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[1] The Global Land-Atmosphere Climate Experiment–
Coupled Model Intercomparison Project phase 5 (GLACECMIP5) is a multimodel experiment investigating the
impact of soil moisture-climate feedbacks in CMIP5
projections. We present here ﬁrst GLACE-CMIP5 results
based on ﬁve Earth System Models, focusing on impacts of
projected changes in regional soil moisture dryness (mostly
increases) on late 21st century climate. Projected soil
moisture changes substantially impact climate in several
regions in both boreal and austral summer. Strong and
consistent effects are found on temperature, especially for
extremes (about 1–1.5 K for mean temperature and 2–2.5 K
for extreme daytime temperature). In the Northern
Hemisphere, effects on mean and heavy precipitation are
also found in most models, but the results are less
consistent than for temperature. A direct scaling between
soil moisture-induced changes in evaporative cooling and
resulting changes in temperature mean and extremes is
found in the simulations. In the Mediterranean region,
the projected soil moisture changes affect about 25%
of the projected changes in extreme temperature.

1. Introduction
[2] Recent studies have suggested that soil moisture-climate
feedbacks are responsible for a substantial fraction of simulated changes in climate projections [e.g., Seneviratne et al.,
2006; Boe and Terray, 2008; Diffenbaugh and Ashfaq, 2010;
Boberg and Christensen, 2012]. However, a quantiﬁcation of
these effects for multimodel global-scale projections has not
been undertaken up to now. This is the main aim of Global
Land-Atmosphere Climate Experiment–Coupled Model
Intercomparison Project phase 5 (GLACE-CMIP5), a new
multimodel experiment quantifying the impact of soil moisture-climate coupling in CMIP5 simulations. Compared to
the previous GLACE-1 and GLACE-2 experiments [see
Koster et al., 2004, 2010, as well as van den Hurk et al.,
2011], GLACE-CMIP5 investigates long-term (decadal)
rather than seasonal effects of soil moisture on climate. We
present here ﬁrst results of this experiment.

2. GLACE-CMIP5 Experiment

Citation: Seneviratne, S. I., et al. (2013), Impact of soil
moisture-climate feedbacks on CMIP5 projections: First
results from the GLACE-CMIP5 experiment, Geophys. Res.
Lett., 40, doi:10.1002/grl.50956.

2.1. Overview of Experiment
[3] The initial phase of GLACE-CMIP5 includes two atmosphere/land only transient 1950–2100 simulations (“expA”
and “expB”) in which soil moisture is prescribed in the respective models according to the climatological results from a “reference” fully coupled CMIP5 simulation, covering the historical
and 21st century periods (for the latter based on the RCP8.5 scenario). In cases where there were minor differences in setup (for
the European-Center-Earth (EC-Earth), Geophysical Fluid
Dynamics Laboratory (GFDL), and Institut Pierre-Simon
Laplace (IPSL) models)—e.g., due to parameterization differences—a new reference simulation (“CTL”) was computed
using the prescribed sea surface temperatures (SST), sea ice, land
use, and CO2 concentrations of the respective CMIP5 simulation
(Table 1). Both expA and expB simulations use prescribed
SSTs, sea ice, and land use from the reference run, and the same
prescribed atmospheric CO2 concentrations (RCP8.5 CMIP5
scenario over 2006–2100 time period). The two experiments
only differ in their prescribed soil moisture climatology:
[4] 1. expA: Seasonal cycle of soil moisture prescribed
as 1971–2000 climatology from the reference CMIP5
coupled simulation.
[5] 2. expB: Seasonal cycle of soil moisture prescribed as a
transient climatology (30 year running mean, with the exception
of ﬁrst 15 years using 1950–1979 climatology and last 15 years
using 2071–2100 climatology) from the same reference run.
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Table 1. Earth System Models (ESMs) Participating in GLACE-CMIP5
ESM Acronym
CESM
EC-Earth

GFDL
IPSL

MPI-ESM

Atmospheric Model

Land Surface Model

Reference Simulation (“REF”)

Reference Article(s)

