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Abstract Soil thermal and hydraulic regimes are criti-
cal factors influencing terrestrial processes in cold re-
gions. Collection of field data from frozen ground has
occurred at point scales, but limited data exist that
characterize changes of soil thermal and hydraulic re-
gimes at the scale of the whole Heihe River Basin. This
study uses a long-term regional climate model coupled
with land surface model to investigate the soil thermal
and hydraulic regime changes at a large spatial scale. It
also explores potential factors, including the climate and
non-climate factors. Results show that there is signifi-
cant variability in mean annual air temperature (MAAT)
of about 0.47 °C/decade during 1980-2013. A time
series of area-averaged mean annual soil temperature
(MAST) over the whole Heihe River Basin shows a
significant increase between 0.25 and 0.36 °C/decade
during 19842013, with a net change 0f 0.9 °C. A trend
of increasing wetness is found in soil moisture. Frozen
days (FD) decreased significantly both in seasonally
frozen ground (SFG) regions and permafrost regions,
with a net change between 7 and 13 days during 1984—
2013. Freezing index (FI) had a positive effect on FD,
while thawing index (TI), MAAT, precipitation, and
normalized difference vegetation index (NDVI) had a
negative effect. These results are important to under-
stand dynamic mechanisms of soil freeze/thaw cycles.
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Introduction

Recently, climate change and extreme weather events
have drawn great public attention. General circulation
model (GCM) results indicate that global warming will
continue, and its amplitude will increase during the
twenty-first century. The Fifth Assessment Report
(ARS) of the Intergovernmental Panel on Climate
Change (IPCC) has demonstrated that the global mean
temperature has warmed by 0.85 °C from 1880 to 2012
(IPCC 2013). The rates and magnitude of temperature
rise were much greater at high latitudes (Serreze et al.
2000; Hinzman et al. 2005; Screen and Simmonds 2010;
Jeong et al. 2012) and in high altitudes (Pepin et al.
2015; Guo and Wang 2016) when compared to the
global mean temperature. Hence, researches at high
latitudes and high altitudes are needed to understand
this difference.

Climate warming has resulted in worldwide perma-
frost degradation and seasonally frozen ground (SFG)
changes, including an increase in active layer thickness
(Zhang et al. 2005; Zhao et al. 2010; Kaverin etal. 2012;
Shiklomanov 2012; Luo et al. 2016; Park et al. 2016;
Wu et al. 2016), a decrease in the areal extent of perma-
frost (Koven et al. 2013; Slater and Lawrence 2013;
Guo and Wang 2016), and decrease in soil frozen depth
in SFG (Frauenfeld and Zhang 2011; Peng et al. 2016).
These changes can subsequently also affect geomorphic
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processes, hydrologic processes (Ford and Frauenfeld
2016), ecosystem processes (Yi et al. 2011), and infra-
structure in cold regions (Gruber et al. 2004). There is a
large amount of carbon storage in permafrost regions.
Rising air temperature can affect permafrost thawing,
resulting in further carbon release into the atmosphere
that would accelerates climate warming (Mu et al. 2015;
Schuur et al. 2015; Schédel et al. 2016).

Soil thermal and hydraulic regimes play an important
role in cold regions. Specifically, permafrost and SFG
changes can alter soil thermal and hydraulic regimes that
are prominent in the freeze-thaw process. Almost all
ecological, hydrological, pedological, and biological
activities occur within, or interact with, soil thermal
and hydraulic regimes (Hinzman et al. 1991; Kane
et al. 1991). Soil thermal and hydraulic regime variabil-
ity may influence ecosystem carbon and nutrient losses
(Henry 2008). At the same time, microbial cells, soil
aggregates, plant material, particulate and soluble mate-
rial, trace gas losses and other associated materials all
play roles and exert influences on this process (DeLuca
etal. 1992; Melick and Seppelt 1992; Wang and Bettany
1993; Vaz et al. 1994; Chen et al. 1995; Harris and
Safford 1996; Skogland et al. 1988; Chang and Hao
2001; Larsen et al. 2002; Miiller et al. 2002; Oztas and
Fayetorbay 2003; Six et al. 2004; Yanai et al. 2004).

