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1.  Introduction
European temperatures, especially maximum temperatures, have increased over the last decades (Van Old-
enborgh et al., 2009) and are expected to further increase in the future (Schaer et al., 2004). This is paired 
with a higher occurrence of mega-heatwaves and exceptional warm summers (Barriopedro et  al.,  2011; 
Samaniego et al., 2018; Schaer et al., 2004; Teuling, 2018). Such extreme climatic events can cause great 
damage and loss to society and ecosystems, as witnessed for example, in 2003 in Europe, 2010 in Russia and 
2012 in the US (e.g., Ciais et al., 2005; Fouillet et al., 2006; Zampieri et al., 2016). The detailed mechanisms 
and drivers of changes in future heat events need to be better understood for improved projections and 
adaptation (Miralles et al., 2018).

Heatwaves, and warm summers in general, are associated with the occurrence of specific atmospheric cir-
culation patterns along the summer, especially atmospheric blocking and south-westerly flows (Cassou 
et al., 2005), and low early summer soil moisture conditions. Heatwaves were shown to be strongly fostered 
by dry soils (Rasmijn et al., 2018; Seneviratne et al., 2010; Teuling, 2018; Vautard et al., 2007) which them-
selves depend on the previous sequence of rainfalls and synoptic weather patterns preceding the event 

Abstract  Warm European summer temperatures are often preceded by low soil moisture conditions, 
but also depend on the atmospheric circulations and associated rainfall that may trigger drought to persist 
and land-atmosphere feedbacks to take place. The quantitative role of early summer soil moisture (ESSM) 
trends, versus that of trends in atmospheric circulations and other large-scale drivers (LS), in explaining 
the long-term trends in summer warming have not been investigated so far. Using regional climate 
simulations with forced large-scale circulation and different possible initial soil moisture, we show that 
the increasing ESSM deficit explains almost all of the warming summer trend (1980–2011) in Western 
Europe (∼0.1–0.2°C.decade−1, p-value < 0.05). It also contributed a similar amount to summer warming 
trend in Eastern Europe, although here LS explains a much larger part of the overall warming. Our results 
emphasize the crucial role of the pre-summer water cycle in current and future regional evolutions of 
Western European summer climate.

Plain Language Summary  During the last decades the summers in Europe have become 
warmer. It is important to understand this change in order to be able to mitigate future warmer summers. 
The warming is partly due to local and regional drying of the soil, but also to the climate and winds at a 
larger scale than Europe. This has already been found in other work, but the two contributions were never 
quantified before in the long-term trend of summer warming. In this research we investigate how many 
degrees the soil moisture and the larger scale climate contributed to the European summer warming. We 
found that a changing soil moisture at the beginning of the summer caused a temperature increase of 
∼0.1–0.2°C.decade−1 in Central and Western Europe. This was the same in Eastern Europe but there we 
found that the larger scale climate was more important and caused an increase of up to ∼1°C.decade−1. 
This means that adapting land management policies to hold more winter and spring water can especially 
have a positive effect on the climate in Central and Western Europe and may be able to reduce extreme 
warm summers in the future.
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that altogether set the levels of soil moisture in early summer. We assume here that the heat anomaly of a 
summer season depends on (a) the initial early summer soil moisture (ESSM) and (b) other drivers among 
which the sequence of large-scale circulation patterns along the summer (LS). Other large-scale drivers may 
include radiative forcing and sea surface temperatures (SST) but these are not analyzed separately here.

Low early summer soil moisture (ESSM) makes temperature more sensitive to the occurrence of anticyclon-
ic weather regimes (Quesada et al., 2012). The establishment of dry summer conditions involves land-at-
mosphere feedbacks exacerbating the amplification of heat in such cases (Miralles et al., 2018; Rasmijn 
et  al.,  2018; Seneviratne et  al.,  2010). Dry soils favor sensible heat flux over latent heat flux causing an 
increase in temperature that in turn depletes soil moisture further generating a positive feedback loop. 
This effect is likely strongest in the transition zone between water and energy-limited evaporation regimes. 
Here, soil moisture makes excursions below the critical soil moisture in dry years, leading to high seasonal 
variability in fluxes and a strong correlation between fluxes and temperature (Denissen et al., 2020). Yet 
the role of ESSM was found to be modest for seasonal predictions forecast of temperature, and very low 
for seasonal precipitation forecast in global models (Koster et al., 2011). In Europe, a causal link between 
ESSM and summer temperature anomalies has been suggested from several observational studies (Hirschi 
et al., 2011; Miralles et al., 2014; Mueller & Seneviratne, 2012). However, the quantification of this causal 
link is challenging due to chaotic dynamical processes. This makes the assessment of the contribution of an 
ESSM anomaly to an observed subsequent summer temperature anomaly difficult.

