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1. Introduction
The Tibetan Plateau (TP) is located in the subtropics of eastern Eurasia, and its climate is under the combined 
influences of the East Asian, South Asian monsoons (Tao & Ding,  1981; Webster et  al.,  1998) and of the 
mid-latitude westerlies (Schiemann et  al.,  2008). In boreal summer, the atmospheric circulation over the TP 
features evident subseasonal signals with a significant quasi-biweekly (QBW) periodicity, which strongly modu-
lates the initiation and development of extreme meteorological events in both local and downstream regions (e.g., 
Duan et al., 2012; Dugam et al., 2009; Wang et al., 2009). The skillful prediction in amplitude and duration of 
QBW atmospheric anomalies over the TP is crucial for improving local and surrounding subseasonal prediction, 
but it is still challenging scientifically.

As the hot spot of land-air interaction (Koster et  al.,  2004; Ma et  al.,  2010), the TP land has been found to 
evidently influence the atmosphere through modulating the energy and water budgets in different timescales 
(e.g., Liu et al., 2020; Wei & Dirmeyer, 2010; Ye, 1981). Most previous studies concentrate on diurnal (e.g., Xu 
et al., 2002), interannual (e.g., Ullah et al., 2021) and decadal timescales (Zhang et al., 2018), but few studies 
paid attention to the TP land effect on the atmospheric circulation and precipitation anomaly at the subseasonal 
timescale.

Some recent studies have underlined the importance of the subseasonal land-air interaction over the TP from the 
perspective of soil moisture and snow cover. For instance, Wan et al. (2017) pointed out that the drier soil over 
the TP can increase surface sensible heat flux in summer and enhance an anti-cyclonic anomaly over the Yangtze 
Basin, thus blocking the northward subseasonal migration of precipitation. Li et al. (2018) reported the evident 
subseasonal lag relationship between snow cover over the TP and East Asian atmospheric circulation during 
wintertime. However, the land surface soil temperature (Tsoil) on subseasonal precipitation over the TP has not 
been clarified in boreal summer.

Abstract The precipitation over the eastern Tibetan Plateau (ETP, here defined as 29°–38°N, 91°–103°E) 
usually exhibits significant subseasonal variation during boreal summer. As the hot spot of land-air interaction, 
the influences of ETP surface soil temperature (Tsoil) on the local precipitation through subseasonal land-air 
interaction are still unclear but urgently needed for improving subseasonal prediction. Based on station and 
reanalysis datasets of 1979–2018, this study identifies the evident quasi-biweekly (QBW) (9–30 days) periodic 
signal of ETP surface Tsoil variation during the early summer (May–June), which results from the anomalies of 
southeastward propagating mid-latitude QBW waves in the mid-to-upper troposphere. The observational results 
further show that the maximum positive anomaly of precipitation over the ETP lags the warmest surface Tsoil 
by one phase at the QBW timescale, indicating that the warming surface Tsoil could enhance the subseasonal 
precipitation. The numerical experiments using the WRF model further demonstrate the effect of warming 
surface Tsoil on enhancing the local cyclonic and precipitation anomaly through increasing upward sensible 
heat flux, the ascending motion, and water vapor convergence at the QBW timescale. In contrast, the effect 
of soil moisture over the ETP is much weaker than Tsoil at the subseasonal timescale. This study confirms 
the importance of surface Tsoil over the ETP in regulating the precipitation intensity, which suggests better 
simulating the land thermal feedback is crucial for improving the subseasonal prediction.
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The Tsoil is a primary indicator of land thermal feature and the crucial forcing in coupled climate models (Delworth 
& Manabe, 1988; Seneviratne et al., 2006; Yeh et al., 1984), which plays an important role in land-air interactions 
(Yeh et al., 1984) and has wide applications to agricultural production (Deardorff, 1978; Mihalakakou, 2002). 
For one thing, the Tsoil has its climate memory ranging from weeks to season, which has been recognized as 
an important predictability source for subseasonal prediction (e.g., Amenu et al., 2005; Dirmeyer et al., 2018; 
Mariotti et al., 2018; Yang & Zhang, 2016). The Tsoil memory over the TP in different land models calculated by 
Qiu et al. (2021) shows that the averaged lengths of Tsoil memory at 0.05 m depth fall at the subseasonal range 
(15.8∼54 days), which suggests that Tsoil potentially influences subseasonal prediction over TP. For another thing, 
the initialization of Tsoil has been found to have a significant impact on medium-range prediction (e.g., Guo 
et al., 2002; Qian & Shen, 1990). Particularly, a recent research project named Impact of Initialized Land Surface 
Temperature and Snowpack on Subseasonal to Seasonal Prediction (LS4P) has reported that the Tsoil anomaly 
over the TP in May can evidently affect the lead-1 month prediction of the downstream precipitation based on 
multi-model experiments (Xue et al., 2018, 2021, 2022). In spite of the strong implications from these pioneer 
numerical studies, the linkage between the surface Tsoil and the atmospheric circulation/precipitation and associ-
ated physical mechanism at subseasonal timescale has not been well recognized over some core regions of TP.