Soil thermal and hydraulic regimes also affect heat
exchange between atmosphere and land surface (Zhao
et al. 2004). From late fall to early spring, a time when
plants are largely inactive, rising temperature potentially
affects ecosystem carbon and nutrient cycling by altering
the soil thermal and hydraulic regimes (Henry 2008). It
also has a significant impact on the surface energy and
moisture balance. The thermal conductivity differences
between frozen and thawing soil result in significant
differences in soil heat flux. During the freezing process,
soil moisture reduces the hydraulic conductivity and
leads to either more surface runoff due to decreasing
infiltration or higher soil moisture content due to restrict-
ed drainage (Zhang and Armstrong 2001).

Since changes of soil thermal and hydraulic regimes
have significant influences on earth systems, their vari-
ability is also affected by complex climatic and non-
climatic factors. Variability in soil thermal and hydraulic
regimes occurs through changes of soil temperature and
moisture. Previous studies have largely paid attention to
climate factors (Shiklomanov 2012), such as air temper-
ature, precipitation, and snow depth. However, soil ther-
mal and hydraulic regimes depend on multiple, complex
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interactions among soil, vegetation, snow, and hydrolo-
gy (Hinzman et al. 1997; Zhang et al. 1997; Park et al.
2013). Changes in these factors can influence heat and
water exchange on the surface and in the soil and
modulate the relationship between air and soil tempera-
tures. Previous studies demonstrated that snow depth
can be regarded as an important influencing factor to
soil temperature, because of the insulating effect
(Stieglitz et al. 2003; Zhang et al. 2005). In particular,
snow accumulation, snow duration, timing, and quantity
during the winter play significant roles in determining
how air temperature signal propagates to the ground
(Zhang 1996; Park et al. 2013). In fact, non-climate
factors have important influences on soil thermal and
hydraulic regimes, such as subsurface properties, vege-
tation cover, and types among others. Nevertheless,
these non-climate factors are difficult to collect and
quantify in the field.

The importance of studying the limits and difficulties
in measuring soil thermal and hydraulic regimes is clear.
Heihe River Basin, the second largest inland river basin
in northwest China, has special hydro-ecosystem char-
acteristics (“Study area” section). Changes to soil ther-
mal and hydraulic regimes have had noticeable effects in
local hydrological process and the ecological environ-
ment. To address this, the goals of this study are the
following:

(1) To assess climate change based on observational
air temperature and precipitation dataset. This is
intended to serve as evidence for a warming
climate.

(2) To evaluate soil thermal and hydraulic regimes
during 1984-2013 in the Heihe River Basin. This
is intended to provide the importance of implica-
tions for variability in soil temperature, moisture
and frozen days (FD).

(3) To explore the potential driving variables of FD,
including climatic and non-climatic factors.

Material and methods
Study area
This research was carried out in the Heihe River

Basin, the second largest inland river basin in north-
west China (97° 42’ E-102° 04’ E and 37° 45'-42°
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40’ N, an area of ~ 128,000 km?) (Peng et al. 2016)
(Fig. 1). The river flows northward through a pied-
mont diluvia-alluvial plain, an alluvial-lacustrine
plain, and a desert. It also flows three different cli-
mate zones: a cold and humid (or semi-arid) moun-
tain zone, a mid-stream temperate zone, and a down-
stream warm temperate zone (Peng et al. 2016). Gen-
erally, climate in the Heihe River Basin is dry, with
infrequent but concentrated precipitation (annual pre-
cipitation ranges from 50 to 200 mm, but with strong
evaporation, e.g., up to 3755 mm in the downstream
zone), strong winds (mean annual wind speed is
about 4.2 m/s and, on average, 54 days of fresh gale
(34-40 knot winds) annually), strong solar radiation
(the insolation duration is about 3000—4000 h in the
mid-stream zone), and large temperature differences
between day and night (Peng et al. 2016).

