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ABSTRACT: Variability in aspects of the hydrological cycle over the Europe-Atlantic region during the summer season
is analysed for the period 1979-2007, using observational estimates, reanalyses and climate model simulations. Warming
and moistening trends are evident in observations and models although decadal changes in water vapour are not well
represented by reanalyses, including the new European Centre for Medium Range Weather Forecasts (ECMWF) Interim
reanalysis. Over the north Atlantic and northern Europe, observed water vapour trends are close to that expected from
the temperature trends and Clausius—Clapeyron equation (7% K '), larger than the model simulations. Precipitation over
Europe is dominated by large-scale dynamics with positive phases of the North Atlantic Oscillation coinciding with drier
conditions over north Europe and wetter conditions over the Mediterranean region. Evaporation trends over Europe are
positive in reanalyses and models, especially for the Mediterranean region (1-3% per decade in reanalyses and climate
models). Over the north Atlantic, declining precipitation combined with increased moisture contributed to an apparent rise
in water vapour residence time. Maximum precipitation minus evaporation over the north Atlantic occurred during summer

1991, declining thereafter. Copyright © 2010 Royal Meteorological Society
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1. Introduction

The global water cycle determines the availability of
fresh water and impacts society and ecosystems through
severe weather, flooding and droughts. Large and rela-
tively fast changes in the hydrological cycle may result
in catastrophic consequences. This is especially true for
densely populated regions, such as Europe where tem-
perature is likely to increase faster than the global mean.
The hydrological response is more complex, with pro-
jected increases in precipitation over northern Europe yet
decreases for the Mediterranean, with substantial seasonal
dependence (Christensen et al. 2007). Recent analysis
suggests that global and regional changes in the hydrolog-
ical cycle are already underway (e.g. Wentz et al. 2007,
Allan and Soden 2007; Yu and Weller 2007; Lenderink
and Van Meijgaard 2008). It is therefore important to
monitor and understand variability in aspects of the
hydrological cycle over the Europe-Atlantic region using
observationally derived estimates.

Traditionally, studies of climate variability in the
Atlantic-European sector have focused on the winter sea-
son, characterized by the large anomalies in atmospheric
circulation associated with the North Atlantic Oscilla-
tion (NAO) (Trenberth et al. 2007). There is significant
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seasonality in variability of precipitation (P) and col-
umn integrated water vapour (CWYV) in the European
region (Zveryaev 2006; Zveryaev et al. 2008). Moreover,
recent climate extremes, such as the 2003 European sum-
mer heatwave (Schar et al. 2004) and 2007 UK flooding
(Blackburn ef al. 2008), as well as projected increases
in their occurrence (Christensen et al. 2007, Pal et al.
2004), point to the importance of understanding mech-
anisms driving variability of European climate during
the warm season (Folland et al. 2009). There is evidence
of complexity in variability of summertime atmospheric
moisture over Europe and in its relationships with other
key climate parameters (Zveryaev et al. 2008). There-
fore, it is crucially important to (1) monitor changes in
aspects of hydrological cycle, (2) quantify variability and
(3) understand processes through which the hydrological
cycle impacts European climate during summer.
Previous work has demonstrated increasing surface
moisture trends over large areas of the globe (Trenberth
et al. 2005; Dai 2006; Willett et al. 2008), including
the Atlantic-Europe sector. Over Europe, the moistening
is thought to have provided a strong positive feedback
to warming which is likely to have been forced both
by increased greenhouse gases and reduced aerosol
(Philipona et al. 2009) but is also related to longer
term changes in the Atlantic Multi-decadal Oscillation
(e.g. Sutton and Hodson 2005). Relationships between
temperature, moisture and precipitation (e.g. Dai 2006;
Trenberth and Shea 2005) and experiments with regional
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Figure 1. June—August (a) climatology of precipitation (colours) and mean sea level pressure (contours) and (b) differences in precipitation
(colours) and mean sea level pressure (contours) for positive minus negative phases of the North Atlantic Oscillation. Boxes denote the regions
of detailed study (north Atlantic, north Europe and Mediterranean).

models (Schir et al. 1999; Koster et al. 2004) have been
used to understand processes important in determining
responses of the regional water cycle to warming and
moistening.

