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ABSTRACT

Both sea surface temperatures (SSTs) and soil moisture (SM) can influence climate over land. This paper

presents a comprehensive comparison of SM versus SST impacts on land climate in the warm season. The

authors perform fully coupled ensemble experiments with the Community Earth SystemModel in which they

prescribe SM or SSTs to the long-term median seasonal cycles. It is found that SM variability overall impacts

warm-season land climate to a similar extent as SST variability, in the midlatitudes, tropics, and subtropics.

Removing SM or SST variability impacts land climate means and reduces land climate variability at different

time scales by 10%–50% (temperature) and 0%–10%(precipitation). Both SM- and SST-induced changes are

strongest for hot temperatures (up to 50%) and for extreme precipitation (up to 20%). These results are

qualitatively similar for the present day and the end of the twenty-first century. Removed SM variability

affects surface climate through corresponding variations in surface energy fluxes, and this is controlled to first

order by the land–atmosphere coupling strength and the natural SM variability. SST-related changes are

partly controlled by the relation of local temperature or precipitation with the El Niño–Southern Oscillation.

In addition, in specific regions SST-induced SM changes alter the ‘‘direct’’ SST-induced climate changes; on

the other hand, SM variability is found to slightly affect SSTs in some regions. Nevertheless a large level of

independence is found between SM–climate and SST–climate coupling. This highlights the fact that SM

conditions can influence land climate variables independently of any SST effects and that (initial) soil

moisture anomalies can provide valuable information in (sub)seasonal weather forecasts.

1. Introduction

It is well known that the surface temperature of the

world’s oceans influences climate. There is a local impact

on ocean climate, but there are also effects on large-scale

atmospheric circulation and wave patterns and, hence,

eventually on land climate. Such teleconnections are es-

pecially active in tropical and subtropical regions. The

most well-known example is the El Niño–Southern Os-

cillation (ENSO; Rasmusson and Carpenter 1982), which

relates sea surface temperatures (SSTs) in the eastern

tropical Pacific Ocean to temperature and precipitation

anomalies in many regions across different continents.

Another important control of (mostly warm season)

climate over land is the available moisture in the soil

[see, e.g., Seneviratne et al. (2010) for a review]. Soil

moisture (SM) may alter the partitioning of incoming

net radiation into the sensible and latent heat fluxes. For

instance, soil that is drier than average limits evapora-

tion over bare soil and transpiration of plants, which

adapt their behavior to moisture availability (Teuling

et al. 2009). Therefore SM has implications for several

aspects of the surface climate such as temperature

(Hirschi et al. 2011; Mueller and Seneviratne 2012;

Whan et al. 2015), moisture availability in the lower

atmosphere, boundary layer stability (Ek and Holtslag

2004), and eventually also precipitation (Koster et al.

2004; Taylor et al. 2011; Guillod et al. 2015). Whereas

SST is a largely external control on land climate, SM is

influenced by the atmospheric forcing and influences
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climate through its feedbacks on evapotranspiration and

temperature (Seneviratne et al. 2010; Zscheischler et al.

2015). In this study, we assess and compare the influence

of these two controls on land climate: that is, we consider

(i) remotely induced effects of SSTs on large-scale cir-

culation and heat/moisture advection on land and

(ii) atmospheric impacts of variations in land–atmosphere

exchanges of moisture and heat, which can be due to

local but also to nonlocal effects of soil moisture (e.g.,

due to modified circulation patterns or changes in ad-

vected heat or moisture).

Besides their impact on climate, there is a remarkable

predictability associated with both SM (Koster and

Suarez 2001; Orth and Seneviratne 2013) and SST (Jin

andKinter 2009), whichmay extend to weeks ormonths.

Hence, they may contribute substantial skill in weather

and climate forecasting (Shukla 1998; Koster et al. 2011;

Orth and Seneviratne 2014). However, memory of SM

or SST is only translated into weather and climate pre-

dictability if SM and/or SST have an influence on land

climate means and variability (e.g., Seneviratne et al.

2006b). This interplay between predictability and influ-

ence on climate may vary considerably across regions,

seasons, and also (forecasting) time scales; the challenge

to understand these spatiotemporal effects is a main

motivation for past studies and also for our analysis.

An early effort to compare land and ocean impacts on

climate was made in a landmark study by Koster and

Suarez (1995). They performed experiments with a

global climate model (GCM) with prescribed SSTs and

evaporation efficiencies (the ratios of evaporation to

potential evaporation), respectively, and found that

annual precipitation variability was overall more im-

pacted by the latter. In a follow-up study with an up-

dated model version that represented land–ocean

teleconnections, and using an ensemble approach,

Koster et al. (2000) found similar effects of land and

ocean on precipitation variability. Furthermore they

introduced the hypothesis that land–atmosphere in-

teractions would, to first order, linearly amplify pre-

cipitation variability induced by the atmosphere and the

ocean, which implies additivity of the precipitation

variance induced by land, ocean, and atmosphere. This

additivity hypothesis, however, could not be rigorously

proved, and in a similar analysis by Reale et al. (2002) it

was furthermore found not applicable in general.

Moreover, that latter study compared land and ocean

impacts at different time scales on overall precipitation

variability, finding that annual variations in evaporation

and SSTs are most important. Reale and Dirmeyer

(2002) also reported comparable impacts of land and

ocean on precipitation, confirming the results of Koster

et al. (2000), even though they also showed important

regional differences. Moving beyond precipitation by ana-

lyzing the impacts of landandoceanonclimate variability in

general, Dirmeyer (2001) shows an overall more important

role of the SSTs, while recognizing the strong model

dependency, especially in the representation of land–

atmosphere interactions. Based on these results, Dirmeyer

(2003) andDouville (2003) pointed out an important role of

(initial) soil moisture in (sub)seasonal forecasting.

In this study, we revisit the comparison of the effects of

SSTs and SM on climate over land during the warm sea-

son. For this purpose, we perform fully coupled ocean–

land–atmosphere simulations with a state-of-the-art Earth

systemmodel (ESM) inwhichwe remove the variability of

SST and SM, respectively, by prescribing the long-term

median seasonal cycles. We assess the related effects in a

comprehensive framework in which we consider impacts

on means and variabilities of temperature and pre-

cipitation. Besides using a state-of-the-art ESM with fully

coupled ocean, land, and atmosphere, we complement the

analyses from the previous studies by (i) studying impacts

of SSTs and SM on different deciles of temperature and

precipitation (i.e., also considering extremes in addition

to mean changes), (ii) assessing the responses in both

present and future climate comparing the results in present

versus future climate, and (iii) comparing our results with

output from a multimodel experiment with similar

setup for prescribing SM (Seneviratne et al. 2013).

While the amplification of atmosphere- or ocean-

induced precipitation variability by the land was found

not applicable in other studies, we revisit the additivity

hypothesis proposed in Koster et al. (2000) and show

that, in contrast to the amplification behavior, the im-

plied additivity of SM and SST effects can be identified.