Recently, several studies have investigated the separate contribution of ESSM and LS to single heatwave 
events (Merrifield et al., 2019; Wehrli et al., 2019). However, long-term trends in ESSMs, due to changes in 
climate forcing or natural decadal variability may also contribute to the summer warming trend and have 
not been investigated in a similar way to our knowledge. In this context, a systematic attribution of summer 
heatwaves to ESSM versus changes in other large-scale drivers conditioning the occurrence of hot or cold 
summer weather is needed. The aim of our work is to quantify the contribution of ESSM to the long-term 
summer temperature trend in Europe as well as the relative contribution of ESSM versus LS to the interan-
nual variability of summer temperatures. We hypothesize that the trend in ESSM significantly contributes 
to warming summer temperatures. We test this by using sensitivity simulations with a regional climate 
model in which the dynamical fields are constrained.

2.  Methods
2.1.  Model Description

We used the regional climate model Weather Research and Forecast (WRF) (Skamarock et al., 2008) over 
the EURO-CORDEX domain (Jacob et al., 2014) with a spatial resolution of 50 km (0.44° on a rotated lon-lat 
grid) and boundary conditions from ERA-Interim (Dee et al., 2011). For more specific details of the model 
setup we refer to Stegehuis et al. (2015). The set of physics schemes that were used in this study correspond 
to some of those tested for heatwaves in the same study. It uses the Morisson (Morrison et al., 2009) micro-
physics scheme, the MY-ETA PBL-Surface layer (Nakanishi & Niino, 2006), the RRTGM radiation (Iacono 
et al., 2008), the Tiedtke convection scheme (Tiedtke, 1989; Zhang et al., 2011) and the NOAH land surface 
(Tewari et al., 2004). Note that the land surface scheme does not take the interannual variation of vegetation 
parameters in account, but although this effect can be important for individual extremes, it is believed to be 
small in this study (Lorenz et al., 2013; Van Hateren et al., 2021). A more detailed description of the physic 
schemes can be found in Stegehuis et al. (2015). The physics configuration that was used in this study was 
selected based on its ability to correctly simulate temperature, precipitation and radiation over Europe for 
different climatic situations in a previous study (Stegehuis et al., 2015). In that study the simulations were 
also tested against and observational based data set of latent heat flux and the land surface scheme was 
tested for latent heat flux, sensible heat flux and evaporative fraction at a few selected FLUXNET sites. The 
configuration was furthermore chosen to optimize not only the summer season but also the winter season. 
For a multi-year simulation such as the one in the control experiment, it is indeed preferable that the model 
also performs well during other seasons. A bias in winter or spring might still be visible in summer, as for 
example, soil moisture conditions, due to a long-term memory. Snow melt is also a typical cross-season pro-
cess that can influence temperature and soil moisture in the early and later summer. We verified statistics 
for all seasons and display temperature statistics (Text S1 and Figure S1).
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The upper-air wind of all simulations was constrained to ERA-Interim re-analysis using grid-nudging, with 
a nudging coefficient of 5.10−5s−1. This corresponds to a relaxation time that is, approximately equivalent 
to the input frequency (every 6 h) (Omrani et al., 2013). Nudging was necessary in our setup of attribution 
experiments to avoid chaotic evolution of large-scale atmospheric circulation.

