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Abstract July 2006 was particularly warm in Europe. The consistency of this kind of anomaly with large-scale
circulation conditions or local processes is a key issue for regional climate evolution. Using observations from space
and ground-based observatory, together with simulations from regional model, shows that two concomitant but
disconnected drivers explain this heatwave. The first driver corresponds to large-scale conditions (specific
atmospheric condition with advection of continental air favoring clear sky). The second condition relates to local
processes (dry soil, amplifying surface temperature in heatwave for first 5days, and making this event warm
enough to induce a monthly mean anomaly). This large-scale event is studied at a site in northern France, where
comprehensive observation data carefully reanalyzed are available. A regional model is able to produce the
amplitude of the event, for both temperature and cloud large-scale anomalies. Coupling model and
observations allow discriminating the surface contribution to the temperature anomaly.

1. Introduction

Western European climate is strongly influenced by the large-scale atmospheric circulation. In winter and summer,
four regimes of circulations can be distinguished that lead to different regional climate conditions of regional
climate [Cassou et al., 2005, 2011]. This implies that most of the low-frequency trends in surface pressure in the
North Atlantic (during the last 50 years) are related to changes in the occurrence of those regimes. Hurrell [1995]
found decadal trends in the North Atlantic Oscillation (NAO) that affect regional temperature at 2m (T2m) and
precipitation. Hurrell et al. [2004] have shown that the frequency of occurrence of the positive phase of the NAO—
favoring anticyclonic weather over southern and central Europe—has increased at the end of the 20th century
before it decreased in the first decade of the 21st century. Moreover, for the same period, several studies [e.g., Corti
et al., 1999; Coppola et al., 2005; Philipp et al., 2007] have shown that the main component in surface temperature
warming in Europe is a reorganization of atmospheric circulations.

In the global warming context, the frequency and intensity of summer heatwaves are expected to increase
in the coming years [Beniston, 2004; Meehl and Tebaldi, 2004], especially in Europe. The impact of extreme
events, like the heatwave of the summer 2003 on economic activities and public health [World Health
Organization, 2003], makes their understanding and forecasting a significant challenge for both scientific
and policy-maker communities. Previous studies [Miralles et al., 2014 among others] have shown that the
development of summer heatwaves, and their frequency and intensity, results from a combination of
specific large-scale atmospheric circulations and specific land-atmosphere interactions:

1. To induce hot temperatures in central Europe, a quasi stationary anticyclonic circulation is required. It
produces subsidence and warm-air advection [Fischer et al., 2007]. This induces high temperature
collocalized with fair weather and high pressure [Stefanon et al., 2012]. Warm Atlantic [Sutton and Hodson,
2005; Della-Marta et al., 2007] and/or Mediterranean [Feudale and Shukla, 2007] sea surface temperatures
also favor warm weather regime excitation in summer.

2. Soil moisture/precipitation feedback: Schär et al. [1999] have proposed a causal chain for the precipitation def-
icit, starting with a dry soil, which leads to an evapotranspiration deficit and further to reduced latent heat flux,
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cloud deficit, hot soil, more sensible heat flux, and higher surface temperature. This scheme has already been
revisited by Fischer et al. [2007] and Vautard et al. [2007]. The deficit of precipitation occurs with an offset in time
and space: aroundMediterranean area and during winter and spring that precede warm summers. This lack of
precipitation leads to an increase of sensible heat flux [Stegehuis et al., 2012] for heatwaves in western and
eastern Europe only [Stefanon et al., 2012]. The crucial role of the partitioning between latent and sensible heat
fluxes (controlled by soil moisture in most of Europe) was highlighted by Fischer et al. [2012].

