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Abstract Precipitation over western Europe (WE) is projected to increase (decrease) roughly northward
(equatorward) of 50°N during the 21st century. These changes are generally attributed to alterations in the
regional large-scale circulation, e.g., jet stream, cyclone activity, and blocking frequencies. A novel weather
typing within the sector (30°W–10°E, 25–70°N) is used for a more comprehensive dynamical interpretation of
precipitation changes. A k-means clustering on daily mean sea level pressure was undertaken for ERA-Interim
reanalysis (1979–2014). Eight weather types are identified: S1, S2, S3 (summertime types), W1, W2, W3
(wintertime types), B1, and B2 (blocking-like types). Their distinctive dynamical characteristics allow identifying
the main large-scale precipitation-driving mechanisms. Simulations with 22 Coupled Model Intercomparison
Project 5 models for recent climate conditions show biases in reproducing the observed seasonality of
weather types. In particular, an overestimation of weather type frequencies associated with zonal airflow
is identified. Considering projections following the (Representative Concentration Pathways) RCP8.5
scenario over 2071–2100, the frequencies of the three driest types (S1, B2, and W3) are projected to
increase (mainly S1, +4%) in detriment of the rainiest types, particularly W1 (�3%). These changes explain
most of the precipitation projections over WE. However, a weather type-independent background signal is
identified (increase/decrease in precipitation over northern/southern WE), suggesting modifications in
precipitation-generating processes and/or model inability to accurately simulate these processes. Despite
these caveats in the precipitation scenarios for WE, which must be duly taken into account, our approach
permits a better understanding of the projected trends for precipitation over WE.

1. Introduction

Spatial-temporal variability of precipitation and its extremes over western Europe (henceforth WE) is largely
driven by the large-scale atmospheric flow over the Euro-Atlantic sector. This is documented by the significant
relationships between precipitation and teleconnection patterns [Barnston and Livezey, 1987; Hurrell and
VanLoon, 1997; Casanueva et al., 2014], namely, the North Atlantic Oscillation (NAO) and East Atlantic (EA)
patterns or the significant modes of coupled variability between mean sea level pressure (MSLP) and daily
precipitation [Ulbrich et al., 1999; Qian et al., 2000; Santos et al., 2007b]. From a synoptic viewpoint, large-scale
anomalies associated with cyclones and blocking systems are particularly relevant for precipitation extremes
in WE [Pfahl and Wernli, 2012; Pfahl, 2014; Ramos et al., 2014b]. The occurrence of clusters of extratropical
cyclones over the eastern North Atlantic leads to particularly stormy conditions over WE [Pinto et al., 2014]
and may lead to very rainy periods and floods like in the winter of 2013/2014 in the UK [Huntingford et al.,
2014]. Precipitation is often associated with tropical moisture exports to the extratropics [Knippertz and
Wernli, 2010], often organized in filaments of high water vapor content (denominated “atmospheric rivers”)
emerging beneath the warm conveyor belts of extratropical cyclones [Dacre et al., 2014]. Their role on preci-
pitation over WE was highlighted, but their relative importance has also been questioned [Champion et al.,
2015; Ramos et al., 2015].

The variability of the midlatitude eddy-driven jet over the North Atlantic, reflected by its mean latitude
and strength, is a key forcing mechanism of synoptic variability in the Euro-Atlantic atmospheric circulation
[e.g., Woollings et al., 2011; Santos et al., 2013], including the NAO and EA [Woollings et al., 2010]. While
extreme opposite behavior in the North Atlantic eddy-driven jet often triggers precipitation extremes over
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WE [e.g., Andrade et al., 2011; Harnik et al., 2014], there is no clear climate change footprint in the jet variability
during the twentieth century over the North Atlantic and Europe [Barnes and Polvani, 2013; Woollings et al.,
2014]. The complexity of the dynamical mechanisms underlying the jet stream and storm track variability
can be highlighted by the number of different interactions over a wide range of different temporal and
spatial scales, such as large-scale eddies [Santos et al., 2009a], Rossby wave breaking [Woollings et al., 2011;
Masato et al., 2012; Barnes and Polvani, 2013], atmospheric blocking [Davini et al., 2014b], troposphere-
stratosphere couplings [Santos et al., 2009b;Davini et al., 2014a; Kidston et al., 2015], Arctic ice and snow coverage
[Screen, 2013; Cohen et al., 2014], latent heat release [Wernli et al., 2002; Ludwig et al., 2014], or ocean fronts [Small
et al., 2014]. Therefore, climate models need to properly integrate most of these interactions to realistically
simulate the large-scale circulation in the Euro-Atlantic sector. For instance, climate models unable to accurately
reproduce troposphere-stratosphere couplings tend to have important biases in the North Atlantic tropospheric
jet [Small et al., 2014], undermining the reliability of the simulated precipitation over WE.

In an attempt to systematize the connections between specific synoptic patterns and precipitation, classifi-
cations of daily synoptic patterns into weather types (WTs) are often performed [Huth et al., 2008]. The
European Cooperation in Science and Technology (COST) Action—COST733—was specifically devoted to
the “Harmonisation and Application of Weather Type Classifications for European Regions” [Huth, 2010]
and produced a catalog of WT classifications for 12 fixed European domains [Philipp et al., 2010] using
ERA-40 reanalysis. Classification schemes based on airflow direction/vorticity [e.g., Lamb, 1972; Trigo and
DaCamara, 2000; Pattison and Lane, 2012; Ramos et al., 2014a] or on cluster analysis [Corte-Real et al., 1998;
Santos et al., 2005; Chadee and Clarke, 2015] are among the most common approaches. The performance
of different WT classifications in discriminating, e.g., precipitation within a given sector, depends on the
number of classes, target region, season, atmospheric parameters, and research focus [Broderick and Fealy,
2015]. However, k-means clustering based on MSLP is regarded as one of the best-performing classification
schemes over western Europe [e.g., Beck and Philipp, 2010; Casado et al., 2010; Garcia-Valero et al., 2012;
Broderick and Fealy, 2015].