National Center for Atmospheric
Research Community
Atmospheric Model (CAM4)
Integrated Forecasting System
European
Centre for Medium-Range
Weather Forecasts
Geophysical Fluid Dynamics
Laboratory (GFDL) Earth
System Model 2 (ESM2)
Laboratoire de Météorologie
Dynamique atmospheric
model (LMDZ5A)

Community Land Model
(CLM4)

CMIP5

Neale et al. [2013]; Lawrence
et al. [2011]

CTL (CMIP5 boundary
conditions)

Hazeleger et al. [2011];
Balsamo et al. [2009]

Land Model 3.0 (LM3.0)

CTL (CMIP5 boundary
conditions)

Dunne et al. [2012];
Shevliakova et al. [2009]

Organizing Carbon and Hydrology
in Dynamic Ecosystems
(ORCHIDEE; with two-layer
soil hydrology scheme)
Jena Scheme for BiosphereAtmosphere Coupling in
Hamburg (JSBACH)

CTL (CMIP5 boundary
conditions)

Dufresne et al. [2013];
Hourdin et al. [2013];
Chéruy et al. [2013]

European Centre/Hamburg
forecast system

Hydrology-Tiled ECMWF
Scheme for Surface Exchange
over Land (H-TESSEL)

CMIP5

Stevens et al. [2013];
Hagemann et al. [2013];
Raddatz et al. [2007];
Brovkin et al. [2009]

consist in reduced soil moisture, the overall features of which
are consistent with analyses of changes in soil moisture
availability (and agricultural drought patterns) identiﬁed in
several multimodel analyses from the CMIP3 and CMIP5 archives [e.g., Wang, 2005; Seneviratne et al., 2012; Orlowsky
and Seneviratne, 2012, 2013]. The respective projected
changes in soil moisture are mostly induced by mean changes
in precipitation and evapotranspiration in the coupled reference CMIP5 simulation. In the following, we investigate
how these resulting differences in mean soil moisture climatology affect late 21st century climate.
[11] We expect that ﬁrst-order effects of soil moisture on
the climate system are overwhelmingly driven by modiﬁcations of the turbulent heat ﬂuxes [e.g., Koster et al., 2004;
Seneviratne et al., 2010; Dirmeyer, 2011]. We thus ﬁrst
assess impacts on the latent and sensible heat ﬂuxes in the experiments (Figures 2c–2f). These indeed correspond closely
to the imposed differences in soil moisture in the two simulations (Figures 2a and 2b), with decreased latent and increased
sensible heat ﬂuxes in regions experiencing drier conditions
in the future. The changes correspond mostly to a modiﬁed
partitioning of the ﬂuxes in the affected regions, rather than

[6] The differences in soil moisture in the reference, expA,
and expB simulations are illustrated in Figure 1.
[7] In the present analyses, we focus on the differences
between expB and expA over the time frame 2071–2100.
This allows us to assess the impact of the long-term mean soil
moisture changes between 1971–2000 and 2071–2100 on the
late 21st century climate. Follow-up studies will consider
comparisons of expA and expB with the respective CMIP5
reference simulations, including transient features of the simulations and impacts of changes in interannual soil moisture
variability. The advantage of the present comparison is that
it isolates the effect of changes in the soil moisture climatology (but not of changes in soil moisture variability) in the
simulations, because of the minimal differences in experimental setup between expA and expB.
2.2. Participants and Analyzed Simulations
[8] Simulations with ﬁve Earth System Models (ESMs)
have been contributed to GLACE-CMIP5: The Community
Earth System Model (CESM), EC-Earth, GFDL, IPSL, and
the Max-Planck-Institut-Earth System Model (MPI-ESM)
(see Table 1 for details). All statistical quantities (mean
and extremes) are computed for each model separately and
results are then averaged for the main analyses. Details on
the computation of extreme values are provided in the
supporting information.

