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ABSTRACT

Permafrost underlying forested north-facing slopes and seasonally frozen ground underlying mountain steppes on
south-facing slopes co-exist within a small mountain basin that represents the most general landscape type in northern
central Mongolia. A 5-year time series of hydro-meteorological parameters on these slopes is presented in order to
identify the factors controlling ground temperature regimes. A thick organic layer (0.2-0.4m) beneath the forest
on a north-facing slope impedes the effects of summer air temperature on the ground, and the forest canopy strongly
blocks downward shortwave radiation during summer. Active layer thickness was determined by summer warmth.
The mountain steppe on a dry south-facing slope receives a large amount of downward shortwave radiation compared
to an adjacent forested slope, and therefore the surface temperature exceeds air temperature during summer, leading
to a warm soil profile. In winter, snow cover was the main factor controlling interannual variations in the thickness of
seasonally frozen ground. The onset of soil thawing in the forested area was later than in the mountain steppe, even
though soil freezing began simultaneously in both areas. Overall, the forest cover keeps the ground cool and allows

permafrost to persist in this region. Copyright © 2014 John Wiley & Sons, Ltd.
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INTRODUCTION

In recent decades, many regions in the northern hemisphere
have witnessed increases in the thickness of the active layer
and decreases in the thickness of seasonally frozen ground
as a result of climate change (Frauenfeld et al., 2004; Zhang
et al., 2005; Sharkhuu et al., 2007; Wu and Zhang, 2010;
Zhao et al., 2010; Frauenfeld and Zhang, 2011). As heat
and energy exchanges occur through these layers, such
changes have the potential to alter the surface energy
balance, hydrologic cycle, carbon fluxes and ecosystem
performance (Brown et al., 2000). Therefore, it is important
to understand the thermal regimes controlling the develop-
ment of the active layer and seasonally frozen ground,
despite these being complexly determined by factors such
as surface temperature, snow cover, land cover, subsurface
materials and soil moisture (Brown et al., 2000; Walker
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et al., 2003; Zhang, 2005; Ishikawa et al., 2006; lijima
et al., 2010; Shiklomanov et al., 2010).

The type of vegetation cover changes from a Siberian
boreal forest region in northern Mongolia to wide steppe
in central Mongolia, and this transition corresponds roughly
to a change from the Siberian discontinuous permafrost
zone to the sporadic permafrost zone. Although steppe is
one of the largest natural zones in the country (Batima and
Dagvadorj, 2000), forested regions cover 8.1 per cent of
the total land area in Mongolia, and are composed mainly
of the larch species Larix sibirica (Tsogtbaatar, 2004). The
permafrost distribution is mosaic-like because Mongolia is
located at the southern boundary of the Siberian permafrost,
and the thickness of the active layer and seasonally frozen
ground show large spatial variations. Such variations de-
pend on the microclimate associated with the topography,
thermal properties of the soils and the vegetation cover on
a local scale. Country-wide observations have indicated that
permafrost temperatures vary with not only latitude,
reflecting the meso-scale climatic setting, but also with local
factors such as solar radiation, the wetness index and tree
shading (Etzelmiiller et al., 2006; Heggem et al., 2006;
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Sharkhuu et al., 2007; Zhao et al., 2010; Ishikawa et al.,
2012; Wu et al., 2012).

In Mongolia, permafrost directly sustains the livelihoods
of inhabitants because it produces locally wet soil condi-
tions, even under a low annual rainfall of only 50-500 mm
. Furthermore, the forests are distributed in a mosaic pattern
and overlap considerably with permafrost regions (Ishikawa
et al., 2005), and river discharges originate entirely from the
high mountains and northern territory where permafrost
occurs extensively. Further projected climate warming
(Batima, 2006) may degrade the permafrost and decrease
the productivity of Siberian larch (Dulamsuren et al.,
2011) and it is therefore crucial to understand the physical
interactions between ground temperature, vegetation cover
and the atmospheric conditions in such a mosaic region.

Since 2003, hydro-meteorological components have been
continuously measured at sites in northern Mongolia, with
the goal of delineating the different hydrological character-
istics of the mountain steppe on south-facing slopes and
those of the forest on north-facing slopes (Ishikawa et al.,
2005; lijima et al., 2012). Permafrost in the region develops
only under forested north-facing slopes (Ishikawa er al.,
2005), and has an important role in sustaining local river
water resources (lijima et al., 2012). The purpose of this
paper is to describe 5-year records of comparable hydro-
meteorological parameters on these slopes, with particular
focus on the distinctive features controlling the ground tem-
perature regimes of the active layer and seasonally frozen
ground on these contrasting slopes.

