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Abstract we examine how soil moisture variability and trends affect the simulation of temperature
and precipitation extremes in six global climate models using the experimental protocol of the
Global Land-Atmosphere Coupling Experiment of the Coupled Model Intercomparison Project, Phase
5 (GLACE-CMIP5). This protocol enables separate examinations of the influences of soil moisture
variability and trends on the intensity, frequency, and duration of climate extremes by the end of

the 21st century under a business-as-usual (Representative Concentration Pathway 8.5) emission
scenario. Removing soil moisture variability significantly reduces temperature extremes over most
continental surfaces, while wet precipitation extremes are enhanced in the tropics. Projected drying
trends in soil moisture lead to increases in intensity, frequency, and duration of temperature
extremes by the end of the 21st century. Wet precipitation extremes are decreased in the tropics
with soil moisture trends in the simulations, while dry extremes are enhanced in some

regions, in particular the Mediterranean and Australia. However, the ensemble results mask
considerable differences in the soil moisture trends simulated by the six climate models. We find that
the large differences between the models in soil moisture trends, which are related to an unknown
combination of differences in atmospheric forcing (precipitation, net radiation), flux partitioning at the
land surface, and how soil moisture is parameterized, imply considerable uncertainty in future changes
in climate extremes.

1. Introduction

Extreme climate and weather events present major risks for ecosystems and society [Seneviratne et al., 2012].
Observations show that characteristics of many extreme events, such as heat waves, occurrence of warm
nights, and heavy rainfall events, are already changing [Frich et al., 2002; Alexander et al., 2006; Seneviratne
etal., 2012] with trends in hot temperature extremes being particularly robust [Perkins et al., 2012; Donat et al.,
2013]. Many extremes are expected to change in the future under higher atmospheric CO, concentrations
[Easterling et al., 2000; Frei et al., 2006; Orlowsky and Seneviratne, 2011; Seneviratne et al., 2012; Sillmann et al.,
2013]. While internal climate variability (on decadal, interannual, and subseasonal timescales) leads to large
uncertainties at local and regional scales [Fischer et al., 2013; Fischer and Knutti, 2014], at global scales climate
models generally agree on the forced response pattern for temperature and precipitation extremes [Fischer
etal., 2014; Fischer and Knutti, 2014].

Land surface processes influence the boundary layer and the atmosphere and affect extreme events
[Seneviratne et al., 2010; Pitman et al., 2012]. Several recent investigations into the effect of land-atmosphere
feedbacks on extremes have focused on analyses of observations. For example, Hirschi et al. [2010] identify
an impact of soil moisture on hot extremes in southeastern Europe and relate this impact to the prevailing
climate regime in that region (soil moisture-limited evapotranspiration regime). Wet conditions inhibit hot
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summer days, whereas during dry conditions a larger number of hot summer days is more likely. Quesadaet al.
[2012] generalize this result for all of Europe, and Ford and Quiring [2014] find similar results for Oklahoma
(U.S.). Mueller and Seneviratne [2012] present a global observational study indicating that a large fraction of
the globe displays an increase in the probability of hot extremes following surface moisture deficits.

A larger amount of work has examined land-atmosphere interactions and their impacts on climate variability
and extremes using climate models. Seneviratne et al. [2006] investigate the impacts of soil moisture-climate
interactions for projected changes in interannual summer climate variability in Europe, identifying that about
60% of the variability can be related to these feedbacks in transitional climate regimes. Fischer et al. [2007]
show that interactions between soil moisture and temperature can increase heat wave duration in Europe
and account for 50-80% of hot summer days in this region. Jaeger and Seneviratne [2011] show that intrasea-
sonal and interannual variability in soil moisture accounts for 5-30% and 10-40% of heat wave anomalies in
Europe, respectively. Vautard et al. [2007], Haarsma et al. [2009], and Zampieri et al. [2009] also identify non-
local mechanisms relating dry soils and hot extremes, finding that dry soils in southern Europe enhance the
northward spread of heat and dryness. In the U.S., previous studies suggest that drought conditions induce
warming in central parts of the continent [Durre et al., 2000; Donat et al., 2015] and that this effect is larger
when the Pacific Ocean is in a cold phase [Koster et al., 2009]. Finally, a study for Australia identifies that soil
moisture-temperature feedbacks are most relevant for daily maximum temperatures in that region [Hirsch
et al, 2014]. The impact of soil moisture on precipitation is more uncertain due to the presence of both
direct and indirect effects [e.g., Eltahir and Bras, 1996; Ek and Holtslag, 2004; Taylor et al., 2011; Guillod et al.,
2015]. Direct effects are based on moisture recycling within a region, while the indirect effects include several
aspects, e.g., impacts on the planetary boundary layer, modifications of (mesoscale) circulation patterns, and
influences from soil moisture states outside the affected region [e.g., Schdr et al., 1999; Seneviratne et al., 2010;
Taylor et al., 2011; Goessling and Reick, 2011]. Douville [2002] find soil moisture relaxation to be beneficial for
simulating the variability in Sahelian monsoon rainfall, while it has no effect on the Asian monsoon. In a study
over South America, Sérensson and Menéndez [2011] find evapotranspiration recycling to be important in the
La Plata Basin and North East Brazil enhancing extreme precipitation events in the former region. However,
they also find that the feedback between soil moisture and the occurrence of heavy precipitation may be neg-
ative or positive depending on the region. Finally, Jaeger and Seneviratne [2011] find small impacts from soil
moisture variability on the frequency of wet precipitation extremes in Europe, but Diro et al. [2014] find that
land surface processes may have an influence on the persistence of high precipitation days in western North
America.

