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Abstract The anomalies of soil temperature (ST) in shallow soil are potential signals for both weather
forecast and climate prediction. Results show atmospheric anomaly signals can persist from zero to several
months in the form of ST anomalies in shallow soil, and the persistence of ST anomalies caused by atmospheric
anomalies in different months is significantly different. ST anomalies in shallow soil caused by air temperature
can persist for longer time than those caused by precipitation. The decrease in instantaneous precipitation

and air temperature leads to the weakening of atmosphere interference with ST anomaly persistence, which
enhances the persistence of ST anomalies caused by initial air temperature anomalies. Moreover, the
reemergence of ST anomalies in shallow soil from air temperature is a more common phenomenon than one
from precipitation. ST anomaly reemergence may be caused by two processes. Freeze-thaw process is one

of the processes, and it has been confirmed in both observations and simulations. Another may be related

to the changes of the vertical distributions of hydraulic and thermal conductivities due to the changes in air
temperature and precipitation when the climate shifts from warm-wet to cold-dry. However, the reemergence

of ST anomalies only occurs in the simulations where freeze-thaw processes exist using the Community Land
Model 4.5 (CLM4.5). The persistence and reemergence of observed ST anomalies are not fully captured in
numerical simulations using CLM4.5, which requires further research to improve the simulation performance of
numerical models.

1. Introduction

Land surface is one of the important components of the earth climate system, and soil temperature (ST) is a
key factor of land surface processes. As an indicator of heat storage in land surface, ST plays an important role
in land-atmosphere interactions. The anomalies in ST can change surface sensible flux, latent flux, longwave
radiation, etc., and further affect weather and climate on multiple time scales (Q. Hu & Feng, 2004; Mahanama
etal., 2008; Wu & Zhang, 2014). Moreover, ST can change the locations and intensities of precipitation by affect-
ing the development of convection (Fan, 2009; Y. Liu & Avissar, 1999; Xue et al., 2018), and also facilitates the
occurrence of the extreme heat events by local land-atmosphere coupling and changing atmospheric circulation
(Goémez et al., 2016).

The anomalies of ST usually depend on atmospheric anomalies, which are resulted from the anomalous sea
surface temperature and sea ice, etc., and then ST anomalies can affect subsequent atmosphere by the persistence
of the anomalies. For example, anomalous ST in winter can affect the precipitation in following spring (Tang
etal., 1987), and ST in late spring correlates well with summer precipitation (Mahanama et al., 2008). Y. H. Wang
et al. (2013) revealed that ST in May over Northwest China can affect summer precipitation by changing the East
Asian summer monsoon. Ma (1995) found that there is a close relationship between antecedent ST anomalies and
the subsequent floods in the Yangtze—Huaihe River Basin. Xue et al. (2018) demonstrated that spring land surface
and subsurface temperature anomalies have important effects on the subsequent downstream droughts/floods in
late spring-summer over North America and East Asia.

The relationship between ST and subsequent atmosphere depends on the persistence of antecedent ST anomalies,
which is also known as ST memory. ST anomalies can persist for a period ranging from 1 month to years, with
the dependence of season, soil depth and climate regime, etc (Y. Liu & Avissar, 1999; K. Yang & Zhang, 2016).
For example, in cold regions, ST anomalies in autumn can be stored in the frozen soil during the winter, and then
reappear at the surface during the thaw (Matsumura & Yamazaki, 2012; Schaefer et al., 2007). The changes of ST
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depend on radiation, air temperature (Kang et al., 2000; H. X. Zhang et al., 2021), precipitation (Garcia-Suarez
& Butler, 2006), vegetation cover types (H. Hu et al., 2009; Tesaf et al., 2008; S. Y. Zhang & Li, 2018), soil
physical properties (Ceccon et al., 2011), wind speed (Mihalakakou et al., 1997), topography changes (Wundram
et al., 2010) and snow (lijima et al., 2010; Qian et al., 2011). Among all factors affecting ST, air temperature and
precipitation are the two most important factors (Helama et al., 2011; Y. Yang et al., 2018). Chen et al. (2020)
found that the deep ST is closely correlated with air temperature. H. X. Zhang et al. (2021) revealed that the
ST anomalies caused by air temperature anomalies can propagate downward to the deep soil layer after several
months. Song et al. (2022) showed that both the storage of air temperature signals in deep ST even after 4 months
and the storage of precipitation signals in shallow ST after 1 month are widespread phenomena in China.

Driven by the atmospheric forcing, ST anomalies occur, and then anomaly signals can be stored in ST for a
period of time. Generally, ST anomalies can affect subsequent atmosphere when persistent anomalies are stored
in shallow soil layers, or can propagate from deep to shallow soil, or are stored in other form and then cause later
ST anomalies. The phenomenon of disappearance and reappearance of anomaly signals in shallow soil is called
reemergence of anomaly signals. Many studies have demonstrated that the anomalies of ST can persist, but there
is a lack of understanding of how ST anomalies persist and the persistent feature of ST anomalies. How long can
ST anomalies persist in shallow soil layers? Can the ST anomaly signals propagated to deep soil be able to propa-
gate to shallow soil after a certain period of time, making it possible to affect subsequent atmosphere? The influ-
ence of atmospheric conditions on the characteristics of the persistence of ST anomalies also remains unclear.
The main aim of this study is to try to understand the persistence of ST anomalies caused by atmospheric anom-
alies and the effect of atmospheric conditions on anomaly persistence both in the observations and land surface
simulations. In addition, the physical processes related to ST anomaly persistence need further investigated. In
this study, air temperature and precipitation, two main variables affecting ST among atmospheric variables, are
mainly considered (Helama et al., 2011; Y. Yang et al., 2018).

2. Data, Methods, Model, and Experimental Design
2.1. Data

The observed monthly data is provided by the China Meteorological Administration, which includes air temper-
ature (1.5 m), monthly precipitation and ST at the seven soil layers of 5, 10, 20, 40, 80, 160, and 320 cm from
1960 to 2013. To reduce the effect of missing values in ST data, we adopted seven sites with as few missing
data as possible at seven soil layers from 1960 to 2013, and the seven sites include Wuhan (114°10’E, 30°15’N),
Tianshui (105°20’E, 34°21°’N), Kunming (102°26’E, 25°01’N), Lhasa (91°01’E, 29°26°N), Beijing (116°12’E,
39°34’N), Lanzhou (103°34’E, 36°02’N) and Harbin (126°23’E, 45°27°N). The locations of the seven sites can
refer to the paper of Song et al. (2022). Moreover, we used the 30 min interval data including precipitation, 2
m temperature and ST observed at Tongyu site (122°52’E, 44°25°N) in 2004 to drive the land surface model to
simulate the response of land surface variables to precipitation and air temperature anomalies. The vegetation
type is grass at Tongyu site. In addition, the water table depth is set to 9 m. Based on the soil texture data in the
CLM4.5, the sand, clay, and organic matter in soil are about 70%, 5%, and 25%, which are different with soil
depths at Tongyu site.