The present paper seeks to monitor and quantify recent
variability in aspects of the hydrological cycle specifically
for the Europe-Atlantic region summer season, utiliz-
ing a variety of datasets and products including surface
temperature, surface and column water vapour, precipi-
tation and evaporation. We inter-compare observational
estimates with climate model simulations and reanalysis
products over the period 1979-2007. The aim is to quan-
tify variability, detect significant trends over the period
and assess robustness of relationships between aspects of
the hydrological cycle.

2. Datasets

We consider the Europe-Atlantic region depicted in
Figure 1 which displays June—August mean precipita-
tion from the Global Precipitation Climatology Project
(GPCP; Adler et al. 2008) and sea level pressure (con-
tours) from the National Center for Environmental Pre-
diction reanalysis (NCEP; Kalnay et al. 1996) over
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the period 1979-2007. This region sub-divided into
a north Atlantic area (10-70°W, 30-60°N) centred
on the high precipitation storm-track region, a north
Europe region of consistently moderate precipitation
(10°W-60°E, 50-70°N) and a Mediterranean region
characterized by a strong gradient in P from moder-
ate values in the north to the dry south (10°W-60°E,
30-50°N). For all datasets, June—August means are
considered.

2.1. Observationally derived products

For precipitation we consider GPCP data over land and
ocean (Figure 1) which is available on a 2.5° x 2.5° grid.
These data combine infrared radiances from geostationary
and polar orbiting satellites with rain guage data since
1979, with the inclusion of microwave-based estimates
from the Special Sensor Microwave Imager (SSM/I) since
1988 (Adler et al. 2008). Ocean-only satellite retrievals
from SSM/I (Wentz et al. 2007) are also considered
separately for the period 1988—2007, using the FO8-F11-
F13 satellite series, considering 1° x 1° data, averaged
from the 0.25° x 0.25° dataset using a missing data
tolerance of 30%.
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Figure 2. Time series of summer season precipitation anomalies (%) for the (a) north Atlantic, (b) north Europe and (c) Mediterranean regions
as defined in Figure 1. Also shown in (b) is the North Atlantic Oscillation index multiplied by —10.

Observed surface temperature (75) is taken from the
Hadley Centre global sea Ice and Sea Surface Temper-
ature (HadISST) data set over the ocean (Rayner et al.
2003) and from the Hadley Centre/Climatic Research
Unit 7y anomaly dataset (HadCRUT3; Brohan et al.
(2006)) over land. The land data is derived from homoge-
nized, quality-controlled, monthly averaged temperatures,
with additional removal of duplicate records and bad
values based upon comparison with reanalysis data, aug-
mented by visual inspection. Data are provided on a
5° x 5° grid, compiled from all station anomalies within
the domain but excluding station outliers in excess of five
standard deviations.

CWYV and wind speed over the oceans are from
SSM/I as described by Wentz et al. (2007); in addition
observed near-surface specific humidity is taken from the
Hadley Centre/Climatic Research Unit humidity dataset
(HadCRUH; Willett er al. 2008) over land and ocean
(1979-2003). These data were based upon quality-
controlled dry-bulb and dewpoint depression temperature
measurements which were converted to specific humidity.
Further details of the homogenization techniques and an
analysis of trends are discussed by Willett et al. (2008).

Observationally derived evaporation (E) over the
Atlantic and Mediterranean is supplied by the Woods
Hole Oceanographic Institute (WHOI) on a 1° x 1° grid
(Yu and Weller 2007). These data are computed by
applying standard bulk aerodynamical formulas, using as
input objective analysis of 7y and near-surface temper-
ature, wind speed and specific humidity from satellite
retrievals (including SSM/I) and reanalyses, employing
in situ ship and buoy measurements to prescribe error
estimates required to specify weightings to the data within
the objective analysis procedure (Yu and Weller 2007).