Here we present a detailed multimodel analysis of the impact of soil moisture-climate interactions on tem-
perature and precipitation extremes in the present and in the future. We use the experimental protocol of
the Global Land-Atmosphere Coupling Experiment of the Coupled Model Intercomparison Project, Phase 5
(GLACE-CMIPS5) [Seneviratne et al., 2013]. This protocol applies prescribed soil moisture experiments over the
period 1950-2100 to investigate how changes in soil moisture content and variability affect extremes. We
build on three earlier analyses. First, Seneviratne et al. [2013, hereafter S13] used the GLACE-CMIP5 experimen-
tal database to show that projected changes in soil moisture affect summer temperature, in particular extreme
temperature, and mean and extreme precipitation (although less consistently). S13 considered impacts of
soil moisture-climate interactions on the 95th percentile of temperature in projections but did not consider
a wider range of indices or impacts in the present climate. Second, Berg et al. [2014] used the GLACE-CMIP5
experimental database to analyze the influence of soil moisture dynamics on temperature distributions in
the historical period using the Geophysical Fluid Dynamics Laboratory (GFDL) model and find an asym-
metric impact on the positive and negative extremes of the temperature distributions. Berg et al. [2015]
analyzed the correlation of seasonal temperature and precipitation in the same models and experiments as
S13 and found that long-term regional warming is modulated by the projected trends in precipitation. Finally,
May et al. [2015] related the projected climate changes in the tropics to the projected changes in soil moisture
and found that about 80% of the change in energy fluxes and temperature can be related to soil mois-
ture changes, whereas only 30-40% of precipitation change can be so related. They also report that even
though there are regional differences in the projected climate changes between the models, the basic mech-
anisms of soil moisture-temperature and soil moisture-precipitation coupling work similarly in the different
GLACE-CMIP5 models.

We analyze three modeling experiments from the GLACE-CMIP5 protocol (see also S13): the control (CTL)
simulation with fully interactive soil moisture, experiment 1A (here referred to as SMclim), in which the
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seasonal cycle of soil moisture is prescribed to the CTL climatology from 1971 to 2000, and the experiment
1B (here referred to as SMtrend), in which soil moisture is prescribed to a transient seasonal CTL climatology
(see section 2.1 for more details). These experiments provide a unique opportunity to examine the influ-
ence of soil moisture on extremes within a model ensemble. Using models that participated in CMIP5, a
cause-and-effect analysis can then be attempted at the global scale in transient climate simulations.

2. Methods

2.1. Overview of Experiments

GLACE-CMIP5 provides model simulations for the period 1950-2100 from six global climate models:
Australian Community Climate and Earth System Simulator (ACCESS), Community Earth System Model (CESM),
EC-EARTH, European Centre/Hamburg Model 6 (ECHAM®6), GFDL Model, and Institut Pierre-Simon Laplace
Model. The two perturbed experiments are atmosphere/land only with prescribed sea surface temperatures
(SSTs) and sea ice distribution. As first reported by S13 (see their Table 1) the configuration of the control simu-
lations (CTL) varied among models, with some simply using a fully coupled CMIP5 simulation and some using
anew Atmospheric Model Intercomparison Project (AMIP)-style [Gates, 1992] control simulation, utilizing SSTs
and sea ice from the same models CMIP5 coupled simulation. ECHAMG later contributed an AMIP-style CTL
simulation, which we used in this study. We note that some minor differences in model configurations exist
relative to the published CMIP5 models. In all experiments, the SSTs, sea ice distribution, and atmospheric car-
bon dioxide (CO,) concentrations (RCP8.5) [Meinshausen et al., 2011] from the CMIP5 simulations were used
for the period 2006-2100.

In the first experiment, SMclim (1A in S13), the soil moisture mean annual cycle averaged for 1971-2000 is
prescribed using soil moisture from each model’s control simulation. The second experiment, SMtrend (1B in
S13),isidentical except that a transient climatology is used to prescribe soil moisture. Specifically, the seasonal
cycle of soil moisture for the years 1980-2070 is prescribed using the 30 year running mean from the control
run, and the first and last 15 years of each experiment use the climatology of 1950-1979 and 2071-2100,
respectively. Depending on the model, soil moisture of the whole soil column was prescribed every time step,
daily, or monthly with interpolation between the midpoints of the adjacent months for each time step. This
paper adds the Australian Community Climate and Earth System Simulator (ACCESS) model [Bi et al., 2013]
to the ensemble, which was also a contributor to CMIP5. We used ACCESS1.3b and undertook a new control
simulation because the land surface model (Community Atmosphere Biosphere Land Exchange) [Kowalczyk
etal.,2013]had been updated (see Lorenzet al.[2014] for more details). In ACCESS, SSTs and sea ice distribution
based on AMIP were used for the historical period (1951-2006), and CMIP5 input data were used for the
period 2007 -2100 (whereas in the other models, CMIP5 input data were used throughout). Where the change
in SSTs from historical to future period in ACCESS matters, we exclude ACCESS from the analysis.

