
1. Introduction
The recent increase in severe heat waves is a crucial indicator of global warming and has caused considerable 
socioeconomic damage (Azhar et al., 2014; Coumou et al., 2013; Knowlton et al., 2009; Meehl & Tebaldi, 2004; 
Poumadere et al., 2005). Recently, East Asia has experienced record-breaking heat waves, such as those in 2016 
and 2018 (Deng et al., 2019; Min et al., 2020; Ren et al., 2020; Yeh et al., 2018; Yoon et al., 2021). According to 
the Korean Meteorological Administration and the Korea Centers for Disease Control and Prevention, 2,125 and 
4,526 cases of heat-related diseases were reported in 2016 and 2018 in South Korea due to extreme heat wave 
for 22 and 31 days, respectively (Yoon et al., 2021). Li et al. (2022) reported that a record-breaking marine heat 
wave over the Yellow Sea occurred in August 2016, which was the warmest month ever recorded since 1982. In 
addition, the China Meteorological Administration issued heat wave alerts for 33 days in 2018. In Japan, at least 
1,032 people died from heat-related illnesses in July 2018 (Imada et al., 2019).

Extreme heat waves and high surface air temperature (SAT) can be affected by the soil moisture conditions of 
the region. Particularly, a lack of soil moisture could promote the increase in SAT under heat wave conditions 
(Fischer et al., 2007; Lorenz et al., 2010; Miralles et al., 2012, 2014; Seo et al., 2019, 2020; Yoon et al., 2018). 
Yoon et al. (2018) suggested that lower initial soil moisture content (SMC) during the 2015 South Korean heat 
wave resulted in reduced evaporation from the land to the atmosphere. They revealed that the surface heat fluxes 
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soil moisture estimates, various meteorological variables from the Global Data Assimilation System analysis 
and Integrated Multi-Satellite Retrievals for Global Precipitation Measurement observation data were used as 
atmospheric forcings for the offline simulation of the Noah land surface model (Noah-LSM). Based on the 
LIS, Soil Moisture Active Passive satellite were assimilated in the Noah LSM simulation. The assimilated soil 
moisture estimates revealed the drier land surface conditions over Northeast Asia compared with the product 
from the National Centers for Environmental Prediction Final Analysis (FNL) and were used as the initial 
condition of the WRF model. The WRF experiment initialized by the assimilated soil moisture product (LIS 
experiment) exhibited the observed surface air temperature (SAT) and 500 hPa geopotential height (500 GPH) 
over Northeast Asia compared with the result from the experiment initialized by the FNL (CTL experiment). At 
Week 1, the LIS experiment simulated warmer SAT than that from the CTL experiment, which was induced by 
the negative anomaly of latent heat flux over Mongolia. Then, 500 GPH became strong and spatially expanded 
in response to the thermal low induced by the warmer SAT, and the SAT was further increased during Weeks 2 
and 3.

Plain Language Summary The association between soil moisture and land–atmosphere interaction 
occurring in the East Asia were analyzed by focusing on the 2016 extreme heat wave case. The numerical 
experiment with the initial soil moisture from the fusion of satellite data and land surface model output 
simulated a more realistic land–atmosphere interaction over East Asia within a 3-week heat wave simulation 
period, compared to the experiment with the operational soil moisture product.
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(i.e., latent and sensible heat fluxes) are strongly associated with the soil moisture conditions during heat wave 
periods and that the increase in surface flux induced by drier soil conditions could significantly enhance the heat 
waves. In addition to surface fluxes, various studies have emphasized the importance of the land–atmosphere 
feedback process due to dry soil moisture anomalies (Dirmeyer et  al.,  2021; Fischer et  al.,  2007; Martius 
et al., 2021; Miralles et al., 2019; Schumacher et al., 2022; Seneviratne et al., 2010; Seo & Dirmeyer, 2022; 
Zhang & Frederiksen, 2003). Fischer et al. (2007) reported that dry soil conditions not only constrained surface 
latent heat flux (LHF) but also intensified heat wave by maintaining anticyclonic circulation in response to soil 
moisture-induced low-level heat in the 2003 European heat wave. Similarly, Miralles et al.  (2019) found that 
there were teleconnected land–atmosphere feedbacks during the 2010 Russian heat wave by self-propagating 
anticyclones under dry soil conditions.

The potential risk of compound droughts and heat waves is increasing over northern China and Mongolia with 
recent dry soil conditions and the resulting land–atmosphere feedback (Erdenebat & Sato, 2016, 2018; Y.-W. Seo 
et al., 2021; Wei et al., 2021; Zhang et al., 2020). Zhang et al. (2020) reported that the frequency of compound 
drought and heat wave events has been rapidly increasing over inner Northeast Asia, including Mongolia and 
northern China. They revealed that heat waves associated with dry soil conditions were promoted by anticy-
clonic anomalies, resulting from land–atmosphere interactions. Wei et al. (2021) revealed the interaction between 
land and atmosphere over northern China by elucidating the association among SAT, surface sensible heat flux, 
surface pressure, cloud, precipitation, and soil moisture (see Figure 7 of Wei et al., 2021). In particular, Erdenebat 
and Sato  (2018) showed that the association between the land–atmosphere feedback and SAT over Northeast 
Eurasia varied spatiotemporally during the 2002 heat wave event by comparing the data of numerical experi-
ments with and without soil moisture–atmosphere interaction. However, there are only a few modeling studies on 
the relationship between land and atmosphere interactions and heat wave events over Northeast Asia regarding 
predictions at short-to medium-range time scales.

