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Abstract

Land surface and atmosphere are interlocked by the hydrological and energy cycles and the effects of soil water-air coupling
can modulate near-surface temperatures. In this work, three paired experiments were designed to evaluate impacts of differ-
ent soil moisture initial and boundary conditions on summer temperatures in the Mediterranean transitional climate regime
region. In this area, evapotranspiration is not limited by solar radiation, rather by soil moisture, which therefore controls the
boundary layer variability. Extremely dry, extremely wet and averagely humid ground conditions are imposed to two global
climate models at the beginning of the warm and dry season. Then, sensitivity experiments, where atmosphere is alterna-
tively interactive with and forced by land surface, are launched. The initial soil state largely affects summer near-surface
temperatures: dry soils contribute to warm the lower atmosphere and exacerbate heat extremes, while wet terrains suppress
thermal peaks, and both effects last for several months. Land-atmosphere coupling proves to be a fundamental ingredient to
modulate the boundary layer state, through the partition between latent and sensible heat fluxes. In the coupled runs, early
season heat waves are sustained by interactive dry soils, which respond to hot weather conditions with increased evaporative
demand, resulting in longer-lasting extreme temperatures. On the other hand, when wet conditions are prescribed across the
season, the occurrence of hot days is suppressed. The land surface prescribed by climatological precipitation forcing causes
a temperature drop throughout the months, due to sustained evaporation of surface soil water. Results have implications for
seasonal forecasts on both rain-fed and irrigated continental regions in transitional climate zones.
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1 Introduction

This paper is a contribution to the MEDSCOPE special issue

on the drivers of variability and sources of predictability for the
European and Mediterranean regions at subseasonal to multi-
annual time scales. MEDSCOPE is an ERA4CS project co-funded
by JPI Climate. The special issue was coordinated by Silvio Gualdi
and Lauriane Batté.

Important feedback mechanisms of the land surface to the
atmosphere arise when three elements co-exist within the
land—air system (Dirmeyer and Halder 2017). The first is
sensitivity, that enables the response of one state or flux
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to variations in another; the second is variability, in other
words the potential of the forcing component to change in
time; the third is memory (Koster and Suarez 2001), namely
the persistence of anomalies. The first two elements are
commonly combined in a single mechanism called cou-
pling, which identifies the reciprocal interaction between
land surface and atmosphere (Dirmeyer 2001; Koster et al.
2006; Seneviratne et al. 2006b). Land memory, that is the
inertia of the system accumulated from foregoing conditions,
is the factor that affects predictability at the subseasonal and
seasonal scales (Guo et al. 2011).

The land surface components with the greatest effect on
the planetary boundary layer are vegetation (Zemp et al.
2017), snow (Xu and Dirmeyer 2011) and soil moisture
(Santanello et al. 2011), with the latter being recognized as
crucial for the understanding of rainfall and temperature var-
iability. While the soil moisture-precipitation interaction has
been investigated for decades (Walker and Rowntree 1977;
Shukla and Mintz 1982; Eltahir 1998), the coupling between
soil moisture and temperature has only received attention
in the last 15 years (Seneviratne et al. 2010), pushed by the
Global Land-Atmosphere Coupling Experiment (GLACE,
Koster et al. (2006)).

Soil moisture feedback to the atmosphere plays an impor-
tant role in shaping summer temperatures and eventually
in modulating duration and intensity of heat waves (Lor-
enz et al. 2010). For instance, it is well established that the
lack of soil moisture has strongly reduced latent cooling
and thereby amplified and prolonged the surface tempera-
ture anomalies during the 2003 European heat wave (Fischer
et al. 2007). Hirschi et al. (2011) examined the observational
relationships among spring soil moisture and summer hot
weather for central and southeastern Europe, concluding that
dry soil conditions intensified the distribution of tempera-
ture extremes in the eastern Mediterranean basin. Mueller
and Seneviratne (2012) showed that surface moisture defi-
cits are a relevant factor for the occurrence of hot extremes
in many areas of the world, suggesting that effects of soil
moisture—temperature coupling are geographically more
widespread than commonly assumed. More recently, Vogel
et al. (2017) found that soil moisture influence is strongest
in transitional climate regimes, where evapotranspiration is
dependent on soil moisture, while the water availability and
variability are large enough to remarkably affect the surface
heat fluxes.

The key variable that allows for the establishment and
maintenance of coupling processes is evapotranspiration,
which enters both the land energy and water balance equa-
tions (Seneviratne et al. 2010). Evapotranspiration is the
sum of bare ground evaporation and vegetation transpira-
tion. In models, ground evaporation is usually estimated
as a non-linear function of surface soil moisture (Jefferson
and Maxwell 2015), and this simple representation often

@ Springer

causes its underestimation (Chang et al. 2018). Plant tran-
spiration requires more complex formulations with non-
linear dependencies on multiple environmental factors,
including root-zone soil moisture, stomatal conductance
and atmospheric CO, concentration (Franks et al. 2018).
Soil moisture restrictions may limit evapotranspiration,
affecting the partitioning of surface energy defined by the
Bowen ratio, that is the ratio between sensible and latent
heat flux. Changes in this relationship help explain a large
fraction of the variability of temperature (Miralles et al.
2012). Depending on regions and seasons, evapotranspi-
ration is either energy-limited or soil-moisture limited.
Non-linearities may be particularly strong in transitional
regimes where and when soil moisture limitation plays a
major role (Berg and Sheffield 2018).

Soil moisture memory is the factor influencing predict-
ability, and when it is combined with coupling the cumula-
tive effect onto atmosphere can become remarkable. Since
the cardinal work of Fennessy and Shukla (1999), the role
played by land surface processes, and in particular soil mois-
ture, has gained growing attention in the seasonal prediction
community. Soil moisture is among the slowest-evolving
land state variables, and its anomalies may impart a con-
siderable fraction of predictability in mid-latitudes at sub-
seasonal to seasonal time-scale (Guo and Dirmeyer 2013).
This effect is negligible in winter when land is generally
decoupled from the atmosphere, but it emerges strongly in
late spring, summer and fall (Dirmeyer 2003). Materia et al.
(2014) have found the contribution of land surface initializa-
tion crucial to boost summer forecast skill in the Mediter-
ranean region, while Prodhomme et al. (2016) showed that
knowledge of soil initial anomalies has a positive impact
on temperature skill, and for some extreme events of the
past (e.g. the Russian heat wave in 2010), neglecting the
land initial state would compromise the correctness of any
seasonal prediction.

In this study, we aim to investigate the response of sum-
mer temperatures to extreme soil conditions, and clarify the
role of coupling between land surface and atmosphere in a
water-limited environment. The strongly idealized experi-
mental setup adopted here allows to better identify the physi-
cal processes behind the atmospheric response to land sur-
face state, with the intention of facilitating interpretation of
results. The analysis is performed over the Mediterranean
transitional climate regime region, that is the area where
evapotranspiration is largely limited by soil moisture, whose
geographical definition and strength of land-atmosphere
coupling is still uncertain (Seneviratne et al. 2010).

The transitional climate region of the Mediterranean used
in this study is described in Sect. 2, together with models
and data used and the experimental design. Section 3 shows
the main outcomes of our study, while a discussion includ-
ing limitations and unexpected outcomes is sketched in
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Sect. 4. Section 5 summarizes the most important results
of our study.