Many studies have analyzed the relationships between WTs and precipitation in WE, namely, in the Iberian
Peninsula [Santos et al., 2005; Fernandez-Montes et al., 2012; Garcia-Valero et al., 2012], France [Boe and
Terray, 2008; Planchon et al., 2009], Ireland [Broderick and Fealy, 2015], Norway [Tveito, 2010], or over
European-wide areas [e.g., Jones and Lister, 2009; Beck and Philipp, 2010; Donat et al., 2010; Hoy et al.,
2014]. WTs have been also used as a diagnostic tool for model skill assessments and bias corrections
[e.g., Demuzere et al., 2009; Pastor and Casado, 2012; Perez et al., 2014; Photiadou et al., 2015]. Failure of
climate models to accurately reproduce key patterns of synoptic variability can undermine their climate
change projections [Davini et al., 2014a].

Precipitation distribution and its extremes, inducing droughts and floods, are projected to change under
future climate conditions in Europe, partially as a response to changes in large-scale atmospheric circulation
[Santos et al., 2007a; Nikulin et al., 2011; Seneviratne et al., 2012; Sillmann et al., 2013b]. Although these future
projections are in line with the observed past trends in precipitation and floods over Europe [Madsen et al.,
2014], their climate change signal is quite complex [Greve and Seneviratne, 2015] and requires further
research. Taking into account the climate change projections for precipitation in WE, our main objectives
are threefold: (1) to isolate WTs, defined on a daily basis, that can be used as a diagnostic tool of the large-
scale mechanisms controlling precipitation over WE; (2) to evaluate the skill of state-of-the-art climatemodels
in replicating the frequencies of occurrence of these WTs for recent climate conditions; and (3) to better
understand the projected changes in precipitation over WE in light of the accompanying changes in WTs.

2. Data and Methods

As the main focus of the present study is on the westernmost European regions, the WT classification was
carried out within a western European sector (30°W–10°E, 25–70°N), covering WE and adjacent water bodies.
By targeting a sector that incorporates the main large-scale patterns governing precipitation over WE,
the resulting WTs are also a meaningful diagnostic tool of the atmospheric circulation. The identification
of WTs was carried out using daily MSLP fields over the period of 1979–2014 from ERA-Interim reanalysis
[Dee et al., 2011]. Other selected ERA-Interim daily atmospheric variables include the following: 500 hPa
geopotential height (Z500), total precipitation, convective available potential energy (CAPE), zonal wind
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component at 850 hPa (U850), 10m horizontal wind components (zonal and meridional), and 500 hPa rela-
tive vertical vorticity (V500). All variables are defined at a spatial resolution of 0.75° longitude × 0.75° latitude.
For validating ERA-Interim precipitation, two data sets of observation-based gridded precipitation were also
used: (1) E-OBS daily precipitation, version 11.0, 0.25° regular grid [Haylock et al., 2008] and (2) Global
Precipitation Climatology Centre (GPCC) monthly precipitation, version 6.0, 0.5° regular grid, being 2010
the last available year [Schneider et al., 2014].

For climate change assessments, an ensemble of 22 state-of-the-art global climate model runs (Table S1 in
the supporting information), participating in the fifth phase of the Coupled Model Intercomparison Project
—CMIP5 [Taylor et al., 2012], is used. Daily precipitation, MSLP, and 850 hPa zonal wind for both recent past
(1979–2005) and future (2071–2100) periods were retrieved. Recent past data were forced by historical
greenhouse gas (GHG) concentrations, while data for the future period were forced by (Representative
Concentration Pathways) RCP8.5 [van Vuuren et al., 2011; Intergovernmental Panel on Climate Change (IPCC),
2013]. This scenario corresponds to a radiative forcing of 8.5Wm�2 by 2100, being the pathway comprising
the highest GHG emissions [Riahi et al., 2011]. This analysis was also carried out for RCP4.5 and for both scenarios
over the 2041–2070 period. Given that results for RCP4.5 and 2041–2070 are generally very similar but with
weaker signals to RCP8.5 over 2071–2100 (not shown), we focus here on the latter for the sake of succinctness.

For weather typing, seasonality at each grid point was removed from the raw MSLP fields. For that purpose,
gridded long-term means were computed on a daily basis (1981–2010 baseline) and smoothed by 31 day
moving averages. A principal component analysis was then applied as a preprocessing tool [Wilks, 2011],
and only the 10 leading components were retained (~95% of explained variance). Lastly, a k-means clustering
was applied to this subset of components, based on point-to-centroid squared Euclidean distances [Wilks,
2011]. Cluster seeding was carried out by preliminary clustering on a random 10% subsample, and the clus-
tering algorithm was replicated 10 times. The solution with the lowest within-cluster variance was eventually
selected. The discriminatory power, θ, of the WTs, i.e., their skill in separating daily precipitation totals at a
given location, is calculated at specific locations. It is defined as θ = 1�WSS⁄TSS, where WSS is the within-
cluster sum of squares (squared deviations from cluster mean precipitation) and TSS is the total sum of
squares (squared deviations from total mean precipitation), ranging from 0 (no discrimination) to 1 (maximum
discrimination) [Broderick and Fealy, 2015]. Gridded (E-OBS and GPCC) monthly precipitation (predictand) is
related to the monthly frequencies of occurrence of the WTs (predictors) by stepwise multivariate linear
regressions, and the corresponding fractions of explained variance are estimated. Outliers are downweighted
by robust fittings using bisquare weighting. The number of WTs corresponding to a stabilization of the area-
mean explained variance over WE is chosen. As a sharp increase was found from two to five clusters, followed
by a weaker increase up to eight clusters and a stabilization thereafter (not shown), we have chosen eight WTs.
We aim at having the smallest number of physically meaningful WTs that optimally maximize the explained
variance in monthly precipitation over WE (parsimony solution).