This study focuses on the July 2006 heatwave in France. It aims to describe the role of the atmospheric
circulation, the role of clouds, and the local role of soil moisture as heatwave ingredients, which are mentioned
above. Most of the previous studies are based on regional simulations and/or statistical analysis. However,
Vautard et al. [2013] pointed out that regional models have limited skill to simulate heatwaves, even at high
resolution. Stegehuis et al. [2012] showed that regional models overestimate the latent heat flux and hence the
soil moisture deficit over Europe in summer, which are the key parameters for heatwaves. Boé and Terray [2013]
analyzed the evolution of soil-atmosphere interactions and cloud-temperature correlations in future climate
projections. The predicted evolution of each process strongly depends on the way models simulate it in
present-day conditions. If a model contains a bias in present climate, this bias tends to be amplified in future.
Hence, it is important to characterize the relative importance of each process using observations. In this study,
we use advanced observations and simulations (section 2) for the case of the July 2006 heatwave in Europe
particularly in France. This heatwave was identified by Stefanon et al. [2012] and by Barriopedro et al. [2011] and
studied for the specific case of England by Eden [2006],Galvin [2006], and Prior and Beswick [2006]. Observations
are obtained from the SIRTA (Site Instrumental de Recherche par Télédétection Atmosphérique) reanalyses
[Cheruy et al., 2012]. These reanalyses provide hourly averages of more than 40 variables from 2002. Satellite
observations come from CALIPSO-GOCCPs (global climate model (GCM)-Oriented CALIPSO Cloud Products)
[Chepfer et al., 2008, 2010], which provide cloud vertical detection at a larger scale than just the supersite.
Twenty years of simulations from the Weather Research and Forecast (WRF) mesoscale model complete these
data sets. In order to understand the implication of soil moisture in the heatwave, two simulations are used,
including one which does not produce any soil moisture deficit. Observations and simulations are analyzed
using the flow analog method [Yiou et al., 2007]. It allows us to separate large-scale circulation variability from
other sources of variability. The results and the discussion, in sections 3 and 4, respectively, show that the
specific tools used in this study allow us to identify the role of the large-scale component in the heatwave
(inducing clear sky) and the role of the local processes that amplify it (dry soil pattern).

2. Tools and Method

This study is mainly based on observations collected at the SIRTA atmospheric observatory, located 20 km
southwest of Paris (2.2°E/48.7°N—160m of altitude), from 2003 to 2011 [Haeffelin et al., 2005]. This observatory
has collected many observations since 2002, which are now synthesized into the so-called “SIRTA Reanalysis
data set” as described by Cheruy et al. [2012]. After many steps of data quality control and harmonization
[Cheruy et al., 2012], the “SIRTA Reanalysis” file contains hourly averages of more than 40 variables at this site.
Unfortunately, there are not enough available data for latent heat fluxes, and therefore, these variables cannot
be used in this study. Clear-sky longwave/shortwave downwelling radiative flux rldscs/rsdscs are estimated
from Long and Ackerman [2000]. The clear-sky fluxes are subtracted from the total measured downwelling
radiative flux, longwave (rlds) and shortwave (rsds), at the surface to get the cloud radiative forcing (CRF):

CRFLW ¼ rlds� rldscs (1)

CRFSW ¼ rsds� rsdscsj j (2)

CRFLW (equation (1)) quantifies the cloud greenhouse effect, which is always positive. CRFSW (equation (2)) is a
quantification of their albedo effect (nonzero only during day) and thus represents the cooling effect of clouds. The
absolute value is applied to CRFSW in order to get positive values when clouds are present. In the following, all CRFLW
values are considered (day and night), whereas only the daytime ones are kept for CRFSW. The percentage of hole in
the data, estimated over the period of existing instrument, are 13% for rldscs and rsdscs and 4% for rlds and rsds.

Low-altitude cloud fraction (CF), from GOCCP (GCM Oriented CALIPSO Cloud Product) [Chepfer et al., 2008,
2010], is used in order to get large-scale cloud information. This low-altitude cloud (under 3.2 km of altitude)
product is based on spaceborne lidar measurements and is extracted over Europe in a 2°×2° horizontal grid.
GOCCP data are available for each month of July from 2006 to 2012.
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Simulations from WRF mesoscale model complete these observations to better identify the dynamical
processes. The model is useful for the surface-atmosphere feedback, which contribute locally to the
temperature anomaly. Two 20 year simulations were performed at 20 km resolution over the Mediterranean
Basin in the framework of CORDEX (COordinated Downscaling Experiment) [Giorgi et al., 2009]. Note that
MED-CORDEX is the Mediterranean focus of CORDEX. The two simulations perform a dynamical downscaling
of the ERA-Interim data [Simons et al., 2007]. Both simulations use the same set of parameterizations,
except for the surface scheme. In one of the simulations (hereafter called Rapid Update Cycle (RUC)), soil moisture
can evolve freely by using the sophisticated Rapid Update Cycle (RUC) land surface model [Smirnova et al., 1997,
2000]. This simulation is used as it is physically more realistic, and outputs are available until 2011. In the other
simulation (called DIFfusive (DIF), details on the simulations configuration can be found in Stefanon et al. [2014]),
the soil moisture availability is prescribed and set to climatological wintertime value preventing any soil moisture
deficit condition. This simulation is only used at the end of the paper to evaluate the importance of surface
conditions. This second simulation ends in 2008, so we computed another set of analogs covering a longer period
(1989–2008, i.e., the common period of availability of simulations). These two simulations were not specifically
designed for this study but were produced in the framework of the MED-CORDEX intercomparison exercise. Here
we show that we can take advantage of these simulations to consider two different situations: one where soil
moisture is limited (RUC) and the other one where it is not. It will not allow us to quantify precisely the impact of
soil moisture on temperature anomaly but to discriminate its impact to other conditions.

