
ORIGINAL RESEARCH
published: 19 February 2019

doi: 10.3389/fenvs.2019.00018

Frontiers in Environmental Science | www.frontiersin.org 1 February 2019 | Volume 7 | Article 18

Edited by:

Hans Von Storch,

Helmholtz Centre for Materials and

Coastal Research (HZG), Germany

Reviewed by:

Juan Pedro Montávez,

University of Murcia, Spain

Stefan Hagemann,

Helmholtz Centre for Materials and

Coastal Research (HZG), Germany

*Correspondence:

Jianping Tang

jptang@nju.edu.cn

Specialty section:

This article was submitted to

Atmospheric Science,

a section of the journal

Frontiers in Environmental Science

Received: 14 September 2018

Accepted: 30 January 2019

Published: 19 February 2019

Citation:

Wang P, Zhang Q, Yang Y and Tang J

(2019) The Sensitivity to Initial Soil

Moisture for Three Severe Cases of

Heat Waves Over Eastern China.

Front. Environ. Sci. 7:18.

doi: 10.3389/fenvs.2019.00018

The Sensitivity to Initial Soil Moisture
for Three Severe Cases of Heat
Waves Over Eastern China
Pinya Wang 1,2, Qi Zhang 1,2, Yi Yang 1,2 and Jianping Tang 1,2*

1 School of Atmospheric Sciences, Nanjing University, Nanjing, China, 2 Key Laboratory of Mesoscale Severe Weather,

Ministry of Education, Nanjing University, Nanjing, China

Using Weather Research and Forecasting model (WRF) simulations with different initial

soil moisture (ISM) conditions, we investigate the sensitivity to ISM for the three severe

heat wave events that dominated eastern China in 2003, 2007, and 2013. The control

simulations are able to reproduce the spatial distributions and the daily evolutions for each

of the three heat waves but apparently underestimate their amplitudes, intensities, and

spatial extensions. The decreased ISM could cause an enhancement on heat waves with

increased amplitudes, extents and intensities, while it has insignificant influence on the

spatial distributions and temporal variations. The responses of heat waves are generally

decreasing with the increasing ISM, controlled by different regimes in the surface soil

moisture-temperature relationship. Through enhanced sensible flux as well as reduced

latent cooling, the initial soil dryness locally strengthens the surface warming and the

further drying of the soil. The three heat waves were all dominated by high-pressure

systems in the mid-troposphere. The reduced ISM forces positive anomalies of

geopotential height at mid-troposphere and negative anomalies at lower levels, leading to

an enhanced thickness of the atmosphere. Such a thickened atmosphere can strengthen

the anomalous high-pressure systems, favoring the maintenance of severe heat waves.

This acts as a positive feedback between atmospheric circulation, surface warming, and

soil dryness.

Keywords: initial soil moisture, heat waves, WRF, soil moisture-temperature relationship,

land-atmosphere interaction

INTRODUCTION

Characterized by a period of consecutive days with abnormally high temperatures, heat waves
have been known as one of the typical extreme weather events across the world (Perkins,
2015). The severe 1995 Chicago heat wave, the 2003 European heat wave, and the 2010
Russian heat wave caused disastrous impacts on humans, socio-economic development and the
ecological environment (Whitman et al., 1997; Conti et al., 2005; Dole et al., 2011). For example,
the severe European heat wave in 2003 killed more than 25,000 people and caused enormous
economic losses (García-Herrera et al., 2010; Alexander, 2011). With continuing global warming,
such extreme heat wave events are expected to be more frequent and severe in the coming decades
(Meehl and Tebaldi, 2004).
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Great efforts have been made in understanding the underlying
mechanisms of heat waves, which is instrumental for the short-
term prediction of heat waves. It is widely accepted that
heat waves are generally dominated by persistent high-pressure
systems (e.g., Huth, 2000; Black et al., 2004; Tomczyk and Ewa,
2015). Under the control of blocking highs, warm air over mid-
high latitudes cannot mix with cold air and warm air builds up,
eventually causing the extreme warmth, such as the great heat
wave in Russia in 2010 (Matsueda, 2011). Besides the typical
blocking highs, anomalous high-pressure systems associated with
Rossby wave propagations are also favorable for sustaining a heat
wave (Pezza et al., 2012;Wang et al., 2017a). Although anomalous
high-pressure systems are a fundamental ingredient for a heat
wave to occur, the coupling with the land surface also plays
a crucial role (Fischer et al., 2007a,b; Teuling et al., 2010). In
general, soil moisture is mostly considered when investigating
the impacts of land surface processes (Fischer et al., 2007b;
Seneviratne et al., 2010). The impacts of soil moisture on surface
air temperature are mostly expected to be induced by its role
for evapotranspiration in soil moisture-limited regimes, depicted
in the relationship between soil moisture and evaporative
fraction (EF), the ratio of latent heat flux to the total available
energy (Seneviratne et al., 2010; Berg et al., 2014). In general,
characterized by EF, two evapotranspiration regimes exist. A soil
moisture-limited regime in which the available surface energy
is relatively abundant for evaporation or transpiration while
the content of soil moisture is limited (θ < θCRIT , see the
conceptual framework of Figure 5 in Seneviratne et al., 2010).
In this case, EF increases when the content of soil moisture
increases, and an energy-limited regime is one in which the soil
moisture is abundant (θ > θCRIT) and EF is independent of
the increasing soil moisture. Accordingly, three regimes of the
soil moisture-temperature relationship are obtained based on
the evapotranspiration regimes: the wet regime, the transitional
regime and the dry regime. In the wet regime (θ > θCRIT),
EF is independent of soil moisture. In the transitional regime
( θWILT ≤ θ ≤ θCRIT), EF reacts effectively to the changes
of soil moisture. In this case, the dryness of the soil results in
very low EF, with the constrained total energy used by the latent
heat flux and more energy available for sensible heating. Thus,
the near-surface air temperature would increase (Lorenz et al.,
2010; Seneviratne et al., 2010; Alexander, 2011). However, in
the dry regime (θ < θWILT), neither evapotranspiration will
take place nor will any feedback. On the other hand, in the soil
moisture-limited regime, the near-surface warming will amplify
decreases in soil moisture, which induces a positive feedback
cycle between atmospheric heating and further drying of soil
conditions (Fischer et al., 2007b; Alexander, 2011). Moreover,
the dry soil also favors the maintenance of upper-air anticyclonic
circulations (Fischer et al., 2007b; Zampieri et al., 2009). Dry soil
conditions along with persistent high-pressure systems would
amplify the soil moisture-temperature feedback and enhance
surface warming (Rohini et al., 2016).