90° 100° 110° 120°

& Continuous [ Sporadic -\
Discontinuous [Jll Isolated
107°26' 107°28'

A Automatic weather station
© Ground temperature observation site

I Forest River Contour

STUDY AREA AND METHODS
Site Distribution

The observation sites are located in the basin of the Shiljiree
River, a tributary of the Tuul River in the Khentii Range,
north central Mongolia, a mountainous area within the
discontinuous permafrost zone (Figure 1). The elevation of
the basin ranges from 1550m asl in the river valley to
2195m asl on the mountain top. Siberian boreal forest
(L. sibirica Ledeb and Pinus) is predominant on north-facing
slopes (Sugita et al., 2007; Dulamsuren et al., 2011) where
permafrost is found (Ishikawa et al., 2005, 2008), and moun-
tain steppe is predominant on south-facing slopes where
there is no permafrost (Ishikawa et al., 2005, 2008). The soil
texture of the north-facing slopes is complex; the upper
surface layer contains humus and moss, and the lower layers
contain silt, sand and gravel. The thickness of the organic
layer on these forested slopes ranges from 0.2 to 0.4 m. In
contrast, the south-facing slopes are underlain by a thin
organic layer measuring up to 0.05m thick, and the lower
part of the soil is composed of sandy gravels (Ishikawa
et al., 2005).

Automatic soil weather stations, including sensors of
ground temperatures and moisture in boreholes, were
installed at sites SS and FN, about 1.58 km apart and with
slope inclinations of 11-12° (Figure 1). Site SS is on a
south-facing slope (1662m asl) covered by mountain
steppe, on seasonally frozen ground. Site FN is on a

Figure I Location of the study area. (a) Permaftrost distribution in Mongolia based on Brown et al. (1997). (b) Field sites FN and SS are automatic meteorological
stations; F and S are shallow boreholes that contain temperature data loggers. (c) Photograph of the Shiljiree Basin showing the landscape type of each study
observation site. The black arrows show the direction in which the photograph was taken. (d, e) View of the meteorological instruments at both sites.

Copyright © 2014 John Wiley & Sons, Ltd.
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north-facing slope (1653 m asl) covered by forest, on per-
mafrost. Based on a vegetation survey in 2004 of both
slopes, the average height and diameter at breast height of
larch trees at the FN site were 16 m and 0.28 m, respec-
tively, with a stand density of 0.15 trees m 2. The dominant
species were Equisetum pretense and Fragaria orientalis,
and these covered approximately 50 per cent of the forest
floor. At the SS site, there was a 60 per cent plant coverage
consisting of Artemisia frigida, Potentilla acaulis, Agropyron
cristatum and Carex duriuscula.

In addition, plots for the measurement of soil temperature
at depths of 0.05m and 1.0m (S and F in Figure 1) were
established on an east-facing slope of the study area. The
plots are situated at almost the same altitude (1780 m asl),
with the same orientation, inclination and vegetation cover
of 60—65 per cent. Plot F is located in a small patch of forest,
and plot S is in mountain steppe (only 30 m from plot F).

Data and Methods

The setup of the meteorological instruments at sites FN and
SS is shown in Figure 1d and e. Air temperature at 2m
height was measured using a shielded and ventilated sensor
probe (model HMP35D, Vaisala Inc., Vantaa, Finland).
Downward shortwave (including direct and diffuse) radia-
tion was measured using CM3 pyranometers (CNR-1, Kipp
& Zonen, Delft, The Netherlands) with a range of
300-3000nm at 1 m below the forest canopy at FN, and at
2m above the steppe at SS. Soil moisture (at depths of
0.1-1.2m) was measured using a frequency domain reflec-
tometry 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 Instru-
ments, Hayward, CA, USA) on the ground surface. All of
these measurements were sampled at intervals of 30 s (using
a CR-10X data logger, Campbell Scientific Instruments, Lo-
gan, UT, USA) and were averaged and totalled every 10 min
at each site. 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
0,0.1,0.2,04, 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
(TS101, Hakusan Kougyo, Tokyo, Japan). Soil temperature
data were stored at 30 min intervals by an LS-3300 data log-
ger (Hakusan, Tokyo, Japan). The daily average thickness
of snow cover was manually measured from five fixed poles
with a centimetre range at each site, and the median of these
was used in the analysis.

Hydro-meteorological observations began in September
2003 and have continued to the present day. However, be-
cause of data-recording problems (e.g. instrumental failure
and gaps caused by sensor malfunction, power loss, rain
and frost) and missing data-sets since 2008, we only use
data between 1 September 2003 and 31 December 2007.
No gap filling in our data-sets was performed. We also
used data obtained from the Institute of Meteorology and
Hydrology of Mongolia to assess the general meteorological
conditions of our study period.

