
HAL Id: hal-01589909
https://hal.sorbonne-universite.fr/hal-01589909

Submitted on 19 Sep 2017

HAL is a multi-disciplinary open access
archive for the deposit and dissemination of sci-
entific research documents, whether they are pub-
lished or not. The documents may come from
teaching and research institutions in France or
abroad, or from public or private research centers.

L’archive ouverte pluridisciplinaire HAL, est
destinée au dépôt et à la diffusion de documents
scientifiques de niveau recherche, publiés ou non,
émanant des établissements d’enseignement et de
recherche français ou étrangers, des laboratoires
publics ou privés.

Distributed under a Creative Commons Attribution 4.0 International License

Contributions of soil moisture interactions to future
precipitation changes in the GLACE-CMIP5 experiment
Wilhelm May, Markku Rummukainen, Frederique Chéruy, Stefan Hagemann,

Arndt Meier

To cite this version:
Wilhelm May, Markku Rummukainen, Frederique Chéruy, Stefan Hagemann, Arndt Meier. Contribu-
tions of soil moisture interactions to future precipitation changes in the GLACE-CMIP5 experiment.
Climate Dynamics, 2016, 49 (5-6), pp.1681-1704. �10.1007/s00382-016-3408-9�. �hal-01589909�

https://hal.sorbonne-universite.fr/hal-01589909
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
https://hal.archives-ouvertes.fr


1 3

DOI 10.1007/s00382-016-3408-9
Clim Dyn (2017) 49:1681–1704

Contributions of soil moisture interactions to future precipitation 
changes in the GLACE‑CMIP5 experiment

Wilhelm May1,2   · Markku Rummukainen1 · Frederique Chéruy3 · 
Stefan Hagemann4 · Arndt Meier1 

Received: 23 May 2016 / Accepted: 15 October 2016 / Published online: 25 October 2016 
© The Author(s) 2016. This article is published with open access at Springerlink.com

stronger and more robust for the frequency of wet days 
than for the intensity of daily precipitation. Consistent with 
the contributions of the projected differences in soil mois-
ture to the future changes in the frequency of wet days, 
soil moisture generally contributes to the future changes in 
the characteristics of wet and dry spells. The magnitude of 
these contributions does not differ systematically between 
the frequency and the length of such extended spells, but 
the contributions are generally slightly stronger for dry 
spells than for wet spells. Distinguishing between the nine 
selected regions and between the different seasons, it is 
found that the strength of the contributions of the differ-
ences in soil moisture to the future changes in the various 
meteorological variables varies by region and, in particular, 
by season. Similarly, the robustness of these contributions 
varies between the regions and in the course of the year. 
The importance of soil moisture changes for the future 
changes in various aspects of daily precipitation and other 
aspects of the hydrological cycle illustrates the need for a 
comprehensive and realistic representation of land surface 
processes and of land surface conditions in climate models.

Keywords  Climate change · Soil moisture · Soil moisture-
precipitation coupling · Frequency of wet days · Intensity 
of daily precipitation · Wet spells · Dry spells

1  Introduction

Interactions between soil moisture and precipitation and 
between soil moisture and temperature have profound 
effects on the water and energy cycles. Soil moisture 
affects the partition between latent and sensible heat fluxes 
at the surface and, by this, air temperature, boundary layer 
stability and in some instances precipitation. Seneviratne 

Abstract  Changes in soil moisture are likely to contrib-
ute to future changes in latent heat flux and various char-
acteristics of daily precipitation. Such contributions dur-
ing the second half of the twenty-first century are assessed 
using the simulations from the GLACE-CMIP5 experi-
ment, applying a linear regression analysis to determine 
the magnitude of these contributions. As characteristics of 
daily precipitation, mean daily precipitation, the frequency 
of wet days and the intensity of precipitation on wet days 
are considered. Also, the frequency and length of extended 
wet and dry spells are studied. Particular focus is on the 
regional (for nine selected regions) as well as seasonal 
variations in the magnitude of the contributions of the pro-
jected differences in soil moisture to the future changes in 
latent heat flux and in the characteristics of daily precipita-
tion. The results reveal the overall tendency that the pro-
jected differences in soil moisture contribute to the future 
changes in response to the anthropogenic climate forcing 
for all the meteorological variables considered here. These 
contributions are stronger and more robust (i.e., there are 
smaller deviations between individual climate models) for 
the latent heat flux than for the characteristics of daily pre-
cipitation. It is also found that the contributions of the dif-
ferences in soil moisture to the future changes are generally 
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et  al. (2010) introduced a conceptual framework for the 
soil moisture-precipitation coupling and feedback, com-
prising of three links: first, a relationship between soil 
moisture anomalies and subsequent evapotranspiration 
anomalies, second, a relationship between evapotranspi-
ration anomalies and subsequent precipitation anomalies 
and, finally, a relationship between precipitation anomalies 
and resulting soil moisture anomalies. The first two con-
nections constitute the soil moisture-precipitation cou-
pling and the full loop with all the three components the 
soil moisture-precipitation feedback. For the third link, 
increasing precipitation generally causes increased soil 
moisture. Exceptions are precipitation over wet and satu-
rated soils, for which increased precipitation leads to addi-
tional runoff rather than soil moisture, or cases of intense 
precipitation, when precipitation exceeds the infiltration 
rate, again resulting in additional runoff rather than soil 
moisture (e.g., Bras 1990). Under extreme drought condi-
tions, on the other hand, soils may have cracks in which 
precipitation infiltrates and, thus, bypasses the surface 
zone (e.g., Hillel 1998). The first relationship is gener-
ally positive, with higher soil moisture leading to stronger 
evapotranspiration. The positive effect on evaporation is 
particularly strong in transitional zones between dry and 
wet climates (Seneviratne et  al. 2010). The direction of 
the second step, however, is the most uncertain as several 
physical processes are involved. Many modelling stud-
ies have investigated this issue. A large number of these 
studies have identified a positive relationship between 
enhanced soil moisture and evaporation on one side and 
precipitation on the other (e.g., Schär et al. 1999; Pal and 
Eltahir 2001; Koster et  al. 2004). However, the physical 
processes involved are very complex, and several further 
modelling studies suggested that under specific conditions 
convective instability and/or cloud formation might be 
stronger over dry soils (e.g., Findell and Eltahir 2003; Ek 
and Holtslag 2004; Hohenegger et al. 2009).

Studies on the coupling of precipitation to soil mois-
ture or evapotranspiration have given mixed results on 
the sign of the coupling. In their pioneering study, Koster 
et al. (2004) found a strong positive coupling of precipita-
tion to soil moisture in boreal summer in various parts of 
the Northern Hemisphere, i.e., the southern part of North 
America, Western Africa and central India. The strength 
of this coupling, however, varied considerably between 
the 12 global climate models, which contributed to the 
study. Consistent with this, Findell et  al. (2011) diag-
nosed a strong positive coupling between evapotranspira-
tion and afternoon showers in the eastern United States 
and Mexico from observations. In particular, they found 
marked increases in the probability of afternoon showers 
caused by variations of the surface fluxes in these regions, 
while the intensity of rainfall was largely insensitive to the 

variations of the surface fluxes. Taylor et  al. (2012a), on 
the other hand, found for Western Africa that afternoon 
rainfall preferably falls over soils that are relatively dry 
compared to the surrounding area based on observations. 
But only one of the six global weather and climate mod-
els considered in that study reproduced this behaviour. 
Recently, Guillod et  al. (2015) was able to reconcile the 
contrasting results on the impacts of soil moisture on after-
noon rainfall by distinguishing between the spatial and 
the temporal effects of soil moisture. They showed that 
afternoon precipitation tends to occur during wet hetero-
geneous soil moisture conditions, while being located over 
comparatively drier areas.

The GLACE-CMIP5 experiment was designed to 
investigate the impacts of soil moisture on the long-term 
changes in climate (Seneviratne et  al. 2013). “GLACE” 
refers to the Global Land–Atmosphere Coupling Experi-
ment (Koster et al. 2004, 2010) and “CMIP5” to the fifth 
phase of the Coupled Model Intercomparison Project (Tay-
lor et  al. 2012b). A number of studies have analysed the 
simulations from the GLACE-CMIP5 experiment, focus-
sing on different research questions (see Table  1 for an 
overview). Seneviratne et al. (2013) presented first results 
on the impact of the projected differences in soil moisture 
on changes in, among others, near-surface temperatures 
and precipitation by the end of the twenty-first century. 
They found a substantial and consistent effect on tempera-
tures in several parts of the globe and some influence on 
precipitation in the Northern Hemisphere extratropics dur-
ing summer. That study was complemented by May et al. 
(2015), who quantified the contributions of the projected 
differences in soil moisture to the future changes in vari-
ous aspects of near-surface climate in the tropics by the 
end of the twenty-first century by means of linear regres-
sion analysis. They found that the projected changes in 
soil moisture give important contributions to the climate 
change in the tropics. This is particularly the case for the 
surface energy fluxes as well as for near-surface tempera-
tures but to a much lesser extent for precipitation. Lorenz 
et  al. (2016) analysed the influence of both soil moisture 
variability and trends in the second half of the twenty-first 
century on various extremes related to daily maximum 
temperatures and daily precipitation. According to their 
results, removing the soil moisture variability significantly 
reduces temperature extremes over most of the global land 
areas, while wet precipitation extremes are enhanced in the 
tropics. Projected future drying trends in soil moisture, on 
the other hand, were found to lead to increases in temper-
ature extremes in the second half of the twenty-first cen-
tury, while wet precipitation extremes are decreased in the 
tropics, and dry extremes are enhanced in some regions. 
Finally, Berg et  al. (2016) showed that global aridity is 
enhanced by the feedbacks of the projected soil moisture 
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decreases on near-surface temperature, relative humidity 
and precipitation. In addition, Berg et  al. (2015) investi-
gated the inter-annual coupling between summertime sur-
face temperatures and precipitation and the implications 
for climate change. They confirmed the interpretation that 
negative inter-annual correlations between seasonal tem-
perature and precipitation arise through the direct con-
trol of soil moisture on the partitioning of sensible and 
latent heat fluxes. They also found that this has implica-
tions for projections of climate change, as in the regions 
with the strongest negative correlations the long-term 
regional warming is modulated by the projected changes 
in precipitation.