The anomalies of soil moisture can last for weeks or even
months (Koster and Suarez, 2001; Hu and Feng, 2004). Such
long memory of the soil moisture and the resulting climate
persistence are important for the prediction of extreme climate

events like droughts and heat waves (Kim and Wang, 2007;
Lorenz et al., 2010). Various studies investigated the impacts
of soil moisture on temperatures through model simulations
(e.g., Hirschi, 2011; Zeng et al., 2014; Vogel et al., 2017). It
was reported that the model differences induced by initial soil
moisture were far more important than those induced by various
land surface physical parameterizations and the evolution of soil
moisture itself (Trier et al., 2008). The intrinsic impacts of initial
soil moisture on extreme temperatures have been revealed in
previous studies. Through a northward propagation, drought in
late spring from the Mediterranean regions can cause a further
increase of high temperatures during summer in continental
Europe (Zampieri et al., 2009). By perturbing the spring soil
moisture, Fischer et al. (2007b) showed that the loss of soil
moisture induced by precipitation deficit in preceding months
contributed to the exceptionally high temperature anomalies in
the European summer of 2003. Through numerical simulations,
Ferranti and Viterbo (2006) demonstrated that the atmospheric
response during the 2003 European summer to the initial soil
water conditions extended up to 2 months, greatly exceeding the
impact of the ocean boundary forcing.

Previous studies mostly concentrated on high temperatures
from the whole summer (June, July, and August), whereas
heat waves are usually defined as several consecutive days
with abnormally high temperatures, dominating a large area,
and characterized by different durations, impacted areas and
intensities (e.g., Ren et al., 2012; Wang et al., 2017b). The
impacts of initial soil moisture on the formation/occurrence
and development of heat wave events, specifically on their
characteristics including duration, impacted area and intensity,
have received limited attention. Therefore, in this study, we
focus on three extreme heat wave events in 2003, 2007, and
2013 in Eastern China, which are featured by different durations,
spatial extents, and intensities, and all caused serious damage
to the social economy (e.g., Tan et al., 2007; Sun X. et al.,
2014; Xia et al., 2016). We investigate the impacts of initial
soil moisture (hereafter ISM) on the heat wave characteristics
through sensitivity experiments using the Weather Research and
Forecast (WRF) model. In this study, heat waves are identified
based on the definition in Wang et al. (2017b). The detailed
information for the three heat waves will be given in section
Methods and Data. Section Methods and Data introduces the
methodology, data, and experimental design. Section Results
documents the results and analyses. The last section presents the
summary and conclusions of this research.

METHODS AND DATA

Study Area and the Three Heat Wave
Events
Under the control of a subtropical high in summer, eastern China
is vulnerable to frequent extreme high temperatures (Ding et al.,
2010; Sun Y. et al., 2014; Wang et al., 2017a). Moreover, the
heavy populations and the large urban areas in eastern China
exacerbate the impacts of heat waves on society and human
health (Freychet et al., 2017). More importantly, abundant
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observational meteorological data are accessible in eastern China.
Hence, this study aims to provide an insight into the effects of
ISM on temperature responses in eastern China and as well as a
broader region.

Extreme hot temperatures struck eastern China in the
summers of 2003, 2007, and 2013, and caused severe
consequences for society. The three high temperature events are
identified according to the heat wave definition fromWang et al.
(2017b), consisting of an absolute temperature metric of 35◦C,
a temporal duration of at least 3 days and a demanded spatial
extension with more than 20 neighbored stations, any two of
which are within a distance of 250 km. The three heat waves
began on July 2, July 3, and August 4 and lasted for 41, 40, and
15 days, respectively. The maximum daily surface temperatures
during the three heat wave processes were all beyond 40◦C. Their
detailed information is listed in Table 1.

Model and Experimental Design
In this study, the WRF model version 3.8 (Skamarock et al.,
2008) was utilized for the numerical simulations. The following
parameterizations were used: the two-stream correlated-k
distribution Rapid Radiative Transfer Model (RRTMG; Iacono
et al., 2008) for the radiation schemes, the Yonsei University
(YSU) boundary layer parameterization scheme (Hong et al.,
2006), the revised Monin–Obukhov surface layer (Jiménez et al.,
2012), the cloud microphysics of WRF Single-Moment 5-class
scheme (WSM5; Hong et al., 2004), the unified Noah land-
surface model (Chen and Dudhia, 2001) and the cumulus
parameterization based on the Kain–Fritsch scheme (Kain and
Fritsch, 1990). The simulation domain is shown in Figure 1 and
includes 300 × 300 grid points with a horizontal resolution of
9 km. The vertical resolution is 34 non-uniform layers with 50
hPa at the top of the atmospheric columns.