Owing to the different model grids, simulated data were bilinearly interpolated to the ERA-Interim grid (0.75°
longitude × 0.75° latitude) within the WE sector (30°W–10°E, 25–70°N). The clustering on model outputs does
not necessarily render the same WTs obtained from ERA-Interim. Hence, for the model outputs, a given day
is keyed to theWT having the maximum spatial (point-by-point) Pearson correlation coefficient between that day
MSLP and the WT composite from ERA-Interim (prototype correlation-based classification). This procedure war-
rants a common basis for the spatial configuration of the WTs (“frozen” patterns), and the differences between
models and ERA-Interim can only be attributed to biases in the WT frequencies. To assess model performances,
the sum of squared differences between the monthly mean frequencies in a given model and in ERA-Interim
was computed. For each model, they are computed by WT for all months, by month for all WTs, or for a combina-
tion of the two (double-entry table). Skill scores are thus defined as the inverse of the sum of squares over the
double-entry table normalized to unit maximum. This last measure enables ranking models in terms of their
net ability to reproduce WTmonthly mean frequencies. As unweighted ensemble means comprise less uncer-
tainties than performance-based weighting [Christensen et al., 2010], no weighting was applied herein.

3. Climate Change on Precipitation

The ERA-Interim annual mean precipitation pattern for the wider Euro-Atlantic sector shows a clear signature
of the storm track over the North Atlantic, with a southwest-northeast tilted axis (Figure 1a). A noticeable
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Figure 1. (a) ERA-Interim annual mean precipitation (in mmd�1). (b) Ensemble mean annual mean precipitation (in mmd�1)
for 1979–2005. (c) Climate change signal (RCP8.5, 2071–2100 minus 1979–2005) of annual mean precipitation (in mmd�1).
Statistically significant changes at 95% confidence level are delimited by dotted lines.
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maximum of ~6mmd�1 is found over the western North Atlantic, close to the 40°N parallel. However, other
maxima are found over Europe, namely, over southwestern Norway, southern Iceland, western Scotland, the
Alps, and northwestern Iberia. Much drier conditions can be found over North Africa and the Mediterranean
Basin. The very strong northwest-southeast contrast in precipitation amounts over the Iberian Peninsula
is remarkable, suggesting strong orographic barrier effects on Atlantic air mass progression toward the
Mediterranean Sea. Overall, the Atlantic-facing areas of WE are among the rainiest regions in Europe, as they
are more exposed to the moist Atlantic winds and, when located on windward sides of mountain ranges,
precipitation is further enhanced by orography-forced uplift of air masses.

The corresponding pattern from the CMIP5 model ensemble reveals a general good agreement with ERA-
Interim, despite some differences in detail (Figure 1b). Models are thus able to capture the most important
spatial features of mean precipitation within the Euro-Atlantic sector. With respect to their climate change
signal on precipitation (2070–2100 minus 1979–2005), the opposite signs between northern and southern
Europe, with zero line at 45–50°N, are the most striking features (Figure 1c). A strong increase of precipitation
over Norway is accompanied by a strong decrease of precipitation over western Iberia (also over Greece and
Turkey). Furthermore, the zero line presents its northernmost location over WE and depicts a large area with
near-zero signal extending over the northeastern North Atlantic. Although these changes in precipitation
were already reported by several studies [e.g., IPCC, 2013], their coherence with changes in the large-scale
atmospheric circulation is not fully understood and needs further research. The weather typing approach will
enable a more thorough dynamical interpretation of this climate change signal.

4. Weather Type Diagnosis

The clustering of the daily MSLP fields over the selected Euro-Atlantic sector leads to the identification of
eight WTs. Their corresponding composite patterns in both the MSLP and Z500 highlight their main dynamical
features in the large-scale atmospheric circulation (Figure 2), which will be described in section 4.2.

4.1. Occurrence and Seasonality

The WT monthly and annual mean frequencies of occurrence are shown in Figure 3. The WTs are named
according to their seasonal prevalence. The three predominantly summertime and wintertimeWTs are keyed
as S1–3 andW1–3, respectively. The blocking-like types are keyed as B1–2 and occur less frequently in summer.
The S1–3 types represent roughly 50% of the annual occurrences, whereas the W1–3 and B1–2 types represent,
respectively, about 28% and 22%. S1 is the most frequent type (annual occurrence of 18%), followed by S3
(17%) and S2 (15%). W3 is the most frequent wintertime type (12%), while W1 is the least frequent (7%). The
blocking types have similar occurrences (~11%). The WT monthly frequencies do not show statistically robust
long-term trends in the period of 1979–2014 (not shown).

Regarding the WT seasonality (Figure 3), S1 occurrences peak in July (~40% of the days) and have their lowest
occurrence in January (~5%). Although similar considerations can be made for S2 and S3, their seasonality is
much less pronounced than for S1. This is particularly clear in the case of S3, for which occurrences of ~15%
are found in January and of 20–25% in summer. Therefore, even though S3 is primarily a summertimeWT, it is
frequent throughout the year. The B1 occurrences show a bimodal distribution, peaking in May and October
(15–20% of the days) and significantly lowering in summer and winter (transitional regime). B2, nevertheless,
shows clear seasonality, with maximum occurrences in winter (~20%). W1–3 also reveal strong seasonality,
but with minima in July and maxima in winter, though W1 also presents a second maximum in October.
In winter, W1–3 have contributions ranging from 10 to 25%, whereas in summer they are infrequent (<1%
for W2 in July). The most significant intertype transitional probabilities (cf. supporting information Figure S1)
show important values for transitions from S2 to S1, and also from all the other WTs to the summertime types
(S1–3), in line with their high recurrence (50% of all days).