2.2. Reanalysis products and model simulations

Additional dynamical fields are considered: 500 hPa ver-
tical motion (w), surface pressure (py) and pressure
at mean sea level (PMSL), in addition to the vari-
ables outlined above, from reanalysis datasets. These are
taken from the NCEP reanalysis (1979-2007) and the
European Centre for Medium Range Weather Forecasts
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40-year reanalysis (ERA40) for 1979-2001 and interim
reanalysis (ERA Interim) for 1989-2007 (Uppala et al.
2005).

Finally, simulations from atmosphere-only climate
models forced with observed sea surface temperature
(AMIP3) were taken from the PCMDI archive (www-
pcmdi.llnl.gov). Models considered are, the CNRM CM3
(Salas-Mélia er al. 2005), the IPSL CM4 (Marti et al.
2005), the MIROC high and medium resolution mod-
els (version 3.2; Hasumi and Emori (2004)), the MRI
CGCM2 version 3.2a (Yukimoto and Noda 2002) and the
NCAR CCSM 3.0 (Collins et al. 2006), using ensemble
member 1 in each case. These models were chosen based
on the complete availability of all fields considered in the
analysis.

3. Precipitation and dynamical variables

Figure 2 displays percentage anomalies in summer season
P over (a) the Atlantic Ocean region, (b) the north Euro-
pean region and (c) the Mediterranean region, defined
in Figure 1. The partitioning of northern and southern
Europe is deemed appropriate based on previous analysis
of the spatial signal in precipitation variability (Zveryaev
and Allan 2009; Folland et al. 2009) as highlighted by the
differences in P between positive and negative phases
of the NAO (Figure 1(b)). Anomalies are calculated
with respect to the monthly climatology for 1989—1998,
chosen due to the availability of all datasets during this
period.

Negative trends in P are apparent over the north
Atlantic region although this is only statistically sig-
nificant at the 95% level for GPCP and ERA Interim
(Table I). The wettest summer for each dataset was 1991,
although this is not captured by the AMIP3 ensemble
mean. Although there is positive correlation between
GPCP and the AMIP3 ensemble P, this is not statistically
significant (r = 0.3).

Over northern Europe and the Mediterranean, trends
are not significant, in contrast to longer term observed
changes (Pal etal. 2004), but exhibit substantial
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Table 1. Trends in aspects of the hydrological cycle over the north Atlantic (ocean), north Europe (land and ocean) and
Mediterranean (land and ocean unless stated) regions.

Dataset Years

Atlantic

North Europe

Mediterranean

dT/dt (K/decade), r

0.37£0.15, 0.48
0.39 +0.10, 0.60
047 £0.12, 0.59
0.55£0.17, 0.61
0.28 £+ 0.08, 0.60

0.60 +1.12, 0.12
0.78 £0.82, 0.18

3.20 £ 0.70, 0.69
3.24+1.28, 052
1.14 £ 045, 0.50

0.55£0.10, 0.76
0.34 +£0.07, 0.66
0.64 £0.07, 0.86
0.69 £0.15, 0.74
0.28 +0.07, 0.66

0.10 £1.21, 0.02

—-1.74£0.72, —0.42

1.91 +£1.59%, 0.27
2.59+0.51, 0.72

—0.48 £1.40, —0.08

1.73 £ 0.63, 0.52

ERA40 1979-2001 0.19 +0.10, 0.40
NCEP 1979-2007 0.18 £ 0.07, 0.46
HadISST/HadCRUTS3 1979-2007 0.26 £ 0.06, 0.62
ERA Int 1989-2007 0.35+0.14, 0.53
AMIP3 1979-2000 0.20 £ 0.10, 0.41
dCWV/dt (%/decade), r

ERA40 1979-2001 2.68 +0.54, 0.73
NCEP 1979-2007 1.39 £ 0.34, 0.62
SSM/1 1988-2007 1.71 £ 0.81, 0.45
HadCRUH 1979-2003 1.78 £ 0.49, 0.60
ERA Int 1989-2007 0.36 £ 0.84, 0.10
AMIP3 1979-2000 1.01 +£0.49, 0.41
dE/dt (%/decade), r

