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Abstract In a previous study, an intra-annual relationship
of observed precipitation, manifested by negative correla-
tions between domain-averaged spring and autumn pre-
cipitation of the same year, was found in two domains
covering France and Central Europe for the period 1972-
1990 (Hirschi et al., J Geophys Res 112(D22109), 2007).
Here, this link and its temporal evolution over France
during the twentieth century is further investigated and
related to the atmospheric circulation and North Atlantic/
Mediterranean sea surface temperature (SST) patterns.
Observational datasets of precipitation, mean sea level
pressure (MSLP), atmospheric teleconnection patterns, and
SST, as well as various global and regional climate model
simulations are analyzed. The investigation of observed
precipitation by means of a running correlation with a
30-year time window for the period 1901—present reveals a
decreasing trend in the spring-to-autumn correlations,
which become significantly negative in the second half of
the twentieth century. These negative correlations are
connected with similar spring-to-autumn correlations in
observed MSLP, and with negatively correlated spring East
Atlantic (EA) and autumn Scandinavian (SCA) telecon-
nection pattern indices. Maximum covariance analyses of
SST with these atmospheric variables indicate that at least
part of the identified spring-to-autumn link is mediated
through SST, as spring precipitation and MSLP are con-
nected with the same autumn SST pattern as are autumn
precipitation, MSLP and the SCA pattern index. Except for
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ERA-40 driven regional climate models from the EU-FP6
project ENSEMBLES, the analyzed regional and global
climate models, including Intergovernmental Panel on
Climate Change (IPCC) Fourth Assessment Report (AR4)
simulations, do not capture this observed variability in
precipitation. This is associated with the failure of most
models in simulating the observed correlations between
spring and autumn MSLP. While the causes for the iden-
tified relationship cannot be fully established its timing
suggests a possible link with increased aerosol loading in
the global dimming period.
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1 Introduction

Memory effects in the climate system are of key relevance
for climate prediction and seasonal forecasting. Elements of
the climate system that induce low-frequency variability are
for instance sea surface temperatures, soil moisture content,
and snow cover (e.g., Koster et al. 2000; Sutton and Hodson
2003; Seneviratne et al. 2006a; Schubert et al. 2008). Here
we investigate a spring-to-autumn lag-correlation feature
identified in a previous study for precipitation over France
(Hirschi et al. 2007). We analyze the temporal evolution of
this correlation feature and the possible causes underlying it.

In Europe, climate variability is determined by several
factors. In winter, it is strongly influenced by the North
Atlantic Oscillation (NAO), which represents the most
important teleconnection pattern in the North Atlantic-
European area (e.g., Wanner et al. 2001; Trigo et al.
2002; Hurrell et al. 2003). The NAO is associated with
changes in the position and strength of the surface
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westerly winds across the Atlantic onto Europe. This has
implications for the input of heat and moisture to the
continent, and there modifies surface air temperature and
precipitation (e.g., Hurrell 1995; Hurrell and van Loon
1997). The influence of the NAO on European climate is
weaker in non-winter seasons (e.g., Wanner et al. 2001;
Hurrell et al. 2003). In spring and summer, climate vari-
ability over land in transitional climate regimes (in the
Mediterranean region, and in some summers also in
Central Europe, e.g., Seneviratne et al. 2006b; Fischer
et al. 2007) is also dependent on land surface processes
and the interaction of the land surface with the atmo-
sphere (e.g., Koster et al. 2000, 2004; Seneviratne et al.
2006b, 2009). However, coherent fluctuations of surface
pressure, temperature and precipitation occur throughout
the year (e.g., Hurrell et al. 2003).

Besides the NAO, other atmospheric teleconnection
patterns have been identified as determinant for the Euro-
pean climate, including the East Atlantic (EA) and the
Scandinavian (SCA) patterns (Barnston and Livezey 1987)
which we refer to in this paper. The EA pattern is struc-
turally similar to the NAO, and consists of a north-south
dipole of anomaly centers spanning the North Atlantic
from east to west. The anomaly centers of the EA pattern
are displaced southeastward to the approximate nodal lines
of the NAO pattern. The SCA pattern consists of a primary
circulation center over Scandinavia, with weaker centers of
opposite sign over western Europe and eastern Russia/
western Mongolia. The SCA pattern has been previously
referred to as the Eurasia-1 pattern by Barnston and
Livezey (1987).