4.2. Archetypal Spatial Patterns

As a typically summertime WT, the S1 pattern reveals a northeastwardly extended Azores high-pressure
system, connected to a strong ridge over the eastern North Atlantic (Figure 2a). Subpolar low-pressure systems
are relatively weak, as well as the meridional pressure gradients over the whole sector. In S2 there is a trough
over northwestern Europe, accompanied by an Azores high close to its climatological location (Figure 2b).
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The resulting meridional geopotential gradient over WE is relatively strong. Two high-pressure systems are
apparent in S3—the Azores high and the Central European high—shaping a high-pressure belt over most
of Europe (Figure 2c). Weak Icelandic low-pressure systems are strongly blocked by this belt. A pronounced
midtropospheric ridge (in Z500) over western and central Europe is also depicted.

Figure 2. Composites of the mean sea level pressure (shading in hPa) and of the 500 hPa geopotential height (contours in gpm) for the eight outlined WTs over the
period of 1979–2014 (ERA-Interim reanalysis). The sector used for weather typing (30°W–10°E, 25–70°N) is outlined by the white box in Figure 2a.
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Regarding the blocking-like types, B1 is related to North Atlantic high-latitude blocking, with midtropospheric
ridges and high-pressure systems extending over Iceland and Greenland (Figure 2d). The Azores subtropical
high is southerly displaced, giving place to a zonal flow over the midlatitude North Atlantic. This inverted
meridional pressure gradient over the eastern North Atlantic and WE is a typical blocking signature. B2 also
features an inverted meridional pressure gradient (Figure 2e), but the blocking structure is southerly shifted
(midlatitude blocking). The high-pressure core is located over the British Isles, associated with a very strong
midtropospheric ridge over the eastern North Atlantic and WE.

With respect to the winter types, W1 is characterized by low-pressure systems just westward of the British
Isles, though spreading their influence throughout WE (Figure 2f). A quite strong midtropospheric trough
is also depicted for W1. In W2, the Azores high is relatively weak, while the Icelandic low is southerly displaced
relatively to its climatological position (Figure 2g), resembling the NAO negative phase [Hurrell, 1995].
Conversely, W3 hints at a strong northeastwardly displaced Azores high, extending over southwestern and
central Europe (Figure 2h). Deep Icelandic low-pressure systems are also displayed. Thus, W3 largely projects
onto the NAO positive phase [Hurrell, 1995]. Although W2 and W3 present dipolar structures, with high
pressures to the south and low pressures to the north, the W3 pattern is northeastwardly shifted with respect
to W2 (Figure 5), and thus, their respective precipitation anomalies are nearly opposite (Figure 6).

4.3. Relations to Precipitation

The explained variances of monthly precipitation by WTs reveal an overall high agreement between the two
precipitation data sets (E-OBS and GPCC) (Figure 4). WTs explain higher fractions of variance in the westernmost
(Atlantic-facing) regions, which are more exposed to the direct Atlantic influences, such as southwestern
Norway, Iceland, western Ireland, western Great Britain, Bretagne (France), and western Iberia.

The role played by each WT is not the same for each location. As an illustration, the empirical distributions of
the daily precipitation for each WT and at four grid boxes (northwestern Iberia: 8.375°W, 42.125°N; Bretagne
(France): 3.875°W, 48.375°N; western Scotland: 4.875°W, 56.875°N; and southwestern Norway: 5.625°E, 60.125°N)
show significant regional differences (Figure 4). For northwestern Iberia W1, W2, B1, and S2 are the rainiest
types, mostly W1, but with modest discriminatory power (26%), showing important spreading over the
different types. For Bretagne, W1, W2, and S2 are the rainiest types (B1 is not as important as for northwestern
Iberia), with high discrimination of precipitation (82%). For western Scotland, the distributions reveal a noticeable
concentration of precipitation in W2 and W3 (70%), both of them related to strong westerlies over the region.
AlthoughW2 andW3 are also the rainiest types for southwestern Norway, there is considerable spreading (18%).

4.4. Dynamical Characterization

Composites of the zonal wind component at 850 hPa, fractions of “convective days” (herein defined as days
having simultaneously CAPE> 100 J kg�1 and negative omega vertical velocity), 10m wind streamlines,
500 hPa relative vertical vorticity, and daily precipitation are used for a dynamical characterization of WTs
(Figure 5). For S1, the eddy-driven jet is slight northerly shifted (note midlatitude negative anomalies) and
southwesterly-northeasterly tilted (Figure 5a). These features are dynamically coherent with the strong antic-
yclonic ridge over the North Atlantic (Figure 2a). Additionally, the fraction of convective days is generally low,

