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1  Introduction

As an important component of climate system, land surface 
plays a non-negligible role in climate change. The nature 
of climate prediction depends mainly on the lead-lag rela-
tionships between the variables in the atmosphere, ocean 
and land, and the lead-lag relationships are attributed to the 
persistence of the anomalies of the variables. The variable 
anomalies in the atmosphere can persist for about ten days 
due to the chaotic nature (Lorenz 1969; Mariotti et al. 2018; 
Krishnamurthy 2019), and the slowly varying variables in 
the land and ocean provide basis for climate prediction for 
long time range.

Soil moisture (SM) is a key factor in land–atmosphere 
interactions, the anomalies of SM can be maintained in the 
soil at monthly to seasonal scales (Koster and Suarez 2001; 
Dirmeyer et al. 2009). In mid-latitudes, tropics, and subtrop-
ics, the overall impact of SM on warm season terrestrial cli-
mate is similar to that of sea surface temperature (Orth and 
Seneviratne 2017). However, the effect of SM on climate is 
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Abstract
Radiation, sensible and latent heat fluxes are critical in the influence of antecedent and simultaneous soil moisture (SM) 
and soil temperature (ST) on atmosphere. However, how the persistence of antecedent SM/ST anomalies influences cur-
rent land surface fluxes is not yet fully understood. Based on reanalysis dataset, observations and numerical experiments, 
using the concept of simply connected space, this study investigates the maximum lead time at which antecedent SM/ST 
remain significantly correlated with current surface-layer SM/ST (MLTSM/MLTST), and the intensity of antecedent SM/
ST’s influence on current surface fluxes. Results show that the SM/ST and land surface flux data from ERA5-Land exhib-
its closer temporal agreement with observations than those from GLDAS, MERRA-2 and NCEP. In spring and summer, 
the surface-layer ST correlates significantly with antecedent ST over a longer lead time than that in autumn and winter, 
particularly in MLTST in the area (33° N–42° N, 105° E–120° E). In this area, the impact of antecedent ST on surface 
fluxes is significantly pronounced. The surface-layer SM correlates significantly with antecedent SM over a longer lead 
time in winter and spring than that in summer and autumn, and the influence of antecedent SM on surface fluxes varies 
across areas and seasons. Moreover, antecedent signals with a long lead time and strong association with surface-layer 
ST and SM predominantly originate from deep soil layers. The conclusions from ERA5-Land demonstrate closer agree-
ment with the simulations. The east-low–west-high spatial pattern of MLTSM is also partially captured in the simulations.
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largely independent of the effect of sea surface temperature 
on climate (Orth and Seneviratne 2017). Antecedent SM 
anomalies can provide important information for subsea-
sonal and seasonal weather forecasts (Orth and Seneviratne 
2017). SM is an important precursor signal for forecasting 
and predictability in addition to sea surface temperature 
(Seneviratne et al. 2010; Dorigo et al. 2017; Santanello et 
al. 2018). Numerous studies have confirmed the important 
role of SM in subsequent precipitation (Zhan and Lin 2011; 
Zhong et al 2018; Zhang and Zuo 2011; Meng et al. 2014; 
Liu et al. 2017; Beljaars et al. 1996; Gao et al. 2014; Dong 
et al. 2023; Yoon et al. 2015), air temperature and heat wave 
(Alfaro et al. 2006; Fischer et al. 2007; Weisheimer et al. 
2011; Quesada et al. 2012; Miralles et al. 2014; Prodhomme 
et al. 2016), dust emission (Kim and Choi 2015), and wild-
fire prediction (Krueger et al. 2016).

Soil temperature (ST) is another key factor in land–atmo-
sphere interactions, and is a critical indicator of soil heat 
storage. The persistence of ST anomalies (ST memory) 
can affect the subsequent weather and climate. The anoma-
lies of ST can persist for several months (Yang and Zhang 
2016; Zhao et al. 2018; Liu et al. 2020; Zhang et al. 2021; 
Song et al. 2022a). The ST in winter may affect the pre-
cipitation in the following flood season (Tang et al. 1987). 
Based on observation and reanalysis data, the winter soil 
on the Tibetan Plateau can remember surface temperature 
anomalies and lead to surface temperature anomalies in the 
next summer (Lin et al. 2022). Moreover, some studies have 
confirmed the important effect of spring ST on summer pre-
cipitation. The three long-term Atmospheric Model Inter-
comparison Project-type experiments showed that the ST in 
late spring is an important factor affecting the precipitation 
in summer (Mahanama et al. 2008). Both observation analy-
sis and numerical simulations suggested that the precipita-
tion in summer in North America and East Asia is closely 
related to the upstream ST anomalies in spring (Xue et al. 
2012, 2018). The spring ST anomalies in West Asia can 
lead to the anomalies of precipitation and air temperature in 
Northeast China in June through diabatic heating (Yang et al. 
2021). There are also some studies on the impact of the ST 
in other months and seasons on subsequent air temperature 
and precipitation. The ST anomalies in May over Northwest 
China can modulate the East Asian summer monsoon and 
then change the precipitation in summer (Wang et al. 2013). 
Using RegCM4 model, antecedent ST has a strong impact 
on air temperature at the monthly and seasonal scales in 
China (Liu et al. 2015). Based on the atmospheric model 
ECHAME5 coupled with the Common land model, the ST 
in May from the middle and lower reaches of the Yangtze 
River to North China has important impacts on the precipi-
tation in eastern China through adjusting atmospheric cir-
culation (Zhou et al. 2020). Observation analysis showed 

that the severe floods correspond to high antecedent ST in 
Yangtze-Huaihe River basin, while the severe drought cor-
responds to low antecedent ST in the south of Yangtze River 
(Ma 1995). ST also plays a crucial role in the monthly lead-
lag correlation of air temperature at 2 m in the middle and 
lower reaches of the Yangtze River Basin (Song et al. 2023). 
Additionally, some studies revealed the role of antecedent 
ST in the extreme event (Gómez et al. 2016).

Climate prediction relies on the atmospheric response to 
the anomalies of the variables in the land and ocean, and 
on the persistence of the anomalies of the variables. The 
sensitivity of current atmospheric state to antecedent land 
and ocean variables was primarily governed by the anom-
alies in current radiation fluxes, sensible heat fluxes (SH) 
and latent heat fluxes (LH) caused by current land or ocean 
variable anomalies which are affected by the persistence of 
the antecedent land or ocean variable anomalies. Therefore, 
the effect of antecedent land surface variable anomalies on 
local or non-local precipitation or air temperature is attrib-
uted to three key processes. One process is the persistence 
of antecedent land surface variable anomalies in the soil, the 
second is the influence of the persistent variable anomalies 
on current local radiation, sensible and latent fluxes, and the 
third is the impact of these current local surface fluxes on 
local and remote atmospheric conditions. Although many 
studies have confirmed the impact of antecedent SM and 
ST on subsequent climate conditions, a clear and in-depth 
understanding of how antecedent SM and ST affect current 
land surface fluxes remains limited. Elucidating this rela-
tionship is essential, as it determines the potential influence 
of antecedent SM and ST on subsequent atmospheric condi-
tions. Moreover, the ST and SM observation data is very 
limited, and there are numerous missing values in these 
data. Therefore, reanalysis data is utilized as a substitute for 
the observations. However, there is a lack of evaluation of 
whether the ST and SM in the reanalysis data can repro-
duce the persistence characteristics of ST and SM anomalies 
found in the observed data. To address the above issues, this 
study focuses on three key questions: (1) Which reanaly-
sis data can better reproduce the persistent characteristics 
of ST and SM anomalies in the observed data? (2) What is 
the maximum lead time of antecedent SM/ST significantly 
related to current SM/ST? (3) To what extent do antecedent 
ST and SM influence current surface fluxes by modifying 
current ST and SM?
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2  Data, model and methodology