ERA40 1979-2001 —245+1.32, —0.38
NCEP 1979-2007 —0.47 £0.90, —0.10
WHOI 1979-2006 —0.09 £0.95, —0.02
ERA Int 1989-2007 5.88+1.32,0.73
AMIP3 1979-2000 1.41£1.21, 0.25
dP/dt (%/decade), r

GPCP 1979-2007 —2.84+1.09, —0.45
SSM/T 1988-2007

ERA Int 1989-2007 =790 £1.68, —0.75
AMIP3 1979-2000 —1.04 £0.89, —0.25

—3.46 £2.43, —0.32 -

2.83 +0.81, 0.60
1.11 +£1.07, 0.20

1.27 £ 0.63, 0.40
2.04 +£0.71, 0.48
7.28 +1.28%, 0.74
2.26 +0.82, 0.55
3.05 £ 1.05, 0.55

1.84 £ 1.18, 0.36
1.09 £+ 0.63, 0.36

—1.53+1.94, —0.15 —2.03 £3.83, —0.10
7.86 £ 13.6% 0.14
—3.81 £8.25, —0.11

1.85£3.57,0.12

3.84 +£4.53, 0.20
—0.31 £ 1.20, —0.06

+1 Standard error and the correlation coefficient (r) of the linear fits are shown, with statistical significance at above the 95% level highlighted

in bold. ?, ocean regions only.

variability, the range in P of order 30% over north
Europe and 60% over the Mediterranean in observations,
reanalyses and model simulations. There is a link between
north Europe P and the NAO index (Figure 2(b)), with
a correlation coefficient, r = —0.65. This is in agree-
ment with Folland et al. (2009) who find the positive
phase of the summer NAO to be linked with warm, dry,
and relatively cloud-free conditions over northern Europe
and cooler, wetter and cloudier conditions over southern
Europe and the Mediterranean. The ERA Interim reanaly-
sis is able to capture the interannual variability in P over
Europe although this is not true for the climate model
ensemble, suggesting that the sea surface temperature
forcing is not sufficient for simulating variability in P
over Europe.

We now present variability in dynamical variables from
the reanalyses over the same regions. Vertical motion
over the land regions is consistent between datasets
(Figure 3(b) and (c)). Comparing with Figure 2(b)
and (c), negative w (stronger ascent) is associated with
greater P. For GPCP and NCEDP, the correlation is statisti-
cally significant at the 99.9% level (Table II) highlighting
the dependence of large-scale P on mean vertical motion
over land. For ERA Interim, the relationship is stronger
still and also applies over the Atlantic Ocean region; since
the w and P fields are generated by the ECMWF model
and such a link is unsurprising.

Copyright © 2010 Royal Meteorological Society

Also apparent from Figure 3(b) and (c) is anti-
correlation between Europe and Mediterranean . The
negative relationship (Figure 4(a)) is statistically signif-
icant at the 95% level with stronger ascent over north-
ern Europe associated with weaker ascent (or stronger
descent) over the Mediterranean. There is also anti-
correlation for P anomalies between the same regions
(Figure 4(b)) although this is not statistically significant.
Stronger but positive correlations are attained when the
Mediterranean time series are correlated with the Euro-
pean time series lagged by 1 year (Figure 4(c) and (d)).
For example, negative @ and positive P anomalies in
the Mediterranean appear to be associated with negative
o and positive P anomalies over north Europe in the
following year. Again, the relationship for P is weak
and it is not clear whether this occurs by chance or
whether a physical mechanism, for example relating to
remote sea surface temperature patterns, can explain this
correlation. It is most likely that this correlation results
from a period of biennial oscillations in vertical motion
anomalies over north Europe and the Mediterranean
(Figure 3(b) and (c)), also apparent in north Atlantic sur-
face pressure (Figure 3(d)), which is associated with a
period of fluctuating NAO index (Figure 2(b)).