2.2. Methods

The effects of antecedent precipitation and air temperature on ST are represented by lag correlation, and the
effects also can be considered as the storage and propagation of atmospheric anomaly signals in ST. The lag
correlation coefficients between antecedent air temperature or precipitation in 12 months and ST with lag of
0-12 months at seven sites are obtained. The persistence and reappearance of anomaly signals in shallow soil
are shown by the correlations between atmospheric anomalies and subsequent ST in shallow soil. Empirical
orthogonal function (EOF) is used to decompose the lag correlation coefficients to get the common character-
istics of the storage and propagation of the signals of atmospheric anomaly in the ST at different soil depths
with increasing lag time. Upward propagation of antecedent downward propagating anomaly signals in soil
is one of the important processes leading to ST anomaly reemergence, including the downward propagation
of atmospheric anomaly signals, the storage of anomaly signals in soil and upward propagation of the stored
anomaly signals. ST anomaly signals can be stored in the form of soil freezing, and ST anomaly signals reap-
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pear when soil thaws, which also can cause ST anomaly reemergence. In order to determine the months in
which ST anomalies caused by atmospheric anomalies can reemerge after a period of time at the seven sites,
ideal anomaly signal propagation pattern are established, which include the downward propagation, storage,
and upward propagation of anomaly signals. The ideal patterns can be adjusted with several parameters, and
the correlation coefficient between the ideal patterns and the propagation pattern of ST anomaly signals is used
to determine whether ST anomaly reemergence is likely to occur. At the seven sites, the months in which ST
anomalies caused by atmospheric anomalies can reemerge after a period of time are selected to analyze the
correlation coefficients between air temperature/precipitation in initial months (TIM/PIM) and subsequent ST
(C-TIM-ST, C-PIM-ST), and the data in the first month is used as TIM/PIM. Based on the stepwise regression
analysis on the relationships between ST at a certain depth in a certain month and air temperature/precipitation
with the lead time of 0—12 months, the corresponding time of air temperature/precipitation which is closely
related to the variation of the ST at the certain depth in the certain month are obtained. Moreover, we calculate
the correlation coefficients between TIM/PIM and subsequent air temperature/precipitation, and calculate the
monthly climatology of air temperature, precipitation, and ST in 12 months of a year. And then, combined with
the results of stepwise regression analysis, the factors affecting signal propagation are analyzed. In addition, the
accumulations of air temperature/precipitation between the month corresponding to TIM/PIM and the month
of ST are calculated, which are named as T-climate and P-climate, respectively. The correlation coefficients
between the accumulations of air temperature/precipitation and C-TIM-ST/C-PIM-ST are calculated to repre-
sent the effects of the climate conditions on C-TIM-ST/C-PIM-ST. The correlation coefficients between TIM/
PIM and C-TIM-ST/C-PIM-ST are also calculated to reveal the effect of the degree of TIM/PIM anomalies
(D-TIM-A/D-PIM-A) on C-TIM-ST/C-PIM-ST.

2.3. Model Description

In this study, the Community Land Model version 4.5 (CLM4.5) is used to study the response of land surface
variables to air temperature/precipitation anomalies. The CLM4.5 can reproduce well the land surface varia-
bles including water and heat flux, ST, soil moisture, etc (Brunke et al., 2016; Guo et al., 2018; D. Liu &
Mishra, 2017; Song et al., 2014; A. Wang et al., 2016). The CLM4.5 is developed as the land surface component
of the Community Earth System Model in the National Center of Atmospheric Research (Oleson et al., 2013).
It includes the terrestrial biogeophysical and biogeochemical processes related to land-atmosphere interactions.

2.4. Experimental Design

To study the response of land surface variables to different atmospheric anomalies in different atmospheric
conditions, 10 sets of simulation experiments are carried out using CLM4.5, corresponding to 10 atmospheric
conditions. The first nine experiments in Table 1 include one control experiment and four sensitivity experiments,
and sensitivity experiments include dry/wet precipitation anomalies and cold/warm air temperature anomalies
in the first month of the numerical experiments. Our pre-research and some literatures suggest that freeze-thaw
process may have important effect on the storage and propagation of ST anomaly signals in soil (Matsumura &
Yamazaki, 2012; Schaefer et al., 2007); therefore, FT experiments are designed with a period of time when air
temperature is below 0°C. In FT experiments, one control and two sensitivity experiments with wet and warm
atmospheric anomalies are performed. The first month in the numerical experiments is also called the initial
month. The atmospheric variables in the experiments are based on the observations at Tongyu in 2003 and 2004.
The total annual precipitation is 308 mm, and the average annual temperature is 9.09°C at Tongyu in 2003 and
2004. And all experiments have the same initial vertical soil moisture and ST profile. The dry and wet conditions
are built using the observed precipitation data multiplied by 0.5 and 2, respectively; similarly, the warm and cold
conditions are built using the observed temperature data plus and minus 10°C, respectively. All experiments
described above are summarized in Table 1. Moreover, the correlation coefficient between temperature/precip-
itation and relative humidity is 0.95/0.71 at the seven sites, which shows that relative humidity have a strong
dependence on temperature and precipitation. The changes of air temperature and precipitation in the atmos-
pheric forcing data used in CLM4.5 may require consideration of corresponding changes of relative humidity,
which is more consistent with the characteristics of the real atmosphere. Therefore each numerical experiment is
performed under two atmospheric conditions, one in which relative humidity varies with temperature/precipita-
tion and another in which relative humidity does not vary with temperature/precipitation.
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;gzls’il;nlof the Experiments for Different Atmospheric Anomalies in the First Month and Different Atmospheric Conditions
Precipitation anomaly in initial month Air temperature anomaly in initial month Precipitation Temperature
T1RO5 Control 0 0 Observed X 0.5 Observed
Cold anomaly 0 -5°C
Warm anomaly 0 +5°C
Wet anomaly Observed X 2.0 0
Dry anomaly Observed X 0.5 0
T1R1 Control 0 0 Observed Observed
Cold anomaly 0 -5°C
Warm anomaly 0 +5°C
Wet anomaly Observed X 2.0 0
Dry anomaly Observed X 0.5 0
TIR2 Control 0 0 Observed X 2 Observed
Cold anomaly 0 -5°C
Warm anomaly 0 +5°C
Wet anomaly Observed x 2.0 0
Dry anomaly Observed X 0.5 0
T2R05 Control 0 0 Observed X 0.5 Observed + 10°C
Cold anomaly 0 -5°C
Warm anomaly 0 +5°C
Wet anomaly Observed X 2.0 0
Dry anomaly Observed X 0.5 0
T2R1 Control 0 0 Observed Observed + 10°C
Cold anomaly 0 -5°C
Warm anomaly 0 +5°C
Wet anomaly Observed X 2.0 0
Dry anomaly Observed X 0.5 0
T2R2 Control 0 0 Observed X 2 Observed + 10°C
Cold anomaly 0 -5°C
Warm anomaly 0 +5°C
Wet anomaly Observed x 2.0 0
Dry anomaly Observed X 0.5 0
TO5RO05 Control 0 0 Observed X 0.5 Observed — 10°C
Cold anomaly 0 -5°C
Warm anomaly 0 +5°C
Wet anomaly Observed X 2.0 0
Dry anomaly Observed X 0.5 0
TO5R1 Control 0 0 Observed Observed — 10°C
Cold anomaly 0 -5°C
Warm anomaly 0 +5°C
Wet anomaly Observed X 2.0 0
Dry anomaly Observed X 0.5 0

SONG ET AL.