2 Methods
2.1 Models and data

Two global coupled models (GCMs) participate in the
experiments: the CMCC Seasonal Prediction System ver-
sion 3 (Sanna et al. (2016), hereinafter CMCC), and the
Centre National de Recherches Météorologiques Coupled
Model version 6 (Voldoire et al. (2019), hereinafter CNRM).
Regional climate models would better address additional
aspects linked to a higher horizontal resolution. However,
the employed sensitivity experiments are designed in the
wider framework of the European Research Area for Climate
Services (ERA4CS) MEDSCOPE project (https://www.
medscope-project.eu/), aimed at improving our comprehen-
sion of the remote and local mechanisms driving climate
variability and predictability in the Mediterranean. Land
surface is only one of these drivers, and its anomalies may
also have remote impacts for the establishment of station-
ary wave events that have been shown to affect areas distant
from the source region (Teng et al. 2019; Wang et al. 2019).
This aspect has not been tackled in this work.

The spectral element dynamical core of the CMCC-SPS3
makes use of the Community Atmospheric Model version
5.3 (CAMS5.3, Neale et al. (2010)) and the Community Land
Model version 4.5 (CLM4.5, Oleson et al. (2013)) with a
horizontal resolution of about 110 km and an integration
time-step of 30 min. CAMS5.3 is run on 46 vertical levels up
to 0.3 hPa, while CLM4.5 soil column is constituted of 15
depth levels. Soil moisture is distributed over the first ten
layers down to about 2.5 m. The soil moisture prescription
applied in SXP-CP, SXP-DP and SXP-WP adjusts to the
regional scale the methodology described in Hauser et al.
(2017).

The transport of water throughout the soil is governed by
gravity, infiltration, surface and sub-surface runoff, gradi-
ent diffusion, root absorption for transpiration, and interac-
tions with groundwater (Oleson et al. 2013). The soil texture
properties, such as clay and sand soil fraction, are retrieved
from the soil dataset of the International Geosphere-Bio-
sphere Programme (IGBP, Task (2000)). Soil organic matter
data merge the ISRIC-WISE dataset (Batjes 2012) and the
Northern Circumpolar Soil Carbon Database (Hugelius et al.
2013). CLM4.5 soil (snow-free) albedo varies with twenty
color classes (see Table 3.3 in Oleson et al. (2013)). The soil
colors are prescribed so to best reproduce observed MODIS
local solar noon surface albedo values at the CLM grid cell
(Lawrence and Chase 2007).

CLM4.5 uses a Satellite Phenology configuration, where
leaf area index (LAI) is prescribed to a monthly climatology
developed from the 1-km MODIS-derived dataset of Myneni
et al. (2002). The plant functional types (PFTs) distribution
is prescribed to that of year 2000: global vegetated areas are
divided into fifteen PFTs, that cover tropical, temperate and
boreal forests, needleleaf and broadleaf trees and shrubs,
grasslands and crops (see Table 2.1 in Oleson et al. (2013)).
Each of these categories is characterized by specific optical,
morphological and photosynthetic parameters that modulate
plant transpiration (Peano et al. 2019). The root fraction in
each soil layer is computed by means of a two-parameters
equation (Zeng 2001), and it depends on the plant functional
type (see Table 8.3 in Oleson et al. (2013)).

The atmospheric component of CNRM-CM6 is
ARPEGE-Climat V6.3 (Roehrig et al. 2020) with a linear
triangular truncation T1127 and a corresponding reduced
Gaussian grid at a horizontal resolution about 1.4 ° at the
equator. It holds 91 vertical levels up to 0.01 hPa, while
the boundary layer is described with about 15 levels below
1500 m.

The land surface scheme ISBA-CTRIP (Decharme et al.
2019) accounts for 14 soil layers down to 12-m depth, with a
diffusive vertical propagation for soil temperature and water.
The soil textural properties, such as clay and sand, and the
soil organic carbon content are obtained by the Harmonized
World Soil Database (HWSD) at a 1-km resolution (http://
webarchive.iiasa.ac.at/Research/LUC/External-World-soil-
database/HTMLY/). The snow-free land albedo is derived
from a 10-year analysis of the MODIS product (Carrer et al.
2014). Mean seasonal cycles at a 10-day time step for vis-
ible and near-infrared vegetation, as well as vegetation-free
albedos, are retrieved at 1-km resolution by using a Kalman
Filter-based method.

ISBA uses a prescribed LAI annual cycle, combining the
Collection 5 MODIS LAI product at 1-km spatial resolution
and the Normalized Difference Vegetation Index from the
ECOCLIMAP-II database (Faroux et al. 2013). The plant
functional types are twelve (see Table 1 in Decharme et al.
2019, with land cover properties specified according to the
1-km resolution ECOCLIMAP-II database (Faroux et al.
2013). The depth of the roots (see Figure 2c in Decharme
et al. (2019)) is specified for each land cover unit, according
to Canadell et al. (1996).

Maps of land cover, represented by PFTs, can be found
for both models in the supplementary materials (Fig. S1).

When run offline, land models must be constrained by a
set of atmospheric variables that force a response in terms of
soil moisture, surface temperatures and fluxes, etc. Rainfall,
solar radiation, sea-level pressure, near-surface temperature,
specific humidity and wind from the NOAA 20th century
reanalysis dataset (NOAA-20CR version 2c, Compo et al.
(2011)) are imposed to this aim at a 3-hourly time interval
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(except for CMCC precipitation and radiation that are accu-
mulated every 6 h). The reanalyses are generated by assimi-
lating only surface pressure and using monthly SST and sea
ice distributions as boundary conditions within a determin-
istic Ensemble Kalman Filter.

2.2 Experimental design

For both GCMs, a series of sensitivity experiments (SXPs)
is set up as idealized present climate runs in atmosphere-
land mode, and compared to a control experiment (EXP-
BO0) consistent in nature. The oceanic boundary condition
is constituted by climatological sea surface temperatures
(SSTs, HadISST v2.2 Titchner and Rayner (2014)) for the
1981-2010 period, and the radiative forcing is fixed to the
observed value of the year 2000, a standard configuration
of CAMS.3 used to evaluate present climate representations
(Gettelman et al. 2019). These choices are meant to secure a
minimum anthropogenic background trend for our approach,
ensuring a discussion that only implies natural variability.
Figure 1 illustrates the experimental setup.

The EXP-BO control is run continuously for 50 years, in
order to sample the models internal atmospheric variability:
since the SSTs and the radiative forcing are the same every
year, each of the fifty experimental year may be seen as
one independent ensemble member. This number of mem-
bers is in line with most literature that aims to assess the
contribution of internal atmospheric variability to heat and
dry near-surface conditions (e.g. Chen and Zhou (2018);
Bacek et al. (2021)), therefore atmosphere variance can be
considered well represented. In CMCC, a 20-year spin-up
is allowed in order to bring the multi-layer soil moisture to
an equilibrium state. In CNRM, 60 years were run starting
from a random land-surface restart, in which soil moisture
was already at equilibrium. Given that, a spin-up was not
necessary, however the first ten years have been discarded.
Soil water fraction for the spin-up years may be found in the
Supplementary Materials (Fig. S2).