Following Vivoni et al. (2009), to vary the initial soil moisture
in WRF, we multiplied the initial soil moisture field by a factor
(α) ranging from 0.25 to 1.25 (i.e., 0.25, 0.50, 0.75, 1.00, and 1.25;
five sensitivity cases, from dry to wet condition). Compared to the
control run (CTL, and α = 1), simulations with α < 1 represent
dryer conditions while simulations with α > 1 represent wetter
conditions. For each of the heat wave events, five sensitivity
experiments were conducted with the modified ISM (in total 15
simulations). There are four soil layers (0–5, 5–25, 25–70, and 70–
150 cm thickness). The α factor is applied to the total volumetric
soil moisture content at each grid point for each soil layer. For
themodel’s spin up, five sensitivity simulations with different ISM

TABLE 1 | Information of the three heat wave events in 2003, 2007, and 2013.

Year Date The Maximum

daily

Tmax (◦C)

Duration

(days)

Location

2003 July 2 to August 11 43.2 41 Southeast China

2007 July 3 to August 11 41.4 40 Southeast China

2013 August 4 to August 18 42.7 15 Middle to lower

reaches of

Yangtze River

conditions were set up about 10 days before the beginning date of
each heat wave process (Table 1). Specifically, for the three heat
waves, the initial dates were June 21 in 2003, June 23 in 2007, and
July 12 in 2013.

The Data
The WRF simulations are driven by the National Centers for
Environmental Prediction (NCEP) Final (FNL) Operational
Global Analysis data (1◦ by 1◦ resolution) at 3 h intervals (00:00,
03:00, 06:00, 09:00, 12:00, 15:00, 18:00, and 21:00 UTC) for
the initial and lateral meteorological boundary conditions. The
initial soil moisture data are derived from the Global Land
Data Assimilation System (GLDAS), which constrains multiple
land surface models with ground and satellite observation-based
datasets, with the goal of accurate simulation of water and energy
cycle states and fluxes (e.g., Syed et al., 2008).

According to Wang et al. (2017b), heat waves are defined
based on the maximum of daily surface air temperature (Tmax).
The daily observed Tmax from meteorological sites are used to
validate the WRF simulations. The dataset is provided by the
China Meteorological Administration (CMA). The locations of
observational stations are shown in Figure 1 (black dots). For
the simulations, we focus on the daily maximum of 2m surface
air temperature (T2m), which usually occurs at ∼14:00 or 17:00
Beijing Time (i.e., 06:00 and 09:00 UTC). To investigate the
anomalies of upper-level atmospheric circulations during heat
waves, a geopotential height of 500 hPa (H500) is used, derived
from the new Japanese 55-year Reanalysis (JRA-55) at 1.25◦ ×

1.25◦ resolution (Ebita et al., 2011).

RESULTS

Model Validation
In this section, we first evaluate the ability of the WRF model to
simulate the observed heat wave events, and then investigate the
impacts of changing ISM on the characteristics of the three heat
waves. Figure 2 shows the spatial distributions of the averaged
Tmax during the three heat wave periods in the observation and
in the five sensitivity simulations with different ISM conditions.
The model temperatures are interpolated into the observation
sites using the bilinear interpolation method. Heat waves in 2003
and 2007 dominated southeastern China (Figures 2A,G) and the
2013 heat wave was centered over the middle to lower reaches of
Yangtze River, with an averaged Tmax above 35◦C (Figure 2M).
For each of the three events (Figures 2B-F,H-L,N-R), the spatial
patterns of the simulated heat waves do not vary significantly to
different ISM conditions, whereas the magnitude of the averaged
Tmax and the spatial extension of high temperatures increase
gradually with decreasing ISM. In addition, it is noted that for the
three observed heat waves, the CTL simulations can reasonably
capture their spatial distributions but generally underestimate the
amplitudes of averaged Tmax (Figures 2E,K,Q).

The spatial correlations, biases in the number of high-
temperature stations with averaged Tmax higher than 35◦C
(simulations minus the observations), and the root mean
square errors (RMSEs) between the observed and the simulated
averaged Tmax in five sensitivity experiments for the three
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FIGURE 1 | Simulation domain and the observation sites (Black dots).

FIGURE 2 | The average daily Tmax (unit: ◦C) during the three heat waves in the observation (A,G,M), and in five sensitivity simulations initialized with different initial

soil moisture (B–F, H–L, N–R). The green box indicates the region (18◦–38◦N, 105◦–123◦E).

heat waves are given in Table 2. All the statistical values
herein and the following area-averaged results (e.g., in Figure 5)
are derived from the bounded region (105◦-125◦E, 18◦-38◦N)
in Figure 2 (green box), which apparently covers the major
regions of the three heat waves. For each of the three heat

waves, the spatial correlations between the averaged Tmax in
the observation and that in the sensitivity simulations with
different ISM conditions are of similar values, which are all
above 0.70 and significant at the 95% confidence level. The
results indicate that all the five sensitivity simulations are able
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TABLE 2 | The spatial correlations, the biases in the number of stations with

averaged Tmax higher than 35◦C (simulated results minus the observations) and

the RMSEs between the observed and the simulated averaged Tmax in five

sensitivity experiments for the three heat waves.