2.1  Data

The following reanalysis datasets were utilized: ERA5-
Land, NCEP, MERRA-2 and GLDAS-CLSM. The vari-
ables from ERA5-Land (Hersbach et al. 2018; Herbach et 
al. 2020) include monthly surface latent heat flux (LH), 
sensible heat flux (SH), emitted thermal radiation (emit-
tedLW), downward thermal radiation, net solar radiation, 
downward solar radiation, skin temperature (SKT), precipi-
tation, evapotranspiration, air temperature, ST and SM in 
four soil layers. The four soil layers are 0 to 0.07 m, 0.07 to 
0.28 m, 0.28 to 1.00 m and 1.00 to 2.89 m, respectively. The 
above data spans from 1979 to 2022, and spatial resolution 
is 0.1° × 0.1°. More information on the above data can be 
obtained from the website: ​h​t​t​p​​:​/​/​​a​p​p​s​​.​e​​c​m​w​​f​.​i​n​​t​/​d​​a​t​a​​-​c​a​t​a​
l​o​g​u​e​s​/​e​r​a​5.

GLDAS-CLSM dataset (Gelaro et al. 2017) also is uti-
lized, and the variables include the ST and SM in 6 soil layers 
(0–0.10 m, 0.10–0.29 m, 0.29–0.68 m, 0.68–1.44 m, 1.44–
2.95 m, and 2.95–12.95 m) from 1979 to 2022. GLDAS is 
the land surface data product that optimally combines land 
surface process modeling with multi-source observational 
data assimilation. The GLDAS-CLSM specifically employs 
the Catchment Land surface model. Detailed documentation 
is available at ​h​t​t​p​​s​:​/​​/​l​d​a​​s​.​​g​s​f​​c​.​n​a​​s​a​.​​g​o​v​​/​g​l​d​a​s.

NCEP-DOE Reanalysis II (R-2) represents an enhanced 
version of the original NCEP Reanalysis I (R-1), incorpo-
rating corrected systematic errors and updated parameter-
izations of key physical processes. It provides gridded data 
fields assimilated from multiple observational sources, 
including surface instruments, radiosondes, aircraft reports, 
and satellite measurements. For this study, we utilized 
monthly mean ST and SM data spanning the period from 
January 1979 to December 2022. Soil layers were defined 
as 0–0.1 m (surface layer) and 0.1–2 m (subsurface layer). 
The detailed documentation of the dataset can be found at ​h​
t​t​p​​s​:​/​​/​p​s​l​​.​n​​o​a​a​​.​g​o​v​​/​d​a​​t​a​/​​g​r​i​​d​d​e​​d​/​d​a​​t​a​​.​n​c​​e​p​.​r​​e​a​n​​a​l​y​​s​i​s​2​.​h​t​m​l.

MERRA-2 (Modern-Era Retrospective analysis for 
Research and Applications, Version 2) represents NASA's 
global atmospheric reanalysis product for the satellite era. 
Developed by the Global Modeling and Assimilation Office, 
this dataset is generated using the Goddard Earth Observ-
ing System Model with advanced data assimilation tech-
niques. For this study, we utilized monthly mean ST and 
SM data spanning the period from January 1979 to Decem-
ber 2022. SM is represented by two soil layers (0–0.05 m 
and 0.1–1 m), while ST were calculated at six soil depths 
(0.0988, 0.1952, 0.3859, 0.7626, 1.5071 and 10  m). The 
detailed can be found at ​h​t​t​p​​s​:​/​​/​d​i​s​​c​.​​g​s​f​​c​.​n​a​​s​a​.​​g​o​v​​/​d​a​​t​a​s​​e​t​s​/​​
M​2​​T​1​N​​X​L​N​D​​_​5​.​​1​2​.​​4​/​s​​u​m​m​​a​r​y​?​​k​e​​y​w​o​r​d​s​=​M​E​R​R​A​2

The SM and ST observations are provided by the China 
Meteorological Administration. The dataset comprises 
monthly average ST in the 7 soil layers of 0.05, 0.10, 0.20, 
0.40, 0.80, 1.60 and 3.20 m at 2479 sites from 1960 to 2013, 
the 10-day interval SM at the soil depths of 0.1 m and 0.2 m 
at 778 sites from 1991 to 2010, and the field water-holding 
capacity at 178 sites from 1981 to 1998. The monthly tem-
perature at 2 m (T2m) and precipitation observation data for 
2023 and 2024 are available from the China Meteorological 
Administration.

2.2  Model

To cross-validate the conclusions derived from reanalysis 
data, the Weather Research and Forecasting (WRF) model 
4.3 (Skamarock et al. 2008) was employed to analyze the 
persistence of ST and SM anomalies in January and July 
under land–atmosphere coupling conditions and their influ-
ence on subsequent surface fluxes. Centered at (35°N, 
100°E), the simulation domain comprises 80 grid points 
in the west–east direction and 50 in the south-north direc-
tion, with a horizontal grid spacing of 100 km. NCEP-FNL 
data were used to provide initial and boundary conditions. 
The simulation period spans from 2023 to 2024, which is a 
recent time frame chosen to facilitate more accurate evalua-
tion of WRF model performance against observational data.

Two control experiments, designated as CTL-WRF-JAN 
and CTL-WRF-JUL, were carried out covering the periods 
from January 1 to December 31, 2023, and July 1, 2023, 
to June 30, 2024, respectively. Additionally, four sensitivity 
experiments, labeled JAN-ST, JAN-SM, JUL-ST, and JUL-
SM, were initiated on January 2 and July 2, correspondingly. 
The initial conditions for the four sensitivity experiments 
were from the atmospheric and soil conditions simulated by 
the control experiments, with the incorporation of ST or SM 
anomalies. These anomalies were defined based on the stan-
dard deviation of ERA5-Land ST and SM data for January 
and July over the period 1979–2023.

The relationships between initial ST/SM anomalies and 
subsequent ST/SM anomalies of the first soil layer were 
obtained using the concept of simply connected space 
(Methodology section). Here, the simply connected space 
comprises spatiotemporal locations at which the ST/SM 
anomalies exhibit the same sign (positive or negative) as the 
initial ST/SM anomalies. In these simulations, the anom-
aly of a variable is defined as the difference in the variable 
between the sensitivity and the control experiment. The rela-
tionships between initial ST/SM anomalies and subsequent 
surface flux anomalies were obtained in the same approach.
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The relationship between antecedent ST and current ST 
is determined primarily based on the concept of simply con-
nected space, with encompasses the following two aspects: 
(i) the spatial continuity of anomaly signal propagation (as 
illustrated in Fig. 5), and (ii) the statistical significance of 
their correlations. Based on the first criterion, when there 
a significant signal linkage between current ST and ST at 
lead time n, the following condition must be satisfied for a 
significant signal linkage between current ST and ST at lead 
time n + 1:

Among the four soil layers: (a) those showing statisti-
cally significant correlations (p < 0.01) between current ST 
and ST at lead time n, and (b) those showing significant 
correlations (p < 0.01) between current ST and ST at lead 
time n + 1, must demonstrate either spatial overlap or adja-
cency (at least one common or neighboring soil layer).