Figure 3. (left) Cumulative bar chart of theWTmonthlymean relative frequencies of occurrence over the period of 1979–2014.
(right) Corresponding WT annual mean frequencies of occurrence.
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Figure 4. (top row) Fraction of explained variance of the monthly precipitation by the eight WTs ((left) E-OBS data set,
version 11.0, 0.25° grid; (right) GPCC, version 6, 0.5° grid), estimated by stepwise multivariate regressions, over the
western European sector and for the period 1979–2014 (E-OBS) or 1979–2010 (GPCC). (middle and bottom rows) Boxplot
charts of the daily precipitation totals (normalized to unit maximum) associated with each WT over the period of
1979–2014 and for the four outlined locations: 1—northwest Iberia; 2—Bretagne (France); 3—western Scotland, and
4—southwest Norway (see top left panel and text for geographical coordinates). Medians are horizontal lines, upper
(lower) box limits are the 75th (25th) percentiles, upper (lower) whiskers limits are nonoutlier maxima (minima) and
“plus” symbols are outliers (absolute distance to median> 1.5 × interquartile range). The corresponding discriminatory
powers (θ) at each location are also outlined.
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Figure 5. Composites for each WT over the period of 1979–2014 (ERA-Interim reanalysis) of the (first panel) zonal wind isotachs at 850 hPa (blue contours) and cor-
responding anomalies with respect to their baseline (1979–2014) annual means (red contours)—contours displayed at intervals of 2.5m s�1 and omitted within the
range�5 to 5m s�1—and fractions of convective days, i.e., days with CAPE> 100 J kg�1 plus negative omega vertical velocity in the 500–700 hPa layer (shading in
%); (second panel) 10m wind streamlines and 500 hPa relative vertical vorticity (shading in 10�5 s�1); and (third panel) daily precipitation (in mmd�1).
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Figure 5. (continued)
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apart from some mountainous regions, such as the Atlas range (North Africa) and the Alps, where some con-
vective potential is observed (Figure 5a). The composites of the 10m wind streamlines and of the 500 hPa
vorticity hint at the anticyclonic circulation (clockwise rotation and negative vorticity, Figure 5b). Owing to
its strong and wide anticyclonic ridge over the Euro-Atlantic sector (Figure 2a), S1 is commonly very dry over
WE and the adjacent eastern North Atlantic (Figure 5c). Precipitation gradually increases eastward and north-
ward in Europe, as the distance to the ridge axis increases. Relatively high precipitation amounts are recorded
in southwestern Norway, which is far enough from the ridge and is thereby more exposed to westerly
winds along its northern flank. Further, over the Cantabrian range (northern Spain) and the Pyrenees
(Spain-France border), northerly winds lead to orographic barrier uplift of maritime air masses, thus triggering
precipitation along northern Iberia and southwestern France. A similar reasoning can be applied to the Alps.
Conversely, precipitation over oceanic and flat terrain areas is generally scarce.

The dynamical conditions of S2 are remarkably different from S1. The eddy-driven jet is predominantly zonal
and covers most of WE (Figure 5d), with negative anomalies over Norwegian Sea and strong positive anomalies
at ~45°N. The 10m streamlines reveal prevailing northerly flow over WE but diverted by the cyclonic circulation
over the British isles and the anticyclonic circulation over the midlatitude North Atlantic (Figure 5e). Significant
precipitation occurs northward of the 40°N parallel (Figure 5f), generated by low-pressure systems developing
over northern Europe (Figures 2b and 5e). Furthermore, in Europe, precipitation areas mostly coincide with
areas with high frequency of convective days, emphasizing the importance of convection for precipitation
occurrence (Figures 5d and 5f). Over North Africa and southern-eastern Iberia rainfall is scarce under S2.

For S3, the eddy-driven jet is significantly weakened as it approaches WE and is largely confined to the North
Atlantic (Figure 5g), showing a near climate-mean pattern (neglectful anomalies). This is also in agreement
with the high-pressure belt extending from the Azores to Eastern Europe (Figure 2c), which is also clear in
both the near-ground airflow and the midtropospheric vorticity (Figure 5h). High precipitation amounts
connected to low-pressure systems are found over the North Atlantic, but are blocked by the high-pressure
belt over Europe, only reaching the westernmost areas of the British Isles and southwestern Norway (Figure 5i).
Furthermore, precipitation tends to be largely related to frontogenesis/cyclogenesis, since the fraction of
convective days is low over the rainiest areas under this circulation type (Figure 5g).

Regarding B1, a narrow belt of westerly winds at 850 hPa and along the 36°N parallel is a manifestation of
low-pressure systems westward of Iberia (Figure 5j). Further, the significant negative anomalies in wind speed
within the 45–60°N latitude range are a manifestation of the blocking structure (Figure 5j). Streamlines and
vorticity hint at a common blocking-like structure (Figure 5k), with north negative and south positive vorticity
cores over the eastern North Atlantic. B1 favors the occurrence of precipitation within a belt in between the
Azores high and the high-latitude blocking high (Figures 2d and 5l). Under such circumstances, precipitation
over WE is higher southward of the 47°N parallel. The recurrently high number of convective days suggests
the important role played by convective mechanisms on precipitation over southwestern Europe (Figure 5j).

B2 also reveals a blocking-like configuration (Figures 2e and 5m) but southeasterly shifted by about 10° in
latitude with respect to B1 (midlatitude blocking). The lack of convective potential over WE, along with the
location of the eddy-driven jet poleward of 55–60°N, with easterly winds at 45°N, is noteworthy (Figure 5m).
In fact, mean negative anomalies up to 10ms�1 are depicted at midlatitudes, while anomalously strong winds
are observed at high latitudes, both attesting the presence of strong blocking structures. These dynamical
features are also accompanied by very strong anticyclonic circulation over the British Isles (Figure 5n), which
favors air mass subsidence. Therefore, mean daily precipitation is inferior to 2mm over WE, with the most
notable exception for southwestern Norway, where mean daily precipitation exceeds 5mm (Figure 5o).
Overall, B2 is the driest regime over WE (Figure 4).

For W1 baroclinicity might be a determinant for precipitation occurrence, taking into account the southerly
displaced eddy-driven jet (anomalously strong/week wind speeds equatorward/poleward of 45°N), with
remarkably strong westerlies over southwestern Europe (Figure 5p). The presence of strong cyclones over
the midlatitude North Atlantic is corroborated by the streamlines and the vorticity pattern (Figure 5q).
These strong low-pressure systems (Figure 2f), developing nearby or over WE, potentiate high precipitation
amounts across the whole region (Figure 5r). This is particularly clear over northwestern Iberia, where
rain-generating conditions, promoted by frontal systems and strong southwesterly winds, are reinforced
by convection (Figure 5p) and orographic uplift on the windward sides of mountain ranges. The remarkable
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contrast between the Atlantic-facing and the Mediterranean-facing Iberia reflects the key role of the con-
secutive orographic barriers on the rain-generating processes. Indeed, in northwestern Iberia, the rainiest
conditions occur for this WT (cf. Figure 4).