Regarding the variability and changes of precipitation
in Europe, the influence of atmospheric circulation and
teleconnection patterns has been analyzed so far in a
number of papers for winter (e.g., Zorita et al. 1992;
Hurrell 1995; Hurrell and van Loon 1997; Wibig 1999),
as well as for other seasons (e.g., Zveryaev 2004; Pauling
et al. 2006; Casty et al. 2007). The influence of the NAO
on precipitation in Europe was found to be non-stationary
over time (e.g., Pauling et al. 2006; Zveryaev 2006;
Massei et al. 2007; Zveryaev 2008; Vicente-Serrano and
Lépez-Moreno 2008). Hypotheses to explain this non-
stationarity have been proposed and include the modifi-
cation of the meridional pressure gradient (Zveryaev
2006) and inter-decadal shifts in the location of the
position of the NAO pressure centers (Vicente-Serrano
and Loépez-Moreno 2008). Moreover, the link between
regional precipitation and the atmospheric circulation
exhibits essential seasonality (Zveryaev 2006). Zveryaev
(2008) found that during climatic periods of weak links to
the NAO (both in spring and autumn), precipitation vari-
ability over Europe was driven by the SCA teleconnection
pattern.
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The above studies focused on the changing influence of
the atmospheric circulation on precipitation in different
seasons. However, the implications of this changing
seasonal relationship on intra-annual lag correlations of
seasonal precipitation remains open. In Hirschi et al.
(2007), negative correlations between spring and autumn
precipitation of the same year were found in two domains
covering France and Central Europe for the time period
1972-1990. Here we further investigate this link and its
temporal evolution over France during the twentieth cen-
tury and relate it to the atmospheric circulation and North
Atlantic/Mediterranean sea surface temperature (SST)
patterns. The link is analyzed using observational datasets
of precipitation, mean sea level pressure (MSLP), atmo-
spheric teleconnection patterns and SST. Moreover, we
analyze various global and regional climate models in
terms of this phenomenon.

The paper is structured as follows. After the presentation
of the observed link between spring and autumn precipi-
tation (Sect. 2.1), its representation is analyzed in various
climate models (Sect. 2.2). In Sect. 3, possible causes for
the observed link are investigated, and potential explana-
tions for the failure of the models in its representation are
discussed. Finally, concluding remarks are provided in
Sect. 4.

2 Phenomenon description
2.1 Observational evidence

A peculiar link between observed spring and autumn pre-
cipitation of the same year was found in two domains
covering France and Central Europe for the period 1972-
1990 in a recent study by Hirschi et al. (2007). This link
consists in negative correlations between domain-averaged
precipitation of these two seasons.! To further analyze this
phenomenon and its temporal persistence over France, the
temporal evolution of this spring-to-autumn link over the
twentieth century is analyzed here using observed precipi-
tation from the Climate Research Unit (CRU, available
1901-2002, Mitchell and Jones 2005), from the Global
Precipitation Climatology Center (GPCC, available
1901-2007, Rudolf et al. 1994), the E-Obs dataset from the
EU-FP6 project ENSEMBLES (available 1950-2006,
Haylock et al. 2008), and station data from the European
Climate Assessment & Dataset project (ECA&D, Klein
Tank et al. 2002). In the case of ECA&D, only stations
which are considered to be useful according to four
homogeneity tests (see Wijngaard et al. 2003), and which

! Note that there does not exist any significant correlation between
autumn and next-year spring precipitation.
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have data available for the full 1950-2008 period (i.e.,
without missing values) are incorporated in the analysis
(which results in 11 stations fulfilling these criteria).
Moreover, precipitation from the European Centre for
Medium-Range Weather Forecasts (ECMWF, ERA-40)
and the National Centers for Environmental Prediction/
National Center for Atmospheric Research (NCEP/NCAR)
reanalyses are included in the analysis (available for 1958—
2001 and 1948-2008, respectively).