In the present study, we use the simulations from the 
GLACE-CMIP5 experiment to quantify the contributions 
of the projected differences in soil moisture to the future 
changes in latent heat flux and in various aspects of daily 
precipitation during the second half of the twenty-first cen-
tury. In addition to mean daily precipitation, we consider 
the frequency of wet days (defined as days with at least 
1 mm of precipitation), the intensity of daily precipitation 
on wet days as well as the frequency and median length of 
extended wet and dry spells (defined as episodes with con-
secutive wet days and consecutive days with less than 1 mm 
of precipitation) in our analysis of precipitation characteris-
tics. The latter is an extension to May et al. (2015), where, 
among others, seasonal mean changes of latent heat flux 
and precipitation were included. Also, we now consider the 
near-global land areas, while our previous study focussed 
on the tropics. Most importantly, however, in this study we 
also put focus on regional as well as seasonal variations 
in the magnitude of the contributions of the differences in 
soil moisture to the future changes in the various aspects of 
precipitation. For this, we have selected nine regions cover-
ing different parts of the globe and done the analysis for 12 
seasons, defined as overlapping 3-month periods. As a part 
of their study, Lorenz et al. (2016) analysed the maximum 
length of periods with consecutive wet and dry days, which 
correspond to the extended wet and dry spells considered 
here. In contrast to their study, we here look at the average 
characteristics of these spells and also extend the analysis 
to different seasons and more regions (nine instead of four).

The climate simulations considered in this study and 
the methods applied are described in Sect.  2. In Sect.  3, 
the projected future changes in the soil moisture content 
are discussed. The future changes in latent heat flux and 
the contributions of the future differences in soil moisture 
changes are presented in Sect.  4. The future changes and 
the contributions of the soil moisture are discussed for the 
characteristics of daily precipitation in Sect. 5 as well as for 
the characteristics of extended wet and dry spells in Sect. 6. 
A discussion of the results and the conclusions are given in 
Sects. 7 and 8, respectively.Ta

bl
e 

1  
S

tu
di

es
 b

as
ed

 o
n 

G
L

A
C

E
-C

M
IP

5

So
m

e 
de

ta
ils

 o
n 

th
e 

st
ud

ie
s 

th
at

 h
av

e 
an

al
ys

ed
 th

e 
si

m
ul

at
io

ns
 f

ro
m

 th
e 

G
L

A
C

E
-C

M
IP

5 
ex

pe
ri

m
en

t

St
ud

y
R

es
ea

rc
h 

qu
es

tio
n

R
eg

io
na

l a
nd

 s
ea

so
na

l f
oc

us
M

et
eo

ro
lo

gi
ca

l v
ar

ia
bl

es
; S

pe
ci

fic
 m

et
ho

ds

Se
ne

vi
ra

tn
e 

et
 a

l. 
(2

01
3)

Im
pa

ct
 o

f 
so

il 
m

oi
st

ur
e 

ch
an

ge
s 

on
 n

ea
r 

su
rf

ac
e 

cl
im

at
e 

ch
an

ge
s

N
or

th
er

n 
H

em
is

ph
er

e 
su

bt
ro

pi
cs

 a
nd

 m
id

-l
at

itu
de

s 
(b

or
ea

l s
um

m
er

),
 tr

op
ic

s 
an

d 
So

ut
he

rn
 H

em
is

ph
er

e 
su

bt
ro

pi
cs

 a
nd

 m
id

-l
at

itu
de

s 
(b

or
ea

l s
um

m
er

)

Su
rf

ac
e 

en
er

gy
 fl

ux
es

, n
ea

r 
su

rf
ac

e 
te

m
pe

ra
tu

re
s 

(m
ea

n 
an

d 
w

ar
m

 d
ai

ly
 e

xt
re

m
es

),
 p

re
ci

pi
ta

tio
n 

(m
ea

n 
an

d 
he

av
y 

da
ily

 p
re

ci
pi

ta
tio

n)

B
er

g 
et

 a
l. 

(2
01

5)
Im

pl
ic

at
io

ns
 o

f 
so

il 
m

oi
st

ur
e 

ch
an

ge
s 

fo
r 

th
e 

co
up

lin
g 

be
tw

ee
n 

ne
ar

 s
ur

fa
ce

 te
m

pe
ra

tu
re

 a
nd

 
pr

ec
ip

ita
tio

n

G
lo

ba
l l

an
d 

ar
ea

s 
(l

oc
al

 s
um

m
er

)
N

ea
r 

su
rf

ac
e 

te
m

pe
ra

tu
re

s,
 p

re
ci

pi
ta

tio
n;

te
m

po
ra

l c
or

re
la

tio
ns

 b
et

w
ee

n 
ne

ar
 s

ur
fa

ce
 te

m
pe

ra
-

tu
re

s 
an

d 
pr

ec
ip

ita
tio

n

M
ay

 e
t a

l. 
(2

01
5)

Q
ua

nt
ifi

ca
tio

n 
of

 th
e 

co
nt

ri
bu

tio
ns

 o
f 

so
il 

m
oi

st
ur

e 
ch

an
ge

s 
to

 n
ea

r 
su

rf
ac

e 
cl

im
at

e 
ch

an
ge

s
T

ro
pi

cs
 a

nd
 s

ub
tr

op
ic

s 
(b

or
ea

l a
nd

 a
us

tr
al

 s
um

m
er

)
Su

rf
ac

e 
en

er
gy

 fl
ux

es
, n

ea
r 

su
rf

ac
e 

te
m

pe
ra

tu
re

s,
 

pr
ec

ip
ita

tio
n;

 s
pa

tia
l a

no
m

al
y 

co
rr

el
at

io
ns

 a
nd

 li
ne

ar
 

re
gr

es
si

on

L
or

en
z 

et
 a

l. 
(2

01
6)

Im
pa

ct
 o

f 
so

il 
m

oi
st

ur
e 

va
ri

ab
ili

ty
 a

nd
 c

ha
ng

es
 o

n 
ne

ar
 s

ur
fa

ce
 te

m
pe

ra
tu

re
 a

nd
 p

re
ci

pi
ta

tio
n 

ex
tr

em
es

G
lo

ba
l l

an
d 

ar
ea

s 
(a

nn
ua

l)
, r

eg
io

na
l f

oc
us

 o
n 

C
en

tr
al

 
N

or
th

 A
m

er
ic

a,
 th

e 
M

ed
ite

rr
an

ea
n 

re
gi

on
, N

or
th

 
A

us
tr

al
ia

 a
nd

 S
ou

th
 A

fr
ic

a 
(n

ea
r 

su
rf

ac
e 

te
m

pe
ra

-
tu

re
s)

 a
nd

 o
n 

N
or

th
 E

as
t B

ra
zi

l, 
E

as
t A

fr
ic

a,
 S

ou
th

 
A

si
a 

an
d 

N
or

th
 A

us
tr

al
ia

 (
pr

ec
ip

ita
tio

n)

In
di

ce
s 

fo
r 

w
ar

m
 d

ai
ly

 te
m

pe
ra

tu
re

 e
xt

re
m

es
 a

nd
 h

ea
t 

w
av

e 
du

ra
tio

n,
 in

di
ce

s 
fo

r 
he

av
y 

da
ily

 p
re

ci
pi

ta
-

tio
n 

an
d 

th
e 

le
ng

th
 o

f 
ex

te
nd

ed
 d

ry
 a

nd
 w

et
 p

er
io

ds
; 

pr
ob

ab
ili

ty
 d

en
si

ty
 f

un
ct

io
ns

B
er

g 
et

 a
l. 

(2
01

6)
R

ol
e 

of
 th

e 
so

il 
m

oi
st

ur
e 

ch
an

ge
s 

fo
r 

th
e 

am
pl

ifi
ca

-
tio

n 
of

 a
ri

di
ty

 u
nd

er
 g

lo
ba

l w
ar

m
in

g
G

lo
ba

l l
an

d 
ar

ea
s 

(a
nn

ua
l)

Su
rf

ac
e 

en
er

gy
 fl

ux
es

, c
lo

ud
 c

ov
er

, i
nc

om
in

g 
so

la
r 

ra
di

at
io

n,
 n

ea
r 

su
rf

ac
e 

hu
m

id
ity

 a
nd

 te
m

pe
ra

tu
re

s;
 

m
ea

su
re

 f
or

 a
ri

di
ty



1684 W. May et al.

1 3

2 � Data and methodology

2.1 � Climate simulations

Five institutions contributed to the GLACE-CMIP5 experi-
ment with their respective global climate models. These 
are the National Center for Atmospheric Research with 
the Community Earth System Model (“CESM”), Lund 
University with the EC-Earth coupled atmosphere–ocean 
model (“EC-EARTH”) as well as the Geophysical Fluid 
Dynamics Laboratory (“GFDL”), the Institute Pierre 
Simon Laplace (“IPSL”) and the Max-Planck-Institute 
(“MPI-ESM”) with their respective ESM. For some rel-
evant details on these models and references see Table 1 in 
May et al. (2015).

