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A B S T R A C T

Ground surface temperature (Ts) was manually measured using mercury thermometers in the early stage,
and the snow surface temperature was substituted for Ts in areas with thick seasonal snow covers due to
measurement difficulty. However, this practice produced Ts data that were inconsistent with more recent
automatic measurements that determine Ts in the soil beneath the snow cover using modern instrumentation.
In this study, we used observations from northeastern China to explore and correct this Ts inconsistency.
Our results showed that the inconsistency varies from a few degrees to tens of degrees depending on the snow
conditions and time periods considered. This inconsistency between earlier and modern measurements can lead
to the overestimation of soil temperature warming rates in recent decades. We remove the Ts inconsistency
using a numerical model that considers the effect of snow insulation on ground surface temperatures. This
approach provides a means to improve Ts records that have similarly switched from manual to automatic
measurements, which is critical for soil and climate investigations.
1. Introduction

The soil thermal regime has significant influences on hydrological
processes (Ge et al., 2011), ecosystem (Pregitzer et al., 2000), agri-
culture, terrain carbon cycle (Curiel Yuste et al., 2007), and various
temperature related phenomena (Cao et al., 2020). Soil thermal regime
is generally dominated by large-scale climate conditions and refined
by local-scale factors, such as soil moisture (Zwieback et al., 2019),
vegetation cover, and seasonal snow cover (Cao et al., 2019a). Soil
temperature is hence among one of the best indicators of terrain climate
variability.

Long-term records of soil temperature, especially the ground sur-
face temperature (Ts) in cold climates, are scarce in comparison to
atmospheric measurements. This is primarily due to two reasons: (i)
historical Ts measurements were manually conducted, and extreme cold
environmental conditions made it difficult to access the areas, and
(ii) the presence of snow cover added further challenges to Ts mea-
surements. For these reasons, the World Meteorological Organization
(WMO) suggests that measuring the temperature of the snow surface
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is desirable when the ground is covered with snow (Fig. 1A). This
method (hereafter termed the manual protocol, Tm

s ) represents the land
surface temperature (LST) rather than Ts. Ts is collected automatically
in the modern system (hereafter Ta

s) typically with a higher temporal
resolution. By comparison, Ta

s in modern protocols is usually measured
beneath the surface snow cover (Fig. 1B).

The manual protocol was generally followed for Ts measurements
obtained from the meteorological station networks in the former Soviet
Union (USSR) and China. Despite this, both sets of records are well
organized and span a significant period, with the USSR record dating
back to the 1890s and the Chinese record to the 1950s (Gilichinsky
et al., 1998; Wang et al., 2015). These records have proven to be
valuable for various research applications, including the study of land-
atmosphere energy exchange (Zhang et al., 2018), changes in soil
temperature (Streletskiy et al., 2015), investigations of near-surface soil
freeze-thaw status (Wang et al., 2015), evaluation of remote-sensing
data and products (Shao and Zhang, 2020), and detection of permafrost
presence/absence (Cao et al., 2019b).
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Fig. 1. Schematic illustration of ground surface temperature (Ts) measurement methods and comparisons of near-surface air temperature (Ta) and Ts. (A) Manual- (Tm
s ) and (B)

automatic-based (Ta
s ) ground surface temperature measurements when seasonal snow layer is absent and present. (C) A time-series example of Ta and Ts obtained by different

methods from Altay (88.08◦E, 47.73◦N).
The significant influences of seasonal snow cover on the soil ther-
mal regime have been extensively investigated both in the field and
through numerical experiments (Zhang, 2005; Slater et al., 2017; Cao
et al., 2022). Depending on temporal scales, atmospheric and snow
conditions, Ts can be several to tens of degrees warmer than Ta and
the snow surface temperature (Zhang, 2005; Raleigh et al., 2013).
This is often known as the snow-related surface offset in permafrost
investigations (Hasler et al., 2014). In this case, a crucial issue arises: Ts
obtained from the manual protocol is inconsistent with those commonly
obtained using modern systems in cold regions when there is a snow
cover. However, this issue has been ignored in some applications, such
as Frauenfeld et al. (2004) and Streletskiy et al. (2015), or inaccurately
interpolated as being consistent across Ts measurement methods (e.g.,
Wang et al., 2018; Song et al., 2022).