4 of 18



A7t |

A\ Journal of Geophysical Research: Atmospheres 10.1029/2022JD037218
AND SPACE SCIENCE
Table 1
Continued
Precipitation anomaly in initial month Air temperature anomaly in initial month Precipitation Temperature
TO5R2 Control 0 0 Observed X 2 Observed — 10°C
Cold anomaly 0 -5°C
Warm anomaly 0 +5°C
Wet anomaly Observed X 2.0 0
Dry anomaly Observed X 0.5 0
FT Control 0 0 Observed Observed — 10°C in the
Warm anomaly 0 15°C 2nd to 9th months;
observed in other
Wet anomaly Observed X 2.0 0

Note. “Observed” in the table is based on the observation at TongYu site in 2003 and 2004. Warm, Cold, Wet, and Dry anomalies are only in the first month of the

numerical experiments.

Corr (air temperature & ST)

3. Results

3.1. Persistence and Reemergence of Precipitation and Air Temperature Anomaly Signals in ST in
Observations

ST anomalies caused by air temperature can persist for longer time than those caused by precipitation in shallow
soil (Figures la and 1b). The persistence duration of shallow ST anomalies caused by air temperature during
April-September is about 1 month, while the duration is about 2 months or more in the remaining months. Shal-
low ST anomalies caused by precipitation from March to October generally persist for about 1 month, and there is
no significant ST anomaly persistence at most sites in other months. It can be seen that the persistence of shallow
ST anomalies has significant seasonal changes. Moreover, positive air temperature and precipitation anomalies
lead to positive and negative shallow ST anomalies, respectively, in the first several months after ST anomalies
occur (Figures 1a and 1b).

The reemergence of ST anomalies caused by air temperature is more significant than that caused by precipita-
tion (Figures 1a and 1b). The ST anomaly signals caused by air temperature anomalies at almost all sites have
significant reemergence in the first few months of the second year, which may be related to the low temperature
in winter. Moreover, the reemergent ST anomalies from positive atmospheric anomalies may be positive or nega-
tive (Figures 1a and 1b). The reemergence of ST anomalies may be related to the propagation of ST anomalies
at different soil depths, which means that there may be two processes, one is upward propagation of antecedent
downward propagated ST anomaly signals after a period of time, and the other may be the process related to the
low temperature in winter (Figure 1c; Matsumura & Yamazaki, 2012; Schaefer et al., 2007).

Corr (precipitation & ST) air temperature (°C)
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Figure 1. The lag correlation coefficients between air temperature (a) or precipitation (b) and subsequent soil temperature (ST) at the depth of 0.05 m at seven sites in

12 months. (c) is multi-year average air temperature for 12 months with different lag times at seven sites.
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Figure 2. The first leading empirical orthogonal function (EOF) mode (explaining 83.9% or 40.9% variance of total variance) of correlation coefficients between
antecedent air temperature or precipitation and soil temperature (ST) at different soil depths with different lag times, and the samples in EOF analysis consist of the
correlation coefficients at seven sites in 12 months. (a) is for the correlations between air temperature and ST, (b) is for the correlations between precipitation and ST.

Figure 2 shows the propagation of atmospheric anomaly signals in ST at different soil depths. The first leading
EOF modes of the correlation coefficients between air temperature/precipitation and ST (Figures 2a and 2b) show
that the anomalies of air temperature and precipitation can persist for about three and 2 months in shallow soil
layers, respectively. Air temperature and precipitation signals propagate deep in the soil over time, and air temper-
ature anomaly signals reach about 1.6 and 3.2 m after one and 2 months, respectively. The downward-propagation
and attenuation of air temperature signals become less apparent after 3 months. Precipitation signals reach about
1.4 m after 1 month, and the signals stay between 0.9 and 2 m of soil between the lag of three and 10 months.
Moreover, the atmospheric signals may return to the shallow soil, especially for precipitation. Unlike in Figure 1a,
there are no apparent upward propagated signals in Figure 2a, because anomaly signals propagate upward at
almost all lag times, which suppresses the appearance of upward propagated signals in EOF modes.

As shown in Figure 2, the common characteristics of signal propagation are derived from the data at seven
sites in 12 months, and the signal-propagation characteristics may be very different at seven sites in 12 months,
especially for precipitation signals. Figure 3 shows the variances explained by the first leading EOF modes in
Figure 2 for the correlation coefficients between air temperature/precipitation and subsequent ST at seven soil
depths and 13 lag times, and the regression coefficients of the correlation coefficients on the first EOF modes
in Figure 2. The explained variances and regression coefficients show similar variations at different sites in
12 months. The propagation of ST anomalies caused by precipitation in warm season is closer to the first leading
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Figure 3. The variances explained (red) by the first leading empirical orthogonal function (EOF) modes in Figure 2 for the correlation coefficients between air
temperature (a) or precipitation (b) and subsequent soil temperature (ST), and the regression coefficients (green) of the correlation coefficients on the first EOF modes
in Figure 2. (c and e) show the precipitation and air temperature averaged over the months in which regression coefficient is larger or less than regression coefficient
averaged over all 12 months at a certain site, respectively. (d and f) show the precipitation and air temperature averaged over the months in which regression coefficient
is larger or less than O at a certain site, respectively.
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Figure 4. (a and b) are two samples of ideal patterns for the propagation of soil temperature (ST) anomaly signals which may lead to ST anomaly reemergence, and the
red and gray are the regions with and without significant anomaly signals, respectively. (¢ and d) show the maximum of correlation coefficients between the pattern of
the propagation of ST anomalies in soil caused by air temperature/precipitation and all ideal patterns at seven sites in 12 months. The selected cases are marked with

green triangles.

