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Abstract. Using a succession of 24 h Weather Research andower atmosphere while positive feedback occurs in the mid-
Forecasting model (WRF) simulations, we investigate thetroposphere.
sensitivity to initial soil moisture of a short-range high-  Using a method based on an analogous temperature rela-
temperature weather event that occurred in late July 2003ionship, a detailed analysis of the physical processes shows
in East China. The initial soil moisture (SMOIS) in the that for the SAT change, the SMOIS change affects diabatic
Noah land surface scheme is adjusted (relative to the contrgbrocesses (e.g. surface fluxes) more strongly than the adia-
run, CTL) for four groups of simulations: DRY25-¢5 %), batic process of subsidence in the western Pacific subtropi-
DRY50 (—50%), WET25 {25%) and WET50 50 %). cal high in the five groups of simulations. Interestingly, al-
Ten 24 h integrations are performed in each group. though diabatic processes dominate subsidence during the
We focus on 2m surface air temperature (SAT) greaterdaytime and night-time separately, they do not necessarily
than 35°C (the threshold of “high-temperature” events in dominate during the 24 h periods (e.g. they are dominant in
China) at 06:00 UTC (roughly 14:00 LT in the study domain) the WET and CTL simulations only). Further, as the SMOIS
to analyse the occurrence of the high-temperature event. Thdecreases, the SAT06 increases, which is largely due to the
10-day mean results show that the 06:00 UTC SAT (SAT06)reduced cooling effect of the diabatic processes, rather than
is sensitive to the SMOIS change; specifically, SAT06 ex-the warming effect of subsidence.
hibits an apparent increase with the SMOIS decrease (e.g. Unlike previous studies on heatwave events at climate
compared with CTL, DRY25 generally results in &Q@  timescales, this paper presents the sensitivity of simulated
SATO06 increase over the land surface of East China), areashort-term hot weather to initial soil moisture and empha-
with 35°C or higher SAT06 are the most affected, and the sises the importance of appropriate soil moisture initializa-
simulations are more sensitive to the SMOIS decrease thation when simulating hot weather.
to the SMOIS increase, which suggests that hot weather can
be amplified under low soil moisture conditions. Regarding
the mechanism underlying the extremely high SAT06, sensi-
ble heat flux has been shown to directly heat the lower atmol Introduction
sphere, and latent heat flux has been found to be more sensi-
tive to the SMOIS change, resulting in an overall increase inUnder the background of global warming, heatwave events
surface net radiation due to the increased greenhouse effeB@ve occurred frequently worldwide, especially in the early
(e.g. with the SMOIS increase from DRY25 to CTL, the 10- 21st century. As stated in a report by the World Meteo-
day mean net radiation increases by 5 WP Additionally, rological Organisation, the first decade of the century was
due to the unique and dynamic nature of the western Pacifi¢he hottest on record since modern measurements began
subtropical high, negative feedback occurs between the recirca 1850 (WMO, 2013). In the summer of 2003, Continen-

gional atmospheric circulation and the air temperature in thef@! Europe was hit by a persistent abnormal heatwave during
which the average summer temperature in most areas was
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3°C higher than that of the 30-year (1961-1969) averageand found a relationship between soil-moisture deficit and
over 35000 heat-related deaths were estimated across Esummer hot extremes in southeastern Europe; the results
rope (e.g. Larsen, 2003). In the same period, abnormal highwere compared with climate model simulations. Using an
temperature weather also occurred in the regions south of thatmospheric general circulation model, Fennessy and Kin-
Yangtze River and South China (e.g. Lin et al., 2005; Yangter (2011) emphasised the important roles of both the warm
and Li, 2005; Zeng et al., 2011), resulting in increased dailylocal sea surface temperature and the dry local soil in inten-
mortalities (Tan et al., 2007). In the summer of 2010, persis-sifying the 2003 European heatwave. Using two long-term
tent and abnormally hot weather occurred in eastern Europ&Veather Research and Forecasting model (WRF) simulations
and Russia, during which the maximum average regionawith and without soil moisture—atmosphere interactions to
temperature in western Russia was 82@thigher than the evaluate the influence of the land—atmosphere coupling on a
average summer temperature for the period of 2003—2009%ummer heatwave in China, Zhang and Wu (2011) found that
the super-heatwave events in 2003 and 2010 likely surpassetie land—atmosphere coupling amplifies hot extremes over
the maximum summer temperature of the last 500 years ove€hina, especially in most areas of eastern and southeastern
nearly half of Europe (Barriopedro et al., 2011; Lau and China; the increase was statistically significant. Regarding
Kim, 2012). In early July 2012, over half of America was the summer 2010 Russian heatwave, Lau and Kim (2012)
hit by a persistent heatwave for approximately 1 week, anddemonstrated that there was positive feedback between the
record-high temperatures were set in many places (Donagxtratropical atmospheric blocking pattern and an underly-
et al., 2013). These high-temperature and heatwave eveniag extensive land region with below-normal soil moisture,
not only directly threaten human health and safety but alsovhich amplified the heatwave. In most of these investiga-
cause droughts and forest fires, which pose serious hazard®ns, weather or climate models were used for continuous
to the entire ecological system and severely impact electricaintegration for a relatively long time (e.g. seasons) to ex-
power, transportation, and so forth (Tan et al., 2007; Zeng eplore the influence of soil moisture on the heatwave events.
al., 2011). It was concluded that precedent low soil moisture or low soil
In recent decades, researchers have investigated the causesisture during the events was beneficial for the generation,
of the formation and persistence of high-temperature andnaintenance or enhancement of heat waves.
heatwave events from various aspects (e.g. Wolfson et al., There have been many numerical studies concerning the
1987; Lyon and Dole, 1995; Lin et al., 2005; Fischer et effect of different land surface schemes or initial model con-
al., 2007; Zeng et al., 2011; Lau and Kim, 2012). Land-ditions on short-range weather (e.g. Xue et al., 2001; Holt
atmosphere interactions are known to have an important imet al., 2006; Lei et al., 2008; Sun et al., 2012). Many of
pact on weather and climate (e.g. Shukla and Mintz, 1982these studies highlighted the importance of land surface pro-
Pielke, 2001; Koster et al., 2004; Guo et al. 2011). Specif-cesses on heavy rainfall events. However, there has been rel-
ically, the influence of soil moisture anomalies on high- atively little research focusing on the role of soil moisture in
temperature events has been widely investigated (Wolfson eéhe formation or development of high-temperature weather
al., 1987; Ferranti and Viterbo, 2006; Fischer et al., 2007;at short timescales (e.g. 24 h). This research is important for
Fennessy and Kinter, 2011; Lau and Kim, 2012). For ex-two reasons. First, soil moisture is a key physical quantity
ample, Wolfson et al. (1987) used a series of general cirin land—atmosphere interactions — e.g. in the Global Land
culation model experiments to explore the roles of sea surAtmosphere Coupling Experiment (GLACE), soil-moisture—
face temperature anomalies of the North Pacific, soil mois-precipitation coupling strength and soil moisture initialisa-
ture anomalies of the American continent and solar radiativetion in numerical models were the research focuses in the two
forcing in the maintenance and weakening of the extremephases of the project (Koster et al., 2006; Guo et al., 2011)
heatwave of the United States in the summer of 1980; in(these were also focuses in the mentioned literature). Second,
the case of a warm and dry environment, low soil moisturethe role of soil moisture might differ at different timescales
was beneficial for the maintenance of the event. In study-and affect simulation results. In this regard, relatively long-
ing the 2003 heatwave in Europe, Fischer et al. (2007) interm soil moisture effects have received attention. For exam-
dicated that during the heatwave, the soil moisture was exple, observations have shown that in many areas, soil mois-
tremely low, which substantially reduced latent cooling (la- ture anomalies can persist for weeks to months (e.g. Vin-
tent heat flux) and greatly increased the surface temperanikov and Yeserkepova, 1990; Seneviratne et al., 2006), and
ture anomaly; their regional climate model sensitivity sim- a large nhumber of studies have quantified the effect of soil
ulations showed that soil moisture played a key role in themoisture initialisation on the performance of sub-seasonal to
partitioning of net radiation into latent and sensible heatseasonal climatology forecasts. Soil moisture anomalies and
fluxes and in the evolution of the heatwave. Positive feed-soil moisture differences have been shown to impact climate
back was identified between soil moisture, atmospheric cirvariability and even substantially affect forecast accuracy by
culation, and temperature based on the summer anomaliegsodifying surface sensible and latent heat fluxes, as well as
of geopotential heights and air temperature in the tropo-atmospheric circulations (e.g. Beljaars et al., 1996; Fennessy
sphere. Hirschi et al. (2011) analysed observational indiceand Shukla, 1999; Viterbo and Betts, 1999; Zeng et al., 2003;
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Koster et al., 2004; Douville, 2010; Guo et al., 2012). As in- a o P
dicated by Fennessy and Shukla (1999), the strength of the ,, |
impact of the initial soil wetness differences was dependent
on several factors, such as the areal extent and magnitude o03*"]
the initial soil wetness difference and the persistence of the |
soil wetness difference. In this context, the impact of the ini-