Combined with field investigations that include long-
term soil temperature measured from drilled holes and
physical detections using ground penetrating radar, the
lower elevation limit of permafrost distribution in the
Heihe River Basin is at about 3650 m a.s.l. Mean annual
ground temperatures vary from around 0 to — 1.5 °C, as
the elevation increases. The areal extent of the perma-
frost region occupies approximately 14,100 km? or
10.3% of the Heihe River Basin (Wang et al. 2013a;

Fig. 2). The distribution of permafrost and SFG of the
study area is used as the boundary of FD difference
estimates in this study.

Air temperature and precipitation

Mean monthly air temperature (MMAT) and monthly
precipitation data were collected from the China Mete-
orological Administration (CMA) from 12 meteorolog-
ical stations in the Heihe River Basin (Fig. 1, Table 1).
These data have quality-controlled station observations
date from the 1950s and 1960s to 2013. Here, it focused
on station records during the period 1980-2013 for this
study. Data records are complete with the exception of
some missing monthly data. It can be able to fill in
missing data using linear regression based on highly
correlated neighboring sites. Interpolated results were
strongly correlated with observation data, as indicated
by regression coefficients larger than 0.95.

Soil temperature

Daily soil temperature data are available for 12 sites in
the Heihe River Basin (Fig. 1) from the CMA. These are
measured at 0.00, 0.05, 0.1, 0.15, 0.2, 0.4, 0.5, 0.8, 1.6,
and 3.2 m depths. The timeline of records vary among

Fig. 1 The location of the Heihe
River Basin. The elevation varies
from 600 to 5600 m. There are 12
meteorological stations from
CMA in this study area
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Fig. 2 Map of frozen ground

distribution in Heihe River Basin
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stations, with some observations dating back to the late
1950s and 1960s. Station records are available through
2006 (Wang et al. 2014).

Normalized difference vegetation index

The NDVI dataset used in this study was provided
by Environmental and Ecological Science Data

98°E

99°E 102° E

Center for West China (http://westdc.westgis.ac.
cn/). It is produced by the Global Inventory
Modeling and Mapping Studies (GIMMS) team
and is available for the period 1982-2006. It is
derived from NOAA AVHRR data, available at 15-
day intervals and an 8-km spatial resolution (Tourre
et al. 2008). In this study, datasets for the period
1984-2006 are used.

Table 1 Geographical information for meteorological stations in the Heihe River Basin (China). The time is just the soil temperature time

duration

Station ID Station name Longitude (°E) Latitude (°N) Elevation (m) Time
52,267 Ejina Qi 101.07 41.95 940.5 1959-2006
52,343 Jihe De 99.90 41.93 965.6 1958-1986
52,441 Wautong Gou 98.62 40.72 1591.0 1965-1988
52,446 Dingxin 99.52 40.30 1177.4 1955-2006
52,447 Jinta 98.90 40.00 1270.5 1989-2006
52,533 Jiuquan 98.48 39.77 1477.2 1951-2006
52,546 Gaotai 99.83 39.37 13322 1952-2006
52,633 Tuole 98.42 38.80 3367.0 1956-2006
52,645 Yeniu Gou 99.58 38.42 3180.0 1959-2006
52,652 Zhangye 100.43 38.93 1482.7 1951-2006
52,657 Qilian 100.25 38.18 2787.4 19562006
52,661 Shandan 101.08 38.80 1764.6 1952-2006
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Table 2 Model configuration used in this study

Contents Description
Map projection Lambert
Vertical layer 18 sigma
Turbulence Holtslag PBL
Cumulus clouds Grell with Frish-Chappell
Radiation NCAR CCM3
Land surface processes NCAR CLM3.5