The existence of a significant relationship between cur-
rent ST in the first soil layer and antecedent ST is determined 
by whether the spatiotemporal location of the antecedent ST 
lies within the simply connected space bounded by the blue 
lines in Fig. 5. Similarly, a significant relationship between 
antecedent SM and current SM was obtained in the same 
approach.

Using the above method, the relationship between ante-
cedent SM and current SM was also obtained. Moreover, 
we can obtain the maximum lead time of antecedent SM/
ST that is closely related to current SM/ST of the first soil 
layer (MLTSM/MLTST) (Fig.  5). MLTSM and MLTST 
determine the maximum lead time during which antecedent 
SM/ST can affect current surface fluxes by modifying cur-
rent SM/ST.

The effect of antecedent ST/SM on subsequent surface 
fluxes (ASTFlux/ASMFlux) was analyzed using two-legged 
index (Dirmeyer 2011; Dimeyer et al. 2014). The first leg is 

2.3  Methodology

The observational data (OBS) from 2397 sites for ST and 
160 sites for SM were utilized, following the exclusion of 
sites with excessive missing values. The reanalysis ST and 
SM data were spatially interpolated to the locations of the 
observational sites. The Pearson correlation coefficients 
between the observed SM and the reanalysis SM in the 
shallow soil were calculated in 12 calendar months of the 
year. The number of the months with statistically signifi-
cant (p < 0.05) correlation coefficients between the observed 
SM/ST and the reanalysis SM/ST in the shallow soil in a 
calendar year is shown in Fig. 1. And the ERA5-Land and 
MERRA-2 SM data can better reproduce the interannual 
variations of observed SM than the other two reanalysis SM 
data in the region (30° N–40° N, 100° E–120° E) (Fig. 1). 
According to Fig. 1a, b, the ERA5-Land and MERRA-2 SM 
data at the sites exhibiting statistically significant (p < 0.05) 
correlation coefficients in more than 9 months of the year 
were utilized for subsequent analysis, and the numbers of 
the selected sites are 19 and 12, respectively (Fig. 2b and 
d). For ST, we applied the same selection method, and the 
numbers of the selected sites are 1692 for ERA5-Land and 
1706 for MERRA-2 (Fig. 2a and c).

Based on the results in Sect. 3.3, the linear correlations 
between ST/SM and surface fluxes show similar monthly 
variations across soil layers, particularly with ST/SM in the 
first layer, which exhibits the strongest correlations (Fig. 3). 
Consequently, subsequent analysis of the influence of SM 
and ST on concurrent surface fluxes focused on the SM and 
ST of the first soil layer. Moreover, based on the results in 
Sect. 3.2 (Fig. 4), antecedent ST and SM can affect current 
surface fluxes through modifying current surface-layer ST 
and SM.

Fig. 1  The number of the months with statistically significant (p < 0.05) 
correlation coefficients between the observed SM/ST and the reanaly-
sis SM/ST in the shallow soil in a calendar year. The first, second, third 

and fourth columns correspond to ERA5-Land, MERRA-2, GLDAS 
and NCEP, respectively. The first row corresponds to SM, and the sec-
ond row to ST
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ρ(SS1, SS2) = d
σ(SS2)
σ(SS1) � (4)

dF lux(SS2)
dSS1

= dF lux

dSS2
dSS2
dSS1

= b · d

=
[
ρ(SS2, F lux)σ(Flux)

σ(SS2)

] [
ρ(SS1, SS2)σ(SS2)

σ(SS1)

]

= ρ(SS2, F lux)ρ(SS1, SS2)σ(Flux)
σ(SS1)

� (5)

ISS1−SS2−F lux =
[

dF lux(SS2)
dSS1

σ(SS1)
]

/σ(Flux)

= ρ(SS2, F lux)ρ(SS1, SS2)
� (6)

where SS1 and SS2 represent antecedent ST/SM across 
different soil layers and current ST/SM in the first soil 
layer, respectively. Flux is current surface fluxes. σ(SS1), 
σ(SS2) and σ(Flux) signify the standard deviation of the 
variable SS1, SS2 and Flux, respectively.ρ(SS1, SS2) 

the effect of antecedent ST/SM across different soil layers 
on current ST/SM in the first soil layer, the second leg is 
the effect of current ST/SM in the first soil layer on current 
surface fluxes. The effect of antecedent ST/SM on surface 
fluxes by modifying the ST/SM in the first soil layer can be 
derived as follows:

Construct linear equations corresponding to (Flux, SS2) 
and (SS1, SS2), respectively:

Flux = b SS2 + c� (1)

SS2 = d SS1 + e� (2)

ρ(SS2, F lux) = b
σ(Flux)
σ(SS2) � (3)

Fig. 2  The spatial distributions of the ERA5/MERRA-2 spatial grids 
where ST and SM data are used in the following study. a and c show 
the grids where the correlation coefficients between the observed SKT 
and the ERA5 SKT are statistically significant at the 0.05 significance 

level for all 12 calendar months. b and d show the grids where the 
correlation coefficients between the observed SM and the ERA5 SM 
are statistically significant at the 0.05 significance level in more than 
9 months of the year
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3  Results

3.1  The spatial distributions of MLTSM/MLTST

As detailed in the Methodology section, using the four 
reanalysis ST data interpolated at 2397 sites, and then the 
spatial grids were selected where the correlation coeffi-
cients between reanalysis and observed ST in the shallow 
soil layer are statistically significant at the 0.05 level. And 
the numbers of selected grids with statistically significant 
correlations are 1692 for ERA5-Land, 1706 for MERRA-2, 
1157 for GLDAS, and 1103 for NCEP, respectively. More-
over, due to the scarcity of observational ST data in middle 
and deep soil layers, only the observed ST data from 51 sites 
was used in the following analysis. The MLTST derived 

denotes the correlation coefficient between SS1 and SS2. 
ρ(SS2, F lux) is the correlation coefficient between Flux 
and SS2. The values of ASTFlux and ASMFlux are assigned 
using ISS1−SS2−F lux. The positive ISS1−SS2−F lux repre-
sents the proportion of positive Flux anomalies caused by 
positive SS1 anomalies relative to the total magnitude of 
Flux anomalies, where the total magnitude is quantified 
by the standard deviation of Flux. In contrast, the negative 
ISS1−SS2−F lux represents the proportion of negative Flux 
anomalies caused by positive SS1 anomalies.a,b,c and d are 
constants.