2.2. Extreme Indices

We calculate indices that measure the intensity, frequency, and duration of extreme climate events as rec-
ommended by the Expert Team on Climate Change Detection and Indices (ETCCDI) plus an additional heat
wave index. The ETCCDI indices are calculated from daily maximum (T,,,,) and minimum temperature (T,
and daily precipitation (http://www.climdex.org/indices.html). Most of these indices describe relatively mod-
erate extremes with return periods of a year or shorter. We calculate all indices using freely available software
(http://www.climdex.org/climdex_software.html) but present only a subset here (Table 1). The intensity of
hot extremes is represented by the warmest daily maximum temperature each year (hottest day, TXx), while
the frequency is expressed by the percentage of days per year when the daily maximum temperature exceeds
the 90th percentile calculated for the 1961-1990 base period (warm days, TX90p). The default software was
modified to enable the use of percentiles calculated from 1961 to 1990 in the control simulation for the
two experiments. The duration of extreme temperature conditions is measured with the Heat Wave Duration
(HWD) index based on, e.g., Perkins and Alexander [2013]. This index is based on daily temperatures and is the
longest period of three or more consecutive days when the 3 day average of the daily average temperature
is greater than the 90th percentile (T90). T90 is calculated for each calendar day using a 15 day window for
the 1961-1990 period. We use the historical 90th percentile calculated for the 1961-1990 base period from
the CTL to ensure consistency with TX90p. This means that we compare future temperatures to the same
extreme threshold as historical temperatures. To evaluate how the impact of heat waves on human health or
comfort may change over a climate period, one has to make assumptions on adaptation of humans. By using
the historical 90th percentile we implicitly assume that this human adaptation to future conditions is absent.
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Table 1. Extreme Indices Used in This Study?

Index Indicator Name Definition Unit

Temperature

Intensity

TXx max Tinax Warmest daily maximum temperature °C

Frequency

TX90p Warm days Percentage of time when daily max %
temperature >90th percentile

Duration

HWD Heat wave Duration of the longest heat wave per days

duration year where 3 day daily average temperature
exceeds 90th percentile for at least three
consecutive days, 90th percentile
calculated for each calendar
day using a 15 day window
Precipitation

Intensity
R95p Contribution from Annual sum of daily precipitation mm
very wet days > 95th percentile
Frequency
R10mm Heavy precipi- Number of days when precipi- days
tation days tation > 10 mm

Duration

CDD Consecutive Maximum number of consecutive days
dry days days when precipitation < 1 mm

CWD Consecutive Maximum number of consecutive days
wet days days when precipitation > 1 mm

@Percentiles are calculated over base period 1961-1990. SMclim and SMtrend are
compared to percentile calculated from CTL for temperature indices.

For precipitation we analyze annual sums of daily precipitation above the 95th percentile (contribution from
very wet days, R95p) for intensity, the number of days when precipitation is larger than 10 mm (heavy precipi-
tation days, R10mm) for the frequency, and the maximum number of consecutive days above and below T mm
(consecutive wet days, CWD, and consecutive dry days, CDD, respectively) for the duration of the longest wet
and dry spellsin a year.

We focus on the differences between CTL and SMclim in the historical period (1971-2000) and SMclim and
SMtrend in the second half of this century (2056-2085). Due to the missing trend in the last 15 years of
SMtrend, caused by the unavailability of data for the 30 year running mean, we only analyze data until 2085.
Note that this latter time period is different from that considered in S13 (2071-2100), although this does not
strongly affect the results (not shown).

The ensemble mean differences were calculated as the mean of each individual model’s difference to avoid
influences from model biases. The indices were calculated for each model on its native grid and then regrid-
ded to a common grid defined by the lowest resolution of the participating climate models (1.895° latitude
by 3.75° longitude). We used the Climate Data Operators conservative remapping for the interpolation. The
signals were tested for statistical significance on a 5% level using a Kolmogorov-Smirnov test (KS test) on the
local 30 year ensemble mean time series at each grid cell.

2.3. Spatially Aggregated pdfs

For a regional analysis (defined by the boxes in Figures 1a and 2a) we used spatially aggregated probability
density functions (pdfs) following Fischer and Knutti [2014]. The data were weighted by the latitude-
dependent area, and we omitted grid points that were not identified as land by more than half of the
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Figure 1. (a and b) Warmest daily maximum temperature (intensity), (c and d) warm days (frequency), and (e and f) heat wave duration (duration). Multimodel
mean, hatching where statistically significant (KS test, p value<0.05). Figures 1a, 1¢, and 1e for SMclim-CTL in 1971-2000. Figures 1b, 1d, and 1f for
SMtrend-SMclim in 2056-2085.

climate models. These regions, Central North America (CNA), the Mediterranean (MED), Southern Africa (SAF),
Northern Australia (NAU), North East Brazil (NEB), East Africa (EAF), and South Asia (SAS), which are based on
the definition of the Intergovernmental Panel on Climate Change (IPCC) Special Report on Extremes Regions
[Seneviratne et al., 2012], were chosen because these are likely regions of strong land-climate coupling [e.g.,
Kosteretal., 2006; Miralles et al., 2012; Seneviratne etal., 2013; Lorenz et al., 2015]. The indices TXx, R10mm, CWD,
and CDD are absolute quantities and not normalized by percentiles from CTL. Instead, they are normalized by
removing the mean of the respective CTL of each climate model before calculating the pdfs to minimize the
impact of model biases.