These monthly precipitation datasets are averaged over
France and the spring (MAM) and autumn (SON) values
are calculated for each year. Note that the same domain
definition as in Hirschi et al. (2007) is used here, which
corresponds to the four largest catchments of France
upstream their lowest runoff stations (i.e., the Rhone,
Seine, Loire, Garonne catchments, see also Fig. 5). The
temporal evolution of the described spring-to-autumn link
in precipitation is then derived by applying a running
correlation with a 30-year time window on the de-trended
time series of spring and autumn precipitation. Note that
there is no significant autocorrelation apparent in the
respective time series of spring and autumn precipitation.
The resulting temporal evolution of the correlations
between spring and autumn precipitation (Fig. 1, center
year denotes year 16 of the 30-year time window) reveals
positive correlations at the beginning of the twentieth
century, then a downward trend in the observed correla-
tions, and correlations becoming significantly negative on
the 5% significance level (two-tailed test, black dashed
lines in Fig. 1) from the mid-1950s on. There is also some
indication of a possible reversal of the trend towards the
end of the century. The four observational datasets closely
agree on this temporal evolution of the spring-to-autumn
correlations. Note in particular that this is also the case for
the homogeneity-tested ECA&D stations, thus giving
confidence that the observed signal in the gridded datasets
is not an artifact due to changes in the observational net-
works or station density. The two reanalysis datasets show
a delay of about 10 years in the onset of the significantly
negative correlations, and the negative signal in the NCEP/
NCAR reanalysis is not as persistent as in the other data-
sets. Here we display the Pearson’s correlation, however,
similar results are obtained when using the more robust
Spearman’s rank correlation instead (not shown).

To investigate the temporal robustness of the negative
correlations, various non-parametric tests have been
applied. The theoretical 5% significance level (two-tailed
test) has been validated by resampling the respective
30 years around the center year. The 95% confidence
interval from this resampling test (light grey shading)
agrees well with the theoretical threshold for all datasets.
Furthermore, to test the randomness of the significantly
negative correlations, a pair-wise resampling of 30 years

from the whole time series was applied in the case of CRU
and GPCC. The resulting 95% confidence interval is
denoted in the CRU and GPCC panels by the horizontal
grey lines and reveals that the probability for the observed
negative correlations to be random is less than 2.5%.

To examine the stationary behavior of the correlations,
the minimal correlations have been estimated from a
parametric bootstrap for CRU and GPCC (assuming a
correlation of zero over the whole period). After generating
random time series from the spring and autumn distribu-
tions of precipitation of the entire periods (both approxi-
mately normally distributed), the minima from the running
correlations applied to these artificial time series has been
derived. The median and the 95% confidence intervals of
these minimum correlations are displayed by the bars on
the left in the respective panels. The observed negative
correlations lie mostly below the minimum bar both for
CRU and GPCC, indicating that the observed negative
spring-to-autumn link is connected with a non-stationarity
in the climate system.

Lastly, as a measure of uncertainty of the correlations, a
Jackknife estimate of its standard error has been derived for
every center year (dark grey shading). All these tests sup-
port the significance and non-randomness of the observed
negative correlations between spring and autumn precipi-
tation in the second half of the twentieth century. More-
over, the spatial robustness of the correlations is also
indicated since the extension of the domain over which the
precipitation data is averaged to whole Central Europe
(same domain as in Hirschi et al. 2007) reveals the same
temporal evolution of the correlations including the
(slightly less pronounced) significantly negative correla-
tions in the second half of the twentieth century (see also
Hirschi et al. 2007).