We want to determine whether the different variable (temperature, cloud variables, and surface variables)
anomalies are explained by the large-scale circulation variability. For that, the method of circulation analogs
[Yiou et al., 2007; Cattiaux et al., 2009] is applied to the two databases of sea level pressure (SLP) (observations
and simulations). For each D day of July between 2003 and 2012, 10 flow analogs are selected among all the days
from the beginning of 2003 to the end of 2012. The dates are selected bymaximizing the Spearman correlation of
the daily SLP maps (25.5°N< latitude< 70.5°N and 60°W< longitude< 49.5°E), provided that they are no closer
than 8days from the day D, in order to keepmeteorologically independent estimates. In the following results, from
all analogs identified with this procedure, only analogs with correlation coefficient larger than 0.5 are considered
(about 80% of the analogs). In July, 100% of the analogs are found between May and September (and about 90%
between June and August). Minimizing a Euclidian distance rather than maximizing the Spearman correlation
shows a very similar results (the same dates are most of the time selected), as in Cattiaux et al. [2009]. Vautard
and Yiou [2009] have also shown that changing the size and the location of the maps, as well as the large-scale
variable (700 hPa wind instead of SLP), do not change the results qualitatively.

Thereafter, the term “anomaly” exclusively corresponds to the difference between the value of a variable
(daily or monthly) and the same variable averaged over several years (2002–2012 most of the time).

3. Results

The heatwave that we are interested in occurs in July 2006 over western Europe (Figure 1a); this heatwave is
characterized by some variability of amplitude. The monthly 2m temperature (T2m) mean is about 4 to 5°C

Figure 1. The July 2006 monthly anomaly compared to the July 2006–2012 mean values: (a) For ERA-I T2m. (b) For the
low-cloud fraction from GOCCP (2°×2° grid). Anomaly values above 1σ are identified by a white mark.
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warmer than the average value of the months of July from 2006 to 2012 over France. It is 3°C warmer over
southern England and 2°C warmer above ocean and Scandinavia. The anomaly derived with respect to the July
2002 to 2012 average shows similar magnitude. The summer of 2006 is also categorized as a heatwave by
Barriopedro et al. [2011] and Stefanon et al. [2012]. The low-altitude CF anomaly, represented in Figure 1b, is the
difference between the July 2006 low-altitude CF and the 2006–2012 average July monthly mean low-altitude
CF of GOCCP maps. The observed pattern of low-altitude CF anomaly is very similar to T2m, with an important
low-altitude cloud deficit over the western part of Europe. Unlike T2m, there is no distinction between land
and ocean for low-altitude CF. Previous studies about the circulation conditions during this month [Eden, 2006;
Galvin, 2006; Prior and Beswick, 2006] have shown that the mean monthly SLP is above normal over Europe
during this month. They have also shown that the air which is advected above France comes from the
northeastern part of Europe (i.e., dry air). To summarize, the heatwave is correlated to low-altitude cloud deficit,
consistently with the direction of air circulation, and is more important over land.

The July 2006 heatwave is detected at the SIRTA observatory (Figure 2a). The monthly mean of T2m is about 4.5°C
warmer than its average value from 2003 to 2012 and about 2°C above 1σ (still 0.3°C above 2σ). As shown in
Figure 2a, this positive anomaly at SIRTA is also detected for the mean value of analogs but with a weaker
amplitude, as it does not exceed 1σ of the analogs. This result confirms that the large-scale circulation
conditions only explain a fraction of the temperature positive anomaly in July 2006. Figure 2b shows similar
results for the RUC simulation. This heatwave is associated with an important deficit in the measured cloud
radiative forcing for both LW and SW, represented in Figure 2c and 2e, respectively. This negative anomaly is
also more important than in the analogs, especially in the SW. Both greenhouse and albedo effects are then
weaker than what is expected for similar large-scale circulation conditions, based on analogs, on average.
This result is consistent with the simulation, as we can see that low-altitude clouds represented in Figure 2 g are
less frequent in July 2006 than in other July months, and still less frequent than for the circulation analogs.

