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Atmospheric rivers (ARs) are narrow corridors within the warm conveyor belt of extratropical cyclones in
which the majority of the poleward water vapour transport occurs. These filamentary synoptic features
are responsible for extreme precipitation and flooding in Europe and the central and western United
States, and also play an essential role for water resources in these areas. Using gridded precipitation prod-
ucts across Europe and the continental United States and the ERA-Interim reanalysis, we investigate the
fraction of precipitation from 1979 to 2012 that is related to ARs in these regions. The results are region-
and month-dependent, with the largest contribution generally occurring during the winter season and
being on the order of 30–50%. This is particularly true for Western Europe, the U.S. West Coast, and
the central and northeastern United States. Our results suggest that ARs are important agents for water
supply in Europe and the United States. We have also examined whether there have been changes over
time in the fractional contribution of ARs to seasonal rainfall using zero-inflated beta regression. We find
that there has been a decrease in the average AR-contribution over the Mediterranean region and over the
central United States.

� 2014 Elsevier B.V. All rights reserved.
1. Introduction

Extratropical cyclones are an important mechanism of precipi-
tation in the extratropics (Stewart et al., 1998), and have been
shown to play a key role in mid-latitude extreme precipitation
events (e.g., Pfahl and Wernli, 2012). A recent study by Hawcroft
et al. (2012) investigated the proportion of precipitation associated
with extratropical cyclones using reanalysis and satellite-based
precipitation products. In particular, they showed that in parts of
Europe and North America more than 70% of total precipitation
could be attributed to extratropical cyclones. Another study by
Catto et al. (2012) investigated the amount of precipitation related
to fronts, features which form an integral part of extratropical
storms, and concluded that up to 90% of precipitation was associ-
ated with fronts in the main storm track regions of the Northern
Hemisphere (North Pacific and North Atlantic). These results high-
light the important role that extratropical cyclones play in the mid-
latitude water budget.
The poleward transport of sensible and latent heat occurs in the
extratropical cyclone’s warm conveyor belt (WCB). At low altitudes
(< �2.5 km) in the pre-cold-frontal region within the WCB a com-
bination of high moisture content and the low-level jet (LLJ) results
in a narrow region responsible for the vast majority of the water
vapour (or latent heat) transport; this region is called an atmo-
spheric river (AR). The AR region has been known for some time
(Browning and Pardoe, 1973), and research has found strong rela-
tionships between ARs and heavy rainfall and flooding in the mid-
latitudes, in particular over western North America (e.g., Ralph
et al., 2006; Neiman et al. 2011; Ralph and Dettinger, 2012), the
central United States (Moore et al., 2012; Nakamura et al., 2013;
Lavers and Villarini, 2013a), South America (e.g., Viale and
Nunez, 2011), the British Isles (Lavers et al., 2011, 2012), and con-
tinental Europe (Lavers and Villarini, 2013b). For example, in the
Russian River basin in northern California Ralph et al. (2006) found
that the seven recorded floods (from 1998 to 2006) were caused by
ARs; in Europe Lavers and Villarini (2013b) showed that areas,
such as Scotland and the Iberian Peninsula, had 7 of the top 10
daily annual maxima precipitation events related to ARs.

In the western United States research has considered the role
ARs have in precipitation occurrence, as opposed to considering
the precipitation from the whole of extratropical cyclones, as in
Hawcroft et al. (2012). Dettinger et al. (2011) estimated that over
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1998–2008 ARs were responsible for 20–50% of California’s precip-
itation and streamflow. Furthermore, this precipitation was deliv-
ered in a few AR storms, highlighting the importance of ARs for
water supplies in California. Rutz and Steenburgh (2012) investi-
gated the AR contribution to precipitation across the western Uni-
ted States (over 1998–2008) using ARs identified as far south as
24�N (to include Baja Peninsula), and by including high-elevation
snowpack telemetry sites. They found good agreement with the
results of Dettinger et al. (2011), and found that including ARs
crossing the Baja Peninsula led to increased AR fraction over the
southwestern United States. More recently, Rutz et al. (2014)
expanded on these previous two studies providing information
about the climatological characteristics of ARs and their inland
penetration.