2.2.  Attribution of Temperature Anomalies

We designed sensitivity simulations over Europe to attribute the contribution of ESSM versus LS drivers 
to summer temperature variability and trends. The dynamical fields as well as other drivers were con-
strained as boundary conditions, while ESSM is varied. We used this attribution model framework to vary 
systematically (a) the ESSM starting values with LS conditions being constrained, (b) the LS starting values 
with ESSM conditions constrained. Evaluation of the respective roles of ESSM and LS was focused on the 
summer warming trend and the heat waves of 2003 and 2010. Wind nudging in WRF to ERA-Interim fields 
allowed us to constrain the wind fields above the planetary boundary layer, so that the atmospheric circula-
tion over Europe does not make excursions away from the observed state due to internal chaotic variability. 
This set-up may inhibit a potential regional atmospheric flow response to ESSM anomalies. While such a 
response may exist in single events (Orth et al., 2016) near the surface due to the heat flow created by ESSM 
deficits amplifying temperature (Haarsma et al., 2008), it was found to be small in the upper atmosphere 
(∼5m in the 500 hPa geopotential height, see Figure 12 in Zampieri et al., 2009). This assumption of a large-
ly decoupled regional atmospheric flow response to ESSM anomalies seemed to be realistic as no significant 
correlation was found between ESSM and subsequent summer observed sea level pressure or global z500 in 
July and August in the control experiment (not shown).

The control WRF experiment covers the period 1980 to 2011. The simulation is continuous and was ini-
tialized in January 1980 from ERA-Interim conditions. Alternative attribution simulations consist of more 
than 900 (32*31) simulations starting at June 30 of each year from 1980 to 2011 (Table 1). In the first set 
of the simulations, initial soil conditions (moisture and temperature) of one year were replaced at the end 
of June (June 30, 00 UTC), with the soil moisture conditions of each of the 31 other years from the control 
simulation, thus a different ESSM anomaly than the control simulation for the year considered (Table 1). 
Thereafter each simulation was run until the end of August, keeping other conditions (LS) during the whole 
summer season as in the control experiment, including nudging to upper-air winds. Subtracting the subse-
quent average summer temperature simulated by all 32 simulations with a different ESSM initial condition 
than the value obtained in the control simulation provided an attribution of summer temperature anoma-
lies that are explained by the ESSM anomaly. A symmetrical ensemble of sensitivity simulations was done 
by varying only the LS (everything except from the soil variables replaced in the first experiment) along 
the July-August period of all 32 seasons, while keeping ESSM to the control value (Table 1). This allowed 
attribution to LS, which include SST, large-scale circulation and boundary conditions. This experiment may 
include some effects of later soil moisture in addition to ESSM, since changes in prescribed LS after June 
30 can still change summer temperature with rainfall and temperature affecting soil moisture after the start 
of simulation.
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Initial soil moisture (ESSM)

Atmospheric circulation 
(LS)

1980 1981 … … … 2011

1980 Control LS1980,ESSM1981 LS1980,ESSM2011

1981 LS1981,ESSM1980 Control

… LS…,ESSM1980 Control

… Control

… Control

2011 LS2011,ESSM1980 Control

Table 1 
Experimental Model Set-Up
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For each year, y, the temperature difference between the control and the average over all 32 sensitivity simu-
lations (including the control one) then gave the temperature response Ry,ESSM of the soil moisture anomaly:

y,ESSM y y,ESSMR T T � (1)

where yT  is the temperature of the control run for year y, and y,ESSMT  the average temperature over the 32 
ensemble simulations for that year (the average over the rows in Table 1). A similar equation could be writ-
ten to estimate the response of the temperature anomaly to LS contribution:

y,LS y y,LSR T T � (2)

where yT  is the temperature of the control year and y,LST  the average temperature of the 32 sensitivity sim-
ulations (the average over the columns in Table 1).

There is no mathematical reason for which the sum of the two contributions ( y,ESSMR  and y,LSR ) would add 
up the temperature anomaly yT:

y yT T T  � (3)

where the long-term climatology, the mean of the control simulations, is denoted T. However, we verified 
that the sum of the two contributions yT:

y y,ESSM y,LST R R  � (4)

lied close to the temperature anomaly, that is, y yT T  , which is expected if we assume the two classes 
of processes do not strongly interact. This was tested by calculating a temporal correlation between the 
temperature anomaly of the control run and yT (See Figure S2). Note that this method has some similarities 
with ANOVA.