The GLACE-CMIP5 experiment includes three transient 
climate simulations for the period 1950 through 2100. In 
these simulations the anthropogenic climate forcing agents 
are prescribed according to observations until 2005, and 
between 2006 and 2100 according to the Representative 
Concentration Pathway 8.5 scenario (“RCP8.5”; Moss 
et  al. 2010; Riahi et  al. 2011). For each climate model, 
these three simulations are two transient atmosphere/land 
only simulations (“ExpA” and “ExpB”, respectively) and a 
reference simulation (“ExpR”). For CESM and MPI-ESM, 
ExpR corresponds to a standard CMIP5 simulation, while 
for EC-EARTH, GFDL and IPSL new reference simula-
tions with the atmosphere/land only versions of these mod-
els were performed. This was necessary, since the physical 
parameterizations of these models had been updated after 
their standard CMIP5 simulations. In these new reference 
simulations, sea surface temperatures, sea ice, land use and 
atmospheric CO2 concentrations were prescribed from the 
respective CMIP5 simulation. Sea surface temperatures, 
sea ice, land use and atmospheric CO2 concentrations were 
prescribed according to ExpR in both ExpA and ExpB, but 
these two simulations differ in their prescribed soil mois-
ture climatology. In ExpA, the seasonal cycle of the soil 
moisture content is constant, defined as the long-term mean 
for 1971–2000 obtained from ExpR. In ExpB the seasonal 
cycle of soil moisture varies in the course of the simula-
tion, following the transient climatology from ExpR, using 
30-year running means. The first and last 15 years of the 
simulation use the long-term means for 1950–1979 and 
2056–2085, respectively.

We have chosen the two 30-year periods 1971–2000 
and 2056–2085 representing climate conditions for the 
recent past and for the future for ExpA and ExpB (for soil 
moisture, latent heat flux and the different characteris-
tics of daily precipitation) as well as for ExpR (for mean 
daily precipitation). We have chosen the period 2056–2085 
instead of the last 30  years of the twenty-first century, 
which is often used, because after 2085 the soil moisture 

content prescribed in ExpB does not vary from year to year, 
which suppresses the inter-annual variability of soil mois-
ture in this experiment.

2.2 � Methodology

We present near-global maps for the boreal and the austral 
summer seasons, covering June through August (“JJA”) 
and December through February (“DJF”), respectively. 
However, all analyses have been performed for 12 sea-
sons, defined as overlapping 3-month periods ranging 
from January through March (“JFM”), over February to 
April (“FMA”), etc., to DJF, covering the entire calendar 
year. Results for these 12 seasons and, hence, the variabil-
ity of the results in the course of the year are presented for 
selected regions. We have evaluated 26 regions following 
the definition in Seneviratne et al. (2012) except for north-
eastern Canada and Greenland, where we use 80°N as the 
northern boundary of the region instead of 85°N. These 
regions cover all continents except Antarctica (Fig.  1). 
Here, we show results for nine of these regions from several 
continents and both hemispheres, excluding regions reach-
ing high northern latitudes. The latter is due to the fact that 
these regions are covered with snow during the cold season, 
so that the impact of the soil moisture is suppressed during 
that time of the year. The selected regions are Central North 
America (“CNA”), Central Europe (“CEU”), the Mediter-
ranean region (“MED”), Central Asia (“CAS”), South Asia 
(“SAS”), Western Africa (“WAF”), Amazonia (“AMZ”), 
Southern Africa (“SAF”) and Northern Australia (“NAU”). 
See Fig. 1 for the location and the extent of these regions.

To assess the degree of similarity between the future 
changes in the soil moisture content and the correspond-
ing changes in daily mean precipitation, we have computed 
anomaly correlation coefficients (“ACC”) between the per-
cent differences in soil moisture between ExpB and ExpA 
for 2056–2085 and the mean daily precipitation changes 

Fig. 1   The nine regions presented here in different colours. These 
are Central North America (“CNA”), Central Europe (“CEU”), the 
Mediterranean region (“MED”), Central Asia (“CAS”), South Asia 
(“SAS”), Western Africa (“WAF”), Amazonia (“AMZ”), Southern 
Africa (“SAF”), and Northern Australia (“NAU”). Marked in different 
shades of grey are the remaining 17 regions that have been analysed 
as well but are not presented here. See Sect. 2.2 for details
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between 2056–2085 and 1971–2000 for ExpR. This was 
done for each of the five climate models, the 12 seasons 
and the 26 regions. Only grid points, where the respective 
differences are significant at the 95% level according to a 
two-sided Student’s t test, enter the computations. In addi-
tion, we have evaluated the representativeness of the coef-
ficients by comparing them against the sampling error. For 
the latter, we have applied a nonparametric bootstrapping 
procedure, where 200 samples have been generated from 
the grid point data for a specific region (as well as for a 
particular climate model and season). The ACCs have been 
computed for these samples, and the difference between the 
75th and the 25th percentile of the resulting collection of 
ACCs is used as a measure of the sampling error. We regard 
a coefficient to be representative for the region in question, 
if the ratio between the absolute value of the ACC and the 
measure of the sampling error (which is positive by defini-
tion) exceeds a value of 2.5. This threshold has been cho-
sen, because the number of cases with non-representative 
coefficients strongly varies for values up to 2 but increases 
only slightly for values exceeding 2.

To quantify the contributions of the projected differences 
in soil moisture to the future changes in a particular mete-
orological variable, we have performed a linear regressions 
analysis between the future changes (the difference between 
2056–2085 and 1971–2000 for ExpB) and the contributions 
of the prescribed soil moisture changes to these differences 
(the difference between ExpB and ExpA for 2056–2085) 
for the variable in question. This was done for each of the 
five climate models, the 12 seasons and the 26 regions, and 
the representativeness of the values of the slope of the lin-
ear regression line (“SLR”) for a specific region has been 
determined by the nonparametric bootstrap method that has 
also been applied to the ACCs. The respective coefficients 
of determination, which indicate how well the actual data 
fit the linear regression line, are not considered here, but 
generally these coefficients follow the magnitude of the 
ratios, which define their representativeness. An SLR of 1 
means that (to the extent the linear regression model actu-
ally fits the data) the entire future change is associated with 
the projected soil moisture differences. A value exceeding 1 
illustrates that only a fraction of the future change is related 
to soil moisture, while a value between 0 and 1 indicates 
that other processes offset the change associated with soil 
moisture. Finally, a negative value means that the future 
change and the effect of soil moisture tend to have opposite 
signs. Similar to the anomaly correlation coefficients, only 
grid points, where the respective differences are significant 
at a certain level, enter the computations. As for the latent 
heat flux, both differences are significant at the 95% level 
based on a two-sided Student’s t  test. For the characteris-
tics of daily precipitation, on the other hand, a grid point is 
considered when either the future change is significant at 

the 95% level or the contribution of the soil moisture dif-
ference is significant at the 90% level. The contrasting sig-
nificant levels for the two kinds of differences account for 
the fact that, unlike latent heat flux (see Sect.  4), for the 
characteristics of daily precipitation the contributions of the 
soil moisture are markedly weaker than the corresponding 
future changes (see Sect. 5). For the characteristics of daily 
precipitation, grid points are considered in cases where at 
least one of the differences is significant (for the seasonal 
means both differences need to be significant). By this we 
deal with the fact that the statistics based on the daily val-
ues are stronger affected by sub-seasonal variations than 
the seasonal means and, hence, more variable. This results 
in generally lower significance levels for the characteristics 
of daily precipitation. The significance of the grid point 
data has been obtained by means of a nonparametric boot-
strapping procedure, where 200 samples have been gener-
ated for the time series of daily precipitation for each of 
the 30-year periods used to infer the differences between 
the respective simulations or periods. The differences have 
been computed for all the samples, and the overlap between 
the corresponding probability distributions is used as a 
measure of the significance level.

Both methods have already been employed in May 
(2015) to quantify the contributions of the projected soil 
moisture differences to the future climate changes in 
the tropics. Seneviratne et  al. (2013), on the other hand, 
applied linear regression analysis to quantify the impact of 
the differences in latent heat flux associated with the pro-
jected soil moisture changes on the future changes in near-
surface temperatures (both the mean and warm extremes) 
in the Mediterranean region. Lorenz et  al. (2016) com-
pared spatially aggregated probability density functions 
for the different simulations and periods with each other to 
assess the impact of soil moisture variability and trends on 
future changes in temperature and precipitation extremes in 
selected regions.