Since 2000, the routine manual ground surface temperature mea-
surements were replaced by automatic systems using platinum resis-
tance temperature sensors for the China Meteorological Administration
(CMA) network (Cui et al., 2020). However, the datasets include the
same variable name (i.e., Ts) for all measurements and do not include
any correction to account for the change in measurement methodology.
Due to this problem, there is an obvious inconsistency in Ts time-series
observations from stations with seasonal snow cover, even though
near-surface air temperature (Ta) is comparable (Fig. 1C). Recently,
studies have reported on the inhomogeneity of observations from the
CMA network and the possible impacts on climate research from an
LST perspective (i.e., Cui et al., 2020; Du et al., 2020). However, the
uncertainties in Ts are largely unknown and remain uncorrected.

In this study, we (i) report the inconsistency between Ts measure-
ments made with the manual protocol 𝑣𝑠. modern measurements, using
the CMA datasets as an example, and (ii) quantify the magnitude of
the Ts inconsistency (𝛥T) attributed to the insulating effect of snow
cover. We then (iii) discuss possible uncertainties in the Ts applications
without considering the inconsistency, and (iv) provide a numerical
method to remove the Ts inconsistency by converting snow surface
temperature to ground surface temperature.

2. Study area and observations

Although the inconsistency of manually observed Ts is anticipated in
all regions following the manual protocol (i.e., Russia, China, Mongolia,
Kyrgyzstan and Tajikistan), we have selected the Tien Shan Mountains
2

Fig. 2. Study area and the distribution of stations from China Meteorological Admin-
istration. The point size refers to the number of annual snow depth observations (N)
during the period of 1999–2011.

(TSM) in northwestern China as the study area. This area includes both
snow-covered and snow-free stations in winter (Fig. 2). TSM, known
as the a climatic transition zone, is dominated by cold Siberian air
masses and westerly winds. The CMA daily observations, including: Ts,
Ta and snow depth, from 87 meteorological stations, are used here to
explore Ts inconsistency and evaluate the correction method. Ts was
manually measured by professional technicians at 2:00, 8:00, 14:00,
and 20:00 (UTC+8) in the manual system (Wang et al., 2015), and then
is obtained using platinum resistance thermometer in the automatic
system (Fig. 1) (Cui et al., 2020). The snow depth was measured daily
at 8:00 (UTC+8) using a snow ruler in the manual observation system
and using an ultrasonic or a laser snow depth measurement sensor with
a typical accuracy of 1 cm in recent automatic system. The air pressure
was measured using barographs or aneroid barometers in the manual
system and then was changed to the resonator barometers in the au-
tomatic system. Wind speed was measured using electric anemometer.
The measured mean annual air temperature ranged between −3.3 to
15.6 ◦C at the stations during the period of 1981–2010.

We determined 𝛥T, i.e., soil temperature difference caused by in-
consistent measurement methods, using T measurements from 5-years
s
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Fig. 3. Comparison of manually observed ground surface temperature (Tm
s ) and

near-surface air temperature (Ta) in snow-covered season from 1999 to 2004.

before and after the change from manual to automatic observations.
During this period, we assume that (i) the general climate (e.g., ra-
diation) and surface conditions (e.g., soil moisture) did not change
significantly within that a short period, and (ii) 𝛥T is dominated by the
changes in measurement methods due to the snow insulation effect. In
this case, the observed Ts inconsistency (𝛥To) is:

𝛥𝑇 𝑜 = 𝑇 𝑚
𝑠 − 𝑇 𝑎

𝑠 (1)

Site-specific information on when the measurement methods were
switched was not available for this study, and therefore, it was visually
determined for each snow-covered site. Fig. 1C provides an example
showing the clear jump in Ts that occurs after a station is automated.
The Tm

s is markedly cooler compared to Ta
s under similar Ta and snow

conditions. Additional examples are shown in Fig. 8A and B, indicating
that the switch between manual and automated measurements can
be reliably determined. The switch at snow-covered stations in TSM
was around 2005–2006, therefore, the Tm

s and Ta
s are estimated from

observations during July 1999 to June 2004 and during July 2006 to
June 2011, respectively. Data from the transition period was not used,
in order to avoid any discrepancies using the mixed measurements.