ISM(α)

Heat Waves
2003 2007 2013

Spatial Correlations 0.25 0.79 0.71 0.74

0.50 0.79 0.74 0.77

0.75 0.79 0.77 0.78

CTL 0.78 0.77 0.78

1.25 0.79 0.76 0.78

Biases in the number of

high temperatures

0.25 −17 5 21

0.50 −39 −30 1

0.75 −58 −53 −29

CTL −67 −55 −63

1.25 −68 −55 −86

RMSEs 0.25 2.15 2.44 2.76

0.50 2.20 2.18 2.34

0.75 2.44 2.29 2.34

1.00 2.68 2.50 2.80

1.25 2.82 2.65 3.20

to reproduce the spatial pattern of the observed heat waves.
However, biases are seen in the magnitudes and extensions
of heat waves between the observation and the simulations.
We can see that all three CTL simulations underestimate the
number of high temperatures (average exceeding 35◦C); in
other words, the extension of high temperatures for the three
observed heat waves are underestimated in the CTL simulations.
This potentially indicates a certain overestimation of surface
soil moisture with the GLDAS data, as Vivoni et al. (2009)
suggested that the soil moisture initializations toward the dryer
end (α < 1.0) are considered more realistic with respect to field
observations. For the three heat waves, the simulated number
of high temperatures decreases gradually with increasing ISM.
In addition, for the 2003 heat wave, the underestimation of
the number of high temperatures is found in all five sensitivity
simulations, indicating an overestimation of realistic surface
soil moisture existing in all five sensitivity simulations. For the
2007 heat wave, the underestimation of the number of high
temperatures is found in the four simulations with α from 1.25 to
0.50, but becomes negligible in the driest simulation (α = 0.25). A
similar phenomenon is found for the 2013 heat wave, whereby the
underestimation of high temperatures is seen for the simulations
with α from 1.25 to 0.75, whereas it becomes negligible in the
simulation with α = 0. 50 and turns into overestimation in the
simulation with α = 0.25. Such results indicate a transition from
overestimation to underestimation of the surface soil moisture.
For the spatial distributions of averaged Tmax for the three heat
waves in 2003, 2007, and 2013, the most realistic simulation
among the five sensitivity experiments with the highest spatial
correlation and the lowest RMSE is the simulation of α = 0.25,
0.50, and 0.50, respectively.

Figure 3 shows the scatterplot and linear trend of the averaged
Tmax and the surface soil moisture (0–5 cm) at the observational

sites in the bounded region (105◦-125◦E, 18◦-38◦N) during the
three heat waves. It is obvious that, overall, there is a decreasing
trend in the averaged Tmax, with the increasing surface soil
moisture for the three heat wave events (negative R-value in
Figures 3A–C). In addition, the decreasing trends of the averaged
Tmax decline gradually with increasing ISM in the 2003 and
2007 heat waves, implying a transition from the transitional
regime to the wet regime in the soil moisture-temperature
relationship (Figures 3A,B), whereas the decreasing rates of
high temperature in the 2013 heat wave are very significant in
all five simulations with different ISM conditions (Figure 3C).
Furthermore, the linear trends of the averaged Tmax in the five
sensitivity simulations for the 2013 heat wave are approximately
twice those for the 2003 and 2007 heat waves. Therefore, it can
be inferred that, with increasing ISM, the land surface in the 2003
and 2007 heat waves is more easily able to enter the wet regime
than that in the 2013 heat wave. The surface soil moisture in the
CTL simulations for the three heat waves is shown in Figure 4.
The averaged surface soil moisture from the CTL simulation for
the 2013 heat wave (Figure 4C) is apparently lower than that
from the CTL simulations of the 2003 and 2007 heat waves over
most of eastern China (Figures 4A,B), which strongly supports
our above supposition. Therefore, the impacts of soil moisture on
high temperatures on the CTL and wet simulations in the 2003
and 2007 heat waves should be obviously weaker compared to
those from the 2013 heat wave and will be discussed in detail in
the next.

To quantitatively characterize the daily variations of heat
waves, we define three heat wave indices: heat wave mean
temperature (HWMT), heat wave number (HWN) and heat wave
accumulated intensity (HWI). For a specific date during a heat
wave process, the HWMT means the area-averaged Tmax. The
HWN means the number of stations with Tmax higher than
35◦C. The HWI means the sum of deviations between Tmax and
the 35◦C threshold at all stations with Tmax higher than 35◦C.
The three indices are all calculated over the region (105◦-125◦E,
18◦-38◦N). Figure 5 exhibits the daily HWMT, HWN HWN,
and HWI in the observation and the five sensitivity simulations
with different ISM conditions, respectively. For the daily HWMT
in the 2003 heat wave (Figure 5A), the four simulations with
α ranging from 0.50 to 1.25 underestimate the daily HWMT
throughout the whole heat wave period, consistent with the
underestimation of the number of high temperatures in Table 2,
while the driest simulation with α = 0.25 overestimates the
daily HWMT during a short period of the heat wave. The
magnitude of daily HWMT generally decreases during the heat
wave period, with an increasing ISM of α ranging gradually from
0.25 to 1.25. On the other hand, all five sensitivity experiments
show high capacity to capture the temporal variability of the
daily HWMT, with temporal correlations higher than 0.85
(shown in Table 3). The results are similar for the daily HWN
and HWMI in the 2003 heat wave (Figures 5B,C). The five
sensitivity simulations with different ISM conditions show an
ability to characterize the daily evolutions of HWN and HWI,
with significant temporal correlations around 0.80 (Table 3).
However, the underestimations of HWN and HWI during
the heat wave period are also remarkable in the sensitivity
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FIGURE 3 | The scatterplot and linear trend between the average daily Tmax and the average daily mean surface soil moisture (0–5 cm) at the observational sites over

the region (18◦-38◦N, 105◦-123◦E) in the five sensitivity simulations with different ISM. (A–C) Represent the three heat wave events. The R values (unit: ◦C) in each

panel represent the overall linear trend (black font) and the individual linear trend (colored fonts) in each sensitivity simulation, respectively.