The soil moisture is a key variable in improving the extended-range forecast due to its persistence (Dirmeyer 
et al., 2016). and Seo and Dirmeyer (2022) addressed the soil moisture memory in the timely filtered satellite-based 
product is up to ∼15 days over Northeast Asia. Several studies have introduced the importance of the initial 
soil moisture conditions of numerical weather prediction models during Northeast Asian heat waves (Wang 
et al., 2019; Zeng et al., 2014). Zeng et al. (2014) showed that heat wave events with drought could be magnified, 
as the initial soil moisture conditions more strongly affected diabatic processes (e.g., surface fluxes) than adiaba-
tic processes (e.g., subsidence) at a short-range time scale (∼24 hr). Wang et al. (2019) also carried out numerical 
experiments and demonstrated that decreased initial soil moisture enhanced extremely high-temperature events 
over eastern China in 2003, 2007, and 2013. They revealed that reductions in the initial soil moisture conditions 
force anticyclonic (cyclonic) anomalies in the mid(low)-level of the troposphere. This change can increase the 
atmosphere thickness, which can expand the anomalous anticyclone that is favorable for severe heat wave events. 
However, both studies had limitations in that the initial soil moisture conditions were simply controlled by linear 
multiplication (forcing increase or decrease of initial soil moisture), that is, realistic initial soil moisture condi-
tion was not reflected. Therefore, modeling experiments with realistic soil moisture initialization are warranted, 
which can improve not only the simulation performance but also the reliability of the land–atmosphere interac-
tion exploration for extreme temperature events (Koster & Suarez, 2003; T. S. Lin & Cheng, 2016; Prodhomme 
et al., 2016; Quesada et al., 2012; Seneviratne et al., 2006; Seo et al., 2019, 2020; van den Hurk et al., 2012). 
For example, Seo et al. (2019) improved model predictions in SAT for the 2003 and 2010 heat wave events in 
Europe and Russia by employing a realistic initial soil moisture condition and suggested that prescribing realistic 
soil moisture conditions at the start of the model simulation is crucial for maintaining anticyclonic circulation 
anomalies associated with both heat wave events. The 2016 Eurasian heat wave, characterized by much higher 
than normal temperatures over eastern Europe, East Asia, and the Kamchatka Peninsula, was also related to the 
strong land–atmosphere coupling attributed to the heterogeneous dry conditions across the Eurasia continent (Seo 
et al., 2020).

Offline simulation of the land surface model (LSM) by forcing meteorological reanalysis and observational data 
is widely used to produce realistic initial soil moisture conditions (Chen et al., 2007; Chun et al., 2020; Lim, 
Byun, et al., 2012; Rodell et al., 2004; Santanello et al., 2016; Xia et al., 2012). It has the advantage of generating 
high-resolution, homogeneous initial soil moisture conditions using forcing data (observation or analysis field) 
and parameter data. However, due to insufficient observational data and the uncertainty of reanalysis forcing, 
soil moisture products from offline LSM can have errors. To overcome this limitation, the soil moisture data 
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assimilation technique is used to combine remote sensing observations with LSM simulations. Many studies have 
proven that soil moisture assimilation using both satellite observations and model simulations produces more 
accurate soil moisture estimations than those obtained using models or observations alone (Draper et al., 2012; 
Jun et al., 2021; Kumar et al., 2008; P. Lin et al., 2016, 2020; Reichle et al., 2008; Santanello et al., 2016; E. Seo 
et al., 2021).

In this study, we examine how soil moisture initialization affects the land–atmosphere interaction during the 
2016 Northeast Asia heat wave using different soil moisture products as the initial lower-boundary conditions 
of a numerical weather prediction model. First, a soil moisture initialization system is established by adopting 
the Land Information System (LIS) and the Weather Research and Forecast (WRF) model. Then, the impacts of 
soil moisture initialization are evaluated and compared to in-situ observation data and reanalysis meteorologi-
cal fields. Finally, we investigate the spatiotemporal characteristics of land–atmosphere interactions during the 
2016 heat wave over Northeast Asia. The data and methods are described in Section 2. The detailed analysis is 
presented in Section 3. Section 4 contains the summary and discussion.

2. Data and Method
2.1. Establishing Soil Moisture Initialization System

2.1.1. Offline Land Surface Modeling

We apply the National Aeronautics and Space Administration (NASA) LIS framework for offline land surface 
modeling and soil moisture data assimilation. Land Information System software allows to accurately simulate 
land surface conditions by integrating satellite and in-situ data along with various LSMs (Kumar et al., 2006). To 
obtain realistic and homogeneous gridded soil moisture conditions, offline land surface modeling is performed 
using Noah LSM version 3.3. Noah LSM divides the ground into four depth layers (0–10, 10–30, 30–60, and 
60–100 cm) to simulate various parameters including soil moisture, soil temperature, snow thickness, energy, and 
water flux, which are calculated based on water and energy budget equations within the LSM (Chen et al., 1996; 
Koren et al., 1999).