EOF mode in Figure 2b than in cold season, except at Harbin site (Figure 3b). At Beijing, Lanzhou and Harbin
sites, the time-dependent changes in ST anomalies at different soil depths caused by winter precipitation have
opposite patterns to the first leading EOF mode in Figure 2b, especially at Harbin site (Figure 3b), which may
be related to the air temperature close to or below 0°C in winter (Figure 3f). The changes of ST anomalies over
time caused by air temperature anomalies in all months are very consistent with the first leading EOF mode in
Figure 2a, especially in cold season (Figures 3a and 3e). Therefore atmospheric conditions may play an important
role in the response of ST to atmospheric anomalies.

In addition to the persistence in shallow soil, the reemergence of ST anomalies also makes it possible for ante-
cedent anomalies to affect subsequent atmosphere. The reemergence of ST anomalies generally can be caused by
two processes. One includes the downward propagation, storage and upward propagation of ST anomaly signals
in soil caused by atmospheric anomalies. The other is related to the reappearance of ST anomaly signals previ-
ously stored in soil freezing after soil thawing. To find the months in which ST anomalies may reemerge after a
period of time at the seven sites, a series of ideal patterns for the propagation of ST anomaly signals which may
lead to ST anomaly reemergence are established. Figures 4a and 4b show two samples of the ideal patterns. Some
cases related to ST anomaly reemergence are determined by the maximum of correlation coefficients between
the ideal patterns and the patterns of ST anomaly propagation at different soil depths with 13 lag times caused by
atmospheric anomalies. Moreover, in the above selected cases, the cases without significant previous downward
and subsequent reappearance of ST anomaly signals are removed. Figures 4c and 4d show the cases that may
result in the reemergence of ST anomalies. It' is obvious that the reemergence of air temperature-induced ST
anomalies occur in more months than those caused by precipitation, which may be because ST is more sensitive
to air temperature than precipitation. It may be different if the response of soil moisture to atmospheric anomalies
is studied.

To analyze the reemergence of ST anomaly signals and the corresponding atmospheric conditions, eight cases are
selected from the 12 months at seven sites in Figures 4c and 4d. Two cases without ST anomaly reemergence are
also selected to compare and analyze the differences in atmospheric conditions under which ST anomaly reemer-
gence occurs or not. For the signal propagation caused by precipitation (Figure 4d), the precipitation anomalies
in the four selected cases are at Beijing site in September, at Lanzhou site in July, at Lanzhou site in August and
at Harbin site in December. There is not the reappearance of ST anomaly signals at Beijing site in September. For
the signal propagation caused by air temperature, the air temperature anomalies of the other four selected cases
are at Kunming site in December, at Beijing site in February, at Harbin site in February and at Harbin site in June,
respectively. There is not the reappearance of ST anomaly signals at Beijing site in February.
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Figure 5. The case analysis of the relationships between the precipitation in initial month and soil temperature (ST), which includes the cases at Beijing site in
September (a, e, i, m, q), at Lanzhou site in July (b, f, j, n, r), at Lanzhou site in August (c, g, k, o, s) and at Harbin site in December (d, h, 1, p, t). (a, b, ¢, and d) are
lag correlation coefficients between the precipitation in initial month and subsequent precipitation/temperature; (e, f, g, and h) are climatic monthly precipitation and
air temperature; (i, j, k, and 1) are the lag correlation coefficients between the precipitation in initial month and subsequent ST; (m, n, 0, and p) are the distributions of
ST related to the precipitation in initial month based on stepwise regression; (q, r, s, and t) are climatic monthly ST. The black lines in (q, r, s, and t) represent the 0°C
contour. The shaded areas in (i, j, k, 1, m, n, o, and p) represent 95% confidence intervals. The gray lines represent 95% confidence intervals in (a—d). The red and gray
are the regions with and without significant anomaly signals, respectively in (m—p).

Figures 5 and 6 show the propagation of air temperature and precipitation anomaly signals in ST in the eight
selected cases in Figure 4, respectively. Except at Harbin site in December, the increases of precipitation at
Beijing site in September, at Lanzhou site in July and August lower the concurrent and subsequent ST. Precipita-
tion signals in September propagate downward in the first 3 months, and disappear after 7 months at Beijing site
(Figure 5i). There are significant signals at the soil depths between 1.2 and 1.8 m at the lag of five and 6 months,
and the signals may be attributed to the previously stored ST anomaly signals, because the lag correlation coef-
ficients between PIM and the precipitation or air temperature at the lag of five and 6 months are not significant
(Figure 2a), suggesting that the weak signals may not come from the instantaneous precipitation or air tempera-
ture. Moreover, the results of stepwise regression analysis show that PIM is a necessary part of the signals leading
to the anomalous ST signals at the lag of five and 6 months (Figure 5m). When atmospheric anomalies disappear,
ST anomalies in shallow soil also disappear (Figure 5i).

Compared to Figure 5i, there are stronger signal storage of PIM in ST shown by Figures 5j, 5k, and 51. Similar
to the case in September at Beijing site, ST anomaly signals reappearance in the cases at Lanzhou site in July,
at Lanzhou site in August and at Harbin site in December because of the reasons shown in Figures 5b—5d
and 5n—5p similar to the ones in Figures 5a and 5m. But there is still a confusing feature, that is, there are
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Same as Figure 5, but for the relationships between the air temperature in initial month and soil temperature (ST).

regions with low correlation between the time of ST anomaly signal reappearance and the first few months
in Figures 5i-5k, which might be explained by freeze-thaw process (Matsumura & Yamazaki, 2012; Schaefer
et al., 2007). In Figure 51, the correlation between PIM and ST is positive, which may be related to low ST.
When ST is below freezing (Figures 5h and 5t), more precipitation leads to thicker and more ice above and in
the soil, and the ice blocks the infiltration of cold rainwater and insulates the effect of cold air temperature on
the ST under frozen soil, resulting in higher ST. Moreover, Figures 5j and 5k show that atmospheric anomaly
signals cannot persist in ST in shallow soil once atmospheric anomalies in July at Lanzhou site disappear, but
the anomalies can persist for about 3 months after atmospheric anomalies disappear in August at Lanzhou
site.