The SXPs are three pairs of sensitivity experiments that
are run to evaluate the summer atmospheric response to dis-
tinct soil water conditions: very dry, very wet, close to norm.

To obtain the initial conditions for all the SXPs, and
also the boundary conditions for a group of them, three
18-month-long land-only runs (LORs) are launched,
forced by atmospheric reanalyses (see Sect. 2.1). The
LORs start on May 1st of year O from an in-balance land
condition, and end on October 31st of year 1. To ensure an
extensive sampling of the atmospheric variability and be
consistent with EXP-BO, every LOR is composed of fifty
ensemble members. The members are generated through a
perturbation of the NOAA-20CR daily atmospheric forc-
ing, constituted by 2 m-temperature, 10 m-wind, specific
humidity, surface pressure, solar radiation, precipitation.
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A different forcing year is randomly selected between
1913 and 2012, to constrain each of the LORs starting
from May Ist. Among the set of forcing variable, only pre-
cipitation over the enlarged Mediterranean region (EMR,
28°N —50°N/10° W — 45°E, see Fig. 2) is modified in
order to obtain dry, wet, and close to norm conditions.
Therefore, the dry LOR (LOR-D) receives zero precipita-
tion in all its members; the wet LOR (LOR-W) receives
climatological precipitation + 3 standard deviation; the
close-to-norm LOR (LOR-C) receives climatological pre-
cipitation. The other forcing fields are unchanged from
NOAA-20CR, and differ in every ensemble member.

After 12 simulated months, on May Ist (year 1), the
obtained land surface states are used as initial conditions
for the above-mentioned three pairs of corresponding atmos-
phere-land runs, that last 6 months (until October 31st): dry
(SXP-DI/DP), wet (SXP-WI/WP), and close-to-norm (SXP-
CI/CP). The suffixes “I” and “P” stand for interactive and
prescribed experiments. In the three interactive SXPs (SXP-
DI/WI/CI), land surface and atmosphere fully interact with
each other. In the three prescribed SXPs (SXP-DP/WP/CP),
land surface forces the atmosphere, therefore land state is
identical for each member, regardless of the inter-ensemble
atmospheric variability. Outside the EMR, land surface of
all the SXPs is unchanged with respect to that of EXP-BO.
The three paired-experiment are here described in detail (see
also Table 1):

— Experiment SXP-CI: starting from the “C” LOR (land
initial state generated by a full year of climatological
precipitation over the EMR), a 6-month atmosphere-land
experiment is run until October 31st, with atmosphere
and land surface fully interacting with each other.

— Experiment SXP-CP: same as SXP-CI, but land and
atmosphere are decoupled for the entire 6-month SXP.
Land surface is in fact prescribed daily to a close-to-norm
state, that is the one produced by the LOR-C in the last 6
months of integration (May 1-Oct 31 year 1). The land
prescribed condition is smoothed by a 31-day running
mean filter, to limit the risk of unwanted high frequency
atmospheric response caused by day-to-day spikes in the
prescribed surface soil moisture.

— Experiment SXP-DI: starting from the “D” LOR (land
initial state generated by a full year of zero precipitation
over the EMR), a 6 month atmosphere-land experiment is
run until October 31st, with atmosphere and land surface
fully interacting with each other.

— Experiment SXP-DP: same as SXP-DI, but land and
atmosphere are decoupled for the entire 6-month SXP.
Land surface is in fact prescribed daily to a “dry” state,
that is the one produced by the “D” LOR in the last 6
months of integration (May 1-Oct 31 year 1, 31-day
averaged).
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Experimental Setup
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Fig. 1 Schematic representation of the experimental design. a Shows
the workflow to obtain the sensitivity experiments (SXPs). b Explains
the characteristics of the land-only runs (LORs) and SXPs: the top
box illustrates the LORs, used to produce the initial conditions (May
Ist on year 1) for the SXPs. The runs are extended until October 31st

— Experiment SXP-WI: starting from the “W” LOR (land
initial state generated by a full year of precipitation =
30 beyond the observed climatology), a 6 month atmos-
phere-land experiment is run until October 31st with
atmosphere and land surface fully interacting with each
other.

— Experiment SXP-WP: same as SXP-WI, but land and
atmosphere are decoupled for the entire 6-month SXP.
Land surface is in fact prescribed daily to a “wet” state,
that is the one produced by the “W” LOR in the last

to obtain the prescribed daily (over a 31-day running mean) land con-
ditions for the prescribed SXP-CP, SXP-DP, SXP-WP, represented in
the bottom-right box. The coupled land-atmosphere SXP-CI, SXP-DI,
SXP-WI are illustrated in the bottom-left box. Redrawn starting from
Ardilouze et al. (2020)

6 months of integration (May 1-Oct 31 year 1, 31-day
averaged).

Most of these experiments are also described and used
in the Ardilouze et al. (2020) companion study, which ana-
lyzes the precipitation response to soil water extreme con-
ditions. The large perturbation for initialization of the dry
and wet experiments was necessary to reach very low water
content in the soil, close to the wilting point (SXP-DI) and
field capacity (SXP-WI) by the beginning of the summer.

@ Springer
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Fig.2 Representation of the multi-step procedure to obtain the Medi-
terranean transitional climate regime region (MedTCR). The proce-
dure is applied to the EXP-BO ensemble means: left panels display
results for the CMCC model, right panels for the CNRM model. a
and b Show the Terrestrial Coupling Index TCI. Grid points where
TCI < 67th percentile are maske out in ¢ and d, that show the dif-
ference between cold season (November—April) and warm season

The same configuration is then maintained for an additional
6-month-period in SXP-DP and SXP-WP.

2.3 Definition of Mediterranean transitional region
The Mediterranean region is located in a transitional regime

between arid and temperate climates (Di Castri 1991). In
the wider Mediterranean sector, the summer soil moisture
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CNRM-CMo

Soil Water — Atmosphere coupling index (W/m2)
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(May-October) precipitation (mm). Grid points where this differ-
ence is negative are masked out in e and f, that show the difference
between annual precipitation and potential evapotranspiration (mm).
Grid points where this difference is negative are masked out in g and
h, that represent the MedTCR, bounded within the area where land
surface conditions were changed in the sensitivity experiments

exerts a strong constraint over evapotranspiration, and thus
it is a major driver of atmospheric variability (Lionello et al.
20006).

Schwingshackl et al. (2017) affirm that about 30-60%
of the global land area is in the transitional regime dur-
ing half of the year, but we used a stricter definition for
the identification of the Mediterranean transitional climate
regime (MedTCR) region. We start from the definition of
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Table 1 List of experiments

Name Ensemble Duration Initial soil moisture Soil
moisture
evolution

EXP-BO Noensemble 60 years Restart Interactive

SXP-CI 50 members 6 months Climatological Interactive

SXP-CP 50 members 6 months Climatological Prescribed

SXP-DI 50 members 6 months Dry Interactive

SXP-DP 50 members 6 months Dry Prescribed

SXP-WI 50 members 6 months Wet Interactive

SXP-WP 50 members 6 months Wet Prescribed

land—atmosphere coupling described through the Terrestrial
Coupling Index by Dirmeyer (2011). The TCI is computed
as the product of the standard deviation of the latent heat
flux and the correlation between variation in soil moisture
and in latent heat flux. A positive concurrent correlation
between soil moisture and latent heat flux (or evapotran-
spiration) is representative of a situation where water limits
evaporation more than energy. Hence, soil moisture, and not
radiation, is the principal control on latent heat flux, and a
soil moisture decrease causes reduced evapotranspiration. A
negative correlation suggests that soil moisture is responding
to the fluxes (hence decreasing while evapotranspiration/
latent heat increases), then energy is the limiting factor.

