south-facing slope. Changes in vegetation cover
directly alter the surface organic material distribution (Genxu et al., 2012). According to the field
study of Ishikawa et al. (2005), the thick organic layer within the mosaic was only found in
forested areas but not in steppe. Therefore, the thick organic layer cause cold ground and leads to
lower mean annual temperature in the substrate throughout year, due to the seasonal variations in
the thermal conductivity of soil organic (William and Smith, 1989).

Another factor that may influence the ground thermal regime over the forest-steppe mosaic
is soil moisture content. The soil moisture observation and computed thermal conductivity of
soils on both slopes indicated (Chapter 4), that the seasonal variations in soil moisture within the
active layer at the north-facing slope was a large, while there were minor seasonal variations in
soil moisture contents within the seasonally frozen ground at the south-facing slope. These
situations affect the freezing and thawing of soils at both slopes, and it could be confirmed by the
thermal conductivity of soils as shown in chapter 4. Moreover, as soil moisture was less at the
steppe slope, more ground heat can be used to a rapid increase and decrease of soil temperatures,
which strongly contributed to quick refreezing and thawing of seasonally frozen ground. On the
other hand, high soil moisture contents at the forested north-facing slope, indicating that the most
of ground heat is possible to use for phase change of soil water. For example, Iwahana et al.
(2005) and Boike et al. (1998) found that a large portion (70-100%) of ground heat was
transferred into the soil latent heat during the soil thawing period in boreal forest and tundra of
Siberia. This phenomenon may reduce effect on the energy available for soil heating,
contributing in lower substrate temperature during the thawing seasons on the forested north-

facing slope. Furthermore, it is likely that there could be a considerably higher ice content within
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the upper ground layer on the forested slope during the winter, as the soil moisture values were
higher in this area during autumn. The higher ice content within the upper ground layer at
forested slope can contribute to the higher values of thermal conductivity of soil and it leads to
the rapid temperature drop in soil, which also help maintain permafrost in this area.

Permafrost and biomes are sensitive to climate change, and the modeling results showed
that both components are predicted to disturbance in the future (Yoshikawa et al., 2003;
Vygodskaya et al., 2007; McGuire et al., 2009; Wu and Zhang, 2010). These changes will
influence surface and subsurface physical, thermal and hydraulic properties, which are often
currently assumed to remain unchanged in most land and permafrost models (Genxu et al., 2012).
Therefore, the finding of this study may contribute to understanding interactions between ground
thermal regimes, vegetation, and the atmospheric conditions in different areas, namely the boreal
forest and steppe. If these interactions are well known, the prediction of permafrost models could
be refined. Currently, the boreal forest is one of the widespread biomes in the permafrost regions
of the northern hemisphere, while the steppe will occupy in the most of current boreal forest

areas of the northern hemisphere by the end of this century (Vygodskaya et al., 2007).
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Chapter 6.

6-1. General conclusions

This thesis examined the interplay between the site-specific factors, atmospheric
parameters and ground thermal regimes, using hydro-meteorological records obtained from
permafrost underlying forested slopes and its adjacent permafrost-free ground underlying steppe
slopes within the forest-steppe mosaic. The mosaic represents the major landscape type in
northern central Mongolia, and located in both natural and permafrost transitional zones. These
remarkably contrary environments strongly showed variable ground thermal regimes at both of
the two landscape types despite their adjacent locations, mostly due to their distinct site-specific
factors. The current permafrost occurrence beneath the forested slope is maintained by the
combined effects of the forest cover and thick organic layer. On the other hand, more solar
radiation on the dry ground and the earlier meiting of snow cover cause more energy available
for soil warming, which result in only seasonally frozen ground at the steppe. The mean
outcomes of the two main objectives of this thesis are as follows:

1. During the winter, the topography effect on solar radiation seems to be very important
for north-facing slopes, as it strongly reduces solar radiation compared with south-
facing slopes. Inversely, the topography effect on solar radiation at each slope is less,
and the difference in potential solar radiation among the site is practically identical
during the summer. The results show that the considerable differences in observed
solar radiation at the ground surface between the sites were caused mostly by forest
cover, rather than the topography effect during the summer. Of the amount of solar

radiation above the forest canopy, 33 — 86 percent is prevented from passing the forest
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canopy, and only the remnants reach the forest floor throughout the year. The
partitioning of latent heat, sensible heat and ground heat during the summer at each
site is strongly related to the structure of net radiation, which is strongly controlled by
the solar radiation. Therefore, the small amount of solar radiation reduced by forest
cover and slope on the north-facing slopes has potential to reduce heat exchange
between atmosphere and permafrost, and may provide favorable conditions for
permafrost occurrence in the forest-steppe mosaic.

2. In summer, the surface temperature exceeded the air temperature, probably because of
a large amount of solar radiation on the dry south-facing slope, which resulted in rapid
thawing of seasonally frozen ground and a warm soil profile. Inversely, forest cover
canopy on the north-facing slope significantly reduced air temperature and solar
radiation to the ground, thus the air temperature was higher than the surface
temperature. Moreover, a thick soil organic layer strongly limited heat transfer to the
ground deep.

In winter, the surface temperature was warmer at the forested slopes than at the steppe

slopes owing to greater accumulated snow cover. However, the thick organic layer

beneath the snow cover enhanced the freezing rate, especially at the forested slope.

The snow cover duration and snow thickness at the steppe had a considerable
influence on the development of seasonally frozen ground.

Overall, the study shows the importance of forest cover and organic layer in keeping the

ground cool and retaining the existence of permafrost in this region. Even a small patch of forest

has a significant thermal insulation effect on the ground thermal regimes compared with an

adjacent steppe. The future climate scenario around Mongolia projected that a recession of forest
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cover is observed due to increasing drought (IPCC, 2013), have the potential to suppress the
current existence of permafrost. Therefore, it is important to preserve the vegetation cover,
particularly forest cover and organic layer in Mongolia, in order to protect further degradation of
permafrost and ecosystems under the influence of climate warming. This study may help us in
understanding the physical interactions between ground temperatures and vegetation covers in
the edge of Siberian discontinuous permafrost and can roughly represent the vast land areas in
northern central Mongolia because the sites were properly representative of the forest and steppe

zones in Mongolia.
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