To reproduce realistic land conditions, the analysis product from the National Center for Environmental Predic-
tion (NCEP) Global Data Assimilation System (GDAS) data by the Global Land Data Assimilation System 
team (National Climatic Data Center; https://portal.nccs.nasa.gov/lisdata_pub/data/MET_FORCING/) is used 
as a forcing variable of the LSM. For example, SAT, specific humidity, shortwave and longwave radiations, 
and horizontal wind are used as the forcing variables from GDAS data. As precipitation is the most dominant 
factor influencing soil moisture in the LSM (E. Seo et al., 2021), Integrated Multi-Satellite Retrievals for Global 
Precipitation Measurement (IMERG) data (Huffman, Bolvin, Braithwaite, et al., 2015; Huffman, Bolvin, Nelkin, 
et al., 2015) are also used in addition to the GDAS data for precipitation forcing. The horizontal resolution of 
the LSM is 0.125° within the Northeast Asian region, and the forcing datasets (i.e., GDAS and IMERG) with 
approximately 0.1° horizontal resolution are linearly interpolated to the spatial resolution of the model. The 
offline simulation is conducted starting on 1 January 2016 for 1 year, until 1 January 2017. Spin-ups ranging from 
a few years to decades are essential for producing an equilibrated soil condition at the time of model initialization 
(Cosgrove et al., 2003; Lim, Hong, & Lee, 2012; Rodell et al., 2005). Therefore, the offline LSM simulation is 
run repeatedly until the soil moisture reaches equilibrium, as in the study of Jun et al. (2021). In addition, the soil 
moisture retrieval from the ninth consecutive run is used to create ensemble spreads in the data assimilation step.

2.1.2. Soil Moisture Data Assimilation

To obtain more accurate soil moisture conditions, satellite soil moisture retrievals are assimilated during the 
offline LSM simulation. The L-band (1.4  GHz) Soil Moisture Active and Passive (SMAP) Level 3 product 
(O’Neill et al., 2021) is employed for the purpose. Hu et al. (2022) reported that SMAP soil moisture had a greater 
accuracy with in-situ stations in inner Mongolia than the soil moisture products from Soil Moisture and Ocean 
Salinity data; moreover, SMAP near-surface retrieval has been used extensively in recent land data assimilation 
studies (Lu et al., 2017; Reichle et al., 2017; E. Seo et al., 2021; Tangdamrongsub et al., 2020). Soil moisture 
retrievals from the SMAP satellite are assimilated using an ensemble Kalman filter (EnKF) algorithm. The EnKF 
in the LIS framework has been widely employed to assimilated soil moisture retrievals (Kumar et al., 2012, 2019; 
Reichle et al., 2002, 2008; Santanello et al., 2016).
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As soil moisture retrievals and land model products can be biased due to the uncertainties of forcing data and 
LSM physics, observational biases are corrected before assimilation using the cumulative distribution function 
matching method (Jun et al., 2021; Reichle & Koster, 2004; E. Seo et al., 2021). Selected meteorological forc-
ing and model output variables are perturbed using a statistical method following Jun et al. (2021) and E. Seo 
et al.  (2021) (Table 1). Descriptions of the perturbations for the surface forcing and land model variables are 
further provided in the model and data section of E. Seo et al. (2021).

2.2. Numerical Experiments

The WRF version 3.9.1 (Skamarock et al., 2005) is employed for the numerical model simulation of the atmos-
phere. Our WRF model domain includes Mongolia (42.5°–50°N, 95°–115°E; blue shading in Figure 1a) and 
Northeast Asia (34°–50°N, 95°–131°E; red dashed line in Figure 1a) with a 12-km horizontal resolution. The 
simulation is conducted for 2016, beginning at 00 UTC on 16 July 2016, and run for 21 days until 00 UTC on 6 
August 2016, when continental thermal highs developed with increasing SAT over Northeast Asia (Figure 1b). 
Six-hourly NCEP GDAS final analysis (Prediction Final Analysis [FNL]) data in a 0.25° × 0.25° horizontal reso-
lution is used for the initial and lateral boundary conditions of the atmosphere.

The impact of soil moisture initialization on the land–atmosphere interactions during the heat wave is investi-
gated by comparing the WRF model experiments using different initial soil moisture conditions. These initial 

Table 1 
Parameters for Generating Perturbations

Perturbation 
variable

Additive (A)/
multiplicative (M)

Standard 
deviation

AR1 time 
correlation (h)

Cross-correlation

SW LW PR SMC1 SMC2 SMC3 SMC4

SW M 0.2 24 1.0 −0.3 −0.5

LW A 30 24 −0.3 1.0 0.5

PR M 0.5 24 −0.5 0.5 1.0

SMC1 A 0.06 3 1.0 0.6 0.4 0.2

SMC2 A 0.011 3 0.6 1.0 0.6 0.4

SMC3 A 0.006 3 0.4 0.6 1.0 0.6

SMC4 A 0.004 3 0.2 0.4 0.6 1.0

Note. SW is downward shortwave radiation, LW is downward longwave radiation, PR is precipitation, and SMC1–SMC4 are 
the LSM prognostic soil moisture from the first to the fourth soil layer.

