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Abstract Regional hot extremes are projected to increase more strongly than global mean temperature,
with substantially larger changes than 2°C even if global warming is limited to this level. We investigate the
role of soil moisture-temperature feedbacks for this response based on multimodel experiments for the
21st century with either interactive or ﬁxed (late 20th century mean seasonal cycle) soil moisture. We
analyze changes in the hottest days in each year in both sets of experiments, relate them to the global
mean temperature increase, and investigate processes leading to these changes. We ﬁnd that soil
moisture-temperature feedbacks signiﬁcantly contribute to the ampliﬁed warming of the hottest days
compared to that of global mean temperature. This contribution reaches more than 70% in Central Europe
and Central North America. Soil moisture trends are more important for this response than short-term soil
moisture variability. These results are relevant for reducing uncertainties in regional temperature projections.

1. Introduction
Climate change caused by anthropogenic greenhouse gas emissions is often characterized in the public
discourse by the associated increase in global mean temperature. However, for society, economy and
stakeholders, regional impacts, and changes in extremes such as heat waves, droughts, or ﬂoods are
generally of most relevance [e.g., Field et al., 2014; Vasseur et al., 2014]. It is thus essential to communicate
the actual regional implications of a given global temperature target [Seneviratne et al., 2016, hereafter S16].
This is particularly important because carbon emissions associated with a mean global temperature rise of
2°C can lead to much stronger temperature increase of hot extremes in land regions (S16).
Many processes contribute to this identiﬁed discrepancy between the warming of the global mean temperature and that of regional temperature extremes. We differentiate here among three effects: (i) land mean
temperatures are more strongly increasing than global mean temperatures, (ii) several mid-latitude and
high-latitude land regions display an additional increase of mean temperature, and (iii) extreme temperatures tend to increase more strongly than mean temperatures in those regions as well. These phenomena
can be explained by various mechanisms. For all three aspects, feedback mechanisms are highly relevant,
in particular soil moisture-temperature feedbacks in mid-latitude regions [Seneviratne et al., 2010; Whan
et al., 2015], and snow- and ice-temperature feedbacks in high-latitude regions [Hall and Qu, 2006; Serreze
and Barry, 2011]. These mechanisms include feedback loops as the (dry) soil moisture and (low) snow/ice
anomalies inﬂuencing the regional temperature response can themselves be a result of the regional temperature increase. However, temperature and soil moisture changes can also be inﬂuenced by other factors
such as changes in precipitation. Besides effects of feedbacks with soil moisture and snow, the mean land-sea
contrast (mechanism (i) above) is also inﬂuenced by the differing heat capacities over land and oceans and
differing changes in the lapse rates [Joshi et al., 2008; Byrne and O’Gorman, 2013; Sutton et al., 2007].
In mid-latitude regions, the particular strong temperature increase of hot extremes is mostly related to soil
moisture-temperature feedbacks as shown in several modeling studies [Seneviratne et al., 2006; Diffenbaugh
and Ashfaq, 2010; Seneviratne et al., 2013; Lorenz et al., 2016]. Observational studies have also highlighted
the relevance of these feedback mechanisms for the development of hot extremes, although generally on
interannual time scale rather than for long-term trends [Hirschi et al., 2011; Mueller and Seneviratne, 2012;
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Miralles et al., 2014]. The strength of this coupling depends on the prevailing climate regime [Koster et al., 2004;
Seneviratne et al., 2010]. In a wet climate regime, evapotranspiration is energy limited and thus mostly governed by temperature and radiation (and not soil moisture). In dry regimes, evapotranspiration is very sensitive
to soil moisture but the soil moisture variability is too small to affect surface ﬂuxes. Impacts of soil moisture on
surface climate are strongest in transitional climate regimes between dry and wet climates, in which
evapotranspiration is dependent on soil moisture, while the water availability and variability are large
enough to substantially affect the surface ﬂuxes [Koster et al., 2004; Seneviratne et al., 2010]. During summer
and/or heat waves, the usually wet regime in regions such as Central Europe and Central North America
can temporarily shift toward a soil moisture-limited transitional regime such as the one prevailing in the
Mediterranean region [Seneviratne et al., 2006; Teuling et al., 2009; Seneviratne et al., 2010]. In the context of climate change projections, there can be a permanent regime shift from the humid to transitional regime if a
region experiences an important mean soil drying, a feature found in several mid-latitude regions and in particular in Central Europe [Seneviratne et al., 2006, 2013]. Temperature projections in regions with a transitional
climate regime or displaying shift to this regime exhibit particularly large uncertainties [Seneviratne et al., 2012;
Cheruy et al., 2014; S16], which is thus likely related to processes associated with soil moisture-temperature
feedbacks. Possible explanations for this large spread have been proposed related to (i) modeling
uncertainties in capturing the transition between radiation-limited and soil moisture-limited regimes
[Seneviratne et al., 2006; Boe and Terray, 2008] and (ii) uncertainties in the projections of future soil moisture
trends [Lorenz et al., 2016]. In addition, there is evidence of possible systematic biases in the representation
of the soil moisture-temperature coupling and associated processes in current models [Cheruy et al., 2014;
Mueller and Seneviratne, 2014]. This underlines the importance of understanding land-atmosphere interactions in nature as well as of carefully assessing its representation in climate model projections.
