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ABSTRACT

For mid-range and seasonal weather forecasting as well abrfate projections, the importance of soil moisture
as lower boundary condition for the atmosphere is beingesingly recognized. This is mostly due to the role
of soil moisture as storage component for heat and moisitre.associated memory induces persistence in the
overlying atmosphere. This has potential consequencdsrigrterm forecasting, but only in regions where the
atmosphere is coupled to the underlying land surface. Rineed abstract provides an overview on diagnostics
of land-atmosphere coupling and on a recent study (Jaedesameviratne, 2009) assessing the sensitivity of the
European summer climate to soil moisture using a regiotirabté model.

1 Introduction

Soil moisture (SM) is a key variable of the climate systemdose of its impacts on the surface energy
and water balances. This has consequences for the neaceswifmate (temperature, humidity) as
well as for boundary-layer processes (e.g. convectiveigitation) and potentially also large-scale
circulation patterns. Moreover, as a storage componenvéber and hence indirectly also for energy,
it represents an important memory component for the regidimate system, with high potential for
seasonal forecasting. It is however not routinely measuredost parts of the world, particularly in
Europe, where measurement datasets are scaereyiratne et §12009].

Since climate extremes have a major societal, economiedlgeological impact, they are of particular
interest for society. Several observationak[la-Marta et al, 2007] and modeling studie#eehl and
Tebaldj 2004] report an increase in temperature extremes in nitdda regions with climate change,
that can be linked (among other factors) to changes in sastome regimes$eneviratne et a12006].
However, soil moisture only impacts the surface climatg#c#ic regions on earth, so called 'hot-spots’
of land-atmosphere couplingpster et al, 2004]. Since large-scale field experiments investigdéing-
atmosphere coupling effects are not feasible, one way ekasg) the underlying mechanisms is to run
climate model experiments.

Hereafter, we discuss results from a study assessing tisdigigy of temperature extremes and trends
to the soil moisture state. Our study uses output from regicimate model simulations run for the last
50 years over the European continent. The applied methggddased on simulations with prescribed
and interactive SM (similar as in e.foster et al.[2004] andSeneviratne et a[2006]). This approach
allows us to assess the impact of SM on climate by decoupfiedaind-surface part of the model from
the atmospheric part, and thereby to infer causal reldtipas In the simulations with prescribed SM
the two-way coupling of the atmosphere and SM is removed tlaméxperiments thus investigate only
the one-way effect of SM on the atmosphere, whereas the ptrags has no influence on SM.

The outline of this extended abstract is as follows: SeQimviews studies investigating the location of
regions of strong land atmosphere-coupling. Then, in 8e&ithe sensitivity of temperature extremes
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and trends to soil moisture is assessed in a modeling frankewoplications of these results for weather
and seasonal forecasting and related on-going projectwizeédland are discussed in Sectién

2 Hot spots of land-atmosphere coupling

Accurate seasonal forecasts are based on the atmosplsgrimse to slowly varying states of the ocean
and the land surface, which can be predicted months in advanbe landmark GLACE-1 study of
Koster et al. [2004] has derived a global map of so called 'hot-spots’ oidlatmosphere coupling
from numerical experiments with state-of-the-art Gen€iedulation Models (GCMs). The location of
these regions indicate where the routine monitoring of sailsture could possibly be used for model
initialization to improve the skill for seasonal climatespictions. The identified hot-spots are found
to be mainly located in transitional zones between dry antdalismate, where evapotranspiration is
sensitive to soil moisture and its variations are large ghdo impact climate significantly.

Figurel displays the GLACE-I2-diagnostic for temperature and precipitation (top roagether with
other land-atmosphere coupling diagnostics. The secomnddigplays the correlation of temperature
(T) and evapotranspiration (Ep{ g) proposed byseneviratne et all2006], and applied to IPCC AR4
simulations for the time periods 1970-1989 (middle left) 2080-2099 (middle right). Negative values
of prg are indicative of strong soil moisture-temperature coupliwhereas positiver g are gener-
ally associated with an atmospheric control Bn Finally, the bottom row provides estimates of the
drivers of evapotranspiration using the correlatigag and/orpr, g, Which allows to distinguish be-
tween water-R denotes precipitation ippg) and energy-limitedRg denotes global radiation jor, g)
evapotranspiration regime$duling et al, 2009]. Water-limited evapotranspiration regimes ar®ess
ated with positive values gpe (only applicable on annual scale), whereas radiationtdichregimes
are generally associated by positp . The bottom left figure displays a combined analysis of the
pee andpg, e diagnostics applied on annual scale to simulations fronGiobal Soil Wetness Project
(GSWP,Dirmeyer et al. [2006]), while the bottom right figure displays (dailpk, e for the months
May-September applied to measurements from the FLUXNEWaer&t[Baldocchi et al, 2001].