As shown in Figures 5q, 5t, and 5s, the downward propagation and reemergence of PIM signals in ST corresponds
to the periods before and after soil freezing, respectively. During freezing season, ST anomaly signals are stored
in frozen soil or isolated from the atmosphere by frozen soil. When soil thaws, the precipitation anomaly signals
in initial month reappear in the form of ST anomalies. From the perspective of freeze-thaw mechanism, more
precipitation in warm season results in thicker freezing soil in cold season, requiring more energy to thaw in next
warm season, and then resulting in colder soil in the next warm season (Matsumura & Yamazaki, 2012; Schaefer
et al., 2007). But the precipitation signals in December in Harbin shows a different feature. The downward and
upward propagation of PIM signals occurs during cold and warm periods, respectively (Figures 5h and 5t). More
precipitation in the initial month results in thicker frozen soil and higher coverage of frozen soil, which prevents
the infiltration of cold rainwater and insulates the effect of air temperature on the ST under frozen soil, resulting
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Figure 7. The correlation coefficients between D-PIM-A/D-TIM-A/P-climate/T-climate and C-TIM-ST/C-PIM-ST. (a) is for D-PIM-A and C-TIM-ST, (b) is for
D-TIM-A and C-TIM-ST, (c) is for P-climate and C-TIM-ST, (d) is for T-climate and C-TIM-ST, (e) is for D-PIM-A and C-PIM-ST, (f) is for D-TIM-A and C-PIM-ST,
(g) is for P-climate and C-PIM-ST, (h) is for T-climate and C-PIM-ST. The shaded areas represent 95% confidence intervals.

in higher ST. Moreover, when cold season is longer and air atmospheric temperature is lower, thicker frozen soil
takes longer time to thaw, delaying the reemergence of anomalous signals.

The ice from precipitation acts as a water and thermal insulation between soil and atmosphere, and it prevents
subsequent cold rainwater from infiltrating into the soil, thus more precipitation results in higher ST. When the
atmospheric temperature is lower or low air temperature persists for longer time, thicker frozen soil takes longer
time to thaw, delaying the reappearance of anomalous signals, and the reemergence of ST anomalies may occur
in the next warm season.

The ST anomalies caused by air temperature anomalies can persist from two to 4 months in shallow soil for the
four cases shown in Figure 6, and the anomalies can persist longer time in cold season than in warm season, which
is consistent with the analysis shown in Figure 1. Figures 6i—61 show that there are significant positive correla-
tions between TIM and the subsequent ST, indicating that higher air temperature leads to higher ST. There are
reemergence of anomaly signals in Figures 6i, 6k, and 61, except in Figure 6j. Unlike PIM (Figures 5a—5d), the
lag correlation between TIM and subsequent temperature or precipitation is significantly larger (Figures 6a—6d).
Is the high autocorrelation of air temperature the cause of the reappearance of anomaly signals? However, in
the period when there are no reemergent anomaly signals, there are also significant correlations between TIM
and air temperature; thus the autocorrelation of air temperature may not be the main reason. Moreover, based
on stepwise regression analysis, the signal of TIM is a necessary part of the antecedent signals leading to the
later reemergent anomaly signals in Figures 6m, 60, and 6p. Therefore the upward propagation of previously
downward-propagating ST anomalies may be the cause of the reemergence of ST anomalies in Figures 6i, 6k,
and 61.

Although some data are missing (Figures 6k and 6l), referring to the conclusions of the regression analysis, the
signals may propagate upward during the transition from warm-wet to cold-dry (Figures 6m, 60, 6p, 6q, 6s,
and 6t). For the TIM at Beijing site in February, the signals propagate downward over time, but not propagate
upward to shallow soil (Figure 6j). In Figure 6b, there are significant autocorrelation of air temperature, and the
distributions of air temperature and precipitation are similar to Figures 6e and 6g; therefore whether the signals
can propagate upward also be affected by other factors, such as the interactions of the variables in soil.

The reemergence of PIM signals in ST occurs when air temperature and precipitation are low (Figures 5e-5g),
but not for the PIM signals at Harbin site in December. The upward propagation of the signals caused by air
temperature anomalies occurs during the transition from warm-wet to cold-dry (Figures 6e, 6g, and 6h). There-
fore, climatic condition may be an important factor in the upward propagation of the signals stored in ST, which
also can be expressed as the reemergence of the signals. Moreover, the strength of atmospheric signals in initial
month may also be important in the signal propagation.
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The effects of the degree of air temperature and precipitation anomalies in initial month (D-TIM-A, D-PIM-A)
on the signal propagation are shown in Figures 7a, 7b, 7e, and 7f, and the effect of climatic conditions are also
shown in Figures 7c, 7d, 7g, and 7h. Except for the relationships between P-climate/T-climate and the corre-
lations between PIM and ST (C-PIM-ST; Figures 7g and 7h), there are obvious negative correlations in other
relationships (Figures 7a—7f).

The correlations between TIM and ST (C-TIM-ST) become weaker with the increase of the degree of air temper-
ature/precipitation anomalies in initial month, P-climate and T-climate (Figures 7a—7d). As P-climate and
T-climate rise, the intensity of atmospheric interference with the correlations between TIM and ST increase, and
it leads to the negative correlation between P-climate or T-climate and the correlations between TIM and ST.
However, how the change in the degree of TIM or PIM anomalies affects the correlations between TIM and ST
is puzzling and needs further studied. The effects of the degree of PIM and TIM anomalies on the correlations
between TIM and ST are mainly in shallow soil in the 2 months following the month of TIM (Figures 7a and 7b),
and the significant correlations at the lag of six and twelve months may only be related to the autocorrelation of
air temperature. The effect of P-climate on the correlations between TIM and ST in shallow soil may be attributed
to the noise caused by instantaneous precipitation, and the effect in deep soil may be related to the cooling effect
of rainwater infiltration. The effect of T-climate on the correlations between TIM and ST in shallow soil may be
caused by instantaneous air temperature, and the effect in deep soil may be attributable to the high correlation
between precipitation and air temperature.

With the increase of the degree of air temperature and precipitation anomalies in initial months, the negative and
positive correlations between PIM and ST strengthens and weakens, respectively (Figures 7e—7h). The effect of
the degree of PIM anomalies on the correlations between PIM and ST is mainly at the lag of one and 2 months
(Figure 7e), and the significant correlations at the lag of eight and 9 months be related to the freeze-thaw processes.
The characteristics of the effect of the degree of TIM anomalies on the correlations between PIM and ST is simi-
lar to the characteristics of the correlations between PIM and ST at different soil depths and different lag times
(Figure 7f), which may be related to the differences of the physical processes under different air temperature
conditions (Figures 5f—5h and 5j—51). Differences of climatic air temperature also lead to the negative and posi-
tive correlations between T-climate/R-climate and the correlations between PIM and ST at lags of 1-2 months
and 5-10 months, respectively (Figures 5f—5h, 5j-51, and 7g—7h).

The analysis of the observations shows the characteristic of anomaly signals propagation in ST caused by atmos-
pheric anomalies and the effect of the degree of atmospheric anomalies in initial months or climatic conditions
on signal propagation. Can the characteristics be reproduced in land surface simulations? How long can ST
anomalies caused by atmospheric anomalies persist in shallow soil? And is there also the reemergence of ST
anomaly signals? Moreover, what are the physical processes related to the propagation of air temperature and
precipitation signals in ST? How much influence do climatic conditions, the degree of TIM and PIM anomalies
have on the signal propagation in ST? Can the conclusions drawn by statistical analysis be obtained by numerical
simulation?