3 � Soil moisture content

Figure 2a, b show the percent differences of the prescribed 
soil moisture content between ExpB and ExpA for 2056–
2085 with respect to ExpA for 1971–2000, averaged over 
the five climate models for JJA and DJF, respectively. The 
geographical distributions reveal a general tendency of 
increased soil moisture in the tropics and at high latitudes 
in the Northern Hemisphere and decreased soil moisture in 
the subtropics, in the southern parts of North America and 
Europe as well as in Central Asia in both seasons. In the 
tropics the increases are particularly strong in eastern Bra-
zil, Eastern Africa and South Asia. In the tropics as well as 
in the Southern Hemisphere extratropics, the signs of the 
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projected changes in soil moisture vary only little between 
the two seasons. In the Northern Hemisphere extratropics 
some marked differences between the two seasons occur. In 
Europe, the area with reduced soil moisture extends further 
north into Central and Northern Europe in JJA (Fig.  2a), 
while in DJF the decrease in the soil moisture content is 
mostly restricted to southern Europe (Fig. 2b). Similar ten-
dencies are found for North America and Central Asia.

By this the future soil moisture changes follow by and 
large the corresponding changes in mean daily precipitation 
with a tendency of increasing (decreasing) soil moisture in 
regions with increases (decreases) in precipitation (Fig. 2c, 
d). We find an overall tendency of increased precipitation in 
the tropics and at high northern latitudes and decreased pre-
cipitation in the subtropics in both seasons. In the Northern 
Hemisphere extratropics the changes in mean precipitation 
vary considerably between the two seasons. In DJF, pre-
cipitation is significantly increased over the entire North-
ern Hemisphere mid- and high latitudes (Fig.  2c), while 

in JJA precipitation is decreased in the western part of the 
United States as well as in western and southern Europe 
(Fig. 2d). Despite the notable increases of precipitation in 
the entire tropics (except for Amazonia in JJA), soil mois-
ture increases only slightly in the central tropics (Fig. 2a, 
b), as the soil moisture is saturated or almost saturated in 
this region under present-day climate conditions.

The general tendency of increasing (decreasing) soil 
moisture in areas with future increases (decreases) in mean 
precipitation is also reflected in the predominantly positive 
ensemble mean values of the ACC between the soil mois-
ture changes and the differences in mean daily precipita-
tion for the nine selected regions (Fig. 3; see Sect. 2.2 for 
details). In addition to this overall tendency, the ensemble 
mean values of the correlation coefficients display regional 
and seasonal variations and cover differences between the 
individual models.

All regions except the Mediterranean region (Fig.  3c) 
and to some extent Central Asia (Fig. 3d), show a distinct 

Soil moisture content

(b) ExpB-ExpA / fut / DJF(a) ExpB-ExpA / fut / JJA

[%]

Mean daily precipitation

[mm/day]

(c) ExpR / fut-pre / JJA (d) ExpR / fut-pre / DJF

Fig. 2   Percent differences in seasonal mean moisture content 
between ExpB and ExpA for 2056–2085 relative to ExpA for 2056–
2085 in (a) boreal summer (JJA; June through August) and b austral 
summer (DJF; December through February), averaged over the five 
climate models. Also the differences in the seasonal mean daily pre-

cipitation between 2056–2085 and 1971–2000 for ExpR in c JJA and 
d DJF, averaged over the five climate models. The black dots mark 
areas, where at least four of the five models agree on the sign of the 
differences. Units are  % (a, b) and mm/day (c, d); the contour inter-
vals are 2% and 0.1 mm/day (c, d), respectively
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seasonal cycle of the ACCs, with one or two periods with 
relatively large values and one or two periods with rather 
small coefficients. Several regions, namely, Central North 
America (Fig.  3a), Central Europe (Fig.  3b) and Western 
Africa (Fig. 3f), are characterized by a unimodal seasonal 

cycle with large positive values in boreal summer and 
either small positive values or negative values for Central 
Europe in boreal winter. In Western Africa the correspond-
ence between precipitation and soil moisture changes is 
relatively strong during boreal summer with large fractions 

Soil moisture content (ExpB-ExpA / fut) vs. precipitation (ExpR / fut-pre) 

(b)(a)

(d)

(c)

(e) (f)

(g) (h) (i)

Fig. 3   Anomaly correlation coefficients between the percent differ-
ences in seasonal mean moisture content between ExpB and ExpA 
for 2056–2085 relative to ExpA for 2056–2085 and the differences 
in seasonal mean daily precipitation between 2056–2085 and 1971–
2000 for ExpR for 12 seasons and nine regions (see Sect.  2.2 for 
details). Only grid points where both differences are significant at the 
95% level are considered. Also, only values for areas with at least 40 
such grid points for an individual climate model are included. The 

boxes mark the averages over the models with representative values 
(see Sect. 2.2 for details). The vertical lines indicate the range of the 
values for all individual models. The crosses illustrate the anomaly 
correlation coefficients for the individual models, representative (non-
representative) values by the red (blue) ones. Units are standard unit. 
Note that for Northern Australia none of the climate models has a suf-
ficient number of grid points in JFM
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of annual precipitation associated with the West African 
monsoon. The other regions are characterized by a bimodal 
shape with rather small values of the ACC in different sea-
sons. In Amazonia (Fig.  3g), relatively small correlation 
coefficients are found in early boreal summer and early 
austral summer (the periods with large fractions of annual 
precipitation in the parts of Amazonia that are located 
north and south of the equator, respectively). This is related 
to projected precipitation increases during these parts of 
the year (not shown here) and decreasing soil moisture 
throughout the year in this region for all but one of the cli-
mate models. In Northern Australia (Fig. 3i) and to some 
extent in Southern Africa (Fig. 3h), relatively large ACCs 
are found in both austral winter and austral summer and 
small ones during the transition seasons. That the correla-
tion coefficients hardly vary in the course of the year in the 
Mediterranean region and Central Asia, illustrates a very 
good correspondence between precipitation changes and 
the soil moisture content in these two regions. In the Medi-
terranean region this is due to the fact that all five climate 
models project decreases in precipitation in all seasons 
(not shown here), resulting in decreasing soil moisture in 
all seasons and, hence, the good correspondence. Three of 
the five models show the same behaviour in Central Asia, 
while the two other models project increases in precipita-
tion during the cold season, accompanied by increases or 
weak decreases of soil moisture during this part of the year.

The values of the ACC and, hence, the correspondence 
between the future changes in precipitation and soil mois-
ture vary considerably between the individual climate mod-
els (indicated by the vertical bars in Fig. 3). In the majority 
of regions and seasons, the correlation coefficients are posi-
tive for all five models and only occasionally an individual 
model is characterized by a negative value. However, in 
Central Europe (Fig. 3b) and to some extent Western Africa 
(Fig. 3f) a majority of the models are characterized by neg-
ative ACCs during part of the year. The negative correla-
tion coefficients in Central Europe during boreal winter are 
caused by decreases in soil moisture (persisting from sum-
mer with decreasing precipitation) despite increasing pre-
cipitation in a large fraction of this region. In a few regions 
the width of the ranges covering the individual climate 
models varies in the course of the year. In Central Europe 
(Fig.  3b), for instance, the ranges are wider in the cold 
than during the warm season, while in South Asia (Fig. 3e) 
the ranges are very narrow during the monsoon season 
and particularly wide in boreal winter. In Southern Africa 
(Fig. 3h), on the other hand, rather wide ranges are found 
in austral summer, when a large fraction of the annual rain-
fall occurs. In Amazonia (Fig. 3g) and Northern Australia 
(Fig. 3i) the spread between then individual models is par-
ticularly large during the transition seasons.

4 � Latent heat flux

To a first order, soil moisture affects the turbulent fluxes 
of sensible and of latent heat at the land surface, and to a 
second order, near-surface temperature and precipitation 
(e.g., Seneviratne et  al. 2010). In addition, local mete-
orological factors, such as cloudiness (controlling the 
amount of incoming solar radiation) and the stability of 
the atmospheric boundary layer, as well as induced circula-
tion changes, which affect the turbulent energy fluxes and, 
hence, the soil moisture-climate coupling, play a role.

Figure 4a, b show the differences in seasonal mean latent 
heat flux between 2056–2085 and 1971–2000 for ExpB, 
namely, the future changes in latent heat flux in response 
to the future anthropogenic forcing, averaged over the five 
climate models for JJA and DJF, respectively. There is a 
general tendency of increased latent heat fluxes in the trop-
ics and at the mid- and high latitudes in the Northern Hemi-
sphere and decreased latent heat fluxes in the subtropics in 
both seasons. Notable differences between the two seasons 
are the reduced latent heat fluxes in Central America and 
the southern part of North America, in southern Europe and 
in the central part of South America in JJA (Fig. 4a), com-
pared to increases in these regions in DJF (Fig.  4b). Fur-
thermore, the projected changes are generally strongest in 
the respective summer hemisphere, i.e., north of the equa-
tor in JJA and south of the equator in DJF.