Despite being based on several different approaches aadatst the diagnostics for present-day cli-
mate in Fig. 1 (top row, middle left, bottom row) all displaycansistent picture. The Great Plains of
North America are found as being moisture rather than radidimited (bottom analyses), and accord-
ingly, also show a strong land-atmosphere coupling sthebgth on intra-annual (top, GLACE-1) and
interannual time scales (middle left, IPCC AR4). Over Eadhe IPCC, GSWP and Fluxnet analyses
suggest the presence of another hot spot of land-atmospbepéing in the Mediterranean region. This
hot spot was not identified in the GLACE-1 study, which mayéhbeen due to its set-up based on a
single climatic year$eneviratne et gl2006]. However, all diagnostics suggest that Central amidhN
ern Europe has a radiation-limited climate regime, and tbwdand-atmosphere coupling for present
climate. This is diagnosed to be changed under future-tiincanditions (middle right), due to a shift
in soil moisture regime in this region. One should furthetenthat several studies have suggested that
even for recent decades in Central Europe, and in parti€uarce, soil moisture can play an important
part in extreme years regarding the occurrence of summeémaaes [e.gFischer et al.2007,Vautard

et al. 2007], highlighting that the boundary between moistured eadiation-limited climate zones is
labile and also dependent on the considered time scaleelfollowing section, we further investigate
the role of SM for temperature extremes and trends in Eurspegjsensitivity experiments performed
with a regional climate model.
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Figure 1: Top row: Estimations of the soil moisture-tempara (left panel) and soil moisture-precipitation (right
panel) coupling, based on thle-coupling diagnostic and on the output of 12 GCMs from the GEAL project
(after Koster et al. [2006]). Middle row: Estimations of saioisture-temperature coupling for 1970-1989 (left
panel) and 2080-2099 (right panel) climates, based on 3 IREIMs and diagnosed wiibr g (after Seneviratne
et al. [2006]). Bottom row: Estimation of the drivers of E (istore and radiation; after Teuling et al. [2009]).
The left panel is based on simulations from the GSWP projatieyer et al., 2006] and shows controls on yearly
E, whereas the right panel displays the observed radiatrerol on daily E based on Fluxnet data [Baldocchi et

al., 2001].
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3 Impact of soil moisture on the European summer climate

Hereafter, we briefly summarize some of the highlights otandy submitted papedfeger and Senevi-
ratne 2009] that deals with the impact of different soil moistsedtings on the European summer cli-
mate using the regional climate model CLM. Thereby, the $dsiparticularly set on the impact of SM
on climate extremes and trends.

3.1 Introduction and modeling setup

The study uses the CLM RCM, which is the climate version of ibe-hydrostatic COSMO model
(COnsortium for Small-scale MOdeling: http://cosmo-micekes.ch/). A similar model configuration
is adopted as for the EU-FP6 project ENSEMBLES (http://wensembles-eu.org) validatedJaeger
et al. [2008]. In addition, the employed model setup was validatéth regard to land-atmosphere
coupling characteristics with FLUXNET observationsJaeger et al.[2009]. CLM is integrated over
the European continent, with 0.4¢= 50 km) horizontal resolution, 32 levels in the vertical afdsbil
layers. Lateral boundary conditions are derived from thé&&Rre-analysis (1958-200Uppala et al.
[2005]) and from ECMWF operational analysis (2002-200&)e Bpplied CLM configuration uses the
Tiedtke convection scheme based on a moisture-convergéosgre, which was shown to have a strong
sensitivity of precipitation to evapotranspiration andiss[Brockhaus et a).2009;Jaeger and Senevi-
ratng 2009]. Details on the model dynamics and physics are peovid the model documentation
(available from: http://www.clm-community.eu/).