Ocean surface fluxes Zeng scheme

Lateral boundary Relaxation (exponential)
Pressure gradient Hydrostatic deduction

Simulation period Jan 1982 to Dec 2013 (32 years)

Model

The International Centre for Theoretical Physics
(ICTP) Regional Climate Model version 4
(RegCM4) was used in this study. The model in-
cludes multiple alternatives of land surface schemes,
through a coupled Community Land Model (CLM
3.5), in addition to the original existing biosphere—
atmosphere transfer scheme (BATS). CLM3.5 is a
“third generation” land surface model, developed
and supported by the National Center for Atmospher-
ic Research (NCAR). It simulates complicated land
physical processes, such as the land—atmosphere ex-
changes of energy, momentum, water, and carbon.
CLM3.5 is considered as a more complex and
advanced model than BATS for its finer vertical soil

Table3 Multi-year mean seasonal and annual air temperature and
precipitation in the Heihe River Basin

Air temperature (°C) Precipitation (mm)

Spring 7.54 26.05
Summer 19.60 104.15
Autumn 5.62 2791
Winter - 893 3.96

Year 5.97 162.08

and snow layer resolution, tiling structure, subsurface
lateral runoff, and direct carbon calculation. Further
details of both BATS and CLM3.5 schemes are
presented in Steiner et al. (2009) and Wang et al.
(2013b).

Model initial state and boundary condition data
are from the National Centre for Environmental Pre-
diction (NCEP) NCAR 1I reanalysis dataset. Lateral
boundary conditions are provided every 6 h. Sea
surface temperature (SST) data, collected at a
1° x 1° spatial resolution and 7-day temporal interval,
are generated by the Integrated Global Ocean Service
System and are spatially and temporally interpolated
as the initial and boundary conditions of SST.
10" x 10" terrain data and United States Geological
Survey (USGS) Global Land Cover Characterization
(GLCC) data based on satellite observations are used
as the topographic and vegetation inputs (Wang et al.
2013a, b). Table 2 shows the major parameterization
schemes used in this experiment and demonstrate that

Observational RegCM and
Dataset CLM
4 compar l
r ision ‘ ‘
Air Precipitation Soil Soil Soil
Temperature Temperature Temperature Moisture
| | | ;
| MAAT | MsaT | FuTr | | Apssp | | 0 | [MasT| | MAsM |

Influencing factors Influencing
| | ] factor

| MaaT | AP | Fu1 | NDVI |

[ ar |

Fig. 3 The flow chart of the procedure of the data processing and application in this study. All the abbreviations can be seen in the article.

The blue text boxes indicate the associations with each other
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Fig. 4 Changes of mean annual air temperature during 1980—
2013 in the Heihe River Basin. The solid black line is 3-year
smoothing average, dash black line is the linear trend

these initialization parameters are suitable to this
region (Wang et al. 2013a, b). The time period
19842013 was chosen in this study.
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Fig. 6 Changes of annual precipitation during 1980-2013 in the
Heihe River Basin. The solid bold black line is 3-year smoothing
average, dash black line is the linear trend

Methods

Air temperature and precipitation from 12 stations are
used to compute the MAAT, mean seasonal air
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Fig.5 Changes of mean seasonal air temperature in the Heihe River Basin. The solid black line is 3-year smoothing average, dash black line

is the linear trend
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Fig.7 Changes of seasonal precipitation during 19802013 in the Heihe River Basin. The solid bold black line is 3-year smoothing average,

dash black line is the linear trend

temperature (MSAT), annual precipitation (AP), and
seasonal precipitation (SP). Linear regression is used
to analyze temperature and precipitation trends.