The 87 stations in the study area were divided into snow-covered
sites and (nearly) snow-free sites (Fig. 2). Snow-covered stations were
defined as having a median annual maximum snow depth greater
than 0.2 m during the period 1999–2011. Monthly and seasonal mean
values were calculated for sites with soil temperature measurement
completeness greater than 90%. The nearest temporal interpolation was
used to fill the snow depth data gap. Due to the high albedo of snow
cover, the Tm

s was found to be close to Ta in snow-covered region
with a simple linear relationship (Fig. 3). Therefore, the missing Tm

s
in snow-covered period was filled using

𝑇 𝑚
𝑠 = 𝑇𝑎 − 0.59, 𝑖𝑓 𝐻𝑆 > 0 (2)

where 𝐻𝑆 is the snow depth in centimeter. The remained missing
Ta was then filled using 2-m air temperature from ERA5-Land, which
is reported to have good agreement in TSM (Cao et al., 2020). Ob-
served wind speed and air pressure were used for model forcing (see
Section 3.2) and the data gap was filled based on ERA5-Land. Snow-
covered season was defined from October to March.
3

Fig. 4. (A) Mean and (B) standard deviation of ground surface soil moisture from May
to September derived as ensemble of six remote-sensing products (2010–2018).

Fig. 5. Comparison of snow density from China Meteorological Administration and
from the stand-along observations of Zhong et al. (2021). Only the datasets of 2015–
2017 are used for China Meteorological Administration to align the measured period
of stand-along observations. N is the sample number in each box.

3. Ground surface temperature inconsistency removal

3.1. Numerical model

To maximize the value of long-term Ts records from CMA, we
removed the Ts inconsistency that occurred during the manual obser-
vation period. To achieve this, we transferred T observations from the
s
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land surface (refers to the surface of the snow during snow-covered
periods) to the ground surface. A numerical model with transient
heat transfer and surface energy balance was used to simulate Ts and
o remove the 𝛥T. The model was originally proposed by Ling and
hang (2004) and the snow effects were considered in the model by
xtending the heat conduction solution into the 5-layer snow cover and
omputing the surface heat balance components as well as the snow
urface temperature. It should be noted that the model processes are
argely simplified in order to improve its transferability and to avoid
he requirement of any additional model forcing and inputs.

Following Westermann et al. (2016), the surface energy balance is
iven as

= (1 − 𝛼)𝑆𝑊𝑖𝑛 + 𝐿𝑊𝑖𝑛 + 𝐿𝑊𝑜𝑢𝑡 +𝑄ℎ +𝑄𝑒 +𝑄𝑐 (3)

here SWin (W m−2) and LWin (W m−2) are short-wave and long-
ave incoming radiation, respectively. α is surface albedo, since Ts

was measured at bare ground conditions in summer, it was set as 0.20
for snow-free period, and as the snow albedo when snow is present.
Detailed descriptions of surface energy balance components including:
outgoing long-wave (LWout), turbulent exchange of sensible (Qh) and
latent heat (Qe) can be found in Ling and Zhang (2004). Snow specific
parameterizations were revised following Westermann et al. (2013).
The snow thermal conductivity (λsn, W m−1 K−1), volumetric heat
capacity (Csn, J m−3 K−1), and albedo (αs) were revised to be solely
dependent on snow density (ρsn, kg m−3) following Douville et al.
(1995)

𝜆𝑠𝑛 = 𝜆𝑖 ⋅
(

𝜌𝑠
𝜌𝑖

)1.88
(4)

𝐶𝑠𝑛 = 𝐶𝑖 ⋅
(

𝜌𝑠
𝜌𝑖

)

(5)

𝛼𝑠𝑛 = 1.0 − 0.247(0.16 + 110(𝜌𝑠 × 10−3)4)
1
2 (6)

where ρi is the ice density of 920 kg m−3, λi is the ice thermal
conductivity of 2.2 W m−1 K−1, and Ci is the ice volumetric thermal
capacity of 2.05 × 106 J m−3 K−1.