The TCI has the same sign as correlation at any location,
but the magnitude is modulated by the variability in surface
fluxes: this helps highlight regions where the potential feed-
back to the atmosphere is meaningful. Conversely, a low TCI
indicates that the actual interaction is ineffective to modulate
surface climate (e.g. hot deserts, where where soil water is
so scarce that his contribution to the boundary layer is often
insignificant (Dirmeyer and Halder 2017)).

Figure 2 shows the multi-step approach used to obtain
the Mediterranean transitional climate regime region for the
two climate models. Figure 2a and b show the TCI for the
CMCC and CNRM models, respectively. Values shown are
the warm season averages of daily TCI in the EXP-B0 ensem-
ble means. Major differences can be easily spotted between
the two models: in the CMCC simulation, the area where soil
controls evapotranspiration is confined to the Mediterranean
boundaries and arid areas, while in CNRM almost all of con-
tinental Europe shows positive TCI values, indicating that
evapotranspiration is water limited. Such a dispersion among
different models is not surprising: Boé and Terray (2008)
found remarkable differences in the representation of summer
evapotranspiration over Europe in the CMIP3 models, linked
to the way these models represent the respective role of soil
moisture and surface radiative energy on evapotranspiration.
More recently, soil moisture-evapotranspiration links have
been analyzed for CMIPS models (Berg and Sheffield 2018),

showing that uncertainty is still very high on the outer mar-
gins of regions characterized by positive coupling, extending
into regions of energy-limited evapotranspiration. In addition,
Kanist et al. (2017) show that regional climate models partici-
pating in EURO-CORDEX tend to overestimate the coupling
strength in the transition zone that covers large parts of central
Europe.

The top panels are useful to identify grid-points featured by
land—air coupling of significant magnitude: only areas where
the TCI < 67th percentile, with respect to the TCI spatial dis-
tribution over the entire domain, are retained for the definition
of the MedTCR. Values that do not reach this threshold are
masked out in the following panels.

Figure 2c and d highlight the difference between cold sea-
son (November—April) and warm season (May—October) rain-
fall simulated by the two models’ SXP-BO. In fact, a single rain
season during the cold half of the year is the main character-
istic of the Mediterranean climate (Lionello et al. 2006). This
is not the case for Central Europe in CNRM, North Africa
in CMCC (although here rainfall amounts are very small all
throughout the year) and the Caucasus Mountains in both
simulations, therefore these regions are masked out in the fol-
lowing panels.

Figure 2e and f show the difference between annual pre-
cipitation and potential evapotranspiration. This diagnostic is
important to detect regions featured by a desert climate accord-
ing to Koppen (1936) classification (i.e. regions characterized
by annual mean precipitation lower than potential evapotran-
spiration), which are meant to be excluded by this analysis, and
negative grid points are masked out in the following panels.

The identified transitional climate regime covers, in both
models, an area similar to that estimated by observational
and quasi-observational measures (Miralles et al. 2012). The
MedTCR region is delimited by the EMR box (Fig. 2g, h),
and all the analyses in this work are performed using these
grid cells. It is to be noted that only grid cells with 100%
land fraction are retained from the models’ land sea mask, to
avoid calculation of fluxes over fractions of ocean.

3 Results
3.1 Soil moisture memory

We evaluated the soil moisture memory using the Koster and
Suarez (2001) approach, revised by Seneviratne and Koster
(2012), that uses lagged autocorrelation to assess the persis-
tence of soil moisture anomalies.

cov(wyy, wy,)
p=———"" for

o, O
Wy = Wy

1<d=+<184 )

where p is the correlation coefficient between the soil water
fraction on day 1 w,, and day d*. Figure 3 shows, for both
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models, the soil moisture decorrelation time series, that is
the autocorrelation of soil moisture between its value on
May Ist and in every day until October 31st. Soil moisture
memory is arbitrarily considered lost when the autocor-
relation drops below the 5% confidence level. Within this
definition, it ranges between about 20 and 140 days, which
is in line with many studies: for example, Dirmeyer et al.

(2009) finds similar numbers for the Mediterranean sum-
mer, although slightly smaller due to the choice of a stricter
p-value.

In the interactive experiments, memory is longer when
initial conditions are close to normal (correlations are sig-
nificant for about 4 months or more in SXP-B0 and SXP-CI
experiments), indicating that a small perturbation persists

CMCC-SPS3 soil moisture memory
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Fig. 3 Daily soil moisture autocorrelation between its value on day 1 and in every experimental day until the end of the run. The upper panel
shows the decorrelation time-series for the CMCC model, the bottom panel for the CNRM model
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longer than a large one in the MedTCR region. This finding
agrees with other AGCM multi-model studies (e.g. Senevi-
ratne et al. (2006a)), but conflicts with observational studies
(Orth and Seneviratne 2012) that found increased memory
in extremely dry and wet soil states. Both models also show
extended memory when dry conditions are artificially main-
tained during the summer (SXP-DP), and in general pre-
scribed soil moisture persists for longer time with respect to
interactive soil moisture, whose amount is modulated by the
variability of precipitation, 10 m-wind, solar radiation, etc.

3.2 Long-term mean and interannual variability
of daily maximum temperatures

The spatial variability of temperature response to the differ-
ent land surface initial and boundary conditions is displayed
in Fig. 4. An ensemble mean averaged over the entire warm
season is shown. The control runs display many similarities
between the CMCC and CNRM model, although the lat-
ter appears slightly warmer in eastern Europe. Among the
common grid points, those in Southern Spain and European
Russia are the hottest, while those in northern Spain and
France are the coldest. It is to be noted that the two GCMs’
MedTCRs include almost identical areas in the European
Mediterranean. However, the CMCC'’s transitional region
considers part of Middle East (eastern Turkey and northern
areas of Syria, Iraq and Iran), which is discarded by CNRM;
on the other hand, CNRM’s MedTCR incorporates north-
western Africa, which is not included in CMCC.

In general, the wet experiments are the coldest, with
the prescribed SXP-WPs (Fig. 4f, o) showing lower Tmax
values than the interactive SXP-WI (Fig. 4e, n). The dry
experiments are the warmest, with the prescribed SXP-DPs
(Fig. 4b, 1) showing higher Tmax values than the interac-
tive SXP-DIs (Fig. 4a, h). The close-to-norm experiments
exhibit Tmax values in between, and closer to the EXP-BO.
However, the SXP-CPs (Fig. 4d, m) are clearly colder than
the corresponding SXP-CIs (Fig. 4c, I). The Middle-East
grid points, included only in the CMCC MedTCR, show
very pronounced variability among the experiments: the
forced Tmax differ by about 10 °C in the two extreme SXPs
(Fig. 4b, f). In Northwestern Africa, incorporated only in the
CNRM MedTCR definition, forced Tmax in the dry (Fig. 41)
and wet (Fig. 40) runs are only about 4 °C apart.