40N A

30N

tial soil wetness difference on numerical modelling, using a 2+V1 ‘ o 20N
coupled model, also depends on the simulation lengths or the | o
timescales of interest. 1126 1166 120 124E 'ONGOE 1o 120E  130E  140E

Therefore, regarding short-range high-temperature
weather or heatwave simulations, the following questions
arise: (1) Are short-range (e.g. 24 h) simulations sensitive sen
to the change in soil moisture and, if so, to what extent? .,
(2) What is the mechanism responsible for the change in
simulated variables (e.g. air temperature) induced by the
initial soil moisture? Moreover, what is the relative impor- 2"
tance of the physical processes (e.g. surface heat transfer vi.on
sensible and latent heat fluxes and atmospheric processe T08E 112E 116E 120E 124€ TOBE 1726 776 120c 17t
via advection and convection) that affect the simulated ] )
temperature for continental China? The answers to thesE'9ure 1. The study areas and climatologg) The model domain,
questions can enhance our understanding on the influenc\ghere the D1 and D2 sub-areas are the large and nested areas, re-

f soil ist d hel 0] th pectively, while D3 is the “core” region of southeastern China,
oF soif moisture and can help us to Improve the accuracy Ol o e he extremely high temperatures occurred (the meteorolog-

hlgh-tempera_ture Wegther fore_casts. ) . ical stations are marked by dot¢p) The 500 hPa 5880 gpm con-
The objective of this paper is to quantify and explain the toyrs of the climatological averages for July 2003 (solid line) and
sensitivity of high-temperature weather to initial soil mois- the base period (1971-2000; dashed lifie) The July 2003 SAT
ture by answering the above questions. Hence, using differerdnomaly, i.e. departures from the base period (1971-2000) average
soil moisture initialisations in the Noah land surface scheme(unit: °C). (d) Same agc) but for precipitation (units: mmdl).
in the WRF model, we perform sensitivity experiments to
simulate the temperature change and related quantities (e.g.
sensible and latent heat fluxes, radiative fluxes and geopoteribe summer of 2003 (Lin et al., 2005; Yang and Li, 2005;
tial heights) for the East China high-temperature event of lateZ€ng et al., 2011). Shown in Fig. 1b, the subtropical high
July 2003. Therefore, in Sect. 2 of this paper, we describdn July 2003 exhibited a west—east distribution that spanned
the climate background of the high-temperature event (e.gl% of latitude, where the westward extent of the ridge of the
anomalies in the 500 hPa geopotential heights and surface880 gpm (geopotential metres; quantitatively, 1 gpm is very
temperatures) and the experimental design. In Sect. 3, thelose to 1 m in the troposphere) contour was west of F10
simulation results are analysed using a comparison amon§&ompared to the multi-year (1971-2000) climate, both the
the simulated surface air temperature (SAT) results and obDorth—south extent and area of the western Pacific subtropical
servations to quantify sensitivity and further explain how high were larger for this event, the position was abnormally
and to what extent the physical processes (e.g. surface hegf” West and the intensity was stronger. In the summer, East
transfer, atmospheric advection and convection) affect théChinawas persistently controlled by the much stronger west-
soil moisture-induced temperature changes. Finally, Sect. vard ridge of the subtropical high, with weaker winds and

presents a summary and conclusions of the research. more sunny days, which result in exceptionally hot weather.
Figure 1c and d present the anomalies of the SAT and

precipitation, respectively, that occurred in July 2003 for
2 Methods and data the region; here, the climatological data set of Willmott et
al. (1998) was applied. During the period, most areas south
of the Yangtze River had an average SAT AUC5higher than
the multi-year average, while the SAT in the Huaihe River
2.1.1 Climate background of the simulation period basin (30-36N, 112-121 E) was I°C lower than normal

(Fig. 1c). In the regions to the south of the Yangtze River, the
Previous studies have shown that persistent, strong anomdrecipitation was generally more than 2 mmcelow nor-
lies and an exceptionally westward position of the westernmal, or 4mmd* below normal for half of the area (Fig. 1d).
Pacific subtropical high were the prevalent causes of the contiowever, there was substantially more precipitation in the
tinuous high-temperature weather in southern China (mainlyYangtze River and Huaihe River basins (Fig. 1d).
in southeastern continental China; see area D3 in Fig. 1a) in

40N

28N

2.1 Experimental design
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From the distribution of day-to-day SATs (not shown), the time of the experiment; e.g. “D21” represents the simulation
high-temperature climate in southern China, with°G5or with the integration period from 06:00 UTC on 20 July 2003
higher daily maximum SATs, lasted for over 1 month (over to 06:00 UTC on 21 July 2003.