Heat conduction in the snow layer (Qc) and soil is given by Fourier’s
law

𝑄𝑐 = −(𝑇𝑠0 − 𝑇𝑠)
(

𝐻𝑆
𝜆𝑠𝑛

+
𝑧0
𝜆𝑠

)

(7)

𝜕𝑇𝑔
𝜕𝑡

= 𝜕
𝜕𝑥

(

𝜆𝑠𝑛
𝜕𝑇𝑔
𝜕𝑥

)

(8)

here Ts0 is the snow surface temperature (◦C) simulated from the
urface energy balance; z0 is set as 0.03 m corresponding to the
iameter of mercury ball thermometer (Wang et al., 2015). 𝜆𝑠𝑛 and
𝑠 is snow and soil thermal conductivity (W m−1 ◦C−1); 𝐶 is apparent
olumetric heat capacity and volumetric heat capacity of the soil (J
−3 ◦C−1); t is time of day. Tg is simulated top layer soil at depth of

0 or 0.03 m, and is taken as simulated Ts (Ts
s).

The soil thermal conductivity and capacity are treated as a mixture
olumetric fractions (𝜃) of soil mineral (m), water (w), ice (i) and air
a), and is parameterized following Cosenza et al. (2003)

𝑠 =
[

𝜃𝑚
√

𝜆𝑚 + 𝜃𝑤
√

𝜆𝑤 + 𝜃𝑖
√

𝜆𝑖 + 𝜃𝑎
√

𝜆𝑎
]2

(9)

For bare ground conditions, the soil constituents organic is set as zero,
air content (𝜃𝑖) is set as 0.05. The numerical model assumes a constant
water content, and is derived from an ensemble mean of remote-
sensing products. Soil mineral thermal conductivity (𝜆𝑚) is set as 2.92
W m−1K−1 for the bare ground (Ling and Zhang, 2004; Cao et al.,
2019a). However, the sensitivity experiments indicate 𝜆𝑚 has minimal
influences on simulated Ts at the shallow simulated depth of 0.03 m
(not shown). Water (𝜆𝑤) thermal conductivity is set as 0.57 W m−1K−1.

When soil is frozen, the super-cooled water or unfrozen water is
parameterized following Niu and Yang (2006). The soil heat capacity
4

for the soil process that accounts for the latent heat of freezing and
melting of water/ice is given as

𝐶 = 𝐶𝑣 + 𝐿
𝜕𝜃𝑤
𝜕𝑇

(10)

where 𝐿 is the specific volumetric latent heat of fusion of water. 𝐶𝑣
is volumetric heat capacity (J m−3 K−1) simulated from volumetric
fractions of soil

𝐶𝑣 = 𝐶𝑚𝜃𝑚 + 𝐶𝑤𝜃𝑤 + 𝐶𝑖𝜃𝑖 + 𝐶𝑎𝜃𝑎 (11)

where 𝐶𝑚, 𝐶𝑤, 𝐶𝑖, 𝐶𝑎 is the volumetric heat capacity for mineral, water,
ce, and air.

The numerical model simulated 𝛥T (𝛥Ts) is hence given as

𝑇 𝑠 = 𝑇 𝑚
𝑠 − 𝑇 𝑠

𝑠 (12)

.2. Model forcing and setting

The model uses Ta, snow depth, wind speed, and air pressure data
btained from the CMA network as forcing. However, the long- and
hort-wave radiations were not available in the CMA network, and
herefore, data from ERA5-Land reanalysis were used. This is because
he ERA5-Land reanalysis is reported to be reliable in representing at-
ospheric components in our study area (Cao et al., 2019b). Soil mois-

ure content required by the model is estimated from six satellite-based
roducts during 2010–2018, including: Advanced SCATterometer (AS-
AT), Advanced Microwave Scanning Radiometer 2 (AMSR2-JAXA),
oil Moisture Ocean Salinity (SMOS-BEC and SMOS-IC) and the Soil
oisture Active Passive (SMAP-L3) satellite missions and the Climate
hange Initiative Soil Moisture (CCI SM, v04.7) product. The ensemble
aily mean and the standard deviation of the six products during
he thawing period from May to September were used to allow for
eaningful variations (Fig. 4). We used 106 soil layers with a total
epth of 10 m. A lower boundary condition of zero heat flux was used
or the Ts simulation.

The snow density measurements from the CMA were systematically
nderestimated relative to the stand-alone observations (Fig. 5). This
s believed to be attributed to the snow density being measured with

heavy snow gauge that comprises a steelyard measurement balance
nd a 5000 cm3 tube-cutter in CMA (Seligman and Douglas, 1936;
inar and Pomeroy, 2015). In such a case, the model uses a constant
now density ranging from 150 to 250 kg m−3 based on the stand-

alone in situ measurements from Zhong et al. (2021). Combined with
the soil moisture range, we produced simulation ensemble to allow for
meaningful temporal variations and uncertainties. The first five years
of observations were used to spin up the model by running it 20 times
(100 years) before simulation and analyses were conducted.