By removing land-atmosphere coupling, we expect to
decrease the internal model variability as a consequence of
the elimination of an important degree of freedom. In the
adopted experimental framework, internal variability may
be represented with the ensemble spread, i.e. as the standard
deviation of all members with respect to the ensemble mean.
Since each member is the result of perturbed atmospheric
forcing pertaining to a specific historical calendar year, we

can assume that its mathematical description represents the
interannual variability of the system:

D
Tm = % ;(Tmaxm,d - <Tmaxd>m) (2&)

M
Osxp = ]\ll Zl \/ (Tm - 5)2 (2b)

where 7 is the average daily maximum temperature anomaly

of each ensemble member, Tmax,, , is the daily maximum
temperature of each ensemble member, (Tmax,),, is the daily
climatology of Tmax calculated across the ensemble mem-
bers, M and D are the total number of members (50) and
days (184), respectively. o is the ensemble spread, that is
the standard deviation across the members, and the subscript
indicates that this operation is done for each of the sensitiv-
ity experiments.

Figure 5 illustrates the ratio between the ensemble spread
of the prescribed SXP to the corresponding coupled SXP.
The figure shows that Tmax interannual variability in all
the prescribed SXPs is considerably lower than interannual
variability in the corresponding coupled experiments. The
climatological and wet SXPs appear more sensitive to the
land-atmosphere coupling, with respect to the dry SXPs.
This could be due to the fact that rain is scarce in MedTCR
during most of the warm season, therefore the SXP-DI
atmospheric forcing marginally affects soil water for a long
time, similarly to SXP-DP where the soil water response is
artificially blocked. This hypothesis finds confirmation north
and east of the MedTCR domain (not shown), where aver-
age early summer rain is more abundant, and the ensemble
spread ratio SXP-DP/SXP-DI is similar to that of the other
experiments.

3.3 Daily maximum temperature seasonal
evolution

The seasonal evolution of daily maximum temperatures
(Tmax) for the two models is shown in Fig. 6, while that of
the extreme maximum temperatures (Tmax90, calculated
as the mean of members temperature exceeding the 90th
percentile) is illustrated in Fig. 7. Mean monthly Tmax and
Tmax90 values are shown in Tables 2 and 3, respectively.
The graphs depict the 50-member ensemble mean on a
31-day running average, for all the SXPs and B0 simulations.
Top panels (Figs. 6a, b and 7a, b) refer to the experiments
where land surface is bounded to create the initial condi-
tions, and then released to respond to atmospheric variabil-
ity (SXP-DI, -CI, -WI). Bottom panels (Figs. 6¢, d and 7c,
d) show the experiments where land surface is constrained
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Fig.5 Ensemble spread ratio of Tmax between a, b SXP-DP/DI, ¢, d, SXP-CP/CI, e, f, SXP-WP/WI. Left panels show results for the CMCC

model, and right panels for the CNRM model

throughout the entire season, therefore not responding to
the atmosphere.

The CMCC model (Figs. 6a, c and 7a, ¢) shows a more
pronounced seasonal cycle with respect to CNRM (Figs. 6b,
d and 7b, d). This results in higher summer Tmaxg, and
Tmax90g,, but colder temperatures in May and October.
Also, CMCC MedTCR is generally more sensitive to soil
moisture anomalies, being warmer than CNRM in the dry
experiments and colder in the wet experiments. As pointed
out in Sect. 3.2, the distribution of the MedTCR grid points
is different in CMCC and CNRM: the fact that CMCC
includes part of Middle East and does not consider North-
west Africa, included in CNRM, may explain the stronger
CMCC Tmax response. In fact, inland Middle East climate
is rather continental, with a more pronounced interannual

and seasonal variability than Northwestern Africa (see also
Fig. 4).

3.3.1 Wet sensitivity experiments

In the two wet experiments, the annual maximum tempera-
ture is always recorded in July and August, but is delayed
compared to EXP-BO0. Saturated soils, in fact, release humid-
ity to the atmosphere for long time, inhibiting the emergence
of the warmest days until the beginning of August, which is
thirteen (CMCC) and ten (CNRM) days later than in EXP-
BO (not shown).

The fingerprint of the initial extreme soil water anom-
aly affects near-surface temperatures throughout the entire
summer. Tmaxy; is about 1.2 °C cooler than Tmaxg for
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Fig.7 As in Fig. 4, but for Tmax 90th percentile

CMCC, and 0.6 °C cooler for CNRM during the summer
(June—July—August mean—IJJA, Fig. 6a, b and Table 2). A
saturated soil favors strong evapotranspiration in the region,
since a large amount of water is available for evaporation
during the solar radiation peak. We assume that land-air cou-
pling is dramatically reduced, since the land surface state,
and soil moisture in particular, does not respond to varying
solar radiation, near-surface temperature, etc. Therefore,
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evapotranspiration is totally energy-limited (Seneviratne
et al. 2010), and the Bowen ratio reduction contributes to
cool off the overlying atmosphere for months. In both mod-
els, this effect lasts until early September, when Tmaxy,
becomes indistinguishable from Tmaxg,,.

Both CMCC and CNRM show important cooling in
SXP-WP (Fig. 6¢c, d), more pronounced in mid summer,
with Tmaxyp colder than EXP-BO by, respectively, 3.6 °C
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Table 2 Tmax values in

the baseline (EXP-B0) and Experiment May (°C) June (°C) July (°C) August (°C)  September (°C)  October (°C)
sensitivity experiments (SXPs).  CMCCpypgy (207£12) (263+12) (304+1.0) (299+1.1) (24.8+1.2) (178 +1.2)
i font indicates that (he CNRMpypgy 210+ 1.1) (255+09) (292+09) (290+09) (248+13) (1864 1.1)
mean and the corresponding CMCCqypey  (202+12) (257+11) (299+1.0) (298+1.0) (24.9+13)  (I83+13)
EXP-B0 mean is NOT CNRMgypy (21.1+12) (257+1.0) (291+11) (288+1.0) (248+09)  (I84+0.9)
statistically significantatthe 1% CMCCqypep  (19.9£1.1) (253+£0.7) (294+09) (292+0.7) (239 1.3) (16.7 £ 0.8)
confidence level, according (0 CNRMgypop (204+07) (249+0.7) (287+05) (285+06) (244+08)  (182+0.9)
CMCCgypp  (220+16) (273+12) (12+12) (307+10) (252+13)  (I184%13)
CNRMgpp (23.1%13) (274+13) (04+11) (299+09) (252+11)  (I87+0.9)
CMCCqyppp (227+12) (285+13) (323+08) (31.6+£09) (262+09)  (19.5+1.1)
CNRMgppp (23.1+10) (274+09) (30.6+08) (30.0+£08) (26.1+08)  (202+12)
CMCCqypyy (189+12) (25.1+12) (29+1)  (29.1+11) (42+10)  (I82+1.1)
CNRMgpys (0+1)  (248+08) (28.5+10) (287+08) (242+1.0)  (I85+0.9)
CMCCqypyp (184+10) (234+08) (264+06) (259+06) (21.8+06)  (158+1.0)
CNRMgpwp (19.0+£07) (23.1+£05) (266+04) (266+06) (21.9+08)  (166+0.8)
Table 3 Same as Table 2, but Experiment ~ May (°C)  June (°C) July (°C)  August(°C)  September (°C)  October (°C)
for Tmax90
CMCCpyppo  26.5 317 353 34.8 30 228
CNRMyppo 268 30.7 33.8 337 30.1 238
CMCCgypy  25.9 31 34.8 34.7 30.1 234
CNRMgyp — 26.8 30.9 33.8 33.7 30.1 23.9
CMCCgypcp 252 30 337 33.6 28.6 20.9
CNRMgypp 252 29.1 32.6 325 28.8 226
CMCCgyppy 287 33.1 36.4 35.6 30.5 235
CNRMgypp 298 33 35.2 34.7 30.8 24.2
CMCCgyppp 289 34.1 36.9 36.1 31.1 24.6
CNRMgyppp  28.8 322 34.8 34.4 31.1 2538
CMCCyypy; 243 30.1 33.9 33.9 29.1 23
CNRMgypyy 253 29.7 33 334 29.6 23.8
CMCCqypwp 233 273 30 293 25.5 19.6
CNRMgypyp  23.5 27.1 30.1 30.4 259 207