Figure 1. (a) Topographical height (m) in the and Weather Research and Forecast|Weather Research and Forecasting domain 
with locations of HadISD stations (black dots). Red dashed lines and blue shaded area indicate Northeast Asia (34°–50°N, 
95°–131°E) and Mongolia (42.5°–50°N, 95°–115°E) areas, respectively. (b) Time series of 500-hPa geopotential height 
(500 GPH, unit: gpm) and surface air temperature (°C) over Northeast Asia from HadISD and Prediction Final Analysis data 
during the simulation period.
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conditions are obtained from the FNL data (CTL experiment) and the LIS soil moisture data assimilation 
product (LIS experiment), respectively. For physical parameterizations, single-moment six-class microphysics 
scheme (Hong & Lim, 2006), New Simplified Arakawa–Schubert parameterization scheme (Han & Pan, 2011), 
and Yonsei University planetary boundary layer scheme (Hong et al., 2006) are employed. For longwave and 
shortwave radiation parameterizations, the rapid radiative transfer model scheme (Dudhia, 1989) is used. The 
FNL and the ERA5 reanalysis data are also used to evaluate the synoptic fields from the simulated results. The 
higher-resolution model results (i.e., WRF model result in 12-km grid resolution) are converted to the FNL 
analysis grid using bilinear interpolation. Hourly SAT data from the Hadley Centre Integrated Surface Database 
(HadISD; Dunn et  al.,  2016) are also employed for evaluating the simulated SATs. The simulated SATs are 
bilinearly interpolated to the location of the station. Figure 2 shows the schematic flow of the entire soil moisture 
initialization and the numerical experiment process in this study.

3. Results
3.1. Assessment of the Impact of Soil Moisture Initialization

Through offline land surface modeling with soil moisture data assimilation, the Noah LSM generally simulated 
drier surface soil conditions than the FNL soil moisture data over the Northeast Asia region at the start of the 
model simulation (Figure 3). Especially, the LSM simulated dry SMC (∼0.2 m 3 m −3) mostly over Mongolia 
(brown shading in Figure 3). The difference over Northeast Asia at the start of the model simulation was almost 
maintained throughout the simulation period, which can be considered as the impact of the initial soil moisture 
condition (Figure 3c). These characteristics (i.e., drier soil over Northeast Asia in the offline LSM spin-up) were 
also observed in the deeper soil layers (Figure S1 in Supporting Information S1).

Next, atmospheric conditions simulated from the numerical experiments using the WRF model were spatially 
assessed by comparing to the FNL analysis field and HadISD in-situ station data (Figure 4). During the simula-
tion period, Northeast Asia experienced severe heat waves with an anomalous mid-level anticyclone that covered 
the region from Mongolia to the Korean Peninsula (Li et al., 2022; Yeh et al., 2018; Yoon et al., 2021). The daily 
mean observed SAT at several stations in southern Mongolia, eastern China, and South Korea exceeded 28°C 
(Figure 4a). It is 3°C higher than the climatological mean of SAT over South Korea, based on the data from 
the Korean Meteorological Administration (https://data.kma.go.kr/resources/html/en/aowdp.html). In contrast, 
this warming event was not well reproduced in the CTL experiment. In the CTL experiment, negative 500 hPa 
geopotential height (500 GPH) biases, with the maxima over Mongolia and the Korean Peninsula, prevailed over 
the anticyclonic region (Figure 4b). SAT was also underestimated by up to 3°C in the same regions, whereas the 
model overestimated SAT over eastern China (Figure 4b). The mean absolute errors (MAEs) for 500 GPH and 
SAT over Northeast Asia were 23.23 geopotential meters (gpm) and 1.21°C, respectively. However, the biases 
considerably decreased through the soil moisture initialization by the LIS spin-up (Figure 4c). The MAEs of 

Figure 2. Schematic diagram of the soil moisture initialization system used in this study. SMC, soil moisture content; CDF, 
cumulative distribution function.
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500 GPH and SAT over Northeast Asia in the LIS experiment were 16.68 gpm and 0.65°C, respectively. In 
particular, the negative biases both in 500 GPH and SAT were remarkably reduced over Mongolia during the 
simulation period. Note that the validation for 500 GPH using other reanalysis data such as European Centre 
for Medium-Range Weather Forecasts ERA-5 data (https://rda.ucar.edu/datasets/ds630.0/) did not significantly 
change the result (Figure S3 in Supporting Information S1).

Temporal variations in the 500 GPH and SAT biases averaged over Northeast Asia were also analyzed (Figure 5). 
The CTL experiment (with the FNL initial soil moisture) tended to underestimate SAT for the entire simulation 
period, and the SAT bias became larger when the negative 500 GPH bias was prominent. For example, in the 
CTL experiment, the SAT bias reached −1.94°C on August 3, with −33.67 gpm 500 GPH bias at that time. These 
biases in 500 GPH and SAT in the CTL experiment were substantially reduced in the LIS experiment by applying 
the LIS spin-up for the soil moisture initialization. The SAT bias started to improve from Week 1 (16–23 July), 
and the improvement was enhanced as the simulation progressed. In particular, the simulation of SAT was most 
significantly improved in 2 weeks from the initialization (i.e., Week 3; 30 July–6 August), when the 500 GPH 
bias was substantially reduced.

