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Soil moisture-temperature feedbacks at meso-scale
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Abstract This paper investigates the impact of soil mois-
ture-temperature feedback during heatwaves occurring over
France between 1989 and 2008. Two simulations of the
weather research and forecasting regional model have been
analysed, with two different land-surface models. One
resolves the hydrology and is able to simulate summer dry-
ness, while the other prescribes constant and high soil
moisture and hence no soil moisture deficit. The sensitivity
analysis conducted for all heatwave episodes highlights
different soil moisture-temperature responses (1) over low-
elevation plains, (2) over mountains and (3) over coastal
regions. In the plains, soil moisture deficit induces less
evapotranspiration and higher sensible heat flux. This has the
effect of heating the planetary boundary layer and at the same
time of creating a general condition of higher convective
instability and a slight increase of shallow cloud cover. A
positive feedback is created which increases the temperature
anomaly during the heatwaves. In mountainous regions,
enhanced heat fluxes over dry soil reinforce upslope winds
producing strong vertical motion over the mountain slope,
first triggered by thermal convection. This, jointly to the
instability conditions, favors convection triggering and
produces clouds and precipitation over the mountains,
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reducing the temperature anomaly. In coastal regions, dry
soil enhances land/sea thermal contrast, strengthening sea-
breeze circulation and moist cold marine air advection. This
damps the magnitude of the heatwave temperature anomaly
in coastal areas, expecially near the Mediterranean coast.
Hence, along with heating in the plains, soil dryness can also
have a significant cooling effect over mountains and coastal
regions due to meso-scale circulations.

Keywords Heatwaves - Droughts - Mediterranean
climate - HyMeX - MED-CORDEX - Hydrological cycle -
Meso-scale circulations

1 Introduction

In the Euro-Mediterranean region Heatwaves may become
more frequent, longer and more intense in the future
(Easterling et al. 2000; Beniston 2004; Della-Marta et al.
2007), raising worries on the the impact of such extreme
events on the economic activities and on public health
(Fouillet et al. 20006).

Heatwaves in Western and Central Europe are generally
preceded by a rainfall deficit in Southern Europe (Vautard
et al. 2007; Stéfanon et al. 2012a; Zampieri et al. 2009),
showing evidence of a possible soil-moisture temperature
feedback. Indeed, given that soil moisture observations are
scarce and scattered in time and space, climate models and
rainfall analyses are generally used as a proxy (Vautard
et al. 2007), to evaluate these interactions. A rainfall deficit
creates a lack of soil moisture which induces less evapo-
transpiration. This can lead to a drier atmosphere with less
clouds and precipitations. This effect can be local or
remote, with the advection of dry and cloudless air from
Mediterranean to Northern Europe during the spring.
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In fact, Heatwaves and droughts are intrinsically linked
through the strong coupling within the Earth’s energy and
water cycle (Beljaars et al. 1996; D’Andrea et al. 2006;
Fischer et al. 2007; Vautard et al. 2007), and the several
mechanisms that compose them. The specific case of the
summer 2003 Heatwave has been investigated numerically
by Fischer et al. (2007a, b). They found that, uncoupling
the atmospheric component of a model by imposing a
climatological soil moisture reduced the summer temper-
ature anomaly by 40 % over certain regions, and that the
land atmosphere coupling accounted for 50-80 % of the
total number of hot days during the last major European
Heatwaves (1976-1994-2003-2005).

The study of the coupling of soil moisture with tempera-
ture and precipitation is far from being a recent research
activity (see Seneviratne et al. 2010 for an extensive review),
but substantial uncertainities on the basic physical mecha-
nism at play at different time and space scales remain. While
it is somewhat straightforward that local-scale evaporative
recycling of soil moisture enhances precipitation, soil
moisture can also alter the planetary boundary layer (PBL)
dynamics and thermodynamics, modifying a number of
feedbacks involving turbulent and radiative fluxes and
clouds. This may result in a positive feedback of soil mois-
ture on precipitation, or sometimes on a negative one (Betts
et al. 1996; Schir et al. 1999; Pal and Eltahir 2001; Findell
and Eltahir 2003; Couvreux et al. 2009; Guichard et al.
2009; Hohenegger et al. 2009; Siqueira et al. 2009; Santa-
nello Jr et al. 2011; Couvreux et al. 2012).

At the mesoscale, land-surface details, including soil
moisture patchiness (Taylor et al. 2007), vegetation heter-
ogeneity (e.g. Chagnon et al. 2004; Wang et al. 2009;
Stéfanon et al. 2012b) and orography, are believed to
strongly modify the influence of soil moisture on temper-
ature, cloudiness and precipitation. For example, in mid-
latitudes and dry atmospheric conditions, Rabin et al.
(1990) observed with satellite imagery an upward trend in
cloudiness over regions characterized by higher sensible
heat flux than adjacent areas. It has also been shown that in
the Sahel, soil moisture gradients can induce meso-scale
circulations creating moisture convergence and hence
increased convection over dry areas (Taylor et al. 2007).
Hohenegger et al. (2009) conducted a sensitivity experi-
ments for July 2006 over the Alpine region with a a cloud
resolving model run at 2.2 km resolution. They show that a
drier soil yields an enhancement of sensible heat flux, and
thermals able to pierce the layer of stable air above the
boundary layer, ultimately causing a negative soil mois-
ture-precipitation feedback.