The monthly difference between T2m in July 2006 (hereafter D-day T2m ) and analogs T2m is concentrated
in a few days (from 15 July to 27 July 2006) for both measurements (Figure 3a) and simulation (Figure 3b).

Figure 2. The July monthly anomaly compared to 2003–2011 for (a) T2mmeasured at SIRTA, (b) same as in Figure 2a but for
the simulations, (c) LW cloud radiative forcing measured at SIRTA, (d) the high cloud amount in the simulations, (e) same as in
Figure 2c but for the SW one (absolute value), (f) same as in Figure 2d but for the midclouds, and (g) same as in Figure 2d
but for the low-altitude clouds. D days are in black line and the 10 analogs in grey line; the dashed (respectively, dotted)
horizontal lines are the ±1σ values of the D day (respectively, analog) anomalies. In Figures 2b, 2d, 2f, and 2g, the analogs
calculated from the 1989–2008 simulation have been added (fine grey line).
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During the first 3 days of this heatwave, both LW (Figure 3c) and SW (Figure 3e) CRF are almost zero. It
corresponds to clear-sky conditions. From 19 July, both CRF increase, but the SW CRF remains weak,
revealing a cloud deficit during this period. Figures 4a–4d and 4f confirms the results of the simulation,
suggesting that the deficit in CRF is due to an absence of cloud. This cloud deficit is observed based on lidar
measurements and MSG (Meteosat Second Generation) cloud products derived from the imager and
radiometer onboard [Roebeling et al., 2006, 2008]. Lidar profiles from 15 to 27 July (Figure 4a) show a persistent
clear-sky condition, where the yellow color corresponds to aerosols only in the boundary layer, whereas the
orange and red colors show the presence of the clouds. For instance, on 17 July, the sky was completely clear
(Figure 4a). These clouds are also missing around SIRTA, as shown by the MSG CF product (Figure 4f) average
values of the 15×15 pixels (i.e., 15 × 15 km2) over SIRTA. In the analog curves of this CF product, an important
daily cycle appears. The clouds missing until 20 July could be low-altitude clouds, mainly driven by the
boundary layer. From 20 to 23 July, some high clouds are present in the lidar profiles (Figure 4a) and by the large
values of CRFLW (Figure 4b). Some low-altitude clouds also appear as shown by some hours with important
albedo effects (Figure 4d). After 23 July, three nearly cloud-free days are observed. Finally, new clouds are
present on 27 July and are associated with lower T2m.

In addition to this lack of clouds, the soil is very dry (Figure 3d) and even drier than in the analogs. The dryness
of the soil is visible 6 days before the heatwave occurs. It induces an excess of sensible heat flux (around
250Wm�2; Figure 3f), which generates an accumulation of heat in the lower layers. Chronologically, from 13
to 18 July, there is both a dry soil and a CRF deficit due to absence of low clouds. T2m increases, becoming
warmer than in analogs from 15 July (25°C for D day against 22°C for the analogs). From 19 to 23 July, clouds
appear, and the topsoil layer is more moist due to precipitation. T2m decreases somewhat to reach 23°C. The
temperature increases again between 24 and 26 July, when cloud occurrences decrease and the soil becomes
dry again. To summarize, the heatwave, which is detected in the monthly mean, is explained by a few days,
which are warmer than expected for similar large-scale circulation conditions. Possibilities to explain the
positive temperature anomaly could be either a deficit of low-altitude clouds, or a soil, which is dry several days
before, or both effects with or without interconnections. The question of the combination of these drivers is
addressed in the following discussion.

Figure 3. Variability of the daily values in July 2006 for (a) T2m measured at SIRTA, (b) same as in Figure 3a but for the
simulations, (c) the LW cloud radiative forcing measured at SIRTA, (d) the simulated soil moisture, (e) same as in Figure 3c
but for the SW one (absolute value), (f) the simulated sensible heat flux, and (g) same as in Figure 3f but for the latent one.
D days are in black line and the 10 analogs in grey area.
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4. Discussion and Conclusion

July 2006 is very warm compared to other July months in the same decade. This heatwave is not only explained
by the large-scale circulation conditions, especially from 15 to 27 July. However, a “blocking” weather regime
is found from the beginning of the heatwave to 20 July (regime 2 shown in Figure A1) and an Atlantic low
weather regime occurs from 21 July (regime 4 in Figure A1). According to Cassou et al. [2005], these two regimes
promote heatwaves. The analogs are in the same weather regime. Nevertheless, the difference between
the D-day T2m and the analog T2m indicates that the clustering in this weather regime alone cannot explain the
magnitude of the heatwave. The July 2006 heatwave represents an extreme of the Scandinavia-western
Europe regime. The persistence of this particular regime could explain why a monthly anomaly is detected.
Nevertheless, it does not explain the magnitude of the daily anomaly (during both day and night—not shown).

