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ABSTRACT: Soil temperature (ST) is one of the key variables in land—atmosphere interactions. The response of ST to
atmospheric changes and subsequent influence of ST on atmosphere can be recognized as the processes of signals propaga-
tion. Understanding the storing and releasing of atmospheric signals in ST favors the improvement of climate prediction
and weather forecast. However, the current understanding of the lagging response of ST to atmospheric changes is very
insufficient. The analysis based on observation shows 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. Air
temperature signals at 2 m can propagate to the soil depths of 160 and 320 cm after 1 and 2 months, respectively. The storages
of antecedent air temperature and precipitation signals in ST are slightly weaker and stronger during April-September,
respectively, which is related to more precipitation during growing season. The precipitation signals in ST rapidly weaken
after 2 months. Moreover, the effects of accumulated precipitation and air temperature on the signal storage in ST have sig-
nificant monthly variations and vary linearly with soil depth and latitude. The storage of antecedent air temperature or precip-
itation signals in ST exhibits an obvious decadal variation with a period of more than 50 years, and it may result from the

modulation of the global climate patterns which largely affect local air temperature and precipitation.
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1. Introduction

Soil temperature (ST) represents land surface energy status
and heat storage, and it is a key state variable in land-atmo-
sphere interaction. ST affects monthly to interannual climate
variations by changing water and heat fluxes between land
surface and atmosphere (Hu and Feng 2004a,b; Mahanama
et al. 2008; Wu and Zhang 2014). ST facilitates convective
development (Liu and Avissar 1999; Xue et al. 2018), leading
to changes in locations and intensities of precipitation (Fan
2009), and plays an important role in the extreme heat events
(Gomez et al. 2016).

The persistence of ST anomalies can affect the subsequent
atmosphere. Tang et al. (1987) found that the precipitation in
spring may be affected by the ST at the depth of 0.8 m in win-
ter. Ma (1995) revealed some evidence of a connection
between the serious floods in the Yangtze-Huaihe River
basin and the antecedent ST anomalies at the depths of 1.6
and 3.2 m. Mahanama et al. (2008) showed that the summer
precipitation has good correlation with the late spring ST.
Xue et al. (2012) demonstrated the summer precipitation in
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North American is well related to the spring subsurface ST
anomaly in the western United States.

The effect of ST on subsequent atmosphere depends on the
persistence of ST anomalies, which is called ST memory. The
memory of ST can persist for 1 month to years, depending on
soil depth, season, and climate regime (Liu and Avissar 1999;
Yang and Zhang 2016). The ST anomaly is the response to the
atmosphere anomalies, and ST is affected by precipitation
(Garcia-Suarez and Butler 2006), radiation, air temperature
(Kang et al. 2000; Zhang et al. 2001; Beltrami et al. 2005;
Zhang et al. 2021), soil physical properties (Ceccon et al.
2011), vegetation cover types (Zhang and Li 2018; Hu et al.
2009; Tesar et al. 2008), wind speed (Mihalakakou et al. 1997),
snow (Qian et al. 2011; Tijima et al. 2010), and topography
changes (Wundram et al. 2010). Although ST is affected by
various factors, precipitation and air temperature are two
main factors (Helama et al. 2011; Yang et al. 2018). Zhang
et al.(2021) demonstrated the effect of air temperature on ST
can take up to 10 months to propagate downward to the depth
of 320 cm. The ST at soil depth below 100 cm is highly corre-
lated with air temperature (Chen et al. 2020).

There are two main processes in the complete process chain
of the interactions between ST and atmosphere, the first one
is that atmosphere anomalies lead to abnormal ST, and the
second one is that abnormal ST affects atmosphere in turn.
The study on the second process can improve the predictions
of atmosphere through understanding the relationship between
ST and subsequent atmosphere, and the study on the first pro-
cess helps understand the processes of ST storing atmospheric
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FIG. 1. The location of sites during 1960-2013; the blue boxes
denote the sites for analyzing decadal variations of the relationships
between ST and antecedent precipitation or air temperature.

anomalies. The systematic and overall understanding of these
two processes is helpful to construct the relationship between
the antecedent and subsequent atmospheric anomalies, which
are of important significance to deepen the understanding of
the complex interactions in the climate system and improve the
lead time of atmospheric forecasting.