The MAEs of 500 GPH and SAT and their differences between the CTL and LIS experiments were quantita-
tively examined (Table 2). Since the impact of soil moisture initialization by LIS spin-up was more notable over 
Mongolia than over Northeast Asia (Figure 4) and varied through the simulation period (Figure 5), the errors 
and differences were investigated for both regions and each week separately. In the CTL experiment, the MAEs 
of 500 GPH and SAT increased as the simulation continued, with maximum values in Week 3 (27.92 gpm and 
1.44°C over Northeast Asia, and 34.06  gpm and 4.17°C over Mongolia) when the LIS experiment achieved 
the largest improvements. For instance, the differences in 500 GPH and SAT MAEs between the CTL and LIS 
experiments over Northeast Asia (Mongolia) for Week 3 were 19.75 gpm (25.24 gpm) and 0.84°C (3.31°C), 

Figure 3. Spatial distribution of surface soil moisture content (m 3 m −3) at 00 UTC on 16 July 2016 simulated in (a) CTL and (b) Land Information System 
experiments, and (c) their temporal variations over Northeast Asia during the simulation period. Black and red dashed lines in (a) and (b) indicate the Northeast Asia 
region (34°–50°N, 95°–131°E).
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respectively. The spin-up initialization impact also existed from Week 1, especially on the SAT. For example, the 
MAE of SAT over Mongolia was reduced by 1.04°C in the LIS experiment, although most impacts were negli-
gible in Week 1 (e.g., MAE differences for 500 GPH over Mongolia and for 500 GPH and SAT over Northeast 
Asia). The SAT improvement was also significant (1.57°C) in Week 2 (23–30 July) over Mongolia. It is notewor-
thy that the improvement in the 500 GPH biases by applying the LIS spin-up in both weeks (i.e., Weeks 1 and 2) 
was not significant over Mongolia (0.64 and −2.86 gpm in Weeks 1 and 2, respectively).

3.2. Role of Land–Atmosphere Interaction

From the experiment results in the previous section, we found that soil mois-
ture initialization could improve the prediction of 500 GPH and SAT in the 
2016 Northeast Asia heat wave event, but the relevant physical processes 
are not fully understood. Therefore, in this section, we explored the physical 
mechanisms to explain the spatiotemporal variation in the impacts of soil 
moisture initialization in detail by focusing on the interaction between SAT 
and a synoptic field (i.e., mid-level pressure pattern). In the LIS experiment, 
there was drier surface soil over Northeast Asia throughout the simulation 
period (Figures 3c and 6a). This spatial pattern of difference in the surface 
SMC (ΔSM; LIS-CTL) averaged for the simulation period was similar to 
that at the beginning of the simulation (Figure S2a in Supporting Informa-
tion S1). The positive SAT difference (ΔSAT; LIS-CTL) in the LIS exper-
iment coincides well with the dry ΔSM throughout the simulation period, 
particularly over Mongolia and the Tibetan Plateau. It is worth noting that 
the magnitude of ΔSAT was significantly large (over 3°C; yellow shading in 
Figure 6b) over Mongolia compared to that over the Tibetan Plateau, and its 
spatial distribution widely extended to the northeast of Northeast Asia.

Figure 4. 500 GPH (gpm) (top) and surface air temperature (°C) (bottom) in (a) reanalysis and observation data, and their biases in the (b) CTL experiment and (c) 
Land Information System experiment during the simulation period. The numbers in the bottom-right boxes in (b) and (c) indicate the area averages of the mean absolute 
error over Northeast Asia (34°–50°N, 95°–131°E), which are indicated with red dashed lines.

Figure 5. Time series of 6-hourly biases for 500 GPH (gpm) and surface 
air temperature (°C) over Northeast Asia (34°–50°N, 95°–131°E) during the 
simulation period.
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The interactions between 500  GPH and SAT can be clearly seen in the time series of 500  GPH difference 
(Δ500GPH; LIS-CTL) and ΔSAT averaged over Mongolia (Figure 6c). As mentioned in the previous section, 
there was a considerable ΔSAT (1–2°C) from the start of the model simulation (Week 1), but Δ500 GPH was 
considerably smaller than that for the other periods (∼10 gpm; see also Table 2). In contrast, ΔSAT substantially 
increased after 30 Jul, and it is remarkable that Δ500 GPH also increased with ΔSAT, reaching the maximum in 
Week 3. In other words, it is evident that the land–atmosphere feedback over Mongolia was significantly active 
during Week 3.

The land-atmosphere interaction described previously is further clarified in Figure 7. In Week 1, Δ500 GPH 
was negligible, although positive ΔSAT around 1–2°C existed over Mongolia (Figure 7a). Particularly, negative 
values of LHF difference (ΔLHF; LIS-CTL) and ΔSM (i.e., lower LHF and drier soil in the LIS experiment) 
prevailed over Mongolia, which had a well-consistent spatial pattern with ΔSAT (Figure 7d). Previous studies 

Table 2 
500 GPH (gpm) and Surface Air Temperature (°C) Mean Absolute Errors (MAEs) in the CTL and Land Information System Experiments With Their Differences

Northeast Asia Mongolia

500 GPH (gpm) SAT (°C) 500 GPH (gpm) SAT (°C)

Week 1 Week 2 Week 3 Week 1 Week 2 Week 3 Week 1 Week 2 Week 3 Week 1 Week 2 Week 3

CTL MAE 20.25 22.51 27.92 0.74 1.28 1.44 11.35 13.26 34.06 1.76 2.26 4.17

LIS MAE 18.76 23.24 8.17 0.58 0.63 0.60 10.71 16.12 8.82 0.72 0.69 0.86

LIS-CTL MAE 1.49 −0.73 19.75 0.16 0.65 0.84 0.64 −2.86 25.24 1.04 1.57 3.31

Figure 6. (a) ΔSM (m 3 m −3) and (b) Δ500 GPH (gpm) (contour) with ΔSAT (°C) (shading) during the simulation period. The green dashed lines in (b) indicate the 
Mongolia area (42.5°–50°N, 95°–115°E). (c) Time series of Δ500°GPH and ΔSAT over Mongolia during the simulation period. Δ indicates differences in variables 
between the Land Information System and CTL experiment.
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suggested that a lack of soil moisture can reduce LHF (enhanced sensible heat flux) from the land to the atmos-
phere and intensify extreme high-temperature events (Fischer et al., 2007; Yoon et al., 2018). Thus, the effect of 
drier soil on SAT in Week 1 (i.e., increased SAT over Mongolia) was more related to surface conditions such as 
the reduction in LHF induced by decreasing surface SMC, than the atmospheric conditions such as 500 GPH.