This heatwave is associated with a deficit of low-altitude clouds and a very dry soil according to the WRF
model. Soil dryness and large-scale conditions are thus two concomitant parameters. To understand if there
is a specific link between them that could explain the July 2006 heatwave, we use the second simulation (DIF)
in which the soil moisture deficit is not created (the soil moisture is prescribed based on a winter value). In the
DIF simulation, the difference between D day and analogs explains and likely exaggerates a little (as it is a
wintertime value) the part of T2m anomaly due to large-scale circulation conditions. Then, the significant
difference between RUC and DIF simulations suggests that the part of T2m anomaly, which is due to the soil
dryness, can reach several degrees. Almost all along the heatwave, the D-day T2m is warmer than the analog
value for both surface model schemes (RUC one or DIF one; Figure 4e). The difference between D-day T2m
and analog T2m is larger for the RUC simulation than for the DIF simulation in the first part of the heatwave
(i.e., reaching 8°C for RUC and only 4°C for DIF from 15 July to 19 July). The differences are then equivalent
in the two simulations during the rest of the heatwave (i.e., from 20 July to 28 July). This means that the dry
soil contributes to amplify the T2m anomaly in the first 5 days of the heatwave only, during the blocking
weather regime. When the regime becomes an Atlantic low weather regime, it becomes sufficient to explain
the magnitude of the temperature anomaly. There are no significant differences in cloudiness (low-altitude
andmidaltitude clouds) between dry soil (RUC) andmoist soil (DIF) conditions (not shown). Hence, the dry soil is
not responsible for the deficit of low-altitude clouds, but it can contribute to amplify the cloud deficit. Moreover,

Figure 4. From 15 July to 29 July: (a) hourly mean of log of lidar signal (color bar is log(ATB) where ATB is the attenuated
backscattered signal) for D days measured at SIRTA, (b) hourly mean of LW CRF measured at SIRTA for the D days (red stars)
and the analogs (black line for the mean of the 10 analogs, and grey bars for the total range of the 10 analogs), (c) same as in
Figure 4a but for the analogs—on averaged, 2.5days of analogs have lidar data, (d) same as in Figure 4b but for the SW CRF, and
(e) difference between the 2m temperature of the D days and the mean 2m temperature of the 10 analogs for the simulation
with RUC surface scheme (black line) and for the simulation DIF with the thermal diffusive scheme (grey line), daily means. From
15 to 19 July, the 10 analogs have a score above 0.5; from 20 to 29 July, the 6 analogs on averaged have a score above 0.5.
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Figure 1b shows that the horizontal extent of low-altitude cloud deficit is important and occurs over ocean as
well as over land.

This study based on advanced ground and spaceborne observations confirms the different conditions required
for some specific heatwaves (described in section 1), when the atmospheric circulation alone cannot explain
the amplitude of the heatwave, including the offset in space (southern) and time (previous season) of the
precipitation deficit (from CRU, not shown).

We show how the combination of long-term observations and simulations may help to better understand
extreme events. Indeed, Vautard et al. [2013] have shown that even at high resolution, regional climate
models have difficulties to represent heatwaves. Also, Boé and Terray [2013] have shown that the importance
of one process in comparison with others is different from onemodel to another: therefore, it is difficult to use
only models to explain the mechanisms induced in such events. On the contrary, observations are often
incomplete or difficult to use in synergy. The long-term observation efforts that have been carried out at the
SIRTA observatory and at other sites are thus very useful and important for climate communities.

Appendix A: North Atlantic Weather Regimes in Summer

Figure A1 shows the four North Atlantic weather regimes in Summer, computed from NCEP sea level pressure
reanalysis (1948–2013). These regimes are obtained using a k-means algorithm following Yiou et al. [2008]. In this
figure regime 1 is NAO�, regime 2 is the blocking, regime 3 is NAO+, and regime 4 is the Atlantic Low.

Figure A1. Summer (June-July-August) North Atlantic weather regimes computed on the SLP from National Centers for
Environmental Prediction reanalysis (1948–2013). The weather regimes were determined on seasonal anomalies of SLP.
We used a k-mean algorithm with the procedure of Yiou et al. [2008]. The isolines show the SLP anomalies in pascal. The
average frequencies of the regimes are indicated in percent sign.
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