For W2, the anomalously strong westerlies over most of WE reflect the propagation and development of
baroclinic waves (Figure 5s). Streamlines and vorticity suggest strong cyclogenesis at higher latitudes in
the North Atlantic andWE (Figure 5t). Convection is important over Scotland and southwestern Norway, areas
close to the low-pressure core, but of secondary relevance in other regions (Figure 5s). The heaviest pre-
cipitation occurs over northwestern Europe (Figure 5u) in association with the passage of strong subpolar
cyclones and frontal systems. Conversely, the western Mediterranean, largely sheltered by orography
(leeward side), is the driest area (Figure 5u).

The enhanced Azores high in W3 diverts the baroclinic waves to northern Europe and the Norwegian Sea
(Figures 2h and 5v). The core of an anomalously strong eddy-driven jet is located along the 55°N parallel
(Figure 5v), clearly northward of its locations in W1 andW2. The strong north-south contrast in the dynamical
conditions over the Euro-Atlantic sector is emphasized by both the near-surface streamlines and the midtro-
pospheric vorticity (Figure 5w). Hence, mean daily precipitation exceeds 9mm in Scotland and southwestern
Norway, with important convective potentials (Figure 5v), whereas in regions southward of 45°N the mean
daily precipitation is inferior to 3mm and most of Iberia experience no rainfall (Figure 5x). In fact, after B2,
W3 is the second driest WT over southwestern Europe.

An overall good agreement between ERA-Interim and E-OBS precipitation was found for each WT (Figures 5
and S2), which is an important validation of the linkages between WT and precipitation. The grid point ratios
between mean precipitation for each WT and the corresponding climate-mean precipitation are shown in
Figure 6. These rates confirm that S1 and B2 are the driest types throughout WE. S3 is generally dry, while
W3 is also dry apart from Norway and Scotland. W1 and W2 are very wet over most of Iberia and the
British Isles, respectively. B1 displays a north-south contrast, being wet/dry over southern/northern WE.

5. Climate Change on Weather Types Versus Precipitation
5.1. Model Skill in Reproducing Large-Scale Circulation

CMIP5 models are used to assess WT frequencies for recent and future climate conditions and to relate
projected changes in WT to precipitation changes. First, the ability of models to replicate WTs is evaluated.
Skill scores (cf. section 2) reveal high intermodel variability (Figure S3). The most skillful model is CMCC-CM
(note its highest horizontal resolution, Table S1), followed by MPI-ESM-LR and MPI-ESM-MR, also in agreement
with previous studies [e.g., Perez et al., 2014]. The IPSL-CM5B-LR, with a relatively coarse grid, presents the lowest
skill, followed by FGOALS-g2.

A more detailed description of the discrepancies between models and observations can be found either by
WT (Table S2) or by calendar month (Table S3). Differences in the annual mean frequencies by model run and
WT are shown in Table S4. The low skill of IPSL-CM5B-LR is related to a strong overestimation of the frequencies
of occurrence of B1 in summer (frequencies of occurrence of roughly 80% in June and July, not shown) and
with an underestimation of the summertime types (S1–S3) and of the W3 type. Regarding FGOALS-g2, a
similar limitation is detected with B1 in summer but with lower discrepancies (up to 41% in July, not shown).
The frequencies of W1 in winter are also largely overestimated by this model (up to 40% in November,
not shown). For the remaining models, smaller misrepresentations of the WT seasonality are identified.
Otherwise, most models overestimate the frequencies of occurrence of W1 and W2 while underestimating
the occurrences of B1, B2, S1, and S3 (Table S4). These outcomes suggest an overestimation of zonal airflow
WTs and an underestimation of WTs associated with strong ridges/troughs, i.e., strong disturbances to the
zonal mean flow. This is indeed a well-documented shortcoming of climate model simulations over the
North Atlantic [e.g., Barnes and Polvani, 2013; Cattiaux et al., 2013].

5.2. Future Projections of WT Frequencies

WT frequencies are now assessed under RCP8.5 for 2071–2100. Compared to recent climate conditions,
significant changes in WT frequencies are revealed (Figures 7 and 8). At the annual time scale (Figure 7a), the
dry S1 type is projected to become more frequent (ensemble average increase of 4.4%). Despite important
intermodel variability, all models agree with a more frequent S1 type under future climate conditions. W1,
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Figure 6. Ratios between mean precipitation for each WT and climate-mean precipitation (in mmd�1) over the period of
1979–2014 (ERA-Interim). Note that the scale is not uniform.
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which is particularly relevant for precipitation over southwestern Europe, is projected to become less frequent
(�3%). There is also a wide agreement among models concerning this outcome, as only MRI-ESM1 projects a
slight increase inW1 frequency. Despite the higher uncertainty (lower agreement) for the otherWTs, multimodel
ensemble means have proven higher skills than for each model separately [Sillmann et al., 2013a]. Ensemble
means reveal that B2 and W3 are likely to become more frequent, while S2, S3, B1, and W2 are projected to
become less frequent (Figure 7a). The strong increase in the frequency of S1 is particularly noteworthy in
summer (June-July-August (JJA)), while the decrease in W1 is stronger in spring (March-April-May (MAM))
and particularly in autumn (September-October-November (SON)) (Figure 7b). The projected seasonal changes
for the other WT largely agree with the annual changes (Figure 7b). The seasonal changes also highlight a
widening of S1 typical summertime conditions to spring and autumn.