3.  Results and Discussion
The simulated ESSM trends in the control simulation are negative (Figure S3c). This drying trend in early 
summer seems consistent with observations of decreasing winter precipitation in Southern Europe (Hoer-
ling et al., 2012). The attribution simulations (Methods) reveal that ESSM has substantially increased the 
trend in summer temperatures, and simultaneously, the temperatures of individual heatwaves (Figure 1). 
The trend increased the temperatures over Western Europe over the last 30 years at a rate of approximately 
0.1°C per decade–0.2°C per decade (Figure 1h). Thus, there is a small summer temperature warming trend 
induced by drier soils at the onset of summer. A result that is, consistent with Seneviratne et al. (2006), who 
showed an increasing importance of soil moisture toward the end of the century. A large part of France, 
Germany and other parts of central Europe show a summer warming trend essentially contributed by ESSM 
(p-value < 0.05, MannKendall trend test) (Figure 1h). In those areas, the trend in ESSM-induced warming 
is almost equal to the simulated warming trend due to all factors in the control simulation, despite the fact 
that the model slightly underestimates the warming trend as compared to observations (Figures 1g and Fig-
ure S4). An underestimation of the warming trend was also found in another set of regional climate model 
simulations over Europe (Lorenz & Jacob, 2010). Some processes, such as decreased aerosol content from 
emission reductions increasing shortwave radiation (Wild et al., 2005), are not present in our simulations 
and may partly explain this underestimation. The main result here is that the early summer drying trend 
(Figure 2 and Figure S3c) can account for most of the small warming trend in July and August along the 
past three decades in many Western European areas in the simulations. In other areas, the ESSM contribu-
tion to warming trends is significant (e.g., Ukraine, significance level of 95%), but explains a smaller fraction 
of the all-factors simulated warming (Figure 2).

The contribution of LS also provides a summer warming trend that does not have the same spatial pattern 
than the warming trend induced by ESSM (Figures 1h and 1i). Most of the LS contribution to warming is in 
Eastern Europe (Figure 1i). This LS contribution contains the response to SST warming, temperature, wind 
and humidity set as boundary conditions of the domain, and contains non-ESSM feedbacks that are coupled 
with LS changes during the course of the summers (Hauser et al., 2016; Seneviratne et al., 2010; Stefanon 
et al., 2014; Vautard et al., 2007). We also verified that the large contribution of LS to summer warming 
in Russia was not solely due to the presence of the extreme 2010 summer in the record. A sensitivity test 
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without this exceptional heatwave showed that the positive contribution of LS to the warming trend re-
mains high (Figure S2).

The spatial patterns from the summer warming trend from LS do not overlap with those from ESSM (Fig-
ure 2). A spatially differential contribution of land atmosphere coupling versus atmospheric coupling in 
heatwaves was also identified in Hirsch et al. (2019) for the Australian continent. The trend in sea level 
pressure (SLP) shows a dipole with positive values (more anticyclonic weather) over Eastern Europe and 
negative ones over central and Western Europe (less anticyclonic weather, see Figure  3). This dipole of 
LS induced SLP trends suggests that the LS induced warming trend across Europe is attenuated by more 
cyclonic weather in Western Europe, leaving the ESSM contribution to dominate the summer temperature 
trend in this area.

We also investigate interannual variability and extremes contributed respectively by LS and ESSM. We in-
vestigate the hot summers of 2003 (in Europe except most part of Russia) and 2010 (mainly in central Russia 
and Northern Europe). In the positive temperature anomaly during the 2003 summer, the contribution of 
ESSM was found to be significant but not dominant compared to the one of LS in the temperature anomaly 
of July and August 2003 (Figure 1). ESSM explained approximately 1°C –1.5°C of the summer 2003 tem-
perature anomaly in Western and Central Europe (∼20%) (Figure 1a). This area corresponds with the area 
where SM deficits were largest (−10% to −50%) (Figure S3a). The contribution of ESSM was a bit smaller in 
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Figure 1.  Contribution of early summer soil moisture (ESSM) and atmospheric large scale circulation from July to August large-scale drivers (LS) to summer 
temperatures of 2003 and 2010 and to the temperature trend from 1980 to 2011. The observed (from E-OBS) temperature anomalies in 2003 are in (a), 2010 (d) 
and the trend (g). The contribution of ESSM (b,e,h) and LS (c,f,i) to the summer (July–August) temperature anomalies of 2003 (b), (c), 2010 (e), (f) and to the 
trend (h), (i). Shaded areas in g-i indicate a significance level of 95% (MannKendall trend test).