3. Results

3.1. Historical Period 1971-2000: SMclim Versus CTL

First, we compare SMclim to CTL in the historical period. This comparison examines the impact of removing
interannual soil moisture variability, as well as most day-to-day variability, on our chosen extremes indices.
Because SMclim and SMtrend are very similar during this time period, and none of the models exhibits a
strong trend in soil moisture in the historical period, the comparison of SMtrend-CTL in this time period is
almost identical. The 30 year average in the hottest day (TXx, Figure 1a) is significantly decreased in SMclim
compared to CTL over almost all continental surfaces. The largest changes occur in Central North America,
southern South America, South Africa, eastern China, Southeast Asia, and Australia, where reductions com-
monly exceed 1.5°C and reach 3.5°C over parts of North America and Australia. Similarly, numbers of warm
days (TX90p, Figure 1c) are decreased over widespread regions. The reduction in TX90p is the largest in Central
North America, northeastern Amazonia, and South Africa and in some regions exceeds 7% of days. The dura-
tion index HWD is generally decreased when interannual variability in soil moisture is removed (Figure 1e) by
up to a week in many regions. The largest changes occur in Central North America, Amazonia, and Southern
and Eastern Africa and reach about 5 days.

As expected, the results are less homogeneous for precipitation extremes, for which we find increases as well
as decreases depending on the region. However, the regions where heavy precipitation is increased when
soil moisture variability is removed are larger than the regions of decrease. The intensity of very wet days is
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Figure 2. As Figure 1 but for annual contribution from (a and b) very wet days (intensity), (c and d) heavy precipitation days (frequency), (e and f) consecutive
wet days (duration), and (g and h) consecutive dry days (duration).

increased in SMclim in particular in the tropics (Figure 2a). The frequency of days with precipitation larger than
10 mm is also increased in similar regions if soil moisture variability is removed (Figure 2c). The effect is largest
in the tropics, where this increase exceeds 6 days, whereas it is rather small (1-3 days) or nonexistent outside
of the tropics. A similar picture is found for the duration of precipitation events shown by the consecutive
wet days (Figure 2e) which are increased up to 7 days and more in the Sahel and the Maritime continent. This
increaseis smaller, 1-5 days, in North America, the Mediterranean, India, South Africa, and the northern part of
South America. The number of consecutive dry days (note that the color bar is inverted for Figure 2g) is mostly
decreased. This effect is strongest in the Mediterranean and Middle East and also quite strong in Australia. In
contrast, some areas of tropical West Africa show an increase in CDD when soil moisture variability is removed.
Note that because CDD and CWD are the longest spells per year, both can increase in the same region.

3.2. Future Period 2056-2085: SMtrend Versus SMclim

The difference between SMtrend and SMclim in the second half of this century shows the influence of the
long-term change in soil moisture by comparing the response of extreme indices to future and present day
soil moisture climatological conditions. Consequently, areas in which soil moisture trends are absent will
lead to indistinguishable results between SMclim and SMtrend. The intensity of hot days (TXx, Figure 1b) is
higher in SMtrend than in SMclim, and the increase is statistically significant (p value<0.05) over large regions.
The clearest signal (around 2.5°C) occurs in the central United States, Amazonia, Mediterranean, southeast-
ern Europe, South Africa, Southeast Asia, and southeastern Australia. There is no difference in the Sahara,
tropical Africa and parts of Asia. TX90p also is larger in SMtrend (Figure 1d), but the area of statistically signif-
icant differences is smaller in comparison to TXx, with some boreal regions of North America and Eurasia not
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Figure 3. (a-c) Warmest daily maximum temperature (intensity), (d—f) warm days (frequency), and (g-i) heat wave duration (duration). Multimodel mean,
hatching where statistically significant (KS test p value<0.05). Figures 3a, 3d, and 3g for SMtrend—CTL in 1971-2000; Figures 3b, 3e, and 3h for SMtrend—CTL in
2056-2085; and Figures 3c, 3f, and 3i the differences between 2056 and 2086 minus 1971 and 2000 in SMtrend-CTL (ACCESS excluded because of inconsistency
in SSTs between two time periods, but this has almost no effect).

showing statistically significant changes. The regions with the most pronounced differences include Central
North America, Central America, Amazonia, the Mediterranean, the Middle East, South Africa, and Australia. In
general, the maximum duration of heat waves is also longer in SMtrend (Figure 1f), particularly in Amazonia
where increases in HWD exceed 16 days. However, the regions with a statistically different signal in HWD are
further decreased compared to those for TX90p but largely correspond to subsets of the regions where the
differences in TX90p are statistically significant. The exceptions are tropical Africa, South East Asia, and North
Australia where HWD is decreased in SMtrend. These results are consistent with S13’s analyses of the changes
in the mean temperature, daily T..,, and 95th percentile of T,

Again, the picture is more heterogeneous for precipitation extremes, but over land the regions where wet pre-
cipitation extremes are decreased with soil moisture trends predominate (Figures 2b, 2d, and 2f). For R95p this
reduction is most pronounced in the tropics (Figure 2b), where it decreases by more than 35 mm. From Central
to Eastern Europe and extending into North Asia we also find a significant decrease in R95p by up to 25 mm.
Southeastern Australia also shows a decrease in R95p by similar amounts as in Europe. The regional pattern
is similar in R10mm (Figure 2d), which shows decreases up to about 7 days in the tropics. In the extratropics
the significant decreases are only between 1 and 3 days. Consecutive wet days are also mostly decreased in
SMtrend but show a band of increase around the equator (Figure 2f). For instance, in Africa, CWD decrease
south of the equator, while they increase just north of the equator and then decrease again further north in
the Sahel. Dry periods, CDD (Figure 2h, note that the color bar is inverted), are increased in the Mediterranean
and Middle East, North India, Australia, western U.S., Central America, north Amazonia, eastern and southern
South America, and South Africa by more than 1 week. Some regions show a decrease in CDD, mainly in
tropical Africa and bits of Amazonia.