To explore the influence of surface Tsoil over the TP on subseasonal prediction, it should first verify the linkage 
between the surface Tsoil and atmospheric circulation/precipitation over the TP at the subseasonal timescale. 
Based on the long-record station and reanalysis datasets, this study aims to investigate the subseasonal features 
of surface Tsoil in the plateau region during summer and clarify the Tsoil effect on the subseasonal precipita-
tion through composite analysis and case modeling experiments. The rest of the article is organized as follows. 
Section 2 describes the datasets, methodology, and regional model. Section 3 addresses the dominant subseasonal 
variability of surface Tsoil over the core region of TP. The influence of the subseasonal atmospheric circulation 
on surface Tsoil is presented in Section 4. The numerical results about the land feedback on the atmosphere are 
comprehensively addressed in Section 5. Finally, the discussion and conclusion are provided in Section 6.

2. Data, Methods, and Model Description
2.1. Data

The daily-mean Tsoil for the period of 1979–2018 was extracted from the ERA-Interim reanalysis produced by 
the European Center for Medium Range Weather Forecasts, which has a 0.75° horizontal resolution and four 
layers in the vertical direction with a top-down thickness of 0.07, 0.21, 0.72, and 1.89  m, respectively (Dee 
et al., 2011; Simmons et al., 2007). The uppermost Tsoil is adopted for calculating the surface Tsoil in this study. 
The ERA-Interim product is commonly used in TP research and the related regional numerical simulation as 
a driving dataset (e.g., Gao et al., 2015; Maussion et al., 2014; Ullah et al., 2018). Some previous studies also 
have demonstrated ERA-interim Tsoil is reliable in describing the subseasonal variation over the TP region (e.g., 
Su et al., 2011; Yang et al., 2020). To ensure the robustness of our results, the observational station dataset of 
Tsoil over the TP was also retrieved from the National Tibetan Plateau/Third Pole Environment Data Center (Su 
et al., 2011) to make a comparison, which supports the major results both in the total field and QBW component.

Observational precipitation data from rain gauge stations without missing records over the TP was derived from 
the China Meteorological Administration (http://data.cma.cn). The geographical locations of the above station 
are shown in Figure 1a. In addition, the daily atmospheric circulation fields including air temperature, surface 
pressure, horizontal winds, specific humidity, vertical velocity, and geopotential height were retrieved from the 
ERA-Interim reanalysis product with a 1.5° horizontal resolution and 37 pressure levels in the vertical coordinate.

2.2. Methods

To identify the specific periodicity of surface Tsoil, the subseasonal component was first extracted from the raw 
daily data through removing the climatological mean (defined over 1981–2010) and synoptic fluctuations using 
a 5-day running mean successively (Qi et al., 2019; Yang et al., 2010). Then power spectrum analysis with a 
tapered window (Bingham et al., 1967; Gilman et al., 1963) was performed on the time series of subseasonal 
components in the target period each year. Finally, according to the results of the power spectrum, the band 
filtering technique using the fast Fourier transform, which has been broadly used at the subseasonal time scale 
in previous studies (e.g., Bloomfield, 2000; Gao et al., 2018; Hu et al., 2016; Wang & Duan, 2015), was applied 

 21698996, 2022, 23, D
ow

nloaded from
 https://agupubs.onlinelibrary.w

iley.com
/doi/10.1029/2022JD

037250 by C
ochraneC

hina, W
iley O

nline L
ibrary on [30/11/2022]. See the T

erm
s and C

onditions (https://onlinelibrary.w
iley.com

/term
s-and-conditions) on W

iley O
nline L

ibrary for rules of use; O
A

 articles are governed by the applicable C
reative C

om
m

ons L
icense

http://data.cma.cn


Journal of Geophysical Research: Atmospheres

QI ET AL.

10.1029/2022JD037250

3 of 16

to derive the dominant subseasonal signals. Meanwhile, the Lanczos and Butterworth bandpass filters were also 
applied to extract the subseasonal component to ensure robustness. In reality, the major findings of this work are 
not sensitive to different filtering methods.