Fig. 3  Correlation coefficients between ST/SM and concurrent SH as 
well as LH and emittedLW. The sample size from all ERA5-Land spa-
tial grids over 44 years, and it is (217 × 134 × 44)/(5 × 5 × 3), and the 
sample size from all MERRA-2 grids is 20,585. The first and third 
rows represent the correlation coefficients between ST and simulta-

neous SH, LH, emittedLW and ALL (the sum of SH, LH and emit-
tedLW). The second and fourth rows represent the correlation coef-
ficients between SM and simultaneous SH, LH, emittedLW and ALL, 
respectively
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Fig. 5  The correlation coefficients between the ST in the first layer and multi-layer ST at preceding times. The correlation coefficients within the 
area enclosed by blue lines are statistically significant at the 99% confidence level, forming a simply connected space

 

Fig. 4  The proportion of antecedent ST/SM in each soil layer that is 
closely related to current ST/SM of the first soil layer, relative to total 
samples (all spatial grids × 12 months) in ERA5-Land and MERRA-2. 
a and b correspond to ST and SM, respectively. Here, the antecedent 

ST/SM location closely related to current ST/SM is defined as satisfy-
ing two criteria: correlation coefficients passing the 99% confidence 
level, and its correlation strength exceeding that of all other soil depths 
at the same lead time
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seasonal characteristics seen in observation-based MLTST, 
specifically the south-low-north-high spatial pattern and the 
larger values in spring/summer compared to autumn/winter. 
The spatial distributions of MLTST are similar to those of 
the ST memory reported by Yang et al. (2016).

The MLTSM sites are located in the area spanning from 
32°N to 37°N and from 105°E to 122°E (Area2) (Figs. 7 
and S1). On the whole, both MERRA-2 and ERA5-Land 
indicate that the MLTSM decrease successively from winter 
to spring, spring to autumn, autumn to summer, potentially 
attributable to more precipitation directly affecting SM in 
summer. Moreover, the MLTSM is higher in the western 
part than in the eastern part of the Area2. In winter, the 
MLTSM spans from 1 to 5 months in ERA5-Land and from 
3 to 11 months in MERRA-2 (Fig. 7d and h). In spring, the 
MLTSM varies between 0 to 5 months in ERA5-Land and 
from 3 to 11 months in MERRA-2 (Fig. 7a and e). In sum-
mer, the MLTSM in ERA5-Land ranges from 0 to 2 months, 
with the main range being from 0 to 1 month. By compari-
son, the MLTSM in MERRA-2 ranges from 0 to 7 months, 
with the main range being from 1 to 3 month. In autumn, 
the MLTSM in ERA5-Land ranges from 0 to 2 months, with 
most values lying in the 1 to 2 month period. In contrast, 
the MLTSM in MERRA-2 ranges from 2 to 9  months in 
autumn. The sites in the west have a longer MLTSM than 
those in the east (Fig.  7). The MLTSM spatial pattern is 

from the four reanalysis ST data was evaluated. In all four 
seasons, in the areas south of 30°N in China, the MLTST 
calculated using the observed ST is primarily 0–1 month, 
and at several sites, it is more than 1 month (Fig. 6a, f, k 
and p). Except for ERA5-Land and NCEP, the MLTST cal-
culated using MERRA-2 and GLDAS differ significantly 
from those calculated using OBS (Fig. 6). Moreover, in the 
region north of 30°N in China, the MLTST calculated using 
the observed ST range from 0 to 11 months. In all four sea-
sons, the MLTST calculated using MERRA-2, GLDAS and 
NCEP vary significantly from those calculated using OBS. 
Compared with MERRA-2, GLDAS and NCEP, the MLTST 
calculated using ERA5-Land is similar to those calculated 
using OBS in terms of both spatial pattern and magnitude 
(Fig. 6). Therefore, the ERA5-Land ST data was used in the 
following analysis.

Both observation-based and ERA5-derived MLTST is 
higher in Area1 (Fig. S1) than that in the areas south of 
33°N (Fig.  6). Area1 is defined as the area (33°N-42°N, 
105°E-120°E). In the areas south of 30°N, the MLTST 
mainly ranges from 0 to 1 month, while it mainly ranges 
from 0 to 11  months in Area1. Additionally, the MLTST 
in spring and summer is significantly higher than that in 
autumn and winter. The MLTST at the two sites on the 
Qinghai-Tibet Plateau is relatively long, and it can reach 
up to 10 months in spring and winter (Fig. 6). The MLTST 
derived from MERRA-2 does not reproduce the spatial and 

Fig. 6  The spatial distributions of the MLTST. The first, second, third 
and fourth columns correspond to observation (OBS), ERA5-Land, 
MERRA-2, GLDAS and NCEP, respectively. The first, second, third 
and fourth rows correspond to spring, summer, autumn and winter, 

respectively. The grid counts are 1692, 1706, 1157 and 1103 for 
ERA5-Land, MERRA-2, GLDAS and NCEP, respectively. And the 
site count is 51 for OBS
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ST/SM, the correlations between antecedent shallow ST/
SM should be significantly correlated with current shallow 
ST/SM according to the physical process of anomaly signal 
propagation. Therefore, the significant correlations between 
antecedent deep ST/SM and current shallow ST/SM shown 
in Fig. 4 may be attributed to the persistence of antecedent 
ST/SM anomalies in the soil and their influence on current 
ST/SM. Moreover, the statistical association between ante-
cedent SM of the first soil layer and current SM of the first 
soil layer is closer than that between antecedent ST of the 
first soil layer and current ST of the first soil layer. Building 
on the evidence presented in Figs. 3 and 4, antecedent ST 
and SM may affect current surface fluxes through modifying 
current ST and SM in the first soil layer.

There is a significant connection between anteced-
ent and current SM/ST, and there are obvious differences 
across different regions and seasons. So how does this 
connection occur? As shown in Fig. 8a and e, for MLTST 
exceeding 2  months, antecedent anomaly signals from 
two months prior associated with current ST of the first 
soil layer mainly originate from the middle and deep soil 
depth. When MLTST is not more than 2 months, anteced-
ent anomaly signals linked to current ST are mainly from 
the entire soil column (Fig. 8b and f). The characteristics of 
antecedent anomaly signals of MLTSM differ significantly 
from those of MLTST. When MLTSM exceeds 2 months, 
antecedent signals from 7 months prior primarily originate 
from the middle and deep soil layers, whereas signals from 
1 to 7 months prior are distributed throughout the entire soil 
column (Fig.  8c and g). When MLTSM is not more than 
2 months, antecedent signals are mainly located in the shal-
low and middle soil layers in ERA5-Land and the entire soil 
column (MERRA-2) (Fig. 8d and h).

broadly consistent with the pattern of soil moisture memory 
described by Li et al. (2020).