3.3. Change in Influence From Soil Moisture Variability From Present to Future: SMtrend Versus CTL

Figure 3 shows the difference between SMtrend and CTL in 1971-2000 (Figures 3a, 3d, and 3g), 2056-2085
(Figures 3b, 3e, and 3h), and the difference between future and present (Figures 3c, 3f, and 3i) for tempera-
ture extremes. This analysis quantifies the influence of soil moisture variability on the change of temperature
extremes with increased radiative forcing. Present and future values of TXx (Figures 3a and 3b) are hardly
distinguishable, and their difference is below 1°C (Figure 3¢ shows Figure 3b minus Figure 3a). Hence, the
influence of soil moisture variability on the intensity of temperature extremes remains similar under climate
change. For TX90p we find that the difference between SMtrend and CTL is larger in the future (Figure 3e) than
in the present period (Figure 3d) in several regions, namely, North America, South America outside Amazonia,
Mediterranean, Sahel, East and South Africa, North India, and Australia (Figure 3f). However, the influence of
soil moisture variability on TX90p is slightly smaller in the future in most of the tropics and North East China.
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Figure 4. As Figure 3 but for annual contribution from (a-c) very wet days (intensity), (d-f) heavy precipitation days (frequency), (g—i) consecutive wet days
(duration), and (j-1) consecutive dry days (duration).

For heat wave duration the difference between SMtrend and CTL is 2-8 days in the present (Figure 3g), while it
can exceed 2 weeks in the future (Figure 3h). So the influence of soil moisture variability on heat wave duration
is increased in the future in most areas, particularly in the wet tropics (Figure 3i).

For the precipitation extremes (Figure 4), the influence of soil moisture variability is rather similar under
present and future conditions, and there are few regions with statistically significant differences (Figures 4c,
4f, 4i, and 4l). However, for R95p we do find an increased influence of soil moisture variability in Amazonia and
tropical Africa and increased areas with statistically significant differences between SMtrend and CTL in the
future (Figure 4b).

3.4. Future 2056-2085: Spatially Aggregated pdfs

Figure 5 shows the spatially aggregated pdfs for all temperature indices over four regions (see Figure 1a):
Central North America (CNA), Mediterranean (MED), South Africa (SAF), and northern Australia (NAU). These
regions are expected to be strongly influenced by soil moisture-atmosphere feedbacks [e.g., Koster et al., 2006;
Miralles et al., 2012]. There is considerable variability in the shape and location of individual model results for
TXx, TX90p, and HWD (thin lines). However, if aggregated over all models, the pdfs show that removing the
interannual variability (SMclim and SMtrend) results in a clear shift toward lower values compared to CTL, a
result that represents less intense, less frequent, and shorter hot extremes. For the hottest day (TXx, Figures 5a,
5d, 5g,and 5j) SMclim is the furthest to the left, in particular for CNA and MED, which suggests that interannual
soil moisture variability plays an important role in defining very extreme temperatures in these regions. The
multimodel aggregated pdfs for SMclim and SMtrend for TXx in NAU are similar. Because we subtract the
local mean TXx of CTL of each model before calculating the TXx pdfs (to reduce the influence from model
biases), negative values on the x axis correspond to values that are smaller than the long-term mean from CTL.
For warm days TX90p, SMclim and SMtrend are also shifted to less frequent warm days, although this is less
pronounced than for TXx. The multimodel aggregated pdfs for HWD are more similar to each other than for
the intensity and frequency indices, indicating less influence from soil moisture variability and trend for this
index. Nevertheless, the pdfs for SMclim and SMtrend peak for shorter heat waves than the CTL, and the CTL
pdfs have a higher density for very long heat waves.
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Figure 5. Spatially aggregated pdfs for temperature indices in the second half of the 21st century (2056-2085). The thin lines indicate the individual models,
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and the thick lines are the aggregated multimodel pdfs. TXx was normalized by removing the mean from each model’s CTL. The regions are (a—c) Central North
America (CNA), (d-f) Mediterranean (MED), (g-i) North Australia (NAU), and (j-1) South Africa (SAF).
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For the precipitation indices we focus on different regions in comparison with temperature, these are North
East Brazil (NEB), East Africa (EAF), South Asia (SAS), and North Australia (NAU). Despite selecting regions that
are more suitable for examining differences in precipitation, the differences between the pdfs are small. For
R95p (Figures 6a, 6€, 6i, and 6m) we see a slight shift to the right, towards more intense precipitation extremes,
in NEB, EAF, and NAU, but SMclim and SMtrend only appear different for EAF and NAU. For RTOmm we also
find a slight shift to the right in NEB, EAF, and NAU (Figures 6b, 6f, 6j, and 6n). CWD NEB, EAF, and SAS show
a slight shift to the right (Figures 6¢, 6g, 6k, and 60). The largest effects concern CDD, with pdfs for SMclim
and SMtrend shifted to the left in all regions, in particular for SMclim (Figures 6d, 6h, 61, and 6p). Even though
these differences are small, they are statistically significant based on a 5% Kolmogorov-Smirnov test (p levels
indicated by numbers in the graphs) except for R95p SMclim versus SMtrend in SAF.