Figure 7. (a) Ensemble mean climate change signal (RCP8.5, 2071–2100 minus 1979–2005) of the annual frequencies of
occurrence of the eight WTs (equally weighted 22 member ensemble). Maxima and minima for each WT are outlined by
whiskers. (b) The same as in Figure 7a but for the December–February (DJF), March–May (MAM), June–August (JJA), and
September–November (SON) frequencies of occurrence. (c) Climate change signal associated with the changes in Figure 7a,
estimated by a regression analysis and using E-OBS precipitation over 1979–2014 for model calibration. (d) Differences
between the multimodel ensemble and WT-derived climate change signals of annual mean precipitation (Figures 1c–7c).
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5.3. Discussion of WTs Versus Precipitation Changes

The increase in the occurrence of the driest WTs (S1, B2, and W3), featuring northerly displaced (with respect
to their climate-mean pattern) high-pressure systems within the Euro-Atlantic sector (Figure 2), is corroborated by
previous studies using CMIP5 models [e.g., Davini et al., 2014b; Belleflamme et al., 2015]. Moreover, these WTs are
characterized by a poleward shifted eddy-driven jet with respect to its annual mean latitude (Figures 5a, 5m, and
5v). In fact, the coupling between enhanced midlatitude anticyclonic conditions and the poleward displacement
of jets has been demonstrated by previous studies [Barnes and Polvani, 2013; Zappa et al., 2015]. As the jet and the
associated storm tracks shift poleward, precipitation over northern/southern Europe tends to increase/decrease
[Zappa et al., 2014]. On a seasonal basis, the climate change signals on both precipitation and jet reveal a good
correspondence (Figure S4). The robust decreases of summer precipitation within the 45–50°N belt (note that
precipitation southward of it is already very scarce) and of spring/autumn precipitation over western Iberia are
particularly striking changes. For winter, the jet stream shows rather an eastward extension over Europe, resulting
in a different pattern of change for precipitation (Figure S4). These outcomes are also in accordance to recent
past changes in both WT frequencies and observed precipitation trends over Europe [Hoy et al., 2014].

The increase in the occurrence of the two driest WTs (S1 and B2) is expected to contribute to an overall decrease
in precipitation overWE (Figures 6a and 6e). Conversely, the increase inW3 occurrence contributes to an increase
in precipitation over the northernmost regions, such as Norway (Figure 6h). The reduced frequency of W1 signif-
icantly affects the southern half of WE, particularly western Iberia (Figure 6f). Despite the smaller magnitude, the
same applies to B1 (Figure 6d), strengthening the previous signal. Further, the decrease in S2 andW2 frequencies
contributes to reduced precipitation amounts over most of WE (Figures 6b and 6g). Finally, the decrease in S3
frequencies leads to lower precipitation over the northeastern North Atlantic (Figure 6c).

The joint contribution of the changes of WT frequencies to the precipitation change can be quantified under
the assumption that the observed statistical relationships between WTs and precipitation remain invariant

Figure 8. Climate Change Signal (RCP8.5, 2071–2100 Minus 1979–2005) in the Frequencies of Occurrence of Each WT and for
Each Model Run (for the Expansions of Abbreviations and Acronyms See http://www.ametsoc.org/PubsAcronymList). Cell
shading ranges from heavy blue (minimum) through white (0%) to heavy red (maximum). Ensemble means are also shown.
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Figure 9. Ensemble mean daily precipitation for 1979–2005 (contours in mmd�1) and relative future variations (2071–2100
versus 1979–2005) of precipitation (shading in%) for eachWT. Changes not statistically significant at 95% confidence level are
white shaded.
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under future climate conditions. For that purpose, the previous regression equations between monthly WT
frequencies (predictors) and E-OBS monthly precipitation (predictand) for 1979–2014 (Figure 4) are used. As
GPCC ends in 2010 and has lower spatial resolution, E-OBS will be preferred for this analysis. The results reveal
widespread decreases in annual mean precipitation, with the exception of Norway (Figure 7c). Furthermore,
there is high agreement between this pattern and the ensemble mean change in precipitation over western
Norway and Iberia (Figures 1c and 7c). On the other hand, a slight decrease in annual precipitation is depicted
over the British Isles and southern Norway, unlike the projected increase derived directly from the CMIP5
models (Figures 1c and 7c). For comparison purposes, the pattern for the ensemblemean climate change signal
of annual precipitation (Figure 1c) was bilinearly interpolated to the E-OBS grid (0.25°). The WT-derived climate
change signal (Figure 7c) was then subtracted from the simulated climate change signal (Figure 1c). The resulting
pattern depicts the changes not directly explained by the WTs (Figure 7d), confirming that the most notable
discrepancies are found over the northern parts of the domain, namely, the British Isles and southern Norway
(Figure 7d). The slightly different locations of the negative anomaly cores over western Iberia (Figures 1c and 7c),
possibly owed to the different spatial resolutions of the data sets, may explain the differences along the north-
western coast. Still, the climate change signals for annual precipitation are largely coherent.

This disagreementmotivates amore detailed analysis. In fact, changes in the ensemblemean daily precipitation
for eachWT are noteworthy (Figure 9). It is striking that all WTs feature an increase in precipitation northward of
45–50°N and a decrease southward, with some variations, disclosing high resemblance with changes projected
for the annual means (Figure 1). This WT-independent background climate change signal in precipitation inten-
sity strengthens the north-south contrast in precipitation over WE and explains the discrepancies between
simulated precipitation changes and WT-derived changes (Figures 1c and 7c).