Over the north Atlantic region, correspondence be-
tween o from NCEP, ERA40 and ERA Interim is
inferior (Figure 3(a)) and relationship with P weaker

Int. J. Climatol. (2010)
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Figure 3. As Figure 2 but for anomalies of 500 hPa vertical motion (Pa/s) and mean sea level pressure (hPa).
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(Table II) than the comparisons over land, likely relat- reanalyses (Figure f4(d)—(f)); there is correspondence
ing to fewer radiosondes over the ocean. Pressure at between PMSL and o over land but not over the
mean sea level (PMSL) is well constrained among the north Atlantic region. Correlation between GPCP P and
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Table II. Relationships between aspects of the hydrological cycle, surface temperature and vertical motion over the north Atlantic
(ocean), north Europe (land and ocean) and Mediterranean (land and ocean unless stated) regions.

Dataset Years Atlantic North Europe Mediterranean
dCwWV/dT (%/K), r

ERA40 1979-2001 4.74 £1.27, 0.63 4.97 £0.95, 0.75 1.76 £ 1.64, 0.23
NCEP 1979-2007 4.43 +0.69, 0.78 4.49 +0.93, 0.68 —-0.92£1.52, —-0.12
SSM/I, HadISST 1988-2007 5.36 £0.79, 0.85 - 2.02 £1.70%, 0.27
HadCRUH, HadCRUT3 1979-2003 5.98 £0.57, 0.91 3.95+0.65, 0.78 3.55+0.48, 0.84
ERA Int 1989-2007 3.24+£1.02, 0.61 5.25+1.07, 0.76 0.75 £1.50, 0.12
AMIP3 1979-2000 3.74 £ 0.72, 0.76 2.98 +0.89, 0.60 3.99 +1.48, 0.52
dE/dT (%/K), r

ERA40 1979-2001 1.43£291,0.11 3.15+1.11, 053 1.21 £0.92, 0.28
NCEP 1979-2007 —1.78 £2.30, —0.15 1.82 £1.63, 0.21 2.61 +1.49, 0.32
WHOI, HadISST 1979-2006 2.45+2.14,0.22 - 7.94 +1.98%, 0.62
ERA Int 1989-2007 6.91 +2.44, 0.57 2.68 +1.24, 0.47 0.85 £1.04, 0.19
AMIP3 1979-2000 7.79 £ 1.85, 0.69 4.66 +1.02, 0.72 4.18 £2.76, 0.32
dP/dT (%/K), r

GPCP/NCEP 1979-2007 —3.10 £ 3.06, —0.19 —4.22 £2.87, —0.27 —-159+6.79, —041
SSM/I, HadISST 1988-2007 —6.31 £3.96, —0.35 - —4.65 £ 14.5%, —0.08
ERA Int 1989-2007 =7.57+3.41, —0.47 —0.75 £5.13, —0.04 —14.0 £8.29, —0.38
AMIP3 1979-2000 2.06 £1.81, 0.25 —0.53 £2.59, —0.05 —5.17£8.13, -0.14
dP/dw (% Pa~'s), r

GPCP/NCEP 1979-2007 -9.5+£6.6, —0.27 —-250+£38, —-0.79 -39.7+10.1, —0.60
ERA Int 1989-2007 —-32.0+10.3, —0.60 —-355+45, -0.89 —652+5.77, —0.94

+1 Standard error and the correlation coefficient (r) of the linear fits are shown, with statistical significance at above the 95% level highlighted

in bold. ?, ocean regions only

NCEP PMSL is only significant over the north European
sector (r = —0.65) and weaker than correlations between
P and w (Table II). Nevertheless, despite low correlation,
there is a good agreement between large anomalies of P
and PMSL over the north-Atlantic region. In particular, in
1991, enhanced precipitation (Figure 2(a)) was associated
with large negative anomalies of PMSL (Figure 3(d))
while negative rainfall anomalies in 1996 were associated
with positive PMSL anomalies.