4. Discussion

4.1. Effects From Removing Soil Moisture Variability and Trend

For the historical period 1971-2000, by definition the mean soil moisture climatology is the same in CTL and
SMclim. Hence, the effects seen in Figures 1a, 1¢, 1e, 2a, 2¢, and 2e are almost solely caused by the removal
of variability in soil moisture in SMclim. Only one model, CESM, used their fully coupled CMIP5 contribution
as CTL where SST and sea ice can react to changing fluxes, which can cause additional differences. The inten-
sity of hot extremes (TXx) is decreased by 0.5-4.5°C over all land areas except where the soil moisture is
initially very dry (Figure 1a). The frequency of hot extremes (TX90p) is generally also decreased, commonly by
3-9% of days per year, with the exception of very dry areas and the very high latitudes that are not impacted
(Figure 1c). The duration of heat waves (HWD) is also decreased in most areas, by 2-8 days, excluding some
very dry areas (Sahara and Middle East) and the very high latitudes (Figure 1e). While the influence of soil
moisture variability on regional hot extremes in the present climate has been shown in earlier modeling stud-
ies for Europe [e.g., Seneviratne et al., 2006; Fischer et al., 2007; Jaeger and Seneviratne, 2011; Lorenz et al., 2013]
and North America [Koster et al., 2009; Diro et al., 2014], this is the first demonstration of a systematic and
widespread impact at the global scale in a multimodeling framework. Evidence to support this impact is pro-
vided by observationally based inferences using precipitation deficits as a proxy for soil moisture by Mueller
and Seneviratne [2012]; these also suggested a widespread effect of soil moisture-temperature feedbacks for
hot extremes. Soil moisture affects temperature by influencing the partitioning of latent and sensible heat
flux, where drier soils generally lead to higher temperatures [e.g., Seneviratne et al., 2010; Yin et al., 2014]. Soil
moisture also represents a memory component, similar to other slowly varying variables in the earth system
such as land-ice, permafrost, or ocean temperatures. The decrease in extreme temperature indices caused
by removing soil moisture variability suggests a dampening effect of soil moisture memory for temperature
extremes at the global scale.

For precipitation, the results are more regionally heterogeneous. Wet precipitation extremes are more strongly
influenced by soil moisture variability in the tropics, whereas dry extremes are more strongly influenced
in the extra tropics. This is consistent with Jaeger and Seneviratne [2011] who found almost no effect from
prescribed soil moisture on heavy precipitation in Europe. In GLACE-CMIP5, the removal of soil moisture
variability increases the latent heat flux in soil moisture-limited regions (not shown but identified by Berg
et al. [2014] for GFDL model) which tends to increase precipitation. To our knowledge, no previous study
has investigated the influence of soil moisture variability on extreme precipitation in the tropics. For mean
precipitation, negative and positive feedback loops are suggested in the literature [see, e.g., Seneviratne et al.,
2010]. Recently, Guillod et al. [2015] showed that afternoon precipitation tends to occur during wet and het-
erogeneous soil moisture conditions, located over comparatively drier patches. Taylor et al. [2013] found that
regional climate models with parameterized convection schemes did not resolve the observed negative feed-
back between soil moisture and convective precipitation in the Sahel. The coarse resolution of our global
climate models (GCMs) will lead to more homogeneous soil moisture patterns compared to observations,
and we do not expect them to resolve possible negative soil moisture-precipitation feedbacks. Therefore,
the reported positive soil moisture-precipitation feedback, i.e., the increase in wet precipitation extremes in
SMclim compared to CTL, in the tropics in this study and also in May et al. [2015] might be influenced by the
inability of the models to simulate the negative soil moisture-precipitation feedbacks. Williams et al. [2012]
analyzed atmosphere-land feedbacks in some CMIP5 models—unfortunately those used in this study were
not included —and their results highlight problems in the capability of the models to simulate a positive soil
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Figure 6. Spatially aggregated pdfs for precipitation indices in the second half of the 21st century (2056-2085). The thin lines indicate the individual models,
the same line type for the same model, and the thick lines are the aggregated multimodel pdfs. R10mm, CDD, and CWD were normalized by removing the mean
from each model’s CTL. The regions are (a—d) North East Brazil (NEB), (e—h) East Africa (EAF), (i) South Asia (SAS), and (m-p) North Australia (NAU). The
numbers indicate the p values of the Kolmogorov-Smirnov test comparing the pdfs from the different simulations.

moisture-precipitation feedback at daily timescales. Hence, the result of a positive soil moisture-precipitation
feedback reported here has to be taken with caution.

4.2. Changes in Influence From Soil Moisture Variability

We find that the influence of soil moisture variability on frequency and duration of temperature extremes is
projected to increase in the future. The difference between SMtrend and CTL is larger in the future period for
TX90p and HWD (differences are small but statistically significant for TXx and not statistically significant for the
precipitation extremes). Seneviratne et al. [2006] found a shift in regions where land-climate interactions play
arole in the future using a similar experiment as our SMclim over Europe. We find that the regions where soil
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Figure 7. Soil moisture differences for SMtrend-SMclim, in percent relative to SMclim (1971-2000 climatology), in all GCMs in 2056-2085 and for the ensemble
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difference.

moisture variability has an influence on TX90p and HWD remain similar in the future, but the influence itself
becomes stronger. We do find a shift in region in South America for TX90p where our results suggest that the
influence of soil moisture variability on TX90p is decreased in Amazonia, while it becomes more important
in southern South America. The change in the effect of soil moisture variability may have implications for the
contribution of soil moisture states to the predictability of extreme events.