A literature review uncovered no studies that have attempted to
characterize the contribution of ARs to precipitation over Europe or
the eastern half of the United States. Moreover, the research
related to AR contributions to the water budget has focused only
on limited time periods (i.e., a decade or so). To address these
research gaps, we focus on the period 1979–2012 (34 years) with
the goal of evaluating the importance of ARs to precipitation over
Europe and the continental United States. Finally, despite the
importance of ARs as a source of terrestrial moisture, we currently
do not know whether there has been a change (either positive or
negative) in the fractional contribution of ARs to seasonal precipi-
tation over Europe or the continental United States. Here we will
provide insight on this issue by developing zero-inflated beta
regression models.
2. Data and methods

The specific humidity, and the zonal and meridional wind fields
were retrieved from the European Centre for Medium-Range
Weather Forecasts (ECMWF) ERA-Interim (ERAIN) reanalysis at a
0.7� � 0.7� resolution over 1979–2012 (Dee et al., 2011). The verti-
cally-integrated horizontal water vapour transport (hereafter, inte-
grated vapour transport, IVT) was calculated from 1000 hPa to
300 hPa in an Eulerian framework (e.g. Neiman et al., 2008). The
IVT fields were used in AR detection algorithms developed for Eur-
ope in Lavers and Villarini (2013b), and for the central United
States in Lavers and Villarini (2013a). We applied a modified ver-
sion of the European algorithm for the western United States. A
brief description of the algorithm in the three regions is given
below.

Initially we computed IVT thresholds that are used to identify
AR occurrence. For Europe (between 30�N and 70�N near 10�W)
and the western United States (between 25�N and 50�N along
the coast) a latitude-dependent IVT threshold was calculated as
follows. At 1200 UTC on each day from 1979 to 2012 we extracted
the maximum IVT (between 30�N and 70�N near 10�W; between
25�N and 50�N along the U.S. West Coast) and binned it into 5-
degree latitude bins. The median of the IVT in each latitude bin
was used as the threshold value for ARs identified in that region.
The IVT thresholds in each band in Europe are given in Supplemen-
tary Table 1; for the western United States the IVT thresholds are
given in Supplementary Table 2. For the central and eastern United
States a threshold was determined by extracting the maximum IVT
at 1200 UTC on each day from 1979 to 2012 between 110�W and
70�W near 40�N, and then calculating the median value; the IVT
threshold was 367.8 kg m�1 s�1.

To identify ARs striking the western European boundary
between 30�N and 70�N at 10�W, we applied a modified version
of the algorithm described in Lavers and Villarini (2013b) at each
ERAIN six hour time step from 1979 to 2012. We calculated the
IVT at grid points spanning between 30�N and 70�N along 10�W
and retained the maximum IVT value and location. If the maximum
IVT value exceeded the IVT threshold for that particular latitudinal
bin, the grid point was recorded. We then searched for the maxi-
mum IVT along each meridian from 10�W to 30�W, and tracked
the location of the grid points where the IVT threshold (taken from
10�W) was exceeded. We also searched for the maximum IVT along
each meridian from 10�W to 25�E recording the locations where
the IVT threshold was exceeded. Finally, we determined whether
the extracted points satisfied the criterion of an appropriate length
scale. If 30 continuous longitude points (with no more than a 3�
latitude displacement between each set of points) exceeded the
threshold (on average across the domain this is roughly equal to
1500 km), we considered it an AR time step. We also ran the above
AR algorithm at 5�E (using the same IVT thresholds from 10�W) to
identify ARs that would not be detected at 10�W (thus more closely
capturing AR penetration into Europe). The only difference in the
algorithm was that the maximum IVT between 30�N and 70�N
along 5�E was identified, and then we searched for the maximum
IVT along each meridian from 5�E to 15�W and 5�E to 25�E.