FIGURE 4 | The average surface soil moisture (0–5 cm, unit: m3m−3) at the CTL simulation during the three heat waves (A–C).

experiments, and the underestimations increase gradually along
with increasing ISM. The results indicate that the initial soil
moisture shows insignificant effects on the temporal variability
of heat waves, but pronouncedly affects their amplitudes, spatial
extensions and intensities.

For the 2007 heat wave, the CTL simulation shows an
underestimation for the daily HWMT throughout the heat wave
period, indicating an overestimation of the surface soil moisture.
Moreover, the three other simulations with α = 0.50, 0.75,
and 1.25 also demonstrate obvious underestimations of HWMT
throughout the whole heat wave period, whereas the driest
simulation with α = 0.25 overestimates the daily HWMT during
most of the heat wave period. Additionally, the magnitude of
daily HWMT in five sensitivity experiments decreases gradually,
with α ranging from 0.25 to 1.25. Particularly, all five simulations
with different ISM conditions can reasonably simulate the
temporal variability of daily HWMT for the 2007 heat wave, with

significant correlations above 0.75 (Table 3). Similar results are
found for the daily HWN and HWI during the 2007 heat wave
(Figures 5E,F). All five sensitivity experiments with different ISM
conditions can reasonably characterize the daily variations of
HWN and HWI, with significant temporal correlations mainly
above 0.6 and 0.4, respectively. Moreover, the CTL run and
the simulations of α = 0.50, 0.75 and 1.25 show apparent
underestimations of the HWN and HWI. The underestimations
are the worst in the CTL and the wet simulation with α =

1.25, which fails to reproduce the existence of high temperatures
above 35◦C at several dates of the heat wave period. The driest
simulation with α = 0.25 overestimates the daily HWN and HWI
during most of the heat wave period.

For the 2013 heat wave, the CTL simulation shows
obvious underestimations of the HWMT, HWN, and HWI
(Figures 5G–I). The wet simulation with α = 1.25 and the dry
simulation with α = 0.75 also underestimate the magnitude of
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FIGURE 5 | The daily variations of area-averaged HWMT(A,D,G), HWN (B,E,H), and HWI (C,F,I) over the region (18◦-38◦N, 105◦-123◦E) in the observation and in

the five sensitivity simulations during the three heat waves.

TABLE 3 | The temporal correlations between the observed and the simulated daily heat wave indices initialized with different soil moisture (α).

ISM(α)

Heat Waves 2003 2007 2013

HWMT HWN HWI HWMT HWN HWI HWMT HWN HWI

0.25 0.85 0.83 0.85 0.78 0.57 0.38 0.71 0.74 0.67

0.50 0.91 0.87 0.88 0.81 0.67 0.41 0.64 0.72 0.71

0.75 0.91 0.82 0.83 0.87 0.72 0.47 0.65 0.77 0.75

CTL 0.93 0.79 0.79 0.90 0.70 0.45 0.69 0.90 0.76

1.25 0.94 0.77 0.78 0.92 0.66 0.48 0.68 0.62 0.57

HWMT, HWM and HWI, whereas the dry simulation with α =

0.50 shows both underestimations and overestimations for the
three heat wave indices during the heat wave period, and the
driest simulation with α = 0.25 tends to overestimate these
heat wave characteristics during most of the heat wave period.
Moreover, the temporal correlations between the simulated and
observed daily HWMT, HWN and HWI are mainly above 0.60 in
the five sensitivity experiments for the 2013 heat wave, significant
at the 95% confidence level.

Sensitivity of Heat Waves to Soil Moisture
Initialization
It was shown above that the CTL simulation is able to
capture the spatial distributions and daily evolutions for each
of the three heat waves but apparently underestimates their
amplitudes, intensities and spatial extensions. Different ISM
conditions show insignificant effects on the spatial distributions

and temporal variations of heat waves, but they pronouncedly
affect the magnitudes of high temperatures, spatial extensions
and intensities. In this section, we will discuss the response of
high temperatures to the different ISM conditions in detail.

Figure 6 illustrates the changes of averaged Tmax during the
three heat waves caused by a decrease in the initial soil moisture
between the two contiguous simulations, represented by 0.25–
0.50 (α), 0.50–0.75 (α), 0.75–1.00 (α), 1.00–1.25 (α). During
the three heat wave processes (three rows), prominent increases
in Tmax with reduced initial soil moisture are mainly located
within the heat wave territories. It is worth mentioning that
the increases in Tmax imply an increase in both the amplitude
and the extent of a heat wave, as shown in Figure 2. Moreover,
for the three heat waves, the magnitudes and spatial extents of
the temperature increases induced by reduced ISM are generally
higher in 0.25–0.50 (α) and 0.50–0.75 (α) than those in 0.75–
1.00 (α) and 1.00–1.25 (α), with the exception of the 2013
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FIGURE 6 | The spatial distributions of changes in average daily Tmax for the three heat waves, with decreased initial soil moisture in two contiguous simulations

(A–D for the 2003 heat wave, E–H for the 2007 heat wave and I–L for the 2013 heat wave).