Concurrently, there was a lower sea level pressure (SLP) over Mongolia in the LIS experiment than in the CTL 
experiment, and that continued until Week 2 (Figures 7g and 7h). It can be considered as strengthening of “ther-
mal low” in response to more dry and hot conditions over Mongolia by LIS spin-up. According to a previous 
study (Martius et al., 2021), thermal lows can be defined as “areas of low surface pressure that form over warm 
landmasses with an overlaying mid-tropospheric anticyclone.” By developing thermal low over Mongolia, the 
mid-level anticyclone difference (i.e., Δ500 GPH) was also increased (Figure 7b); correspondingly, the ΔSAT 
became stronger in Week 2 (Figure  7b), whereas the ΔLHF and ΔSM maintained their spatial distribution 
and strength similar to those in Week 1 (Figure 7e). Finally, a strong anticyclone anomaly covered Northeast 
Asia in Week 3, and the largest ΔSAT collocated with the area of the maximum Δ500  GPH and minimum 
ΔLHF occurred (Figure 7c). Moreover, there are some regions where the spatial patterns of ΔSAT and ΔLHF 
were inconsistent at that time (Figure 7f), which means that the ΔSAT was mainly responding to the 500 GPH 
differences in these regions in Week 3. This result indicates the existence of a “non-local impact” of soil moisture 

Figure 7. (a–c) Δ500 GPH (gpm) (contour) with ΔSAT (°C) (shading), (d–f) ΔLHF (W m −2) (shading) with ΔSM (m 3 m −3) (>0.05 m 3 m −3 is shown in crossed 
lines and <−0.05 m 3 m −3 is shown in dots), and (g–i) ΔSLP (hPa) in (left; a, d, g) Week 1, (mid; b, e, g) Week 2, and (right; c, f, i) Week 3. Δ indicates differences in 
variables between the Land Information System and CTL experiments.
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initialization (i.e., by affecting large-scale circulation patterns Miralles et  al.,  2019; Seneviratne et  al.,  2010; 
Zhang & Frederiksen, 2003) due to the land–atmosphere feedback over Northeast Asia, and it is consistent with 
the findings of previous studies that emphasized dry soil-induced land–atmosphere feedback during the heat wave 
event (Erdenebat & Sato, 2016; Fischer et al., 2007; Miralles et al., 2019; Wei et al., 2021). A positive difference 
in SLP (ΔSLP; LIS-CTL) also prevailed with the substantial increase in Δ500 GPH (Figure 7i). Accordingly, 
some areas over Northeast Asia experienced the non-local effect of soil moisture initialization, which manifested 
as increasing SAT despite the absence of the negative ΔSM.

The mechanism of the land-atmospheric interaction was further examined using Hovmöller and vertical 
cross-section plots (Figure 8). The Hovmöller plot was determined by zonally averaging the Mongolian region 
(42.5°–50°N, 95°–115°E; blue shading in Figure  1a). From the beginning of the simulation, the ΔSAT of 
approximately 1.5°C continued with a diurnal variation, with the maximum value during the day (Figure 8a). 
However, the variability of ΔSAT decreased during Weeks 2 and 3, and the strength of ΔSAT increased with 
the increase in Δ500 GPH. Additionally, the variation in ΔSAT was highly similar to the pattern of ΔLHF 
in Week 1 (Figure 8b), whereas this pattern more correlated with Δ500 GPH and the negative difference in 
500 hPa absolute vorticity (Δ500AVO; LIS-CTL) than with ΔLHF in the late period. Previous studies have 
indicated that the soil moisture initialization effect can be diabatically enhanced during the day when the 
incoming shortwave radiation is strong (Fischer et al., 2007; Yoon et al., 2018; Zeng et al., 2014); therefore, the 
results imply that there was a diabatic effect of soil moisture initialization (independent of the mid-atmospheric 
condition) caused by the changing LHF over Mongolia during Week 1. Consequently, the initialization led to 
reduced SAT errors over Mongolia in Week 1, as described in Section 3.1 (Table 2). Thereafter, the effect of 
the land–atmosphere feedback process induced from the soil moisture initialization became more dominant, 
resulting in larger improvements in both SAT and GPH over Northeast Asia in Week 3 (Table 2). Figure 8c 
shows the vertical structure of differences in geopotential height (ΔGPH), air temperature (ΔT), and specific 