and 2.5 °C (average over JJA). The continuously wet terrain
keeps the Bowen ratio low, not allowing Tmax to rise as
much as in the control experiment.

Wet spring soils account for a reduction of hot extremes
(Fig. 7), with the average JJA hottest temperatures decreased
by about 1.4 °C for CMCC (Fig. 7a), and about 0.7 °C for
CNRM (Fig. 7b), compared to EXP-B0. Fig. 7a, b suggests
that the impact of wet initial conditions on temperature
extremes is even slightly more durable than on mean Tmax.

The SXP-WP shows an even stronger cooling response
of Tmax extremes, with both models hardly reaching 30 °C
and a summer Tmax90 reduction of 3-5°C with respect to
EXP-BO. Basically, the effect of maintaining a saturated ter-
rain during the entire summer is to suppress hot days in both
models.

3.3.2 Dry sensitivity experiments

In both models, Tmaxp,; is warmer than Tmaxg, until the end
of the meteorological summer, with temperatures becoming
indistinguishable in the two simulations by early September
(Fig. 6a, b and Table 2). The fingerprint of the initial extreme
soil water anomaly is remarkable throughout the entire sum-
mer: early in the season, the dry soil is not replenished by
the rare precipitation falling across the MedTCR, and higher
temperatures are favored by the unbalanced partitioning of
the surface energy towards sensible turbulent fluxes (Fischer
et al. 2007). The temperature difference between SXP-DI
and EXP-BO0 is 1.3 °C for CMCC and 2.1 °C for CNRM in
early season (May, see Table 2), reduces to values around
1-1.5°C throughout the summer, and become insignificant
in September. Therefore, exceptionally dry soil moisture in
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late spring impacts the atmosphere atop for four months,
with warmer average daytime conditions.

The warming is more persistent in SXP-DP: Tmaxpp is
consistently about 1.5-2°C higher than Tmaxg, in CMCC
and CNRM (Fig. 6¢, d and Table 2). Mean Tmax is overall
higher in the prescribed SXP-DP for CMCC (Fig. 6¢), mean-
ing the artificial maintenance of extreme soil conditions
determines an intensification of the PBL thermal response,
and for both models from late summer onwards. The CNRM
Tmaxpp response is instead very similar to the Tmaxp;
response until mid August (Fig. 6b, d and Table 2). In both
models, differences between Tmaxp; (Fig. 6a, b) and Tmaxpp
(Fig. 6¢, d) become remarkable after the end of the summer:
while in the coupled SXPs Tmax becomes indistinguishable
from EXP-BO, in the prescribed runs it gets considerably
warmer than the baseline. When precipitation should restart
replenishing the ground, in early autumn, the lack of water
refill due to the SXP-DP constraint causes reduced evapo-
transpiration, and so the Tmax difference between SXP-DP
and EXP-B0 increases again in autumn.

The main characteristics described for the mean Tmax
are also found in Tmax90 (Fig. 7), but the stronger differ-
ences between SXPs and BO suggest that a dry soil affects
extreme temperatures more markedly. Dry initial state gener-
ates extreme temperatures that are 2.1 °C (CMCC) to 3 °C
(CNRM) warmer than EXP-B0O in May, and on average
1.1-1.6°C higher in the summer (Table 3).

In CMCC, Tmax90pp is very close to Tmax90y in the
first weeks (cf. Fig. 7a, ¢), then Tmax90p,, becomes warmer.
In CNRM, Tmax90p; is warmer than Tmax90pp until the end
of August (cf. Fig. 7c, d), meaning that high temperatures
are more intense when land and atmosphere interact with
each other. If very hot atmospheric conditions are in place
and compound with strong solar radiation, the amplified
evaporative demand further dries the soil (Vicente-Serrano
et al. 2020) in SXP-DI, while the prescribed land surface
(SXP-DP) is not altered. When land and atmosphere inter-
act, a self-intensification of heat waves is then observed in
a soil moisture-limited region such as the Mediterranean in
summer. This result finds confirmation in a recent review by
Miralles et al. (2019).

As for Tmax, differences between Tmax90p,; (Fig. 7a,
b) and Tmax90p, (Fig. 7¢, d) become remarkable after the
end of the summer: while in the coupled SXPs Tmax90 is
indistinguishable from EXP-BO, in the prescribed runs the
difference between Tmax90pp and Tmax90g, increases in
September—October. The impact on Tmax and Tmax90 is
further reinforced by an increase in sensible heat flux, due
to a marked precipitation reduction (Ardilouze et al. 2020).

We show the probability distribution functions for sum-
mer (JJA) Tmax in SXP-DI, SXP-DP and EXP-BO0, in order
to quantify the different thermal response in the two mod-
els (Fig. 8). For both models, the three PDFs are different
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according to a Kolmogorov-Smirnov test, which rejects
the null hypothesis at the 1% significance level. In CMCC,
mean Tmaxp; and mean Tmaxpp are 0.8 °C and 1.8 °C higher
than Tmaxg, = 28.7 °C (Fig. 8a, see the figure caption for
exact values). The same ranking is shown for mean Tmax
in CNRM (Fig. 8b). However, in CNRM Tmaxpp is only
slightly warmer (0.2 °C) than Tmaxp,.

Extreme temperatures are significantly
higher in the coupled experiment for CNRM
(Tmax90p,; — Tmax90,p, = 0.6 °C, Fig. 8b). This means
that land-air coupling contributes to amplify heat extremes
in the MedTCR. Instead, in CMCC Tmax90pp > Tmax90yy;,
but the delta between the two is decreased with respect to
mean Tmax: 0.6 °C versus 1 °C. In this case, the impact of
a constantly dry surface on the maintenance of torrid tem-
peratures is stronger than that of an interacting land, but the
two-way land-atmosphere coupling contributes to shrink the
Tmax90pp,p; gap with respect to mean Tmax. The different
behaviour of CMCC and CNRM may be ascribed to the
regional difference in the definition of MedTCR.