heat wave, where the spatial extent of temperature changes
in 0.75–1.00 (α) is comparable or slightly larger than that of
temperature changes in the 0.25–0.50 (α). The root mean square
deviations (RMSDs) for the averaged Tmax differences between
two contiguous simulations over the region (18◦-38◦N, 105◦-
123◦E) are shown in Table 4. Consistent with those depicted
in Figure 6, the RMSDs in 0.25–0.50 (α) and 0.50–0.75 (α) are
higher than those in 0.75–1.00 (α) and 1.00–1.25 (α) in the 2003
and 2007 heat waves, with the exception that the RMSD in 0.75–
1.00 (α) is slightly higher than that in 0.25–0.50 (α) in the 2013
heat wave. As mentioned above, with increasing soil moisture,
the soil moisture-temperature relationship during the three heat
waves experiences a transition from the transitional regime to
the wet regime, in which EF and surface temperature become
less sensitive to the change of soil moisture content. Therefore,
the changes in the averaged Tmax caused by reduced initial soil
moisture generally decrease from dryer to wetter simulations.
Additionally, as addressed above, the CTL and wet simulations
for the 2003 and 2007 heat waves are more likely to enter the wet
regime than those for the 2013 heat wave. Thus, the responses of
high temperatures to the ISM conditions decreases in the 0.75–
1.00 (α) and 1.00–1.25 (α) in the 2003 and 2007 heat waves
are much weaker or negligible (Figures 6C,D,G,H) compared to
those in the 2013 heat wave (Figures 6K,L).

TABLE 4 | The RMSD for the averaged Tmax between two contiguous sensitivity

simulations with different ISM (α) over the region (18◦-38◦N, 105◦-123◦E).

ISM(α)

Heat Waves
2003 2007 2013

0.25–0.50 0.70 1.10 1.04

0.50–0.75 0.76 0.76 1.40

0.75–1.00 0.47 0.51 1.07

1.00–1.25 0.31 0.27 0.64

Figure 7 demonstrates the daily variations of the changes in
HWMT, HWN, and HWI caused by ISM decreases between two
consecutive simulations. Consistent with the results in Figure 6,
for the three heat waves, the daily HWMT, HWN, and HWI
changes caused by the ISM reductions are mostly higher in 0.25–
0.50 (α) and 0.50–0.75 (α) than those in 0.75–1.00 (α) and 1.00–
1.25 (α), with the exception that the changes of HWMT and
HWN in 0.75–1.00 (α) are relatively higher than those in 0.25–
0.50 (α) at several dates during the 2013 heat wave. In particular,
the changes of HWMT, HWN, and HWI in the 2003 and 2007
heat waves (Figures 7A–F), and the changes of HWMT in the
2013 heat wave (Figure 7G) are negligible (close to zero) in the
pairs of simulations [1.00–1.25 (α)]. Therefore, for the 2003 and
2007 heat waves, the correlations of all three heat wave indices
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FIGURE 7 | The daily variations of the changes in area-averaged HWMT (A,D,G), HWN (B,E,H) and HWI (C,F,I) over the region (18◦-38◦N, 105◦-123◦E) caused by

initial soil moisture decreases in two contiguous simulations.

with the observations are of similar values in the CTL simulation
and the wetter simulation, with α = 1.25 (Table 3). The same
happens for the HWMT for the 2013 heat waves (Table 3).
However, the changes in heat wave indices induced by decreased
ISM cannot be ignored in the dryer simulations (Figure 7), which
are very likely to influence the temporal variations of heat wave
indices. It’s noted that compared with the CTL simulations,
the correlations of HWMT in the 2003 heat wave and almost
all the three heat wave indices from the 2007 and 2013 heat
waves become lower in the dryer simulations with the decreasing
ISM (Table 3).

In short, the above results demonstrate that different
ISM conditions can significantly influence the amplitudes,
spatial extensions, and intensities of heat wave events,
whereas they show relatively fewer impacts on their spatial
distributions and temporal variations. The response of
heat waves to changing ISM is dominated by the different
regimes in the soil moisture-temperature relationship,
characterized by the varying behaviors of the evaporative
fraction (Seneviratne et al., 2010).

It is increasingly argued that the internal variability (IV)
of a regional model should be considered in the assessment
of a climate change signal (Giorgi and Bi, 2000; Christensen
et al., 2001). Here, to ascertain whether the IV has impacts
on the high temperature changes induced by different ISM
conditions, we designed a set of sensitivity experiments with
a perturbation in their initial dates. That is, for each heat
wave event, nine simulations with the more realistic surface soil

moisture condition (α = 0.5) were conducted with a varying
initial date, i.e., a lead time of 8 to 0 days to the CTL simulation.
For example, for the 2003 heat wave, with α fixed at 0.5, the
nine sensitivity experiments were initialized from 13 to 21 June
2003, respectively. Comparative analyses on the nine simulations
enable us to assess the impacts of IV. Taking the heat wave
in 2003 for example, Figure S1 exhibits the averaged (a-i) and
maximum daily Tmax (j) during the heat wave period (Table 1)
in the nine simulations with different initial dates. It was found
that IV has insignificant effects on the spatial and temporal
variations of high temperatures, as the spatial pattern and
daily evolution of maximum Tmax show negligible differences
among the nine simulations. Thus, it can be concluded that
the results of the impacts of ISM on the three heat waves
are robust.

Explanations for the Sensitivity
The above results provide robust evidence for the impacts
of initial soil moisture on the three observed heat waves
with different durations, extensions and intensities. In the
following part, systematical analyses are made to discuss the
related mechanisms.