Copyright © 2014 John Wiley & Sons, Ltd.

Ground temperature regimes of the active layer and season-
ally frozen ground were analysed 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. TDD was calculated as the sum of degree
days above 0°C during the thawing season, and FDD as the
sum of degree days below 0°C during the freezing season.
Active layer thickness and seasonally frozen ground thickness
were the annual maximum depth reached by the 0°C isotherm
during soil thawing and freezing, respectively. Active layer
thickness was determined by a linear interpolation of the soil
temperature profiles between two neighbouring measure-
ments at the time of maximum thawing (Brown et al.,
2000), and seasonally frozen ground thickness was estimated
by maximum freezing depth. The onsets of thawing and
freezing were determined by daily average ground surface
temperatures that remained consistently above and below
0°C, respectively. 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. Snow thickness obtained
from daily manual observations was available during the
winters of 2003-04 and 2004-05, but was only collected
once per month in the remaining winters. The duration of
snow cover was calculated from the surface albedo, and
we assumed that an albedo above 0.5 indicated the exis-
tence of snow cover.

Because we could not measure downward shortwave
radiation above the forest canopy, we geometrically esti-
mated the potential downward shortwave radiation (PDSR)
above the forest canopy (site FN) and the mountain steppe
(site SS) in order to clarify the downward shortwave
radiation reallocation at each site. The estimation was made
using the improved Advanced Spaceborne Thermal Emis-
sion and Reflection Radiometer Global Digital Elevation
Model (ASTER GDEM) with a 30x30m resolution, and
the downward shortwave radiation analysis tools in
ArcGIS® Spatial Analyst that calculate point and areal
PDSR for any time (Huang et al., 2009). The ASTER
GDEM was downloaded from the Japan Space System data
portal developed by the Ministry of Economy, Trade and In-
dustry of Japan and NASA. The ASTER GDEM generally
maps the top of dense land covers such as forest and
urban areas (Tachikawa et al., 2011), and is considered sat-
isfactory for estimating the PDSR over the forest and steppe
in our study. The simulated PDSR is the sum of direct and
diffuse radiation under clear sky conditions, with consider-
ation of topographic influences (slope, aspect, latitude and
elevation) on the distribution of downward shortwave
radiation (Tovar-Pescador et al., 2006; Huang et al.,
2009). We define and use four parameters: PDSR above
the forest canopy (R,¢|); PDSR above the mountain steppe
(Rusl); downward shortwave radiation observed below the
forest canopy (1 m) at site FN (Ry¢.|); and downward short-
wave observed on the mountain steppe (2m) at site SS
(Rg!]). With no forest cover at site SS, the coefficient of
cloud cover (k.) for a given time was calculated as 1 minus
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the ratio of downward shortwave radiation at the surface
(Rg]) to the downward shortwave over the mountain

steppe Rygl:
ke = 1 - (R}/Ryl). ey

We consider that values of k. at SS and FN are almost
the same, because the cloud frequencies at the two adjacent
sites are almost identical. Thus, we estimated the downward
shortwave radiation above the forest canopy (R, |) for site
FN as:

Rafcl = (Rafl - Rafl*kc)- (2)
We estimated the coefficient of forest cover as:

ki = 1 - (Refed/ Ragel)- 3)

The magnitudes of the coefficients of cloud cover and for-
est range from O to 1, and can be indicated by a percentage.

RESULTS
General Meteorological Conditions

The automatic soil weather stations at the sites indicated a
climate characterised by low precipitation and large annual
variations in air temperature (Table 1). The warmest year
of the study period was 2007, with a mean annual air tem-
perature (MAAT) of -1.7°C (resulting primarily from a
dry hot summer), and the coldest year was 2006, with a
MAAT of -3.3°C at the FN site. The maximum and mini-
mum 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 Sep-
tember during the study period ranged from 223 mm in
2007 to 295 mm in 2005.

Ulaanbaatar station (UB) is one of the nearest permanent
meteorological stations, located 40km west of the study
site, where the long-term mean (1980-2010) air temperature
was -0.3°C. In the study period, the MAAT at UB was 0.4,
0.3, -0.3 and 1.9°C in 2004, 2005, 2006 and 2007, respec-
tively. Therefore, it is inferred that 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 395mm (mean annual precipitation from
1980-2010 was 265 mm), of which approximately 90 per
cent occurred between April and September. The mean
annual total precipitation at UB was 260, 193, 256 and
185 mm in 2004, 2005, 2006 and 2007, respectively. This
indicates that the study period was dry.