4. Surface temperature, moisture and evaporation

In the previous section, strong dynamical controls on
P were identified over land during European summer.
We now quantify variability and relationships between
different aspects of the hydrological cycle, considering
T,, CWV and E. Figure 5(a)—(c) shows 7 anomalies
over the north Atlantic, north Europe and Mediterranean
regions. All datasets and regions show pronounced warm-
ing trends, ranging from 0.18 K/decade for NCEP over
the north Atlantic (1979-2007) to 0.69 K/decade for
ERA Interim over the Mediterranean from 1989 to 2007
(Table I). Over the ocean, T changes are well constrained
by observations for all datasets; lower 7y in HadISST
observations during 1979-1980 explain a stronger trend
than ERA40 and NCEP. The period 1989-2007 is char-
acterized by a stronger warming trend for all regions, as
captured by the ERA Interim dataset. It has been sug-
gested that some of this signal relates to a reduction

Copyright © 2010 Royal Meteorological Society

in direct and indirect aerosol surface cooling (e.g. Wild
et al. 2008; Evan et al. 2009); this is beyond the scope
of the present study. The models simulate the weakest
warming trends over Europe, 0.28 K/decade over the
period 1979-2000.

Strongly coupled to the warming over the North
Atlantic Ocean is an increase in moisture (Figure 5(d))
as demonstrated previously over tropical oceans (e.g.
Wentz et al. 2007). Observed CWYV from SSM/I increases
at the rate 1.7%/decade, similar to observed percentage
changes in surface specific humidity from HadCRUH
(Table I). Trends are weaker in the models while NCEP
is thought to underestimate and ERA40 to overestimate
trends in CWV over the ocean (Allan er al. 2004).
ERA Interim produces the weakest trend in CWYV,
at odds with the SSM/I and HadCRUH observations,
consistent with results over the tropical ocean (John et al.
2009). There is closer agreement in interannual coupling
between CWV and T; with strong, positive correlations
in all datasets. The strongest response is evident in the
observations (~5-6% K '), close to that expected from
the Clausius—Clapeyron equation (Willett er al. 2008).
Taking the ratio of CWV and T; trends also results in a
similar response (~7% K ~') for SSM/I, HadCRUH and
HadISST; the AMIP response is 5% K ~! using the ratio
method.

Moistening is also evident over the north Europe
(Figure 5(e)) and Mediterranean (Figure 5(f)) regions
(Tables I and II), despite declining relative humidity

Int. J. Climatol. (2010)
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Figure 5. As Figure 2 but for anomalies of surface temperature (a)—(c), column integrated water vapour (d)—(f) and surface evaporation (g)—(i).

(Willett ef al. 2008). The strongest trends in CWV are
over northern Europe for the HadCRUH and ERA Interim
datasets (3.2% per decade), larger than the AMIP models;
NCEP and ERA40 did not reveal significant trends. How-
ever, all datasets considered showed a strong relationship
with Ty, ranging from ~3-5% K~!. Taking the ratio
of water vapour and 7 trends, the HadCRU/HadISST
data suggest a sensitivity ~7% K~!, close to Clau-
sius—Clapeyron; smaller trends are evident for ERA
Interim (6% K ') and the AMIP models (4% K1).
Over the Mediterranean region CWV trends and sen-
sitivity to 75 are larger for AMIP3 but smaller for
HadCRUT but with both datasets indicating pronounced
moistening. Taking the ratio of trends, CWYV increases at
6.2% K~ in the models, close to Clausius—Clapeyron,
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but at a lower rate in the observations (4% K~'). The
reanalysis datasets suggest only weak CWV trends and
links to warming over the Mediterranean. The moistening
trends in the HadCRUT and SSM/I datasets and AMIP
models are also consistent with radiosonde data (Durre
et al. 2009) which suggests a 0.45 mm/decade trend over
northern hemisphere land since 1973 although the trend
over Europe in summer is 0.18 mm/decade (around 1%
per decade) and not statistically significant.

Substantial interannual variability in E is evident over
the Atlantic region (Figure 5(g)) but trends are incoherent
(Table II). The WHOI observations display only a weak
dependence of E upon T, while a stronger dependence,
close to the Clausius—Clapeyron rate (~7% K~!) is
simulated by the AMIP model ensemble and ERA
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Figure 6. As Figure 2 but for residence time (days) and precipitation — evaporation (mm day~!).