This article investigates this complex behavior of the
surface-atmosphere coupling with a regional meso-scale
model for the specific cases of the Heatwaves occurring
between 1989 and 2008 over Western Europe (Fig. 1). One
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fundamental motivation is to investigate the role of meso-
scale boundary layer dynamics generally produced by the
land-surface heterogeneity (e.g. mountainous or coastal
regions) on the sign of the soil moisture-precipitation feed-
back and thus on the magnitude of the temperature anomaly
of the Heatwave. Western Europe is dominated by several
complex terrain features, including several mountain ranges
(Pyrénées, Massif Central, and the Alps), jagged coastlines,
and land cover heterogeneity. This causes meso-scale cir-
culation in the boundary layer, such as valley winds (Drob-
inski et al. 2001, 2005; Guénard et al. 2005, 2006) or inland
and sea breezes (Bastin and Drobinski 2005, 2006; Drobinski
et al. 2006) which play a key role in the water vapor transport
(Bastin et al. 2005a, b, 2007). It is also sensitive to soil
moisture-temperature coupling (Seneviratne et al. 2006).
The approach consists of a sensitivity analysis between
two 20-year simulations performed at 20 km resolution
with the Weather Research and Forecasting (WRF) model
over the Mediterranean basin in the framework of the
CORDEX (COordinated Downscaling Experiment; Giorgi
et al. (2009 —MED-CORDEX being the Mediterranean
focus of CORDEX) and HyMeX (Hydrological cycle in the
Mediterranean experiment; see international science plan
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Fig. 1 a Domain of the HyMeX/MED-CORDEX simulations cover-
ing Europe and the Mediterranean region. The rectangle indicates the
domain of investigation of this study with details in (b). In b, the
dashed line and the letters indicate the location of cross sections and
point analysis performed in Sect. 5. The color shading indicates the
topography elevation
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on http://www.hymex.org; see also Drobinski et al. 2009,
2010) programs. The two simulations perform a dynamical
downscaling of the ERA-interim data (Simons et al. 2007).
In one simulation, soil moisture can evolve freely by using
a sophisticated land-surface model, while in the other, the
soil moisture availability is prescribed and set to climato-
logical wintertime value preventing any soil moisture
deficit situation. They are used to identify the dynamical
meso-scale processes controlling the feedback loops and
their local contribution to the temperature anomaly asso-
ciated with the heat-wave events occurring over the
1989-2008 period.

This paper is organized as follows. After the introduc-
tion in Sect. 1, the numerical model, its configuration and
set-up, as well as the validation dataset are detailed in Sect.
2. The comparison with validation dataset and a detailed
analysis of the hydrological cycle as simulated in the two
HyMeX/MED-CORDEX simulations are provided in
Sects. 3 and 4. Section 5 describes the physical processes
involved in the boundary layer structure and the surface
energy budget. The discussion and conclusion are given in
Sect. 6.

2 Model and data
2.1 Numerical model

We use the Weather Research and Forecasting (WRF)
model of the National Center for Atmospheric Research
(NCAR) (Skamarock et al. 2008). The regional domain
has a 20 km horizontal resolution (249 x 129 grid points)
and covers the Euro-Mediterranean region (Fig. 1). The
model has 28 sigma-levels in the vertical. Initial and
lateral conditions are from the ERA-Interim reanalysis of
the European Centre for Mean-range Weather Forecasts
(ECMWF) (Dee et al. 2011; Simons et al. 2007) provided
every 6 h with a 0.75° resolution. A complete set of
physics parameterizations is used with WRF, the Single-
Moment 5-class microphysical scheme (Hong et al. 2004),
the new Kain-Fritsch convection scheme (Kain 2004), the
Yonsei University (YSU) planetary boundary layer (PBL)
scheme (Noh et al. 2003) and a parameterization based on
the similarity theory (Monin and Obukhov 1954) for the
turbulent fluxes. The radiative scheme is based on the
Rapid Radiative Transfer Model (RRTM) (Mlawer et al.
1997) and the Dudhia (1989) parameterization for the
longwaves and shortwaves radiation, respectively. The
lower boundary conditions of the WRF model are pro-
vided by the land surface model (LSM). In this study, we
use the thermal diffusion scheme (SLab scheme) and the
rapid update cycle model LSM (RUC) (see hereafter for
details).

The Mediterranean domain is sufficiently small to pro-
duce strong control of the simulations by the boundary
conditions (Omrani et al. 2012) and avoid unrealistic
departures from the driving fields. In addition indiscrimi-
nate nudging is applied with a nudging coefficient of
5 x 107%s™! for temperature, humidity and velocity com-
ponents above the planetary boundary layer (Stauffer and
Seaman 1990; Salameh et al. 2010).

2.1.1 The land surface models

The role of the LSM is to compute heat and moisture flux
over land but also roughness length or leaf area index and
other canopy properties. Therefore it determines the par-
titioning between latent and sensible heat flux, of high
importance for extreme events.

WRF can use several LSMs with various degrees of
sophistication. Hereafter we will detail only the LSMs used
in the present article, the rapid update cycle model LSM
(RUC) (Smirnova et al. 1997, 2000b) and the thermal
diffusion scheme (SLab scheme) (Skamarock et al. 2008;
Eckel 2002). The two differents LSMs were chosen, one
sophisticated-a full model of soil hydrology-and another
rather basic, was a perfect testbed for sensitivity to soil
conditions.

The SLab scheme is a simple model based on the MM5
soil temperature model. Soil moisture is prescribed at each
grid point by a soil moisture availability coefficient M
which depends on the land use and takes different values
for winter and summer (soil moisture availability is much
larger during winter than during summer). Soil moisture
availability, used to compute latent heat flux, has been
calibrated from climatologies of soil moisture and so do not
represent a specific situation like the summer 2003 drought.
For our sensitivity experiment, soil moisture availability
has been prescribed to its wintertime values, thus pre-
venting the simulation of soil moisture deficit situations. In
the SLab model, evapotranspiration E is calculated from a
bulk formulation of the Monin-Obukhov similarity theory
and is given by:

E=MCyVip x (g5 — q1)

where Cy, V1 and p are the drag coefficient for heat fluxes,
wind speed at first grid level and the air density, respec-
tively. The quantities q; and qq are the mixing ratio at first
grid level and the saturation mixing ratio at the surface,
respectively.