Hydro-meteorological Variables

Figure 2 shows the annual cycles of daily downward short-
wave radiation on the steppe and below the forest canopy,
and the air and surface temperatures at sites SS and FN.
The annual variations in downward shortwave radiation at
both sites were markedly affected by solar elevation, vege-
tation cover and weather conditions.

During summer, the SS site received more downward
shortwave radiation than the FN site, with peaks of 411
Wm 2 and 403 Wm ™ at the end of June 2006 and June
2007, respectively, at the SS site. At the FN site, the amount
of downward shortwave radiation below the forest canopy
strongly related to the canopy density. Peak values of
downward shortwave radiation below the forest canopy
ranged from 126.9 Wm™2 to 155.2 Wm ™2, and typically
occurred at the end of May, approximately 1 month earlier
than at site SS. Thereafter, at the beginning of the leaf-
growing period, downward shortwave radiation below the
forest canopy began to decrease steadily between June and
the end of September, the onset of leaf senescence. It
increased slightly for a few days during mid-September
(Figure 2a), and this was attributed to initial leaf loss from
the forest canopy.

In winter, downward shortwave radiation is low and
remains almost stable at each site due to the lower solar
angles. The lowest downward shortwave radiation value
(nearly 0) below the forest canopy at FN occurred between
mid-December and the beginning of January. The average
downward shortwave radiation from December to February
was 95, 96.8, 108.5 and 92.3 Wm™Z at SS and 10.5, 8.7,
11.3 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 2a).

Although similar patterns in daily air temperature were
measured at both FN and SS, air temperatures at FN were

Table 1 General meteorological parameters at the mountain steppe south-facing slope (site SS) and the forested north-facing slope

(site FN).

Variable Units 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 temperature °C SS/EN na/-2.1 na/-2.9 na/-3.3 na/-1.7
Rainfall (Apr-Sep) mm SS 243 295 227 223
Duration of snow-free period days SS/FN 232/194 268/214 na/202 249/185

na=Non-available data in all tables.

Copyright © 2014 John Wiley & Sons, Ltd.
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Figure 2 Daily average (a) downward shortwave radiation (below the forest canopy at 1 m and on the mountain steppe at 2 m); (b) air temperature; and (c)
ground surface temperature from 1 September 2003 to the end of 2007 measured at the mountain steppe south-facing slope (SS) and the forested north-facing
slope (FN).

lower than those at SS during summer and winter
(Figure 2b). The differences in air temperatures between
the two sites from May to August for the summers of
2004, 2006 and 2007 were 2.0, 2.6 and 2.7°C, respectively.
However, the air temperature differences between the two
sites from November to February were lower, at 0.9, 0.6
and 2°C during the first three winters, respectively.

At SS, the surface temperature in summer exceeded the
air temperature, and the opposite occurred at FN (Table 2).
In addition, year-round surface temperature fluctuations
were higher at SS than at FN, and the former site was con-
siderably warmer in summer and slightly colder in winter
than the latter (Figure 2c). These seasonal differences in
ground surface temperatures between the two sites can be
mostly explained by interannual variations in downward
shortwave radiation at the ground surface, together with
variations in snow cover and soil moisture content. The
near-surface soil moisture at SS (0.1-0.2m depth) seldom
exceeded 20 per cent after rainfall, and immediately started
to decrease until the following rainfall (Figure 3b). Only

small seasonal variations in soil moisture occurred in deeper
layers (0.4, 0.8 and 1.2m) and the values of soil moisture
did not exceed 12 per cent during the study period
(Figure 3b), indicating that soil at the SS site is dry. It is
therefore likely that the higher downward shortwave
radiation on the dry ground at SS causes a warm soil
profile during summer compared to the profile at FN. 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 2). Such
differences in ground surface temperatures between the sites
were also evident in other summers (2005 and 2007); how-
ever, no complete temperature data were available for this
period (Figure 2c).

Interannual variations in snow cover showed similar
patterns at both sites (Figure 4), although the thickness
and duration of snow cover were greater at FN than at SS.
Owing to the thicker snow cover, the surface temperature
during winter was higher at FN than at SS, despite the lower
air temperature at FN (Table 3). The air temperature in

Table 2 Summer air and ground surface temperatures at the mountain steppe south-facing slope (SS) and the forested north-facing

slope (FN).