To systematically study the link between soil moisture-climate feedbacks and projected changes in temperature and precipitation [Intergovernmental Panel on Climate Change, 2013; Orth et al., 2016], a multimodel
experiment with several Earth System Models (ESMs) was performed to investigate the impact of soil
moisture-climate feedbacks in projections of the Coupled Model Intercomparison Project Phase 5 [CMIP5;
Taylor et al., 2012] (GLACE-CMIP5) [Seneviratne et al., 2013, hereafter S13]. S13 found a drying trend of soil
moisture in several regions across the participating models, and resulting substantial effects of these mean
soil moisture changes for changes in summer and extreme temperatures, in particular in the
Mediterranean region. Recent studies also provided further analyses of the GLACE-CMIP5 experiments
[Berg et al., 2015, 2016; May et al., 2015; Lorenz et al., 2016]. In particular, Lorenz et al. [2016] focused on the
inﬂuence of soil moisture on climate extremes.
In this study we assess the relevance of the soil moisture-temperature coupling and its underlying processes
for the regional ampliﬁcation of the increase of extreme temperatures. We focus on regions in which uncertainties in projected changes in extreme temperatures are high and for which the understanding of underlying processes is important for the interpretation of climate projections. We thereby separate and contrast
the contributions of the soil moisture-temperature coupling versus that of the globally averaged warming
trend based on a multimodel analysis using the GLACE-CMIP5 simulations. Relating projected extreme temperature at the regional scale to global mean temperature increase for these simulations allows us to quantify
the contribution of soil moisture-climate feedbacks to the regional ampliﬁcation of extremes.

2. Models and Methods
2.1. Experiments
We analyze output from ﬁve ESMs (see Table S1 in the supporting information) which contributed to the
GLACE-CMIP5 project (S13). We employ two GLACE-CMIP5 experiments performed with all models: (i) the
CMIP5(-like) reference simulation (hereafter referred to as CTL) and (ii) simulations with prescribed twentieth
century soil moisture conditions (“expA” in S13, hereafter referred to as “SM20c”) to suppress the impact of
soil moisture-climate feedbacks in the projections with a focus on long-term (multidecadal) changes in soil
moisture. Note that also short-term and interannual soil moisture feedbacks are disabled in the SM20c setup,
although the dominant signal is resulting from the removed long-term soil moisture trend (see hereafter).
The CTL simulations were recomputed with prescribed sea surface temperatures (SSTs), sea ice, land use,
and the CO2 concentrations of the corresponding CMIP5 simulation; only for one model (CCSM4) the CTL
VOGEL ET AL.