3.3. Evaluation

The mean bias (BIAS) and root mean squared error (RMSE) were
used for model evaluation.

𝐵𝐼𝐴𝑆 = 1
𝑁

𝑁
∑

𝑖=1
(𝑇 𝑠

𝑠 − 𝑇 𝑎
𝑠 ) (13)

𝑀𝑆𝐸 =

√

∑𝑁
𝑖=1(𝑇 𝑠

𝑠 − 𝑇 𝑎
𝑠 )2

𝑁
(14)

where 𝑁 is the total number of measurements.

4. Results

4.1. Inconsistent ground surface temperature measurements

The ground surface temperatures measured by both the manual and
automatic methods were similar in the snow-free season, despite using
different measurement methods. Therefore, no significant 𝛥To (−0.7
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Fig. 6. Observed inconsistency (𝛥To) of seasonal mean ground surface soil temperature between manual and automatic measurements during (A) snow-covered season (from October
to March) and (B) snow-free season (April to September). Difference of mean near-surface air temperature (𝛥Ta) between manual and automatic measurements in snow-covered
(C) and snow-free (D) seasons. The manual measurement and automatic measurement are from the China Meteorological Administration (CMA) during 1999–2004 and 2006–2011,
respectively. The point size refers numbers of observation (N).
± 0.7 ◦C) was found in the snow-free season (Fig. 6B). Conversely,
during the snow-covered seasons from 1999–2011, the 𝛥To ranged from
approximately −8.2 to 0.6 ◦C, despite a negligible difference in Ta,
ranging from −3.3 to 0.3 ◦C (Fig. 6A and C). 𝛥T is closely related
to snow depth, i.e., a larger snow depth typically leads to a greater
𝛥T (Figs. 2, 6A, 9B). Consequently, snow-covered stations had a mean
seasonal 𝛥To of −5.0 ± 1.5 ◦C and a mean snow depth of 10 ± 3 cm
from October to March, while there were no remarkable Ts differences
at snow-free stations (−1.1 ± 1.4 ◦C). 𝛥To is more pronounced at a
monthly scale. For example, the mean 𝛥To is −7.5 ± 2.2 ◦C with a
mean snow depth about 20 ± 10 cm in January (Fig. 7A).

Similar to the spatial pattern, the temporal variation clearly shows
the remarkable 𝛥To at stations with seasonal snow cover, although
the Ta difference is minimal (Fig. 7). The aggregated monthly 𝛥To

at the stations were as high as −8.0 to −6.5 ◦C in winter (DJF). By
contrast, the change in measurement methodology generally had little
influence on measured Ts in regions that are (nearly) free of snow
(Fig. 7B), indicating that the remarkable 𝛥T is caused by inconsistent
measurement methods.

4.2. Model evaluation

The modeled daily soil temperature at the ground surface (0.03 m)
shows good agreement with the observations during both the snow-free
and snow-covered seasons (Fig. 8). The RMSE of the simulated Ts in the
snow-covered season was about 1.5–4.4 ◦C across annual to monthly
timescales (Fig. 9A). Previous studies revealed that the temperature
offset due to snow insulation at seasonal and monthly scales could be
represented as a function of snow depth (HS) (Wang et al., 2016; Slater
et al., 2017). Here we develop and estimate the model based on 𝛥Ts

(Fig. 9B).

𝛥𝑇 =

{

−0.25 ⋅𝐻𝑆 − 2.1, 𝑖𝑓 𝐻𝑆 ≤ 𝐻𝑆eff (15)
5

−10.9, 𝑖𝑓 𝐻𝑆 > 𝐻𝑆eff
Table 1
The Ts trend (◦C dec−1) for original and 𝛥T removed (modeled) records at selected
snow-covered sites with complete observations. The warming trend was estimated for
two periods, i.e., since 1970 and 2000.