In order to assess the possible impact of extreme values faheé temporal variability of SM on the
European summer climate, a set of sensitivity experimeittsdifferent prescribed SM evolutions was
performed (see FigR for an illustration of the SM values of the sensitivity exipeents in comparison
with the control simulation). Note that in the prescribed 8kperiments, soil moisture is not altered
by any surface fluxes, nor by precipitation or runoff. A refere simulation includes interactive SM,
and will be referred to as CTL hereafter. Two sensitivity exments were performed with minimum
(plant wilting point, PWP) and maximum (field capacity, FOAS®il moisture values. In addition, the
impact on climate of temporal SM variability on differenti scales is assessed. In order to disentan-
gle the effects of synoptic-scale, intraseasonal, andanteial SM variability, the soil moisture time
series from CTL are subsequently filtered using a digitatfags filter. A first experiment removes the
synoptic-scale variability (called SSV) of SM; A second esiment additionally removes the intrasea-
sonal variability (called ISV) from SSV; A third experimealso removes the interannual variability
from ISV (called 1AV).

3.2 Impact on extremes

While in Jaeger and Seneviratrf@009] several diagnostics for extreme events are assessewill
focus hereafter only on heat wave duration indices (RBjgas well as on the analysis of the PDFs of
daily maximum temperature3fax Fig. 4).

Figure 3 (top left panel) displays the mean heat wave duration ifdesin.anthat assesses the atmo-
spheric tendency for persistence at the upper tail of thly dgiax distribution. It is calculated as the
mean of all events with at least two consecutive day§af above the long-term 9®percentile of the
CTL simulation. The 90-percentile of each summer day is calculated from samplésiajs (2 days
before and 2 days after) over the full analysis period (12896). Largest values occur in the Mediter-
ranean and in Eastern and Northern Europe. Generally, thes/afhwdineanare higher for regions
neighbouring oceans, possibly indicating an effect ofipgsce associated with SSTs. A comparison
of the differences dfiwdineanbetween the sensitivity and CTL experiments yields thefalhg: There
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Figure 2: lllustration of the soil moisture evolution of thiferent CLM experiments for a grid point from the
Iberian Peninsula. Shown is th@%model soil level for the period 2002-2005.

is a continuous decrease from SSV over ISV to IAV, and mostquaced effects in FCAP and PWP
(Fig. 3, top panels). It is likely that one cannot trust the strongact of SM on the heat wave indices
in Scandinavia, sincdaeger et al.[2009] found a poor representation of land-atmosphere loaum
Northern Europe in the applied CLM version. Finally, notattthe biases of temperature extremes of
CTL are comparable to those of current state-of-the-art R&bvin ENSEMBLES (see alsiaeger and
Seneviratng2009]).

The indexhwdiy,e,, (Fig. 3, bottom panels) is an indirect measure of intrinsic heatey@ersistence. In
contrast tohwdinean it uses the long-term d9percentile of the respective simulation as threshold for
the definition of heat wave days. If one companesli;.,,in two simulations, differences in this index
can (mostly) only arise from the fact that the clustering ajsiabove their respective 9gercentile
differs (in both simulations 10% of all days are above th&@-@@rcentile). As shown in Fig3 hwd fhean
exhibits clear reductions in the IAV, PWP and FCAP experitee more thorough analysis reveals
that this is in line with a decrease in the autocorrelatiodgf, and that the distribution of the length
of 90"-percentile threshold exceedances shows an increase éishad a decrease of longer lasting
heat wave episodes (for further details Eeeenz et al[2009]). This can be understood by the fact that
in these simulations precipitation does not cause SM aries@rescribed SM). Hence, one source of
atmospheric persistence, namely soil moisture memorjusdown. We see from the response of the
IAV experiment that it is the memory associated with intenzad SM anomalies that is mostly relevant.