This is done by comparing changes in climate in re-

sponse to removed variability in SSTs or SM with cor-

responding changes in response to removed variability

in SSTs and SM. Analyzing the combined effects of SM

and SSTs is furthermore relevant, as they may lead to

extreme events such as droughts (Hong and Kalnay

2000; Schubert et al. 2004; Wu and Kinter 2009).

2. Methodology

a. Model description

We employ in this study the Community Earth System

Model (CESM; Gent et al. 2011), version 1.04. It is a

state-of-the-art GCM that includes fully coupled atmo-

sphere (Community Atmosphere Model, version 4;

Neale et al. 2010), land (Community Land Model, ver-

sion 4; Oleson et al. 2010), ocean (Parallel Ocean Pro-

gram, version 2; Smith et al. 2010), and ice modules. In

the land module, we activate the carbon–nitrogen cycle
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but not the spatially dynamic vegetation, where species

can propagate into new regions and/or retreat from

others. In the atmospheric model we use a finite-volume

dynamical core and shallow (Hack 1994) and deep

convection schemes (Neale et al. 2008). CESM’s land–

atmosphere coupling compares well with other climate

models in terms of temporal and spatial structure even

though it is relatively weak (Dirmeyer et al. 2013b;

Seneviratne et al. 2013). We use a spatial resolution of

approximately 28 over land (1.98 3 2.58) and approxi-

mately 18 over the oceans (gx1v6) to perform 10 fully

interactive ensemble simulations ranging from 1850 to

2100. These simulations are restarted (branched) from a

preindustrial control simulation performed with the

same setup, each at least 20 years apart from the next

simulation to ensure different initial conditions and con-

sequently independent realizations of the climate. In ad-

dition, we restart simulations in 1996 and 2091 from each

ensemble member with identical setups, except that we

prescribe SM and SST, respectively, and integrate each of

them over 10 years (see section 2b). The model is driven

with historical forcing (e.g., aerosols, greenhouse gases,

and ozone) until 2005 and with forcing from the repre-

sentative concentration pathway 8.5 (RCP8.5) scenario

afterward. This ensemble of simulations serves as a refer-

ence to which we compare further ensemble simulations

with prescribed SM and/or SSTs. For all simulations with

interactive ocean,we employ theB_1850–2000_CN (1850–

2005) [all active components, 1850 to 2000 transient, with

CN (Carbon Nitrogen)] and B_RCP8.5_CN (2006–2100)

(all active components, RCP8.5 with CN) model config-

urations (so-called compsets). For simulations with pre-

scribed SSTs we use the F_1850–2000_CN (20th Century

transient stand-alone cam default, prescribed ocean/ice,

with CN) compset (withoutmodifications until 2005, with

future atmospheric composition from the B_RCP8.5_

CN compset afterward). Simulations with prescribed

SM and/or SSTs are started with initial conditions from

the respective ensemble member of the reference simu-

lation in 1996 and 2091. For the remainder of this study,

we focus on two time periods: present day (1996–2005)

and end of century (2091–2100).

b. Experimental design

To assess the influence of SM and SST dynamics on

global land climate, we perform three different experi-

ments (see Table 1) in the present-day and end-of-

century time periods: (i) the above-described reference

simulations with fully interactive land and ocean model

components (REF); (ii) an experiment with removed

interannual soil water variance, where we prescribe SM

(across all soil levels) and soil ice at each grid point to

the median value of the respective day of the year, as

inferred from REF (noSMvar; note that this procedure

allows us to preserve a seasonal cycle); and, similarly,

(iii) an experiment with removed interannual SST and

sea ice variance (noOCNvar). The noOCNvar experi-

ment is performed with prescribed median values of the

respective day of the year. Median values are calculated

from 10 (years per ensemble member: 1996–2005 or

2091–2100) 3 10 (ensemble members) 5 100 years.

To test the sensitivity of this setup to the prescribed

SST/sea ice, we additionally compute the experiment

noOCNvar_neutral in which SST and sea ice are pre-

scribed to values from the most ENSO-neutral year in

REF. We compute the most ENSO-neutral year as the

year with the lowest sum of the (absolute) monthly SST

anomalies in the Niño-3.4 region. This region extends

TABLE 1. Summary of performed model experiments. The three focal experiments for this study; REF, noSMvar, and noOCNvar, are

highlighted in bold.

Expt Ocean (SST 1 sea ice) Soil (moisture 1 ice) Ensemble size

REF Interactive Interactive Present: 10 simulations 3 10 yr

Future: 10 simulations 3 10 yr

noSMvar Interactive Prescribed (median from REF) Present: 10 simulations 3 10 yr

Future: 10 simulations 3 10 yr

noOCNvar Prescribed (median from REF) Interactive Present: 10 simulations 3 10 yr

Future: 10 simulations 3 10 yr

noOCNvar_ neutral Prescribed (most neutral year from REF) Interactive Present: 10 simulations 3 10 yr

noALLvar Prescribed (median from REF) Prescribed (median from REF) Present: 10 simulations 3 10 yr

Future: 10 simulations 3 10 yr

noSMvar* Prescribed (as in REF) Prescribed (median from REF) Present: 10 simulations 3 10 yr

Future: 10 simulations 3 10 yr

noOCNvar* Prescribed (median from REF) Prescribed (as in REF) Present: 10 simulations 3 10 yr

Future: 10 simulations 3 10 yr
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between 58S to 58N and 1708 to 1208W. Note that even if

this study focuses on the impacts of SST and SMon climate,

for consistency we also prescribe sea ice and soil ice in

the fixed SST and fixed SM simulations, respectively. Also,

we prescribe in this study medians instead of means,

which were generally prescribed to remove variability in

previous studies (e.g., Seneviratne et al. 2006a; Jaeger and

Seneviratne 2011; Seneviratne et al. 2013; Douville et al.

2016). Taking the mean introduces soil ice and sea ice as

soon as it is present in a single ensemble member. Con-

sequently, melting and albedo effects are overestimated,

with potential impacts on the large-scale circulation (M.

Hauser 2016, personal communication).Using themedian

therefore allows us to prescribe a representative duration of

the presence of soil ice and sea ice. However, the soil ice

and sea ice treatment should be of minor importance for

our analysis, as we focus on the warm season and do not

consider high latitudes (see section 2c).

To investigate the possible additivity of SM- and

SST-related effects on climate, we additionally performan

experiment removing both interannual soil water and

SST/sea ice variance (noALLvar). Moreover, to exclude

impacts of removed SST/sea ice variance on soil water

and vice versa, we compute two additional experiments,

noSMvar* and noOCNvar*: in these experiments, we

prescribe the SST and SM time series from REF, re-

spectively, instead of calculating SST/sea ice and soil

water interactively. An overview of all model experi-

ments is provided in Table 1. Note that the focus in this

study is on the REF, noSMvar, and noOCNvar experi-

ments highlighted in bold in Table 1. The other experi-

ments are only needed for targeted additional analyses.