As the key variables reflecting the soil heat and water stor-
age, ST and soil moisture are crucial in land—-atmosphere
interactions. However, most studies have focused on soil
moisture with less attention to ST, and the understanding of
the process of ST storing atmospheric anomalies is seriously
insufficient. The following questions need to be further indi-
cated: 1) For how long can ST store the atmospheric signals?
2) What are the differences among the ST storing antecedent
atmospheric signals at different latitudes, different soil depths,
and in different months? 3) How has ST storing atmospheric
signals changed in recent decades? And what are the relevant
impact factors? The main aim of this study is to deepen the
understanding of the storage of atmosphere signals in land,
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which is one of the essential processes in land—atmosphere
interactions in climate system. Because precipitation and air
temperature are two main factors affecting ST (Helama et al.
2011; Yang et al. 2018), the atmospheric variables considered
are air temperature and precipitation in this study.

2. Data and methods
a. Data

The observed monthly data in this study are provided by
the China Meteorological Administration. The data include
monthly precipitation, air temperature (1.5 m), and ST at the
seven layers of 5, 10, 20, 40, 80, 160, and 320 cm during
1960-2013. Due to the large number of missing values in ST
data, we adopted 15 sites with enough valid data at seven soil
layers during 1960-2013, in which the data at 7 sites (Fig. 1)
were used to analyze the time variation of the relationship
between ST and antecedent air temperature or precipitation
in recent decades. Moreover, we also used the 30-min interval
data including precipitation, 2-m temperature, and ST
observed at the Tongyu site (44°25'N, 122°52’E) in 2004 to
analyze the frequency characteristics in air temperature, pre-
cipitation, and ST.

b. Methods

The storage of antecedent precipitation and air tempera-
ture signals in ST is affected by meteorological condition,
land cover and soil texture, etc., and the common characteris-
tics of the storage are studied to deepen macro understanding
of the storage of atmosphere signals in ST over China. The
storage of atmospheric signals in ST is described by the con-
sistency of atmospheric and ST signals, which is depicted
quantitatively by correlation coefficients. The lag correlation
coefficient is used to analyze the relationships between ST
and antecedent air temperature (R-ST-T) or precipitation
(R-ST-P) (Fig. 2). First of all, the correlations are analyzed
for the whole period of 1960-2013, reflecting the overall
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FIG. 2. Flowchart of calculating the R-ST-T and the effect of accumulated air temperature on the R-ST-T.
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FI1G. 3. Flowchart of calculating decadal variations of the response of ST to air temperature, and the relationships between the decadal var-
iations and global climate patterns, such as AMO, PDO, AO, and IPO.

characteristics of R-ST-T and R-ST-P. Empirical orthogonal
function (EOF) is used to decompose the correlations to get
the characteristics of R-ST-T or R-ST-P at different soil
depths with different lead times and the corresponding var-
iations of the characteristics with months and sites, by
extracting common signals of the correlations at different
sites in different months. Second, the correlation coeffi-
cients between accumulated air temperature (precipitation)
and R-ST-T (R-ST-P) are used to show the accumulated
effect of atmosphere on the storage of antecedent atmo-
spheric signals, and the changes of accumulated effect with
latitude and soil depth are also studied. The accumulated
precipitation (air temperature) is the sum of precipitation
(air temperature) during the period between the lead time
and the time of ST averaged over 1960-2013. For example,
to get the effect of accumulated precipitation on the R-ST-T
between air temperature in June and ST in October, the
total precipitation from June to October is averaged over
1960 to 2013, and then we get an array with different lead
times, months of ST, soil depths, and sites. For different
months of ST, the array reduced the dimensionality to be
one-dimensional data (sites X depths X lead times) and to
do the same for the R-ST-T. The correlation between the
two one-dimensional data is used to express the effect of
accumulated precipitation (Fig. 2). Third, sliding correlation
with a 16-yr window is used to study the decadal variations
of the response of ST to antecedent atmospheric conditions.
In this method, 39 sliding correlation coefficients between
ST and antecedent air temperature or precipitation with the
16-yr window are calculated during 1960-2013. And then,
we reduce the dimensionality of the 39 sliding correlation coeffi-
cients at each soil depth of each site in each month to two-
dimensional data (sites X depths X months, 39), which is used
to exact the common decadal variation signals of the above slid-
ing correlation coefficients by EOF analysis (Fig. 3). Finally,
composition analysis and correlation coefficient analysis are

used to reveal the relationship between the common decadal
signals and global climate patterns, and the influence of atmo-
spheric condition on these relationships.