Phase compositing technique (Fujinami & Yasunari, 2004; Gao et al., 2018; Yang et al., 2014) was employed here 
for describing the common feature of spatial-temporal evolution among selected subseasonal cycles for meteoro-
logical variables. This composite analysis is made based on phases. Each subseasonal (band-filtered component) 
cycle is defined to have eight phases. As shown in Figure S1a in Supporting Information S1, phases 1 and 5 are 
the dates with the coldest anomaly (the valley) phase and the warmest anomaly (the peak) phase, respectively. 
Phase 3 and 7 are the dates with zero anomalies. Phases 2 and 8 (4 and 6) are the transitional phases and roughly 
the middle dates between the minimum (maximum) and zero anomalies. After that, the typical cycles whose peak 
and valley values exceed ±0.8 times the standard deviation of the subseasonal component were selected as signif-
icant events. Thus, the subseasonal structure and propagation are examined based on its life cycle. The student's-t 
test was performed to assess the statistical significance of composite results. To ensure a strict confidence level 
for statistical test, the effective degree of freedom is estimated according to Pyper and Peterman  (1998), the 
formulation of ���� given by ���� ≈ �

1+2
∑�

�=1
�−�
� �1(�)�2(�)

 , where N is 2,440 and 𝐴𝐴 𝐴𝐴1(𝑘𝑘) and 𝐴𝐴 𝐴𝐴2(𝑘𝑘) are the lag k-day 
autocorrelation coefficient of surface Tsoil and precipitation, respectively.

Figure 1. (a) Elevation over the Tibetan Plateau (shadings, m). The dots represent the location of the CMA rain gauge stations and the color of the dots denotes 
the climatological monthly precipitation (mm) in early summer (May–June). The purple box denotes the eastern Tibetan Plateau (ETP) region. (b) Time series of 
climatological daily (line) and monthly mean (bars) surface soil temperature (Tsoil) (°C) averaged over the ETP. (c) The variance of the subseasonal component of 
surface Tsoil averaged over the ETP in boreal summer. (d) The 40-year averaged power spectrum of the subseasonal component of daily surface Tsoil in May and 
June over the ETP (blue line), compared with Markov red noise spectra (dashed red lines), a priori 99% confidence bound (dashed green lines) and a posterior 99% 
confidence level (dashed black lines).
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2.3. Model and Experimental Design

The Advanced Research WRF model (version 4.2), a regional and non-hydrostatic atmospheric simulation system 
with sigma terrain-following coordinates (Skamarock et al., 2008), was used to investigate the possible feedback 
of the Tsoil to the atmosphere. The following physical parameterization schemes were set in the experiments to 
achieve the best performance: the WRF single moment six class microphysics scheme (Hong & Lim, 2006), the 
Yonsei University scheme for the planetary boundary layer (Hong et  al., 2006), the multi-scale Kain–Fritsch 
scheme for cumulus parameterization (Glotfelty et  al.,  2019; Zheng et  al.,  2016), the RRTMG (rapid radia-
tive transfer model for general circulation models) shortwave and longwave schemes (Iacono et al., 2008), the 
revised MM5 scheme for surface layer (Jimenez et al., 2012), and the unified Noah land surface model (Tewari 
et al., 2004). All schemes were taken with default settings and no further tuning are made.

The initial and lateral boundary forcing were taken from ERA-Interim reanalysis at 6-hr intervals and 26 vertical 
pressure levels from the surface to 10 hPa. As the input of the land model component, the geographical surface 
data included 21-class MODIS land use data and soil type data from the Food and Agriculture Organization 
of the United Nations and 30 arcsec terrain elevation data from the U.S. Geological Survey and the National 
Geospatial-Intelligence Agency. In order to identify the feedback of surface Tsoil to the atmospheric anomalies, we 
conducted three ensemble experiments with the same model configuration based on a typical subseasonal event 
in the early summer of 2018, which will be presented in further detail in Section 5.

3. Subseasonal Variation of Surface Tsoil Over the Eastern TP
3.1. QBW as the Dominant Subseasonal Periodicity of Surface Tsoil Over the Eastern TP

Rainy days over the TP usually occur in the boreal summer owing to the TP thermal effect and monsoon flow 
(Hu et al., 2016; Zhang et al., 2014), and the precipitation predominantly falls over the eastern region of TP 
(Fu et al., 2020; Maussion et al., 2014). Accompanied by the anomalous cyclonic circulation and convection, 
the precipitation over the eastern TP (ETP) also features significant QBW variation (e.g., Feng & Zhou, 2012; 
Fujinami & Yasunari, 2009; Liu et al., 2007; Yang et al., 2017). Since the ETP is the core region of subseasonal 
rainfall activities in boreal summer and the spatial distribution of the anomalous surface Tsoil is not uniform over 
the entire TP domain, we concentrate on the surface Tsoil over the ETP (here defined as 29°–38°N, 91°–103°E), 
rather than over the entire domain of TP in this study.