In Fig. 4 (left panel) we assess the PDFs of mean subdomain failin France, using the subdomain
definition of the EU-project PRUDENCE [e.Ghristensen and Christensen, 2Q0&nalyses for other
European subdomains are provided in the supplementammiafion ofJaeger and Seneviratr§2009].
Consistent with the previous analysis of thedineanandhwdi;,.,,heat wave indices, largest differences
of daily Thax are found for PWP and FCAP. The analysis reveals thafithg PDFs of the PWP and
FCAP simulations are significantly different from CTL (besen the two-sided Kolmogorov-Smirnov
test, witha = 5%), which to a lesser extent also holds for ISV and IAV. Atsketor PWP, FCAP and
IAV, not only the mean but also the tails or the spread of tharithutions are significantly smaller.
Interestingly, PWP (FCAP) exhibits a pronounced widenimayiowing) of its PDF, which is due to the
removed (increased) damping effect of SM — through latenting — on the temperature extremes at
the high end (i.e. hot extremes). The distinct impact of Skléarly recognizable from the asymmetric
effects on the PDFs.

The right panel of Fig4 displays the corresponding PDFs of the extreme value loligtoin of daily Tax
(using the Generalized Extreme Value distribution (GE\§dzhon the block maxima approacddes
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Figure 3: Summer climatologies (1959-2006) of the impacBbf variability on Tax extreme diagnostics:
hwdinean (heat wave day threshold defined with respect t8-p@rcentile of CTL, [d], ¥ and 29 row) and
hwdi;,ean (heat wave day threshold defined with respect t§-p@rcentile of respective experiment, [d]¢ &nd
4 row).
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Figure 4: PDFs of daily Thax [K] (left) and of summer }ax block maximas [K] (right) using a GEV fit in both
cases. The PDFs are based on the mean French subdomain \aaldese summer period 1959-2006. Simu-
lations with bold legend entries are significantly differéom CTL at the %6 level according to the two-sided
Kolmogorov-Smirnov test.

2001])). These PDFs are shifted to higher temperatures aydate narrower compared to the PDFs
of daily Tmax discussed above. While the differences of the sensitivifjeements seem to be more
pronounced, the statistical analysis reveals slighthelosignificance (mainly due to the smaller sample
size). As identified for the overall PDFs, we see that SM hasamg impact mainly on temperature
maxima (the higher tails of the PDFs), which can be undedsfoom the presence or lack of latent
cooling.

In summary, we find that reducing the temporal soil moistuagability reduces the temperature ex-
tremes, and that it is the interannual variability of SM tlsamost relevant in this respect. Imposing
extreme values of soil moisture has the largest impact. & bffscts are asymmetric and impact temper-
ature maxima rather than the whole PDF, which is consistétht avnon-linear dependency of surface
fluxes on soil moisture [e.gKoster et al, 2004, Seneviratne et gl.2009], i.e. the existence of dis-
tinct regimes with little vs. high sensitivity to soil maise (in wet, respectively drier, soil moisture
conditions).

3.3 Impact on trends

In this section we investigate trends in summer climate dverperiod 1959-2006 in the conducted
experiments. Of particular interest is the question of Wweethanges in soil moisture characteristics
may have any influence on these trends. Using the performeéd &tperiments with and without
prescribed SM, this can be easily assessed. We discussiigrihe results foiTynax and cloud cover.
Further results are provided daeger and Seneviratrj2009].

The analysis reveals that the trends are different for sitimuis with (CTL, SSV, ISV) and without (1AV,
PWP, FCAP) SM trends, respectively. However, since thezenarsubstantial differences (not shown)
between trends for CTL, SSV and ISV, respectively IAV, PWE &CAP, we only discuss here the
trends for CTL and IAV.

We distinguish here two periods corresponding to the 'dlalrmming/global-brightening’ phases [e.g.
Wild et al, 2004]: 1959-1980 (¥ period’) and 1981-2006 ("® period’). Figure5 shows that there is

a striking temporal variation in the Theil-Sen’s trend msties (trend estimator from the Mann-Kendall
tau trend test) for the mean of dailyqx between the  and 29 periods. For CTL there is a negative
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trend for the ¥ period over the whole of Europe, and a positive trend for tep@riod. For IAV there is
a tendency for smaller negative and positive trends for thand 29 period, respectively (the numbers
in the lower right corner denote the area-weighted fractibland points with statistically significant
trends according to the Mann-Kendall tau test, at the 10%)lev

The corresponding trends forf, exhibit similar spatial and temporal patterns but are wealkkore-
over, the differences between CTL and IAV are substantishaller. Hence, SM (trends) unequally
affect Tmaxand Tmin (trends), with consequences for the DTR trends (not shoagaeger and Senevi-
ratne[2009]).