2.2 Analysis of climate models

Ideally, such a climate feature should also be identifiable in
climate simulations of the same period (if induced by a
specific forcing included in the climate simulations). To
verify this, we investigate Intergovernmental Panel on
Climate Change (IPCC) Fourth Assessment Report (AR4)
simulations from free-running coupled general circulation
models (GCMs) from the World Climate Research Pro-
gramme’s (WCRP’s) Coupled Model Intercomparison
Project phase 3 (CMIP3) multi-model dataset. Three AR4
GCMs (i.e., ECHAMS, GFDL CM2.1, HadGEM1) that
have been shown to have accurate representation of pres-
ent-day North-hemispheric circulation patterns (van Ulden
and van Oldenborgh 2006) are analyzed over the whole last
century, the others for the period 1960-1989, when the
observed negative spring-to-autumn precipitation correla-
tions occur. Moreover, AMIP-style (Atmospheric Model
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Fig. 1 Temporal evolution of the 30-year spring-to-autumn precipi-
tation correlation in France (domain: see Fig. 5) for the different
observational datasets and the ERA-40 and NCEP/NCAR reanalyses.
The theoretical 5% significance level (two-tailed test) is displayed as
black dashed lines, the 95% confidence interval from the resampling
test as light grey shading, and the Jackknife uncertainty of the
correlation estimate as dark grey shading. In the case of CRU and

Intercomparison Project) GCM simulations from the
EU-project PRUDENCE (Prediction of Regional Scenarios
and Uncertainties for Defining European Climate Change
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GPCC, the 95% confidence interval from the pair-wise resampling of
30 years from the whole time series is denoted by the horizontal grey
lines, and the median and the 95% confidence intervals of the
minimum correlations from the parametric bootstrap are displayed by
the bars on the left in the respective panels. Center year denotes year
16 of the 30-year time window

Risks and Effects, Christensen et al. 2007) and from the
CMIP3 archive are investigated. AMIP simulations are
constrained by observed SST and sea ice boundary
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conditions (Rayner et al. 2003; Hurrell et al. 2008). The
PRUDENCE AMIP simulations are exclusively available
for 1961-1990, and the CMIP3 AMIP simulations for
approximately 1979-2003 (depending on the model).

We also analyze the regional climate model (RCM)
simulations from the EU-projects PRUDENCE and
ENSEMBLES. The PRUDENCE RCMs (with spatial reso-
lutions of approximately 50 km) are all driven by the same
respective boundary conditions from the global model
HadAM3H (1.875 x 1.25° resolution). The analyzed
ENSEMBLES RCMs (with spatial resolutions of approxi-
mately 25 km) are driven by ERA-40 boundary conditions,
which realistically represent the large-scale atmospheric
circulation. The PRUDENCE simulations are exclusively
available for 1961-1990, while the ENSEMBLES simula-
tions are available for approximately 1961-2000 (depend-
ing on the model).

None of the analyzed GCM simulations (except for
GFDL CM2.1, which shows a significantly negative
signal for a short time), nor the GCM-driven PRUDENCE
RCMs exhibit the observed temporal evolution of

French domain: running
precip(MAM), precip(SON) correlation (30 years)
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Fig. 2 Temporal evolution of the 30-year spring-to-autumn precipi-
tation correlation in France (domain: see Fig. 5) for the different
observational datasets and the ERA-40 and NCEP/NCAR reanalyses,
as well as for the analyzed model datasets: (left) GCMs, (right)
RCMs. The theoretical 5% significance level (two-tailed test) is

spring-to-autumn precipitation correlation, nor the signifi-
cantly negative correlations (see Fig. 2, the 5% signifi-
cance level for the two-tailed test is again displayed as
black dashed lines). The only models displaying the sig-
nificantly negative spring-to-autumn link are ENSEM-
BLES RCMs driven by realistic ERA-40 boundary
conditions (although not all of them are showing this link,
and most of those that do to a lesser extent than the
observations). Note that for the CMIP3 AMIP simulations
only approximately 20 years of data are available (the 5%
significance level for the two-tailed test is represented by
the short blue dashed lines for these models).