3. Results

a. Storage of antecedent precipitation and air temperature
signals in ST

The previous studies show that the changes in antecedent
precipitation and air temperature can cause the changes in
ST, which also can be expressed as the propagation of
abnormal signals. To describe the common features in the
relationships between ST and antecedent air temperature or
precipitation in different regions over China, the number of
the sites with high correlations between ST and antecedent
air temperature or precipitation at all 15 sites is used to
reveal spatial distribution range of the high correlations in
R-ST-T or R-ST-P over China. On the whole, there are
obvious seasonal variations in the spatial distribution range
of R-ST-P, especially at soil depths above 50 cm, while
the seasonal variations are complex for R-ST-T (Fig. 4).
Moreover, there are more sites with significant correlations
in R-ST-T than in R-ST-P (Fig. 4). In R-ST-T and R-ST-P,
the number of the sites with significant correlations (correla-
tion coefficient between ST and antecedent air temperature
or precipitation is significant if it is within 95% significance
interval in section 3a) decreases obviously as the soil depth
increases for the shorter lead time, and it is opposite for the
longer lead time (Fig. 4), which means that the signals of
antecedent precipitation or air temperature propagate to
the deeper soil layers with time. The number of the sites
with significant correlations decreases rapidly as the lead
time increases in shallow soil layers, and the number of sites
with significant correlations changes little in deep soil layers
when the lead time is longer than one month. Significant
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are significant at the 95% and the absolute values of correlation coefficient averaged over the 15 sites at different lead times and at differ-

ent soil depths.

correlations at most sites with the air temperature leading
the ST by 1 month (2 months) are noted at the soil depth of
160 cm (320 cm) (Fig. 4). The correlations at the soil depths
of 160 and 320 cm for about 10 sites out of the 15 sites
are significant with a lead time of 4 months during most of
the year. In one word, the storage of antecedent air temper-
ature signals in deep ST even after 4 months is a common
phenomenon in China.

The number of sites with significant correlations between
ST and antecedent precipitation with the lead time of 0-1
month at the top 40-cm soil depth varies with time obviously,
especially in the rainy season during which much larger num-
ber of sites is noted, while the number of sites with significant
correlations between ST and antecedent precipitation with
different lead times below the soil depth of 40 cm show much
smaller differences among different months. It can be seen
that more precipitation can propagate stronger signals into
ST after about one month in the shallow soil at most sites
(Fig. 4), and the signals of antecedent air temperature or pre-
cipitation can propagate to the deeper soil layers with time.

Meanwhile, it is noted that the absolute values of correla-
tion coefficients averaged over the 15 sites display similar

monthly variations to the number of sites with significant cor-
relations (R-ST-P and R-ST-T), suggesting that the higher
absolute values of the correlations are corresponding to the
more sites with significant correlations.

It can be seen in Fig. 4 that the relationships between ST
and antecedent precipitation or temperature are obviously
different at different soil depths, so how do the relationships
change with soil depth at different sites? Figure 5 shows that
the ratio of correlation coefficients with 95% significance
level relative to the total correlation coefficients between ST
and antecedent air temperature at different soil depths and
different sites is much higher than that between ST and ante-
cedent precipitation regardless of the lead time and month,
and the number of the total correlation coefficients is 60
(months X lead times). The percentage of significant correla-
tions increases with soil depth, especially for the correlation
between ST and antecedent air temperature. The percentage
is higher at Lhasa, Kunming, and Lanzhou for antecedent air
temperature, while the percentage is higher at Urumqi, Bei-
jing, Lanzhou, Kunming, and Nanchang in the whole soil for
antecedent precipitation. At the sites mentioned above,
ST has a longer and stronger storage of antecedent air
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number of correlation coefficients across five lead times and 12 months, and absolute values of correlation coefficients
averaged over 12 months of a year with five lead times at different soil depths and different sites. (a),(c) The correla-
tion coefficients between ST and antecedent precipitation; (b),(d) the correlation coefficients between ST and anteced-

ent air temperature.

temperature and precipitation signals. The composition analy-
sis shows that the sites with higher (lower) R-ST-P and R-ST-
T at a soil depth of 40 cm corresponding to the less (more)
precipitation and lower (higher) air temperature, suggesting
that the differences of the correlations at the above sites may
be significantly affected by different climate conditions (Fig.
S1 in the online supplemental material). Air temperature and
precipitation can change ST by land-atmosphere interactions,
and then interfere with the storage and propagation of ante-
cedent precipitation or air temperature signals in ST. For
example, more precipitation results in more soil water, which
in turn has a larger impact on ST.