Soil Moisture Changes
Figure 8 shows the spatial patterns for the decreases in averaged
daily surface soil moisture (0–5cm) between two contiguous
simulations [i.e., 0.25–0.50(α), 0.50–0.75 (α), 0.75–1.00 (α),
1.00–1.25 (α)] during the three heat wave events.We focus on the
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surface soil moisture (first 5 cm), as it is more strongly correlated
to heat fluxes than the total column moisture (Berg et al., 2014).
The soil moisture changes in the other soil layers (i.e., at 5–25 cm,
25–70 cm, and 70–150 cm thickness) show similar patterns to
the surface layer but with higher magnitudes (Figures S2–S4).
For the three heat waves (three rows in Figure 8), the spatial
distributions of the decreases in soil moisture coincide with
those of the increases in Tmax (Figure 6), consistent with
the soil moisture-temperature feedback loop whereby higher
temperatures tend to cause more evaporation demand, and thus
lead to further drying of the soil (Seneviratne et al., 2010;
Alexander, 2011). Additionally, due to the coupling with the
upper-level high-pressure system, the positive feedback between
surface soil moisture loss, evapotranspiration decrease, and
temperature increase can be amplified (Fischer et al., 2007a).
Figures 9A–C show the anomalies of averaged H500 during
the three heat waves (removing the summer climatology during
1971–2000) with JRA-55 reanalysis. It is clear that in the mid-
troposphere, the three heat waves are dominated by positive
H500 anomalies, which may strengthen the subtropical high.
The anomalous upper-level circulations favor the maintenance
of heat wave events and enhance the positive feedback
between surface soil moisture loss and temperature increases
(Fischer et al., 2007a; Pezza et al., 2012).

The corresponding daily variations of the regional averaged
surface soil moisture differences between the two contiguous
simulations during the three heat waves are shown in Figure 10.
It is found that the surface soil moisture differences in the pair
of simulations 1.00–1.25 (α) are clearly lower than the other
pairs of simulations for the three heat waves, especially for the
2003 and 2007 heat waves (Figures 10A,B). Because of the wetter
land surface in the 2003 and 2007 heat waves compared to the
2013 heat wave (Figure 4), the wet experiments for the 2003
and 2007 heat waves are more likely to reach the water-holding
capacity. In this case, the soil moisture would be instantaneously
removed from the grid box through runoff. Besides, the surface
soil moisture differences in the pair of simulations 0.25–0.50 (α)
are generally lower than those in the pair of simulations 0.50–
0.75 (α) and 0.75–1.00 (α) for the three heat waves, even lower
than the 1.25–1.00 (α) in the 2013 heat wave. This is possibly
due to the precipitation during the three heat waves, captured
in the model (Figure S5). Previous studies have suggested that
the sensitivity of runoff with respect to soil moisture decreases
with lower soil moisture content (i.e., Seneviratne et al., 2006).
Accordingly, the precipitation-induced soil moisture anomalies
increase with lower soil moisture content, which weakens the soil
moisture differences caused by imposed perturbation in dryer
simulations [i.e., 0.25–0.50 (α)]. Such a phenomenon is also seen
in Figure 8.

Heat Flux Response
Most of the inferred impacts of soil moisture for the climate
system are induced by its role for evapotranspiration E (or latent
heat flux λE, where λ is the latent heat of vaporization) in soil
moisture-limited regimes (e.g., Seneviratne and Stöckli, 2008;
Seneviratne et al., 2010). The decreased evaporation with reduced
soil moisture would lead to increased air temperature through

affecting the land surface energy. According to Seneviratne et al.
(2010), the land surface energy balance can be expressed as:

Rn = λE+ SH + G (1)

where Rn is the net radiation, λE is the latent heat flux, SH is the
sensible heat flux, and G is the ground heat flux at the surface.
The net radiation Rn is defined as follows:

Rn = SWin − SWout + LWin − LWout (2)

where the SWin represents the incoming shortwave radiation,
SWout is the outgoing shortwave radiation (equals to
SWin ∗ λ, where λ is the albedo), the LWin is the incoming
longwave radiation, and LWoutis the outgoing longwave
radiation. LWout from the surface is εσT4

− (1− ε) LWin, sum
of the surface emission and reflected down-welling long wave
radiation incident on the surface. ε is the emissivity of the land
surface. σ and T refer to the Stefan-Boltzmann constant (5.67
× 10−8Wm−2K−4) and land surface temperature, respectively.
Therefore, the land surface energy balance can be rewritten as:

ǫσT4
= (1− λ)SWin + εLWin − λE− SH − G (3)

Equation (3) demonstrates that soil moisture plays a key role for
the land surface energy balance and thus for the changes of land
surface temperature through its impacts on the energy partioning
at the surface. Therefore, the relative contribution of each item
in the right hand of Equation (3) for the changes of surface air
temperature can be obtained through analyzing their response to
soil moisture.

Taking the 2013 heat wave as an example, Figure 11 shows
the changes of each energy component in Equation (3) caused
by decreases in soil moisture between two dry simulations [0.25–
0.50(α)]. The LH and G are multiplied by−1 for the convenience
of comparison. It is demonstrated that the SWin shows few
changes over the heat wave territory but a negative tendency
south of the heat wave territory (Figure 11A). The LWin shows
positive changes over the heat wave territory (Figure 11B) while
its magnitude is much less than the LH changes (Figure 11C).
The deficit of LH over heat wave territory can be largely
compensated by increased SH (Figure 11D). Compared with the
other energy components, the G shows insignificant changes over
the research domain when soil moisture decreases (Figure 11E).
Therefore, the results show that the impacts of soil moisture
on the land surface energy balance are effectuated mainly by
affecting the partioning of LH and SH. The soil moisture loss can
limit the total energy used by the latent heat flux, andmore energy
is available for sensible heating. The increased SH enables the
warming of the near-surface atmosphere (shown in Figure 6I),
accompanied by increased LWout over the heat wave territory
(Figure 11F). It should be noted that the results are similar for
the heat waves in 2003 and 2007. This suggests that the changes
in Tmax (Figure 6) can be reasonably well-explained by the
changes in land surface energy balance, induced by initial soil
moisture decreases.