3 Discussion

The results of the previous section raise two questions:
What is the mechanism underlying the temporal evolution
of the observed correlations and the negative correlations
in the second half of the twentieth century? And why do
most models fail to catch the described phenomenon?
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displayed as black dashed lines (30-year correlation), and as short
blue dashed lines for the CMIP3 AMIP simulations (20-year
correlation, see text). Center year denotes year 16 of the 30-year
time window
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3.1 Mechanisms

In the following, we focus on the analysis of the negative
correlations in the second half of the twentieth century. To
analyze the influence of the large-scale circulation on the
observed precipitation link, the running 30-year correlation
is applied to different MSLP datasets averaged over
France, i.e., observed MSLP from Trenberth and Paolino
(1980) and HadSLP2 (Allan and Ansell 2006), as well as
ERA-40 and NCEP/NCAR reanalyses MSLP. The running
correlation between spring and autumn MSLP reveals the
same temporal evolution as for precipitation in France
(Fig. 3), with a downward trend and significantly negative
correlations in the second half of the twentieth century, and
indications of a beginning upward trend at the end of the
century. Note that as for precipitation, the extension of the
domain to the whole of Central Europe (same domain as in
Hirschi et al. 2007) reveals the same temporal evolution of
the MSLP correlations including (slightly less pronounced)
significantly negative correlations in the second half of the
twentieth century. Also note that the running 30-year
in-season correlations between MSLP and precipitation are
significantly negative for both spring and autumn during
the entire twentieth century.

French domain: running
MSLP(MAM), MSLP(SON) correlation (30 years)

Moreover, preferred modes of the low-frequency vari-
ability of the atmosphere can be identified by the 500 hPa
geopotential height loading patterns using rotated principal
component analysis (Barnston and Livezey 1987), and
expressed as teleconnection indices (available at http://
www.cpc.ncep.noaa.gov/data/teledoc/telecontents.shtml for
the period 1950—present). In the second half of the twen-
tieth century, precipitation over France is significantly
positively correlated with the EA pattern index in spring,
and with the SCA pattern index in autumn (with 30-year
correlations of ~0.5 and ~0.7, respectively). The running
30-year correlation between the spring EA pattern and the
autumn SCA pattern reveals again a similar temporal
evolution as for the precipitation analysis in France (note
that the pattern data is only available after 1950, see
Fig. 4). Other patterns may be associated with precipitation
over France as well (e.g., the NAO and the East Atlantic/
West Russia (Eurasia-2) patterns), however, no combina-
tion of these exhibits a comparably significant spring-to-
autumn link (not shown).

Also the effects of the North Atlantic SST on precipi-
tation in Europe have been investigated (Rodriguez-
Fonseca et al. 2006). On decadal timescales, observational
studies have shown evidence for a SST forcing of the
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Fig. 3 Temporal evolution of the 30-year spring-to-autumn MSLP
correlation in France (domain: see Fig. 5) for the two observational
datasets and the ERA-40 and NCEP/NCAR reanalyses, as well as for
the analyzed model datasets: (left) GCMs, (right) RCMs. The
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theoretical 5% significance level (two-tailed test) is displayed as
black dashed lines (30-year correlation), and as short blue dashed
lines for the CMIP3 AMIP simulations (20-year correlation, see text).
Center year denotes year 16 of the 30-year time window
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Fig. 4 Temporal evolution of the 30-year spring-to-autumn correla-
tion of the spring East Atlantic (EA) pattern and the autumn
Scandinavian (SCA) pattern

atmospheric circulation in the North Atlantic region (e.g.,
Sutton and Allen 1997; Rodwell and Folland 2002).
Rodriguez- Fonseca and de Castro (2002) showed that
NAO-linked extreme winter precipitation events in the
Iberian Peninsula and Northern Africa are connected with
an anomalous SST pattern that persists from the previous
summer months and influences the atmospheric circulation.

Here, the relation of North Atlantic/Mediterrancan SST
(from the HadISST dataset, Rayner et al. 2003) anomaly
patterns with precipitation, MSLP and teleconnection
indices is investigated by means of maximum covariance
analyses (MCA, see e.g., Wilks 2006). These analyses
(Fig. 5) reveal for the period 1971-2000 that, both for the
spring and autumn, the in-season SST anomaly patterns
(top two rows) linked with precipitation (left) and MSLP
(middle) show very similar structures (with opposite sign).
Note that similar SST patterns emerge regarding links to
the SCA pattern index in autumn, and, to a lesser extent,
also to the EA index in spring. These SST patterns consist
of a center of action southeast of Newfoundland (which
seems to expand from spring to autumn), and regions of
opposite sign to the west and east thereof. A similar SST
pattern, derived from a MCA of winter precipitation over
Europe and Northern Africa and previous summer SST, has
also been described by Rodriguez-Fonseca et al. (2006).
Moreover, spring precipitation and spring MSLP are con-
nected with the same autumn SST pattern as that identified
for the in-season MCA (Fig. 5, bottom row), indicating that
at least part of the spring-to-autumn link is mediated
through SST. Looking at these relationships in the period
1931-1960, the spring-to-autumn connection over SST
does not appear as distinct anymore, while the in-season
SST patterns are similar in both periods (not shown)