Variable Units Site 2004 2005 2006 2007
Mean air temperature (May—Aug) °C SS/FN 13.6/11.6 na/ll.4 11.7/9.1 15.4/12.7
Mean surface temperature (May—Aug) °C SS/EN 15.6/10.2 na/9.5 14.5/9 20/na
TDD,;, °Cdays SS/FN na/l1753 na/1726 na/1495 2356/1866
TDDygy °Cdays SS/FN 2495/1522 na/1436 na/1409 3453/na

TDD,;. = Thawing degree days of air; TDDy,, = Thawing degree days of surface.

Copyright © 2014 John Wiley & Sons, Ltd.
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Figure 3 Soil moisture content from 1 September 2003 to the end of 2007 measured at (a) the forested north-facing slope; and (b) the mountain steppe south-
facing slope. This figure is available in colour online at wileyonlinelibrary.com/journal/ppp
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Figure 4 Thickness of snow cover on the mountain steppe south-facing slope (SS) and the forested north-facing slope (FN), measured during the winters of
the study period. This figure is available in colour online at wileyonlinelibrary.com/journal/ppp

Table 3 Winter air and ground surface temperatures, snow thickness and duration, and thickness of seasonally frozen ground at the
study sites: the mountain steppe south-facing slope (site SS) and the forested north-facing slope (site FN).

Variable Units Site 2003-04 2004-05 2005-06 2006-07
Mean air temperature (Nov—Feb) °C SS/EN -17.9/-18.8 -16.9/-17.5 -15.8/-17.8 na/-16.5
Mean surface temperature (Nov—Feb) °C SS/FN -11/-9.7 -11.4/na -11.8/-11.6 na/-9.4
FDDy,, °Cdays SS/FN -1635/-1504 na/na na/-1789 na/-1427
Duration of snow cover day SS/FN 141/159 114/162 85/140 111/170
Maximum snow thickness cm SS/FN 17/18.6 6.8/8.9 5/8 10/17.5
Seasonal frozen ground thickness m SS 3.9 4 4.4 3.7

FDDy,. =Freezing degree days of surface.

winter was lower than the surface temperature at both sites. cover at SS (5cm and 85 days) and FN (8 cm and 140 days).
As summarised in Table 3, the snow cover effect is seen As a result, differences in the seasonal evolution of air and
clearly in the interannual variations in ground surface surface temperatures at each site were small. Furthermore,
temperatures at each site. For example, during the cold despite the cold winter in 2003—04, both the ground surface
winter of 2003-04, when average air temperatures from temperature and freezing degree days of surface at two sites
November—February were -17.9°C at SS and -18.8°C at were greater than in the winter of 2005-06.

FN, the maximum thickness and duration of snow cover

were 17cm and 141 days at SS and 18.6cm and 159 days Dynamics of the Active Layer and Seasonal Frozen

at FN, which resulted in large differences in the seasonal Ground

evolution of air and surface temperatures at each site. In

contrast, during the winter of 2005-06, when average air Figure 5 shows interannual variations in soil temperature at
temperatures were -15.8°C at SS and -17.8°C at FN, there FN, from the surface to a depth of 3.2m. The active layer
was a reduced maximum thickness and duration of snow usually begins to thaw at the end of April, with an average

Copyright © 2014 John Wiley & Sons, Ltd. Permafrost and Periglac. Process., 25: 295-306 (2014)
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Figure 5 Seasonal changes in daily average soil temperature between 0 m and 3.2 m depths for the whole observation period at the forested north-facing slope
(FN). 1°C isotherm interval. The grey or open areas indicate missing data. This figure is available in colour online at wileyonlinelibrary.com/journal/ppp

thawing ratio of 0.022mday ! from the surface to a depth
of 2m (the average from the first three summers). The
maximum active layer thickness was usually observed in
mid-September, and was strongly related to thawing degree
days of air (TDD,;,) for FN (Table 2). In 200406, the active
layer thickness peaked at 2.67 m in 2004 (the year in which
the higher TDD,;, occurred), and in the summers of 2005
and 2006 was 2.6 m and 2.4 m, respectively (at a time when
TDD,;, was moderately low). However, the hottest summer
occurred in 2007, when TDD,;, was 1866°C days, during
which time the active layer thickness developed to more
than 2.5m in early September (thereafter further develop-
ing) (Figure 5). Such results indicate that air temperature
during summer is the dominant factor controlling the thick-
ness of the active layer.

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 ez 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 site FN contain abundant
water, particularly in the deeper soil layers (Figure 3a),
and as a result, a longer freezing zero-curtain effect was
observed at a depth of 1 m for a duration of 20, 27 and
34 days in 2004, 2005 and 2006, respectively. Despite the
zero-curtain effect and the thicker snow accumulation at this
site compared to that at SS, soil freezing penetrated rapidly,
at 0.043 mday ' between the ground surface and a depth of
2 m during all the recorded winters.