4.3. Relationship to Soil Moisture Projections

S13 analyzed the first five GLACE-CMIP5 models in terms of their mean and the 95th percentile of tempera-
ture and precipitation and examined the impact of the soil moisture trend in the future and focusing on the
Northern Hemisphere. They found increases in extreme daytime temperature of 2-2.5°C between SMclim
(1A) and SMtrend (1B). For precipitation they found more heterogeneous results with mostly decreases in the
Northern Hemisphere and Australia and mixed patterns in South America and Africa. We expand this analysis
to three temperatures and four precipitation extreme indices that assess magnitude, frequency, and dura-
tion of extremes and place our analysis into context with the simulated soil moisture trends in the different
models. Figure 7 shows the difference in 30 year mean soil moisture in the second half of this century for
the experimental runs for each climate model. For each model, the difference is expressed in percent rela-
tive to the soil moisture level in SMclim (i.e., the 1971-2000 climatology) to normalize for different moisture
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holding capacities. First, note that the intermodel differences are large, with IPSL showing very large differ-
ences between end of century SMclim and SMtrend, while GFDL shows a lot less difference in soil moisture
between SMclim and SMtrend. The absolute values of soil moisture differ between models (Figure 8), as do
the relative changes towards the end of the 21st century (Figure 7). This is at least partially due to the fact
that land surface models have structural differences, such as soil layering, total soil depths, and soil moisture
capacity, and soil moisture is weakly constrained by observations in most regions of the world. Soil mois-
ture is also influenced by many variables, such as precipitation, evapotranspiration, radiation, and clouds, and
therefore reflects systematic biases in other model components. Cheruy et al. [2014] showed that deficiencies
in the representation of clouds are involved both in a warm bias shared by most of the CMIP5 models over
continental areas in summer and in the intensity of projected warming. Deep convective clouds are impor-
tant for precipitation, which is the main driver of soil moisture availability; soil moisture in turn influences the
boundary layer and the formation of clouds. Clouds also influence radiation, which then affects evapotranspi-
ration and soil moisture. The combination of structural differences in the land surface schemes, climate biases,
and differences in trends simulated by climate models makes soil moisture a variable difficult to simulate
[Kirtman et al., 2013]. Further, regional differences are very large. In some regions there is consistency between
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the climate models; all models predict decreasing soil moisture levels in the Mediterranean, and all models
except ACCESS predict decreasing soil moisture over Central North America. However, there is no intermodel
agreement in the trend of soil moisture in some other regions such as Amazonia and the Sahel. Figures 1b,
1d, and 1f show a strong ensemble mean signal in regions where either the models agree on the sign of the
soil moisture trend or at least one model has such a large trend that it dominates the ensemble. Clearly, using
any multimodel ensemble or single model to examine land-atmosphere interactions into the future requires
great care.

For the regions in Figures 5 and 8, CNA displays a drying trend in five out of six models, MED has a drying
trend in all models, NAU has a drying trend in two out of six models, and SAF has a drying trend in all models,
but this trend does not cover the whole region in EC-EARTH and CESM and is very small in GFDL. In all four
regions, the ensemble mean projection is a drying trend. The large differences in the pdfs for TXx in NAU in
SMtrend (thin blue lines) are related to the large differences among climate models regarding the long-term
soil moisture changes in Australia. The individual models agree much better for TXx in MED, where they also
agree on the projected drying trend. This helps explain the results by S13 who found pronounced increases
in mean and extreme temperature over the Mediterranean region. However, differences between regions are
also related to different background climates, climate variability, and importance of land-climate feedbacks
[Seneviratne et al., 2006; Pitman et al., 2011; Cheruy et al., 2014].

Our results have significant implications for the interpretation of simulated future temperature extremes. The
results in Figure 5 highlight major differences on how individual models respond to the removal of interannual
variability in soil moisture (SMclim) or its removal in combination with the simulated trend (SMtrend). Previous
examination of how climate models simulate future changes in TXx and TX90p [Sillmann et al., 2013; Collins
etal., 2013] points to changes in TXx of 5-7°C under RCP8.5. Our results for SMclim and SMtrend indicate that
soil moisture variability and soil moisture trends are responsible for around 15% of these amounts (0.5-3.5°C)
but over widespread regions of the continents. In other words, if soil moisture variability and/or soil moisture
trends are not captured correctly in a model simulation, errors of up to 15% in TXx would result. Because TXx is
an extreme value, errors of 15% are likely significant. Our problem, of course, is that Figure 5 shows very wide
variations among models, something highlighted since Koster et al. [2006]. For TX90p, Sillmann et al. [2013]
(their supporting information) suggest increases of 50—90% depending on the region, and Collins et al. [2013]
suggest globally averaged increases by 2100 under RCP8.5 of around 55-65%. Our results suggest that soil
moisture variability contributes up to 10%, and trends contribute up to 15-20% of the increases caused by
changes in forcing prescribed in RCP8.5.