Seasonally frozen surface soil is widely distributed in the alpine region of ETP (Luo et  al.,  2020; Yang & 
Wang, 2019) that thaws in summer and refreezes in winter. When this layer's depth increase, the frozen soil 
freezes deeper in winter, which is different from the active layer underlain by permafrost. When the active 
layer increases the permafrost thaws deeper (Li et al., 2021). In climatology, the soil over the ETP enters the 
freeze-thaw period starting from April with the monthly averaged surface Tsoil rising above 0°C (Figure 1b). And 
the subseasonal component of surface Tsoil averaged over the ETP has the largest variance in the period of May 
and June (Figure 1c), which accounts for more than 65% of the total variance. As such, we focus on the early 
summer (May–June) to study the subseasonal variation of surface Tsoil. To identify the predominant periodicity 
of the surface Tsoil over the ETP, we made a multi-year power spectral analysis for the region-averaged Tsoil during 
the 40 early summers of 1979–2018. As shown in Figure 1d, the QBW (9–30-day) is the dominant periodicity 
of the region-averaged Tsoil over the ETP, which is very similar to the dominant subseasonal periodicity of the 
atmospheric signal.

Based on the selected 50 significant cases of surface Tsoil QBW evolution (Figure S1b & Table S1 in Supporting 
Information S1) following the criteria introduced in Section 2.2, the spatial-temporal evolution of the surface Tsoil 
QBW variation are explored along phase 1–8 through a phase composite technique. As shown in Figure 2a, the 
coldest QBW anomaly of surface Tsoil occurs over the ETP at Phase 1. From Phase 1 to Phase 3, the QBW cold 
anomaly of surface Tsoil weakens gradually. The surface Tsoil warm anomaly appears at Phase 4 and reaches the 
maximum warming at Phase 5 for QBW. Afterward, the warm anomaly of surface Tsoil is reduced and the cold 
anomaly appears again at Phases 7–8. As shown in Figure 2b, from Phase 1 to Phase 5 (this period is defined 
as “the surface soil warming phase” for brevity), the composite area-averaged total surface Tsoil over the ETP 
warms by 3.3°C (yellow bars) while its QBW component warms by 1.8°C (red line), which suggests the overall 
contribution of surface Tsoil QBW amplitude to the total amplitude is more than 50% and indeed significant over 
the ETP. Further calculation demonstrates that the ratio of the QBW Tsoil warming to the total Tsoil warming can 
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be accounted for 51% on average in the selected events, which also indicates the QBW signal is crucial over the 
ETP in early summer.

3.2. QBW Warming of Surface Tsoil Forced by QBW Atmospheric Waves

Since Many previous studies have reported that the atmosphere over the ETP exhibits an evident QBW signal 
that is associated with mid-latitude waves (e.g., Fujinami & Yasunari, 2004; Fujinami & Yasunari, 2009; Hu 
et  al.,  2016; Pan et  al.,  2013; Yang et  al.,  2017, more mentioned in Section  1), we intentionally investigate 
if the QBW warming of surface Tsoil originates from the atmosphere QBW waves. Firstly, we examined the 
spatial-temporal evolution of the atmospheric QBW circulation in both the upper and middle troposphere 
(Figure 3). During the surface soil warming phase, a southeastward propagating QBW wave train starting from 
the Mediterranean is significantly identified roughly along the westerly jet in the mid-latitudes (30°–50°N) at the 
upper level (Figure 3a). And this wave train is characterized by a typical baroclinic structure (Figure 3b), which 
has been also reported in previous research (e.g., Wang & Duan, 2015; Yang et al., 2017; Zhang et al., 2014). 
Locally speaking, a significant positive anomalous vorticity center (cyclonic anomaly) first appears at 200 hPa 
over the ETP at Phase 1 (Figure 3a), which favors the upper-level convergence anomaly and induces the local 
anomalous subsidence. At Phases 2–3, with a well-established anticyclonic anomaly at 500 hPa over the ETP 
(Figures 3b and 4a), the anomalous subsidence (Figure 4b), reduced cloud cover (Figure 4c), and the positive 
downward solar radiation anomaly (Figure 4d) reach their extrema, which lead the maximum warming of the 
surface Tsoil by three phases (about 6–9 days) at QBW timescale. Finally, the surface Tsoil reaches its maximum 
warming at Phase 5. The lead-lag relationship between the surface Tsoil and atmospheric variables (vorticity, 
vertical velocity, cloud cover, etc.) suggests that the QBW warming of the surface Tsoil over the ETP is primarily 
forced by the QBW atmospheric circulation.