Interim data (Table II). Positive coupling between E
and 7; is more robust across reanalyses and models
for the north European region (Table II) but links with
T; are significant only for ERA40. Conversely, over
the Mediterranean region, coupling between E and T
is weak while trends are positive in all datasets. The
AMIP3 models (Table I) simulate stronger trends and
variability than the reanalyses. The WHOI ocean-only
data also indicates substantial increases in E, especially
after 1998.

The rising CWYV, declining P and relatively stable
E over the Atlantic ocean region result in a positive
trend in water vapour residence time (CWV/P) and
negative trends in P — E in all datasets (Figure 6). It
is misleading to interpret these changes in the water
vapour residence time as an intrinsic property of the
hydrologic cycle; rather it is an informative diagnostic of
the regional water cycle, affected by moisture transport
as well as local recycling of moisture (e.g. Schir et al.
1999). A peak in P — E is evident in 1991 and declines
thereafter. Longer term changes in these variables over
north Europe and the Mediterranean regions are less
coherent.

5. Spatial anomalies in 1991 and 2007

We now analyse in more detail the spatial structure of
anomalies in aspects of the hydrological cycle for summer
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1991 over the Atlantic (Figure 7) and 2007 over the
whole region (Figure 8).

Summer 1991 over the north Atlantic was character-
ized by anomalously high P — E (Figure 6(d)). The pos-
itive P (SSM/I) and negative E (WHOI) anomalies are
associated with a negative surface pressure anomaly cen-
tred at 40°W, 55°N with anomalous ascent on the south-
ern and eastern flanks of the anomaly and reduced wind
speed to the south (Figure 7). The negative Ty anomaly
off Newfoundland (Figure 7(b)), a region thought to be
important in influencing multi-decadal variations in sum-
mer climate (Sutton and Hodson 2005), is associated
with anomalous northerly wind flow. The positive P — E
is also consistent with negative salinity anomalies in
the early 1990s (Belkin 2004). While the effect of the
Pinatubo volcanic eruption in June 1991 was unlikely
to have influenced the north-Atlantic climate during this
immediate period, the anomalous conditions may have
been linked to an emerging Atlantic El Nifio-like event
(Polonsky 1994).

During summer 2007, P anomalies of 10% over north-
ern Europe (from GPCP) coincided with a negative phase
of the NAO (Figure 2(b)), with a broadly similar pat-
tern of precipitation differences to the positive minus
negative NAO phase shown in Figure 1(b). Increased P
mainly affected north-west Europe and northern Euro-
pean Russia, yet were not associated with stronger ascent
(Figure 8(a)). This is possibly because the intense rainfall
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Figure 7. Observed anomalies of (a) SSM/I precipitation and NCEP

vertical motion, (b) WHOI surface evaporation and HadISST tempera-

ture and (c) SSM/I wind speed and NCEP sea level pressure for summer
1991.

originated from a small number of intense precipitation
events (Blackburn et al. 2008). Evaporation anomalies
from NCEP coincide with P anomalies over land regions
with around half of the additional P being lost through
evapotranspiration. Evaporation anomalies were also pos-
itive over the Atlantic between 30 and 40°N, a source
region for the air masses important in delivering intense
rainfall to the UK during June—July 2007 (Blackburn
et al. 2008). Negative E anomalies were present over the
north-west Atlantic and eastern Mediterranean, coincid-
ing with anomalous warmth (Figure 8(b)). Evaporation
anomalies are also linked with wind anomalies (from
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SSM/I), negative over the north Atlantic, positive over
the south-east of the north Atlantic region, themselves
associated with anomalously high surface pressure in the
north and low pressure in the south-east of the region
(Figure 8(c)).

Mean sea level pressure was anomalously low over
northern Europe during summer 2007 (Figure 3(e)), in
particular over north-west Europe (Figure 8). The persis-
tence of an upper level trough over this region is thought
to have been instrumental in determining the intense rain-
fall events over the UK during this period (Blackburn
et al. 2008).