2 months in some areas). The daily maximum SATs in July To investigate the sensitivity of the short-range high-
from the middle and lower reaches of the Yangtze Rivertemperature weather simulation to soil moisture, the initial
to South China were as high as 38-=4) the values even soil moisture fields are treated as follows. First, the initial
reached 40-43C in some areas of the southeastern coastafield of the total volumetric soil moisture content (hereafter
region, especially in late July, which was the hottest periodSMOIS) is modified at each grid point; correspondingly, the
of the summer according to 10-day moving averages of SATvalues for each soil layer are modified. Second, on the ba-
over the study area (Zeng et al., 2011). Record high tempersis of using the analysis data to perform ten 24 h integrations
atures, heatwave extents and heatwave durations were set. (i.e. the control run, or the CTL group of simulations) for late
July and following Fischer et al. (2007), sensitivity experi-
2.1.2 WRF and the experiment schemes ments are conducted with the modified initial soil moisture,
i.e. the four groups of simulations (WET50, WET25, DRY50
We investigated the sensitivity of the temperature simulationsand DRY 25) are conducted with the initial moisture content
to initial soil moisture using the Advanced Research WRFchanges 0f-50,+25, —50 and—25 %, respectively, relative
model (Version 3; Skamarock et al., 2008). As a commu-to CTL. Thus, the 24 h simulations for a specific date (e.g.
nity mesoscale model developed by the National Center fothe D21 simulation) have five initial fields of soil moisture; in
Atmospheric Research and other research institutions, WRFotal, 50 simulations are conducted. Meanwhile, because the
contains key dynamic features, such as fully compressibleSMOIS values range from 0 to 1 (the value of 1 represents the
nonhydrostatic equations, complete Coriolis and curvaturdand cover type of inland water), when the first-guest value
terms, and includes many advanced physical parameterisafthe SMOIS at a grid point is larger than the saturated value
tion schemes. The schemes adopted in this study include the sensitivity simulations, the saturated value is set as the
the microphysics scheme of Lin et al. (1983), the Betts—initial value for the integrations. Therefore, the SMOIS val-
Miller—Janjic subgrid-scale cloud scheme (Janjic, 1994), theues for the inland water remain unchanged. As an example,
Rapid Radiation Transfer Model long-wave radiation schemeFig. 2 presents the surface soil moisture fields at 06:00 UTC
(Mlawer et al., 1997), the Goddard short-wave radiationon 20 July 2003 for the initial values in the D21 simulations.
scheme (Chou and Suarez, 1994), the Monin—Obukhov surn Fig. 2a, except for the large inland water bodies (e.g. the
face layer scheme (Hong and Pan, 1996), the Yonsei UniverYangtze River, Taihu Lake and Poyang Lake), the soil mois-
sity (YSU) boundary layer parameterisation scheme (Hong eture contents are generally less than 0%m3. In this case,
al., 2006), and the Noah land surface scheme (Chen and Dudhe WET25 and WET50 soil moisture contents at the grid
hia, 2001; Ek et al., 2003). Through the coupling of the land points can be increased by 25 and 50 %, respectively, except
surface and atmospheric boundary layer schemes, WRF ader a few grids that approach saturation (Fig. 2d and e).
counts for land—atmosphere interactions, e.g. soil-moisture— Once the initial and boundary conditions are defined, ac-
air-temperature feedbacks. cording to the WRF formulations, both the land and atmo-

Two-way nesting is used in the simulations. The simu- spheric variables (e.g. atmospheric wind speeds, pressure,
lation domain is centred at (2®, 117.5 E), with 60x 70 temperature, geopotential height, soil temperature and soil
grid points and 30km spacing for the large domain (D1) moisture), as well as the surface fluxes (e.g. radiative, sen-
and 127x 145 grid points and 10 km spacing for the small sible heat and latent heat fluxes), vary over time during the
domain (D2) (Fig. 1a). The vertical resolution is a non- model integrations; these simulation results are used for the
uniform 31 layers with 50 hPa set as the top of the model. Inanalysis.
late July 2003, extremely high temperatures mainly occurred It should be noted that there is no unified definition or
over the areas south of the Yangtze River in eastern Chinatandard of “heatwave” events. For example, the National
(i.e. East China, denoted as area “D3” within area “D2” in Weather Service considers the effects of temperature and rel-
Fig. 1a). Except as otherwise stated, the statistical areal aveative humidity, and an excessive heat warning is issued by the
ages involved in the following analysis are the average valuesigency when daytime heat index values are expected to reach
of the land component of area D3. 40.5°C or above for two consecutive days or when the values

Similar to Zeng et al. (2011), the hottest late July period isare expected to exceed 46 for any length of time (Kalk-
the focus of this paper. The initial fields of the simulations arestein et al., 1996). For the Euro-Mediterranean region, Ste-
selected from 06:00 UTC on 20 July through 06:00 UTC onfanon et al. (2012) presented a method for defining and clas-
29 July 2003 (at an interval of 24 h), i.e. ten 24 h integrationssifying heat waves in which the events are grouped into six
are performed with a suite of model setups. We choose 24 elasses. In China, based on climate and environmental char-
as the integration length because initial soil moisture is rela-acteristics, high-temperature weather is classified into three
tively less modified at this timescale of short-range weatherlevels in the context of daily maximum SAT, i.e. high tem-
Subsequently, each integration is labelled with the endingperature £ 35°C), dangerously high temperature 38°C),
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b DRY25 tionally every six hours (00:00, 06:00, 12:00 and 18:00 UTC;

: http://rda.ucar.edu/datasets/ds083.2he FNL analysis data

are from the Global Data Assimilation System that contin-
o7 uously collects observational data for many analyses; the
o data are produced with the same model in the NCEP Global
o Forecast System (GFS), which is a global spectral data as-
similation and forecast model system (e.g. Whitaker et al.,
. 2008). The data are prepared approximately an hour after
112E1‘14E116E118E126E122E124E 112E1.14;1‘1’6E11BE120‘E122E124E the GFS iS Inltlallsed because SUCh a delay faCilitateS the
use of more observational data. The GFS also uses the FNL
data from the previous 6 h cycle as part of its initialisation.
Moreover, the data set is also recommended for use in WRF

¢ DRY50 d WET25

o0 for mesoscale weather simulationtp://www.dtcenter.org/

s wrf-nmm/users/downloads/input_data.php

bs To validate the temperature (i.e. SAT06) simulations, con-
o ventional observational data from the meteorological stations

are used. Shown in Fig. 1a, 369 stations are located in the
core region of East China.

112E114E 116E 118E 120E 122E 124E 112E114E116E 118E120E 122E 124E

e WETS0 2.3 Analysis of physical processes

34N .
ol K *\ y We mainly focus on the change in air temperature due to the

| & 0} 07 modified SMOIS. The temporal change in air temperature is
L e | or governed by the partial differential equation that is derived
28N - from the first law of thermodynamics, i.e.
26N A 0.1

. A 4 aT

R o A o5 =V VT —wl—y) + H, 1)

112E114E116E 118E120E 122E 124E

whereV represents the horizontal wind vectaris the verti-
Figure 2. The initial surface soil moisture fields at 06:00UTC cal Ve|0city1yd andy are the atmospheric temperature |apse
20 July 2003 in the D21 simulations (units®m~3). rate and the dry adiabatic lapse rate, respectively, fnid

the diabatic heating term. We let

and intensely hazardous high temperaturelQ°C) (Zhang

oT
et al., 2006). Because the SAT generally approaches thét =/¥d”

daily maximum value at approximately 14:00 Beijing Time t

(i.e. 06:00UTC) in southeastern China (especially in sum-

mer when the weather is persistently hot), following Zeng etADV = —/ V.VTdt,
al. (2011), we assume that the SAT at 06:00 UTC (SATO06) )

is representative of the daily maximum SAT. According to

observations (not shown), the 35 or higher daily maxi- CON= —/w(yd —y)de

mum SAT most prominently occurred in late July 2003 over y

southeastern China. In the context of the high-temperatur nd

classification in China, to investigate the sensitivity of simu-

lated hot weather to initial soil moisture, we therefore focus , _ / Hedi

on SATO6 results and related quantities for the study perio ! !

of late July 2003, with an integration length of 24 h for each !

simulation. represent integral terms for local temperature changes, ad-
vection, convection, and diabatic effects, respectively. Then,