Figure 4c, d show the differences in seasonal mean latent 
heat flux between ExpB and ExpA for 2056–2085, that are, 
the contributions of the projected differences in soil mois-
ture to the future changes in latent heat flux, averaged over 
the five climate models. The geographical distributions 
reveal considerable contributions to the future changes in 
latent heat flux, in particular in areas with decreases in the 
latent heat flux, i.e., the subtropics in both seasons (Fig. 4c, 
d) as well as the southern part of North America, the west-
ern Unites States, southern Europe and large parts of Cen-
tral Asia in JJA (Fig. 4c). In these regions the magnitudes 
of the decreases actually exceed the corresponding future 
(predominantly negative) changes in latent heat flux, indi-
cating that other processes offset to some extent the marked 
decreases associated with the soil moisture differences. In 
regions with projected increases in latent heat fluxes, on 
the other hand, the soil moisture changes give small, but 
generally positive, contributions (Fig. 4c, d). This is espe-
cially the case in the mid- and high latitudes of the North-
ern Hemisphere, where other processes lead to pronounced 
future increases. The geographical distributions of the con-
tributions of the soil moisture differences to the changes 
in latent heat flux are broadly similar to corresponding 
distributions of the soil moisture changes (see Fig. 2a, b), 
supporting the notion that negative (positive) soil moisture 
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anomalies are associated with reduced (enhanced) latent 
heat flux (see Sect. 1).

The general tendency that the differences in soil mois-
ture contribute to the future changes in latent heat flux is 
also apparent in the ensemble mean values of the slopes 
from the linear regression line between the future changes 
and the contributions from soil moisture (Fig.  5; see 
Sect.  2.2 for details). The ensemble mean values of the 
SLR are mostly in the range between 0.5 and 1, indicat-
ing that typically the changes associated with the projectd 
differences in soil moisture are up to twice as strong as the 
future changes in latent heat flux. The ensemble mean val-
ues are characterized by both regional and notable seasonal 
variations, and in some regions and seasons we find marked 
differences between the individual climate models.

In Amazonia (Fig. 5g) the ensemble mean values of the 
SLR are close to 1 throughout the year, indicating that in 
this region the soil moisture determines a very large frac-
tion of the future changes in the latent heat flux through-
out the year. Other regions with only slight seasonal vari-
ations of the slopes are South Asia (Fig. 5e) and Southern 
Africa (Fig. 5h), with values between about 0.7 and 0.8 in 
Southern Africa and between about 0.6 and 0.8 in South 
Asia. In the latter region the slopes increase in the course 

of the year with the smallest values in the beginning and 
the largest ones in the end of the year. Pronounced sea-
sonal variations are found in Central North America, Cen-
tral Europe and, especially, Central Asia. In both Central 
North America (Fig.  5a) and Central Europe (Fig.  5b), 
the contributions of the soil moisture changes are rather 
strong (about 0.8 to 1) in boreal spring and weak (roughly 
0.5) in autumn and early winter. In Central Asia (Fig. 5d), 
on the other hand, the values of the SLR are rather small 
in the warm period from late spring to early boreal autumn 
but relatively large in winter. In the Mediterranean region 
(Fig.  5c) and Northern Australia (Fig.  5i) the contribu-
tions of the soil moisture changes are also relatively weak 
in local summer (about 0.7 for the Mediterranean region 
and 0.6 for Northern Australia) and strong in local autumn 
(about 0.9 and 0.7, respectively). The relatively small 
ensemble mean values of the SLR indicate that in the 
respective regions and seasons the changes in the latent 
heat flux associated with the soil moisture differences are 
typically offset by other processes. As seen in the geo-
graphical distributions for JJA and DJF (see Fig. 4), this 
is often the case in areas where the soil moisture changes 
lead to marked reductions of the latent heat fluxes, such 
as, the subtropics in both seasons and the southern parts 

Latent heat flux
(b) ExpB / fut-pre / DJF(a) ExpB / fut-pre / JJA

[W/m2]

(c) ExpB-ExpA / fut / JJA (d) ExpB-ExpA / fut / DJF

Fig. 4   Differences in seasonal mean latent heat flux between 2056–
2085 and 1971–2000 for ExpB in (a) boreal summer (JJA) and b aus-
tral summer (DJF), averaged over the five climate models. Also the 
differences between ExpB and ExpA for 2056–2085 in c JJA and d 

DJF, averaged over the five climate models. The black dots indicate, 
where at least four of the five models agree on the sign of the differ-
ences. Units are W/m2; the contour interval is 2 W/m2
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of North America and Europe as well as Central Asia in 
JJA.

Despite the marked differences between the individual 
climate models, there are very few regions and seasons, 
where the SLRs for a single model are slightly negative, but 
in only two cases the values are found to be representative. 

This means that all models confirm the general tendency 
that the future changes in latent heat flux have the same 
signs as the contributions of the soil moisture changes. 
There are, on the other hand, several cases, where one or 
several models give SLRs exceeding a value of 1, meaning 
that other processes amplify the changes in latent heat flux 

(a) (b) (c)

(d) (e) (f)

(g) (h) (i)

Fig. 5   Slopes of the linear regression line between the differences 
in seasonal mean latent heat flux between 2056–2085 and 1971–
2000 for ExpB and the differences in seasonal mean latent heat flux 
between ExpB and ExpA for 2056–2085 for 12 seasons and nine 
regions. Only grid points where both differences are significant at the 
95% level are considered. Also, only values for areas with at least 40 
such grid points for an individual climate model are included. The 

boxes mark the averages over the models with representative values. 
The vertical lines illustrate the range of the values for all individual 
models, with arrow heads at the end of the lines pointing at values 
exceeding the plotting range. The crosses indicate the slopes for the 
individual models, representative (non-representative) values by the 
red (blue) ones. Units are standard unit
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caused by the differences in soil moisture. The slopes of the 
linear regression line for the different climate models vary 
both by region and by season, that is, in some cases the 
individual models agree quite well on the extent to which 
soil moisture contributes to the future changes in latent heat 
fluxes but diverge in other situations. Regions, where the 
models agree quite well throughout the year, are the Medi-
terranean region (Fig. 5c), Amazonia (Fig. 5g) and South-
ern Africa (Fig.  5h). Relatively strong variations between 
the individual models are found in South Asia (Fig. 5e) and 
Western Africa (Fig. 5f) at the end of the respective mon-
soon season. In Western Africa the contribution of the soil 
moisture changes is amplified by one particular model, but 
in South Asia the contribution is entirely offset by other 
processes. In Northern Australia (Fig. 5i) the different mod-
els agree very well in late austral winter but vary markedly 
during the rest of the year, while in Central North America 
(Fig. 5a) as well as in Central Europe (Fig. 5b) the models 
differ most during the transition seasons.

5 � Characteristics of daily precipitation

In this section we present the future changes in various 
characteristics of daily precipitation in response to the 
future anthropogenic forcing and assess the contributions 
of the differences in soil moisture to these changes. In addi-
tion to seasonal mean daily precipitation (the amount of 
daily precipitation averaged over the season), the frequency 
of wet days (defined as days with at least 1 mm of precipi-
tation) and the intensity of daily precipitation (the amount 
of daily precipitation averaged over all wet days) are con-
sidered. In order to avoid that a few wet days dominate the 
statistics, we have only analysed grid points with at least 
30 wet days in a specific season during the 30-year period 
of simulation (corresponding to a bit more than 1% of all 
days) for each climate model. In boreal winter, for instance, 
it is the Sahara desert in northern Africa, which typically 
has not enough wet days, and in austral winter it is the 
case for a part of eastern Brazil and the centre of South-
ern Africa. In the geographical distributions to be presented 
in the following, these regions (more precisely, the regions 
where none of the five individual models has sufficient wet 
days) are marked in grey.

As mentioned in Sect. 3, the anthropogenic climate forc-
ing leads to increases in mean daily precipitation in the 
tropics and at high northern latitudes and decreases in the 
subtropics in both JJA and DJF (Fig.  6a, b). Distinct dif-
ferences between the two seasons are found in the North-
ern Hemisphere extratropics with increases in the mid- and 
high latitudes in DJF (Fig. 6b) and decreases in the western 
part of the Unites States as well as in western and southern 
Europe in JJA (Fig. 6a).

The changes in mean daily precipitation merge the 
future changes in the intensity of daily precipitation 
(Fig. 6c, d) and the future changes in the frequency of wet 
days (Fig. 6e, f). The intensity of daily precipitation is gen-
erally increased over most of the global land area. This is 
particularly the case in DJF, while in JJA the intensity of 
daily precipitation is slightly reduced in some parts of the 
subtropics as well as in the southern part of North Amer-
ica and in south-western Europe (Fig.  6c). The changes 
in the frequency of wet days, however, vary considerably 
between the two seasons. In DJF the frequency of wet days 
is increased in the tropics, particularly in Africa, and in the 
Northern Hemisphere extratropics and decreased elsewhere 
(Fig. 6f). In JJA the frequency of wet days is increased in 
several confined areas, i.e., Amazonia, parts of tropical 
Africa and a part of Central Asia, and decreased elsewhere 
(Fig. 6e). Therefore, in DJF the regions with the most pro-
nounced increases in mean daily precipitation stand out 
as those, where both the intensity of daily precipitation 
and the frequency of wet days are significantly increased, 
namely, in the Northern Hemisphere mid- and high lati-
tudes and tropical Africa (Fig.  6b). In JJA, on the other 
hand, both the intensity of daily precipitation and the fre-
quency are only increased in Amazonia and tropical Africa 
and decreased in the southern part of North America and 
in south-western Europe, leading to marked increases of 
mean daily precipitation in Amazonia and tropical Africa 
and decreases in the southern part of North America and in 
south-western Europe (Fig. 6a).