To explain this feature, we look at the evaporative frac-
tion (EVF, Fig. 9), used to characterize the energy partition
over land:

LHF

EVF = ———
v LHF + SHF 3)

where LHF and SHF are the latent and sensible heat fluxes,
respectively. In exceptionally dry situations, such as those
designed in SXP-DI and SXP-DP, the main contributor
to the energy balance is SHF, since evapotranspiration is
strongly reduced due to the scarcity of soil water. In agree-
ment with Fig. 6, EVFy, (Fig. 9a) is clearly lower than
EVFp; in CMCC, while the two almost overlap in CNRM
until late summer.

Figure 9b shows composites of surface fluxes associated
with maximum temperatures > Tmax90, for both experi-
ments and models. EVFy, is, in both models, smaller than
EVFp at the beginning of the hot season. This means that
sensible heat flux initially has a more prominent role. In
fact, the very dry soil featuring SXP-D* experiments at
the season start is not the driest in every respect: if the
environmental conditions are favorable (i.e. very hot and
dry), the soil in SXP-DI can get even drier, because evapo-
transpiration increases in response to higher atmospheric
evaporative demand. Instead, in SXP-DP land conditions
are prescribed, therefore evapotranspiration does not change
regardless of the strong forcing radiation and high tempera-
tures. Therefore, Tmax90p; may reach even higher values
then Tmax90pp in the beginning of summer. Basically, a
drying soil is able to sustain and persist heat wave condi-
tions that start at the end of the spring, likely causing an
extension in their duration. This effects slowly fades away
with scattered summer rain that waters the SXP-DI soils.
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Nevertheless, SHFy; remains predominant in CNRM until
the end of summer. Instead, in CMCC the turbulent surface
fluxes in the two SXPs almost overlap by late May.

3.3.3 Climatological sensitivity experiments

No significant differences are found between Tmax; and
Tmaxg in either models for the entire warm season. Tmax;
response to a soil wetness generated by climatological pre-
cipitation is very similar to the baseline, as long as land and
atmosphere interact with each other (top panels in Figs. 6, 7
and Tables 2, 3). When soil is prescribed, both Tmaxp and

28.3°C/35.9 °C; Tmaxp;/Tmax90p; = 29.3 °C/36.9°C; Tmaxpp/
Tmax90,p = 30.4 °C/37.4 °C. CNRM: Tmaxg,/Tmax90g, = 27.6 °C/34.3 °C;
Tmaxp,; /Tmax90,, = 29.0 °C/35.5°C; Tmaxpp/Tmax90p, = 29.2 °C/35.0 °C

Tmax90.p are remarkably colder than Tmaxg, for the entire
season (Figs. 6¢, d and 7c, d and Tables 2, 3).

Since the precipitation forcing comes from NOAA-
20CR, we tested whether a large discrepancy between
modeled and reanalysis precipitation was the cause of
reduced Tmax. In fact, if NOAA-20CR rainfall was much
larger than modeled rainfall, the generated soil moisture
would be increased, possibly reducing mean and extreme
maximum temperatures. This is the case for CMCC,
whose precipitation is significantly lower than NOAA-
20CR precipitation in spring (Fig. 10b, c). Hence, SXP-
CP shows increased soil moisture fraction with respect

@ Springer
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Fig.9 Seasonal evolution of evaporative fraction in the SXP-DI (full
lines) and SXP-DP (dashed lines): light red (purple) lines show evap-
orative fraction for CMCC (CNRM). The top panel shows results for
mean fluxes, the bottom panel for the composites of fluxes associated
with Tmax exceeding the 90th percentile

to EXP-BO, particularly until mid summer. On the other
hand, CMCC SXP-CI shows a fraction of moisture in the
soil column comparable to that of SXP-CP (Fig. 10a, c),
even if the model precipitation is considerably lower.
The partition between latent and sensible heat in SXP-CI
is instead more similar to that in EXP-B0, with a domi-
nant role of SHF over LHF from late June to mid Octo-
ber (Fig. 10b). This explains why Tmaxq; & Tmaxg, and
Tmax90¢; &~ Tmax90g,. Tmaxp and Tmax90p are instead
considerably colder, affected by an energy partition more
favorable to LHF for longer time.

Regarding CNRM, Fig. 10 shows that modeled Precipg,
and Precip; are comparable, and so are the generated soil
moistures. Precipp is larger than average Precipg in spring,
but the total soil moisture is considerably lower (Fig. 10f).
In particular, when the rain season restarts after the sum-
mer drought, the soil moisture recovery in SXP-CP is much
slower than SXP-CI and EXP-BO.

As for CMCC, LHF; dominates over SHFp
(SHFp > LHFp from early July to mid Septem-
ber, Fig. 10c) almost two month longer than in SXP-
CI (SHF > LHF; from late June to mid October,
Fig. 10a). The surface fluxes partition, again, clarifies why
Tmaxcp < Tmaxcy gy

The energy partition is little dependent on the total soil
moisture. Rather, the vertical distribution of water within
the soil column (Fig. 11) explains the different evaporative
fractions featuring the sensitivity experiments: surface soil
moisture, which can easily evaporate and then cause intensi-
fied latent heat flux, appears as the main contributor to the

@ Springer

decrease in near-surface temperatures observed in Figs. 6c,
d and 7c, d.

The way soil moisture is generated in SXP-CI (Figs. S3
and S4 in supplemental material), sheds light on the reason
of such a difference in the energy partition, with respect to
SXP-CP. In the prescribed experiment, the average precipita-
tion forcing (see vertical histograms in Fig. 10c—f), imposed
every third hour to produce the land surface state in SXP-CP,
is not intense enough to water the deeper soil layers. Most
part of the precipitated water evaporates before infiltrating,
not contributing to the deeper soil moisture. In EXP-B0O and
SXP-CI instead, scattered but stronger rainfall (Figs. S3 and
S4) waters the soil in depth, and terrain gets replenished at
the end of the dry season.

Therefore, surface soil water is more abundant in the
prescribed experiment than in the coupled ones, because
it is affected by constant but small precipitation amounts
(Fig. 10c, f). On the other hand, this surface water is sub-
ject to almost immediate evaporation, driven by the high
temperatures characterizing the MedTCR warm semester.
Therefore, only a minor portion of it infiltrates through the
soil, and deeper layer moisture is decreased in SXP-CP
with respect to SXP-CI (Fig. 11d-h). What is uncovered
in the simulation is similar to what is observed over areas
of intense agriculture, that are very widespread in Europe,
where expanding irrigation practices have led to regional
cooling (Yang et al. 2020), and will probably contribute to
alleviate hot extremes in a warming climate (Thiery et al.
2020). In the coupled experiments, most rainfall penetrates
into the terrain, replenishing its water amount. The evapo-
ration of this water is much slower and contributes less to
near-surface cooling.