Table 4 Comparison between simulated and observational soil
temperature at different soil depth

Depth (cm)  Fitted equation R? )4 Bias (°C)

5 y=088*x—039 094 0.00 -—141

10 y=0.98*x—1.33 0.95 000 —1.46
15 y=1.03%x—1.81 096 0.00 —1.49
20 y=107*x—-2.09 096 0.00 —1.43
40 y=1.03*x—1.73 096 0.00 —1.40
50 y=104*x—-148 097 0.00 —1.02
80 y=120*-3.15 097 0.00 -091
160 y=142*%—-550 096 0.00 —0.85

y is the simulated soil temperature, and x is the observational soil
temperature

Annual air freezing (thawing) index is the sum of
temperature for all days with temperatures below
(above) 0 °C during the freezing (thawing) period.
The annual freezing period was defined as 1 July
through 30 June of the following year. The annual
thawing period was defined as 1 January through 31
December (Peng et al. 2016). Air temperature
datasets are used to compute the freezing and
thawing indices.

In order to evaluate the simulated soil temperature
and moisture at different soil depths based on observa-
tional soil temperature, the model first linearly interpo-
lated the 12 soil depth measures (0.05, 0.1, 0.15, 0.2,
03,04, 0.5, 0.6, 0.8, 1.2, 1.6, and 2.8 m.). Second, it
extracted the soil temperature values corresponding to
the stations’ latitude and longitude coordinates. Third, it
used linear correlation with adjusted R2, p value, and
bias variables to evaluate results. In addition, soil tem-
perature and moisture anomalies from the 12 sites were

@ Springer
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calculated during 1984-2013, and its variability ana- Results
lyzed by linear correlation.
Frozen days defined the number of days in which soil Climate changes

temperature was below 0 °C in 1 year. In this study,
area-averaged FD at each depth in SFG and permafrost The multi-year averaged MAAT from the 12 stations

regions are used to determine changes. in the Heihe River Basin was 5.97 °C (Table 3). The
In this study, linear regression and correlation analy- warmest was 19.6 °C during summer, followed by
sis are not only used to analyze climate change trends, 7.54 °C in spring, then 5.62 °C in autumn, and the
evaluate the simulated results, and determine FD trends, coldest in winter at — 8.93 °C during 1980-2013.
but also explore the potential driving variables in freeze MAAT increased at a rate of 0.47 °C/decade during
days, soil temperature, and soil moisture. The results 1980-2013 (Fig. 4). In addition to this overall long-
were tested for statistical significance. term increase, the MAAT time series also indicates
In order to illustrate the procedure of the data pro- some interesting patterns of inter-decadal variability,
cessing and application in this study, a flow chart is including periods of slight negative change. MAAT
inserted here (Fig. 3). appears to have decreased until 1984, followed by a
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Fig. 8 Changes of mean annual soil temperature at different soil depth in the Heihe River Basin. The solid bold black line is 3-year
smoothing average, dash black line is the linear trend
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sharp increase until 1998, and by a small decrease
until 2012. The overall 1980-2013 change is there-
fore largely driven by the increase during the 1984—
1998 period. MSAT changes show that the most rapid
increase is 0.62 °C/decade in summer, followed by
0.6 °C/decade in spring, next 0.4 °C/decade in au-
tumn, and finally a non-significant rate in winter
during 1980-2013 (Fig. 5).

The multi-year average annual precipitation was
approximately 162 mm (Fig. 6). There is distinct
seasonality in precipitation, falling mainly in summer
(104 mm) and less in other seasons (Fig. 7, Table 3).
There is no trend in AP with large annual variation.
Similarly, although rainfall also occurs in spring and

summer, there is only a small increasing trend in
autumn and winter with p value < 0.05 (Fig. 7).