550

3. Results
450

[9] We focus here on both boreal (JJA) and austral (DJF)
summer effects, as we ﬁnd the strongest signals in midlatitude summer climate in the experiments. The analyses are
provided for two regions with largest effects in these respective seasons (Figures 2 and 3). Single model analyses are provided in the supporting information (Figures S1–S8). We use
the multimodel agreement as a measure of robustness in the
analyses: Hatching in Figures 2 and 3 indicates regions
where at least four out of ﬁve ESMs agree on the sign of
change. In addition, information on the number of models
with statistically signiﬁcant differences is provided in the
supporting information (Figure S9).
[10] The mean differences in soil moisture between expA
and expB are displayed in Figures 2a and 2b. They mostly

350
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Figure 1. Illustration of experimental setup: Monthly soil
moisture (mm) from 1950 to 2100 in reference simulation
(black), expA (red), and expB (green) for a point in Central
Europe (IPSL model).
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Figure 2. Difference of two experiments (expB-expA) over time period 2071–2100 for (a, b) soil moisture (% difference),
(c, d) latent heat ﬂux (W/m2), and (e, f) sensible heat ﬂux (W/m2), in JJA (left; domain: 150°W:160°E, 20°N:60°N) and DJF
(right; domain: 120°W:160°E, 60°S:15°N) computed as average of ﬁve model experiments. Tendencies associated with drier
conditions are indicated with yellow-red shadings (lower latent heat ﬂux, higher sensible heat ﬂux). The plotted domains
cover the regions with largest changes for the respective seasons. The hatching indicates regions in which at least four out
of ﬁve models agree on the sign of change.
(Figure 3i), although only statistically signiﬁcant in a few
models (see Figure S9). The net effect of enhanced soil
moisture drought in the ESMs is a decrease in mean and
extreme precipitation. It thus implies a strengthening of the
dryness signal and a reduction of the global-scale tendency
toward heavier precipitation [e.g., Seneviratne et al., 2012]
in the affected regions. The exact mechanism of this
relationship is not clear yet but could either be related
to water supply limitation or modiﬁed precipitation triggering. Nonetheless, the results are noisier and generally not
robust across models in the Southern Hemisphere in DJF.
Hence, the precipitation signal is mainly a feature of the
Northern Hemisphere summer (but not signiﬁcant in all
models), possibly due to the larger continental areas in
the Northern Hemisphere.
[15] An important question is the extent to which the climate response to imposed soil moisture anomalies can be
considered to be approximately linear. Indeed, if such linear
relationships hold, these would allow the application of
observational constraints to projections in cases where
models diverge in their representation of land-climate feedbacks [e.g., Hall and Qu, 2006; Boberg and Christensen,
2012]. Figure 4a displays scatter plots and linear regressions
of the respective responses in Tmean, Tmax, and Tmax95 versus
the difference in latent heat (LH) ﬂux based on multimodel
averages (focusing only on JJA and on regions with decreased LH in future projections). Interestingly, this analysis
reveals a strong linear scaling of the temperature responses to
the imposed changes in latent heat ﬂux at the surface.
Changes in precipitation mean and extremes generally also
show a linear scaling in the models, but the relationships
are less consistent across models for precipitation than for
temperature, especially for heavy precipitation (not shown).