Figure 2. (a) Temporal evolution of surface Tsoil (shading, °C) over the ETP on the 9–30-day timescale based on phase composite technique. Black dots denote the 
results significant at a 95% confidence level compared to the seasonal mean. Purple boxes denote the ETP region. (b) Temporal evolution of raw (left axis, yellow bars) 
and QBW (right axis, red line) surface Tsoil (°C) averaged over the ETP. “P” means “phase”.
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Figure 3. Temporal evolution of (a) 200 hPa winds (vectors, m s −1) and vorticity (shading, 10 −6 s −1) anomalies on the 
9–30-day time scale for phase 1–5 based on phase composite technique. Pink lines are the 200 hPa geopotential height 
contours at 12,490 gpm representing the location of the South Asian high. Green lines are the 200 hPa zonal winds contours 
at 25 m s −1 representing the westerly jet. (b) Same as (a), except for 500 hPa winds (vectors, m s −1) and geopotential height 
anomalies (shading, gpm). “P” means “phase”. “A” and “C” denote the center of anti-cyclone and cyclone, respectively. 
Purple boxes denote the ETP region. Only the results significant above 95% confidence level are shown.
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4. Warming Surface Tsoil Enhances Precipitation Over the ETP in QBW Variation
Along with the QBW Tsoil warming, however, we notice that the direction of anomalous surface sensible heat flux 
evidently shifts from downwards to upwards starting from Phase 4 and arrives at its positive peak value at the 
warmest phase of surface soil (Figure 5a). Meanwhile, instead of a subsidence anomaly, the ascending anomaly 
emerges in the near-surface troposphere over the ETP at Phase 5, extends upward, and reinforces at Phase 6 
(Figure 5b). These changes near the peak warming phase of Tsoil indicate that a significant impact of land on the 
atmosphere could occur, which may regulate the occurrence of the coming precipitation. As envisioned, the QBW 
peak value of the precipitation does occur at Phase 6, obviously lagging the peak warming phase of the surface 
Tsoil by one phase (2–7 days) (Figure 6a). The lead-lag relationship between the surface Tsoil and precipitation 
at QBW timescale over the ETP further suggests that the warming surface soil could play an important role in 
causing the local precipitation.

To further examine the feedback of warming soil to the atmosphere, we performed the simultaneous correlation 
analysis between the QBW surface Tsoil and precipitation at each phase shown as in Figure 6b. Exceeding the 95% 
confidence level, significant positive correlations occur at the extreme phases of surface Tsoil (Phases 1 and 5) and 
the phase of maximum precipitation (Phase 6), which suggests that the wet (dry) anomaly of the precipitation 
corresponds to the warming (cooling) surface soil at the extreme phase of QBW variation. Generally speaking, 
when the atmospheric role dominates, the positive precipitation anomaly could decrease surface Tsoil through 
reducing the shortwave radiation thus the relationship between the anomalies of surface Tsoil and precipitation 
exhibits a negative correlation. However, the present analysis shows a significant positive correlation between 
the QBW surface Tsoil and precipitation, which indicates that the positive surface Tsoil anomaly could increase the 
precipitation. This positive correlation relationship reflects the dominant role of land in physics, which is similar 
to that reflected in the atmosphere–warm ocean interaction presented by Wang et al. (2003). Accordingly, the 
significant positive correlation between the surface Tsoil and precipitation here denotes that the land feedback 
dominates the land-air interaction at the extreme phase of surface Tsoil. As shown in Figure 6c, we further detected 

Figure 4. Temporal evolution of the averaged (a) geopotential height at 500 hPa, (b) the integral vertical velocity for 
500–200 hPa, (c) cloud cover, and (d) solar radiation over the ETP at the 9–30-day timescale based on phase composite 
technique. “P” means “phase”.
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the noticeable asymmetrical lead-lag relationship between the QBW filtered precipitation and surface Tsoil. To 
be specific, a significant negative correlation between the anomalies of precipitation and surface Tsoil from day 
−7 to −2 suggests that more precipitation could lead to the reduction of surface Tsoil, reflecting the atmospheric 
role is dominated. In contrast, there is a significant positive correlation from day +1 to +5 when the anomalous 
surface Tsoil leads the precipitation, revealing the predominant role of surface Tsoil on the QBW precipitation. As 
noted above, the embodied asymmetry by the opposite sign of the correlation coefficients and the different lead/
lag times indicates the surface Tsoil could enhance precipitation at the QBW timescale.