3.2  The connection of antecedent SM and ST with 
current SM and ST

Does antecedent ST/SM significantly influence current 
surface-layer ST/SM? Kumar et al. (2019) demonstrated 
that deeper SM anomalies appear to return to the surface 
when the vertical soil water potential gradient reverses its 
sign. Song et al. (2022a, b) revealed that antecedent deeper 
ST anomalies can reemerge at the surface in certain condi-
tions. Figure 4 shows the characteristics of the soil depth 
of antecedent ST/SM that is statistically significantly asso-
ciated with current ST/SM in the first soil layer. For ST, 
antecedent ST associated with current ST of the first soil 
layer is primarily located in middle and deep soil layers at 
lead times ranging from one to eleven months (Fig. 4a and 
c). In ERA5-Land, current SM in the first soil layer exhibits 
a significant association with antecedent SM in middle soil 
layers at lead times ranging from one to eleven months, as 
well as with antecedent SM in deep soil layers at lead times 
ranging from seven to eleven months (Fig. 4b). In contrast, 
in MERRA-2, current SM in the first soil layer shows a sig-
nificant association with antecedent SM in all two soil lay-
ers across lead times ranging from one to eleven months 
(Fig.  4d). The significant correlations between antecedent 
deep ST/SM and current shallow ST/SM may be attributed 
not only to the significant correlations between antecedent 
atmospheric variables and current shallow ST/SM, but also 
to the persistence of antecedent ST/SM anomalies in the 
soil and their influence on current ST/SM. If the anteced-
ent atmospheric variables determine the significant correla-
tions between antecedent deep ST/SM and current shallow 

Fig. 7  The spatial distributions of the MLTSM using ERA5-Land (a) and MERRA-2 (b) SM data. The first, second, third and fourth columns 
correspond to spring, summer, autumn and winter, respectively. The first and second rows correspond to ERA5-Land and MERRA-2, respectively
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SH, LH, emittedLW and etc. Using reanalysis data, the rela-
tionships between the SM/ST at the four soil layers and the 
concurrent SH, LH and emittedLW were analyzed using 
Pearson correlation coefficients (Fig. 3). As shown in Fig. 3, 
in both ERA5-Land and MERRA-2, the relationships of ST 
with subsequent surface fluxes exhibit similar patterns, as 
do those of SM. Moreover, due to the similar interannual 
variations of the ST/SM across soil layers, the linear cor-
relations between the ST/SM in different soil layers and sur-
face fluxes show similar monthly variations. And the ST/
SM of the first soil layer exhibits the strongest correlations 
with surface fluxes (Fig. 3).

SH is primarily governed by the difference between SKT 
and T2m, while emittedLW depends primarily on SKT. SH 
is monotonically increasing with SKT, and emittedLW also 
increases monotonically with the difference between SKT 
and T2m. It should be noted that the method serves the pur-
pose. The correlation coefficients used for spatial averaging 
reflect the consistency of the temporal variations between 
these variables, and a lower spatial average indicates poorer 
consistency in temporal variations between the reanalysis 
data and observational data in some regions. The values 
in Fig. 9 serve as an indicator of the relative performance 
of the two reanalysis datasets for the whole of China. The 

On the whole, for MLTST and MLTSM shorter than 
2  months, antecedent significant anomaly signals are dis-
tributed across the whole soil column, concentrated mainly 
in the shallow and middle soil layers. For MLTST greater 
than 2 months, the signals antecedent to more than 5 months 
are from deep soil and 2-to-5-month antecedent signals 
originate from middle and deep soil layers. For MLTSM 
greater than 2 months, the signals with a lead time of more 
than 7 months are mainly sourced from the middle and deep 
soil layers, and 2-to-7-month antecedent signals span the 
entire soil column, especially in the shallow and middle soil 
layers (Fig. 8). The antecedent signals that are significantly 
correlated with current ST or SM mainly originate from the 
middle and deep soil layers. This is because atmospheric 
forcing has a stronger influence on shallow soil than on 
deeper layers.

3.3  The spatial distribution and seasonal variation 
of ASTFlux and ASMFlux

Antecedent SM and ST can modulate current SM and ST 
of the first soil layer through the storage and propagation of 
anomaly signals in the soil, and then current SM and ST in 
the first soil layer can affect current surface fluxes, including 

Fig. 8  The spatiotemporal mean 
of the correlation coefficients 
between antecedent SM/ST and 
current SM/SM, calculated across 
12 months and all sites. a/e and 
b/f correspond to MLTST > 2 and 
MLTST ≤ 2, respectively. c/g and 
d/h correspond to MLTSM > 2 
and MLTSM ≤ 2, respectively
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data from ERA5-Land exhibit better consistency with the 
temporal variation characteristics of observational data than 
those from MERRA-2 overall. Therefore, in the analysis of 
the relationships between land surface fluxes and antecedent 
ST/SM, emphasis is placed on using ERA5-Land data.

The impact of antecedent ST on SH differs across dif-
ferent regions and throughout different seasons (Fig.  10). 

ERA5-Land and MERRA-2 SH data can capture the tempo-
ral variations in observed SKT minus T2m except Novem-
ber through March, and the spatial average of the correlation 
coefficients spans from 0.06 to 0.46 (Fig. 9a). The spatial 
average of correlation coefficients between reanalysis emit-
tedLW and observed SKT ranges from 0.63 to 0.87 across 
12 months (Fig. 9b). Additionally, the SH and emittedLW 

Fig. 10  Contributions of ST at 
different lead times to current 
SH anomalies in ERA5-Land. 
The first, second, third and fourth 
columns correspond to spring, 
summer, autumn and winter, 
respectively. The first, second 
and third rows correspond to lead 
times of 1 month, 3 months and 
6 months, respectively

 

Fig. 9  The spatial average of the correlation coefficients between the reanalysis data and observed data. a Represents the correlations between the 
reanalysis SH and the observed SKT minus T2m. b Represents the correlations between the reanalysis emittedLW and the observed SKT
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Area1 and the remaining area, respectively. Moreover, the 
impact of antecedent ST on LH is greater in summer and 
spring than in autumn and winter. In spring, the contribu-
tion of 1-month antecedent ST anomalies to LH anomalies 
exhibits distinct regional variations: in Area1, the contribu-
tion is from 0 to − 30%; in the southwest part of China, it 
spans from −  10 to −  40%; and in the remaining area, it 
is from 0 to 30% (Fig. 12a). The contribution of 3-month 
antecedent ST anomalies predominantly ranges from − 10 
to 10%, except for the southwest parts of China and some 
parts of Area1, where the contribution is about – 10–20% 
(Fig.  12e). The contribution of 6-month antecedent ST 
anomalies is predominantly within the interval of 0 to 10% 
(Fig. 12l). In summer, the contribution is mainly from − 10 
to − 50% in Area1, and the contribution is mainly from 0 to 
50% in the middle and upper reaches of the Yangtze River. 
In the areas south of 25°N, the contribution ranges from 0 to 
40% (Fig. 12b). 3-month antecedent ST anomalies account 
for 10–50% of negative LH anomalies in western Area1. 
Between 105° E–110° E and 30° N–35° N, 3-month ante-
cedent ST anomalies contribute 10–50% to LH anomalies; 
in the remaining area, the contribution remains within the 
0–10% range (Fig.  12f). 6-month antecedent ST anoma-
lies contribute − 10 to − 50% in the western parts of Area1, 
and predominantly contribute less than 10% in the remain-
ing areas (Fig.  12m). In autumn, 1-month antecedent ST 
anomalies contribute 0 to −  20% to LH anomalies in the 
region of 115° E–120° E and 25° N–45° N, and contrib-
ute less than 10% to LH anomalies in the remaining areas 
(Fig. 12c). 3-month and 6-month antecedent ST anomalies 
contribute less than 10% to LH anomalies in the areas north 
of 35°N and east of 110°E, and contribute less than 10% in 
the remaining areas (Fig. 12g and m). In winter, the con-
tribution of 1-month antecedent ST anomalies is from 0 to 
30% in the parts of Area1, is from 0 to − 30% in the south-
western China, and is less than 10% in the remaining areas 
(Fig.  12d). 3-month antecedent ST anomalies contribute 
10% to 30% to LH anomalies in the region of 115° E–120° 
E and 33° N–36° N, and contribute less than 10% in the 
remaining areas. 6-month antecedent ST anomalies contrib-
ute less than 10% to LH anomalies. In one word, antecedent 
positive ST anomalies can lead to negative LH anomalies 
in Area1, and the contributions of antecedent ST anoma-
lies to LH anomalies decrease with lead time. Additionally, 
1-month positive antecedent ST anomalies lead to positive 
LH anomalies in summer.