As shown in Fig. 4, the relationships between ST and ante-
cedent precipitation or temperature are various at different
lead times in different months, so how do the relationships
vary with lead time at different sites? Figure 6 shows that the

percentage of significant correlations between ST and ante-
cedent air temperature is higher than that between ST and
antecedent precipitation, and the number of the total correla-
tion coefficients is 84 (months X soil depths). The percentages
of significant correlations obviously decrease with lead time.
For air temperature, the much higher percentages can be
noted at Lhasa, Kunming, Taiyuan, Tianshui, and Lanzhou.
For precipitation, the percentages at different sites show
slightly differences, except for Urumgqi and Nanchang, where
the percentages are higher. It can be inferred from Figs. 5
and 6 that the significant correlations are mainly located in
deep (shallow) soil for antecedent air temperature (precipitation),
and the percentages decrease with lead time.

As shown in Fig. 7, the high correlations between ST and
antecedent air temperature have an obvious tendency to shift
to deep soil and gradually reduce as lead time increases, and
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FIG. 6. As in Fig. 5, but for the percentage of the number of the correlation coefficients and absolute values of correla-
tion coefficients averaged across 12 months and seven soil depths when the sites and lead times are changed.

this feature is more obvious at Kunming, Lhasa, Urumqi,
Xining, and Harbin. The antecedent air temperature signals
with the lead time of 1 and 2 months are the most obvious at
the soil depths of 160 and 320 cm, respectively, or in other
words, the antecedent air temperature signals can propagate
to the soil depths of 160 and 320 cm after 1 and 2 months,
respectively. Moreover, the correlations are slightly weak
from April to September, which may be related to the inter-
ference from the much more rain during the growing season.
In a word, the air temperature signals can propagate to the
soil depths of 160 and 320 cm after 1 and 2 months, respec-
tively, and the storage in ST is relative weaker during the
growing season.

Figure 8a shows that the correlation coefficients between
ST and antecedent precipitation decrease with lead time and
soil depth for the first leading EOF mode, which can explain
46.2% of the total variance. There is a high correlation area in
middle soil depths at the lead time of three months in the
second leading EOF mode (Fig. 8c), which can explain
12.2% of the total variance. Moreover, there are significant
monthly variations in the two leading EOF modes (Figs. 8b,d).
Figures 8e—g show reconstructed correlation distributions at
different soil depths based on the first and second leading

EOF modes in January—March, April-October and November—
December, respectively. There are obvious negative correlations
between ST and antecedent precipitation, and the correlations
are stronger in April-October than in January-March and
November-December. In April-October, the correlations
weaken with the increase of lead time and soil depth. At the
soil depths of 0.6-2.7 m, the correlations are stronger with
one month lead time than the ones with other lead times.
Moreover, the correlations rapidly weaken at the lead time
of 2 months (Fig. 8f). In January-March and November—
December, the correlations with different soil depths and
lead times have similar characteristics, and the antecedent
precipitation signals spread in the soil profile with the
increase of lead time. There are strong antecedent precipita-
tion signals at the soil depths of 0.8 m when lead time is one
month (Figs. 8e,g). Overall, the antecedent precipitation sig-
nals spread to the deep soil with the increase of lead time,
and in middle and deep soil layers, the precipitation signals
with the lead time of one month can be better stored. More-
over, the signals weaken obviously at the lead time of 2 months,
especially in April-October.

Do the differences of geographical characteristics at differ-
ent sites affect the relationship between ST and antecedent

Authenticated mfriedman | Downloaded 03/08/22 03:09 PM UTC



MARCH 2022

The spatial pattern of the first EOF mode
soil depth (meter)

lead time (month)

The temporal variations of the first EOF mode

SONG ET AL.