According to the above-mentioned relationship that the anomalous positive precipitation lags the warming 
surface Tsoil by one phase, we, therefore, conjecture that the warming surface Tsoil over the ETP could exert 
significant thermal impact on the atmosphere through increasing upward sensible fluxes, ascending motion, 
and destabilizing the lower-level atmosphere, and eventually facilitate the precipitation. However, if we look 
back at the atmospheric condition, there is an anti-cyclonic anomaly at 200 hPa over the ETP at the peak phase, 
which favors the upper-level divergence anomaly and the local anomalous ascending motion. Influenced by 
an eastward cyclonic anomaly at 500 hPa, the ETP lower-level is under the control of a low-pressure anomaly 
after Phase 5 (Figure 4a & Figure S2 in Supporting Information S1), which also facilitates the development 
of convergence and ascending motion. This atmospheric circulation configuration after Phase 5 favors the 
occurrence of precipitation and the cooling of surface Tsoil. Therefore, it is difficult to separate the effect of 
the atmosphere and land process only based on the observational analysis, since the precipitation seems to 

Figure 5. (a) Temporal evolution of the averaged sensible heat flux (W·m −2) over the ETP at the 9–30-day timescale based 
on phase composite technique. (b) Longitudinal–pressure cross sections of composite results for 9–30-day phases averaged 
between 29° and 38°N. The shadings are the QBW filtered vertical velocity (10 −1 Pa·s −1, the negative value means ascending 
motion) and the contours are the QBW filtered geopotential height (gpm). The gray polygon denotes the topography and the 
shaded part with oblique lines represent ETP. Black dots denote the results significant at 95% confidence level. “P” means 
“phase”.

3m/s

(b)

(a)

 21698996, 2022, 23, D
ow

nloaded from
 https://agupubs.onlinelibrary.w

iley.com
/doi/10.1029/2022JD

037250 by C
ochraneC

hina, W
iley O

nline L
ibrary on [30/11/2022]. See the T

erm
s and C

onditions (https://onlinelibrary.w
iley.com

/term
s-and-conditions) on W

iley O
nline L

ibrary for rules of use; O
A

 articles are governed by the applicable C
reative C

om
m

ons L
icense



Journal of Geophysical Research: Atmospheres

QI ET AL.

10.1029/2022JD037250

9 of 16

occur when the cyclonic anomalies along the QBW waves invade over the ETP without land-air interaction. 
To further verify the role of the surface Tsoil indicated from observational analysis, the sensitive numerical 
experiments using the WRF model were conducted to investigate the surface soil thermal effect quantitatively 
in the next section.

Figure 6. (a) Temporal evolution of the averaged surface Tsoil (°C) and precipitation (mm day −1) over the ETP at the 9-30-day 
timescale based on the phase composite technique. (b) The correlation coefficient between precipitation and temperature for 
each phase. Asterisks denote the results significant at a 95% confidence level. (c) lead-lag correlation coefficients between the 
surface Tsoil and precipitation. The horizontal axis represents the lead/lag days. “P” means “phase”.
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5. Indispensable Roles of ETP Surface Tsoil in Enhancing QBW Precipitation: A 
Numerical Study
5.1. Experimental Design

In order to examine the thermal effect of surface Tsoil over the ETP on the precipitation anomaly, a typical QBW 
event that occurred on 12–28 May 2018 was selected from 50 typical events. As shown in Figure 7a, the surface 
Tsoil arrived at its QBW peak phase on 20 May 2018, and the warming amplitude (12–20 May 2018) of 9–30-day 
filtered Tsoil was up to 2.3°C, accounting for 45% of the real warming in observation. Aiming at the selected case, 
we conducted two ensemble WRF experiments named as the control run (CTRL) and sensitive run of surface Tsoil 
(EXP-T), respectively. Here, the CTRL was conducted using actual initial and boundary forcing to simulate the 
QBW variation, whereas the EXP-T re-initialized the forcing of Tsoil to the initial state (00hr 12 May 2018) every 
3 hr so as to eliminate the QBW fluctuation of Tsoil (Figure 7b). All the physical parameterization options for both 
the CTRL and EXP-T remain the same, and the modeling details have been described in Section 2.2.

As shown in Figure 7c, two nested grids with a horizontal grid spacing of 30 km (domain 1) and 10 km (domain 
2) were used. The outer domain had 160 (zonal) × 128 (meridional) grid points, covering the region roughly from 
10 to 42°N and 68 to 107°E, and the inner domain covered most parts of TP and the adjacent region with 253 grid 
points along the east-west direction and 175 along the north-south direction. All the integrations were initiated 
on 7 May 2018 and ended on 28 May 2018. In order to balance the forcing dynamically, the first three days (7–9 
May 2018) were considered to be the spin-up period. Each ensemble experiment has five members with different 
start times using the time-lagged technique (Qi et al., 2019; Xu et al., 2014) to reduce the possible influence of the 
initial condition, and the ensemble mean of the outputs from 10 May to 28 May 2018 were analyzed.