Most of the five individual models agree on the signs 
of the projected changes in both the frequency of wet days 
and the intensity of daily precipitation over most of the 
global land area (Fig. 6c–f). The future regional changes in 
mean daily precipitation, on the other hand, are less con-
sistent between the individual models (Fig.  6a, b), which 
is accounted for by the fact that future changes in the fre-
quency of wet days and in the intensity often have oppo-
site signs in those areas, where the frequency of wet days 
is reduced. This indicates that regional variations in the 
projected changes in mean daily precipitation between indi-
vidual climate models might be largely due to the specific 
balance between the future changes in the frequency of wet 
days and in the intensity of daily precipitation.

In JJA, the projected changes in soil moisture lead to 
decreases in mean daily precipitation over much of the 
global land area, particularly in the western part of North 
America, southern Europe and Central Asia as well as in 
the southern part of South America and much of Africa 
(Fig. 7a). As for the impact of the differences in soil mois-
ture, the changes in the intensity of daily precipitation 
(Fig.  7c) and in the frequency of wet days (Fig.  7e) are 
largely consistent, that is, notable increases (decreases) in 
the intensity of daily precipitation tend to occur in areas 
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with increases (decreases) in the frequency of wet days. 
The soil moisture changes have a particularly strong 
impact on the frequency of wet days and, by this, on mean 
daily precipitation in the western part of North America, 

southern Europe and Central Asia as well as in the south-
ern part of South America and much of Africa. Also in DJF, 
the changes associated with the differences in soil moisture 
are consistent between the intensity of daily precipitation 

(a) (b)

(c) (d)

(e) (f)

Fig. 6   Differences in seasonal mean daily precipitation (upper row), 
the intensity of daily precipitation on wet days (middle row) and the 
frequency of wet days (lower row) between 2056–2085 and 1971–
2000 for ExpB in (a, c, e) boreal summer (JJA) and (b, d, f) austral 
summer (DJF), averaged over the five climate models. Grid points, 
where none of the five individual models has at least 30 wet days in 

either period during the respective season, are left in grey. The black 
dots indicate, where at least four of the five models agree on the sign 
of the differences. Units are mm/day (a–d) and  % (e, f); the contour 
intervals are 0.1  mm/day (a, b), 0.2  mm/day (c, d) and 1% (e, f), 
respectively
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(Fig.  7d) and the frequency of wet days (Fig.  7f) over 
most of the globe, but most pronounced in the South-
ern Hemisphere. Therefore, the soil moisture changes 
have a relatively strong impact on daily mean precipita-
tion in the Southern Hemisphere (Fig. 7b). The impact of 
the soil moisture changes on the frequency of wet days is 
over many parts of the global land area coherent with the 

effect on latent heat flux (see Fig. 4c, d), except for tropi-
cal Africa, where the soil moisture differences lead to wide-
spread increases in latent heat fluxes, while the frequency 
of wet days is reduced in much of the area (Fig. 7e, f).

Comparing the maps presented in Figs. 6 and 7 for the 
corresponding meteorological variable and season reveals 
that the projected differences in soil moisture contribute to 

(a) (b)

(c) (d)

(e) (f)

Fig. 7   As Fig. 6 but for the differences between ExpB and ExpA for 2056–2085. Grid points, where none of the five individual models has at 
least 30 wet days in either experiment during the respective season, are left in grey
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the future changes in the characteristics of daily precipita-
tion in some areas (where the differences presented in the 
corresponding maps have the same sign) but are offset by 
other processes in other areas (where the differences have 
opposite signs). In JJA, for instance, the soil moisture 
changes contribute to the decreases both in the frequency 
of wet days and in mean daily precipitation in the western 
part of North America, southern Europe, the southern part 
of South America or the southern parts of Southern Africa 
and Australia. In contrast, the decreases in all characteris-
tics of daily precipitation associated with soil moisture in 
tropical Africa are offset by other process, leading to future 
increases in these meteorological variables in this region. In 
DJF, it is mainly in the Southern Hemisphere that the dif-
ferences in soil moisture contribute to the future decreases 
both in the frequency of wet days and in mean daily precip-
itation, namely, in the southern part of South America, in 
Southern Africa and in Australia. Given the regionally var-
ying sign of the changes in the intensity of wet days asso-
ciated with the differences in soil moisture and the over-
all tendency of marked future increases in the intensity of 
daily precipitation in response to the anthropogenic climate 
forcing, particularly in DJF, the character of the contribu-
tions of the soil moisture differences to the changes in the 
intensity of daily precipitation is highly variable even at a 
regional scale.

The ensemble mean values of the SLR between the 
future changes in mean daily precipitation and the con-
tributions from the differences in soil moisture confirm 
the notion that the impact of the soil moisture varies con-
siderably by season in all nine regions (Fig.  8). In many 
seasons the slopes of the linear regression line are in the 
range between 0 and 1, but in a few cases the ensemble 
means are negative, i.e., the Mediterranean region in SON 
(Fig.  8c) as well as South Asia (Fig.  8e) and Western 
Africa (Fig. 8f) in AMJ, or exceed a value of 1 in several 
regions during part of the year. The few cases with nega-
tive SLRs illustrate the overall tendency that the differ-
ences in soil moisture contribute to the future changes in 
mean daily precipitation. In a number of cases, however, 
the projected future changes are stronger than the contri-
butions from the soil moisture (indicated by SLRs exceed-
ing 1). In all regions the contributions of the differences 
in soil moisture to the future changes in mean daily pre-
cipitation vary considerably in the course of the year. In 
Central Europe (Fig.  8b), for instance, the contributions 
are particularly strong in boreal spring and summer and 
rather weak in winter. Similarly, in the Mediterranean 
region (Fig.  8c) the contributions are particularly strong 
in boreal spring and summer and relatively weak in boreal 
autumn and early winter. In South Asia (Fig. 8e) as well as 
in Western Africa (Fig. 8f), the contributions are strongest 
during the summer monsoon season and boreal winter and 

weakest during the transition seasons. Amazonia (Fig. 8g) 
stands out as the region, where the differences in soil 
moisture typically give the weakest contributions to the 
future changes in mean daily precipitation over most of the 
year. Only in early austral summer, i.e., the early stage of 
the rainy season, the soil moisture differences give notable 
contributions to the future changes (indicated by SLRs in 
the range between 0.5 and 0.8).

The ensemble mean values of the SLR enclose marked 
variations between the individual models, including nega-
tive values or values exceeding 1.5 for one or several mod-
els. In a few cases, the SLRs for a single model exceed the 
potting range, indicating that either the future changes in 
daily mean precipitation have opposite signs as the con-
tributions from soil moisture (exceeding -1) or they have 
the same sign but are much stronger than the contribution 
from soil moisture (exceeding 2). Such strong negative val-
ues are responsible for the three cases of negative ensemble 
mean values of the slopes, namely, in South Asia (Fig. 8e) 
and Western Africa (Fig. 8f) in AMJ as well as in the Medi-
terranean region (Fig. 8c) for SON, and for the small posi-
tive values in other cases. The most prominent cases are 
Amazonia (Fig. 8g) during late austral spring and summer, 
that is, the dry time of the year, the Mediterranean region 
(Fig.  8c) in boreal autumn and early winter or Northern 
Australia (Fig. 8i) in austral autumn.

Figure  9 shows the results from the linear regression 
analysis for the intensity of daily precipitation (marked 
in grey) and the frequency of wet days (marked in black) 
separately. As the changes in the frequency of wet days 
and the changes in the intensity of daily precipitation both 
contribute to the changes in mean daily precipitation, the 
diagrams display several of the features identified in Fig. 8. 
The ensemble mean values of the SLR are all positive for 
the intensity of daily precipitation and exceed a value of 1 
only in a few cases, i.e., in Central North America (Fig. 9a) 
in AMJ as well as in Western Africa (Fig. 9f) and Southern 
Africa (Fig. 9h) in several seasons. This means that the soil 
moisture differences in all the cases presented here contrib-
ute to the future changes in the intensity of daily precipita-
tion and that only in a few cases the projected changes are 
stronger than the contributions of the soil moisture. The sit-
uation is somewhat different for the frequency of wet days, 
for which a notably wider range of the ensemble mean 
values of the SLR is found. In several cases the slopes are 
negative, such as in Central Europe (Fig. 9b) in NDJ, the 
Mediterranean region (Fig. 9c) or Western Africa (Fig. 9f) 
in MJJ and particularly in boreal autumn. In some cases 
the values are only slightly larger than 0, most prominently 
in Amazonia (Fig. 9g) in late austral autumn and Northern 
Australia (Fig.  9i) in austral autumn. On the other hand, 
there are also more cases with SLRs exceeding a value 
of 1, i.e., in Central North America (Fig. 9a) between late 
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boreal autumn and spring, Central Europe (Fig. 9b) and, to 
some extent, Central Asia (Fig. 9d) in boreal spring as well 
as South Asia (Fig. 9e) in boreal summer. The stronger sea-
sonal variations of the ensemble means values of the SLR 
for the frequency of wet days as compared to the intensity 
of daily precipitation reflects the wider range between the 
SLRs for the individual models for the frequency of wet 
days in many regions. This includes the number of SLRs 

exceeding the plotting range for individual models, which 
is notably higher for the frequency of wet days than for 
the intensity of daily precipitation. As for the intensity of 
daily precipitation, negative values exceeding -1 for a sin-
gle model are only found in South Asia in JJA (Fig. 9e) and 
Amazonia in austral summer (Fig. 9g), and positive values 
exceeding 2 in Western Africa (Fig. 9f) in boreal spring and 
Southern Africa (Fig. 9h) in austral autumn.