383

) Shatang
Nanchang
Wuhan
Tianshui
Zhengzhou
Kunming

hasa
Beiling
Taiyuan
Lingia
Lanzhoy
Xining
Jivquan

Iumg

latbin

Feb Mar Apr May Jun Jul Aug Sep Oct Nov Dec

F1G. 7. The first EOF mode (explaining 87.8% variance of total variance) of correlation coefficients between ST and
antecedent air temperature at different soil depths with different lead times when the month and site change. (a) The
variations of EOF mode of the correlation coefficients at different soil depths with different lead time, (b) the varia-
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15 sites, and there are 12 data points (12 months) for each site.

precipitation or air temperature? How do the effects vary sig-
nificantly with soil depth and in different months? Figure 9a
shows that significant linear trends in the variations of the
correlation coefficients between accumulated precipitation
and R-ST-T (AP-RSTT) or R-ST-P (AP-RSTP), and in the
ones of the correlation coefficients between accumulated air
temperature and R-ST-T (AT-RSTT) or R-ST-P (AT-RSTP)

with soil depth during 1960-2013. In all soil layers, the corre-
lation coefficients are mainly negative, except for the AP-
RSTP. In other words, both R-ST-P and R-ST-T weaken with
the increase of accumulated air temperature or precipitation,
except for the effect of accumulated precipitation on R-ST-P
in the deep soil layers (Fig. 9a). Accumulated precipitation
enhances the correlations between antecedent precipitation
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correlation coefficients between ST and antecedent precipitation at different soil depths with different lead times when the month and site
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FIG. 9. The variations of correlation coefficients between accumulated temperature or accumulated precipitation and correlation coeffi-
cients between the ST and antecedent temperature (blue) or precipitation (red) with soil depth regardless of the month, site, and lead
time; the oblique lines denote linear trends. ST& Temperature-AccumulatedT is the correlation coefficient between accumulated tempera-
ture and the R-ST-T (correlations between ST and antecedent temperature), and the other similar strings have similar meanings; sample
size is the number of the sample for calculating ST& Temperature-AccumulatedT, etc.

and ST in the deep soil layers. Figure 9c shows that the varia-
tions of the R-ST-P and R-ST-T with latitude. As the latitude
increases, the AT-RSTP and AP-RSTP change from positive
to negative, while the AT-RSTT and AP-RSTT change from
negative to positive. In lower latitudes, positive (negative)
R-ST-T becomes much weaker (stronger) with the increase of
accumulated precipitation and air temperature, this is con-
trary to the R-ST-P. In higher latitudes, the characteristics are
opposite to those in lower latitudes. Figure 9b shows the sig-
nificant monthly changes of the AP-RSTP, AP-RSTT, AT-
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FIG. 10. The time coefficients of the first two EOF modes of the 16-yr-window sliding correla-
tion coefficients between antecedent temperature (sold line) or precipitation (dashed line) and ST
at different soil depths regardless of the month, lead time, and site. ST& Temperature denotes the
correlation coefficients between ST and antecedent temperature, and ST&Precipitation has the
similar meaning; M1 and M2 denote the first and second leading EOF modes, respectively.

1982-1997

RSTP, and AT-RSTT. From September to January in the fol-
lowing year, the influences of accumulated air temperature or
precipitation on the R-ST-P or R-ST-T are much stronger.
The AT-RSTT is negative except in April, May, and June,
while the AP-RSTT is negative in all months. There are sig-
nificant trends from negative to positive in AT-RSTP and
AP-RSTP from December to November in the following
year. In general, there are obvious linear trends with soil
depths and latitudes, and significant monthly changes for the
AP-RSTP, AP-RSTT, AT-RSTP, and AT-RSTT. In other
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TABLE 1. The correlation coefficients between each global
climate pattern and the decadal variations of the response of ST
to antecedent air temperature or precipitation. An asterisk (*)
means significant at p < 0.001. ST&Temperature represents the
sliding correlation coefficients between ST and antecedent
temperature, and ST&Precipitation represents the sliding correlation
coefficients between ST and antecedent precipitation. M1 and M2
represent the first and second leading EOF modes, respectively.
Decadal variations of the response are represented by the temporal
coefficients of the two leading EOF modes of 16-yr-window sliding
correlation coefficients between ST and antecedent temperature or
precipitation