Figure 8. Hovmöller plots of (a) Δ500 GPH (gpm) (contour) and Δ500AVO (s −1) (dots; only <−1·10 −5 s −1 is shown) with ΔSAT (°C) (shading) and (b) ΔLHF 
(W m −2) averaged over Mongolia (42.5°–50°N, 95°–115°E). Blue dashed line in (b) indicates central Mongolia (47.5°N, 95°–115°E). (c) Vertical structure of ΔGPH 
(gpm) (shading), ΔT (°C) (contour from 0 to 6 by 1.2 where black contour at 1°C and white contour at 6°C), and ΔQ (kg 3 kg −3) (dots; only <−0.5·10 −3 kg 3 kg −3 is 
shown) averaged over central Mongolia. Δ indicates the differences in variables between the Land Information System and CTL experiments.
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humidity (ΔQ) between the LIS and CTL experiments during the simulation period. All variables were zonally 
averaged over the area where the soil moisture initialization effect was robust (47.5°N, 95°–115°E; blue dashed 
line in Figure 8b). In Week 1, there was thermal low with a positive (negative) ΔT (ΔQ) in the lower atmos-
phere (i.e., 900–700 hPa) due to the drier initial soil condition in the LIS experiment. In particular, the vertical 
distributions of the low-level positive ΔT, negative ΔGPH, and negative ΔQ were almost consistent during 
this period. This feature also appeared in the horizontal field (Figures 7a, 7d, and 7g). In contrast, a positive 
ΔGPH occurred between the mid-to-upper troposphere (700–200 hPa). This can be considered as the response 
of atmospheric circulation to the low-level heat source induced by dry soil, as described in previous studies 
(Erdenebat & Sato, 2018; Fischer et al., 2007; Seo et al., 2019; Wei et al., 2021). Although the interaction 
seems to be activated during the early period of simulation, the interaction strength was too small to make a 
significant land–atmosphere feedback process or have a non-local effect (Figure 7a). During Weeks 2 and 3, 
an anticyclonic anomaly in the mid-to-upper atmosphere became significant (Figure 8a), and the ΔT expanded 
vertically simultaneously. For example, the ΔT of 1°C (black contour in Figure 8c) occurred up to 250 hPa, 
and the ΔT was over 6°C in the lower atmosphere (white contour in Figure 8c). The heat lows occasionally 
disappeared from 25 to 27 July and 30 July to 6 August because the positive Δ500 GPH reached the lower 
atmosphere over Mongolia as the mid-level anticyclonic anomaly moved northeastward (Figures 7c and 7i; 
Wei et al., 2021).

4. Summary and Discussion
We explored the role of land–atmosphere interaction during the 2016 Northeast Asian heat wave focusing on the 
impact of soil moisture initialization. Meteorological variables from the GDAS analysis data and IMERG obser-
vation data were used to run the offline Noah LSM, and the SMAP soil moisture observation data were assimi-
lated by applying the EnKF data assimilation technique. The soil moisture data obtained from the offline LSM 
simulation including the data assimilation process were used as the initial data for the WRF model. To investi-
gate the effect of soil moisture initialization, CTL and LIS experiments were conducted using the soil moisture 
fields from the FNL and LIS for the initial surface conditions of the WRF model, respectively. Compared to the 
CTL experiment, the LIS experiment simulated drier soil conditions and a more realistic SAT and 500 GPH 
over Northeast Asia during the 21-day simulation period. In particular, soil moisture initialization had a more 
notable effect over Mongolia toward the mid-to-end period of the simulation. A positive ΔSAT between the LIS 
and the CTL experiments prevailed over Mongolia from the start of the model simulation, and the difference 
became larger as the Δ500 GPH increased. The warmer SAT in the LIS experiment in Week 1 was induced by 
a lower LHF and the drier soil conditions. Mid-upper atmospheric anticyclonic circulation responded to the soil 
moisture-induced low-level heat source during Weeks 2 and 3. The anticyclonic anomaly in the mid-to-upper 
atmosphere became strong and spatially expanded, and the positive ΔSAT increased further. Consequently, we 
found that the soil moisture initialization by the LIS spin-up improved the simulation performance of the 2016 
Northeast Asia heat wave both spatially (Mongolia to Northeast Asia) and temporally (Weeks 1, 2, and 3), result-
ing in more realistic land–atmosphere interactions and surface fluxes.

With the increasing number of 2016-type heat wave events associated with continental thermal highs over 
Mongolia (Ha et al., 2022; Yoon et al., 2020; Zhang et al., 2020), this study is meaningful in that it suggests an 
effective way to improve the simulation performance for these events. Especially, the suggestion that heat wave in 
the focusing area can continue and become intensified in the future supports the importance of the implications 
mentioned in this study. For example, Ha et al. (2022) revealed that the intensification of dry heat wave events 
over northern China and Mongolia was simulated under the future emission scenario of phase six of the Coupled 
Model Intercomparison Project (see also Figure 6 of Ha et al., 2022).

Since Northeast Asia also experienced extremely hot events in 2018, we applied the same soil moisture initiali-
zation process and assessed its impact. In contrast to the 2016 heat wave, SAT during the simulation period (16 
July–6 August 2018) had much less significant improvements (1.38 and 1.1°C in CTL and LIS experiments, 
respectively) than that in 2016 (Figure 9). There can be several reasons for the weak impact of soil moisture 
initialization in 2018. First, the difference in soil moisture between the LIS and CTL experiments was smaller 
in 2018 than in 2016 (Figure S2 in Supporting Information S1). Primarily, resulting from further investigation, 
the difference in circulation background (Su et al., 2014) could be the main reason. The impact of initial soil 
moisture conditions in 2016 and 2018 was compared by decreasing LIS soil moisture to 50% only over Mongolia 
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(LIS50 experiment; Figures 10a and 10b). As a result, the spatial distribution of differences in SAT and 500 GPH 
between LIS50 and LIS (ΔSAT50 and Δ500 GPH50) during the 2016 case has a similar pattern to those of ΔSAT 
and Δ500 GPH (Figures 10c and 6b), whereas only that of ΔSAT50 was comparable and Δ500 GPH50 had a 
negligible value in the 2018 case (Figure 10d). That is, SAT in the 2018 case was responded only by diabatic 
process (i.e., drier soil moisture and lower LHF-induced warming) of land–atmosphere interaction. This can be 
the reason for the weaker impact of soil moisture initialization in 2018 than in 2016.