Furthermore, we investigate the temporal variations of
regionally averaged LH and SH changes caused by the ISM
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FIGURE 8 | Same as in Figure 6 but for the average daily mean surface soil moisture (0–5cm: unit: m3m−3) during the three heat waves (A–D for the 2003 heat

wave, E–H for the 2007 heat wave, and I–L for the 2013 heat wave).

FIGURE 9 | The anomalies (units: m, shading) and the average of H500 (units: m, contour) during the three heat waves (A–C) in JRA-55 reanalysis (removing the

summer climatology during 1971–2000).
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FIGURE 10 | Same as in Figure 7, but for daily mean surface soil moisture (0–5cm, unit: m3m−3). (A–C) Represent the three heat wave events.

decreases between two contiguous simulations during the three
heat waves (Figure 12). The LH changes are multiplied by −1
for the convenience of comparison. For the three heat waves,
the changes in LH and SH are higher in 0.25–0.50 (α) and
0.50–0.75(α), followed by the changes in 0.75–1.00(α), and the
changes in 1.00–1.25(α) are the least, indicating the transition
from a transitional regime to the wet regime in the land surface.
Additionally, the spatial correlations between the changes of
daily LH/SH and the changes of daily Tmax induced by reduced
ISM are mainly significant and of higher values in the pairs
of simulations 0.25–0.50 (α) and 0.50–0.75(α) than those in

0.75–1.00(α) and 1.00–1.25(α) during the three heat waves (not
shown). The results indicate that the imposed impacts of ISM
on high temperatures through affecting the land surface energy
balance are weakened over wetter land surfaces.

Atmospheric Circulation Response
It has been demonstrated that high-pressure systems dominated
eastern China during the three heat waves (Figure 9). Moreover,
soil conditions are able to influence the continental-scale
atmosphere circulation, leading to the domination of extreme
high temperature events (Ferranti and Viterbo, 2006; Fischer
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FIGURE 11 | Changes in average SWin (A), LWin (B), LH (C), SH (D), G (E), and LWout (F) during the 2013 heat wave caused by soil moisture reduction

[0.25–0.50(α)].

FIGURE 12 | Same as in Figure 7, but for the daily mean LH (A,C,E) and SH (B,D,F).

et al., 2007b). Here, to broadly represent the response of
atmospheric circulation to the initial soil moisture, Figure 13
shows the 925 hPa (H925) and H500 anomalies caused by
initial soil moisture reduction between the very dry and
wet simulations [0.25–1.25 (α)]. It is shown that the soil
moisture affects geopotential height from the surface to the
mid-troposphere. With reduced ISM, the H925 is substantially
reduced during each of the three heat waves, with varying
magnitudes. The shape and location of the anomaly corresponds
well to the changes in temperature shown in Figure 4,
implying the existence of a surface heat low caused by strong
surface heating (Ferranti and Viterbo, 2006; Fischer et al.,

2007b). The expanded air induced by surface heating lifts
the pressure levels in the middle and upper troposphere
(Zeng et al., 2014). As shown in Figures 13A–C, H500 is
generally enhanced by reduced initial soil moisture, with positive
anomalies above the location of the surface heat low for
the three heat waves. In turn, the enhanced thickness of
the atmosphere from the surface to upper levels associated
with soil dryness may strengthen the anomalous circulation
pattern (Figure 9), and favor local warming (Figure 6) and
the further drying of the soil, implying a positive feedback
mechanism between soil moisture, upper-level circulation and
surface temperatures (Fischer et al., 2007a).
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FIGURE 13 | The differences of average daily H500 and H925 (units: m) between the driest and wettest simulations [0.25–1.25 (α)] during the three heat waves (A–C).

SUMMARY AND CONCLUSIONS

In this study, we investigated the impacts of initial soil moisture
on the three severe observed heat wave events in 2003, 2007,
and 2013 through WRF simulations. The observed heat waves in
2003 and 2007 dominated over southeastern China and the 2013
heat wave was centered over the middle and lower reaches of the
Yangtze River. Results show that the CTL simulation is able to
reproduce the spatial distributions and the daily evolutions for
each of the three heat waves but apparently underestimates their
amplitudes, intensities, and spatial extensions. Different ISM
contents show insignificant impacts on the spatial distributions
and temporal variations of heat waves but pronouncedly affect
their magnitudes, spatial extensions, and intensities. Specifically,
the average daily Tmax in the three heat waves increases
gradually with alongside decreasing ISM. During the heat wave
periods, the daily HWMT, HWN, and HWI show apparent
increases with the decreased initial soil moisture. In addition,
the responses of heat waves are decline gradually with increasing
soil moisture, implying a transition from the transitional regime
to the wet regime in the soil moisture-temperature relationship.
The internal variability in the regional climate model shows
insignificant effects on the spatial and temporal variations of
high temperatures. Thus, it is concluded that the analyses of the
impacts of ISM on the three heat waves are robust.

To explain the sensitivity of the three heat waves to ISM,
we investigated the responses of land surface energy and
atmospheric circulations to the different ISM contents. Results
show that the surface energy balance, especially the partitioning
of LH and SH flux, is changed by different ISM contents. With

decreased ISM, LH is reduced, and the decrease of energy is
compensated by the increased SH, which leads to near-surface
warming and further dryness of land. However, such impacts are
weakened over the wetter land surface.

The three heat waves were all dominated by anomalous high-
pressure systems. The decreased soil moisture may enhance a
positive anomaly of geopotential height at the upper levels and
thus make the anomalous pattern more persistent. However, a
negative anomaly is usually forced over the lower levels due to
the strong surface heating. Thus, the thickness of the associated
atmosphere is increased from the surface to upper levels. Such a
thickened atmosphere associated with soil moisture dryness will
further strengthen the local warming and drying.
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