AMO PDO AO IPO
ST&Temperature-M1  —0.93* —0.21 —0.64 —0.16
ST&Temperature-M2  —0.23 0.94* 0.70* 0.93*
ST&Precipitation-M1 ~ —0.87%  —0.27 -0.75%  —0.30
ST&Precipitation-M2 ~ —0.30 0.91* 0.55 0.87*

words, in different soil depths, latitudes and months, the effect
of accumulated precipitation or air temperature on the stor-
age of antecedent precipitation or air temperature signals in
ST are obviously different. In addition, the accumulated pre-
cipitation and accumulated air temperature show similar
effect on R-ST-P and R-ST-T due to the high correlations
between accumulated air temperature and accumulated pre-
cipitation (Fig. S2).

b. Decadal variations of the response of ST to antecedent
precipitation or air temperature

The signals of antecedent temperature and precipitation
anomalies can be stored in the ST, which is a subseasonal-to-
seasonal process. Is the relationship between antecedent
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precipitation or temperature and ST stable on the decadal
scale? If it is unstable, what are the characteristics in different
decades? The sliding correlation with a 16-yr window is used
to address the low-frequency variations of the correlation
coefficients between ST and antecedent air temperature or
precipitation, and the temporal coefficients of the two leading
EOF modes of the sliding correlation coefficients shows that
there are significant decadal variations with a period of more
than 50 years in the relationship between ST and antecedent
air temperature or precipitation. The first EOF mode leads
the second one by 1/4-1/2 period, and there are similar phases
between the decadal variations related to the antecedent air
temperature and the ones related to the antecedent precipita-
tion (Fig. 10).

The decadal variations in Fig. 10 exhibit the similar charac-
teristics to some global climate patterns, such as the Atlantic
multidecadal oscillation (AMO), the Pacific decadal oscillation
(PDO), the Arctic Oscillation (AO), and the interdecadal
Pacific oscillation (IPO). Correlation analysis shows that
AMO, PDO, AO, and IPO have significant linear relation-
ships with the decadal variations shown in Fig. 10 (Table 1).
Because precipitation and air temperature are two main fac-
tors affecting ST (Helama et al. 2011), the AMO and other
global patterns may affect the response of ST to antecedent
meteorological conditions by changing local air temperature
and precipitation. Figure 11 displays the variations of 16-yr
moving average of precipitation and air temperature averaged
at all sites and in all months, which correspond well to the
decadal variations of the correlations between ST and ante-
cedent precipitation or air temperature, and the correspon-
dence is above 95% significance for air temperature or
precipitation using composition analysis (Table S1). It can be
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FIG. 11. Variations of 16-yr moving average of precipitation (red bar) and temperature (green bar) averaged at all sites and in all months;
decadal variations of the correlations between ST and antecedent air temperature or precipitation; ST& Temperature, ST& Precipitation,

M1, and M2 are the same as in Table 1.
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FI1G. 12. Concept map for the processes of the propagation of air temperature and precipitation
signals in ST, and the effect of land-air interactions on the storage of atmosphere signals in ST.

seen that the global climate patterns may affect the response
of ST to antecedent precipitation and temperature by modu-
lating the local atmospheric conditions on decadal time scale.

4. Conclusions and discussion

In the study, the storage of antecedent air temperature or
precipitation signals in ST is described by lag correlation coef-
ficients. The signals of temperature and precipitation propa-
gate to the deep layers of soil with time. Xue et al. (2018)
have demonstrated that subsurface soil temperature anoma-
lies have important effect on the precipitation in downstream
regions, so understanding the propagation of atmospheric sig-
nals to the deep soil layers is very important in improving cli-
mate prediction. The analysis based on observation shows
that the storage of antecedent air temperature signals in deep
ST even after four months is a widespread phenomenon in
China. The antecedent air temperature signals can propagate
to the soil depths of 160 and 320 cm after 1 and 2 months,
respectively. The storage of antecedent air temperature sig-
nals in ST is slightly weaker during April-September, which
may be related to the interference from more precipitation
during growing season. There are strong correlations between
precipitation and ST at the top 40-cm soil depth after one
month at most sites, especially in rainy season, due to more pre-
cipitation, which shows that the storage of precipitation signals
in shallow ST after one month is universal in China. As the lead
time increases, antecedent precipitation signals spread to the
deep soil. In April-October, the correlations are larger than the
ones in January-March and November-December, implying

that the response of the ST to antecedent precipitation has
obvious seasonality. In middle and deep soil layers, the precipi-
tation signals with the lead time of one month can be better
stored. The stored signals rapidly weaken after 2 months, espe-
cially in April-October (Fig. 12).