As shown in Figure 6, seasonally frozen ground at SS
began to thaw in early April immediately after the disap-
pearance of snow cover, and the thawing deepened quickly,
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|
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Jan ' Mlay' S.ep ' Jan ' M.ayl Sép '

at rates of 0.057mday ! and 0.054mday ' to a depth of
2 m in 2004 and 2006, respectively (twice as fast as the rates
at site FN). The ground had thawed completely by 30 June
in 2004 and 17 June in 2005, but not until 18 August in
2006 (Figure 6).

Thermal insulation from snow cover was a more impor-
tant factor in controlling the development of seasonally fro-
zen ground thickness than air temperature. The seasonally
frozen ground thickness at SS was 3.9m in 2003-04 and
4.4m in 2005-06, even though air temperature was lower
during the former winter than during the latter (Table 3).
By examining subsequent records, we found that the thick-
ness and duration of snow cover decreased from 2003-04 to
2005-06 and the seasonally frozen ground thickness in-
creased (Figures 4 and 6; Table 3). However, this situation
was reversed in the winter of 2006-07: the increased thick-
ness (10 cm) and duration (111 days) of snow cover resulted
in a decreased seasonally frozen ground thickness of 3.7 m.
This demonstrates that thin snow cover with a shorter dura-
tion potentially leads to deeper seasonal freezing of ground.

Comparison of Ground Temperature in Forested and
Steppe Areas

Given that the F and S plots are located in the same geo-
graphical area and that their soils are practically identical
(mostly sand and gravel) (Ishikawa et al., 2005), the main
differences in the ground surface temperature between the
plots likely reflect differences in vegetation cover (forest
and steppe). As shown in Figure 7a, 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

2006 2007 (0

3 -6
-12
e -18

Jan ' M'ay ' Sep

Figure 6 Seasonal changes in daily average soil temperatures between 0 m and 6 m depths for the whole observation period at the mountain steppe on the
south-facing slope (SS). 1°C isotherm interval. The grey or open areas indicate missing data. This figure is available in colour online at wileyonlinelibrary.com/
journal/ppp

Copyright © 2014 John Wiley & Sons, Ltd.
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Figure 7 Monthly patterns in soil temperature from 1 September 2003 to the end of 2007 at all observation sites: (a) surface temperatures; and (b) soil
temperatures at 1 m depth.

15°C, respectively, in the summer of 2006. In contrast, in
winter, the difference in surface temperature between these
sites was small owing to snow insulation, 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. 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 S.

The effects of vegetation cover and the soil organic layer
on ground temperature are also shown in Figure 7. The
ground surface temperatures measured at sites F and FN
were similar during all summers (Figure 7a), which suggests
that the low temperature on the forest floor is usually related
to forest cover and not to site location or soil composition.
For the steppe areas, site SS showed a slightly higher
surface temperature in summer than site S (Figure 7a), and
this variance is explained partly by the differences in slope,
aspect and elevation. Figure 7b suggests that the organic
layer strongly influenced 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
1.3-2.3°C higher in the summers of 2004, 2005 and 2006
than that at FN, and this is 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 those along the north-facing slope, where
site FN is located. However, the observed differences of
monthly ground temperature at 1 m between sites F and
FN ranged from 0.1°C to 1.4°C during the winters of
2005-06 and 2006—07. These results indicate that the dom-
inant thermal insulator affecting ground surface temperature
within the mosaic throughout the year was mainly vegeta-
tion cover rather than snow cover. A thick organic layer
on forested slopes favours the existence of permafrost.

Table 4 shows the onset of thawing and freezing during
the observation period. The onset of thawing at the ground
surface occurred earlier in the steppe sites than in the forest

Copyright © 2014 John Wiley & Sons, Ltd.

Table 4 Dates of onset of spring thawing and autumn freezing
for plots F and S from 2004 to the end of 2006.

F S
Depth
Year (cm) O, O¢ (OX O¢
2004 0 107 294 98 295
100 146 na 123 334
2005 0 na 289 98 289
100 na 329 128 329
2006 0 122 290 109 na
100 162 325 134 326

O, and Oy represent the day of the year when the onset of
thawing and freezing occurred, respectively.

sites. For example, in 2004 and 2006 the onset of thawing
was noted on days of the year 98 and 109 at site S, respec-
tively, which is 9 and 13 days earlier, respectively, than at
the adjacent forested area F. Likewise, 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 (Table 4).