(b)(a)

(d)

(c)

(e) (f)

(g) (h) (i)

Fig. 8   As Fig. 5 but for seasonal mean daily precipitation. The statis-
tics of daily precipitation has only been computed for grid points with 
at least 30 wet days for both the respective periods. Only grid points, 
where the differences between 2056–2085 and 1971–2000 for ExpB 

are significant at the 95% or the differences between ExpB and ExpA 
for 2056–2085 are significant at the 90% level, respectively, are con-
sidered
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6 � Wet and dry spell characteristics

Wet and dry spells are defined as consecutive periods of 
wet days (days with at least 1  mm precipitation) and dry 
days (days with less than 1 mm precipitation), respectively. 
Here, wet spells with a length of at least four days and dry 
spells with a length of at least seven days are considered. 
Such wet spells can lead to large-scale flooding, while 
such dry spells can cause serious droughts. Two charac-
teristics of wet and dry spells are described here, i.e., their 
frequency and the median of their length. In order to avoid 
that a few wet or dry spells dominate the statistics, we have 
only analysed grid points with at least five extended wet or 
dry periods, respectively. In the geographical distributions 
to be presented in the following, these regions (more pre-
cisely, the regions where none of the five individual models 
has sufficient wet or dry spells) are marked in grey.

6.1 � Wet spells

Both the frequency (Fig. 10a, b) and the length of wet spells 
(Fig. 10c, d) are characterised by notable future changes in 
response to the anthropogenic forcing. In DJF, for instance, 
the frequency of wet spells is distinctly increased in the 
mid- and high latitudes of the Northern Hemisphere, along 
the Guinea coast and in Eastern Africa as well as in the 
areas south of the equator in South America and Africa and 
over the Malay Archipelago (Fig. 10b). The length of wet 
spells, on the other hand, is decreased in the areas south of 
the equator in South America and over the Malay Archipel-
ago and markedly increased along the Guinea coast and in 
Eastern Africa (Fig. 10d). In JJA the length of wet spells is 
decreased over much of the global land area. Considerable 
reductions are found in Central America, in Western and 
Eastern Africa north of the equator as well as in South Asia 

(b)(a)

(d)

(c)

(e) (f)

(g) (h)

(i)

Fig. 9   As Fig. 8 but for the differences in the intensity of daily precipitation (grey), i.e., the average amount of precipitation on wet days, and 
the frequency of wet days (black)
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and to a small extent in North America, southern Europe 
and the north-eastern part of Asia (Fig. 10c). The frequency 
of wet spells, on the other hand, is increased in Western and 
Eastern Africa just north of the equator and the eastern part 
of South Asia and notably decreased in much of the North-
ern Hemisphere extratropics (Fig. 10a). The future changes 
in the characteristics of wet spells reflect to some extent the 
corresponding changes in the frequency of wet days (see 
Fig. 6e, f). In DJF, for instance, the marked increases in the 
frequency of wet days in the mid- and high latitudes of the 
Northern Hemisphere are reflected in pronounced increases 
in the frequency of wet spells, while the strong decreases 
in South America and in the areas south of the equator in 
Africa are associated with pronounced decreases in the 
length of wet spells. In JJA the notable decreases in the 
frequency of wet days in most of the Northern Hemisphere 
extratropics and in the Southern Hemisphere subtropics go 
along with marked decreases in the frequency of wet spells, 
while the prominent decreases in parts of Northern Africa 

are reflected in corresponding decreases in the length of 
wet spells.

In JJA the projected differences in soil moisture have a 
general tendency to contribute to the future changes in the 
characteristics of wet spells (Fig.  11a, c), with increases 
and decreases in both the frequency and the length of wet 
spells in many of the same regions (see Fig. 10a, c). In DJF, 
on the other hand, such a general tendency can only be 
identified in the Southern Hemisphere, where the soil mois-
ture changes (Fig. 11b, d) generally contribute to the nota-
ble decreases in both the frequency and length of wet spells 
(see Fig. 10b, d). Similar to the projected future changes, 
the effects of the soil moisture on the wet spell character-
istics reflect to some extent the corresponding impacts 
on the frequency of wet days (see Fig.  7e, f). In JJA, for 
instance, the decreases in the frequency of wet spells and 
the somewhat weaker decreases in the length of wet spells 
in much of the Northern Hemisphere extratropics are asso-
ciated with notable decreases in the frequency of wet days. 

(b)(a)

(d)(c)

Fig. 10   Differences in the frequency of wet spells of at least 4 days 
(upper row) and the median of the length of these wet spells (lower 
row) between 2056–2085 and 1971–2000 for ExpB in (a, c) boreal 
summer (JJA) and (b, d) austral summer (DJF), averaged over the 
five climate models. Grid points, where none of the five individual 

models has at least 5 such wet spells in either period during the 
respective season, are left in grey. The black dots indicate, where 
at least four of the five models agree on the sign of the differences. 
Units are number/decade (a, b) and day (c, d); the contour intervals 
are 1/decade (a, b) and 0.2 day (c, d), respectively
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Likewise, in DJF, the decreases in the frequency of wet 
days over the southern part of South America and in South-
ern Africa are reflected in corresponding decreases in the 
frequency of wet spells.

The ensemble mean values of the SLR (Fig. 12) confirm 
the general tendency that the differences in soil moisture 
contribute to the future changes in the two characteristics 
of wet spells, with the majority of the values in the range 
between 0.3 and 0.8. In several regions the SLRs vary in the 
course of the year. In the Mediterranean region (Fig. 12c), 
for instance, the slopes are rather small in early boreal 
winter and large in spring and summer. In Central North 
America (Fig. 12a), on the other hand, the SLRs are rela-
tively large during the transition seasons and small in boreal 
summer and winter, while in South Asia (Fig. 12e) the val-
ues of the SLR are particularly large in boreal summer. The 
seasonal variations in the contributions of the differences 
in soil moisture to the future changes in the frequency and 
the length of wet spells in these regions correspond to the 

seasonal variations in the contributions of the differences 
in soil moisture to the future changes in the frequency of 
wet days (see Fig. 9). There is a tendency of stronger vari-
ations between the individual models for the contributions 
to the changes in the frequency of wet spells than for the 
contributions to the changes in their length. In particular, the 
majority of the few cases with negative contributions of the 
soil moisture to the future changes or with especially strong 
positive contributions (with SLRs exceeding a value of 2) 
by a single model are found for the frequency of wet spells.

6.2 � Dry spells

Figures 13 and 14 show the future changes in the charac-
teristics of dry spells and the contributions of the differ-
ences in soil moisture, respectively. In these two figures we 
have reversed the colour schemes, with red (blue) colours 
for positive (negative) differences, corresponding to dryer 
(wetter) conditions.

(b)(a)

(d)(c)

Fig. 11   As Fig. 10 but for the differences between ExpB and ExpA for 2056–2085. Grid points, where none of the five individual models has at 
least 5 wet spells in either experiment during the respective season, are left in grey
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The future changes in the frequency of dry spells in 
response to the anthropogenic forcing are closely related to 
the corresponding changes in the frequency of wet spells 
over most of the global land area. The frequency of dry 
spells is typically decreased (increased) in areas with an 
increasing (decreasing) frequency of wet spells. In DJF, for 
instance, the frequency of dry spells is notably increased 
in the southern parts of North America and Europe as well 
as in South America and in Africa south of the equator but 
decreased in the mid- and high latitudes in the Northern 
Hemisphere (Fig. 13b). In JJA the frequency of dry spells 
is increased over much of the Northern Hemisphere extra-
tropics but decreased over much of the Southern Hemi-
sphere (Fig. 13a). In both seasons the length of dry spells is 
increased in the subtropics in both hemispheres, extending 
into the southern parts of North America and Europe in JJA 
(Fig. 13c), and is decreased in the mid- and high latitudes in 

the Northern Hemisphere (particularly in eastern Asia) and 
in Eastern Africa in DJF (Fig. 13d). The projected changes 
in soil moisture lead to notable increases in the length of 
dry spells in the subtropics in both hemispheres (Fig. 14c, 
d), with a tendency of more pronounced increases in the 
respective summer hemisphere. By this, soil moisture con-
tributes to the future increases in the length of dry spells 
in these regions. The soil moisture also contributes to the 
future changes in the frequency of dry spells in various 
regions (Fig.  14a, b), but the magnitude of the changes 
associated with the differences in soil moisture is notably 
smaller than the magnitude of the future changes in the fre-
quency of dry spells.

Similar to the wet spells, the ensemble mean values of 
the SLR (Fig. 15) affirm the notion that the differences in 
soil moisture generally contribute to the future changes in 
the two characteristics of dry spells, with the majority of 

(b)(a)

(d)

(c)

(e) (f)

(g) (h) (i)

Fig. 12   As Fig. 9 but for the differences in various characteristics of 
wet spells of at least 4 days, i.e., the frequency (grey) and the median 
length of these wet spells (black). The statistics of the wet spells has 

only been computed for grid points with at least 5 such spells for both 
the respective periods
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the values in the range between 0.2 and 1. The seasonal 
variations of these values, which occur in some regions, 
follow by and large the corresponding variations identified 
for the wet spells. The range of the deviations between the 
individual models is typically somewhat larger than for the 
wet spells. In particular, there are more cases with repre-
sentative negative values of the SLR for single models, i.e., 
in Western Africa for boreal summer and autumn (Fig. 15e) 
or in South Asia for boreal autumn and winter (Fig. 15e).