To identify ARs striking the western United States between
25�N and 50�N, the following methodology was used at each ERAIN
six hour time step from 1979 to 2012. We calculated the IVT at grid
points spanning between 25�N and 50�N (along the coast) and
retained its maximum value and location. If the maximum value
exceeded the threshold for that particular region, the grid point
was recorded. We then searched for the maximum IVT along each
meridian up to 20� westwards from the coast, and tracked the
location for the grid points where the IVT threshold (taken from
the coast) was exceeded. We also searched for the maximum value
along each meridian from the coast to 100�W recording the
locations where the threshold was exceeded. Finally, we deter-
mined whether the extracted points satisfied the criterion of an
appropriate length scale. If 30 continuous longitude points (with
no more than a 3� latitude displacement between each set of
points) exceeded the threshold, we considered it as an AR time
step.

For the central and eastern United States the following method-
ology was used at each six hour time step in the ERAIN reanalysis
over the study period; this is a slightly modified version of the
algorithm presented in Lavers and Villarini (2013a). We calculated
the IVT at grid points spanning 66�W and 110�W along 40.35�N
and retained its maximum value. If the IVT at 40.35�N exceeded
the threshold, we searched for the maximum value along each par-
allel from 40�N to 25�N, and tracked the location for the grid points
where the IVT threshold was exceeded. We also searched for the
maximum IVT along each parallel from 40�N to 50�N, and tracked
the location for the grid points where the threshold was exceeded.
If 13 continuous longitude points (with no more than a 3� longi-
tude displacement between each set of points) exceeded the
threshold, we considered it as an AR time step. Furthermore, any
days when a North Atlantic tropical cyclone was present between
25�N and 50�N, and 110�W and 70�W were excluded from the
analysis.

For Europe we retrieved daily observed gauge-based precipita-
tion produced by the ENSEMBLES project (Haylock et al., 2008) at a
0.25� � 0.25�resolution (E-OBS version 7.0 data set). Data from
1979 to 2012 were used and these represent daily accumulations
from 00UTC to 00UTC. Over the United States we used the Climate
Prediction Center (CPC) Unified Gauge-Based Analysis of Daily Pre-
cipitation (http://www.esrl.noaa.gov/psd/data/gridded/data.unified.
daily.conus.html) as the reference dataset. Data from 1979 to
2012 were used and represent daily accumulations at 12UTC at a
0.25� � 0.25� resolution. This dataset is based on precipitation
measurements from the National Oceanic and Atmospheric
Administration (NOAA)’s National Climate Data Center (NCDC)
daily COOP stations, daily accumulations from hourly precipitation
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datasets, and data from River Forecast Centers and 1st order sta-
tions (Higgins et al., 2000).

To associate precipitation at a grid point with an AR, the precip-
itation pixel had to have a Euclidian distance of less than 1.5� from
a point on the axis of an AR (as detected by the AR algorithm). As
the AR axis is considered to be the center of the AR, a 1.5� distance
only includes precipitation in the vicinity of the AR in an approxi-
mate 300 km swath around the AR center (and not in the broader
WCB region of extratropical cyclones). Note that even if only one
six-hour time step in a day has an AR detected, we consider that
the precipitation accumulation on that day (at a grid less than
1.5� from the AR axis) is AR-related.
3. Zero-inflated beta regression