Two factors can underlie the WT-independent signal: (i) changes in the precipitation-generating mechanisms
(extrapolation of WT-precipitation relations to the future) and/or (ii) systematic model biases. For the first
factor, alterations in thermodynamic processes may play a critical role, since the dynamical characteristics
are fundamentally unchanged under each WT. In fact, previous studies suggested that global warming can
modify the circulation patterns associated with precipitation in Europe [Huth et al., 2008; Belleflamme et al.,
2015], not only their frequencies but also their underlying mechanisms. Concerning model biases, since
the WT-precipitation relations are obtained from observation-based data sets (ERA-Interim versus E-OBS),
models may not accurately reproduce these relationships. Furthermore, models tend to exacerbate flow
zonality over the Euro-Atlantic sector (section 5.1), overestimating the frequencies of zonal airflow WTs,
which are generally favorable to precipitation over the British Isles. Conversely, the frequencies of WTs related
to strong ridges/troughs, leading to strong axially asymmetric anomalies, are often underestimated. In fact,
the simulated precipitation changes are strongly zonal over WE (Figure 1c), as well as the changes in daily
mean precipitation for each WT (Figure 9). This might be an artifact resulting from the overestimation of
airflow zonality bymost models. A fewmodels (e.g., HadGEM2-AO) do project a decrease in precipitation over
the British Isles and high-latitude eastern North Atlantic (not shown). Although further research is needed to
test these two hypotheses, these important caveats need to be taken into consideration when interpreting
precipitation projections for WE.

6. Summary and Conclusions

Multimodel ensemble climate change projections for precipitation over WE suggest significant drying trends
over southern Europe and enhanced precipitation over its northern areas. In order to improve our current
understanding of the driving dynamical mechanisms of these changes, an innovative weather type classification
within a North Atlantic-western European sector (30°W–10°E, 25–70°N) is developed. Eight circulation types, with
conspicuous seasonality and clearly distinct synoptic conditions, are identified: S1, S2, S3 (typical summertime
types), W1, W2, W3 (typical wintertime types), B1, and B2 (blocking-like types). The relationships between WTs
and precipitation variability over western Europe indicate their high relevance in discriminating precipitation on
both daily and monthly time scales, particularly in the Atlantic-facing regions.

The selected geographical sector allows the inclusion of most of the large-scale dynamical features associated
withmidlatitude weather and climate variability over the eastern North Atlantic andWE. The selection of a region
comprising the relevant precipitation-generating atmospheric flow for WE is a clear advantage over previous
classifications carried out for either narrow sectors (e.g., only covering the British Isles or the Iberian Peninsula)
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or large sectors (e.g., covering the whole of the North Atlantic and Europe). This new circulation catalog, and the
links to precipitation over WE, can be used not only as a diagnostic tool of atmospheric circulation modulating
precipitation over WE but also in statistical-dynamical downscaling applications [e.g., Fuentes and Heimann,
2000; Sousa et al., 2013].

Using WTs as a diagnostic tool, the ability of 22 CMIP5 models to represent their frequencies over a recent
past (1979–2005) was first analyzed. Some significant biases are identified, suggesting model limitations in
simulating the North Atlantic large-scale atmospheric circulation, mostly by underestimating zonally asym-
metric WTs, such as those featuring strong ridges or blocking-like structures. Under future climate conditions
(2071–2100), following RCP8.5, an increase in the frequencies of occurrence of S1, B2, and W3 (the three
driest WTs) is found, together with a decrease in the occurrence of the rainiest WTs, particularly W1. These
findings are in line with a poleward shift of the eddy-driven jet over the North Atlantic on annual average,
triggering an overall decrease/increase of annual precipitation southward/northward of 50°N. A considerable
part of this signal can be explained by changes in WT frequencies. However, a mismatch is identified over the
British Isles and southern Norway, where the projected ensemble precipitation trend and the estimated trend
based on the changes in WT frequencies alone are dissimilar. A WT-independent background signal, with an
increase (decrease) in precipitation over northern (southern) WE, underlies these discrepancies. Potential
drivers of this WT-independent signal are (i) alterations in precipitation-generating thermodynamic processes
under future climate conditions, related to, e.g., higher temperatures, enhanced latent heat release, and moist-
ure content at lower levels and (ii) model systematic bias, such as overestimation of zonal flow over the
Euro-Atlantic sector. While we speculate that a combination of these two factors may be the most probable
potential driver of the WT-independent background signal, a more detailed analysis is left for future work. In
line with previous studies [e.g., Sillmann et al., 2013b], the present results provide further evidence of the
advantages of considering multimodel ensembles to obtain robust estimates of climate change signals.
This advantage owes partially to the cancelation of systematic errors between individual model simulations,
which can be attributed to a variety of misrepresentations of the physical mechanisms underlying climate
variability and change. In fact, multimodel ensembles have been shown to consistently outperform individual
model experiments for different atmospheric fields and spatial domains [e.g., Gleckler et al., 2008].

The low skills of some CMIP5 models to properly replicate the observation-based WTs indicate the need for
model improvements in simulating the large-scale circulation over the Euro-Atlantic sector. Since precipitation
over WE is largely governed by theseWTs, the reliability of precipitation projections for future climates over WE
is strongly dependent on the model ability to realistically simulate their underlying mechanisms, including the
ability to reproduce the location and/or strength of the midlatitude eddy-driven jet. Therefore, future research
should focus on these model limitations, contributing to lower the uncertainties in climate change projections
for WE. A reduction on uncertainties related with precipitation projections would be beneficial for a wide range
of climate change impact assessments, ranging fromhydrology (e.g., water supply andmanagement) and energy
(e.g., hydroelectric power generation and renewable energy resources) to agri-forestry systems (water stress on
crops and irrigation) and environment (air/water quality, biodiversity, and sustainability of ecosystems).
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