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simulation is identical to the respective CMIP5 simulation (i.e., fully coupled) (see S13 for details). The SM20c
simulations were computed with an identical setup, except for the prescription of the mean 1971–2000 seasonal soil moisture cycle from the CTL simulation of the respective model. Note that prescribing SSTs in the
models inhibits a response of the ocean to soil moisture changes; however, these effects are expected to be
small [Orth and Seneviratne, 2017]. All simulations cover the time period 1951–2100 using historical forcing
until 2005 and forcing from a business-as-usual high-emission scenario afterward (Representative
Concentration Pathway 8.5) [Meinshausen et al., 2011]. Lorenz et al. [2016] added the ACCESS model to the
GLACE-CMIP5 ensemble. Since there are a few deviations of the described experimental setup in these
simulations (see Text S1), we did not include this model in our main analysis. However, we performed the
analyses both with and without the ACCESS simulations. The results are not affected qualitatively, except
to some extent in Central North America (see Figures S2 and S7).
The SM20c experiment removes the projected long-term drying of soil moisture as well as the short-term soil
moisture variability (other than a climatological annual cycle). Hence, the differences in climate between CTL
and SM20c are due to (a) the removed soil moisture trend (i.e., the removed impact of soil moisture-climate
interactions at multidecadal time scales) and (b) the removed short-term soil moisture-climate interactions
(at subseasonal and interannual time scales). In order to assess the relative importance of (a) and (b), we also
consider another experiment from the GLACE-CMIP5 ensemble (“expB” in S13, termed “SMnoVar” hereafter),
in which the seasonal cycle of soil moisture is prescribed using a transient 30-year running mean climatology
from CTL (S13). Consequently, in experiment SMnoVar only the short-term soil moisture variability (process
(b) above) is removed, while long-term trends in soil moisture (a) are still included.
2.2. Extreme Temperatures
To capture future changes in extreme temperatures, we focus on the yearly maximum of daily maximum 2 m
air temperatures (hottest day of a year, TXX), which is a well-established heat index [e.g., Zhang et al., 2011].
We calculate TXX from daily maximum temperature data at each grid cell and for each model over land only.
Note that the resulting TXX values occur on different days at different locations in different models. We regrid
the resulting TXX ﬁelds by bilinear interpolation on a common 2.5° × 2.5° grid. Thereafter we compute multimodel means and subsequently spatial averages across different regions as determined in Seneviratne et al.
[2012]. For the calculation of spatial mean temperatures, we apply an area-based weighting to account for
larger grid boxes toward the equator. In our analysis, we assess TXX changes over land between the late
21st century (2081–2100) and the historical period (1951–1970) and analyze differences between the
SM20c, SMnoVar, and CTL experiments.
In order to compare regional versus global future temperature increase and to compute the additional regional
temperature increase, we relate temperature changes in different regions to global mean temperature
changes as introduced by Seneviratne et al. [2016]. Global mean temperatures are obtained by computing
annual means from monthly 2 m temperatures. All temperature anomalies are calculated as 20-year running
means from 1971–1990 to 2081–2100, whereas the reference period for inferring changes over time is the
20-year mean between 1951 and 1970. We note that the global warming that was already reached by that time
period compared to pre-industrial conditions needs to be accounted when comparing these values to the socalled 1.5C° or 2°C “global warming targets”. While the 20-year time window is admittedly an arbitrary choice,
we note that slightly different time windows (e.g., 10 years) yield qualitatively similar results (not shown).
2.3. Regions
Beyond global averages we are focusing on ﬁve regions out of the large-scale regions deﬁned in Seneviratne
et al. [2012]. We selected these regions as they (i) exhibit strong changes in the hottest days (Figure 1) and (ii)
span different continents and climate regimes: Amazonia (AMZ), Central Europe (CEU), Central North America
(CNA), Northern Australia (NAU), and Southern Africa (SAF).

3. Results
3.1. The Role of Soil Moisture for Projected Changes in TXX
We ﬁnd that the multimodel mean of TXX is increasing globally in both experiments (CTL and SM20c) until the
end of this century. The projected changes are markedly more pronounced in CTL, with regional increases of
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Figure 1. Projected changes in TXX (top row) between 2081–2100 and 1951–1970 and additional increase of TXX versus
Tglobe (bottom row) between 2081–2100 and 1951–1970 for CTL (left) and SM20c (right). Grey color denotes insufﬁcient
model agreement; i.e. fewer than four of the ﬁve models show the same sign of the change. The upper color bar corresponds
to Figure 1 (top row), the lower color bar to Figure 1 (bottom row).