Modeling of the temporal changes in the fraction of AR contri-
bution to rainfall over Europe and the continental United States
is performed by means of beta regression, which is used to describe
rates and proportions (e.g., Ferrari and Cribari-Neto, 2004). In a
beta regression model, the predictand can assume values between
0 and 1 (extremes excluded). The beta distribution does not belong
to the exponential family, like the binomial, Gaussian or Poisson
distributions, and therefore it is outside of the distributions that
can be fitted with a generalized linear model (e.g., McCullagh
and Nelder, 1989; Dobson, 2001). Instead, we use the Generalized
Linear Model in Location, Scale and Shape (GAMLSS; Rigby and
Stasinopoulos, 2005; Stasinopoulos and Rigby, 2007), which pro-
vides a high degree of flexibility in the selection of the distribution.
The probability density function (pdf) of the beta distribution can
be written as:

pðyijh;gÞ ¼
1

Bðh;gÞ y
h�1
i ð1� yiÞ

g�1 ð1Þ

where yi e (0,1) is the AR-fraction for the ith year, B (�) is the beta
function, h > 0 and g > 0. We use the GAMLSS reparameterization
(Ferrari and Cribari-Neto, 2004; Stasinopoulos et al., 2009), in which
l ¼ h

hþg

� �
and r ¼ h

hþgþ1

� �
when l e (0,1) and r e (0,1). The first

and second moments of y are l and r2l (1 � l), respectively.
The classic two-parameter beta distribution does not include 0

and 1 in the support of the predictand. Our time series, however,
can have zero values. The issue related to the presence of zeros
can be addressed by using the three-parameter zero-inflated beta
distribution (Ospina and Ferrari 2010), in which the additional
parameter allows y to be equal to zero (it models the probability
at zero). The pdf of the zero-inflated beta distribution can be writ-
ten as:

pðyiÞ ¼ m if yi ¼ 0

pðyijl;rÞ ¼ ð1� mÞ CðrÞ
CðlrÞCðð1�lÞrÞ y

lr
i ð1� yiÞ

ðð1�lÞrÞ�1 if yi 2 ð0;1Þ

(

ð2Þ

where the parameters l e (0,1), r is strictly positive and m e (0,1).
The expected value of y is equal to (1 � m) � l and the variance is

equal to 1� mð Þ lð1�lÞ
rþ1

� �
þ mð1� mÞl2. We use a logit link function

for l and m, and a logarithmic link function for r to satisfy the con-
ditions on the parameters. The zero-inflated beta distribution is
very flexible. It can be symmetric or highly asymmetric depending
on the values of the parameters, with a mass of probability at zero
(Supplementary Fig. 1; see also Ospina and Ferrari (2010)). An even
more general modeling would be by considering a zero-one inflated
beta distribution, allowing the modeling of the probability of 0 and
1. Because of the lack of 1 in our datasets, we focus on the zero-
inflated beta distribution.
We examine changes over time t (from 1979 to 2012) in the
three parameters of the zero-inflated beta distribution using the
following simple dependences:

l ¼ exp a0þa1t
1�a0�a1t

� �
r ¼ exp b0 þ b1tð Þ
m ¼ exp c0þc1t

1�c0�c1t

� �
8>>><
>>>:

ð3Þ

We consider all the possible model combinations in which each
of the three parameters is allowed to be a linear function of time as
in Eq. 3 or constant. To avoid model overfit, model selection is per-
formed with respect to the Akaike Information Criterion (AIC;
Akaike, 1974) which represents a trade-off between the complex-
ity and the accuracy of the models. Because of numerical issues
associated with the convergence of the algorithm to estimate the
models’ parameters, we fit these models only over pixels with less
than 26 (out of 34) zeros.

All the calculations are performed in R (R Development Core
Team, 2012) using the freely available gamlss package (Stasinopoulos
et al., 2007).
4. Results and discussion