2.2 The data Eq. (1) can be rewritten as

The meteorological initial and lateral boundary conditions 7, — ADV + CON+ 0. 2

for the WRF model, including the data of the soil mois-

ture for CTL, are derived from the National Centers for Thus, there are three factors (terms; units are in kelvin) that
Environmental Prediction (NCEP) Final (FNL) Operational influenceT; in the right-hand side of Eq. (2): the first term,
Global Analysis data (Lby 1° resolution) prepared opera- ADV, means that warm advection causes the increase of the
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a NCEP b CTL ¢ DRY25 d DRY50

112E 114E 116E 118E 120E 122E 124E 112E 114E 116E 118E 120E 122E 124E 112E 114E 116E 118E 120E 122E 124E 112€ 114E 116E 118E 120€ 122€ 124E

e WET25 f WET50 g DRY25-CTL h DRY50-CTL

112E 114E 116E 118E 120E 122€ 124E 112E 114E 116E 118E 120E 122E 124E 112E 114E 116E 118E 120E 122€ 124E 112E114E 116E 118E 120E 122€ 124E

i CTL-WET25 j CTL-WET50

112E 114E 116E 118E 120E 122€ 124E 112E 114E 116E 118E 120E 122€ 124E

Figure 3. The spatial distributions of the 10-day mean SATO06 in the simulations @jt:

local temperature and vice versa; the second term, CON, sugn the simulations, the differences between the simulations
gests that under stable stratification ¢ y>0), ascending are caused by the different initial soil moisture contents.
motion results in adiabatic cooling in the lower atmosphereln addition, to examine the overall influence of the differ-
and vice versa, while the situation is opposite under unstablent initial soil moisture contents on the short-range high-
stratification {4y — < 0); and the third termQy, includes the  temperature simulations for late July 2003, following Xue
diabatic influence of radiation, turbulent exchange and con-et al. (2001) and Zeng et al. (2011), we use the 10-day
densation processes, among others. ExcepPfothe other means of the simulated results in the following sections
three terms of Eq. (2) can be calculated by the simulation outto investigate the event climatologically and systematically.
puts; thereforeQ; can be obtained. Thus, the relative contri- Therefore, in this section, we preliminarily analyse the soil
butions of the factors to air temperature changes can also beoisture-induced differences in the 10-day mean SATO06 val-
examined. ues of the simulations.
Because there are few 2 m meteorological quantities in the
model outputs, it is unable to calculate directly all of the 3.1.1 Spatial distribution
terms in Eq. (2). Therefore, we utilise the analogous rela-
tionship between air temperature at 2 m and that at the lowAs discussed above, the spatial SAT06 distributions are ap-
est model level, where the model outputs are adequate (sqaoximately the maximum SAT values over East China and
Sect. 3.2.4), to explain the extent to which the 2 m temperathe occurrence of the hottest weather during the study pe-
ture is affected by the physical processes. riod. Figure 3 provides the average distributions of the 10-
day mean SATO06 for the simulations. The central position,
range and strength of the high temperature simulated in the

3 Results and discussion CTL run (Fig. 3b) are basically consistent with those in the
NCEP FNL analysis field (Fig. 3a), i.e. the areas witl? 35
3.1 Quantifying the sensitivity: preliminary results of or higher SATs are located within 2638 (the central part
temperature of the continental study area). The central positioning of the

high values is well simulated. Nevertheless, the simulated
Because all the model settings and boundary and initial conhigh-temperature (above 3€) area is slightly larger and
ditions, except the initial soil moisture content, are the samemore northward than the analysis data.
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Compared with CTL, changing the initial soil moisture 371b
can substantially change the simulation results. For instanceg 53
in contrast to CTL (Fig. 3b), the central positions of the s g®
high temperature of SAT06 in DRY25 (Fig. 3c) and DRY50 3 T WeTs0 o wess '5‘)2;‘

- . . H 29 DRY50
(Fig. 3d) remain basically unchanged, but the range and in- 271 -

tensity of the simulated high temperature are apparently in- 0z 02 D02 0z 02 AVE  WETSOWETZ5 CTL DRYZ5 DRYSO

creased. _CTL produces _a SlmU|aFed maximum temperaturEigure 4. The average SATO06 values for area D3 in the simulations.
of approximately 37C, with a relatively small area that has (4) The values as changed with the individual simulations with an
higher values. However, the maximum DRY25 temperatureayerage (AVE) for each group of simulatiofis) The 10-day means
is higher than 38C (i.e. dangerously high temperature), and as changed with the five groups of simulations.
the total area with 37C or higher temperatures covers most
of the CTL areas above 3&. The maximum temperature
of DRY50 exceeds 4%C, and the dangerously high tem- contrast, WET25 reduces the temperature in most areas by
perature covers much of the area north of R6Clearly, a  more than 0.8C (Fig. 3i), while WET50 reduces the temper-
decrease in SMOIS corresponds to an increase in the simwture by more than IC, with a maximum decrease greater
lated SAT06. Additionally, compared with CTL (Fig. 3b), the than 2°C (Fig. 3j). For a given sensitivity simulation, the am-
high temperature ranges and intensities in WET25 (Fig. 3eplitude of the temperature change differs in different areas;
and WET50 (Fig. 3f) obviously decrease, i.e. WET25 pro- these changes are closely related to the local forcings of the
duces a maximum temperature-©f36°C, with a relatively  surface energy balance, such as the sensible and latent heat
small area above 3% (SAT06), and WET50 only produces fluxes (see Sect. 3.2). By comparing the four groups of sensi-
a maximum of~ 35°C, with a very small area above 36 tivity simulations with CTL, it is found that the magnitude of
(SATO06); thus, almost no high temperatures are simulatedhe temperature increase in DRY50 (DRY25) is greater than
in the entire domain. In previous climate studies, regionsthat in WET50 (WET25); therefore, the higher sensitivity of
with intermediate soil moisture have been found to be senthe simulated SAT06 is induced by lower soil moisture. In
sitive to soil-moisture—precipitation coupling (e.g. Koster et addition, the area with the largest SATO6 change is found
al., 2004). Based on regional climate model simulations forover/around the area with temperatures aboveC35All of
the 2003 European heatwave, Fischer et al. (2007) suggestedese findings indicate that the change in the initial soil mois-
that the soil moisture sensitivity was low in dry (near wilt- ture has a very large influence on the SAT06 simulation, or
ing point, e.g. DRY50 in their simulations) and wet (near on the development of the short-range (24 h) extremely high
field capacity, e.g. WET50) soil moisture conditions, and temperature weather.
the sensitivity was high in intermediate soil moisture condi- Figure 4 presents the average SAT06 values for area
tions. Unlike Fischer et al. (2007), we adopt WRF for short- D3 in the simulations. In agreement with the above re-
range weather simulations. Despite the further changes in theults, the higher soil moisture simulations produce lower
SMOIS, the model is unable to simulate values near the wilt-area-averaged SAT06 for each simulation (Fig. 4a). No-
ing point or field capacity for the overall study domain within tably, the magnitude of the SAT06 increase from DRY25
24 h (i.e. the total soil moisture does not change much ai{25 % SMOIS decrease) to DRY50 (50 % SMOIS decrease)
short timescales compared to long climate simulations withis larger than the magnitude of the SAT06 decrease from
persistent prolonged modifications to soil moisture in heat-WET25 (25% SMOIS increase) to WET50 (50% SMOIS
wave events; see Sect. 3.2 for soil moisture variations); thereincrease). This result is consistent with the conclusions in
fore, the SMOIS-induced sensitivity is high, at least for the previous climate studies (e.g. Fischer et al., 2007; Zhang and
heatwave development in the short range. Specifically, thaVu, 2011), i.e. because low soil moisture strongly reduces la-
above results suggest that with the SMOIS increase, the simtent cooling, the surface temperature anomalies or heat waves
ulated SATO6 clearly decreases, even in some dry or wet soidre amplified. Our results show that during the 24 h integra-
moisture conditions. Meanwhile, with the SMOIS change, tions, the high-temperature simulation is more sensitive to
the SAT in the lower troposphere (e.g. 850 hPa) presents #he decrease in soil moisture than to the increase. The results
change similar to the SAT06 (not shown). All of these resultsare easily explained as follows: the lower thermal inertia in-
show that the high-temperature simulations with a short-terrduced by lower soil moisture leads to higher temperatures
(24 h) integration length are very sensitive to the change inunder given energy forcings. Figure 4b further presents the
initial soil moisture. nonlinear changes in the 10-day mean SATO06 in area D3 for
To assess the influence of the SMOIS change, further comthe five groups of simulations; the WET25-WET50, CTL-
parisons are made between CTL and the sensitivity simulaWET25, DRY25-CTL and DRY50-DRY25 differences are
tions (Fig. 3g—j). Compared with CTL, DRY25 presents a 0.44,0.73, 0.92 and 1.4&, respectively. These findings fur-
SATO06 increase of more tharPC over most of the land ar- ther confirm that high-temperature short-range weather sim-
eas (Fig. 3g), while the SAT06 in DRY50 rises more than ulations are very sensitive to a decrease in the initial soil
2°C (generally) and 4C (maximally) over land (Fig. 3h). In  moisture.
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Figure 5. The BIAS(a) and RMSE(b) values for SATO6 in the individual simulations with a 10-day average (AVE).