The RUC LSM is used in the operational version of the
mesoscale analysis and prediction system (MAPS, Bleck
and Benjamin 1993) operated at the National Oceanic and
Atmospheric Administration (NOAA). It solves the vertical
diffusive equation of soil moisture over six layers with
bottom level at 3 m. It includes the treatment of soil
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moisture diffusion, runoff, evapotranspiration and precipi-
tation. Underground water transport processes are imple-
mented as described in Philip and de Vries (1957):

o () L
o 0z 0z 0z
where 5, D,, K, are the volumetric water content of soil,
soil moisture diffusion and hydraulic conductivity,
respectively. The evapotranspiration has three components.
Direct evaporation from bare ground, evaporation of
interception loss from canopy and vegetation transpiration
including water from root zone. Transpiration is formulated
by Mahrt and Pan (1984) and is proportional to the
potential evaporation and transpiration rate function, the
ratio between available soil moisture content to the avail-
able moisture content at field capacity. Root distribution is
supposed uniform and constant in the vertical and there is
no horizontal water motion.

2.1.2 The convective parameterization scheme

The Kain-Fritsch convective parameterization scheme
from Kain (1993, 2004) (hereafter referred as KF) deter-
mines the physical processes by which the convective
inhibition energy (CIN) is removed and the convective
available energy (CAPE) activated when convection
develops. It is also a mass flux scheme, based on CAPE,
which calculates transfers of mass in updrafts and down-
drafts. It uses an entrainment and detrainment rate calcu-
lated from the updraft mixing properties with the
surrounding environment. Its closure equation is function
of the CAPE, and is activated when at least 90 % of the
CAPE is removed. CAPE is calculated from an entraining
parcel. The trigger control depends strongly on background
vertical motion and includes additional boundary layer
criteria.

Deep convection is produced when the air parcel can be
lifted over a minimum depth (typically 3—4 km) which
varies as a function the cloud base temperature. Compared
to a preset constant depth, this approach gives more real-
istic results (Kain 2004). Shallow convection is allowed
and activated when all criteria for deep convection are
present except for the imposed minimum depth. In this
case, the mass flux is based on turbulent kinetic energy
instead of CAPE. Convective precipitation is given by the
residual condensate between updraft detrainment and
downdraft evaporation.

A number of convection parameterizations are not able
to capture the main features of deep convection (time and
intensity) and do not correctly represent soil moisture-
precipitation feedbacks (Bechtold et al. 2001; Guichard
et al. 2004). However KF scheme proved to correctly
simulate the soil moisture-precipitation feedbacks, with
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results similar to cloud resolving models in idealized cases
(Hohenegger et al. 2009).

2.1.3 The planetary boundary layer scheme

The Yosei University scheme (YSU) scheme is a modified
version of the medium-range forecast (MRF) scheme
(Hong and Pan 1996; Troen and Mahrt 1986). Its major
modification is the explicit treatment of entrainment at the
top of the boundary layer which is proportional to surface
buoyancy. Overall, the depth of the PBL is determined by
the thermal profile where its top is set to the maximum
entrainment layer. Vertical diffusion is dependent of the
Richardson number in the free atmosphere. In Hong et al.
(2006), there is a detailed description of the scheme as also
a MRF-YSU comparison based on WRF simulations.

2.1.4 Numerical simulations

Two simulations have been performed with WRF driven by
ERA-Interim at 20 km resolution, with the RUC and SLab
LSMs (hereafter referred as RUC and SLab simulations,
respectively). The two simulations have been run from
January 1989 to December 2008 on a Mediterranean
domain with a SST prescribed from ERA-Interim. These
simulations have been performed in the context of the
HyMeX and MED-CORDEX framework. The CORDEX
program was instituted by the World Climate Research
Program (WCRP) to develop downscaled regional climate
change projections at user-relevant scales for all terrestrial
regions of the world. HyMeX is a program dedicated to the
hydrological cycle and related processes in the Mediterra-
nean (http://www.hymex.org).

The simulation performed with RUC LSM simulates the
temporal and spatial variations of soil moisture, including
drought conditions. Conversely, the simulation performed
with SLab LSM are forced to keep high soil moisture
values which are land-use dependent, close to field capacity
and constant with time. The landuse is aggregated from the
United States Geographical Survey data with 10-minute
grid spacing, and is constant through time. The soil texture
comes from the State Soil Geographic Database (STATS-
GO) with a 1° x 2° grid resolution, developed by the U.S.
Department of Agriculture-Natural Resources Conserva-
tion Service (Bradley 2003). These simulations are com-
pared to provide an estimate of the soil moisture
contribution to the meso-scale spatial variability and
magnitude of the temperature anomaly associated with
Heatwaves.

The analysis is performed over a domain centered over
France (Fig. 1). This domain is located within one of the
areas where Heatwaves appear recurrently and where soil—
atmosphere interactions are key elements of Heatwave
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preconditioning (Vautard et al. 2007; Fischer et al. 2007a,
b; Stéfanon et al. 2012a). It is a region of strong com-
plexity with various land uses inducing pronounced inland
surface heterogeneities, with elevated mountain ranges
(Pyrénées, Massif Central, French Alps), large flat plains
and extensive coastal regions. It is also located on either
side of the 46°N parallel which corresponds to a sharp
transitional zone between the Mediterranean dry and the
European continental climates (Koppen 1936; Peel et al.
2007).

2.2 Observational data

For our model evaluation, a gridded version (E-OBS 3.0)
of the European Climate Assessment & Data (ECA&D) is
used for continental air temperature (mean, minimum and
maximum) and precipitation (Tank et al. 2002; Haylock
et al. 2008). The grid resolution is 0.5° x 0.5° and the data
span from 1950 to 2009. Data observations were aggre-
gated from several weather stations and gridded using an
interpolation procedure combining spline interpolation and
kriging. The interpolation smoothes the peak values
inducing a 1.1 °C decrease of the median value of maxi-
mum temperature, if we consider an extreme event with a
ten year return period (Haylock et al. 2008).