a change in net radiation (e.g., due to changed cloud cover),
as the net sum of the turbulent ﬂuxes is mostly unaffected
in the experiments (not shown).
[12] We then analyze the impacts of the imposed soil moisture difference on temperature ﬁelds. Figures 3a–3f display differences between expB and expA in late 21st century for the
average daily mean temperature (Tmean; Figures 3a and 3b),
the average daily maximum temperature (Tmax; Figures 3c
and 3d), and the 95th percentile daily Tmax (Tmax95;
Figures 3e and 3f), in the JJA (left) and DJF (right) seasons.
The analyses reveal a substantial impact on temperature, which
interestingly extends over a broader area than that directly affected by soil moisture changes and associated differences in
turbulent heat ﬂuxes in the Northern Hemisphere (Figure 2).
Because the latter robust effect is often found in regions located
east (i.e., downwind at midlatitudes) of those with imposed soil
moisture anomalies, a possible explanation is that warm air advection leads to nonlocal soil moisture feedbacks on temperature in the simulations [see, e.g., Vautard et al., 2007].
[13] The resulting temperature anomalies reach about
1–1.5 K for Tmean, 1.5–2 K for Tmax, and 2–2.5 K for Tmax95
in the affected hot spots regions (see also later discussion of
Fig. 4a). Note that the imposed soil moisture forcing also
leads to weak cooling in some regions (e.g., tropical Eastern
Africa, which is projected to experience larger precipitation
amounts in the future) [see also Shongwe et al., 2011].
[14] Effects on precipitation are also found, especially in
the Northern Hemisphere in JJA (Figures 3g–3j). These are
generally limited in absolute term for mean precipitation
(Pmean; Figures 3g and 3h), although they are substantial in
relative terms in most concerned regions (e.g., 30%–50% in
the Mediterranean, see Figure S10). They are also substantial
for extreme precipitation levels (95th percentile, P95) in JJA
3
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Figure 3. As Figure 2 for (a, b) mean Tmean, (c, d) mean Tmax, (e, f) 95th percentile of daily Tmax, (g, h) mean precipitation
(Pmean), and (i j) 95th percentile of daily precipitation (P95). Units are in (K) for temperature (color scale: 4, 2, 1, 0.5, 0,
0.5, 1, 2, 4) and (mm/d) for precipitation (color scale: 4, 2, 1, 0.6, 0.3, 0, 0.3, 0.6, 1, 2, 4).
consistent with the results of Figures 3 and 4a. The overall effect amounts to 25% of the climate change signal for Tmax95
(respectively, 18% and 23% for Tmean and Tmax). These results highlight the importance of soil moisture-climate feedbacks for regional temperature changes.

[16] The respective temperature sensitivities are 0.06 K/
(Wm 2) for Tmean, 0.07 K/(Wm 2) for Tmax, and 0.08 K/
(Wm 2) for Tmax95. The stronger sensitivity of Tmax compared to that of Tmean can be explained by the fact that soil
moisture limitation on evapotranspiration mostly affects the
daytime energy balance. The ﬁnding that extreme Tmax
values are more strongly affected than mean Tmax is consistent with observational evidence [e.g., Hirschi et al., 2011;
Mueller and Seneviratne, 2012] and supports the hypothesis
that the nonlinear scaling of extreme temperature changes
with global mean temperature in CMIP5 projections is
related to soil moisture-temperature feedbacks [Orlowsky
and Seneviratne, 2012].
[17] To illustrate the relevance of the identiﬁed impacts for
climate change signals, Figure 4b displays the differences in
Tmean, Tmax, Tmax95 between late 21st century and late twentieth century for expA, expB, and the respective reference
CMIP5-type simulations (“REF”) in the Mediterranean
region (for JJA). Overall, the signals are similar for expB
and REF. Maintaining soil moisture levels at constant end
of twentieth century values throughout the simulation
(expA) substantially reduces the temperature signals,

4. Summary and Conclusions
[18] This article presents ﬁrst results of the GLACE-CMIP5
multimodel experiment, focusing on how projected changes in
soil moisture affect projected future climate by the end of the
21st century. Substantial mean changes in soil moisture regimes take place in the climate projections between these
two time periods, and these changes strongly affect regional
climate (both locally and in midlatitude downwind regions),
in particular for temperature mean and extremes. For precipitation, consistent (but not always statistically signiﬁcant) signals
are found in the simulations. There is a strong linear response
of temperature to soil moisture-induced changes in evaporative cooling, with strongest effects on extremes. Given the uncertainties in the representation of soil moisture-climate
feedbacks in current models [e.g., Koster et al., 2004;
4
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Figure 4. (a) Scatter plot and linear regressions of ΔTmean, ΔTmax, and ΔTmax95 versus ΔLH (K/(Wm 2)) in simulations
expB-expA for JJA based on multimodel averages (domain: 150°W:160°E, 20°N:60°N; analyses only for land points and
areas with negative ΔLH, using bins of 2.5 W/m2 for ΔLH; for more details, see supporting information Discussion 4). (b)
Climate change signal in expA, expB, and REF simulations over Mediterranean region in JJA (domain: 10°W:40°E, 30°
N:45°N), for Tmean, Tmax, and Tmax95. The ﬁgures at the bottom of the graph indicate the differences between expB and
expA (ﬁrst row) and between REF and expA (second row) (%).
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