3.1.2 Simulation errors 3.2 Explanation of the sensitivity: details of physical

processes
To examine the consistency of simulations with observations

and to assess the sensitivity results under different soil moisRegarding the mechanism responsible for the sensitivity, the
ture conditions, the simulation results are interpolated to meSAT difference induced by initial soil moisture is directly
teorological stations (Fig. 1a). In the following section, the caused by different land surface energy fluxes and by modi-
model bias (BIAS) and root mean square error (RMSE) arefied regional dynamic circulation. Among the fluxes, upward

applied, which are computed as sensible heat transfer directly heats the low-level atmosphere
. and plays a key role in influencing the SAT, while latent heat
BIAS=M -0, (3)  flux is modified by the change in soil moisture and evapo-

ration, which further affect the SAT. For example, decreased
soil moisture leads to lower evaporation and a reduced cool-
L ing effect of the land surface; as a result, a higher sensible
RMSE = 5 Z (M; — 0,)2, (4) heat flux is available to heat the lower troposphere.

i=1

3.2.1 Soil moisture

whereM is the simulated quantity, and is the observation. . _
Figure 5 presents the BIAS and RMSE values for the The Noah land surface scheme calculates the soil moisture

SATO6 in each simulation. The CTL run shows a SAT0e for four layers with thicknesses of 10, 30, 60 and 100 cm for
value near the observational value, with the 10-day mearth® L1, L2, L3 and L4 layers, respectively. Figure 6 shows
SATO6 value 0.14C lower than the observational value the variations of the 10-day mean soil moisture in the five
(Fig. 5a); thus, the BIAS in each sensitivity simulation is gen- 9roups of simulations. Overall, the changes in the soil mois-
erally consistent with the SATO6 difference between the sim-ture within 24 h are closely related to the depths of the soil
ulation and CTL. The 10-day mean SAT06 values of DRY50 layers and the initial values of the soil moisture. The shallow
and DRY25 are 2.5 and 0.9C higher, respectively, than soil moisture changes significantly, while the deep soil mois-
the observations, with a relative difference exceeding 150 94ure is less modified or nearly unchanged. Shown in Fig. 6a,
(relative to DRY25), while the SAT06 values of WET50 and the CTL soil moistures of L3 and L4 change slightly, while
WET25 are 1.5 and 0.9 lower, respectively, with a differ- those of L1 and L2 decrease more due to continuous evapora-
ence as high as 50 % (relative to WET25). These day-to-da;t/ion’ which is consistent with the late July weather of sunny
results further demonstrate that the high-temperature weathéf2ys and no rainfall. In DRY25, the surface soil moisture ap-
simulation is very sensitive to the change in soil moisture P€2rs to be recharged by the lower soil layer because the sur-
and is more sensitive at a lower level of soil moisture thanfacé moisture is very low (lower than that in CTL, which is
at a higher level. In other words, hot weather can be ampli-normally dry), and the surface soil moisture after 24 h is still
fied under low soil moisture conditions. Similar results can néarly unchanged (Fig. 6b). The DRY50 surface soil mois-
be observed from the RMSE values (Fig. 5b), e.g. the averiure is similar, but with a temporal increase (Fig. 6c). The

age RMSE values of DRY50 and DRY25 are 3.9 ancP@p  results of WET25 and WETS0 contrast those of the DRY
respectively, i.e. the difference is large. simulations: the shallow soil moisture of the former changes

significantly due to the adequate water supply during the dry,
hot weather, and the model spins up wittl0 % decreases
in surface moisture during the first hour of the integrations
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Figure 6. The mean hourly variations in soil moisture (unit:.” m~3) in the five groups of 24 h simulations for 20—29 July 2003, where L1,
L2, L3 and L4 represent 10, 30, 60 and 100 cm thick soil layers, respectively.

(Fig. 6d—e). This spin-up behaviour highlights that the ini- ilarly to long-term (e.g. 3-month) climate simulations, short-
tial soil moisture values should be appropriately applied torange (24 h) simulations with different soil moisture values
specific models in response to the model configurations.  can cause changes in surface fluxes that further affect and
respond to simulated SAT results.
3.2.2 Sensible and latent heat fluxes Corresponding to Fig. 7, Fig. 8 displays the simulated
06:00 UTC latent heat fluxes. The area with the small latent
Previous studies showed that surface heat transfer is crucidl€at flux differences agrees with the area of the large sensible
to changes in the atmosphere (e.g. Guo et al., 2011). Figh€at flux differences (Fig. 8b-e vs. Fig. 7b—e) and with the
ure 7 shows the 10-day mean spatial distributions of thelligh-value area of the SATO6 differences (Fig. 3g—j). This re-
06:00 UTC sensible heat flux of the simulations. Compar-sf“t is observed because the surface latent hgat flux and sen-
ing Fig. 7b—e with Fig. 3g—j, the high-value area of sensibleSible hgat_ flux are two componer_lts that partltpn.the surface
heat flux difference corresponds very well with that of the N€t radiation. Given a stable forcing of net radiation, the de-
high-temperature difference, and it is also consistent with the""€as€ in latent heat flux leads to the increase in sensible heat

35°C or higher temperature central area, which shows thaflux; thus, low-level temperatures increase and vice versa. In
the decrease in the initial soil moisture causes the increas@ddition to the land surface changes, different SMOIS values

in sensible heat flux and thus directly leads to the temper-that cause changes in the surface latent heat flux would also
ature rise. These results indicate that sensible heat flux is 4directly lead to changes in the SAT by modifying the radia-
key factor for the simulated SATO6; this conclusion is con- tive forcing and circulation of the atmosphere (addressed at
sistent with previous studies. For example, the coupling ofthe end of this section). _

soil moisture and temperature is mainly determined by the N addition to the above consistency of the overall spa-
ability of the soil moisture to affect surface fluxes (e.g. Fis- lial patterns of the SAT and fluxes, the hourly variations of
cher et al., 2007; Zhang et al., 2011). It also shows that, sim!h€ 10-day mean surface quantities clearly show the high
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Figure 7. The spatial distributions of the 10-day mean 06:00 UTC

sensible heat fluxes in the simulations (unit: W#j. Figure 8. As Fig. 7 but for latent heat fluxes.