3 Representation of Heatwaves in the RUC and SLab
simulations

Figure 2 shows the cumulative distribution function of
summer daily maximum temperature and the correspond-
ing anomaly with respect to the 20-year climatology from
ECA&D data and RUC and SLab simulations. Data are
averaged over the domain (see rectangle in Fig. 1). It
shows evidence of a weak warm bias around +0.5 °C
between ECA&D and the RUC simulation and a large cold
bias of about —4 °C in the SLab simulation. The standard
deviation of the temperature anomaly is slightly higher
than ECA&D in the RUC simulation (3.64 and 3.77 °C,
respectively) and lower in the SLab simulation (2.81 °C).

This suggests that soil moisture strongly controls the
near-surface temperature mean and the amplitude of the
temperature variability. The synoptic variability, which is
similar in the two simulations, also drives the time evolu-
tion of the near surface temperature. Indeed, the temporal
correlation coefficient of the summer daily maximum
temperature averaged over the domain of investigation is
0.99 between the RUC simulation and ECA&D data and
0.97 between the SLab simulation and ECA&D data.
Spatially, the patterns of the median of the summer daily
maximum temperature display meso-scale variability
(Fig. 3). Along the Mediterranean coast, in South Western

France and in the Rhone and Aude valleys (between Alps
and Massif Central and between Massif Central and Py-
renees, respectively), the RUC simulation is warmer by
about +2 °C with respect to ECA&D data. The bias is
close to 0 in lowlands, whereas the RUC simulation is
colder by about —1 °C (and up to —3 °C) in mountainous
regions. Regarding the SLab simulation, besides its strong
negative bias with respect to ECA&D data (and the RUC
simulation), the pattern is similar except over the moun-
tains where the bias is much lower.

We now focus on the specific case of Heatwave events.
The days when Heatwaves occur are defined as days during
which the daily maximum temperature anomaly with
respect to the climatology exceeds the 95th quantile. The
95th quantile of the summer temperature anomaly, which
allows to remove the seasonal cycle, is calculated from the
summer distribution (taken into account every day of June
to August over the 1989-2008 period). The 95th quantile of
the summer temperature anomaly are 5.55, 4.16 and
5.39 °C for RUC, SLab simulations, and ECA&D data,
respectively. We thus obtain the dates of Heatwaves
occurring between 1989 and 2008 (Fig. 4). RUC and Slab
simulations and ECA&D data share 75 % of Heatwaves
days. The number of overlapping Heatwaves days with
ECA&D is 71 for the RUC simulation and 70 for the SLab
simulations out a maximum of 92 days. However, when
Heatwave days do not match between the RUC/SLab
simulations and the ECA&D data, they still correspond to
very hot days (>90th quantile). Over the 1989-2008 per-
iod, 2003 and 2006 are the warmest summers in terms of
number of Heatwave days (Fig.4) and temperature
anomaly magnitude (not shown). The specific case of the
summer 2003 Heatwave is now taken as an example of
typical Western European Heatwave. The summer 2003
Heatwave simulated with the RUC and SLab LSMs is
associated with a nearly identical 500-hPa geopotential
height anomaly (less than 0.4 % difference) corresponding
to a strong anticyclonic anomaly over Northern Europe,
similar to the summer blocking situation of Cassou et al.
(2005); Stéfanon et al. (2012a) (not shown). The spatial
pattern of the 500-hPa geopotential height anomaly is
strongly correlated to surface temperature anomaly Stéf-
anon et al. (2012a). Figure 5 (panels a, b and c) shows the
2003 temperature anomaly with respect to the climatology.
It is centered mostly over North Western France and has a
magnitude of about 5-6 °C in the Slab simulation with a
peak over the Massif Central reaching 8 °C. The origin of
5-6 °C temperature anomaly can thus be considered
mainly driven by the atmospheric blocking which inhibits
cloud formation and increases incoming solar radiation at
the surface. In the RUC simulation and ECA&D data, the
surface temperature anomaly reaches about 8-9 °C. This
anomaly includes both the impact of the anticyclonic
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Fig. 2 Cumulative distribution
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Fig. 3 Median of the summer daily maximum temperature over the 1989-2008 period for a the RUC simulation, b SLab and ¢ ECA&D data

conditions and the soil moisture/temperature feedback
effect. At first order, one can thus estimate the contribution
to the temperature anomaly of the soil moisture/tempera-
ture feedback to about 3 °C.

Western European Heatwaves are also often correlated
with a persistent precipitation deficit (Vautard et al. 2007,
Stéfanon et al. 2012a). The year 2003 was a very dry year,
even though interrupted intermittently by local and intense
heavy rainfall producing floods (Fink et al. 2004; Chris-
tensen and Christensen 2003). The precipitation deficit of
2003 as reproduced by the RUC and SLab simulations and
from the ECA&D data is shown in Fig. 5 (panels d, e and

o
% 30 —
2 = B ECA&D
Ss ol I RUC |
5 & 0 sLab
= O
8=
E 2 10} 1
i i Il
(5]
AN (e e
o 1989 1991 1993 1995 1997 1999 2001 2003 2005 2007

Fig. 4 Number of heatwave days (temperature anomaly exceeding
the 95th quantile) for ECA&D data, RUC and SLab simulations
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f). The overall deficit is accurately simulated. The patterns
of RUC and SLab simulations are fairly similar. The RUC
simulation displays a more severe rainfall deficit-averaged
over the domain-of about —0.07 mm day ™' with respect to
the SLab simulation. Note that the patterns of the tem-
perature and rainfall anomalies of the summer 2003
Heatwave displayed in Fig. 5 are very similar to most other
Heatwave situations occurring in France.