up to 10°C, whereas in SM20c temperature changes vary only between 1°C and 6°C (Figure 1, top row). We
identify largest regional differences between the projected TXX increase in CTL and SM20c in AMZ, CEU,
CNA, and SAF, as well as in NAU. These large differences indicate that soil moisture-climate feedbacks
strongly contribute to future changes in extreme temperatures in these regions.
To compare the role of soil moisture feedbacks associated with (a) long-term (multidecadal) soil moisture
trends with (b) the short-term (subseasonal and interannual) variability of soil moisture for changes in
extreme temperatures, we also analyze results from the SMnoVar experiment (Figure S1, left). In contrast
to the response in SM20c, we ﬁnd in SMnoVar strong projected changes in TXX. These results show that
most of the impact of soil moisture-climate feedbacks on the projected changes in temperature extremes
is associated with the long-term trend in soil moisture rather than short-term soil moisture variability
(e.g., concurrent occurrence of dry and hot conditions due to the driving atmospheric conditions or
short-term feedbacks).
To identify the ampliﬁcation of the warming of regional temperature extremes beyond global mean temperature rise, we calculate differences between projected changes in TXX and projected global mean temperature
(Tglobe) anomalies at each grid cell (Figure 1, bottom row). Note that only robust differences are shown for
which at least four out of the ﬁve models show the same sign of change. We ﬁnd a similar spatial pattern
as in the top plot, with the same regions exhibiting strongest changes in temperature deviations between
CTL and SM20c. Robust signals in the SM20c experiment are only found in South America, Northern
America, and large parts of Africa. Some of these regions are in a soil moisture-limited dry regime already
in present climate [Seneviratne et al., 2010]. Again, SMnoVar shows similar results to CTL indicating the
dominating role of long-term soil moisture trends (compared to that of short-term soil moisture variability)
for changes in extreme temperatures (Figure S1, right).
3.2. Regional Ampliﬁcation
We relate regional TXX changes until the end of the century to global mean temperature increase in Figure 2
(as in S16). Temperature anomalies refer to 20-year running means starting from the time window 1971–1990
to 2081–2100, always with respect to the base period 1951–1970 (see section 2.2). We show changes for the
ﬁve selected regions (see section 2.3.) indicated in Figure 1. The ensemble means and the range, deﬁned as
VOGEL ET AL.
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Figure 2. Land TXX/regional TXX anomalies versus global mean temperature anomalies. The solid lines are the multimodel mean of CTL (red) and SM20c (blue). The
range presents the minimum and maximum values of the individual models in CTL (red shading) and SM20c (blue shading). The identity line indicates identical TXX
anomaly and Tglobe anomaly increase (black). Anomalies are calculated as 20-year running means from 1971 to 2100 relative to the base period of 1951–1970. Note that
the global warming already reached by 1951–1970 needs to be accounted when comparing the values of the x-axis to the so-called 1.5°C or 2°C “global warming
targets”.

minimum and maximum values from the ﬁve models, are computed for CTL (red) and SM20c (blue) separately. The identity line indicates identical TXX and Tglobe increases, which is interpreted here as no ampliﬁcation of regional temperature extremes.
There are clear regional differences both in the magnitude of the ampliﬁcation of temperature extremes as
well as in the spread between the models. For larger global mean temperature anomalies, the model spread
is overall increasing, which can be associated with larger uncertainties in the projected future climate.
We ﬁnd an ampliﬁcation of TXX changes with respect to Tglobe changes in all ﬁve regions in CTL as slopes of
the multimodel mean are larger than 1. In particular, in CEU the TXX anomalies are very large, reaching
approximately 8°C by the end of the 21st century. Also, in AMZ and CNA multimodel mean anomalies are
reaching about 7°C. In SM20c there is only little ampliﬁcation of TXX changes in CEU, CNA, and NAU such that
the TXX increase is similar to the Tglobe increase. The largest deviations between CTL and SM20c are found in
CEU and CNA with maximum differences between 2 and 4°C. In SMnoVar the ampliﬁcation of TXX with
respect to Tglobe is similar to that in CTL (Figure S3).