For precipitation the projected changes are already uncertain [Kirtman et al., 2013; Sillmann et al., 2013],
which is reflected in the large differences between the models on how they project changes in soil moisture.
The response of precipitation extremes to soil moisture is even more uncertain because the sign of the soil
moisture-precipitation feedback is site and condition specific, and the ability of models to correctly resolve
it remains to be established. We find a decrease in most wet precipitation extremes in SMtrend compared to
SMclim in the future and an increase in the length of dry periods. Sillmann et al. [2013] report changes in R95p
of up to 40-100% for RCP8.5, we find differences of 15-50% due to possible trends in soil moisture. Hence,
soil moisture feedbacks might contribute up to 50% to the projected changes in extreme precipitation inten-
sity by the end of the century. However, the projected changes of precipitation itself are more uncertain than
those of temperature.

Differences in indices like TXx and TX90p of 15-20% due to the removal of soil moisture variability and trends
would merely be an interesting modeling study were it not for the uncertainty on how climate models rep-
resent soil moisture now and in the future. Kirtman et al. [2013] note that future changes in soil moisture
are very uncertain among models, a result illustrated by both their Figure 11.14 and our Figures 7 and 8.
The uncertainty in soil moisture is influenced by the uncertainty in projections for the atmospheric forcing
(i.e, precipitation and net radiation), flux partitioning at the surface, or a combination of both. It would be very
interesting to know to which extent the differences in soil moisture are driven by different land model physics
relative to climate forcing. Unfortunately this question is difficult to investigate with the current GLACE-CMIP5
model ensemble because of the differences in the atmospheric parts of the GCMs, and the feedbacks between
land and atmosphere in these model runs. In short, there is poor agreement, particularly at regional scales,
among models on how soil moisture is projected to change in the future and even on the sign of the soil
moisture trend under RCP8.5, a result also highlighted in Orlowsky and Seneviratne [2013]. Our results show

LORENZ ET AL.

CLIMATE EXTREMES IN GLACE-CMIP5 620



@AG U Journal of Geophysical Research: Atmospheres

10.1002/2015JD024053

Acknowledgments

This work was supported by the
Australian Research Council Centre
of Excellence for Climate System
Science grant CE110001028. MGD
also received funding through ARC
grant DE150100456. The computa-
tional modeling was supported by
the NCI National Facility at the ANU
via LE0989506. We thank GEWEX
(World Climate Research Programme,
WCRP) and ILEAPS (Integrated
Geosphere-Biosphere Programme,
IGBP) projects for the coordination
and realization of the GLACE-CMIP5
experiment. The GLACE-CMIP5

data are hosted at ETH Zurich

and are available on request (see
http://www.iac.ethz.ch/GLACE-CMIP,
subject to agreement of the respective
modeling groups and database
coordinators). We thank Martin Hirschi
and Micah Wilhelm for their help
with the GLACE-CMIP5 multimodel
database. We thank the anonymous
reviewers for their constructive
comments.

that both soil moisture trends and variability affect TXx, TX90p, HWD, and possibly precipitation extremes.
Therefore, they imply that it is necessary to resolve uncertainties in the simulation of soil moisture variability
and soil moisture trends if the community wants to increase confidence on how temperature and precipitation
extremes are expected to change on the regional level in the future.

5. Conclusions

We have shown that soil moisture variability has an important influence on the intensity, frequency, and
duration of temperature extremes over land at the global scale. It is only where soil moisture variability is
very small or in areas where energy, rather than soil moisture, limits evaporation (e.g., at high latitudes) that
temperature extremes are not significantly influenced by soil moisture variability. Precipitation extremes are
also influenced by soil moisture variability, but this impact is more heterogeneous. The largest impacts from
soil moisture variability regard heavy precipitation in the tropics, and dry periods in the midlatitudes, in
particular the Mediterranean region.

Long-term changes in soil moisture are also shown to exert a strong influence on projected temperature and
precipitation extremes, even though the models included here show large uncertainties in the projection of
long-term soil moisture trends. Overall, the most significant differences for SMtrend-SMclim occur where the
models do agree on the existence of a soil moisture trend. Where the overall soil moisture projection is a
drying trend, temperature extremes are projected to further increase in intensity, frequency, and duration. For
precipitation extremes we find a decrease in heavy precipitation intensity and frequency, while dry periods
become longer in areas where soil moisture is projected to decrease. In addition, we find that the influence
of soil moisture variability on frequency and duration of temperature extremes is projected to increase in the
future.

In conclusion, the accurate simulation of both soil moisture variability and long-term changes is necessary to
correctly project future climate extremes. This is problematic because the models do not agree on these soil
moisture features at the regional scale, perhaps with the important exceptions of the Mediterranean region
as well as parts of South Africa and Central North America, where all models tend to predict a drying trend in
the future (see also recent IPCC assessments: Seneviratne et al. [2012] and Collins et al. [2013]). We note that the
general agreement of models in some regions does not necessarily mean it is correct. Obviously, soil moisture
is largely dependent on precipitation, a variable for which the climate models also do not agree at the regional
scales. This uncertainty is further increased for heavy precipitation extremes in the tropics that also depend
on soil moisture variability. Soil moisture also depends on a wide range of land surface processes. Resolving
the challenges highlighted here, and improving the confidence in regional projections of temperature and
precipitation extremes, will require major advances in the modeling of land surface processes, precipitation,
and clouds in the next generation of global climate models.
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