Aswe are investigating transient climate simulationswith

slowly changing atmospheric composition in this study, we

assess trends in SM, SSTs, and 2-m land temperature in

REF to exclude potential impacts on our results. Trends are

computed at each location over the present-day period

(10yr) using mean fields across the 10 ensemble members

for eachmonth (warm-seasonmonths in the case of SMand

land temperature, all months in the case of SSTs). We find

significant trends at the 10% level in 15%, 9%, and 11% of

all grid cells for SM, SSTs, and land temperature, re-

spectively. Similar results (11%, 3%, and 13% of the grid

cells display significant trends, respectively) are obtained

when considering only the first 3 years. At this significance

level, significant trends are expected by chance in 10% of

the grid cells; hence, this indicates that there are no pro-

found trends in key variables of REF.

c. Analysis of experiments

From each of the experiments (REF, noSMvar,

noOCNvar, and additional experiments; see Table 1),

there are 10 (ensemble members) 3 10 (years per time

period) 5 100 years of data for the present-day period

and for the future period. With these data, we investigate

changes in temperature, precipitation, and droughts fol-

lowing the removal of interannual SM or SST variability.

For this purpose, we assess changes in means and vari-

abilities between the experiments. Whereas we consider

all data for the temperature analysis, the precipitation

analysis focuses on events exceeding 1mmday21, and for

the drought analysis we extract the maximum number of

consecutive dry days within the warm season at each lo-

cation. The results are averaged from all land points in

three different latitudinal bands (Fig. 1): tropics (208N–

208S), subtropics (208–358N, 208–358S), and midlatitudes

(358–658N, 358–658S). Furthermore, we only consider the

warm season at each grid cell in our analyses: that is, the

warmest three consecutive months; then the land–

atmosphere coupling is generally stronger, and we can

exclude (sea or land) ice-related impacts on our results.

The latitudinal regions along with the local warm seasons

(as determined from REF) are shown in Fig. 1. In an

additional analysis we use the boreal summer (June–

August) instead of the location-dependent warm season

to test the role of the chosen season (see section 3d).

For the analysis of variabilities, we focus on anomalies to

exclude the impact of (changes in) the seasonal cycle.

Anomalies are derived by subtracting the long-term mean

of each day of the year at each grid cell using the total 100

years of data for each experiment. We compute variabil-

ities on three different time scales: day to day, month to

month, and year to year. To ensure that the sum of these

particular variances equals the total variance, we proceed

as follows: We first compute yearly means (or actually

3-monthlymeans, aswe focus on thewarmseason) and then

the variance thereof (year-to-year variance). Afterward,

we subtract the yearly means from the time series and

compute monthly means and the variance thereof (month-

to-month variance). Finally, we subtract also the monthly

means and compute the variance of the resulting time series

(day-to-day variance). This procedure is illustrated in Fig. 2.

Note that we cannot perform the variability analysis for

droughts, as there is only one estimate per season.

In addition to the overall changes in means and vari-

abilities we compute changes in decile ranges (0–10,

10–20, . . . , and 90–100) of the considered variables at

each grid cell. This allows us to analyze if changes differ

between cold/warm temperatures, weak/strong pre-

cipitation events, or short/long droughts. Whereas the

overall change in the means of temperature, pre-

cipitation, and droughts equals the mean of the decile

changes, this is not the case for the variability changes.

This is because the variance is based on squared differ-

ences with respect to either the mean of the decile range

or the overall mean.
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Besides comparing changes in land climate means and

variabilities in response to removed SM or SST variabil-

ity, we additionally assess the roles of SM and SSTs for

the temporal variability of land climate in a correlation

analysis. We correlate monthly temperature and pre-

cipitation from REF and noSMvar* with identical SSTs

to estimate the SM impact and fromREFandnoOCNvar*

with identical SM to estimate the SST impact.

SIGNIFICANCE TESTING

After computing changes in land climate due to re-

moved SM and SST variability, respectively, we also as-

sess their significance. Significance assessment for all

analyses in this study is performed with a bootstrapping

approach. At each grid cell and for each experiment, we

perform a random resampling of warm seasons with re-

placement to yield time series of temperature, precipita-

tion, or cumulative dry days of the same length as the

original time series, andwith the same seasonal cycle. This

is repeated 200 times to recompute each analysis 200 times

with the respective resampled time series (e.g., to yield

200 estimates of the differences in means and variabilities

of the considered variables between the considered ex-

periments). Based on these 200 estimates, whiskers in box

plots display the range between the 5% and 95% quan-

tiles. Differences between experiments shown inmaps are

considered significant if the sign is the same in at least 95%

(5190) of the performed resamplings.

We apply a t test to assess the significance of corre-

lations computed throughout this study, in which we also

use a 95% confidence threshold to determine if corre-

lations are significantly different from zero.

3. Results

a. Climate means

To infer the impacts of SM and SST variability on

mean land climate, we compute mean differences be-

tween noSMvar and REF, and noOCNvar and REF,

respectively. We focus here and in the next subsection

on the present-day time period 1996–2005. Figure 3

provides global maps of mean climate changes. The

FIG. 1. (a) Considered latitudinal regions: tropics (208N–208S), subtropics (208–358N,

208–358S), and midlatitudes (358–658N, 358–658S). (b) Considered warm-season months at

each grid cell.

15 MARCH 2017 ORTH AND SENEV IRATNE 2145

D
ow

nloaded from
 http://journals.am

etsoc.org/jcli/article-pdf/30/6/2141/4717792/jcli-d-15-0567_1.pdf by M
AX-PLAN

C
K-IN

ST FU
ER

 BIO
G

EO
C

H
EM

IE user on 10 July 2020



removal of SM variability causes stronger modifications

in mean land climate than the removal of the SST vari-

ability. We find an overall cooling in both experiments.

In the case of the noSMvar experiment, the pattern of

negative temperature anomalies resembles the known

pattern of present-day land–atmosphere coupling hot

spots, except for the Sahel region and India [determined

from covariability of land and atmospheric variables

(Koster et al. 2004; Seneviratne et al. 2006a; Guo et al.

2006; Dirmeyer 2011; Mueller and Seneviratne 2012)],

whereas it is more uniform in the noOCNvar experi-

ment. The cooling in response to the removed SM

variability can be explained with the shape of the re-

lationship of evaporative fraction (EF; evaporation

scaled by net radiation) and SM: if soils are wet, EF is

largely independent of SM, whereas, if soils are drier,

plants start to conserve water and bare soil evaporation

decreases such that EF becomes linearly dependent on

SM [see, e.g., Seneviratne et al. (2010, Fig. 5 therein)].

When SM is fixed to themedian seasonal cycle, there are

an equal number of wet days getting drier and dry days

getting wetter. The former will have less (or no) impact

on EF in contrast to the latter such that the overall EF

increases. The higher evapotranspiration in regions with

strong land–atmosphere coupling is displayed in Fig. 4.