3.2. Persistence and Reemergence of Precipitation and Air Temperature Anomaly Signals in ST in the
Simulations by CLM4.5

Based on the simulations using CLM4.5, ST anomaly signals caused by air temperature or precipitation in the
initial month can persist until at least next month, which is manifested as the anomalies of land surface variables
in shallow soil (Figure 8). It is very obvious that climatic conditions, especially air temperature, have impor-
tant influence on the subsequent variations of land surface variables caused by the anomalies of TIM or PIM.
In the real atmosphere, the changes of air temperature and precipitation are often accompanied by the changes
of atmospheric humidity. Sensitivity simulations show that the anomalies of land surface variables are signifi-
cantly larger when atmospheric humidity changes with precipitation or air temperature in the initial months than
when atmospheric humidity does not change with air temperature or precipitation in the initial month (Figure 8).
The anomalies of land surface variables caused by the TIM are larger than the ones caused by PIM, and the
anomalies are relatively weak in the T1R0S, T1R1, and T1R2 conditions. The anomalies caused by the dry/cold
and wet/warm anomalies are in opposite phases. The most affected land surface variables are sensible heat flux
(SH), ground evaporation (GEV), emitted near-infrared radiation (EIR), (heat flux into soil) GR, ground temper-
ature (Tg), absorbed solar radiation (SABS), soil water at 0.7 cm soil depth (SW0.7 cm), soil water at 2.9 cm
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Figure 8. The anomalies of land surface variables in the second month of the simulations caused by the anomalies of air temperature and precipitation in the first
month of the simulations under nine atmospheric conditions with two configurations of atmospheric specific humidity in CLM4.5. (a and e) are for low temperature in
the first month, (b and f) are for low precipitation in the first month, (c and g) are for high temperature in the first month, (d and h) are for high precipitation in the first
month. The meaning of the abbreviations for land surface variables refers to the text.

(SW2.9 cm) and soil water at 6.2 cm (SW6.2 cm). Canopy evaporation (CEV) and transpiration (CTR) are less
affected (Figure 8).

Cold anomalies can lead to larger anomalies of land surface variables in the T2R1 and T2R2 conditions when
atmospheric specific humidity (ASH) changes accordingly with the TIM and PIM anomalies (Figure 8a), but
larger anomalies appear in the T2R05 condition when ASH does not changes (Figure 8e). For warm anomalies,
the corresponding anomalies are larger with ASH changing than without ASH changing, especially in the T2R05
condition (Figures 8c and 8g). Dry anomalies can lead to larger anomalies in the TOSR0S5, TO5SR1, and TO5SR2
conditions (Figures 8b and 8f). In the T2R1 condition, the anomalies caused by dry anomalies are significantly
stronger when ASH changes (Figures 8b and 8f). For wet anomalies, the resulting anomalies are obvious in the
TO5R05, TO5R1, and TOSR2 conditions, and the resulting anomalies in the T2R05 and T2R 1 conditions are obvi-
ously larger when atmospheric anomalies are accompanied with ASH changing (Figures 8d and 8h).

Warm/Cold anomalies of TIM lead to positive/negative Tg anomalies, which are consistent with observations
(Figures 6i-61). Wet/Dry anomalies of PIM lead to negative/positive Tg anomalies in the TOSR05, TOSR1, and
TO5R2 conditions, with good agreement with the observations (Figures 5i-5k). In the T2R05, T2R1 conditions,
the positive/negative Tg anomalies are caused by wet/dry anomalies, consistent with the observations (Figure 51).
Climatic air temperature in the T2R1/T2R2 is higher than the one in the TOSR05/TO5R1/T02R2, which corre-
sponds to the positive and negative anomalies of Tg caused by wet anomalies, respectively. However, higher
climatic air temperature in Figures 5i—5k and lower one in Figure 51 correspond to negative and positive correla-
tions between PIM and ST, respectively, which is different from the conclusion shown in Figure 8.

Figure 9 shows the variations of the anomalies of land surface variables in the second month caused by TIM and
PIM with T-climate, P-climate, the degree of TIM and PIM anomalies. The responses of the anomalies in land
surface variables caused by atmospheric anomalies in the first simulation months to the change of T-climate and
P-climate are very complex, which is obviously different from the single negative correlations shown in the first
several months in Figure 7. A positive correlation between Tg anomalies and T-climate is noted when P-climate
is low (Figure 9a), which is inconsistent with the observation analysis (Figures 7d and 7h). A negative correlation
between Tg anomalies and R-climate is found when T-climate is low (Figure 9a), which is consistent with the
observation analysis (Figures 7c and 7g). Moreover, Tg anomalies decrease when the degree of TIM anomalies
increases, and it is consistent with the observation analysis (Figures 7b and 7f). However, Tg anomalies caused by
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Figure 9. The responses of the anomalies of land surface variables in the second month of the simulations caused by the anomalies of temperature and precipitation
in the first month under different atmospheric conditions to the degree of precipitation/temperature anomalies in the first month (D-PIM-A/D-TIM-A) and atmospheric
conditions (P-climate/T-climate). (a—) are the variations of the anomalies of land surface variables with T-climate; (e—g) are the ones with P-climate; (d and h) the
variations of the anomalies of land surface variables with D-TIM-A and D-PIM-A, respectively.

atmospheric anomalies in the first simulation months increase with the increase of the degree of PIM anomalies,
different from the observation analysis (Figures 7a and 7e).

How long can ST anomalies caused by atmospheric persist in shallow soil? Is there ST anomaly reemergence
in the simulations using CLM4.5? Figure 10 shows that ST anomalies can persist longer in shallow soil in the
TO5R2, TO5SR1, TOSROS conditions than in the other conditions. The ST anomalies caused by air temperature
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Figure 10. The persistence and reemergence of the soil temperature (ST) anomalies at a depth of 0.7 cm caused by the anomalies of temperature and precipitation in
nine atmospheric conditions with two configurations of atmospheric specific humidity in CLM4.5. (a and e) are for low temperature in initial month, (b and f) are for
low precipitation in initial month, (c and g) are for high temperature in initial month, (d and h) are for high precipitation in initial month.
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Figure 11. The variations of the simulated soil temperature (ST) and soil moisture anomalies caused by temperature and precipitation anomalies in the first month of
the simulations under different atmospheric condition. (a, b, c, d, e, and f) are the anomalies of ST; (g, h, i, j, k, and 1) are the anomalies of soil moisture (SM).

anomalies can persist longer than those caused by precipitation anomalies, which is consistent with the observa-
tions (Figure 1). When ASH does not change with atmospheric anomalies, the ST anomalies caused by precipi-
tation and air temperature anomalies can persist for zero and about one month, respectively, except in the TOSR2,
TO5R1, and TO5RO0S5 conditions. The reemergence of ST anomalies only can be found in the TO5SR1, TO5SR2, and
TOS5RO0S5 conditions, and the characteristics of persistence and reemergence of ST anomalies are quite different
in the TOSROS5, TO5R1, and TO5R2 conditions. In TOSR05, TO5SR1, and TO5R2 conditions, soil freezing occurs.