The two left panels of Fig. 1 show the average monthly precip-
itation (over the period 1979–2012) in Europe and the continental
United States. The western coasts (e.g. Pacific Northwest and Nor-
way) receive the highest precipitation totals with values in excess
of 250 mm/month due to their location in the extratropical storm
track, and owing to the hills/mountains that cause orographic
enhancement of precipitation. An arc of precipitation totals
exceeding about 150 mm is also found along the European Alps.
The dry interior western United States are clearly seen by precipi-
tation values of less than 25 mm/month, while a large region along
the U.S. Gulf Coast has average monthly precipitation between
100 mm and 150 mm. The average monthly AR fraction is shown
in the right panels of Fig. 1. In Europe, the highest percentages
(�20–30%) are found from the western Iberian Peninsula to wes-
tern France. The AR fraction reduces as the distance inland
increases in part because ARs weaken as they propagate inland.
There is little AR impact in southern Europe (eastern Spain, south-
ern France, and Italy), which is probably a result of the mountains
in Spain which block ARs from penetrating there. In the western
United States there is less AR penetration into the interior than
in Europe due to the larger mountains close to the coast (e.g., Cas-
cade Range from Washington through Oregon to northern Califor-
nia); the highest AR fraction percentages peak at about 25% in
northern Oregon. In the eastern United States, New England has
the highest AR fraction of greater than 30%, while the central Uni-
ted States has values of above 25% along the Mississippi valley
(centered on western Tennessee), and a smaller area of AR fraction
greater than 20% over northern Missouri/southern Iowa. Previous
research for the central United States has shown strong connec-
tions between ARs and flooding (Lavers and Villarini, 2013a;
Nakamura et al., 2013), and between an AR event and extreme pre-
cipitation in Tennessee in May 2012 (Moore et al., 2012), which
underscores the importance of ARs in this part of the United States.
The Appalachian Mountains are clearly visible as a low AR fraction
region dividing relatively high percentages along the U.S. East
Coast and the central United States.

While Fig. 1 provides results related to the AR contribution to
rainfall at the yearly scale, Figs. 2 and 3 provide more detailed
information about the AR contribution on a monthly scale. As
shown in Fig. 2 for Europe, it is evident that the largest and most
widespread values occur during the winter half-year (October to



Fig. 1. The average monthly precipitation (in mm) (left panels), and average monthly AR fraction (in%; right panels) in Europe (top panels) and the United States (bottom
panels) over 1979 to 2012.
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March), not only along the coast but as far inland as Poland and
Lithuania. During the winter, the North Atlantic storm track is
more active due to the stronger Equator-North Pole temperature
gradient (resulting in a stronger baroclinic zone), and hence
extratropical cyclones (in which ARs occur) are more prevalent.
Maximum AR fraction values of greater than 30% are found from
October to January in France and Spain (and Belgium and the
Netherlands in January). Visual inspection of the average precipita-
tion in January (Supplementary Fig. 2) implies that in northern
France about 25 mm of the average 75 mm is caused by ARs; in
north-western Spain it is approximately 60 mm of the climatolog-
ical average of about 180 mm. Note that these values are obtained
over a 34-year period, with values in certain years being much
larger than the average percentages (which in certain cases can
be related to intense single ARs). A clear west-southwest to east-
northeast oriented line exists across southern Europe (from the
France/Spain border to central Europe) bounding low AR faction
to the south and relatively high AR fraction to the north. In Norway
there are lower AR fraction values than potentially expected, espe-
cially considering the mountainous terrain there. It is furthermore
unexpected because a strong link has been shown in Norway
between annual maxima daily precipitation and ARs in previous
research (Fig. 3; Lavers and Villarini, 2013b). The summer months
have the lowest AR fraction values because a weaker equator-to-
North Pole temperature gradient and North Atlantic storm track
means that fewer extratropical cyclones occur, and thus the AR
effect on precipitation is weaker. In summer precipitation tends
to be more related to smaller scale convective weather systems
(e.g. Berg et al., 2009). Also, the high AR fraction in southern
Portugal in June and July (Fig. 2) is probably not particularly
important because the fraction is of such a small climatological
precipitation (Supplementary Fig. 2).