The impact of antecedent SM on LH is stronger in spring, 
autumn and winter than in summer, and positive SM anoma-
lies can lead to positive LH anomalies in Area2 (Fig. 11). 
In spring, 1-month antecedent SM anomalies contribute 0% 
to 40% to LH anomalies. 3-month and 6-month antecedent 
SM anomalies contribute less than 10% to LH anomalies 

The impact decreases successively from summer to spring, 
from spring to autumn, from autumn to winter. The dif-
ferences across four seasons manifest in Area1. In spring, 
1-month antecedent ST anomalies contribute from 0 to 
40% to SH anomalies in western Area1, from − 10 to 10% 
in the areas south of 30°N, from 10 to 50% in southwest 
China, and from 10 to 30% in the coastal areas of southeast 
China (Fig. 10a). 3-month antecedent ST anomalies have a 
relatively reduced impact on SH anomalies, and contribute 
more than 10% to SH anomalies in the northern and west-
ern parts of Area1, as well as in southwest China in spring 
(Fig.  10e). 6-month antecedent ST anomalies account for 
less than 10% of SH anomalies (Fig.  10l). In summer, 
1-month antecedent ST anomalies contribute from 30 to 
50% to SH anomalies in most of Area1. In the areas south of 
30°N, the contribution ranges from 0 to 30%, with from 20 
to 30% in most areas within this region (Fig. 10b). With the 
exception of the western area of Area1, where the contribu-
tion of 3-month antecedent ST anomalies to SH anomalies 
ranges from 20 to 50%, the contribution in the remaining 
areas is between 0 and 10% (Fig.  10f). The contribution 
of 6-month antecedent ST anomalies to SH anomalies are 
mainly less than 10%, with the contribution is concentrated 
within the 10–50% range in the western parts of Area1. In 
autumn, 1-month antecedent ST anomalies contribute from 
0 to 30% to SH anomalies (Fig. 10c). The contributions of 
3-month and 6-month antecedent ST anomalies mainly lie 
in the 0–10% range (Fig. 10g and n). In winter, the contri-
butions of 1-month, 3-month and 6-month antecedent ST 
anomalies to SH anomalies are mainly between − 10 and 
10%. In one word, antecedent positive ST anomalies can 
lead to positive SH anomalies, and the contribution of ante-
cedent ST anomalies to SH anomalies is higher in summer 
and spring, especially in Area1. SH largely governs the cou-
pling strength between ST and T2m. As shown in Fig. 10, 
the spatial pattern of the relationship between ST and SH 
is consistent with the pattern of ST–T2m coupling strength 
reported by Li et al (2022).The impact of antecedent SM on 
SH varies with regions and seasons (Fig. 11). The contribu-
tion of antecedent SM anomalies to SH anomalies is mainly 
between − 10 and 10% in Area2. Moreover, when the lead 
time is 1 month, the contribution ranges from − 10 to -50%. 
The contribution of antecedent SM anomalies to SH anoma-
lies is higher in winter and spring. When the lead time is 3 
and 6 months, the contribution of antecedent SM anomalies 
to SH anomalies is very small, with the exception of the four 
sites in the western part of Area2, consistent with the spatial 
characteristics of MLTSM (Fig. 7).

The impact of antecedent ST on LH differs across dif-
ferent regions and throughout different seasons (Fig.  12). 
In spring and summer, the LH anomalies caused by posi-
tive antecedent ST anomalies are negative and positive in 

1 3

  112   Page 12 of 21

Content courtesy of Springer Nature, terms of use apply. Rights reserved.



Influence of persistent soil temperature and soil moisture anomalies on land surface fluxes in China

anomalies facilitate the occurrence of positive emittedLW 
anomalies. In spring, the contribution of antecedent ST 
anomalies to emittedLW anomalies exhibit distinct regional 
variations: in Area1, the contribution is from 10% to over 
50%; in the southwest part of China, it spans from 10 to 50%; 
in the eastern coastal areas, it ranges from 30 to 40%; and in 
the remaining area, it is mainly from 10 to 30% (Fig. 13a). 
The contribution of 3-month antecedent ST anomalies 
predominantly ranges from 10 to 50% in the western and 
northern parts of Area1. The contribution mainly varies 
from 0 to 10% in the remaining areas, except for the south-
west and southeast part of China, where it is about 10% to 
20% (Fig. 13e). The contribution of 6-month antecedent ST 
anomalies is from 0% to over of 50%, and it mainly ranges 
from 0 to 10% in the remaining areas (Fig. 12l). In sum-
mer, the contribution of 1-month antecedent ST anomalies 

(Fig. 11q and u). In summer, the contributions of 1-month, 
3-month and 6-month antecedent SM anomalies to LH 
anomalies are primarily less than 10% (Fig. 11n, r and v). 
In autumn, 1-month antecedent SM anomalies contribute 
10–50% to LH anomalies (Fig. 11o). 3-month and 6-month 
antecedent SM anomalies contribute less than 10% to LH 
anomalies (Fig. 11s and w). In winter, 1-month antecedent 
SM anomalies contribute 20% to over 50% to LH anoma-
lies (Fig. 11p). 3-month antecedent SM anomalies contrib-
ute 0–40% to LH anomalies, while 6-month antecedent SM 
anomalies predominantly contribute less than 10% to LH 
anomalies (Fig. 11x).

The impact of antecedent ST on emittedLW show similar 
characteristics to the impact of antecedent ST on SH, and 
the impact is significantly stronger in summer and spring 
than in winter and autumn (Fig. 13). Positive antecedent ST 

Fig.  11  Contributions of SM at different lead times to current SH/
LH/emittedLW anomalies in ERA5-Land. The first, second, third and 
fourth columns correspond to spring, summer, autumn and winter, 

respectively. The first, second and third rows correspond to lead times 
of 1 month, 3 months and 6 months, respectively
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Fig.  13  Contributions of ST at different lead times to current emit-
tedLW anomalies in ERA5-Land. The first, second, third and fourth 
columns correspond to spring, summer, autumn and winter, respec-

tively. The first, second and third rows correspond to lead times of 
1 month, 3 months and 6 months, respectively

 

Fig. 12  Contributions of ST at different lead times to current LE anom-
alies in ERA5-Land. The first, second, third and fourth columns cor-
respond to spring, summer, autumn and winter, respectively. The first, 

second and third rows correspond to lead times of 1 month, 3 months 
and 6 months, respectively
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values, with T2m showing particularly good agreement. 
However, the simulated T2m in January is significantly 
lower than observed, particularly in the dry–wet transition 
zones, with differences reaching up to 8 °C. The simulated 
July T2m is underestimated in southern regions but over-
estimated in northern regions, with cold biases reaching 
8 °C and warm biases up to 6 °C. Simulated precipitation 
in both January and July is notably underestimated, espe-
cially in the Yangtze-Huai and southeastern regions, with 
deficits reaching 20 mm and 200 mm in January and July, 
respectively. The simulation biases may lead to inaccura-
cies in the calculation of the memory of ST/SM anomalies 
and the influence of ST/SM on subsequent surface fluxes 
derived from the model results. Although the model cap-
tures the spatial patterns of temperature and precipitation 
reasonably well, its simulation of their magnitudes is less 
accurate, which is consistent with previous studies (Kong et 
al. 2019, 2020; Gao 2020).