These results suggest that soil moisture-temperature feedbacks associated with long-term soil moisture
trends are responsible for a large part of the ampliﬁcation of regional changes in TXX versus Tglobe changes,
and that these feedbacks contribute strongly to the increase of hot extremes in regions experiencing a drying
trend in climate projections. Especially in regions where the evaporative regime varies between energy- and
water-limited conditions (such as CEU), this drying has a particularly large impact. This is because a soil
moisture drying can cause a shift from a predominantly wet to a predominantly transitional evaporation
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Figure 3. Differences between CTL and SM20c for future changes (2081–2100) of soil moisture, latent heat, sensible heat, precipitation, cloud cover, shortwave,
longwave, and net radiation in the three hottest consecutive months (see Figure S5). Relative soil moisture is computed as change between CTL and SM20c
divided by SM20c. Grey color denotes insufﬁcient model agreement; i.e., fewer than four of the ﬁve models show the same sign of the change.

regime, which enhances the sensitivity of evapotranspiration and consequently temperature to soil moisture
[e.g., Seneviratne et al., 2010].
To illustrate the three effects leading to regional ampliﬁcation of extremes as described in the section 1, we
consider also changes in mean temperatures (Figure S4). We ﬁnd that in most models there is only a minor
additional warming of mean land temperature with respect to the global mean temperature if soil moisture
feedbacks are disabled (Figure S4a, right). Hence, soil moisture feedbacks play a role in all three components contributing to the additional warming of regional land-based temperature extremes, but in varying
degrees: (i) It has some (minor) effect on the increased land-sea temperature contrast, (ii) it leads in some
regions to a marked additional mean temperature increase, and (iii) it is found to speciﬁcally enhance the
temperature increase of hot extremes beyond mean temperature in most of these regions, such as in CEU.
3.3. Processes Leading to Regional Ampliﬁcation of Temperature Extremes
We provide here an analysis of the physical processes through which soil moisture-temperature feedbacks
amplify temperature extremes. For this purpose, we focus on projected changes in soil moisture, latent heat
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ﬂux, sensible heat ﬂux, precipitation,
cloud cover, and shortwave, longwave, and net radiation in the
hottest months (Figures 3 and S6).
We compute three consecutive
hottest months using monthly mean
temperatures from 1951 to 1970 from
each model simulation (Figure S5). In
CTL we ﬁnd decreased summer soil
moisture compared with SM20c,
which induces decreased latent
heat ﬂux in our focus regions.
Correspondingly, the sensible heat
ﬂux in summer is overall increased in
CTL, leading to warmer temperatures.
In line with the decreased latent heat
ﬂux, we also ﬁnd a tendency for
decreased precipitation and a corresponding decrease in cloud cover in
Figure 4. Projected change in global mean temperature (left) and in total CTL, in particular in CEU. In response,
land and regional TXX (right) between 2081–2100 and 1951–1970 due to
we ﬁnd increasing net shortwave
soil moisture-temperature feedbacks (red) and other factors (blue). The range radiation (i.e., leading to an addiis determined as minimum and maximum values from the model ensemble.
tional increase of temperature) but
decreasing net longwave radiation
(counteracting the previous effect). Overall, the effect on net radiation is small, with a tendency toward less
net radiation in the CTL simulations.
These results show that in addition to the direct effect of soil moisture on the surface energy and moisture
ﬂuxes, there are also secondary modiﬁcations of cloud cover, radiation, and precipitation, which can affect
the surface temperature response. Both effects (i.e., direct impacts on the surface energy balance and secondary responses of atmospheric variables) contribute to the observed soil moisture-temperature feedback,
although the effects of the changes in cloud cover, radiation, and precipitation are rather small and can even
include negative feedbacks (e.g., net effect on radiation). We note that impacts on circulation patterns could
possibly also be relevant [Koster et al., 2014], in particular, since circulation anomalies are a strong driver of
extreme heat waves [Cassou et al., 2005]. The differences between SMnoVar and CTL are again less
pronounced (Figure S6), thus conﬁrming the dominant role of long-term trends in soil moisture for the
overall response.