In the western United States the largest and most widespread
AR fraction values are seen from October to February (Fig. 3). For
example in November in Oregon there are AR fraction values of
up to 35%, which when considering the climatological precipitation
(greater than 250 mm; Supplementary Fig. 3) amounts to about
100 mm of the precipitation. As in Europe there are smaller AR
fractions found in the summer, which is again due to a weaker
summer storm track across the North Pacific. In general the AR
fractions in this study are lower than those presented in Rutz
and Steenburgh (2012), Dettinger et al. (2011), and Rutz et al.
(2014). Possible reasons for the discrepancies are: (1) the different
methodologies employed to identify ARs. Herein a strict distance
criterion (of 1.5�) for precipitation to be AR related is used, whereas
for example Rutz and Steenburgh (2012) consider that if an AR
occurs anywhere on the West Coast all western U.S. precipitation
is said to be AR related [a more regional approach was employed
by Rutz et al. (2014) even though it is likely that they would iden-
tify a larger AR contribution than in this study (see their Fig. 3)];
(2) we undertake monthly AR fraction analyses, whereas a Novem-
ber–April seasonal analysis was assessed in Rutz and Steenburgh
(2012), and Dettinger et al. (2011); and (3) the past studies only
used the water years 1998–2008 compared to the 1979–2012 per-
iod used herein (1988–2011 in Rutz et al. (2014)).

In the eastern and central United States the AR fraction is the
highest in November and December, with a region focussed on
Tennessee and Kentucky having maximum percentages larger than
45%. In December this means that about 60 mm of the climatolog-
ical precipitation of about 125 mm is AR related (see Fig. 3 and



Fig. 2. The average AR fraction (in%) in each month from Europe over the period 1979–2012.

Fig. 3. Same as Fig. 2 but for the continental United States.
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Supplementary Fig. 3). This region is affected by extratropical
cyclones that travel eastwards across the United States, and the cir-
culation advects moisture northward in the warm sector of the
storm from the Gulf of Mexico. In spring and early summer (e.g.
May and June) an area of significant AR fraction extends from Texas
to the Great Lakes (to the west of the highest AR fraction region in
winter). The high moisture transport found in some ARs at this
time of the year is in part due to the Great Plains LLJ, and such



Fig. 4. Maps showing the results for the zero-inflated beta regression for Europe for the parameter l (top panels), r (middle panels), and m (bottom panels) for the cold (left
panels) and warm (right panels) seasons. The black (grey) colors indicate an increase (a decrease) over time. The white areas are for pixels in which there is no temporal
dependence over time.
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ARs were behind the U.S. Midwest flooding of July 1993 and June
2008 (Dirmeyer and Kinter, 2009; Lavers and Villarini, 2013a). It
is noticeable how the Appalachian Mountains act as a boundary
between areas of relatively high AR fraction in the central and
eastern United States. This is especially clear in the top and bottom
rows of Fig. 3. In the north-eastern United States the high AR



Fig. 5. Same as Fig. 4 but for the continental United States.
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fraction percentages in winter are thought to be indicative of
snowfall events, such as the heavy snow events in the winter of
2009 to 2010 (Halverson and Rabenhorst, 2010).

The results so far point to the significant role played by ARs in
bringing atmospheric moisture vital for water resources in large
areas of Europe and the continental United States. Little is known
about how the AR contribution to precipitation has been changing
over the past three decades. To address this question, we use the
zero-inflated beta regression model described in Section 3 to
examine possible changes in the fractional contribution of ARs to
precipitation over Europe and the continental United States.
Because of the marked seasonality and for conciseness, we perform
the analyses by stratifying the data into two seasons, cold (from
October to March) and warm (from April to September). Moreover
we focus our discussion on the l and m parameters because they
are directly related to the probability of zeros and to the mean
(r is related to the variance, but not by itself but as a non-linear
combination of all the three parameters). Fig. 4 summarizes the
results for Europe. During the cold season (Fig. 4, left panels) the
most regionally consistent pattern of change is in the Mediterra-
nean region, in which we observe an increase over time in the
parameter m, which translates to an increase in the probability of
zero-AR contribution to the seasonal rainfall over the area. We also
observe a decrease over time in the parameter l indicating a
decrease in the average AR contribution to the seasonal rainfall
over the period 1979–2012; this possibly relates to a drying of
the Mediterranean region (e.g., Klein Tank and Können, 2003;
van den Besselaar et al., 2013) and a poleward shift in the North
Atlantic extratropical cyclone tracks (e.g., Yin, 2005; Zappa et al.,
2013). The results for the warm season (Fig. 4, right panels) are
generally similar to those discussed for the cold season.