4 Discussion

The experimental setup was partly inspired by that of Lor-
enz et al. (2010), who used very strong soil perturbations to
assess the impact of soil moisture on heat wave persistence.
They also made use of the wilting point and field capacity
thresholds to constrain soil water. At a first sight, the degree
of model perturbation may appear unrealistically strong for
the dry and wet experiments. Modeled initial soil moisture is
in fact obtained after a one-year-run with zero precipitation
(dry runs) and precipitation increased by 3 standard devia-
tions (wet runs). However, this choice relies on evapotran-
spiration thresholds that are physically sound and applicable
in a similar way to different GCMs, regardless of the differ-
ent parameterizations featured in their land surface schemes.

Only such a large perturbation allows to reach amounts of
soil moisture close to the wilting point and field capacity by
the beginning of the summer. A 1-year run to obtain these
extreme conditions was due because the two models’ soil
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Fig. 11 Seasonal evolution of soil moisture at different soil layers, whose depth is shown in each of the panels

water is scarcely sensitive to precipitation, and it is hard to
say whether this low responsiveness is accurate, since obser-
vational-based studies still struggle to establish strength and
location of the soil moisture response to rain (Ford et al.
2018). Observational studies report reaching soil moisture
contents below the wilting point after few months of very
little rain (e.g. Ramos and Martinez-Casasnovas (2010)).
The time to reach field capacity is strongly dependent on
soil hydraulic properties, such as porosity, permeability, etc.
(Twarakavi et al. 2009), which are crudely parameterized
in GCMs, therefore often distant from the observed world.

On the other hand, the strong perturbation may disclose a
few criticalities that the Mediterranean region will face in a
future warming world. Considerable changes in soil moisture
regimes are projected by the end of the century, and these
changes strongly affect, among others, the Mediterranean
climate, in particular for temperature (Seneviratne et al.
2013). The response of temperature to soil moisture-induced
variations in evaporative cooling is remarkable, with strong-
est effects on extremes. In the quasi-totality of CMIPS pro-
jections, the expected drying signal in southern Europe is
highly linked to warmer temperatures and increased solar
radiation (Ruosteenoja et al. 2018).

The climatological experiments raise a question on the
appropriateness of these runs, because the choice of daily
average precipitation as a constraint for soil water does not
reflect any plausible weather condition. A more realistic
distribution of daily precipitation forcing across the season
would assure a definite answer on the reason behind the dis-
tinct temperature response between SXP-CI and SXP-CP:
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is the cooling caused by artificial block of the interactive
mechanisms between soil and atmosphere, or the way rain-
fall is prescribed plays a dominant role in reducing the
forced Tmax? This question cannot find a definite answer
on the basis of this study. The design of the climatologi-
cal runs could then pave the way for the outline of future
sensitivity experiments involving precipitation. Besides, this
argument could probably also be extended to other contexts
and experiments, such those following the AMIP protocol.
The use of monthly average SSTs as boundary conditions
is largely unable to capture, e.g., the threshold exceedance
needed for triggering deep convection and establishing spe-
cific teleconnection mechanisms.

On the other hand, the strongly idealized climatological
setup made clear that surface water, rather than soil moisture
in general, is a major actor in the land-air coupling process.
This outcome adds a tiny piece to the complicated puzzle of
soil moisture-atmosphere interactions, rarely considered in
previous literature on the topic.

Finally, in this study we did not consider the minimum
temperature response to changes in land surface conditions,
although this topic is highly relevant (Thomas et al. 2020),
and could be of major importance for its impact on health
and energy. However, the processes regulating nighttime
temperatures are strongly linked to other players, such as
the boundary layer stability, cloudiness and long-wave radia-
tion. Therefore, we felt that this analysis would not fit in the
present paper.
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5 Conclusions

This work investigates the temperature response to soil water
conditions in the transitional climate region of the Mediter-
ranean (MedTCR), that is the region where soil moisture,
and not radiation, is the main constraint to evapotranspira-
tion. Maximum daily temperatures (Tmax), which are the
main focus of the study, are therefore largely modulated by
the availability of soil moisture. A novel set of six sensitivity
experiments was used to investigate this effect: coupled (i.e.
land and atmosphere interact with each other) and forced
(i.e. atmosphere is constrained by a land surface unrespon-
sive to the atmospheric forcing) runs are launched with arid,
saturated and average soil moisture initial conditions.

Dry soils favor the onset of persisting higher summer
temperatures, while anomalously wet soils alleviate tem-
perature peaks. Dry and wet conditions at the beginning
of the Mediterranean summer exert a significant impact
on both MedTCR mean and extreme Tmax. The imprint of
land initial state lasts for about four months, meaning that
land surface memory, combined with the large sensitivity
of near-surface temperature to a highly-varying component,
such as the soil moisture, may play an important role in
the predictability at the seasonal time-scale (Dirmeyer and
Halder 2017).

If wet conditions are artificially maintained for the entire
warm semester (SXP-WP), extreme temperatures (Tmaxg)
may not develop at all, hardly reaching 30°, that is 3-5°C
lower than the average Tmaxg, for the area. When aridity is
imposed and maintained by means of a prescribed dry soil
(SXP-DP), warmer temperatures persist through September
and October. Normally, these months are characterized by
a sharp recovery in precipitation, and consequent evapora-
tion contributes to buffer the air-land boundary warming.
When the soil is artificially kept dry, the cooling effect is
suppressed and the lower atmosphere becomes more than
1 °C warmer compared to the case of an interactive soil.

When a hot-weather-favorable atmospheric pattern is in
place at the beginning of the season, the conditions for per-
sisting and intensified heat waves are supported by an inter-
acting land surface. In fact, soil can respond to the increased
atmospheric evaporative demand and become drier, sustain-
ing heatwaves for longer. This effect is long-lasting in the
CNRM model, while in the CMCC model it vanishes after
few weeks, when the prescribed dry soil starts inducing a
stronger temperature response than the interactive soil.

In the climatological simulations, the evolution of near-
surface temperatures in the coupled experiment is almost
indistinguishable from the baseline, following very similar
initial conditions and homologous land-atmosphere inter-
action. In the prescribed SXP-CP, the lower atmosphere is
considerably colder than the baseline, especially in terms of

extreme temperatures. The average precipitation is imposed
on a 3-hourly time basis to generate the prescribed land con-
ditions in SXP-CP, and its amount is so small that most part
of it evaporates before infiltrating, not contributing to the
deeper soil moisture. This sustained evaporation continu-
ously cools the boundary layer and dampens temperature
highs.

The moisture amount in the surface soil layer, rather than
its total fraction in the soil column, plays a fundamental role
in the modulation of temperature extremes. Surface water
is very effective because its fast evaporation modifies the
evaporative fraction locally, increasing the latent heat flux. If
a sustained source of surface water is maintained during the
course of the Mediterranean dry season, through e.g. crop
irrigation, local temperatures would be lower and extreme
values strongly moderated. This aspect should be contem-
plated in post-processed evaluations of seasonal forecast out-
looks, in regions characterized by a high agricultural density.
Dynamical predictions, in fact, do not usually consider the
effect of irrigation on near-surface temperatures, as long as
farming practices are not resolved or parameterized in the
GCMs, possibly resulting in biased forecasts.

Supplementary Information The online version contains supplemen-
tary material available at https://doi.org/10.1007/s00382-021-05815-8.
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