The figure also suggests that the increased evapotrans-

piration induces the surface cooling (i) through conse-

quently decreased sensible heat flux, and (ii) because it

contributes to increased cloud cover and consequently

decreased surface radiation. Furthermore, wind speed is

reduced in regions with increased evapotranspiration,

which might be due to increased vegetation cover in

response to the removal of dry SM extremes. In contrast

to this cooling we find a warming across dry areas, such

as the Sahara, theArabian Peninsula, andwesternNorth

America [similar to results in Berg et al. (2014)]. This

can be explained with lower soil moisture shown in

Fig. S1, which then leads to warmer temperatures

through the same mechanism as described above. Mean

soil moisture in these areas is reduced by prescribing the

median values because the median is drier than the

mean as a result of a skewed soil moisture distribution

with many dry days and a few (very) wet days, which

occur after rain events. The cooling we observe in the

noOCNvar experiment might be related to the fact that

the spatial pattern of the prescribed median SSTs is not

necessarily exactly ENSO neutral (see also section 3d).

In both experiments, precipitation changes are rather

patchy and tend to be insignificant outside the tropics,

and correspondingly there are almost no significant

FIG. 2. Example of decomposition of an (anomaly) time series into seasonal, monthly, and

daily components. These are then used to decompose the total variability into year-to-year,

month-to-month, and day-to-day variability.
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changes in drought over land, only some reduction in the

cumulative dry days over tropical oceans. Interestingly,

in the noSMvar experiment we find opposite mean

precipitation changes in the Sahel as compared with

other desert areas even though such a spatial pattern is

not observed in any other variable considered in Fig. 4.

Removed SST variability causes precipitation changes

that resemble a (reversed) ENSO-related pattern (Dai

and Wigley 2000). In particular, we find a strong re-

duction of precipitation in the noOCNvar experiment in

the eastern equatorial Pacific, which is accompanied by

fewer clouds and more radiation. Like the temperature

changes in the noSMvar experiment, these changes

might be related to a nonlinear response of precipitation

to ENSO (Chung et al. 2014).

Figure S2 analyzes potential controls of changes in

temperature, precipitation, and drought in order to help

understanding the described spatial patterns of land

climate change. The scatterplots roughly confirm the

role of local precipitation coupling with ENSO for pre-

cipitation changes in the noOCNvar experiment in the

tropics, whereas there is no relationship in other regions

and in the case of temperature and drought changes. The

low explanatory power of the climate–ENSO coupling

might be related to the fact that there are other controls

involved. In the noSMvar experiment, there is an influ-

ence of land–atmosphere coupling and SM variability on

temperature changes, which is in line with the SM-

induced changes in surface energy fluxes discussed

above. For precipitation and droughts, the relationship

is weaker, with only a tendency toward larger (positive

and negative) changes in case of a positive land–

atmosphere coupling. This behavior is found in all lat-

itudinal regions. However, also, in the case of the

noSMvar experiment, the tested controls cannot fully

explain the observed climate changes.

FIG. 3. Maps of impacts of removed (left) SM and (right) SST variability on the means of (top) temperature,

(middle) precipitation, and (bottom) consecutive dry days. For precipitation and consecutive dry days, impacts are

expressed as relative changes. Gray areas denote insignificant changes at the 5% level (see text for details). The

significance of median estimates in each plot is denoted by a star (at the 5% level).

15 MARCH 2017 ORTH AND SENEV IRATNE 2147

D
ow

nloaded from
 http://journals.am

etsoc.org/jcli/article-pdf/30/6/2141/4717792/jcli-d-15-0567_1.pdf by M
AX-PLAN

C
K-IN

ST FU
ER

 BIO
G

EO
C

H
EM

IE user on 10 July 2020



FIG. 4. As in Fig. 3, but for mean changes in surface fluxes, radiation, cloud cover, wind speed, and pressures. All

changes are expressed in standard deviations of the respective variability in REF.
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Averaging the described climate differences across

latitudinal land regions, Fig. 5 displays the results for

temperature, precipitation, and cumulative dry days.

SM and SST variability, respectively, have overall a

similar influence on mean land climate in the CESM

experiments; SM is even found to be more important in

the midlatitudes. The similar importance of SM versus

SSTs for land climate means is a main result of this

study. Generally mean temperature differences are

largest in the midlatitudes, whereas precipitation and

drought changes are strongest in the tropics and sub-

tropics. Analyzing the decile changes, we find a strong

asymmetry of SM-induced temperature changes with

strongest impacts on hot temperatures. This can be

explained by the asymmetric relationship between SM

and EF, which is stronger toward drier conditions. As

these conditions are usually associated with hot tem-

peratures, the warm end of the temperature distribu-

tion is most strongly impacted by the removal of SM

variability. This signature of the SM–temperature

feedback was also reported in the GLACE-CMIP5

experiments (Seneviratne et al. 2013). Precipitation

changes are small but significant, in contrast to the

drought changes, which are mostly insignificant. The

comparatively small precipitation changes may be be-

cause precipitation formation involves several pro-

cesses acting within the higher atmosphere, whereas

temperature is more strongly controlled by surface

fluxes. Furthermore, models with parameterized con-

vection schemes, such as CESM, tend to be less sensi-

tive to the surface fluxes than in the case of models with

explicitly resolved convection (P. Dirmeyer 2016, per-

sonal communication).

b. Climate variability

In addition to the impacts of SM versus SST on the

mean state of land climate, we have also investigated

the impacts on variability. For a more comprehensive

analysis, we split up the variability changes into three

time scales: day to day, month to month, and year to

year, as described in section 2c. Changes in tempera-

ture and precipitation variability are shown in Fig. 6.

As for the mean climate changes, we find generally a

similar importance of SM and SST variability in the

warm season; there is, moreover, again a tendency to-

ward larger changes at higher deciles. Note that the

mean of the decile variability changes may differ from

the overall variability change because the variance is

based on squared differences with respect to either the

mean of the decile range or the overall mean (see

section 2c). Both temperature and precipitation vari-

ability are more impacted at lower latitudes and longer

time scales. Interestingly, the relative reductions of

climate variability in the noSMvar and noOCNvar ex-

periments depend on the considered time scale; while

climate variability at the daily time scale is much more

strongly reduced in noSMvar compared to noOCNvar,

the reductions are similar to or even slightly larger in

the case of the noOCNvar experiment at the in-

terannual time scale. Temperature variability changes

are comparatively large, ranging up to 30%–40% for

removed SM or SST variability, respectively, whereas

precipitation variability changes are mostly below

10%. Interannual variability of hot tropical tempera-

tures seems to be almost entirely governed by SM and

SST variability in CESM. Corresponding to removed

variability of SM and SSTs, respectively, all climate

variability changes are also reductions, except for the

tropical precipitation variability, where we find a small

but significant increase in the noSMvar experiment.

Note further that the variance may not be well suited to

capture differences between heavy-tailed distributions,

which are characteristic of precipitation. Therefore, we

repeated the analysis using the interquartile range and

found similar results (not shown).

As land climate variability changes were strongest at

the interannual time scale in the case of temperature

FIG. 5. Impacts of removed SM (brown) and SST (blue) vari-

ability, respectively, on mean (top) temperature, (middle) pre-

cipitation, and (bottom) consecutive dry days, averaged over

latitudinal regions (Fig. 1) in the respective warm seasons at each

grid cell. Results are shown for the present-day period (1996–2005).