4 Sensitivity analysis

Investigating the differences between the RUC and SLab
simulations allows a better understanding of the dynamical
processes controlling the soil moisture/temperature feed-
backs and their contribution to the temperature anomaly
associated with the Heatwaves. The sensitivity analysis is
performed on the days classified as Heatwave days in both
RUC and SLab simulations. It includes 77 days among the
main events that have been experienced in France in the
1989-2008 period (Stéfanon et al. 2012a). All the follow-
ing figures in this section are displayed at 1200 UTC.
The atmospheric part of the model responds to a change
of LSM via the change in the surface fluxes. Hence, we
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Fig. 5 2003 summer (a) RUC (b) SLab
temperature (upper row; a, b, =
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d, e, f) anomalies with respect to 48°N ‘
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study here the sensitivity to a change of the Bowen ratio
(the ratio of sensible to latent heat flux). RUC and SLab do
not treat soil moisture in the same way. As mentioned,
while RUC has a full model of soil hydrology, in SLab it is
implicitly taken into account only as a coefficient in the
bulk formulas for moisture fluxes. In this sense, the Bowen
ratio is also a proxy for soil moisture availability, and a
common measure to compare the two integrations in terms
of sensitivity to soil moisture changes. In the following, we
will employ the the concept of sensitivity to soil moisture
and sensitivity to heat fluxes in a somewhat equivalent
way.

Figure 6 displays the Bowen ratio Bo for the two sim-
ulations. In the SLab simulation, the Bowen ratio is very
low (see Sect. 2). Except in very local spots (0.8 locally in
the Alps, and 0.65 on average over the Alpine region), it
hardly exceeds 0.5-0.6 meaning that evapotranspiration is
limited by the downward solar energy (Seneviratne et al.
2010). In the RUC simulation, high Bowen ratio values
(>5) are associated with very dry conditions in the flat
plains of Southern France (South of 46°N latitude). North
of 46°N latitude, the Bowen ratio still displays high values
reaching on average 2. Bowen ratio values exceeding 2
refer to areas where evapotranspiration is limited by soil
moisture deficit. Bowen ratio decreases with altitude down
to 0.5, which marks a shift towards an evapotranspiration
regime limited by the downward solar energy. In the Alps,
the RUC Bowen ratio is lower than in SLab (0.65 and 0.97
respectively). Compared to the SLab simulation, the RUC
simulation has a lower soil moisture availability in the
lowlands with a much larger meso-scale spatial variability.

a1 0 1
Rainfall anomaly (mm day™)

This is directly caused by rainfall deficit preceding and
during the Heatwaves generating significant soil moisture
deficit (Vautard et al. 2007; Stéfanon et al. 2012a, b). The
RUC simulation can thus be considered as a dry run
whereas the SLab simulation can be considered as a wet
run. However, in the mountains, the difference between the
RUC and SLab simulations is smaller. The land use is
dominated by forests having deep roots attenuating the
effect of soil moisture deficit in the uppermost soil layers
(Stéfanon et al. 2012b). Such differences affect the energy
budget at the surface. Figure 7 details the patterns of the
latent and sensible heat fluxes. It displays the difference of
latent heat flux during the Heatwaves between the RUC
and SLab simulations. The latent heat flux is much weaker
in the RUC simulation, especially in South Western France
and along the Mediterranean coast where the difference can
reach —300 W m~2. The differences between the two
simulations weaken with altitude. Over the Massif Central,
the difference decreases down to —100 W m ~2. It can even
be higher in the RUC simulations at high altitude in the
Alps and the Pyrénées with value reaching +100 W m ~2.

An indirect effect of such differences in the RUC and
SLab simulations is the production of a larger amount of
clouds over the Alps and the Pyrénées. Figure 7c shows the
difference in downward solar radiation between RUC and
SLab. The strongest differences are found over the Alps
and the Pyrénées (—100 W m ~2 on, average, and locally
down to —250 W m 72). Over moderate elevation moun-
tains (Massif Central and Vosges), there is a slight negative
difference of about —30 W m ~2. Elsewhere the differences
are lower than 10 W m 2 in absolute value which is not

@ Springer



Stéfanon M. et al.

SLab Bowen ratio

Fig. 6 Bowen ratio averaged (a)
over the Heatwave days during
the 1989-2008 period from the
RUC (a) and SLab
(b) simulations. Dashed lines 48°N |-
indicate the topography
elevation o
46°N
44°N |-
Fig. 7 Difference of surface (a) Latent heat flux

latent (a) and sensible (b), - -
downward solar radiation

(c¢) and accumulated rainfall
averaged over the Heatwave
days of the 1989-2008 period
between the RUC and SLab
simulations. Dashed lines
indicate the topography
elevation
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statistically significant. Figure 7d shows the difference in
accumulated rainfall between RUC and SLab during the
Heatwaves. The pattern is very similar to that of the latent
heat flux or downward solar radiation differences. The
RUC simulation produces more rainfall (about 70 mm over
the 77 Heatwave days) than the SLab simulation over the
most elevated peaks of the Pyrénées and the Alps. The
difference can be as high as 300 mm over the 77 Heatwave
days. The difference tends to zero over the lowlands and is
slightly negative near the Atlantic and Mediterranean
coasts. The analysis of the diurnal cycle of rainfall
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averaged over the domain (not shown) shows that during
Heatwaves, hourly rainfall rate is 1.18 times larger in the
RUC simulation than in SLab. The precipitation is mostly
convective, the large scale precipitation representing less
than 10 % of the total amount in both simulations. In the
RUC simulation, the precipitation peak occurs between
1500 and 1800 UTC whereas in the SLab simulation pre-
cipitations are shorter and their maximum is reached
around 1800 UTC. With respect to climatological summer
rainfall, the precipitation amount during Heatwaves is 2.5
lower in the two simulations. It has been shown that
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regarding precipitation, model results mostly depend on the
parameterization of convection. However, it has been
shown that KF scheme gives results similar to those pro-
duced by cloud resolving model (Bechtold et al. 2001;
Guichard et al. 2004; Hohenegger et al. 2009).