The MLTST and MLTSM depend on the persistence 
time of ST and SM anomalies, respectively. As shown in 
Fig. 14, the simulated persistence of SM anomalies exceeds 
9 months in most areas. Compared to the simulated persis-
tence of SM anomalies, the MLTSM derived from reanalysis 
data is significantly shorter, particularly in ERA5-Land. The 
simulated persistence of ST anomalies exceeds 6 months in 
the regions of (20° N–27° N, 107° N–115° N), (32° N–38° 
N, 105° N–115° N) and parts of Northeast China. However, 
the MLTST derived from both MERRA-2 and ERA5-Land 
in the region (20° N–27° N, 107° N–115° N) is noticeably 
shorter. The long MLTST derived from MERRA-2 in the 
region (27° N–35° N, 103° N–120° N) is not reflected in the 
simulated persistence time of ST anomalies. Moreover, the 
long MLTST both in MERRA-2 and ERA5-Land is also not 
reflected in the simulated persistence time of ST anomalies 
in Yunnan province. Additionally, both the simulated persis-
tence time of ST anomalies and the MLTST derived from 
ERA5-Land exhibit high values in the region (32° N–38° N, 
105° N–115° N). In short, the regions exhibiting high val-
ues in the simulated ST persistence and the MLTST are not 
fully consistent. The MLTST from ERA5-Land shows bet-
ter agreement with the simulated ST persistence in northern 
areas than that from MERRA-2.

Based on the simulations, the maximum lag time at which 
ST and SM anomalies can still affect SH, LH and emittedLW 
(MLTST-SH/MLTST-LH/MLTST-emittedLW/MLTSM-
SH/MLTSM-LH/MLTSM-emittedLW) were analyzed. The 
spatial patterns of the influence of ST on subsequent surface 
fluxes (ASTFlux) are approximately consistent with those 
of the persistence time of ST anomalies (Fig. 15). Positive 
ST anomalies contribute to increased SH, and the influ-
ence of ST on subsequent SH decrease rapidly over time, 
and the strength of the influence in both ERA5-Land and 

is mostly higher than 20%, and it is from 30% to over of 
50% in Area1, Hainan Island, the southwest part of China 
and the coastal areas of Guangdong province (Fig.  13b). 
3-month antecedent ST anomalies contribute 20% to over 
50% in the western part of Area1, and contribute mainly less 
than 10% in the remaining areas (Fig. 13f). The contribu-
tion of 6-month antecedent ST anomalies is merely less than 
10%, with the exception of certain parts of Area1, where 
it ranges from 10% to over 50% (Fig.  13m). In autumn, 
1-month, 3-month and 6-month antecedent ST anomalies 
contribute less than 10% to emittedLW anomalies (Fig. 13c, 
g and n). In winter, the contribution of 1-month anteced-
ent ST anomalies ranges from 10 to 40% in Area1 and the 
southwest part of China (Fig. 13d), while it is less than 10% 
in the remaining areas. 3-month antecedent ST anomalies 
contribute 10–40% to emittedLW anomalies in the region 
of 115°E-120°E and 33° N–36° N, and contribute less than 
10% in the remaining areas. 6-month antecedent ST anoma-
lies contribute less than 10% to emittedLW anomalies. In 
one word, antecedent positive ST anomalies can lead to 
positive emittedLW anomalies in Area1, and the contribu-
tions of antecedent ST anomalies to emittedLW anomalies 
decrease with lead time. Moreover, the contribution of ante-
cedent ST anomalies to emittedLW anomalies is greater in 
spring and summer than in winter and autumn.

The impact of antecedent SM on emittedLW varies 
with regions and seasons (Fig. 11). When the lead time is 
1  month, the contribution ranges from −  10 to −  40% in 
spring, from − 10 to − 50% in summer, from 10 to − 10% 
in autumn, and from 0 to − 10% in winter. The contribu-
tion of antecedent SM anomalies to emittedLW anomalies 
is higher in summer and spring. When the lead time is 3 and 
6 months, the contribution of antecedent SM anomalies to 
emittedLW anomalies is very small, with the exception of 
the four sites in the western part of Area2, consistent with 
the spatial characteristics of MLTSM (Fig. 11).

Given the close couplings between ST/SM and SH/LH/
emittedLW, the impact of antecedent ST/SM on these fluxes 
is largely governed by the memory of ST and SM anoma-
lies. Consequently, the spatial patterns of the flux anomalies 
associated with ST/SM are highly consistent with those of 
MLTST and MLTSM.

3.4  The simulated influence of ST and SM on 
subsequent land surface fluxes

Based on the simulations conducted with the WRF4.3 
model, the influence of ST and SM on subsequent surface 
fluxes was analyzed. To better evaluate model performance, 
the year 2023 was selected as a case study. As shown in 
Figure S2, the WRF-simulated T2m and Rainfall generally 
capture the spatial patterns and magnitude of the observed 
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consistent with the regions characterized by high MLTST 
values between 35°N and 40°N in the simulations. The area 
characterized by high MLTST values in southeastern China 
is not reflected in the spatial patterns of ST influence on sub-
sequent surface fluxes in ERA5-Land and MERRA-2.

The influence of SM on subsequent surface fluxes 
(ASMFlux) exhibits similar spatial patterns and temporal 
variations between ERA5-Land and MERRA-2. The spa-
tial patterns of the influence of SM on subsequent surface 
fluxes in the simulations are broadly consistent with those 
of the ASMFlux in ERA5-Land and MERRA-2 (Fig. 16). 
In most parts of the region (20°N-40°N, 100°N-120°N), the 
maximum lag time at which SM can influence surface fluxes 
exceeds 6 months, particularly for SH and LH. Moreover, 
the west-strong-east-weak spatial pattern of the influence 
of SM on subsequent surface fluxes in the simulations is 
broadly consistent with that of ASMFlux in ERA5-Land 
and MERRA-2.

4  Conclusion and discussion

This study focuses on the impact of antecedent SM and ST 
on current land surface fluxes through modifying current SM 
and ST in China. Given the scarcity of ST and SM obser-
vation data, reanalysis data is evaluated and utilized. The 
reanalysis data include ERA5-Land, MERRA-2, NCEP and 
GLDAS. The four reanalysis ST and SM data was evaluated 
from the perspective of interannual variations. Compared 
to the other datasets, the interannual variations of ERA5-
Land exhibit a greater similarity to observational data, 
regardless of whether the variable is ST or SM, followed by 

MERRA-2 exhibits a "high-low–high" spatial pattern from 
north to south within the region (20° N–40° N, 105° N–120° 
N), which is consistent with the MLTST-SH derived from 
simulations (Fig. 15a–g).