7 � Discussion

As mentioned in Sect.  1, Seneviratne et  al. (2010) intro-
duced a conceptual framework for the soil moisture-precip-
itation coupling and feedback, comprising of three links: 
first, a relationship between soil moisture anomalies and 
subsequent evapotranspiration anomalies, second, a rela-
tionship between evapotranspiration anomalies and sub-
sequent precipitation anomalies and, finally, a relationship 

between precipitation anomalies and resulting soil moisture 
anomalies. The first two connections constitute the soil 
moisture-precipitation coupling and the full loop with all 
the three components the soil moisture-precipitation feed-
back. For the third link, increasing precipitation generally 
causes increased soil moisture, although some exceptions 
occur (see Sect. 1 for further details). The first relationship 
is generally positive, with higher soil moisture leading to 
stronger evapotranspiration, with a particularly strong posi-
tive effect on evaporation in the transitional zones between 
dry and wet climates. The direction of the second step, 
however, is the most uncertain as several physical processes 
are involved (see Sect. 1 for further details).

In our study on the contributions of soil moisture inter-
actions to future precipitation changes we have analysed 
the nature of these three relationships from the long-term 
perspective of projected climate changes in response to 
the anthropogenic climate forcing. To begin with, the five 
climate models contributing to the GLACE-CMIP5 experi-
ment simulate pronounced future changes in soil moisture, 

(b)(a)

(d)(c)

Fig. 13   As Fig. 10 but for dry spells of at least 7 days. Grid points, 
where none of the five individual models has at least 5 such dry spells 
in either period during the respective season, are left in grey. In this 
case, the contour interval for the median of the length is 0.4 day (c, 

d). Also note the reversed colour schemes with different shades of 
red (blue) for positive (negative) differences, corresponding to dryer 
(wetter) conditions
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which are generally similar to the corresponding results 
both from the CMIP3 multi-model ensemble (Wang 2005; 
Orlowsky and Seneviratne 2012) and from the complete 
CMIP5 multi-model ensemble (Orlowsky and Seneviratne 
2013). These changes in soil moisture are found to be 
mainly driven by the projected changes in mean daily pre-
cipitation, confirming the positive coupling between pre-
cipitation and soil moisture, that is, the third relationship in 
the aforementioned conceptual framework. These changes 
in soil moisture lead to marked changes in latent heat flux, 
again, confirming the strong positive coupling between soil 
moisture and evaporation, namely, the first relationship. 
The changes in the latent heat flux associated with the dif-
ferences in soil moisture are found to govern the projected 
future changes in latent heat flux.

The contribution of the differences in soil moisture 
and, thus, in evaporation to the future changes in mean 
daily precipitation is not as clear, namely, weaker and 
not as robust. Although this second link of the conceptual 
framework is found to be generally positive with predomi-
nantly increases (decreases) in precipitation in areas with 

increasing (decreasing) soil moisture, the strength and, in 
some cases, also the sign of this coupling varies by region 
and, in particular, by season. This discrepancy is consist-
ent with Wei and Dirmeyer (2012), who investigated the 
mechanisms governing the impact of soil moisture on pre-
cipitation by dissecting the coupling into the ability of soil 
moisture to affect evapotranspiration and into the ability of 
evapotranspiration to affect precipitation. They found that 
the coupling between soil moisture and evapotranspira-
tion is characterized as a local process, while the coupling 
between evapotranspiration and precipitation also includes 
non-local atmospheric processes. The non-local processes 
tend to reduce the contributions of the differences in soil 
moisture to the future precipitation changes in areas, where 
soil moisture notably contributes to the future changes in 
latent heat fluxes.

The contributions of the differences in soil moisture to 
the future changes are found to vary between the intensity 
of daily precipitation and the frequency of wet days, as they 
are stronger and more robust for the frequency of wet days. 
This is mainly because the differences in soil moisture lead 

(b)(a)

(d)(c)

Fig. 14   As Fig. 13 but for the differences between ExpB and ExpA for 2056–2085. Grid points, where none of the five individual models has at 
least 5 wet spells in either experiment during the respective season, are left in grey
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to consistent, both positive and negative, changes in both 
characteristics of daily precipitation, while the signs of the 
future changes differ considerably between them. Consist-
ent with the contributions of the differences in soil mois-
ture to the future changes in the frequency of wet days, soil 
moisture generally contributes to the future changes in both 
the frequency and length of extended wet and dry spells. 
The magnitude of these contributions does not differ sys-
tematically between these two aspects of the spells, but the 
contributions are generally slightly stronger for dry spells 
than for wet spells. The results are supported by the findings 
of Lorenz et al. (2016), who investigated the effect of future 
soil moisture changes on the maximum number of consecu-
tive wet and dry days, respectively, on an annual basis. In 
particular, they found reductions in the maximum length 
of wet spells and increases in the maximum length of dry 
spells predominantly in areas with decreasing soil moisture.

8 � Conclusions

In the present study we have extended the methodology 
defined and used in May et al. (2015) to quantify the con-
tributions of soil moisture interactions to the future changes 
in climate in several ways. Here we include, for instance, 
a different set of meteorological variables. In addition to 
latent heat flux and mean daily precipitation, we consider 
two characteristics of daily precipitation (the frequency of 
wet days and the intensity of daily precipitation) as well 
as two characteristics of extended wet and dry spells (the 
frequency and the median length of these spells). Also, we 
here consider the near-global land areas, while our previ-
ous study focused on the tropics. Most importantly, we 
also put focus on regional as well as seasonal variations of 
the magnitude of the contributions of the projected differ-
ences in soil moisture to the future changes in the various 

(b)(a)

(d)

(c)

(e) (f)

(g) (h) (i)

Fig. 15   As Fig. 12 but for dry spells of at least 7 days
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meteorological variables. For this, we have selected nine 
regions covering different parts of the globe.

Our analysis reveals the overall tendency that the pro-
jected differences in soil moisture contribute to the future 
changes in response to the anthropogenic climate forcing 
for all the meteorological variables considered here. These 
contributions are stronger (the magnitude of the contribu-
tions is defined via a linear regression analysis) and more 
robust (illustrated by the variations between the individual 
climate models) for the latent heat flux than for the charac-
teristics of daily precipitation. This is consistent with the 
fact that the soil moisture anomalies affect latent heat flux 
directly via evapotranspiration, while the impact on pre-
cipitation is less direct. This is because the occurrence and 
intensity of precipitation is not only governed by the local 
changes in atmospheric moisture associated with variations 
in evapotranspiration but also changes in the stability of the 
atmospheric boundary layer or in the cloudiness as well as 
variations of the atmospheric circulation. The results also 
show that the contributions of the differences in soil mois-
ture to the future changes are generally stronger and more 
robust for the frequency of wet days than for the intensity 
of daily precipitation. The latter is mainly due to the fact 
that the differences in soil moisture lead to consistent, 
both positive and negative, changes in these two charac-
teristics of daily precipitation, while the signs of the future 
changes differ considerably between the two variables with 
increases in the intensity of daily precipitation over much 
of the global land area. Consistent with the contributions 
of the projected differences in soil moisture to the future 
changes in the frequency of wet days, soil moisture gener-
ally contributes to the future changes in the characteristics 
of wet and dry spells. The magnitude of these contributions 
does not differ systematically between the frequency and 
the length of such extended spells, but the contributions are 
generally slightly stronger for dry spells than for wet spells.

Distinguishing between the nine selected regions and 
between the different seasons, we find that the strength 
of the contributions of the differences in soil moisture to 
the future changes in the various meteorological variables 
varies by region and, in particular, by season. Similarly, 
the robustness of these contributions, i.e., the agreement 
between the individual climate models, varies between 
the regions and in the course of the year. These variations 
emphasize the relevance of regional analyses of the soil 
moisture-precipitation coupling under consideration of the 
entire annual cycle. Such regional studies would also allow 
for addressing the specific atmospheric conditions and 
characteristic flow patterns, such as the summer monsoon 
circulations in West Africa or South Asia, which might 
affect the coupling between soil moisture anomalies and 
precipitation. Given the importance of soil moisture for the 
future changes in various aspects of the hydrological cycle 

and other aspects of climate, which have not been analysed 
here, such regional studies based on a variety of climate 
models could lead to a better understanding of the devia-
tions between the regional climate changes simulated by 
these models (e.g., Knutti and Sedláček 2012).

The evidence that the projected differences in soil 
moisture give notable contributions to the future changes 
in several meteorological variables, which describe 
aspects of the hydrological cycle, also demonstrates the 
importance of a comprehensive and realistic representa-
tion of land surface processes and of land surface con-
ditions in climate models. This calls for the inclusion of 
advanced land surface schemes (van den Hurk et al. 2016) 
and fully coupled dynamic vegetation models in climate 
models as well as for the prescription of anthropogenic 
land use changes (Lawrence et al. 2016). The considera-
tion of these elements will contribute to more realistic 
climate simulations and to more reliable future climate 
scenarios.
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