Soil moisture thus strongly controls latent heat fluxes, as
well as cloud formation and precipitation initiation. This
feedback loop affects the transfer of sensible heat to the
atmosphere and so the near surface temperature. In order to
quantify the contribution of soil moisture availability on
the Heatwave temperature anomaly we compute the index
Ispyre (SMTF  standing for soil moisture-temperature
feedback) defined as:

ATryc — ATsrap

ISMTF(%) =100 x ATSLab

where ATgyc and ATy, are the Heatwave temperature
anomalies from the RUC and SLab simulations, respec-
tively. Physically, ATs;,; is mainly driven by the synoptic
conditions, the effect of soil moisture deficit being absent,
whereas ATgyc includes the impact of synoptic conditions
and soil moisture effects. I, can be seen as the fraction
of the additional Heatwave temperature anomaly that can
be attributed to soil moisture-temperature feedbacks.
Positive (resp. negative) values of /gy, mean that less soil
moisture amplify (resp. damp) the amplitude of the Heat-
waves. Figure 8 displays the spatial pattern of Igyrr. In
Western France, Igy 77 reaches values around 70 % which
corresponds to a temperature anomaly warmer by about
3.5° C in the RUC simulation with respect to the SLab
simulation. Ig,7r decreases eastwards. Averaging North of
the mountains, /g7 is about 30-40 % which is consistent
with the results of Fischer et al. (2007a, b). However, in
mountains and Mediterranean regions Iy, takes negative
values and can even be as low as —20 %. Such spatial
pattern is robust and has been found for all simulated
Heatwaves. There are thus evidences of significant meso-
scale differences of the soil moisture-temperature feed-
backs. The following section aims at understanding the
underlying physical processes producing this variety of
temperature response.

5 Analysis of meso-scale dynamical processes

Locally, surface air temperature is intimately linked to the
surface energy budget and the partition between latent and
sensible heat fluxes. This partition depends on the soil-
moisture precipitation feedback, which is mainly controlled
by local convective processes as discussed in the previous
section. Regionally, the complex nature of the terrain
(inland surface heterogeneities, land/sea contrast, elevated
orography) induces meso-scale circulations as slope wind,

48°N

46°N

44°N ff----

Lomrr ()

Fig. 8 Index Igyrr averaged over the Heatwave days of the
1989-2008 period. The thick dashed line indicates the cross section
at 45.8° N analyzed in Sect. 5. Thin dashed lines indicate the
topography elevation

sea breeze and valley wind which can enhance locally
vertical motion by wind convergence and also humidity
transport from moist areas (e.g. Mediterranean Sea,
Atlantic Ocean) to dry convective zones.

Figure 9 displays the planetary boundary layer (PBL)
depth at 1500 UTC averaged over the Heatwaves days for
the two simulations. It is computed in the boundary layer
scheme as the height where a critical Richardson number is
reached (Noh et al. 2003). The PBL depth over the sea is
similar in the two simulations and is not shown. In SLab,
the boundary layer depth remains low almost everywhere
and hardly reaches 1,000 m. It slightly increases over the
mountains and very locally can reach 1,500 m. While at
few locations in the Alps the boundary layer can be slightly
deeper in the SLab simulation than in the RUC simulation,
it is in general much deeper in RUC. It is on average 2,200
m in the lowlands where surface sensible heat fluxes are
much larger than in the SLab simulation (see Fig. 7b
above). Values ranging between 1,200 and 1,800 m are
found in the coastal regions and over the Alps. The highest
values are up to 2,800 m in South-Western France, the
Rhone Valley and the Po valley, also consistent with larger
sensible heat flux (i.e. +350 W m ~?).

As an indicator of convective activity, we compute the
level of free convection (LFC) at 1500 UTC. Figure 9
presents the exceedance rate of the LFC at the PBL top.
Except over the Alps where it is on average 35 %, the
probability that the PBL is higher than the LFC is zero in
the SLab simulation. In RUC, the highest rate (60 %) are
found over the Alps and the Pyrénées. Moderate elevation
have a lower rate of about 35 % as over the Massif Central
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Fig. 9 Planetary boundary layer depth (a—b) and exceedance rate (%)
of the level of free convection at the boundary layer top (c—d) at 1500
UTC, averaged over all Heatwaves days for the RUC (right column

and over Jura and Vosges, in Eastern France. The rate is
10-20 % over the plains. The tendency to higher convec-
tive activity in RUC can also be diagnosed by computing
convective available potential energy (CAPE) and con-
vection inhibition (CIN) in the two simulations. This
diagnostic (not shown) indicates higher values of CIN in
SLab than in RUC. This explains the lower probability of
convection triggering in SLab, despite the fact that higher
values of CAPE are also observed there, which would
indicate more—untriggered—potential for convection in
SLab. In summary, both these analyses confirm a higher
convective activity in the RUC simulation, in particular
over the mountains but also on the rest of the domain, in
agreement with Fig. 7.

Figure 10, panels a and b, shows the cross section at
45.8° N (Fig. 1b) of relative humidity (RH) with super-
imposed isentropes at 1500 UTC averaged over all heat
wave days for the RUC and SLab simulations. The cross
section goes through the plain and major mountains from
west to east. In the RUC simulation a band of high RH
appears at around 700-650 mb, corresponding to the top
of the boundary layer. In correspondence with the
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(d)

48°N

46°N

44°N

a and ¢) and SLab (left column; b and d) simulations. Dashed lines
indicate the topography elevation

orographic elevations, the local maxima of RH suggest
higher probability of cloud formation. Conversely, in
SLab relative humidity is confined within the boundary
layer (Fig. 9b), reaching 50 % West of the Alps and 70 %
South Alps. High relative humidity over drier soil has
been observed before and interpreted as a tendency to
higher shallow cloud cover (Ek and Holtslag 2004;
Westra et al. 2012). The physical explanation of this
behavior comes from an interplay of the effect of reduced
evaporation, that tends to reduce relative humidity, and of
entrainment of cold air from the boundary layer top that
can increase it by lowering the saturation threshold.
Under conditions of low instability, the second effect
prevails, and the air column is in a regime of so-called
“dry advantage” (Ek and Holtslag 2004; Gentine et al.
2012). Since RUC is considerably drier than SLab, shal-
low clouds are favored there.