Journal of Geophysical Research: Atmospheres

2010 in Russia, where it contributed 10%–15% to the total temperature anomaly (Figures 1d and 1e). The im-
portance of LS was larger than that of ESSM in the heatwave years, reaching 2°C–3°C in France and central 
Europe in 2003 and 5°C–6°C in Russia in 2010 (Figures 1c and 1f). A smaller contribution of soil moisture 
in contrast to atmospheric influence on heatwaves was also found in previous studies although the fractions 
were slightly different (Merrifield et al., 2019; Wehrli et al., 2019). The sum of the two contributions is near-
ly equal to the modeled anomaly itself, indicating weak or no nonlinear interactions between ESSM-driven 
mechanisms and LS-driven mechanisms (See correlations between the sum of the two contributions and 
the temperature anomaly itself in Figure S2b and S2d).

The control simulation reproduces well the 2003 and 2010 July and August mean temperature anomalies. 
The bias over Europe remains lower than about one degree during both summers, which had temperature 
anomalies up to 6°, giving confidence in the process analysis (Figure S5 and Stegehuis et al., 2015). A good 
model skill was also found for other summers (not shown). The average summer temperature bias over 1980 
to 2011 was of similar magnitude except for some small regions as in the Alps, the Pyrenees and parts of the 
Northern Iberian Peninsula. Summer precipitation is mostly underestimated over Southern Europe, where 
rain is essentially absent during the summer, with largest deviations (up to 60%) in the southern part of the 
Iberian Peninsula, and overestimations in Scandinavia ∼20% (not shown).

The relative contribution of ESSM to the interannual variance of summer temperature, including the sum-
mers of 2003 and of 2010, only reaches a modest fraction compared to that of LS (Figures  1b and  1e). 
At maximum, only 20% of the interannual variance of temperature is explained by ESSM variability. This 
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Figure 2.  Areas of dominant drivers explaining the warming trend. The colors represent areas where the contribution 
of early summer soil moisture (ESSM) (purple) and large-scale drivers (LS) (green) explains more than 50% of the 
warming trend.
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comes in contrast to the large contribution of ESSM trend to temperature trend outlined above. In order to 
assess the consistency between these two findings, we computed the interannual sensitivity of July–August 
temperature to ESSM. The interannual sensitivity is similar to the ratio between the temperature trend and 
the ESSM trends, both being of 1 K warming per 0.1 m3/m3 change in soil moisture (see Figure 4). This 
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Figure 3.  Trend (in Pa.decade−1) of sea level pressure fields over 1980–2011, using ERA-Interim reanalysis. Shaded 
areas indicate a significance level of 95% (MannKendall trend test) Note that the domain of the current figure is larger 
than the other figures to clearly show the dipole.

Figure 4.  Relation between early summer soil moisture (ESSM) contribution to the JA temperature anomaly and ESSM, over France and Western Russia from 
1980 to 2011 (p-value for both panels <<0.05; Pearson correlation test).
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confirms that similar processes, that is, a positive feedback where dry soils favor sensible heat flux over la-
tent heat flux causing an increase in temperature that in turn depletes soil moisture, are acting at both inter-
annual and interdecadal or long-term trend scales. Over France and Russia, the sensitivity of temperature to 
ESSM is large, which confirms the importance of ESSM and land-atmosphere interactions in these regions.

4.  Concluding Remarks
In this manuscript we study the role of early summer soil moisture (ESSM) trends and that of atmospheric 
circulation on the long-term trends in summer warming over Europe from 1980 to 2011. We use sensitivity 
simulations of a regional climate model with different initial soil moisture and forced large-scale circula-
tion. Our results reveal a key role of trends in ESSM in contributing to trends in summer climate in Western 
and Central Europe. This important role of ESSM is not only expected in Western Europe but could also be 
at play in other areas where land-atmosphere coupling is acting. Therefore, although the most recent years 
are not included in our analysis, the method and mechanism we reveal are still of importance for the under-
standing of summer climate. This result also strongly suggests for land management that favors retaining 
water in the soils in spring for reducing long-term summer temperature trends.
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