Solar Radiation Allocation on Both Slope Types

Downward shortwave radiation reaching the ground surface
has a major effect on net radiation. We describe here the ef-
fects of the forest canopy and topography on the downward
shortwave radiation redistribution at SS and FN, using
GDEM data and measured downward shortwave radiation
data. The monthly PDSR (R,¢] and R,]) has higher values
than the monthly measured downward shortwave radiation
(Rprel and Rg)) at both sites, owing to effects such as
clouds, aerosols and precipitation (Figure 8). However, the
monthly variations in Rg| correspond closely with those of
R.l (R*=0.96, p <0.0001) throughout the year, but
monthly variations in R,¢] and Rye| show very different
patterns in their development (R>=0.52, p <0.04), mainly
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Figure 8 Monthly average simulated (R,¢| = above the forest canopy, R,s| =above the mountain steppe) and observed downward shortwave radiation
(Rpse =below the forest canopy, R, | = on the mountain steppe) for 2006 at (a) the mountain steppe south-facing slope; and (b) the forested north-facing slope.

Table 5 Coefficients of cloud cover over the study area (k.) and forest cover (k) at the forested north-facing slope (FN), and monthly
downward shortwave radiation (Rug.]) (Wm™2) over the forest at EN for 2006.

Jan Feb Mar Apr May Jun Jul Aug Sep Oct Nov Dec
ke 0.03 0.04 0.15 0.23 0.33 0.31 0.38 0.24 0.13 na 0.04 0.04
ke 0.33 0.34 0.52 0.58 0.62 0.78 0.85 0.86 0.77 na 039  0.37
Ratel 11.1 27.1 116.8 205.1 251.1 272.6 247.0 229.5 151.2 na 18.2 9.4

due to the evolution of the forest canopy. The monthly
differences between R,;| and R, may represent a
topographical effect on downward shortwave radiation.
These differences ranged from 76.2 Wm™? to 97.3 Wm >
during winter, but between only 28 Wm ™2 and 24.3
Wm 2 in June and July, when the position of the sun (zenith
and azimuth angles) reduced the difference between them. It
is therefore evident that the effect of topography on down-
ward shortwave radiation is higher in winter than in summer
on the north-facing slope, and this is probably one of the
factors delaying the period of snow settling on the north-
facing slope compared to the south-facing slope (Figure 4;
Table 3).

In our study area, small values of k. (0.03-0.15) during
winter might be related to the clear skies over Mongolia,
caused by strong anticyclones (Zhang et al., 2008). In
contrast, large values of k. (0.13-0.38) were observed in
summer (Table 5), when most of the yearly precipitation
falls in Mongolia. The shelter effect of the forest canopy
on monthly downward shortwave radiation was assessed
by the data presented in Table 5. From January to August,
ks values increased and then decreased until December.
These changes are associated with the life cycle of forest
leaves. During the full-leaf period, particularly in June, July
and August, kr was higher (0.78-0.86), owing to the strong
shading provided by the forest canopy. This means that only
22-14 per cent of downward shortwave radiation over the
forest reaches the forest floor, and that 78-86 per cent is
sheltered by the forest canopy. In winter, k; was lower
(0.33-0.37 between December and February). These results
suggest that downward shortwave radiation reaching the
forest floor is affected not only by forest leaf evolution in
summer, but also by bare trees in winter.

Rps.l generally showed small values, but values of Rg¢.|
(Table 5) and Ry| on steppe were distinctly higher than
those in subarctic and Arctic zones during summer (see

Copyright © 2014 John Wiley & Sons, Ltd.

Eugster et al., 2000). These results show that the consider-
able differences in observed downward shortwave radiation
between the two sites were caused mostly by forest cover.
Hence, the reduced downward shortwave radiation on the
ground within the forested area is likely to limit the heat
exchange between the ground and the atmosphere.

DISCUSSION

Our results exhibit that the interannual variations in soil
temperatures under the forest floor differ significantly from
those of the adjacent mountain steppe, and that the air and
ground temperatures in the forest are colder. These
differences are mainly associated with the behaviour of the
local climate, vegetation cover and thermal properties of
the ground.