To further investigate the simultaneity of the above links
between spring and autumn on a yearly basis, we define
yearly spring-to-autumn indices (indicative of the contri-
bution of single-year links to the overall correlation):

Precipitation:
P.index = P/(MAM)/UP(MAM) * P’(SON)/O-P(SON) (1)
MSLP:

MSLP.index = MSLP yjanr)/ Oustp,

MAM)

(2)
* MSLP/(SON) /GMSLP(

SON)

Teleconnection pattern indices:
PATTERN .index = EA{yany/ TEA wan)

(3)

* 8 CA/(SON) /Tsca (SON)

Spring precipitation and autumn SST (Ist mode
expansion coefficients from the corresponding MCA):

P.SST.index = P/(MAM)/GP(MAM) * SST(/SON)/O-SST(SON)

(4)

Spring MSLP and autumn SST (1st mode expansion
coefficients from the corresponding MCA):

MSLP .SST index = MSLP ;o\t / OMSLP pqany
* SST(ISON)/USST(SON) (5)

Note that the prime (') refers to the seasonal anomaly
and o to the standard deviation of the respective variables.
The temporal evolution of these yearly indices is shown in
Fig. 6 (top five panels). The application of a 30-year
running mean on the indices reveals the same temporal
evolution as for the running 30-year correlations of
precipitation, MSLP and the teleconnection pattern
indices (downward trend and negative values in the
second half of the twentieth century).

When applying a multiple linear regression for the
period 1950-2002 with these indices, the following model
results:

P.index = — 0.02 4 0.57 * MSLP.index
+ 0.22 x PATTERN .index
— 0.24 % P.SST.index
+ 0.53 « resid(MSLP.SST .index ~ P.SST .index)

(6)

To avoid the co-linearity between P.SST.index
and MSLP.SST.index, the latter has been replaced
by the residuals of a regression of P.SST.index on
MSLP.SST.index, 1i.e., through the part of MSLP.SST.
index that is not explained by P.SST.index (denoted
resid(MSLP.SST.index ~ P.SST.index) in Eq. 6). All terms
appear significant in the model, with an overall fraction
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Fig. 5 (Top two rows) In-season MCA of SST with (left) precipita-
tion, (middle) MSLP (both averaged over France, dark grey domain),
and (right) the EA and SCA pattern indices for spring and autumn and
the period 1971-2000. (Bottom row) MCA of (left) spring

of explained variance of R* = 0.56. The agreement
between the observed and the modeled link in
precipitation is displayed in the bottom panel of Fig. 6.
Note that there appears to be no co-linearity between the
two regressors MSLP.index and PATTERN.index (R*, =
0.003). This is due to the fact that the EA pattern shows
no significant correlation with MSLP over France, as the
domain is situated between the two anomaly centers of

@ Springer

precipitation and (right) spring MSLP with autumn SST for the same
period. Shown are the SST singular vectors of the corresponding 1st
modes, scaled by the standard deviation of the respective expansion
coefficients

the pattern. Overall, the regression model indicates that a
substantial part of the yearly spring-to-autumn link in
precipitation appears in-line with simultaneous spring-to-
autumn links in MSLP and in the teleconnection
patterns, as well as between spring precipitation/MSLP
and autumn SST. However, note that this does not
necessarily imply causality (e.g., Orlowsky and
Seneviratne 2009).
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Fig. 6 Yearly indices of the spring-to-autumn links in (from fop)
precipitation, MSLP, geopotential height patterns (spring EA pattern
and autumn SCA pattern), spring precipitation and autumn SST, and