Interestingly, these contrasting trends over the two aealyperiods are found despite the fact that CLM
does not explicitly include changes in aerosol concemtnati These are also not included in the driving
boundary conditions (ERA40, ECMWF operational analydig)wever, part of the local response could
be due to changes in cloud cover due to the imposed boundadjtioms (i.e. changes in moisture or

temperature fields - which could be indirectly due to aert®olds - captured in the reanalysis/analysis
datasets thanks to data assimilation).

Therefore, we also investigate the trends in CLM total cloader in Fig. 5. They exhibit the same
spatial as well as temporal patterns (with an increase inthperiod and a decrease thereafter) as
the trends in dailyThax. The SM trend patterns (both spatial and temporal) are &irtol those of the
cloud cover (not shown). Since cloud cover and SM interath whe another, it is difficult to assess
their respective independent contributions to the tempezarends. However, by looking at those
simulations without trends in SM, one finds a small trend cidua (in particular for extreme values
of Tmax Not shown). Therefore, we conclude that in CLM the trendsglaly Tyax and of DTR (not
shown) are mainly due to trends in cloud cover caused by tigedscale forcing (circulation patterns,
as well as temperature and relative humidity of incomingaaithe domain boundaries), and that SM
has an amplifying effect. Finally, note that despite inéstesicies in the boundary data (e.g. the change
from ERA40 re-analysis to ECMWEF operational analysis in200r the inclusion of satellite data
assimilation in recent decades), a comparison with obdereads reveals a reasonable representation,
at least qualitatively (segaeger and Seneviratj2009]).

4 Implicationsfor weather and seasonal forecasting

As discussed in the two previous sections, soil moisturekisyavariable of the climate system that is
likely to become even more crucial in future climate in regicuch as Central Europ8dneviratne et
al., 2006]. Our results suggest that this is particularly theecfar extreme (hot) temperature events.
Given their relevance for society, this highlights some geyspectives for the development of weather
and seasonal forecasting applications relying on soil masnitialization.

However, one major impediment for using soil moisture infation in forecasting system is that only
few large-scale and long-term soil moisture networks aad@ve so far $eneviratne et al. 20Q9This

is particularly the case in Europe. This lack of ground meaments inhibits the evaluation of weather
forecasting and climate models with respect to land sufaceesses, and of data assimilation schemes
for satellite soil moisture retrievals.

Based on these shortcomings ETH Zurich in collaboratioh wigroscope and MeteoSwiss are currently
conducting an ambitious three-year (2008-2011) soil maagsimonitoring experiment (Swiss SMEX:
The Swiss Soil Moisture Experiment http://www.iac.ethZgroups/seneviratne/research/SwissSMEX).
The project encompasses 15 sites in Switzerland that valwah comprehensive assessment of soil
moisture in this region. Among other, this projects aimssaeasing the following issues: The determi-
nation of the impact of soil moisture for the local and regioclimate (feedbacks) and of its potential
for weather and seasonal forecasting in Switzerland, aadvdtidation of land surface and climate
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Figure 5: From left to right: Linear trends as expressed byeiHsen’s trend estimate for mean dailyak [K/y],
total cloud cover [%/y], and soil moisture [m/y]. The 1st ralisplays the 1. summer period 1959-1980, the 2nd
row the 2. summer period 1981-2006 for CTL. The 3rd and 4ttsrgiwe the same but for IAV-CTL.
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models with regard to soil moisture representation in Géiturope. This project will also be comple-
mented by a further project focusing more specifically oredudy warning and prediction of droughts in
Switzerland, DROUGHT-CH, which will be conducted from 204012 in the framework of the NRP61
program on sustainable water management (http://wwwInfpbE/Pages/home.aspx).

Our results suggest that initiatives investigating morecgjcally the potential of soil moisture initial-
ization for extreme events should be further developed ersé regions, and in particular in Europe,
where they have not been thoroughly assessed so far. Aplisaon longer time scales (e.g. decadal
forecasting, climate-change projections) are also ingmbrgiven the key role of SM for climate trends.
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