sponds to the SAT06 change in an approximately linear man-
ner (Fig. 10d).
SMOIS-induced sensitivities (Fig. 9) during the 24 h peri- As the SMOIS changes, the modified latent heat flux has
ods, e.g. large flux differences appear during the daytimemore significant and complex implications for the surface en-
and peak at 04:00 UTC, while the SATs reach the maximaergy balance. Table 1 lists the 10-day mean 06:00 UTC val-
at 06:00 UTC. Thus, the changes in the fluxes are anterior taies and those averaged with the hourly outputs for the surface
the SAT changes; this result is consistent with many observaguantities in the five groups of simulations. Interestingly, the
tions in the planetary boundary layer (e.g. Liu et al., 2011). variation of the soil moisture modifies the variation of the net
The daily 06:00 UTC fluxes and the flux and SATO6 dif- radiation and leads to large differences between the change in
ferences between the sensitivity simulations and CTL aresensible heat flux and the change in latent heat flux, i.e. the
shown in Fig. 10. These results not only confirm the substanSMOIS increase results in the larger increase in latent heat
tial SMOIS-induced sensitivity in the context of single 24 h flux compared to the decrease in sensible heat flux; thus, the
simulations (e.g. the DRY50-DRY25 sensible heat flux dif- surface net radiation increases, and vice versa. For example,
ference is 67 Wm? larger than the WET50-WET25 differ- the CTL daily average Bowen ratio (ratio of sensible heat to
ence, Fig. 10a, and corresponds to an SATO06 difference of agatent heat) is approximately 0.2; as soil moisture decreases,
proximately 1.6 C) but also indicate that features of the 10- the Bowen ratio increases according to the 24 h means of ap-
day mean quantities at 06:00 UTC are consistent with thosg@roximately 0.3 and 0.8 in DRY25 and DRY50, respectively.
of the 10-day means averaged with hourly values. There-Owing to the increase in sensible heat flux, the SAT rises.
fore, the high-temperature differences for 06:00 UTC may beThe results of the 10-day mean quantities at 06:00 UTC are
caused by the SMOIS-induced persistent forcings during thesimilar to those of the hourly values, i.e. the surface net radi-
24 h. ation increases with soil moisture and results in the increase
It is worth noting that while the SMOIS change is non- in the sum of the sensible and latent heat fluxes.
linearly related to the change in the 24 h averaged sensible The results for the surface energy balance can be un-
heat flux, the change in sensible heat flux essentially correderstood theoretically. As reported in previous studies (e.qg.
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Table 1. The 10-day means of 24 h averaged and 06:00 UTC sensible heat flux (SHFZ2WIatent heat flux (LHF; W m2), LHF plus
SHF, net radiation (RN; W m?) and surface air temperatures (SAT) for the five groups of simulations.

SHF LHF SHFR-LHF RN SAT

24h 06:00UTC 24h 06:00UTC 24h 06:00UTC 24h 06:00UTC 24h 06:00UTC
DRY50 75.1 241.5 92.5 234.4 167.6 475.9 210.7 623.4 31.34 36.19
DRY25 45.8 159.2 133.3 340.4 179.1 499.7 220.8 646.9 30.68 34.75
CTL 314 119.3 154.7 393.8 186.1 513.1 226.0 658.7 30.21 33.79
WET25 21.3 91.7 170.8 432.1 192.1 523.8 230.1 666.8 29.81 33.06
WET50 15.8 76.8 180.1 452.3 195.9 529.1 232.2 670.3 29.57 32.62

Baldocchi et al., 2001), the Bowen ratio of well-vegetated acTL b DRY25-CTL

humid areas is generally less than 1; therefore, latent hee r—'-
flux, other than sensible heat flux, is the primary factor that L

partitions net radiation at the land surface. Because of the v -
. . 30N 7
SMOIS increase, latent heat flux (i.e. water vapour flux) ﬁ-‘”

increases much more, produces a stronger greenhouse ¢ ™"
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fect and strengthens the downward atmospheric long-wawvi **" e
radiation. Further, because sunny weather persisted durin **| = )
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flected solar radiation was negligible. Therefore, the change
in short-wave radiation, which is only slightly modified by —
the SMOIS-induced water evaporation, is also suggestewwc'~ §.oo) 34N
to be very small. Hence, the SMOIS-induced pronouncedszv{ =i %
change in the surface net radiative energy is largely modi-zo- r e
fied by the greenhouse effect of water vapour (rather tharze| t - 1’

by the short-wave radiation). For instance, from DRY25 t0 2on| & . 260 |
CTL, the 10-day mean net radiation based on the hourly,,, Ml 2an ]
values increases by approximately 5Wmwhich is quite

large (e.g. in contrast to the sensitivity of the regional sur-
face net radiation to deforestation in the Amazon Basin at e CTL-WET50
a scale of I6km?; Dickinson and Kennedy, 1992). Addi-
tionally, the 06:00 UTC net radiation increases by approxi-
mately 12Wn2, and the sums of the sensible and latent ™"
heat fluxes increase by similar magnitudes. However, be:
cause of the SMOIS increase, the added net radiation, whic ?*"]
is induced by the increased ground heat flux, is still less thar 261
the decrease in the sums. Therefore, the overall effect of th: 2+n4
SMOIS increase is cooling at the land surface.
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3.2.3 Atmospheric circulation Figure 11. The 10-day mean 06:00UTC 500hPa geopotential
height fields and the soil moisture-induced differences in the five

. . f simulati it: .
The SAT variation is closely related to the changes in '[hegrOUpso simulations (unit: gpm)

regional atmospheric circulation, which is a key element of

the synoptic system over the region. Regarding the atmo-

spheric circulations in the mid-level and low-level tropo- circulation, and vice versa. Shown in Figs. 11 and 12, the
sphere, Figs. 11 and 12 show the 500 and 850 hPa geopaveather during late July 2003 was controlled by the sub-
tential height fields, respectively, and the height differencestropical high, and the SMOIS decrease leads to the increase
caused by the SMOIS change. As stated in Sect. 2, the wes{decrease) in the 500 hPa (850 hPa) geopotential heights. For
ern Pacific subtropical high is the dominant control over example, compared to CTL, the DRY50 500 hPa geopoten-
the weather in continental China in summer; thus, a droptial height in the simulated area generally increases by over
in the geopotential height at a given pressure level corre2 gpm, with a maximum increase of over 4 gpm (Fig. 11c);
sponds to a weakening of the subtropical high atmospheri¢he soil moisture-induced effect on the 850 hPa geopotential
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280 5o ':; dition to positive feedback in the mid-troposphere. In fact,
AR T, - B - the low-level temperature increases due to the SMOIS de-
241 Ty (j crease; then, the air volume expands after being heated and
TT2E 174E 1T6E 17BE 120F 122€ 124 causes vertical and horizontal movement. Specifically, in the