3.2 Possible explanations for model-data disagreement

To investigate the failure of the models in simulating the
observed spring-to-autumn link in precipitation, we apply
the running 30-year correlations to the modeled MSLP (in
the same way as for the observed and the ERA-40 and
NCEP/NCAR reanalyses MSLP above). As for precipita-
tion, most GCM simulations and the GCM-driven PRU-
DENCE RCMs are not able to reproduce the observed link
between spring and autumn MSLP (except for HadCM3
and GFDL CM2.1 which show a significantly negative
signal, see below and Fig. 3). Given the influence of MSLP
on the observed precipitation link (see section above), the
absence of the MSLP link in the models leads to their
consequent failure to simulate the precipitation link. While
the negative MSLP signal of GFDL CM2.1 is consistent
with its signal in precipitation and with the observations
(negatively correlated spring-to-autumn values in both
variables), the behavior of HadCM3 is surprising since it
only shows negative spring-to-autumn correlations in
MSLP but not in precipitation (see Fig. 2). As the in-season
correlations between MSLP and precipitation are consis-
tent between HadCM3 and the observations (significantly
negatively correlated both in spring and autumn, not
shown), other processes might dominate the link in pre-
cipitation in this model (note that the fraction of variance

T T T
1980 1990 2000

spring MSLP and autumn SST, as well as observed and fitted
precipitation index. The top five panels also show the 30-year running
mean of the index (red)

that is explained by the MSLP link is around 0.3 in the
regression model of the previous section). Again, the only
models that are consistent with the observed MSLP link are
the ERA-40 driven ENSEMBLES RCMs (except for
HadRM). They follow closely the MSLP link of ERA-40
and seem strongly influenced by the ERA-40 boundary
forcing.

The reason for the failure of most models in simulating
the identified link in MSLP and the associated atmospheric
circulation is not clear at this stage and identifying it is
beyond the scope of this investigation. However, the posi-
tive phase of the SCA pattern is associated with positive
height anomalies over Scandinavia and western Russia,
which sometimes reflect major blocking anticyclones. It has
been shown that regional mid- and high-latitude precipita-
tion is strongly affected by the presence of atmospheric
blocking activity, and that climate models undersimulate
such activity (van Ulden and van Oldenborgh 2006; Palmer
et al. 2008). This in turn might result in a wrong frequency
of autumn precipitation in the models and thereby affect
their intra-annual variability of precipitation.

Furthermore, the temporal evolution (downward trend
followed by beginning upward trend) of the observed
spring-to-autumn correlations of precipitation and MSLP
coincides with the solar dimming (before ~ 1985) and
brightening (after ~1985) phases reported in recent

@ Springer



1216 M. Hirschi, S. I. Seneviratne: Intra-annual link of spring and autumn precipitation over France

publications (e.g., Norris and Wild 2007; Wild et al. 2007).
These trends in shortwave radiation are connected with
changes in anthropogenic aerosol emissions that led to
more scattering and absorption of shortwave radiation
during the earlier period of solar dimming, and less scat-
tering and absorption during the later period of solar
brightening (Norris and Wild 2007). Most presently
available climate models do not include the full range of
aerosol processes (e.g., Knutti 2008). This means that they
do not incorporate aerosol effects on climate beyond the
direct (scattering and absorption of solar radiation; scat-
tering, absorption and emittance of thermal radiation) and
the first indirect (cloud albedo enhancement of warm
clouds) effects (e.g., Lohmann and Feichter 2005). How-
ever, these further effects influence precipitation (for an
overview on the multitude of aerosol effects see e.g.,
Lohmann and Feichter 2005) and thus might affect the
ability of the models to reproduce the observed spring-to-
autumn link in precipitation. We also analyzed a free-
running stable ECHAM-MLO coupled simulation, which
includes an additional aerosol module that simulates indi-
rect aerosol effects, but does nonetheless not exhibit the
negative spring-to-autumn link (not shown here). However,
one has to note that this simulation was not driven with
observed SST.