The wider bars to the right in each plot refer to average changes,

whereas the other bars illustrate changes in different deciles.

Whiskers indicate the 5%–95% confidence range.
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and also comparatively strong in the case of pre-

cipitation, we focus on this time scale in the following.

Corresponding global maps for temperature and pre-

cipitation are provided in Fig. 7 [similar to Figs. 2 and 4

in Dirmeyer (2001)]. The results resemble the patterns

in Fig. 3: precipitation changes are mostly insignificant,

except for the tropics. Especially when removing SM

variability over land in the noSMvar experiment,

precipitation variability over the ENSO region in the

tropical Pacific Ocean is strongly reduced. Tempera-

ture variability changes in that experiment occur

mostly in the hot spot regions of land–atmosphere

coupling. These temperature variability changes are

caused by strong changes in the variabilities of the

surface fluxes, as shown in Fig. 8, which, however, only

impact surface temperature variability in regions

where it depends on EF. Interestingly, the removal of

SST variability in most regions has no impact on pre-

cipitation variability, except for the tropical Pacific,

where we find a strong reduction, accompanied by less

variability in all other investigated variables. Natu-

rally, the removal of SST variability strongly reduces

the variability of 2-m temperature over the oceans,

and the changes propagate inland especially in lower

latitudes.

Figure S3 displays the analysis of the temperature

and precipitation variability changes with respect to the

correlation of local temperature or precipitation with

the Niño-3.4 index in the case of the noOCNvar ex-

periment, and against the land–atmosphere coupling

strength and the undisturbed SM variance in the case of

the noSMvar experiment (as for the mean changes in

Fig. S2). Consistent with the fact that mean and vari-

ability changes display similar patterns, we also find

similar results for the control mechanisms (ENSO and

SM–ET coupling). In contrast to precipitation vari-

ability changes, temperature variability changes in the

noSMvar experiment can be explained to some extent

with the strength of the SM–ET coupling in REF: Be-

cause ET is connected with sensible heat flux and hence

temperature through the surface energy balance, SM

can influence surface temperature in the case of a

strong SM–ET coupling. This is also illustrated with the

strongly reduced variabilities of the surface energy

FIG. 6. As in Fig. 5, but for relative variability changes of temperature and precipitation as a response to removed variability in SM and SST,

respectively. Each row refers to a different time scale of variability (see section 2c). Whiskers indicate the 5%–95% confidence range.
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fluxes in Fig. 8. Hence, the removal of SM variability

reduces temperature variability more strongly in the

case of a strong SM–ET coupling and/or high natural

SM variability. In the noOCNvar experiment, only

changes of tropical precipitation variance are related to

the precipitation–ENSO coupling; no relationship is

found in the other regions and in the case of tempera-

ture variability. However, the latter seem to be limited

by a strong temperature–ENSO coupling. Variability

changes in the noSMvar experiment are controlled by

land–atmosphere coupling in all latitudinal regions.

The link is clearly stronger for temperature than for

precipitation. Temperature changes are furthermore

related to SM variability in REF. Note that, as in the

case of the mean climate changes, the tested controls

cannot fully explain the observed changes in climate

variability, indicating that other controls are involved

that are not considered here.

c. Nonlocal effects of soil moisture

In Figs. 3, 4, 7, and 8, there are cases where removed

SM variability on land introduces some climate

changes over the oceans. In addition, there can also be

nonlocal effects from SM on land, whereby SM

anomalies affect climate in another location, either

through triggering circulation changes or by impacting

heat and moisture in local near-surface air masses,

which are then advected to another location. In this

section, we discuss these nonlocal effects of SM inmore

detail. (It goes without saying that all effects from SST

on land climate are nonlocal, and these can be well

assessed from the above-listed figures.)

We note that the nonlocal SM effects can only partly

be assessed: (i) nonlocal effects of SM on ocean climate

can be assessed and are found to be weak and only

significant in few regions (see above-listed figures);

(ii) on the other hand, while much of the SM effects on

land are expected to be local, nonlocal effects are possible

(e.g., Seneviratne et al. 2013; Koster et al. 2014) but

cannot be easily disentangled with our present mod-

eling framework. Some of the nonlocal effects are

caused by impacts of local SM or SST changes on the

large-scale circulation, which then lead to changes in

the advection of air masses and finally to precipitation

or temperature changes in places located (far) away

from the local SM or SST changes (e.g., Hoskins and

Karoly 1981; Koster et al. 2014). In addition, other

nonlocal effects without changes in circulation patterns

can be induced as SM impacts temperature and mois-

ture in local air masses, which can then be advected to

another location.

In the following, we analyze the impact of the SM

and SST variability on circulation patterns, to assess

one source of nonlocal effects. These corresponding

FIG. 7. Maps of changes in year-to-year variability of (top) temperature and (bottom) precipitation as a response

to removed variability of (left) SMand (right) SST. Changes are expressed relative to the respective total variability

inREF.Gray areas denote insignificant changes at the 5% level. The significance ofmedian estimates in each plot is

denoted by a star (at the 5% level).
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FIG. 8. As in Fig. 7, but for variability changes in surface fluxes, radiation, cloud cover, wind speed, and pressures.
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large-scale circulation changes are illustrated in Fig. 9,

where we chose the geopotential height as an indicator

of large-scale upper-atmosphere dynamics. We inves-

tigate changes in geopotential height at 266mbar (or at

sigma 5 0.266; CESM includes hybrid sigma-pressure

levels). Even though the SM or SST changes we apply

are intrinsically limited to land or ocean, respectively,

there are changes in geopotential height throughout

the globe. These changes reflect variations in the large-

scale atmospheric circulation that lead to changes in,

for example, surface pressure and wind over some

ocean regions in the case of removed SM variability

and over some land regions in the case of removed SST

variability, respectively (see Figs. 4, 8). These changes

consequently translate into nonlocal impacts on sur-

face climate. This involves a chain of complex pro-

cesses that we do not further consider here. Changes

are field significant (significant in more than 5% of the

area) in all latitudinal regions in both analyses.

Nonlocal induced impacts on climate comprise vari-

ations in (i) means and (ii) variability. In the case of

variations in mean climate, nonlocal effects are, for

example, responsible for the significant temperature

changes over the oceans in the noSMvar experiment. In

the case of variations in climate variability, these

effects could play a role for the increased variability in

multiple climate variables across the eastern equatorial

Pacific Ocean in the noSMvar experiment (Figs. 7, 8).

[Note that the latter two examples are rare cases where

we find significant SM-induced effects on the oceans,

while SST-induced effects on land (i.e., land climate

changes in the noOCNvar experiment) are obviously

found in all analyses in this study.]