Figure 7. (a) Time series of raw (left axis, gy bars) and QBW (right axis, red line) surface Tsoil (shading, °C) averaged over the ETP in May 2018. (b) Schematic 
diagram of the experimental design. (c) Topography over the WRF simulation area (shaded, m). The dashed purple box represents the ETP region.
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5.2. Numerical Results

Compared with the observational examination shown in Figure 7a, the QBW development of the selected event 
is well simulated in CTRL (Figure 7b). To distinguish the role of the ETP surface Tsoil on the anomalous precip-
itation at the QBW timescale, the differences between the CTRL and EXP_T runs are exhibited in Figure 8. 
Firstly, shown as in Figure 8a, the difference in the surface Tsoil between CTRL and EXP-T features an obvious 
QBW cycle peaking at Phase 5, which confirms the QBW signal of surface Tsoil has been completely removed in 
the EXP-T. Second, the maximum difference of surface Tsoil at Phase 5 corresponds to the largest difference of 
the responded precipitation at Phase 6, which is exactly consistent with the observed lag relationship (Figure 6a). 
Compared to the total precipitation in EXP-T, the rainfall in CTRL is significantly intensified by nearly 50% with 
the QBW variation of surface Tsoil, which suggests that the QBW warming of surface Tsoil over the ETP remarkably 
increases the precipitation intensity.

To explore the mechanism of how the warming surface soil enhances precipitation at the QBW timescale, the 
differences between the CTRL and EXP-T were also calculated for the sensible heat flux, surface Tsoil, surface 
wind, vertical velocity, and surface vapor flux. First, the difference in upward sensible heat flux reaches the 
largest at Phase 5, showing an in-step change with the QBW surface Tsoil (Figure 8b). With the QBW variation 
of surface Tsoil, the upwards sensible heat flux is increased by 11% at Phase 5. Meanwhile, along with the QBW 
surface Tsoil variation in the CTRL, a clear cyclonic anomaly is detected over the ETP near the surface troposphere 
at Phase 5 (Figure 8c), and accordingly, an evident ascending anomaly appears at Phase 5 in the troposphere 
(500–150 hPa) (Figure 8d). Consistent with the above change of dynamical fields, the lower-level water vapor 
flux is increased by 23.1% at Phase 5 (Figure 8e). The numerical results indicate that the ETP warming surface 
Tsoil could significantly increase the local upward sensible heat flux and intensify anomalous ascending motion, 
which enhances the convergence of water vapor and eventually increases the local precipitation at the QBW 
timescale, which verifies the aforementioned hypothesis in Section 4.

6. Discussion and Conclusion
6.1. Discussion

Note that the soil moisture (Msoil) as with the Tsoil is also a key land factor in land-air interactions, many prior stud-
ies have investigated the roles of Msoil over the TP (e.g., Talib et al., 2021; Yang & Wang, 2019). Given that the 

Figure 8. Temporal evolution of (a) surface Tsoil (°C) and precipitation (mm·day −1), (b) sensible heat flux (W·m −2) averaged over the ETP in May 2018. The lines 
denote the ensemble mean of the control (sensitive) run. The shaded represents the range of ensemble members. (c) The difference of surface winds (vectors, m·s −1) and 
Tsoil (shading, °C) between CTRL and EXP-T at Phase 5. (d) The difference in vertical velocity (Pa·s −1, the negative value means ascending motion) between CTRL and 
EXP-T averaged over the ETP in May 2018. (e) The difference of surface vapor flux (shading, 10 −2 kg·cm −1·s −1 hPa −1) between CTRL and EXP-T at Phase 5. Black 
dots denote the results significant at 95% confidence level.
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anomalous signals of Msoil tend to be more persistent than Tsoil (Koster & Suarez, 2001; Yeh et al., 1984), current 
studies about TP Msoil and its associated land-air interaction mainly concentrated on the remote effect at seasonal/
interannual timescale (e.g., Xue et al., 2018; Zhou et al., 2002). For example, Yang and Wang (2019) reported that 
positive Msoil anomalies over the TP during the spring can enhance the summer precipitation anomalies in eastern 
China, and this relationship even can be retrospect to the anomalous Msoil conditions in the preceding autumn 
and winter. However, whether the Msoil over the ETP plays a comparable role with the Tsoil at a subseasonal time 
scale remains unclear.