Fig. 5 summarizes the results for the continental United States.
The largest regional changes in the m parameters are over the
southwest United States and Oregon during the cold season and
over Texas and Oklahoma during the warm season. In both cases,
the results point to an increase over time in the probability of
zero-AR contribution to the seasonal precipitation. The largest
changes in the l parameter for both the cold and warm seasons
are over the central United States from Texas to Iowa. More specif-
ically, we observe a decrease over time in this parameter, leading
to a decrease in the average AR contribution to precipitation over
this region. These results are consistent with Barandiaran et al.
(2013) who found a northward expansion of the Great Plains LLJ
over the same study period during the April–June months.
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Moreover, they found a decrease in total precipitation south of
40�N, which is similar to the areas that have been experiencing
an average reduction in AR-related precipitation. These results
are also in line with the modeling work by Cook et al. (2008) which
showed a strengthening in the Great Plains LLJ in response to an
increase in greenhouse gasses, leading to an increase in precipita-
tion in the Upper Mississippi region and a decrease in the southern
Great Plains.
5. Conclusions

The aim of this paper was to evaluate the contribution of ARs to
the water budget in Europe and the continental United States by
computing the percentage of precipitation that was related to
ARs over the period 1979–2012. We draw the following conclu-
sions from this study:

� Over the study period, we show that ARs are responsible for
about 20–30% of all precipitation in parts of Western Europe,
and the central and western United States. Western Europe
and the western United States have relatively large AR fractions
because hills and mountains cause orographic enhancement of
precipitation when an AR impacts the higher terrain.
� The effects of ARs are generally felt further inland in Europe (e.g.

Poland) than in the western United States, which is likely to be
due to the higher mountainous terrain in the latter which acts
as a barrier to inland penetration. However, AR impacts can
be significant in the interior of the western United States, as
shown for Arizona by Neiman et al. (2013).
� Strong seasonality exists in the largest AR fractions and in their

spatial extent ranging from a peak in the fall and winter to a
minimum in the summer. In Europe, AR fractions peak at about
30% in the fall and winter (mainly in France and Spain); in the
western United States we find a similar seasonality, with AR
fractions up to about 35% in Oregon; the central United States
has generally even larger values during the cold season, with
some regions having values in excess of 50% (e.g., Tennessee
in December). It is during the winter half-year that the storm
tracks in the North Atlantic and Pacific (in which extratropical
cyclones grow and propagate along) are more active resulting
in more AR activity, and thus higher AR fractions. Note that
although relatively low AR fractions occur in the central United
States in the summer, this is the time when ARs can cause the
most extreme flood events (as during the summer of 1993
and June 2008).
� We have examined potential changes in the fractional contribu-

tion of ARs to seasonal precipitation using a zero-inflated beta
regression model. Over the past three decades, our results point
to a reduced contribution of ARs to regional precipitation in par-
ticular over the Mediterranean region and the central United
States. These findings are consistent with a poleward shift in
the North Atlantic storm track and the Great Plains LLJ. These
results should not be viewed necessarily as a reduction in pre-
cipitation over these areas, but just in light of the role played by
ARs.
� It is also thought that this type of analysis may be used as a

model diagnostic to determine how well numerical weather
prediction models can capture the water budget (associated
with ARs) compared to reanalysis datatsets (such as ERAIN).
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