vertical direction, the secondary “circulation”, whose direc-
tion is opposite to the actual airflow in the lower layer of the
western Pacific subtropical high, actually results in weakened
low-level subsidence in the subtropical high. Along with the
height is opposite to that at 500 hPa, i.e. the SMOIS decreaskorizontally expanded air that causes mass divergence in the
leads to reduced 850 hPa geopotential heights in most of thiower layer, the pressure in the lower atmosphere is thus re-
simulated areas, and vice versa. Figure 13 presents the diffedtuced under the constraint of the hydrostatic balance. Mean-
ences in the 10-day mean surface air pressure at 06:00 UT@hile, the expanded air induced by the SMOIS decrease lifts
between the groups of simulations. The SMOIS decrease apthe pressure levels in the middle and upper troposphere, e.g.
pears to cause a decrease in the surface pressure, and tine 500 hPa geopotential height is enhanced (Fig. 11). The
area with the surface pressure reduction is consistent withlifference in the feedback mechanisms between Fischer et
the area of the SATO06 increase (Fig. 13a—d vs. Fig. 3g—j)al. (2007) and our study is largely explained by the dynami-
The SMOIS-induced surface pressure drop is consistent witltal subtropical high, rather than a heat low, that strongly per-
the decrease in the 850 hPa geopotential heights. sists in the lower and upper atmosphere in East China; this
In previous soil moisture sensitivity experiments over is similar to the sensitivity study by Zeng et al. (2011) using
North America using various climate models, Oglesby anddifferent land surface schemes.
Erickson (1989) and Pal and Eltahir (2003) found heat lows
at the surface and enhanced positive height anomalies in th8.2.4 Physical processes: further quantitative analysis
upper atmosphere because of reduced soil moisture. Fischer
et al. (2007) conducted sensitivity experiments for the 2003As discussed in Sect. 2.3, because of the limited 2 m model
European heatwave and found a weak surface heat low andutput, all the terms for the physical processes in Eq. (2)
enhanced ridging in the mid-troposphere due to reduced soitannot be calculated directly. The simulation results show
moisture; they suggested that a positive feedback mechanistiat the variation of the air temperatur.{) at the lowest
exists between soil moisture, continental-scale circulationmodel level (i.e~ 30 m above the ground, where the simula-
and temperature. However, our results indicate a negative sotion results are adequate) is basically consistent with that of
moisture-induced feedback mechanism between atmospherite air temperature at 2m (i.e. SAT) in the simulations (e.g.
circulation and temperature in the lower atmosphere in adshown in Fig. 14 for CTL). For example, both temperatures

Figure 12.As Fig. 11 but for 850 hPa.
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mean subsidence has a greater heating influence on the hy-
drostatically stable lower atmosphere during the night-time
than during the daytime. In addition, because the night-time
subsidence effect is more affected by the SMOIS change than
the nearly unchanged daytime subsidence effect, relative to
the WET conditions, an enhanced temperature increase is in-
duced under the DRY conditions at the end of the 24 h inte-
grations (Table 2).

Compared with the absolute CON values for night-time
Time (hUTC) and daytime, the corresponding absolQtevalues are larger,

Figure 14.The mean hourly variations of 2 m air temperature (SAT) L.e. the absolute CON values are approximately two thirds of

and the air temperature at the lowest model lediein the CTL  the magnitude of the absolug values at night and less than
run for 20—29 July 2003. one fourth of the absolut@; values in the daytime (Table 2).

This finding indicates the dominant role of diabatic processes

over the role of subsidence at the intra-daily timescales.

During the night-time, with the occurrence of the bound-
gradually decrease with time in the afternoon, with the lowestary layer temperature inversion induced by the long-wave
values at approximately 21:00-22:00 UTC. Then, the tem-radiative cooling at the land surface, the turbulence-induced
peratures rapidly rise and are maximised at approximatelydiabatic cooling effect is larger than the adiabatic tempera-
06:00 UTC. The consistency in the variations demonstrategure increase effect; therefore, the surface air becomes colder.
that in the near-surface layer, the mechanism influencing thé®uring the daytime, along with the modified stratifications,
2m SAT is similar to that influencin@,;. Therefore, in this  diabatic heating dominates and is much stronger than the
study, the advection, convection and diabatic terms in Eq. (2subsidence-induced adiabatic temperature increase, which is
are computed for the lowest model level to examine the relamuch weaker compared to the night-time. Interestingly, al-
tive importance of the terms f@t.1. Similarly, an explanation  though the diabatic effect dominates the subsidence effect
of the mechanism for the SMOIS-induced SAT changes carduring the night-time and daytime (e.g. the night-time value
be provided. is —15.33°C (11.01°C) and the daytime value is 4.2C

Note that the strong western Pacific subtropical high wag(0.99°C) for the WET250; (CON) term), because th@;

the dominant weather system during the period, when meaterm has opposite signs during the various time periods, the
subsidence prevailed. Specifically, the CON term reflects theverall diabatic effect does not dominate the subsidence ef-
adiabatic effect of subsidence. Table 2 lists the area-average@éct for the 24 h simulations. The diabatic effect is stronger
10-day mean integral results of the four terms in Eq. (2) forthan the subsidence effect in the CTL and WET (DRY)
night-time and daytime. Although the temperature advectioncases over the 24 h, and vice versa. For instance, WET25
effect (ADV) might be relatively strong on the single-station (DRY25) produces the values of 12.05 anti2.76°C (12.20
temperature during some periods, the area-averaged AD\And—11.37°C) for the 24 h CON an@); terms, respectively.
values, as one of the contributors to the change, are so Contrary to the CON consistent heating effect, theterm
small that they can be ignored in the 24 h simulations. Forhas an overall cooling effect. However, it should be noted
the subsidence effect term, under different soil moisture conthat the overall temperature rise, in response to the SMOIS
ditions, the CON values do not generally change much, espedecrease (e.g. the increase in the 24 tberm compared to
cially during the daytime; one exception is for the DRY casesCTL), is mainly caused by the decreased cooling effect of the
during night-time, which have an overall warming effect as Q; term instead of the increased heating effect of the CON
the SMOIS decreases (e.g. compared with CTL, DRY25 pro-term, e.g. for the 24 h integrations, tiigterm changes from
duces a 0.16C higher value for the CON term). A com- —0.14°C (CTL) to 0.83°C (DRY25), and the change is ac-
parison of the CON term during the daytime with that dur- companied by a difference in the CON term (from 12.04 to
ing the night-time indicates that the adiabatic warming ef-12.20°C) and a much larger difference in tigg term (from
fect of the mean subsidence in the western Pacific subtrop—12.18 to—11.37°C). These results demonstrate that the
ical high at night is much stronger than that in the daytime overall diabatic processes are affected much more strongly
(e.g. the DRY25-CON temperature rises 11.12 and 9Qih by the SMOIS change. A closer comparison shows that this
the night-time and daytime, respectively); thus, the regionalsensitivity is higher under the DRY conditions (Table 2), as is
atmospheric circulation may have a much more significantconsistent with the sensitivity findings for SAT06 in Sect. 3.
influence on the temperature change in the surface layer at In the 12-day simulations of warm-season convection,
night. The difference in the heating effect is mainly due to Trier et al. (2008) suggested that the initial soil moisture had
the stratification difference between day and night in the sub-an important influence on thermodynamic variables, particu-
tropical high, i.e. the daytime boundary layer is relatively larly when the ground heating is the strongest in the daytime
well mixed compared to the night-time boundary layer, andand the subsequent period. Our results confirm this issue and

Air Temperature (°C)

6 12 18 0 6
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Table 2. Area-averaged 10-day mean integral results of the four terms ifi. ihequation (i.e. Eq. 2) for 24 h, night-time (11:00-22:00 UTC)
and daytime (22:00-06:00 UTC) (unftC). Note that the daytime is divided into two periods (by the night hours) in the 24 h integrations,
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and only one part, which is assumed to be reasonable and have little influence on the analysis, is considered in the statistics.