Although the “dry advantage” condition is present
everywhere in the domain, it is in particular in corre-
spondence of the mountains that the RH is highest in
Fig. 10, which suggests that an orographic contribution to
cloud formation is also active. Panels ¢ and d of Fig. 10
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Fig. 10 Cross section at 45.8° N (Fig.1b) of relative humidity (a,
b) and vertical velocity (¢, d) in color with superimposed isentropes
(isocontours of potential temperature) at 1500 UTC averaged over all

display vertical velocity in the cross section for the two
integrations. Convective motion is visible over mountains
in RUC, with updrafts exceeding 6-8 cm s ~' with a
maximum of 12 cm s ~' on the Eastern flank of the Alps.
Conversely in SLab, no convection is triggered above
terrain of moderate elevation. The isentropes show a cold
and stratified atmospheric boundary layer, preventing any
convective motion. Over the Alps, vertical motion is sim-
ulated but with speed lower than 5 cm s ~'. From the shape
of the isentropes, this is not due to unstable boundary layer
stratification but to upslope winds (i.e. anabatic winds).
Such regional circulation between the Alps and the fore-
land is also referred as “Alpine pumping” and is known to
increase convection and precipitation over the Alps (Ray-
mond and Wilkening 1980; Weissmann et al. 2005; Bastin
and Drobinski 2006). Combination of the anabatic wind
mechanical forcing with the dry advantage regime descri-
bed above, and the dry conditions of the RUC simulation,
concur over the mountains to triggering shallow convec-
tion. This explains the increased cloud cover and precipi-
tation over mountains in RUC, as well as the somewhat
counter-intuitive result that under heat wave conditions and
dry soil, temperature can sometimes be locally reduced.
For a more in-depth analysis, we show the diurnal cycle
of the surface energy budget at specific locations in the
Alps (A-B), the Massif central (C), in the plain (D) and
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Heatwave days for the RUC (right column a, ¢) and SLab (left
column; b, d) simulations

near the Mediterranean coast at the exit of the Rhone valley
(E) (see locations in Fig. 1b). Figure 11 shows the mean
diurnal cycle of the difference of the solar downward
radiation, latent and sensible heat fluxes between the RUC
and SLab simulations. The difference of temperature
anomaly is also superposed. In the mountains (locations A,
B and C), Fig. 11 shows that the temperature anomaly is
much larger in the RUC simulation at night than in the
SLab simulation. This difference decreases significantly
during the day and reaches a minimum at the warmest
period of the day (between 1200 and 1500 UTC). This
evolution is similar at all mountain locations. However the
difference of temperature anomaly shifts towards negative
values with increasing altitude. At location A at 2,500 m
height, the difference of temperature anomaly between the
RUC and SLab simulations can reach —1 °C at 1200 UTC.
The minimum of temperature anomaly reaches +0.2 and
+1 °C at 1200 UTC at locations B and C at 2,100 and 750
m height, respectively. At these locations, latent heat flux
becomes larger in the RUC simulation than in the SLab
simulation by 50 W m s ~2 at about 1800 UTC, during the
rainfall events. This is associated with an important
decrease of solar downward radiation (—86 W m s 2 at
location B) which starts at 1200 UTC since the clouds form
earlier in the RUC simulations. Sites D and E are located at
about 50 m height.
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The evolution of the difference of temperature anomaly
between the RUC and SLab simulations in coastal areas at
locations D and E differs from that at the mountain sites. At
location D, in the plain west of the Atlantic coast, the
temperature anomaly difference is the highest and can
reach +3.5 °C around 1200 UTC when the difference of
downward solar radiation between the RUC and SLab
simulations is also the highest. The downward solar radi-
ation is more important during the early morning in the
RUC simulation, owing to the presence of fog in the SLab
simulation. This lack of cloudiness and the deficit in soil
moisture contributes to the build up of daytime heat at 1200
UTC, with an increase of sensible heat flux at the expense
of latent heat flux. Contrary to the situation in mountains,
the difference of temperature anomaly is minimum at night
and increases during the day as expected in the case of
positive soil moisture/temperature feedback.

Near the Mediterranean coast (location E), the evolution
of the different terms of the energy budget differs from all
previous cases. The difference of temperature anomaly
remains negative and decreases from 0900 UTC down to
—1.2°C at 1800 UTC. It corresponds to the hour of
maximum sea breeze in this region (Bastin et al. 2005a, b;
Bastin and Drobinski 2006; Drobinski et al. 2006). The sea
breeze is induced by a temperature gradient between the air
temperature above sea and land. In the RUC and SLab
simulations, the SST is prescribed from ERA-Interim
reanalysis. The larger temperature from the RUC simula-
tion above land due to reduced evaporation and enhanced
sensible heat flux with respect to the SLab simulation,
strengthens this sea-breeze circulation in all the coastal
areas. This is illustrated in Fig. 12 which shows the near-
surface horizontal wind averaged over the Heatwave days
from RUC and SLab simulations. Advection of moist and
cool marine air by the sea-breeze cools down the atmo-
spheric boundary layer over land over a horizontal range
that can exceed 150 km inland as shown in Fig. 12

RUC - SLAB

(Drobinski et al. 2006; Drobinski and Dubos 2009). This
confirms the impact of the sea-breeze on the generation of
slope winds over the mountains surrounding the Mediter-
ranean coast, as discussed earlier. Locations D and E are
thus both under the influence of the sea-breeze circulation,
however the differences of temperature anomaly have no
similar evolution (Fig. 11).