Based on observations, the reemergence of ST anomaly signals in shallow soil often occurs, especially those
caused by air temperature (Figures 1 and 6). Figure 10 also shows the reemergence of ST anomalies simulated
by CLM4.5. The persistence and reemergence of ST anomalies in shallow soil are the manifestation of the signal
propagation caused by atmospheric anomalies in soil, which are related to the storage and propagation of anomaly
signals in the whole soil column, so what are the characteristics of the storage and propagation of atmospheric
anomalies in soil simulated by CLM4.5?

Figure 11 shows the mean absolute values of simulated ST and soil moisture anomalies caused by the TIM
and PIM anomalies. In the first month of the simulations, which is the initial month, land surface processes are
driven by anomalous atmosphere. Significant downward propagating signals are found in ST and soil moisture
(Figure 11). In the T1R1 condition, the ST anomalies caused by atmospheric anomalies are not significant after
atmospheric anomalies disappear, in other words, atmospheric anomaly signals cannot persist and be stored in ST
under the T1R1 condition (Figure 11a). Soil moisture can store atmospheric anomalies in deep but not shallow
soil due to the downward propagation of soil moisture anomaly signals caused by atmospheric anomalies over
time (Figure 11g). Compared to the T1R1 condition, ST anomalies can persist longer in the whole soil column
in the T2R1, T2R2, T2R05, TO5R1, and TO5SRO05 conditions. Unlike in the T2R1, T2R2, and T2RO05, the ST and
soil moisture anomaly signals are mainly concentrated in the shallow and middle layers of the soil (Figures 11e,
11f, 11k, and 111) because soil freezing caused by low-temperature block the downward propagation of anomaly
signals, and the anomaly signals are stored in the form of soil freezing in the TO5SR1 and TOSROS5 conditions. In
the T2R1, T2R2, and T2RO05 conditions, the signals of soil moisture anomalies propagate upward after several
months because of the anomalies of water table due to the suppression of evapotranspiration by high atmospheric
humidity corresponding to high air temperature and ST anomalies can persist longer in shallow soil when instan-
taneous precipitation decreases (Figures 11b—11d) due to the reduction of interference signals from instantaneous
precipitation, which is consistent with the results based on the observations (Figure 7c).

Except for the T1R1 condition, the ST anomalies caused by atmospheric anomalies can persist for at least 1 month.
Soil moisture anomalies weaken rapidly after atmospheric anomalies disappear except in the cases with soil
freezing. In the T2R1, T2R2, and T2R05 conditions, soil moisture anomaly signals do not propagate upward to
the land surface, thus not causing the reemergence of ST anomalies in shallow soil. As shown in Figures 11e, 11f,
11k, and 111, the persistence and reemergence of ST anomaly in shallow soil are closely related to soil freezing
in the TO5R1 and TOSRO5 conditions. However, the reemergence of ST anomalies cannot be found in the other
atmospheric conditions in the simulations using CLM4.5 (Figure 11), which may be attributed to the unchanged
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Figure 12. The time-varying variations of the simulated soil temperature (ST) anomalies at different soil depths caused by air temperature and precipitation anomalies
in the first month under the FT condition. (a and b) correspond to the positive anomalies of air temperature and precipitation, respectively; (c) is the simulated ST in

control experiment.

atmospheric conditions except in the initial month. However, based on the simulations in two sets of experiments
with atmospheric conditions similar to the situations shown in Figures 6e, 6g, and 6h, the reemergence of ST
anomalies does not occur, except for those associated with the freeze-thaw processes (Figure S1 in Supporting
Information S1). Moreover, based on the information presented in Figures 1, 5, 6, and 11, the atmospheric condi-
tions that lead to soil freezing and thawing may be important for the reproduction of ST anomaly reemergence in
shallow soil in the numerical simulations.

Under FT atmospheric condition, air temperature is below 0°C during the first to eighth months after the initial
month, which results in soil freezing at the corresponding time (Figure 12c). Regardless of ST anomalies caused
by air temperature or precipitation, the reemergence of ST anomalies occurs when soil thaws (Figures 12a
and 12b). The increase in air temperature leads to warmer ST, which causes thinner frozen soil. During warm
season, the thawing of thinner frozen soil consumes less heat, which further resulting in higher ST (Figure 12a).
Because atmospheric condition changes after the initial month, higher ST in deep soil caused by positive air
temperature anomalies in the initial month changes the vertical thermal conductivity, and leads to soil thawing
from the bottom of frozen soil during cold season, suggesting the upward propagation of ST anomaly signals due
to the change of atmospheric conditions (Figure 12a). The increase of precipitation is accompanied by an increase
of atmospheric humidity, which suppresses evapotranspiration. The reduction of evapotranspiration helps to
retain heat in soil, and further leads to the positive ST anomalies (Figure 12b). During cold season, ST anomaly
signals are stored in frozen soil, and are released in the next warm season. The infiltration of rainwater increases
the specific heat capacity of the soil, which suppresses the increase of ST during warm season resulting in the
negative ST anomalies (Figure 12b). It is obvious from the above that freeze-thaw process is one of the important
processes that leads to the reemergence of ST anomalies in shallow soil, which has been proved in both observa-
tions and simulations. Moreover, it is found that the downward-propagating ST anomaly signals may propagate to
shallow soil after a period of time when atmospheric conditions change (Figures 51, 6i, 6k, 61, and 12a).

4. Conclusions and Discussion

Antecedent atmospheric anomalies can affect subsequent atmosphere by land surface processes, and the processes
are related to the persistence of land surface variable anomalies in shallow soil and the reemergence of land surface
variable anomalies in shallow soil caused by antecedent atmospheric anomalies. The ST anomalies caused by
air temperature and precipitation can persist from zero to several months in shallow soil, and those caused by
air temperature anomalies can persist longer than ones caused by precipitation anomalies. The persistence dura-
tion of ST anomalies caused by air temperature during April-September is about 1 month, while the duration
is about 2 months or more in the remaining months. The ST anomalies caused by precipitation from March to
October usually only persist for about 1 month. Moreover, our analysis suggests that the ST anomalies caused by
initial atmospheric anomalies can reappear in shallow soil by two ways. One is that the downward-propagating
ST anomalies propagate upward after a period of time, and the other is that the ST anomalies are stored in other
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form and then cause later ST anomalies. Soil freezing is an important form of the storage of ST anomaly signals
in soil. The reemergence of ST anomalies from air temperature is a more common phenomenon than the one
from precipitation.