Mountain Steppe

As shown in Figure 4, the disappearance of snow cover
occurred several days earlier at site SS than at site FN in
spring, implying that the available heat storage on the
surface could be used efficiently in soil heating and turbu-
lent heat fluxes, thereby substantially lengthening the
thawing season. As almost all summer precipitation was
consumed by evapotranspiration at SS (lijima et al.,
2012), soils were generally dry there during summer
(Figure 3b). Therefore, more downward shortwave radiation
on the dry ground surface at SS probably caused a warm soil
profile in summer. The soil texture beneath the south-facing
slope is characterised by sandy gravel (Ishikawa et al.,
2005), which has a higher thermal conductivity (Williams
and Smith, 1989) than the gravelly soil with a deeper or-
ganic layer on the north-facing slope. Less soil moisture in
the ground facilitates soil freezing and thawing, because less
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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 are thought to
drive rapid soil warming at the SS site during summer,
resulting in rapid thawing of seasonally frozen ground.

Snow cover is one of the most important factors
determining ground temperature variations during winter
because it limits heat exchanges between the ground and
the atmosphere owing to its low heat conductivity (Williams
and Smith, 1989; Zhang, 2005). The thinner snow cover at
SS than at FN and the shorter retention period (Figure 4;
Table 3) are attributed mainly to the greater sublimation
and wind scour. Zhang et al. (2008) reported sublimation
from snow cover at SS as 0.16 mmday ', which is twice
as high as that at FN. Thus, there is a smaller effect from
snow insulation in the steppe areas, releasing more heat
from dry ground to the atmosphere, thereby enabling deep
seasonal freezing at SS.

Forested Slope

The strong reduction in the amount of downward shortwave
radiation on the forest floor (Figure 2) is related to its
modulation by the evolution of forest canopy and the slope,
and is one of the factors that reduced ground surface
temperatures in summer in the forested areas compared to
the steppe (Figure 7a). 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 emerge in May, ma-
ture in July and die in mid-September. Permafrost beneath
forested north-facing slopes is impermeable to groundwater
flow (Ishikawa et al., 2005), and it reduces evapotranspira-
tion from this slope (lijima et al., 2012). This results in
wet ground at FN (Figure 3a), which generally has a higher
thermal conductivity than 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 summer (Figure 7b), probably indicating that
the thick organic layer at the site has an efficient impact
on keeping the ground cool, because of the low thermal con-
ductivity of organic layer under 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 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 re-
tard summer warming, and reduce soil temperatures during
summer compared with those at site SS.

As shown in Figure 2c and Table 3, the insulation effect
of low-conductivity snow cover on the ground surface
temperature is more significant at FN than at SS in winter,
although the thick organic layer at site FN probably

Copyright © 2014 John Wiley & Sons, Ltd.

contributes to ground heat loss due to its high thermal con-
ductivity in the frozen state (Williams and Smith, 1989).
The ice content of the upper ground layer at FN during
winter was probably considerably higher than that at site
SS, as the soil moisture values were higher during autumn.
The ice content within the upper frozen soil would also
promote rapid heat transfer, due to its high thermal conduc-
tivity and low heat capacity. Thus, the ground temperature
fell rapidly, which leads to quick refreezing of the active
layer at FN.

For comparison, a study within the forest-tundra ecotone
of North America shows that the heterogeneity of the
ground temperature within the ecotone is controlled by the
snow-holding capacity of local vegetation patches and
the spatial configuration of land covers, and that the ground
temperature generally decreases across the treeline, from the
taiga to landscapes dominated by low shrubs and sedges
(Roy-Léveillée et al., 2014). Additionally, 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 latitudes (Smith ez al., 2004).

CONCLUSIONS

The following conclusions are drawn from this study:

1. In summer, the ground surface temperature is consider-
ably warmer at the steppe site SS than at the forest site
FN, probably because of the large amount of downward
shortwave radiation received on the dry south-facing
slope (site SS), which results in rapid thawing of season-
ally frozen ground and a warm soil profile. Conversely,
the forest canopy on the north-facing slope (site FN)
significantly reduces air temperature and the amount of
downward shortwave radiation reaching the ground,
thereby causing an air temperature that is higher than
the surface temperature. In addition, the thick soil or-
ganic layer strongly limits heat transfer to the deeper
soil layers.

2. In winter, the surface temperature is warmer on the
forested slopes than on the steppe slopes, owing to the
thicker snow cover on the former. However, the thick
organic layer beneath the snow cover enhances the
freezing rate, especially at FN. The snow cover duration
and thickness at SS are inversely related to the thickness
of seasonally frozen ground.

3. Differences in downward shortwave radiation and
ground surface temperatures between the forest and
steppe sites in summer largely result from the presence
of forest canopy, which prevents 33—86 per cent of the
total amount of downward shortwave radiation above it
from reaching the forest floor throughout the year.

4. Forested areas and the underlying thick organic layer
at the edge of the Siberian boreal forest are both
important factors contributing to the existence of
permafrost in this region, which occurs only beneath
forested north-facing slopes.
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