To clarify the question, an additional experiment named sensitive run for Msoil (EXP-M) was designed to identify 
the role of the surface Msoil in this precipitation event. First, we found the QBW signal is not evident in the Msoil 
variation (red line in Figure 9a). With the increase of surface Msoil, the upward sensible heat flux decreases by 
around 11% on average in the EXP-M (Figure 9b). There are no significant differences in both precipitation and 
low-level circulation with and without the change of the surface Msoil (Figure 9c and 9d). Though the ascend-
ing motion is enhanced at Phase 5 in the troposphere (500–150 hPa) with the increase of the surface Msoil, the 
increased intensity of anomalous ascending and moisture is much weaker than that shown in EXP-T (Figures 9e 
and 9f). Therefore, the effect of surface Msoil on the local precipitation variation is much smaller than Tsoil on the 
subseasonal time scale.

The slight role of the Msoil in the precipitation subseasonal variation on the ETP during boreal summer is essen-
tially due to the small contribution from the local evaporation to the subseasonal rainfall because the subseasonal 
rainfall anomaly over the ETP mainly comes from the subseasonal moisture convergence from the surrounding 
regions of TP. Different from the long-term time scale including interannual and global-change time scale, the 
surface thermal effect among land-air interaction is the most important for modulating the subseasonal rainfall 
variation over the ETP. Therefore, increasing the accuracy of the surface soil thermal condition during the process 
of initialization and integration is crucial for improving rainfall subseasonal prediction, especially for the events 
with large rainfall amounts as selected in this study. To avoid cherry-picking from one case, another case is also 
examined to confirm the result (Figure S3–4 in Supporting Information S1).

Additionally, to examine whether the philosophy found here can be applied in other seasons and other regions, 
we briefly choose the late summer (July–August) and western TP region (29°–38°N, 90°–101°E) as examples for 
comparison. However, the above-mentioned significant lead-lag correlation coefficients between the surface Tsoil 
and precipitation do not occur over the western TP and in late summer (Figure S5 in Supporting Information S1). 
Therefore, this study highlighted the importance of surface Tsoil over the ETP in regulating the anomalous atmos-
pheric circulation during the early summer, which is regional dependent and worthwhile to be examined in other 
regions of the globe in future work.

7. Conclusion
Based on station and reanalysis datasets of 1979–2018, this study ascertains the evident QBW variation 
(9–30 days) of surface Tsoil over the ETP during the early summer (May–June), which is associated with south-
eastward mid-latitude QBW waves in the mid-to-upper troposphere. In turn, the QBW variation of soil heating 
over the ETP can enhance the lower-level convective static instability via the increased sensible heat flux and 
accumulated ascending motion, resulting in a significant enhancement of precipitation. The numerical results 
further demonstrate the significant Tsoil effect on enhancing the local cyclonic and rainfall anomaly through 
increasing sensible heat flux, the ascending motion, and water vapor convergence at the QBW time scale. Numer-
ical experiments also show that Tsoil feedback to the atmosphere is more significant than Msoil over the ETP in 
subseasonal land-air interactions. This study highlighted the importance of Tsoil over the ETP in regulating the 
anomalous atmospheric circulation, indicating that overlooking the role of QBW variation of Tsoil may lead to an 
underestimation of precipitation intensity. These findings not only offer a reference for evaluating how well is the 
coupled land-air process represented in subseasonal prediction models but also suggest that a better simulation of 
the impact of Tsoil on the atmosphere at QBW timescales is crucial for improving subseasonal prediction.

This work mainly investigated the effect of the subseasonal warming of the surface soil on the precipitation over 
the ETP during early summer, it would be interesting to determine whether the role is symmetric for the period 
of subseasonal cooling of the surface soil in the near future. Besides, due to the complex and diverse landforms 
over the ETP, the effect of land cover and soil texture on the surface Tsoil was not taken into account both in 
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the  observational study and numerical simulations. Therefore, the uncertainties from the soil data and WRF 
model also needs further exploration in the future study.

Data Availability Statement
The ERA-Interim data and gauge station precipitation data can be accessed on https://apps.ecmwf.int/datasets/ 
and http://data.cma.cn, respectively. The observational station dataset of soil temperature over the Tibetan Plateau 
can be retrieved from http://data.tpdc.ac.cn/en/.

Figure 9. Temporal evolution of (a) surface soil moisture (kg·kg −1) (b) sensible heat flux (W·m −2), and (c) precipitation (mm·day −1) averaged over the ETP in May 
2018. The red (blue) lines denote the ensemble mean of CTRL (EXP-M). The shaded represents the range of ensemble members. (d) The difference of surface winds 
(vectors, m·s −1) and surface soil moisture (shading, kg·kg −1) between CTRL and EXP-M at Phase 5. (e) the difference in vertical velocity (Pa·s −1, the negative value 
means ascending motion) between CTRL and EXP-M averaged over the ETP in May 2018. (f) The difference of surface vapor flux (shading, 10 −2 kg·cm −1·s −1 hPa −1) 
between CTRL and EXP-M at Phase 5. Black dots denote the results significant at 95% confidence level.
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