The delayed effect of soil moisture initialization presented in this study can be also related to the circulation 
background. It is noteworthy that the heat wave event in 2016 over Mongolia was the most intense during Week 
3. As represented in Figure 11, the observed (reanalysis) 500 GPH and SAT were maximum in Week 3 when 
the impact of soil moisture initialization was significant. Moreover, the difference in soil moisture in the initial 
time was almost maintained during the simulation period in all soil layers (Figure 3 and Figure S1 in Supporting 
Information S1), although only initial soil moisture condition was replaced in the LIS experiment. Thus, it can be 
seen that the land–atmosphere interactions were notably amplified in Week 3. Nevertheless, it seems that it takes 
time to initiate the onset of the land–atmosphere feedback, as reported by a previous study (Zeng et al., 2014). 
Further analysis is required to unveil the factors for the delay.

The result presents the possibility that the impact of soil moisture initialization can vary according to the different 
types of heat waves. For example, Lee et al. (2020) revealed that the intensification and expansion of the western 
North Pacific high affected the 2018 South Korean heat wave, but was weak in 2016. Rather, previous studies 
emphasized that the 2016 heat wave could have been associated with the positive geopotential anomaly related 
to the deficit of soil moisture over East Asia (Seo et al., 2020). These distinct synoptic features in both heat 
wave cases were also observed in this study (Figures 2a and 9a). Yoon et al. (2020) also demonstrated that the 
2016 and 2018 heat waves in South Korea could be categorized differently in terms of their synoptic conditions 
using cluster analysis. In the case of a 2018-type heat wave, other techniques, such as air–sea coupling, might 
be needed to improve the simulation performance of the numerical weather prediction model (Kim et al., 2020). 
Nevertheless, further investigation on various heat wave events is required to generalize the impact of soil mois-
ture initialization.

Figure 9. Same as Figure 4 but for a heat wave event in 2018.
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Although many previous studies have examined the added value of soil mois-
ture data assimilation compared to offline LSM simulation (Santanello Jr 
et al., 2016; E. Seo et al., 2021), the impacts of offline LSM simulation and 
soil moisture data assimilation were not distinguished in this study. There-
fore, comparisons of soil moisture initialization impacts using soil moisture 
data (a) with and without data assimilation (i.e., soil moisture data assimi-
lation vs. offline LSM) and (b) assimilated from various satellite retrievals 
(e.g., the Advanced Scatterometer [ASCAT] or the Soil Moisture Operational 
Product System) remain to be further studied. Moreover, direct evaluation 
of soil moisture data assimilation products was not carried out because 
of the lack of in-situ station data over Mongolia. Although  further analy-
sis presented a better estimation of soil moisture in South Korea and North 
America in LIS than FNL (not shown), a direct evaluation of soil moisture 
for the study region (i.e., East Asia and Mongolia) is desired. Lastly, we did 
a one-day-lagged simulation (e.g., simulation started from 15 to 17 July) 
to perturb the initial state and got qualitatively similar results (not shown). 
However, an ensemble simulation by randomly permuting initial conditions, 
especially strongly associated with the land–atmosphere interaction (e.g., 
atmospheric boundary layer winds) (Wei et al., 2021) is required to establish 
the reliability of the simulation result.

Figure 10. Differences in the (a and b) surface soil moisture content (m 3 m −3), and (c and d) SAT50 (°C) (shading) with 500 GPH50 (gpm) (contour) between the LIS50 
and Land Information System experiments during the simulation period of 2016 (left column) and 2018 (right column).

Figure 11. Time series of 500 GPH (blue lines) and surface air temperature 
(red lines) over Mongolia during July–August 2016. Solid lines indicate 
each variable in 2016 and dashed lines indicate climatological mean during 
1979–2018. Yellow shaded area indicates the simulation period. All results 
were derived from the European Centre for Medium-Range Weather Forecasts 
ERA-Interim data (https://rda.ucar.edu/datasets/ds627.0/).
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Data Availability Statement
The Weather Research and Forecasting (WRF) model is available at https://www2.mmm.ucar.edu [Software] 
(WRF, 2008). Figures have been made with the National Center for Atmospheric Research (NCAR) Command 
Language (NCL) post-processing tool accessible at https://www.ncl.ucar.edu [Software] (NCL, 2019). The mete-
orological input data to create the initial and boundary conditions for the WRF model domains were obtained 
from the Global Forecast System (GFS) forecast and analysis data available at the National Centers for Environ-
mental Information (NCEI) online at http://ncei.noaa.gov [Dataset] (GFS, 2015). The WRF simulation data can 
be accessed on the GitHub repository (https://doi.org/10.5281/zenodo.7033943) (Yoon & Cha,  2022). ERA5 
hourly data on pressure levels were provided by ECMWF (ERA5, 2018). ERA-Interim hourly data on pressure 
levels were provided by ECMWF (ERA-Interim, 2009).
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