Observation analysis shows that the signals of air temperature and precipitation anomalies stored in ST propagate
downward with time. Based on the stepwise regression analysis on the relationships between the ST at a certain
soil depth in a certain month and air temperature/precipitation from 0 to 12 months in advance, we can deter-
mine whether air temperature/precipitation in the initial month is a necessary part of the signals that constitutes
the subsequent ST anomaly signals at the certain soil depth in the certain month. The changes of ST depend on
the changes of antecedent and concurrent atmospheric anomalies, and the main variables affecting ST include
air temperature and precipitation; therefore, ST anomaly signals are derived from antecedent and concurrent air
temperature/precipitation signals. The correlations between precipitation in the initial month and subsequent
air temperature/precipitation show ST anomaly signals, which are closely related to the precipitation anomalies
in the initial month, are not from the instantaneous air temperature/precipitation (Figures 5 and 6). Furthermore,
the climate means of air temperature, precipitation, and ST show freeze-thaw process may be the key in the
reemergence of ST anomalies in shallow soil (Figures lc, 5i-5k, and 12). The ST anomaly signals caused by
atmospheric anomalies are stored in frozen soil, and then are released when soil thaws. Moreover, the change
of atmospheric conditions may cause the upward propagation of anomaly signals previously stored in middle
and deep soil layers by changing vertical thermal and hydraulic conductivities (Figures 51, 6i, 6k, 61, and 11a),
manifesting as the reemergence of anomaly signals. Frozen soil blocks the exchange of water and heat between
soil and atmosphere, which is favorable to the storage of antecedent atmospheric anomaly signals in soil. Kumar
et al. (2019) confirmed that atmospheric condition anomalies can cause the changes of soil hydraulic conduc-
tivity, which may further cause “soil moisture reemergence.” Previous studies have confirmed that freeze-thaw
process plays an important role in the storage and reemergence of ST anomalies (Matsumura & Yamazaki, 2012;
Schaefer et al., 2007). But in December at Harbin, positive precipitation anomalies in initial months result in
positive ST anomalies, which is different from the other cases in Figure 5. The related process may be that more
precipitation in the initial month results in thicker frozen soil and higher coverage of frozen soil, which prevents
the infiltration of cold rainwater and insulates the effects of air temperature on the ST under frozen soil during the
subsequent cold season, resulting in higher ST. Soil thawing restarts the exchange of water and heat between soil
and atmosphere during the next warm season, which means the upward propagation of anomaly signals in soil.

The relationships between antecedent air temperature and ST (Figures 1a and 6) may correspond to two differ-
ent processes, respectively. Freeze-thaw process may be the main reason for most ST anomaly reemergence
shown in Figure la. As shown in Figure 6, the results of stepwise regression analysis show air temperature/
precipitation in the initial month is essential for the formation of subsequent ST anomaly signals (Figures 6i, 6k,
and 61). Although there are significant correlations between air temperature in the initial month and subsequent
air temperature, the significant correlations are distributed not only when anomaly signals propagate upward
but also when the signals do not propagate upward (Figure 6); therefore, the signals of ST anomalies propa-
gating upward may not be from instantaneous air temperature. With reference to climate average temperature,
precipitation, and ST in 12 months (Figure 6), the upward propagation of anomaly signals cannot be explained
by freeze-thaw mechanism in Figure 6, which is different from that shown in Figure 1a. Anomaly signals propa-
gate upward during the transition from warm-wet to cold-dry (Figure 3); therefore, climatic condition may be an
important factor in the upward propagation of the signals stored in ST. When the climate shifts from warm-wet
to cold-dry, the decrease in air temperature and precipitation leads to the changes of the vertical distributions of
hydraulic and thermal conductivities (Figures 6i, 6k, and 61), which may account for the upward propagation of
ST anomalies shown in Figure 6.

In numerical simulations using CLM4.5, the persistence of anomalous signals in shallow soil has similar charac-
teristics to observation analysis. Atmospheric anomaly signals can be stored in frozen soil when ST is below 0°C
in numerical simulations (Figures 10k and 101), similar to the studies of Schaefer et al. (2007). They found the
past ST anomalies are stored as the variations in the amount of ice and can reemerge at the surface after frozen
soils thaw using a soil heat transfer model by adjusting ground surface heat flux and ST in the initial month.

The reemergence of ST anomalies plays an important role in climate predictions, whether it can be reproduced in
numerical simulations is essential. However, there is no reemergence of ST anomalies, except when soil freezing
and thawing occur in the numerical simulations shown in this paper using CLM4.5. In addition to the freeze-thaw
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process, the variations of vertical distributions of ST and soil moisture caused by atmospheric conditions may
be the cause of upward propagation of previously downward-propagating ST anomaly signals caused by atmos-
pheric anomalies (Figure 6). Except for the upward propagation of anomaly signal related to soil freezing shown
in Figure 12a, the signal propagation processes shown in Figures 61, 6k, and 61 cannot be reproduced by CLM4.5.
In addition, we cannot be 100% sure that the upward-propagating signals are from atmospheric anomalies in the
initial month, although it is an inference based on the observation analysis (Figure 6).

According to the observation analysis, the enhanced PIM/TIM weakens the correlations between TIM/PIM and
ST. The increase of T-climate and P-climate inhibits the storage and propagation of atmospheric anomaly signals
in ST. However, in the numerical experiments, the responses of ground temperature anomalies to the TIM/PIM
anomalies are very complex with different degree of TIM/PIM anomalies under different atmospheric conditions,
which is not completely inconsistent with the conclusions obtained from the observations. The possible reasons
are the selection of the sites, soil composition, atmospheric conditions used in the numerical experiments, and
simulation performance of land surface model, which may require more sites and more land surface models for
further verification. Moreover, soil moisture also is an important indicator of soil heat storage, and is a key factor
for the response of soil to atmospheric anomalies; therefore, the anomalies of soil moisture and ST need to be
analyzed together using reanalysis data or numerical model.

Data Availability Statement

The monthly station data in this manuscript is from the China National Stations' Fundamental Elements Data
sets V3.0 (National Meteorological Information, 2019), which can be obtained from: http://data.tpdc.ac.cn/
en/data/52c77e9c-df4a-4e27-8e97-d363fdfcel0a/, and is also available at http://101.200.76.197/en/7r=data/
detail%26dataCode=SURF_CLI_CHN_MUL_DAY_CES_V3.0. The observation data at Tongyu site is from
the Coordinated Energy and Water Cycle Observations Project (CEOP), which has been quality controlled by
Tamagawa et al. (2008) and is available at https://archive.eol.ucar.edu/projects/ceop/dm/insitu/sites/ceop_ap/
Tongyu/Grassland/.
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