It is found that the correlations between the antecedent air
temperature and ST are more significant than the ones
between ST and antecedent precipitation, which is consistent
with previous model simulations and observations (Lin et al.
2003; Hu and Feng 2005). The changes in ST are mainly
affected by air temperatures, and are modulated by precipita-
tion (Lin et al. 2003; Qian et al. 2011). Temperature at 2 m is
mainly driven by solar radiation and is mostly the superposi-
tion of several periodic signals. In precipitation, there are
more high-frequency random signals, especially on daily scale.
The soil is a natural filter that distinguishes the signals at dif-
ferent scales in the land-atmosphere interactions (She et al.
1993). Based on the analysis of the observations at the Ton-
gyu site in China, high-frequency signals in ST are gradually
filtered out as the soil depth increases (Fig. S3). Therefore,
antecedent precipitation signals are much more weakly stored
in middle and deep ST relative to air temperature signals.

Moreover, the R-ST-P and R-ST-T weaken with the increase
of accumulated air temperature or precipitation in all soil
layers, except for the effect of accumulated precipitation on R-
ST-P for the deep soil layers. When the latitude increases, the
AT-RSTP and AP-RSTP change from positive to negative,
while the AT-RSTT and AP-RSTT change from negative to
positive, this may be related to the changes in vegetation types,
soil texture, etc. in different latitudes. From September to
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January of the following year, the influences of accumulated
air temperature or precipitation on the R-ST-P or R-ST-T are
relatively stronger. In all months of a year, the increase of accu-
mulated precipitation weakens the R-ST-T. In general, the AP-
RSTP, AP-RSTT, AT-RSTP, and AT-RSTT have significant
monthly changes and vary linearly with soil depth and latitude.

There are obvious decadal variations with a period of more
than 50 years in the storage of antecedent air temperature or
precipitation in ST, and the decadal variations may be
affected by global climate patterns changing local precipita-
tion and air temperature. The most relationships between the
decadal variations of the storage and local precipitation or air
temperature are within 99% significance interval based on
composition analysis.

The processes of atmospheric signal propagation in ST are
one of important aspects in land-atmosphere interactions.
Precipitation directly changes shallow soil moisture and
decreases shallow ST, which further affects deep ST. The infil-
tration of soil water leads to the increase of deep soil mois-
ture. Air temperature affects shallow ST by changing sensible
heat flux, affects shallow ST and soil moisture by changing
ground evaporation, and changes soil moisture in the root
zone by plant root uptake. The anomalies of shallow ST and
moisture can cause the anomalies of deep ST and soil mois-
ture. Under the accumulated effect of the following tempera-
ture and precipitation, the relationships between antecedent
precipitation or air temperature and ST in shallow soil gradu-
ally weaken. The signals of antecedent precipitation and air
temperature propagate to deep soil, gradually weaken, and
spread in soil profile with time, and the weakening rate is
related to the following atmospheric conditions. Moreover,
soil physical properties (Ceccon et al. 2011), vegetation cover
types (Zhang and Li 2018; Hu et al. 2009; Tesar et al. 2008),
wind speed (Mihalakakou et al. 1997), snow (Qian et al. 2011;
lijima et al. 2010), topography changes (Wundram et al.
2010), sunshine duration (Yesilirmak 2014), and soil freeze—
thaw processes (Fang et al. 2019) can change the effect of
antecedent precipitation or air temperature on ST, and have
an important modulation effect on the signal propagation.

The mechanism of ST storing antecedent precipitation or air
temperature signals needs further analysis by numerical sensi-
tivity experiments. The storing and releasing of atmosphere
signals in land are essential processes in land—atmosphere inter-
actions in the climate system. Therefore, understanding the pro-
cesses is of great significance in improving climate prediction
and weather.
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