The existence of nonlocal SM effects implies that

‘‘direct’’ climate responses to modified SM at a par-

ticular location are the result of local SM effects, as well

as of nonlocal changes introduced by SM changes in

other regions. In this context, the nonlocal effects of

SM could play a role inmasking the underlying controls

of the climate responses tested in Figs. S2 and S3, and

they could probably contribute to the slightly asym-

metric temperature response in the noOCNvar exper-

iment. The influences of SST changes and SM changes

on one another are shown in Figs. S1 and S4.

d. Testing the role of climate change, of the prescribed
SSTs, and of the selected season

Figure 10 summarizes the previously described

changes in land climate mean and variability. It fur-

thermore displays the respective changes computed for

FIG. 9. Impacts of removed SM and SST variability, respectively, on geopotential height at a height of 266mbar. Results are displayed for

changes in mean and variability. The significance of mean estimates in each plot is denoted by a star (at the 5% level).

15 MARCH 2017 ORTH AND SENEV IRATNE 2153

D
ow

nloaded from
 http://journals.am

etsoc.org/jcli/article-pdf/30/6/2141/4717792/jcli-d-15-0567_1.pdf by M
AX-PLAN

C
K-IN

ST FU
ER

 BIO
G

EO
C

H
EM

IE user on 10 July 2020



the end of the century. This analysis shows that the

results are similar. Only changes in mean temperature

in the noSMvar experiment are significantly smaller in

the future, likely because of a weaker SM–EF coupling

in CESM in a warmer world. Note that the latter is in

contrast to results from Dirmeyer et al. (2013a), where

the multimodel average indicates a stronger SM–EF

coupling in a changing climate. Nevertheless, given that

almost all other differences between the results for

present and future climate are insignificant (over-

lapping confidence intervals of the computed esti-

mates), our conclusion that SM and SST variability are

similarly important for land climate in the warm season

is independent of global climate change.

In the experiments for the present-day period we also

test the role of the choice of the prescribed SSTs in

noOCNvar. The turquoise bars in Fig. 10 show the re-

sults with prescribed neutral SSTs instead of median

SSTs (see section 2b). In terms of the variability

changes, we find similar results (i.e., no influence of the

chosen SSTs). In contrast, significant changes in land

climate means are found indicating sensitivity of the

mean climate to the prescribed SSTs.

Furthermore, we test the influence of the location-

dependent warm season on our results by additionally

performing the analyses during boreal summer (see

section 2c). The corresponding results shown in

Fig. S5 are very similar to previous results in Fig. 10

suggesting a minor role of the chosen warm season for

our results. Strongest changes are found in the tropics,

which is expected as the warm season in this region

differs clearly from the boreal summer (see Fig. 1);

FIG. 10. Summary of average changes from Figs. 5 and 6 [for the present-day period 1996–2005 (brown/blue)] compared with respective

results for the future period [2091–2100 (yellow/light blue)]. The turquoise bars illustrate the impact of the choice of the prescribed SSTs.

As the blue bars, they showchanges after removing SSTvariability, but with prescribed neutral SSTs rather thanmedian SSTs (see section 2b).

Whiskers indicate the 5%–95% confidence range.
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however, they are mostly insignificant except for de-

creased tropical temperature mean and variability in

the noSMvar experiment.

e. Correlation analysis

In addition to the assessment of SM and SST impacts

on land climate means and variabilities, we moreover

perform a correlation analysis to infer the influence of

removed SM or SST variability on the temporal dy-

namics (i.e., changes over time) of land climate (see

section 2c). For this purpose, we compare REF with

noSMvar* and noOCNvar*, as they share the same SSTs

and SM, respectively. This allows us to isolate the impact

of removed SM and SST variability, respectively, on the

temporal evolution of land climate. The results are dis-

played in Fig. 11 Temperature dynamics are overall

better preserved than precipitation dynamics when us-

ing identical SM or SST conditions, as shown by the

higher correlations, and climate dynamics at lower lati-

tudes are better preserved than at higher latitudes.

Comparing the results with identical SSTs (left) and SM

conditions (right), we find generally similar mean cor-

relations across latitudinal bands over land, which con-

firms the finding from the previous subsections that the

role of SM for land climate is comparable to that of

SSTs. Nevertheless, there are regional differences: in the

tropics, climate dynamics are significantly better pre-

served with identical SSTs than with identical SM,

whereas identical SM allows for better preservation

of temperature dynamics in the subtropics and pre-

cipitation dynamics in the midlatitudes.

4. Discussion

a. Are SM and SST variability independent?

In the previous sections, we separately analyzed the

impacts of removed SM and SST variability on land

climate. This involves the assumption that these two

variabilities are independent such that, for example, the

removal of SST variability would only impact land cli-

mate directly and not by inducing changes in SM vari-

ability.As shown inFigs. S1 and S4, this is not everywhere

the case, even though in most regions SM acts in-

dependently of SST impacts. We perform an analysis to

test this independence assumption in the following, sim-

ilar to the additivity analysis in Koster et al. (2000).

If SM and SST impacts in the warm season are in-

dependent, the sum of the land climate changes from

noSMvar and noOCNvar should equal the land climate

changes in noALLvar. The corresponding analysis is

presented in Fig. 12, where each point refers to a par-

ticular grid cell. We find significant relationships across

all tested variables, as indicated by the significant

correlations, as indicated by significant explained

fractions of variance. A proof of perfect independence

FIG. 11. Correlation of monthly mean temperature and precipitation (left) in the case of identical SSTs and

different SM and (right) in the case of different SSTs and identical SM. Gray areas denote insignificant changes at

the 5% level. Barplots denote mean correlations across latitudinal regions; whiskers therein indicate the 5%–95%

confidence range.
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additionally requires slopes close to 1; however, all

slopes are significantly smaller than 1, underlining that

SM and SSTs are not fully independent. Generally

stronger correlations are found for mean changes than

for variability changes and in the case of temperature

as compared to precipitation and drought. Weaker

correlations and correspondingly smaller slopes are

probably related to SM-induced nonlocal effects

over land or ‘‘secondary’’ SM-induced nonlocal effects

contributing to the observed climate changes (see

section 3c) and thereby mitigating the independence of

SM and SST-induced changes. Furthermore, weaker

independence in the case of precipitation and drought

changes could be related to the fact that these changes

are smaller in relative terms compared with the size

of the confidence interval (see Fig. 10). Overall,

the effects are found to be larger when considered

separately, which can be explained by additional SM

changes induced by the removal of SST variability in

the noOCNvar experiment (Fig. S1) as well as, to a

more limited extent, by SST changes induced by the

removal of SM variability in the noSMvar experiment.

Furthermore some local amplification of SST-induced

climate changes through land–atmosphere feedbacks

could play a role. There are no systematic differences

across the latitudinal regions.

To illustrate that the existence of the dependence

between SST and SM changes does not impact the

conclusions of our study, we recomputed the noSMvar

and noOCNvar experiments with prescribed SSTs and

SM from REF, respectively (see Table 1), thereby ex-

cluding impacts of SM variability on SST variability and

vice versa. The resulting changes in land climate are il-

lustrated and compared with previous results in Fig. S6.