Data source Annual Snow-covered season Snow-free season

1970–2013

Original 1.2 1.5 0.8
Modeled 0.8 0.8 0.8

2000–2013

Original 5.1 7.0 No trend
Modeled No trend No trend No trend

where the HSeff (cm) represents the snow depth threshold beyond
which the insulation effect of snow is minimally affected by Ta varia-
tion. Since, HSeff may vary depending on the near-surface atmospheric
and snow conditions, it was set as 35 cm based on the observations from
the Eurasian continent (Wang et al., 2016). The predictor is statistically
significant in the fitted results (𝑃 < 0.01), and is in close agreement
with the observed 𝛥T (with an RMSE of 1.5 ◦C), indicating the model is
suitable for removing 𝛥T. The estimated negative intercept of −2.1 ◦C
means that the thermal properties of the soil, soil phase change, and
imperfect heat transfer between the ground surface and snow surface
likely leads to an offset even if a seasonal snow layer is absent (Slater
et al., 2017). Our results indicated the numerical model is suitable for
the correction of manually measured ground surface temperature.

4.3. Ground surface temperature correction

Tm
s was cooler in snow-covered regions relative to Ta

s . As a conse-
quence, Ts shows a more dramatic warming rate with an artificial Ts
jump during 2004–2006, or the time when the measurement method
switched (Fig. 10). For example, the T warming rate for the simulated
s



Agricultural and Forest Meteorology 338 (2023) 109518

6

B. Cao et al.

Fig. 7. Aggregated annual (Ann) monthly ground surface temperature from manual (Tm
s ) and automatic (Ta

s ) measurements at snow-covered (A) and (nearly) snow-free (B) sites.
The snow depth (HS) and near-surface air temperature difference (𝛥Ta) between manual and automated measurements are shown as the reference. The number of stations used
for different measurements are given in the bracket.

Fig. 8. Simulated daily Ts at two selected snow-covered stations.

Fig. 9. (A) Comparison of modeled ground surface temperature (Tm
s ) with observations at different temporal scales during the snow-covered season. (B) Relation between 𝛥T and

snow depth at seasonal and monthly scales. The ensemble simulation depicts the spread between model runs with snow density and soil moisture content ranges with the ensemble
mean (red line).
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Fig. 10. The Ts trend for original and 𝛥T removed (modeled) records at selected snow-covered sites with complete observations. The bue shadow means the measurement switch
period of 2004–2006.
Ts since 1970 was 0.8 ◦C dec−1 in the cold season and was 1.5 ◦C dec−1

for the observed data (Table 1). In contrast, Tm
s trend is comparable to

Ts
s in the warm season and is similar to Ta. The remarkable 𝛥T in winter

leads to a false annual Tm
s trend. For example, the observed rate of Ts

change is warm biased by 0.35 ◦C dec−1 since 1970 compared to the
modeled results (Table 1). The warming trend is overestimated to an
even greater extent over shorter periods. For instance, the warming rate
of Tm

s estimated since 2000 was about six times that estimated since
1970, while the simulated results show no trend (Table 1, Fig. 10).

5. Discussion

5.1. Simulation uncertainties

This study utilized numerical simulation to correct manually mea-
sured Ts, and carefully evaluated the results based on automatically
measured Ts. To improve the model transferability and to reduce the
dependency of model forcing, the physics in the model is largely
simplified by mainly considering the most relevant processes of surface
energy balance and heat transfer. We further acknowledge that many
other processes, such as the absorption of shortwave radiation penetrat-
ing the snowpack (Kuipers Munneke et al., 2009), phase change within
snow (Arduini et al., 2019), and aerodynamically smooth as well as
aerodynamically rough conditions, may also have an important impact
on the simulated Ts. In fact, the numerical uncertainties associated with
the depth and time spacing could also be remarkable (Tubini et al.,
2021). Additional uncertainties are likely attributed to the simplified
assumption that the heat flux is zero at the 10 m depth and bias of
radiation from ERA5-Land (Tang et al., 2021).
7

In this numerical simulation, we assumed constant soil moisture
due to the small annual variation, i.e., standard deviation was about
2.2 ± 1.0% (Fig. 4B). Although the ensemble mean was used to im-
prove representation, the soil moisture derived from remote-sensing is
reported to have significant uncertainties (Gruber et al., 2020). This is
expected to introduce possible uncertainties, which cannot be appro-
priately evaluated here due to lack of in-situ observations. In addition,
the use of constant snow density with a reasonable variation may
introduce additional uncertainties as snow density measurements were
unrealistic. Previous studies have emphasized the significance of snow
density in snow insulation on soil temperature (Zhang, 2005). Thereto-
fore, future studies should consider using a state-of-the-art model that
includes the evolution of snow density.