Moreover, the ERA-40 reanalysis shows both the link in
MSLP and consequently in precipitation (with a temporal
delay of about 10 years, see Figs. 1, 3). ERA-40 is not only
constrained by observed SST (as the AMIP-style GCMs),
but includes various assimilated surface and atmospheric
observations (e.g., SYNOP, radiosondes, aircraft, satellite;
Uppala et al. 2005). Although precipitation itself is not an
assimilated variable in ERA-40, the assimilation of other
observations seems to help the ERA-40 reanalysis to cap-
ture the right precipitation link. This is supported by the
fact that the column integrated atmospheric moisture con-
vergence over France, which is expected to be close to
observations thanks to the assimilation of radiosonde
measurements of the atmospheric moisture content and
wind, shows consistently negative correlations between
spring and autumn (Fig. 7). The delay in the onset of the
significantly negative correlations in the ERA-40 and
NCEP/NCAR reanalyses might possibly be related to the
introduction of the assimilation of the satellite data in the
1970s.

4 Conclusion
We presented and analyzed an intra-annual relationship of
observed precipitation over France, which is manifested by

significantly negative spring-to-autumn correlations in the
second half of the twentieth century. These correlations
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Fig. 7 Temporal evolution of the 30-year spring-to-autumn correla-
tion of ERA-40 column integrated atmospheric moisture convergence
over France (domain: see Fig. 5)

appear to be connected with significantly negative spring-
to-autumn correlations in observed MSLP, and with the
significantly negatively correlated spring EA and autumn
SCA teleconnection patterns. Analyses of SST patterns
with these atmospheric variables by means of MCA indi-
cate that at least part of the spring-to-autumn link is
mediated through SST, as spring precipitation and MSLP
are linked with the same autumn SST pattern as are autumn
precipitation, MSLP and the SCA pattern index.

Except for ERA-40 driven ENSEMBLES RCMs, the
analyzed regional and global climate models are not able to
simulate this observed variability in precipitation, which is
associated with the failure of most models in simulating the
observed correlations between spring and autumn MSLP.
Possible reasons for the non-representation of this effect in
the models have been proposed and include the under-
estimation of the atmospheric blocking frequency and the
neglecting of aerosol effects on climate beyond the direct
and the first indirect aerosol effects. We cannot fully
exclude that the occurrence of this relationship may be due
to climate noise, however, this explanation seems unlikely
given the strength of the signal and the fact that the signal
is found over a 30-year period.

The question of why the correlation between spring and
autumn precipitation (and MSLP) shifts from positive to
negative values during the twentieth century remains open.
Sutton and Hodson (2005, 2007) analyzed the influence of
basin-scale changes in the Atlantic Ocean on multidecadal
variations in regional climate over Europe. These changes
are associated with the Atlantic Multidecadal Oscillation
(AMO; Delworth and Mann 2000; Kerr 2000), which
describes a temperature oscillation in the North Atlantic
with a period of 65-80 years (Schlesinger and Ramankutty
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1994; Enfield et al. 2001). Recently, Baines and Folland
(2007) also provided evidence for a rapid global shift in
climate across the late 1960s, which is visible in a near-
monotonic change of different climate variables. The most
likely causes for this shift appeared to be a reduction in the
northward oceanic heat flux associated with the North
Atlantic thermohaline circulation in the 1950s to 1970s,
which is related to the above described AMO, and which
was nearly in phase with a rapid increase in anthropogenic
aerosol emissions during the 1950s and 1960s. The tem-
poral concurrence of this shift in climate with the observed
shift to negative correlations between spring and autumn
precipitation is an indication that the causes for the climate
shift could also be connected with the temporal evolution
of the precipitation correlations.

These studies mostly analyzed the inter-decadal
response in the mean (annual or seasonal) of different
climate variables, but not their change in variability. At
this point, one can only speculate on the contribution of
such mechanisms to the observed temporal evolution of
the intra-annual link of spring and autumn precipitation
over France, and the connected links of MSLP and the
EA and SCA teleconnection patterns. However, assuming
such a contribution, and given the possible role of aero-
sols in the described climate shift, the non-representation
of the full range of aerosol processes in most climate
models might also affect their ability to simulate
the observed temporal evolution of the identified
spring-to-autumn relationships.
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