FIG. 12. Testing for similarity of added land climate changes in noSMvar and noOCNvar vs changes in noALLvar. Results displayed for

significant changes in (top) means and (bottom) variabilities. Only land points are considered. Different symbols refer to different lat-

itudinal regions. The significance of R2 estimates is indicated by a star (at the 5% level).
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Overall, the results of the noSMvar* and noOCNvar*

experiments are largely similar to results of noSMvar

and noOCNvar; the differences in mean and variability

changes are mostly within 610%. Also, the role of SM

for land climate in the warm season is comparable with

that of SST. This confirms that the independence as-

sumption is sufficiently fulfilled for the purpose of our

study. One exception is the stronger mean cooling in the

noOCNvar* experiment compared to noOCNvar. This

is caused by the overall drier soil moisture conditions in

the noOCNvar experiment, as shown in Figs. 3 and S1.

Therefore, prescribing the soil moisture content from

the REF experiment in the noOCNvar* experiment

induces a wettening that leads to a cooling through the

asymmetric SM–EF relationship (see also section 3a).

The overall sufficient degree of independence between

SM and SST dynamics can be understood with the results

in Fig. 6. In the CESM, SST variability affects pre-

cipitation variability over land only in some regions (see

Fig. 11), and hence there is overall limited impact on SM

(see Figs. S1 and S4). This contradicts the often-held as-

sumption that SM mainly acts as a feedback to SST

forcing. Nevertheless, this may occur in some regions,

predominantly in the tropics. In contrast to our results,

previous studies also found impacts of SSTs on pre-

cipitation variability in subtropical and midlatitude re-

gions (Hoerling et al. 2006; Zhou et al. 2008; Bichet et al.

2011), with possible amplifications by SM feedbacks (e.g.,

Giannini et al. 2003; Schubert et al. 2004). On the other

hand, we find some effects of SMon SSTs; however, these

are generally small and not significant, as can also be in-

ferred from the similarity between the noSMvar and

noSMvar* temperature responses in Fig. S6.

b. Is the employed Earth system model
representative?

While GCM experiments with fixed SSTs are common

practice [first applied by Gates (1992)], there are few

modeling experiments prescribing soil moisture alone,

and a large range of model responses to prescribed SM

has been shown in previous studies (Koster et al. 2004;

Seneviratne et al. 2013). We test the robustness of our

results in terms of the response to prescribed soil water

content by comparing them with respective analyses of

simulations from the GLACE-CMIP5 experiment

(Seneviratne et al. 2013). Besides CESM, four additional

GCMs participated in that experiment: L’Institute

Pierre-Simon Laplace model (IPSL), the Geophysical

Fluid Dynamics Laboratory model (GFDL), the EC-

Earth model (EC-Earth), and the Max Planck Institute

Earth system model (ECHAM6). Using data from the

present and future time periods (section 2a) and from all

five GCMs that participated, we analyze the difference

between two experiments: (i) the fully coupled reference

simulations (similar to REF in this study) and (ii) simu-

lations with SM prescribed to a transient climatology as

computed with a 30-yr running mean from the respective

reference simulation (referred to as experiment B in that

study). In these simulations the interannual SM vari-

ability is removed (to a large extent), while possible

trends in SM are preserved (similar to noSMvar* in this

study, since SSTs are prescribed).

The differences between the two experiments with

respect to land climatemean and variability are displayed

in Fig. 13, along with respective results of this study.

Generally, the changes computed in CESM and the other

models are roughly comparable. In terms of climate

variability changes, the CESM results are well within the

range of the other models. Also mean precipitation

changes in CESM are comparable, whereas the mean

temperature decrease is slightly stronger than in the other

models. The results obtained with CESM are overall

comparable with those found with the other GCMs, and

hence this confirms the representativeness of the CESM

employed in this study to investigate the effect of re-

moved SM variability. We can furthermore compare the

CESM results from GLACE-CMIP5 with the results

from this study. Note, however, that there are some

methodological differences between the two studies:

different considered time periods (10-yr periods in this

study with 10 ensemble members vs 30-yr periods in the

other with no ensemble), partly different considered

seasons [warm season in this study versus June–August

(Northern Hemisphere) and December–February

(Southern Hemisphere) in GLACE-CMIP5], different

SSTs (both interannually varying, but in this study taken

from REF, in GLACE-CMIP5 from the respective

CMIP5 simulations), different resolution (2.58 3 2.58 in
this study vs about 18 3 18 in GLACE-CMIP5), different

prescribed soil moisture climatologies (mean vs median

soil moisture), and finally the soil moisture prescription

that preserves long-term trends in GLACE-CMIP5 but

not in this study. Nonetheless, we find large similarities

between the CESM results in the two studies, especially

in terms of land climate variability changes as a response

to removed soil moisture variability, and also for mean

precipitation changes. In contrast, the mean temperature

change simulated by CESM is much stronger in the

GLACE-CMIP5 study than in this study. This is perhaps

due to the methodological differences outlined above.

Finally, comparing the difference between the results of

the noSMvar (interannually varying, interactive ocean)

and noSMvar* (interannually varying ocean prescribed

from REF) experiments of this study, we find that the

differences caused by a (computationally very de-

manding) interactive ocean are small compared to
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differences betweenGCMs. For future studieswith strong

computational constraints, itmight therefore be an option

to prescribe an interannually varying ocean rather than

computing it interactively. On the other hand, an in-

teractive ocean is required in other analyses, such as in-

vestigations related to impacts on the global carbon cycle.

Interestingly, the results of this analysis of the multi-

model GLACE-CMIP5 database confirm other SM-

related findings of our study [which were in part also

reported in Seneviratne et al. (2013) and Berg et al.

(2014)]: (i) land climate response to prescribed SM is

similar between the present and future periods, and

(ii) the variability of temperature ismore strongly reduced

than that of precipitation, and the reduction is strongest at

the interannual time scale.

c. Novel findings in this study

Many modeling studies have explored and compared

the roles of SSTs and SM in coupled GCMs (Koster

et al. 2000; Dirmeyer 2001; Reale and Dirmeyer 2002;

Reale et al. 2002, Dirmeyer 2003). Using simulations

from state-of-the-art ESMs, we confirm their results

and find overall a similar influence of SM on land cli-

mate to that of SSTs. Our results show generally

stronger changes in land climate variability in the

tropics compared with the subtropics and midlatitudes

(except for the impact of SM on precipitation vari-

ability, which is rather similar across latitudes),

whereas changes in land climate means are strongest in

the midlatitudes. Such contrasting results for changes

in mean and variance of land climate are in line with

the results of Reale and Dirmeyer (2002). Further-

more, our results confirm earlier findings in Koster

et al. (2000), who reported the strongest impact of

SSTs on precipitation variability in the tropics. Koster

et al. (2000) furthermore show a strong role of SM for

precipitation variability in the midlatitudes, which,

however, is not in agreement with our results. In

FIG. 13. Comparing the impact of removed SM variability in multimodel results of the GLACE-CMIP5 ex-

periment with respective findings from this study; (top) changes in land climate mean and (bottom) variability

changes (different time scales). Results are shown for present and future periods analyzed over land areas from

658N–658S. Whiskers indicate the 5%–95% confidence range.
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contrast to most of the previous studies, we find smaller

changes in precipitation variability in response to re-

moved SM or SST variability; in many regions, they

cannot be separated from random noise, as shown by

the significance assessment.