5.2. Insights

Previous studies suggested the snow surface temperature or land
surface temperature over snow-covered regions could be estimated as
a linear model of snow depth and solar radiation (e.g., Cui et al., 2020;
Du et al., 2020). However, our findings indicated that the land surface
temperature over snow-covered regions may be approximately equal to
near-surface air temperature due to the high albedo of snow. As a result,
we propose that long-term land surface temperature records could
be estimated by combining ground surface temperature during the
snow-free period and near-surface air temperature in the snow-covered
period without the need for additional modeling.

The current numerical model, which considers surface energy bal-
ance and heat conduction processes, provides a practical and effective
approach for simulating and correcting T at a site scale. While the
s
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Table A.2
Definitions of symbols for this study.

Symbol Name Unit

Ts Ground surface temperature ◦C
Ta Near-surface air temperature ◦C
Tm
s Manually measured ground surface temperature ◦C

Ta
s Automatically measured ground surface temperature ◦C

𝛥T Soil temperature difference caused by inconsistent measurement methods ◦C
𝛥To Observed soil temperature difference caused by inconsistent measurement methods ◦C
𝛥Ts Simulated soil temperature difference caused by inconsistent measurement methods ◦C
HS Snow depth m
HSeff Snow depth threshold beyond which snow insulation is little affected by air temperature m
SWin Short-wave incoming radiation W m−2

LWin Long-wave incoming radiation W m−2

LWout Long-wave outcoming radiation W m−2

Qh Turbulent exchange of sensible heat W m−2

Qe Turbulent exchange of latent heat W m−2

Qc Conduction heat flux through the snow cover or ground surface W m−2

𝜆sn Snow thermal conductivity W m−1 ◦C−1

𝜆i Ice thermal conductivity W m−1 ◦C−1

𝜆s Soil thermal conductivity W m−1 ◦C−1

𝜌s Soil density kg m−3

𝜌i Ice density kg m−3

C Thermal capacity of soil J m−3 ◦C−1

Cv Volumetric heat capacity of soil J m−3 ◦C−1

Csn Thermal capacity of snow J m−3 ◦C−1

Ci Thermal capacity of ice J m−3 ◦C−1

Ts0 Snow surface temperature ◦C
Z0 Depth of the top soil layer m
𝜆w Soil thermal conductivity %
g Acceleration due to gravity m s−2

L Specific volumetric latent heat of fusion of water J
methods and solutions presented in this study were applied at a re-
gional level in northeastern China, they are supposed to be applicable
in other regions and countries that follow the manual measurement pro-
tocol estimated by the WMO, such as Mongolia, Kyrgyzstan, and Tajik-
istan. Consequently, the study is expected to provide useful information
and insights for boarder regions and communities.

6. Conclusions

The manual protocol for measuring soil temperature has been ex-
tensively used worldwide, and long-term soil temperature observations
are crucial for comprehending the changes in soil thermal state in
response to global warming. In this study, we identified significant
inconsistencies in ground surface temperature between historical man-
ual measurements and modern measurements in snow-covered regions
using CMA measurements. We also developed a method for removing
inconsistency in historical manual records across large areas in China.
This study provided valuable new insights that can be applied to future
research on soil temperatures in cold regions:

(1) The ground surface temperatures obtained using the manual pro-
tocol are not consistent with modern measurements when there
is seasonal snow cover. Prior to 2004 in the Tienshan Mountains,
measurements were taken at the snow surface, while modem
values (since 2006) were recorded from near the soil surface
beneath the snow layer.

(2) Because of the significant impact of snow cover on the thermal
regime of soil, the manual protocol-based measurements are cold
biased and are incompatible with modern observations. As per the
measurements taken by the China Meteorological Administration
in the Tien Shan Mountains, there can be monthly differences of
up to 20 ◦C.

(3) A solution for deriving consistent long-term soil temperature
records is to use numerical models that account for the snow
insulation effect. These models can transfer temperature from
snow surface to ground surface and remove the Ts inconsistency.

(4) Ts warming rates reported without considering this inconsis-
tency were over estimated due to the false Ts increase when the
8

measurement methodology changed.
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