6. Conclusions

Variability in aspects of the hydrological cycle is anal-
ysed over the north Atlantic, north Europe and Mediter-
ranean regions during the summer season for the period
1979-2007, using observational estimates, reanalyses
and climate model simulations. Warming trends are
present in all datasets for all regions although the model
simulations underestimate trends over Europe, demon-
strating that only some of the warming across Europe
is explained by the sea surface temperature and sea ice
forcing prescribed in these experiments. Reduced aerosol
cooling over land (Wild et al. 2008) and over the sub-
tropical north Atlantic (Evan et al. 2009), and direct
forcing by greenhouse gases, not represented by the mod-
els, may contribute to this underestimate (Philipona et al.
2009). Further comparisons with atmosphere-only models
and fully coupled models in which greenhouse gas and
realistic aerosol forcings applied are required to clarify
the magnitude of these effects further.

Moistening trends are also captured by the models
and observations, with observed changes in water vapour
rising at the rate expected from Clausius—Clapeyron
(7% K~') over the north Atlantic and north Europe
region, consistent with Willett et al. (2008), and slightly
below this rate in the models (4-5% K ~!). Reanalysis
products, including ERA Interim, struggle to represent
decadal changes as discussed previously by Bengtsson
et al. (2004).

Over Europe, warmer conditions favour higher mois-
ture amounts, implying greater rainfall intensity (e.g.
Trenberth et al. 2003), yet the warmer conditions in sum-
mer are a likely occurrence of drier cloud-free conditions
(e.g. Trenberth and Shea 2005). On the basis of the
present analysis, the latter effect appears to dominate,
in particular over the Mediterranean, where P is nega-
tively correlated with 7;. Declining summer rainfall over
Europe has also been observed over recent decades from
observations and is consistent with future climate projec-
tion (Pal er al. 2004).

Precipitation variability over Europe is dominated
by the large-scale dynamics; positive phases of the
summer NAO index are associated with reduced P
over north Europe and wetter conditions across the
Mediterranean region, in agreement with Folland et al.
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Figure 8. Anomalies of (a) GPCP precipitation and NCEP vertical motion, (b) NCEP surface evaporation and temperature and (c) SSM/I wind
speed and NCEP sea level pressure for summer 2007.

(2009). Evaporation trends over Europe from models and
reanalyses are positive (1-3% per decade), in particular
for the Mediterranean region with the models displaying
the largest variability and trends in this region.

There is evidence of declining P over the north
Atlantic region in all datasets although with substantial
variability (£10%). Rising moisture yet declining P
explain substantial rises in water vapour residence time,
of around 2 days, over the north Atlantic in all datasets
considered. This is consistent with model projections
over the 21st century which are influenced by of a
poleward expansion of the sub-tropical high pressure
regimes (Christensen et al. 2007). Maximum P — E
over the north Atlantic occurred during summer 1991,
associated with a negative pressure anomaly, but declined
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thereafter. Changes in P — E over the Atlantic may
have contributed to ocean salinity anomalies during the
1990s (Belkin 2004) and it is crucial to understand the
links between Atlantic Ocean temperature and salinity
and decadal changes in summer climate over Europe
associated with the Atlantic Multi-decadal Oscillation
(Sutton and Hodson 2005), the signal of which is most
pronounced in the summer season (Delworth and Mann
2000).

Finally, it is important to note the limitations of
analysing changes in aspects of the water cycle over
recent decades across the Atlantic-Europe sector. Homog-
enizing conventional and satellite datasets is prob-
lematic (e.g. Willett et al. 2008; Brohan et al. 2006;
Yu and Weller 2007; Bengtsson et al. 2004) and the
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combination of a variety of observations, reanalysis and
model products is essential in monitoring climate region-
ally and globally. Also, determining the mechanism of
regional change over a decadal time-scale is difficult as
variability relates to a combination of circulation changes,
climate forcings, such as greenhouse gases and aerosol,
and feedbacks relating to water vapour, cloud and the
land surface (e.g. Philipona et al. 2009). The application
of regional models up to fully coupled global models
is necessary to understand mechanisms influencing Euro-
pean summer climate (e.g. Schér et al. 1999; Koster et al.
2004; Sutton and Hodson 2005).
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