The hypothesis from Koster et al. (2000), which

states that land–atmosphere interactions linearly am-

plify precipitation variance induced by the ocean and

the atmosphere, is generally found not to be applicable.

This was also found by Reale et al. (2002) and is here

confirmed by our results showing that the land- and

ocean-induced fractions of precipitation variance are

mostly independent, except for regions where SSTs are

influencing (land) precipitation and, hence, SM. This

independence implies that land- and ocean-induced

components of precipitation variability are mostly

additive, a behavior found in our analysis when com-

paring the noALLvar experiments with the noSMvar

and noOCNvar experiments.

In addition, the present study includes several new

features:

d Comprehensive analysis of means and variabilities of

precipitation and temperature
d Investigation of different deciles of precipitation and

temperature (changes)
d Comparison of results for present versus future climate
d Assessment of model dependency of impact of re-

moved SM variability on climate

In summary, our results highlight the main novel as-

pects: 1) similar magnitude and some degree of in-

dependence of SST and SM effects for temperature;

2) possibly smaller (and mostly insignificant) effect on

precipitation compared with previous studies; 3) geo-

graphically no strong distinction in the response of

land climate to SM versus SSTs in the warm season

(i.e., no preferred latitudinal band for a dominant SM

or SST effect).

5. Conclusions

In this study, we compare the impacts of SM versus

SST variability on land climate. For this purpose, we

used the global climate model CESM to perform en-

semble simulations with prescribed SM and SST in

which we removed their variability, respectively.

These simulations are then compared with fully in-

teractive reference simulations to assess the SM- or

SST-related changes on land climate means and vari-

ability. Compared to previous studies on SM-related

feedbacks, our main purpose is the assessment of the

respective strength of the SM–climate coupling in

comparison with that of the SST–climate coupling. The

main result of this study is that SM variability has

globally a similar impact on land climate as SST vari-

ability during the warm season and that both act as

largely independent drivers of land climate means and

variabilities. For mean climate, these results are con-

sistent with findings from previous studies (Koster

et al. 2000; Dirmeyer 2001; Reale and Dirmeyer 2002;

Reale et al. 2002; Dirmeyer 2003). But to our knowl-

edge, this is the first study to also provide a corre-

sponding analysis for the whole temperature and

precipitation distributions. The results show that high

extremes of temperature and precipitation tend to be

more strongly affected by both SM and SST variability.

In addition, we analyze the feedbacks in both present

and future climate and find overall similar features in

the CESM. Finally, we note that we used a fully cou-

pled model setting (i.e., coupled ocean), which was not

the case of previous studies on this topic. We summa-

rize hereafter a few additional results.

In terms of land temperature variability, we find

stronger changes at larger temporal scales and toward

lower latitudes from both SM and SST variability re-

moval, whereas the corresponding means change more

toward higher latitudes in the case of SM variability

removal. The cooling in response to removed SM var-

iability can be explained with the shape of the re-

lationship between SM and evaporative fraction; they

are independent under wet conditions and linearly re-

lated under drier conditions such that when prescribing

SM to the median the wettening of dry soils leads to a

cooling, whereas the drying of wet soils leads to no or

minor warming (unlike in the case of drying of dry

soils). Changes in precipitation variabilities and means,

and of drought length (maximum amount cumulative

dry days per year) in response to removed SM or SSTs

are insignificant in many regions, especially in higher

latitudes. The contrasting magnitude of the tempera-

ture and precipitation/drought changes may be

explained by the fact that precipitation formation is

influenced by various processes across the entire at-

mospheric column, whereas we consider temperature

changes 2m above the surface, which is close to where

we apply the SM and SST changes. Overall land climate

variabilities drop by 10%–50% for temperature and by

0%–10% for precipitation in response to either re-

moved SM or SST variability (see Fig. 10). Changes are

stronger for hot temperatures, for extreme pre-

cipitation, and for long droughts, particularly in the

case of removed SM variability. This asymmetry is

present across latitudes. These impacts on land climate

are similar between the present climate and a warmer

climate at the end of the century in the case of the

RCP8.5 emissions scenario, except for smaller
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temperature changes following the removal of SM

variability at the end of the century. Note here that

especially the results for land climate means are sen-

sitive to the prescribed SST fields (median vs neutral

SSTs); similarly, they could be sensitive to the pre-

scribed SM fields (not tested).

Furthermore we identify controls of the SM- and

SST-induced climate changes. Impacts of removed SM

variability at the local scale depend partly on (i) the

reference SM variability and (ii) the strength of the

land–atmosphere coupling (i.e., by the amount of var-

iability removed and by the strength of the SM–

temperature relationship). The SST influence is weakly

related with the strength of the coupling between local

precipitation or temperature and ENSO. However,

these controls cannot explain all impacts on climate,

partly because of various indirect effects: (i) the non-

local effects of SM on land climate and (ii) other in-

direct effects. These include SST-induced variations in

SM, which indirectly trigger impacts on land climate

and, to a smaller extent, also SM-induced variations in

SSTs (which may also feed back on land climate).

Other controls that are not considered in this study

probably also play a role.

The main indirect effects result from interdepen-

dencies between SM and SSTs. As we aim in this study

to compare their specific impacts, we investigate if they

are sufficiently independent. For this purpose, we an-

alyze the sum of the SM- and SST-induced climate

changes, respectively, and find that they scale well with

the impact of removing both variabilities together; this

is the case in terms of land climate means but to a lesser

extent for climate variability. To test the robustness of

our conclusions given these interdependencies, we re-

peat the model experiments with removed SM and SST

variability, respectively, but with prescribed SST and

SM from the reference experiment, respectively,

thereby preventing any interdependencies. The results

are generally similar, thus indicating a large level of

independence between SM and SST dynamics (in

CESM). More importantly, the results show that SM

does not (only) act as an amplifier of SST-induced

anomalies but mostly independently of the latter.

We also analyze if our results are generally valid

irrespective of the choice of the model. For this pur-

pose, we compare the land climate response to re-

moved SM variability between our experiments and

similar experiments performedwithin theGLACE-CMIP5

project, which involved five GCMs that performed

experiments similar to noSMvar*. We find similar

results across the five models and our experi-

ments, which underlines that our findings are not

strongly dependent on the employed model.

In conclusion, our results confirm the important role

of land hydrology for temperature and precipitation

during the warm season and underline that SM (vari-

ability) can and does impact land climate independent of

(the variability of) SSTs. Since SM is comparatively

soundly predictable thanks to its memory characteristics

(Koster et al. 2011; Seneviratne and Koster 2012; Orth

and Seneviratne 2012), our findings underline the need

for a careful consideration of initial SM as an in-

dependent predictor—similar to the well-established

consideration of initial SST conditions—in weather

and climate forecasting over land. This is even more

important in the case of extreme events, such as heat

waves, for which the accurate representation of SM can

add yet more predictive skill.
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