Soil temperature changes

Results of the evaluation of soil temperature derived
from model simulations indicated that the simulated soil
temperature in samples deeper than 15 cm was
overestimated. At depths shallower than 15 cm, it was
underestimated (Table 4). The soil temperature bias is
—0.91 and — 0.85 °C at 80 and 160 cm, respectively, and
less than — 1 °C at soil depths shallower than 80 cm. The
correlation coefficient R” is larger than 0.94. The simu-
lation does reflect soil temperature trend efficiently.
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Fig. 9 Changes of annual freeze days in seasonally frozen ground at different depth in the Heihe River Basin. The solid black line is 3-year

smoothing average, dash black line is the linear trend
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Fig. 10 Changes of annual freeze days in permafrost at different depth in the Heihe River Basin. The solid black line is 3-year smoothing

average, dash black line is the linear trend

Therefore, soil temperature derived from model can
serve as the soil freeze/thaw process in this study.
Area-averaged soil temperature increased significant-
ly at each depth during 1984-2013 (Fig. 8). The fastest
increase rate was 0.36 °C/decade at 280 cm, and the
slowest increase was 0.25 °C/decade at 5 cm. The rate of
soil temperature increase is higher at deeper soil depths,
with an average net change of about 0.9 °C. In addition
to this overall long-term increase, the time series also
indicates some interesting patterns of inter-decadal var-
iability, including periods of slight negative changes.
Taking the mean annual soil temperature (MAST) at a
depth of 20 cm as an example, it appears to increased
sharply until 1990, followed by a decrease until 1995,
and the next followed by a slight decrease until 2012.
The overall 1984-2013 change is therefore largely

@ Springer

driven by the increase during the 1984—1990 period.
Time series of soil temperature at other depths is also
similar in character.

Frozen days

The time series of area-averaged FD in SFG shows a
statistically significant decreasing trend at each depth
during 19842013, except at 50 cm (Fig. 9). The trend
decreased between — 3.26 and — 3.65 day/decade, with a
net change of about 9.7 and 11 days during that time. At
depths less than 50 cm, multi-year averaged FD was
between 103 and 115 days.

In permafrost regions, FD also had a declining
trend (p value < 0.05; Fig. 10). The multi-year
average FD was between 176 and 210 days. This
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Fig. 11 Changes of mean annual soil moisture at different depth in the Heihe River Basin. The solid black line is 3-year smoothing average,

dash black line is the linear trend

decreasing rate ranged between — 2.4 and — 4.3 day/
decade, demonstrating a net change of between 7

and 13 days in permafrost regions during the years

1984-2013.

Soil moisture

Discussion

1993, followed by a slight increase until 2003, and
followed by a slight decrease until 2013.

Comparison with previous results

It is found a significantly increasing trend of soil

moisture at each soil depth during the years 1984—
2013, ranging from 0.018 to 0.074% per year (Fig.
11). Soil moisture variation is similar in each
depth. Here, taking the soil moisture at 20 cm as
an example, the overall long-term increasing trend
shows some interesting internal decade variability
in the time series. There was a sharp increase until

In this study, we noted rising temperature, but without a
significantly increasing trend in precipitation, during
1980-2013. These results are roughly consistent with
previous results (Lan et al. 2015). The multi-model
ensemble mean of Coupled Model Inter-comparison
Project phase 5 (CMIP5) models indicate an increase
of 0.17 °C/decade from 1901 to 2005 in an arid area
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Fig. 12 Correlation between freeze days and MAAT (a), AP (b), FI (¢), and TI (d) in the Heihe River Basin

(Zhao et al. 2014), and 0.2-0.3 °C/decade from 1951 to
2005 in central Asia (Jiang et al. 2013).

Influencing factors of freeze day

The trend of FD decreased significantly during the years
1984-2013 everywhere in SFG or permafrost regions
over the Heihe River Basin. To determine what may
drive potential changes in FD, MAAT, freezing index,
thawing index, and AP were analyzed (Fig. 12). MAAT
was significantly correlated with the FD time series at
R = —0.73, indicating that 53% of the variance in FD
can be accounted for by MAAT changes. This negative
correlation illustrated that, as temperatures increased
from 1984 to 2013, FD decreased. The correlation be-
tween FI, TI, and FD was statistically significant and
strong (R = 0.67 and R = — 0.43, respectively), indicat-
ing that 45 and 19% of FD variability can be accounted
for. The correlation coefficient between AP and FD was
— 0.42, indicating a weak negative association

@ Springer

comparing to MAAT. Greater AP corresponded to a
lower FD. Furthermore, MAAT, AP, and TI are nega-
tively correlated with FD for some reasons. MAAT is a
variable reflecting solar radiation, which is the ground
heat resource. Similarly, FI and TI are factors that accu-
mulate air temperature. Precipitation changes may in-
fluence heat transfer through effects to soil moisture and
thermal conductivity (Frauenfeld and Zhang 2011).