Ty ADV CON Ot

24h Night-time Daytime 24h Night-time Daytime 24h Night-time Daytime 24h Night-time Daytime
DRY50  2.22 —5.12 7.37 —26x107° —12x10°  44x10°5 12.60 11.42 1.01  -10.38 —-16.54 6.34
DRY25  0.83 —4.70 6.24 @x105 28x10° 16x10°° 12.20 11.12 101 -11.37 —15.72 5.24
CTL —0.14 —451 5.66 —18x10° —49x10% 27x10°© 12.04 10.91 0.98 —12.18 —15.42 4.67
WET25 -0.71 —4.32 5.20 —18x10% 30x10° -—21x10* 12.05 11.01 099 —12.76 —15.33 421
WET50 —1.20 —4.24 4.92 0x104 12x10% -—30x10"° 12.01 11.06 0.98 -13.21 —15.30 3.94

also show that the SMOIS-induced change in the night-time We focus on SAT06, which is approximately the daily
cooling can exceed half of the change in the daytime heatmaximum temperature in East China. The 10-day mean re-
ing in the high-temperature simulations (e.g. from CTL to sults indicate that CTL can generally reproduce the high-
DRY25, theQ; term decreases by 0.3C during the night- temperature event. However, the simulated event is also sen-
time and increases by 0.8€ during the daytime; Table 2).  sitive to the SMOIS changes. When the SMOIS is decreased,
Similarly, subsidence and diabatic processes play importhe central position of the high SAT06 values does not change
tant roles in modifying the 2 m air temperature (SAT) change,much, while the maximum SAT06 change mainly occurs
in which the diabatic processes dominate the adiabatic subsver the areas with temperatures abové G5which is ac-
sidence during the daytime and night-time in the subtropicalcompanied by the temperature increase and the enlarged ar-
high. Additionally, the diabatic effect on the SAT variation eas with the high temperatures. Compared with CTL, DRY25
is affected more strongly by the soil moisture change, e.g(DRY50) results in a 2C (2°C) SAT06 increase, in general,
with the SMOIS decrease, the SAT tends to increase, mainlypver land in East China; the low soil moisture amplifies the
because of the decreased cooling effect of the diabatic prohigh temperatures in the simulations.
cesses in the 24 h integrations. Because of the dry climate The modified SMOIS changes the surface fluxes and at-
background in East China in late July 2003, sensible heat fluxmospheric circulation, which play different roles in modify-
played a dominant role in modifying the SAT among the low- ing the SAT06. Sensible heat fluxes directly heat the lower
level diabatic processes, such as sensible and latent heatirgmosphere and present difference fields that are consistent
and radiation processes. Therefore, primarily through modi-with those of SAT06. Therefore, the SMOIS-induced sensi-
fying the surface sensible heat flux, the initial soil moisture ble heat flux change could be the most significant factor in
affects the simulation of extremely high temperatures in latethe SAT06 change. Low soil moisture can reduce evapora-
July 2003 in East China. tion such that the land surface temperature increases more
Notably, when only CTL is taken into account, during late easily; therefore, downward long-wave radiation and sensi-
July, the diabatic processes are slightly more important tharble heat flux can increase, and the lower atmosphere is likely
mean subsidence over the region (i.e. the sign of the SATo be heated. The SMOIS increase is found to modify the
change is opposite of the subsidence term during the 24 h pepartitioning between sensible and latent heat fluxes. Specif-
riods in CTL; Table 2). This shows the relative importance ically, the increased magnitude of latent heat flux is larger
of physical processes in the hottest phase. For periods witthan the decreased magnitude of sensible heat flux. With the
lower temperatures, the values of both the diabatic and subincrease in the latent heat (evaporation), the greenhouse ef-
sidence terms are reduced. Given invariant signs for both, ifect induced by water vapour is reinforced. The result is an
is unlikely to pinpoint which term would dominate using a enhanced surface net radiation, e.g. from DRY25 to CTL, the
theoretical analysis only; thus, follow-up numerical studies net radiation increases by 5 Wh
are needed for other cases. Overall, a SMOIS-induced negative feedback exists in the
lower layer between the low-level temperature and the circu-
lation, while positive feedback exists in the mid-troposphere,
e.g. the low-level SAT increases due to the SMOIS decrease,
This paper quantifies and explains the sensitivity of WRF-Ithe geopotential heights lower and.the subtropical high in the
ower atmosphere weakens, and vice versa.

simulated high-temperature weather to various initial soil =~ _; . .
. " . : . Finally, we adopt an analogous relationship between the
moisture (SMOIS) conditions in a 24 h period. Five groups of _. )
air temperature at the lowest model level and the 2 m air tem-

simulations are conducted in the East China for an extreme . L . ) .
high-temperature event in late July 2003. perature (SAT) to explain how the initial soil moisture in-

fluences the simulated SAT via different processes. The re-
sults suggest that the diabatic processes dominate the adia-
batic subsidence regarding the SAT changes in the WET and

4 Summary and conclusions
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CTL simulations; the diabatic processes are affected moré@ouville, H.: Relative contribution of soil moisture and snow mass
strongly by the SMOIS changes in all the simulations. Al- to seasonal climate predictability: A pilot study, Clim. Dynam.,
though the diabatic processes have opposite effects during 34, 797-818, 2010.

different time periods (i.e. heating and cooling during the Ek: M. B., Mitchell, K. E., Lin Y., Rogers, E., Grunmann, P., Ko-
daytime and night-time, respectively), they have an overall "€": V- Gayno, G., and Tarpley, J. D.: Implementation of Noah
cooling effect on the SAT in the 24 h simulations. Interest- land surface model advances in the National Centers for Environ-

. . . . . mental Prediction operational Mesoscale Eta Model, J. Geophys.
ingly, although the diabatic processes dominate over subsi- Res.. 108, 8851, ddi0.1029/2002JD003298003

dence du”_ng the d"’_‘yt'me and nlghF-tlme, they are not necesFennessy, M. J. and Kinter, J. L.: Climatic Feedbacks during the
sarily dominant during the 24 h periods. 2003 European heat wave, J. Climate, 24, 5953-5967, 2011.
Additionally, we should note that this sensitivity study iS Fennessy, M. J. and Shukla, J.: Impact of initial soil wetness on sea-
implemented using a regional weather model whose perfor- sonal atmospheric prediction, J. Climate, 12, 3167-3180, 1999.
mance is affected by initial and boundary conditions andFerranti, L. and Viterbo, P.: The European summer of 2003: Sensi-
model setups. For follow-up studies, using more cases and tivity to soil water initial conditions, J. Climate, 19, 3659-3680,
adopting more suites of model settings to explore soil mois- 2006. . . .
ture effects would he|p us better understand the issue of 30i|Flscher, E. M., Seneviratne, S. |., Vidale, P. L., Lithi, D., and Schér,

moisture-induced sensitivity of high-temperature/heatwave C- Soil moisture —atmosphere interactions during the 2003 Eu-
events. ropean summer heat wave, J. Climate, 20, 5081-5099, 2007.

Guo, Z., Dirmeyer, P. A., and DelSole, T.: Land surface impacts on
subseasonal and seasonal predictability, Geophys. Res. Lett., 38,

. L24812, doi10.1029/2011GL049942011.
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