In these areas, the effects of two opposing processes—
soil heating and breeze cooling—are active against each
other. For the Atlantic area in RUC, a positive sensible heat
flux anomaly increases the temperature anomaly and the
sea-breeze tends to reduce it. This is not the case for the
Mediterranean area; here, the soil moisture is low during
all summers, be it heatwaves or not. Hence, there is no
sensible heat flux anomaly and the damping effect by cool
air advection is more effective in decreasing the tempera-
ture anomaly. For the Mediterranean area in SLab, there is
also no sensible heat flux anomaly since in this case the soil
moisture is always high. However, the damping effect is
lower than in RUC since the land sea thermal contrast is
also lower. The effect of coastal cooling versus inland
warming has been documented by Lebassi et al. (2009) for
California, although not specifically during heat waves.

6 Summary and conclusions

This paper investigates the impact of soil moisture-tem-
perature feedback at meso-scale on the Heatwaves occur-
ring over Western Europe between 1989 and 2008. We use
two simulations performed in the framework of HyMeX
and MED-CORDEX programs with the two different land-
surface models. The first land-surface model resolves the
hydrology and is able to simulate the summer dryness,
whereas the second land-surface model prescribes a con-
stant and high soil moisture availability which prevents the
simulation of soil moisture deficit. A sensitivity analysis

Temperature (K) =

w_ o - T (e
i 9
N
50 é
950 >
% 2
0
-250
300

5
036 912151821 036 912151821
UTC UTC

036 912151821

036912151821
UTC UTC UTC

Sensible heat flux difference

Temperature anomaly difference

Latent heat flux difference

Solar downward difference

Fig. 11 Diurnal cycle of the difference of temperature anomaly (red), sensible (green) and latent (blue) heat fluxes and shortwave radiation
(yellow) between the RUC and SLab simulations averaged over all Heatwave days, at locations a, b, ¢, d and e indicated in Fig. 1b
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Fig. 12 Near-surface horizontal wind vectors averaged over all Heatwave days at 1800 UTC from the RUC (a) and SLab (b) simulations. The
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highlights different soil moisture-temperature responses (1)
over low-elevation plains, (2) over mountains and (3) over
coastal regions.

In the lowlands, the dominant process is the conversion
of solar radiation into heat at the expense of evapotrans-
piration, which is very low due to the soil-moisture deficit.
Soil moisture deficit induces less evapotranspiration, a
drier atmosphere and therefore less clouds and precipita-
tion. A positive feedback loop is thus created. This well-
known process is found to contribute to 20 % of the tem-
perature anomaly in Eastern France and Western Germany,
and to 40 % of the temperature anomaly in Western France
and Northern Spain during the Heatwave; the initial cause
of the Heatwave remaining the presence of a persisting
synoptic blocking situation over the region of the Heat-
wave. A less intuitive result is the presence of high relative
humidity at the top of the boundary layer over drier soil.
The physical explanation of this behavior comes from an
interplay of the effect of reduced evaporation, that tends to
reduce relative humidity, and of entrainment of cold air
from the boundary layer top that can increase it by low-
ering the saturation threshold. Under conditions of low
instability, the second effect prevails, and the air column is
in a regime of so-called “dry advantage”.

Over the mountains surrounding the Mediterranean
coast (Pyrénées, Massif Central and the Alps), the relative
humidity is highest, which suggests that an orographic
contribution to cloud formation is also active. Enhanced
heat fluxes over dry soil reinforce anabatic winds. Com-
bination of the anabatic wind mechanical forcing with the
dry advantage regime concur over the mountains to trig-
gering shallow convection. This negative feedback loop
explains the increased cloud cover and precipitation over
mountains under Heatwave conditions and dry soil, and
locally the lower temperature.

Finally, in coastal regions, the land/sea thermal contrast
is enhanced in case of dry soil, strengthening sea-breeze
circulation and moist cold marine air advection. This

damps the magnitude of the Heatwave temperature anom-
aly over a narrow land band near the Atlantic coast and
even decreases by 25 % the temperature anomaly near the
Mediterranean coast.

This study thus highlights the significant impact of
meso-scale dynamics on the soil moisture-temperature
feedback. These meso-scale circulations like slope winds
and sea-breeze can modulate the well-known local soil-
atmosphere feedback by the generation of wind conver-
gence and the advection of moist air from remote regions
(e.g. oceans). Wind convergence induced by meso-scale
circulations contributes to enhance vertical motion and
facilitate convection initiation and precipitation which in
turn cool down the atmosphere. Moisture advection can
increase moist static energy over convective dry areas also
favoring shallow convection and precipitation.

In this study, we take advantage of 20-years simulations
performed at 20 km resolution to extract the most signifi-
cant meso-scale dynamical processes associated with
Heatwaves and not focus on case sensitive processes
associated with one particular event. The main drawback of
this approach is that despite the fairly “high” resolution,
the simulations still rely on convection parameterization.
We took care to use convection parameterization that has
been shown to produce results which are consistent with
results from cloud resolving models. Nevertheless, uncer-
tainties remain associated with the representation of the
hydrological cycle and the land atmosphere coupling in
regional climate models. Especially, soil moisture condi-
tions depend considerably on the level of sophistication of
the land-surface model.

Most land-surface models simulate the exchange of
surface water and energy fluxes at the soil-atmosphere
interface and do not account for water redistribution by
rivers, vegetation phenology and dynamics. Accounting for
these processes can modify by few tens of percent the
temperature anomaly of a Heatwave, impact water
exchange between the soil and the atmosphere and
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modulate the life cycle of droughts and Heatwaves (Stéf-
anon et al. 2012b). Only long-term simulations at the
meso-scale taking this elaborate effects into account can
contribute in the future to discriminate the robust processes
involved in the land-atmosphere interaction from weaker
ones.
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