In addition of these climate factors, FD is also
affected by other non-climatic factors (e.g.,
subsurface properties, soil moisture, snow depth,
vegetation cover; Shiklomanov 2012). It found a
negative correlation between NDVI and FD (Fig.
13). Mean annual NDVI was significantly correlated
with the FD time series at R = — 0.69, indicating that
48% of the variance in FD can be accounted for by
changes in mean annual NDVI. Although the mean
seasonal NDVI was negatively correlated with FD,
the correlation was not as strong as mean annual
NDVI. The negative correlation illustrated that, as
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NDVI increased, FD decreased. In winter, good veg-
etation cover can, like the snow, play a role in ther-
mal insulation. While in summer, the vegetation can
reflect more solar radiation and absorb less solar
radiation that can reduce evaporation.

Relationship between temperature, precipitation,
and soil temperature and moisture

It found a statistically significant increasing trend
between MAST and mean annual soil moisture
(MASM) at each soil depth during 1984-2013 over
the Heihe River Basin (Figs. 8 and 11). To explore
possible driving factors, the correlation between
MAAT, AP and MAST, and MASM were analyzed.
Taking soil depth at 20 cm as an example, MAAT was
strongly and positively correlated with MAST and

soil moisture, with R = 0.88, and R = 0.63, indicating
that 77 and 40% of the variance in soil temperature
and soil moisture can be accounted for by their
change, respectively. AP correlated with soil mois-
ture at R = 0.47, indicating 22% of the variance in
soil moisture can be accounted for by its changes.
Soil freeze and thaw process are followed by heat
changes. The soil freezing process would release
latent heat by water-ice phase changes, thus lessening
the soil cooling trend. The soil thawing process
would absorb heat to lessen the soil warming trend.
When the soil is transitioning from a thawed to a
frozen state, its thermal conduction would be higher
and thermal capacity would be lower that would
affect the surface heat exchanges (Zhao et al. 2004;
Subin et al. 2013). Thus, climate changes are strongly
associated with soil thermal and hydraulic regimes.
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Conclusions

This study investigated changes of soil thermal and
hydraulic regimes, and their association with climate
change over the Heihe River Basin. Here, we summarize
the main findings.

Rising air temperature was noted from the 12 sta-
tions’ air temperature and precipitation records. MAAT
had an increasing trend at 0.47 °C/decade, and MSAT
rose the fastest at 0.62 °C/decade. Precipitation did not
increase significantly but rather showed large ampli-
tudes and frequent fluctuations.

Soil temperature and moisture at each depth both
showed increasing trends. Soil temperature increased
at a rate ranging between 0.25 and 0.36 °C/decade, with
a net change of about 0.9 °C during the years 1984—
2013. Soil moisture increased at rate ranging from 0.018
to 0.074%/year. Soil temperature is most strongly cor-
related with air temperature, while soil moisture is
strongly associated with precipitation.

Frozen days was an important factor demonstrating
the soil freeze/thaw process in this cold region. Area-
averaged FD ranged between 21.4 and 115.4 days in
SFG, and between 176.8 and 210 days in the permafrost
region. A pronounced decreasing trend of FD was found
during the years 1984-2013 in the Heihe River Basin.
FD is most strongly related with air temperature. In
addition, NDVI, freezing/thawing index, and precipita-
tion, are also significantly correlated to FD.
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