Positive ST anomalies contribute to decreased LH, and 
the influence of ST on subsequent LH decrease rapidly over 
time, and the strength of the influence in MERRA-2 exhib-
its a "high-low–high" spatial pattern from north to south 
within the region (20° N–40° N, 105° N–120° N), which is 
consistent with the MLTST-LH derived from simulations. 
Moreover, the influence in ERA5-Land is stronger north of 
35°N, and the regions with high MLTST-LH can’t be found 
in those in ERA5-Land. Additionally, the regions where the 
influence value ranges from 10 to 20% are largely consistent 
with those where MLTST-LH exceeds 6 months within the 
region (32° N–38° N, 105° N–115° N) (Fig. 15h–n).

The spatial patterns of ASTFlux-emittedLW in MERRA-2 
and ERA5-Land exhibit similar features, and the values in 
ERA5-Land are higher than those in MERRA-2 for regions 
north of 35°N and lower for regions to south. The influ-
ence of ST on emittedLW at a one-month lag in ERA5-
Land shows spatial similarity to MLTST-emittedLW in the 
simulations, except in Yunnan province, and the areas with 
high values in ERA5-Land are more extensive than those 
with high values of MLTST-emittedLW in the simulations. 
Moreover, the areas with high values of MLTST-emittedLW 
in the region (32° N–38° N, 105° N–115° N) are broadly 
consistent with those with high values in ERA5-Land, and 
the high-value areas of MLTST-emittedLW in southeastern 
China are not found in both ERA5-Land and MERRA-2.

In summary, the areas exhibiting a strong influence of 
ST on subsequent surface fluxes in ERA5-Land are broadly 

Fig. 14  The spatial distributions of the MLTSM (a, b) and MLTST (d–e). c and f are the memory time of SM and ST anomalies obtained from the 
simulations. a and d are obtained from the MERRA-2 data, while b and e are obtained from the ERA5-Land data
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Area1 (33°N-42°N, 105°E-120°E), where it can reach up to 
11 months. In winter, spring, summer and autumn, MLTSM 
ranges from 1 to 5 months, from 0 to 5 months, from 0 to 
2 months, and from 0 to 2 months, respectively. The signals 
with a relatively long lead time that are closely related to 
the ST and SM of the first layer mainly come from deep 
soil layer. Both MERRA-2 and ERA5-Land indicate that 
the MLTSM decrease successively from winter to spring, 
spring to autumn, autumn to summer. Furthermore, the 
MLTSM is higher in the western part than in the eastern part 
of the Area2. However, notable differences exist between 
the MLTSM values derived from MERRA-2 and those from 
ERA5-Land.

Moreover, in terms of temporal variability, SH and emit-
tedLW data from ERA5-Land demonstrate stronger agree-
ment with observations than those derived from MERRA-2. 
Using ERA5-Land data, positive antecedent ST anoma-
lies mainly lead to positive SH anomalies, negative LH 

MERRA-2. Moreover, the monthly variations of the corre-
lation between ST in different soil layers and surface fluxes 
exhibit consistent patterns, and the same holds true for SM. 
Additionally, the correlation characteristics between ST/SM 
and surface fluxes are largely consistent between ERA5-
Land and MERRA-2. And among all soil layers, both the 
ST and SM in the first soil layer show the strongest cor-
relation with surface fluxes. Therefore, particular emphasis 
was placed on the concurrent ST and SM in the first soil 
layer in relation to surface fluxes in the analysis. Based on 
the similarity in interannual variability with observational 
data, a subset of the ST and SM data from ERA5-Land and 
MERRA-2 was selected for further analysis.. ERA5-Land 
captures the spatial distribution and seasonal variability 
of the observation-based MLTST more accurately than 
MERRA-2. In ERA5-Land, MLTST exhibits greater val-
ues in summer and spring than in autumn and winter. Com-
pared with other areas, MLTST is significantly greater in 

Fig. 15  The influences of 
antecedent ST on SH, LH and 
emittedLW. The left panels cor-
respond to the contributions of 
ST at different lead times to cur-
rent land surface flux anomalies 
(ASTFlux-SH/ASTFlux-LH/
ASTFlux-emittedLW), all of 
which are derived from the 
reanalysis data. The right three 
panels show the maximum lag 
time at which ST can influence 
surface flux anomalies (MLTST), 
all derived from observational 
data
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however, substantial discrepancies exist in certain regions. 
The biases of the simulations could affect the accuracy of 
the MLTST/MLTSM and the influence of ST/SM on sub-
sequent surface fluxes derived from the simulations. The 
regions exhibiting high values in the simulated ST persis-
tence and the MLTST from ERA5-Land and MERRA-2 are 
not entirely spatially consistent. The MLTST from ERA5-
Land shows better agreement with the simulated ST persis-
tence in Area1 than that from MERRA-2. Moreover, with 
the exception of southeastern China, the areas exhibiting 
high MLTST values in the simulations are broadly con-
sistent with Area 1, where is characterized by high AST-
Flux values in ERA5-Land. However, the region of high 
MLTST values in southeastern China in the simulations 
is not reflected in the spatial distribution of high ASTFlux 
in either ERA5-Land or MERRA-2, and this region is not 
reflected in the MLTST derived from the observations. The 
west-strong-east-weak spatial pattern of the influence of SM 

anomalies and positive emittedLW anomalies. In contrast, 
positive antecedent SM anomalies mainly result in negative 
SH anomalies, positive LH anomalies and negative emit-
tedLW anomalies. Using ERA5-Land data, the areas with 
high ASTFlux values are broadly consistent with regions 
characterized by high MLTST, and the impact of antecedent 
ST on surface fluxes is significantly more intense in Area1 
than in the remaining areas, and the impact of antecedent 
ST on surface fluxes decreases from summer and spring 
to autumn and winter. The contribution of antecedent SM 
anomalies to SH and LH anomalies is higher in winter, 
autumn and spring than in summer, and the impact of ante-
cedent SM on surface fluxes is stronger in the western part 
of Area2 than in the other regions. The contribution of ante-
cedent SM anomalies to emittedLW anomalies is higher in 
summer and spring than in autumn and winter.

The WRF-simulated T2m and rainfall generally capture 
the spatial patterns and magnitude of the observed values; 

Fig. 16  The influences of 
antecedent SM on SH, LH and 
emittedLW. The left panels cor-
respond to the contributions of 
SM at different lead times to cur-
rent land surface flux anomalies 
(ASMFlux-SH/ASMFlux-LH/
ASMFlux-emittedLW), all of 
which are derived from the 
reanalysis data. The right three 
panels show the maximum lag 
time at which SM can influ-
ence surface flux anomalies 
(MLTSM), all derived from 
observational data
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its product tailoring services. The full product details are accessible 
through the following link: ​h​t​t​p​​:​/​/​​d​a​t​a​​.​c​​m​a​.​​c​n​/​e​​n​/​?​​r​=​a​​r​t​i​​c​l​e​​/​g​e​t​​L​e​​f​t​/​​i​d​
/​3​​4​3​/​​k​e​y​​I​n​d​e​x​/​3​0.
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