To determine the total contribution of soil moisture-climate feedbacks to the changes in temperature
extremes, we compute projected temperature changes for multimodel mean for Tglobe and TXX in CTL and
SM20c (Figure 4). The difference between the two experiments (red) expresses the contribution of soil
moisture-temperature feedbacks. The increase of Tglobe is similar for both experiments. This illustrates that
soil moisture-temperature feedbacks have a minor effect on Tglobe (ocean + land), despite their large effects
on land regions.
For projected average changes in TXX over the global land area, we ﬁnd mean temperature differences of
more than 1°C, showing that soil moisture-climate feedbacks also have detectable average effects over the
continents as a whole, despite the small effect on Tglobe (i.e., when also including the ocean response).
Particularly in mid-latitude regions such as CEU and CNA, the contribution of soil moisture-temperature feedbacks is often stronger than that found for global land TXX. In AMZ, NAU, and SAF, we ﬁnd a similar response
magnitude as over the total land. The multimodel range varies across the regions.
We ﬁnally quantify the overall contribution of soil moisture-temperature feedbacks to the ampliﬁcation of
TXX beyond Tglobe in different regions (Figure S8). Note that this does not exclude other processes of being
relevant; however, this assessment considers the contribution of soil moisture as a necessary (rather than sufﬁcient) condition to this response (see also, e.g., Hannart et al., 2015 for a discussion of this distinction). We
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ﬁnd that for multimodel means more than 70% of the additional TXX increase compared to the global mean
temperature is removed in CEU (75%) and CNA (76%) if soil moisture‐temperature feedbacks are disabled
(Figure S8). In AMZ, NAU, and SAF, contributions of these feedbacks represent between 42% and 52% of
the total signal. The large contributions highlight that soil moisture is an essential control of the ampliﬁed
temperature increase of hot extremes over land compared to the global mean temperature warming. In particular, in mid‐latitude regions such as CEU and CNA the additional projected temperature increase of the
hottest days beyond the total Tglobe rise is strongly affected by the long‐term soil moisture drying (by more
than 70%), but also, in other regions soil moisture‐temperature coupling can account for around half of the
additional temperature increase.

4. Conclusions
In this study we use simulations from a multimodel experiment to investigate the role of soil moisture-climate
feedbacks for projected changes in regional temperature extremes (TXX). Our results reveal that the projected
regional response of TXx in several mid-latitude land regions can be decomposed in (i) the mean global
warming trend and (ii) an additional temperature increase that is strongly affected by soil moisturetemperature feedbacks. This response is related to projected soil moisture drying (on multidecadal time
scale), which is shown to have a stronger effect than short-term (subseasonal, seasonal, or interannual) soil
moisture variability. Direct soil moisture effects on the surface energy balance together with secondary
impacts on other atmospheric variables (e.g., changes in cloud cover, precipitation) are found to be necessary
for more than 70% of the ampliﬁed response of regional temperature extremes in CEU and CNA, and
between 42% and 52% in AMZ, NAU, and SAF. We note that our ﬁndings might be inﬂuenced by the choice
of models available in the GLACE-CMIP5 experiments, although they are well covering the CMIP5 range.
Given the important role of soil moisture for changes in temperature extremes at the regional scale, our
results suggest that the identiﬁed substantial uncertainties in projections of regional temperature extremes
[Fischer and Schär, 2010; Deser et al., 2012; Seneviratne et al., 2012; S16] could be addressed with a better consideration of soil moisture-related processes, either through their impacts on internal climate variability or on
intermodel spread. In addition, our ﬁndings highlight that the reduction of uncertainties in transient climate
sensitivity [e.g., Otto et al., 2013] can only address part of the uncertainties in regional projections of extremes
and impacts, while intermodel discrepancies in regional soil moisture-climate feedbacks could be dominant
for these projections in several regions.
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Erratum
In the originally published version of this article, there were errors published in Figure 1, section 3.3, and
the conclusion. These errors do not change the outcome of the manuscript and have been corrected. This
version may be considered the authoritative version of record.
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