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Extreme winds and precipitation during landfall of
atmospheric rivers
DuaneWaliser1* and Bin Guan2

Atmospheric rivers—long, narrow filaments of large integrated water vapour transport—are associated with weather and
water extremes, such as precipitation extremes and flooding in western North America and northern Europe. Here we apply a
global detection algorithm for atmospheric rivers to reanalysis data during 1997–2014 to investigate the impact of atmospheric
rivers on wind extremes as well as precipitation extremes. We find that atmospheric rivers are associated with up to half
of the extreme events in the top 2% of the precipitation and wind distribution, across most mid-latitude regions globally.
Landfalling atmospheric rivers are associated with about 40–75% of extreme wind and precipitation events over 40% of
the world’s coastlines. Atmospheric rivers are associated with a doubling or more of the typical wind speed compared to all
storm conditions, and a 50–100% increase in the wind and precipitation values for extreme events. We also find that the
majority of extreme wind events catalogued between 1997 and 2013 over Europe with billion US dollar losses were associated
with atmospheric rivers. We conclude that landfalling atmospheric rivers can represent a significant hazard around the globe,
because of their association with not only extreme precipitation, but also extreme winds.

In recent years, there has been a growing interest in atmospheric
rivers1–5 (ARs), their regional impacts on water availability
and flooding6–9, their modulation by climate variability and

change10–15, and their representation in weather forecast models16–18.
A vast majority of this interest has been focused on the hydrological
component of ARs3,6,7,10,11,19–21 (for example, moisture transport,
precipitation, snowpack, flooding), with only a very limited
number of global considerations1,14,22. In this study, we expand the
consideration of ARs by quantifying their association with near-
surface wind extremes in addition to precipitation, doing so with a
global perspective, and with particular attention on AR landfalls at
the world’s coastlines. The emphasis on wind extremes, in addition
to the more traditional hydrological considerations, is to highlight
potential connections between ARs and other hazard and impact
areas via wind (for example, storm surge and coastal flooding, wind
damage, marine weather and significant wave height)23–27.

Given that ARs are commonly defined by integrated water
vapour transport (IVT), and wind is a necessary ingredient in the
calculation of IVT, it is not completely unexpected for high winds to
occur in conjunctionwithARs.However, the fact that bothwind and
water vapour over the troposphere make up the definition of IVT,
it is not obvious what the association is between extreme IVT, and
thus ARs, and extreme near-surface winds. Moreover, since IVT is
not a direct measure of precipitation, it is important to characterize
the connection between extreme IVT and extreme precipitation.
Quantifying these relationships addresses the following sorts of
questions. What fraction of extreme wind events in a given part of
the globe or coastal area occurs in conjunction with ARs? Are the
very largest extreme wind events associated with AR events? Similar
questions can be asked for extreme precipitation events. Moreover,
what is the joint relationship between wind and precipitation
extremes in a region heavily impacted by ARs? Finally, considering
these relationships with associated economic information can yield
answers to questions such as, how large are the financial losses for
extreme wind events associated with ARs?

Impact of ARs globally
To illustrate the global impact of ARs on near-surface wind and
precipitation extremes, we employ a recently developed global de-
tection algorithm for ARs14 which identifies ARs from 6-hourly
IVT fields, in this case from ERA-Interim reanalysis, and examine
their occurrence in relation to the frequency distribution of 10-
m wind speed and surface precipitation values. See Methods and
Supplementary Figs 1 and 2 for a description of the algorithm and
the manner in which it is applied in this study. Figure 1a displays
the global frequency of occurrence of ARs, with a value of 10%
indicating that an AR occurs on average in that location about
once every ten days. Figure 1b,c illustrates what fraction of extreme
wind and precipitation events is associated with AR conditions,
with the extreme values being defined as those above the 98th
percentile28 (see Supplementary Figs 3 and 4). Over much of the
mid-latitudes, where the frequency of occurrence of ARs is relatively
high, their connection with wind extremes is particularly high. In
these regions, AR conditions occur in conjunction with wind ex-
tremes about 30–60% of the time. For example, over the mid-ocean
regions of the Pacific, Atlantic and Indian oceans, AR conditions
are associated with over 50% of the extreme wind events. Moreover,
the southern stretches of Southern Hemisphere continents, western
North America, northern Europe, southeast US, southern Green-
land, and west central South America also exhibit high concurrence
between ARs and extreme winds. The analogous map for precipita-
tion closely mimics the same large-scale patterns and values.

Impact of ARs at landfall
Although the connection between ARs and wind extremes is
most prominent in the mid-latitude ocean basins, and thus
of importance to maritime weather considerations, equally
important considerations are the impacts associated with AR
landfalls8,9,12,14,15,27,29. Such landfalls are known to be associated
with heavy precipitation extremes, but their relationship to
wind extremes (and in turn the associated impacts such as
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storm surge, wind hazards, coastal flooding), particularly from a
global perspective, has not been quantified. Figure 2a combines and
illustrates the information contained in the upper twomaps of Fig. 1,
but highlighting the values at the world’s coastlines. This includes
the frequency of occurrence of ARs in terms of days/year (circle
size) and the fraction of extreme wind events—that is, those in the
upper 2% of the frequency distribution—that are associated with
AR conditions (shading). The results show that it is not uncommon
for coastal areas, particularly in themid-latitudes, to be impacted by
ARs on 40 ormore days per year, or about once every nine days with
greater (lesser) occurrence expected in winter (summer)14. These
AR occurrences in turn are associated with 25% ormore of the wind
extremes for many of the world’s coastlines, and about 40 to 75% in
40% of the coastlines that are strongly influenced by AR conditions.
For example, for western North America, northern Europe,
New Zealand and southern South America, the results indicate that
ARs occur on the order of 40 days per year (circle size), and these
account for nearly half of extreme wind events (shading) that occur
in the top 2% of the frequency distribution. Figure 2c provides the
same information but for the precipitation (that is, combining infor-
mation from themaps of Fig. 1a,c, but only at the coastlines). In this
case, the spatial variabilities of the fractional value of extremes at the
coastlines are similar between the precipitation and wind extremes.

To provide a more specific characterization of the relation
between landfalling ARs and the very largest extremes and their
associated values, Fig. 2b(d) shows the rank of the highest extreme
wind (precipitation) value associated with an AR (circle colour) and
the value of the wind speed (precipitation) (circle size) for that given
extreme. Considering Fig. 2b, for example, coastal areas identified
with red circles mean that an AR event was associated with the
occurrence of the highest or second-highest wind extreme, based on
the 6-hourly 10-m wind speed from the ERA-Interim reanalysis, in
the 1997–2014 observation period analysed here. Similarly, yellow
circles indicate that an AR event was associated with either the
third-, fourth-, or fifth-highest wind extreme. The size of the circle
indicates the value of the wind extreme in metres per second, with
the top wind extremes being up to 50m s−1 in some coastal regions.
Note that comparisons between these reanalysis values which are
grid-averaged and 6-hourly values have only a modest negative
mean bias of about 0.5m s−1 when compared against ocean and
coastal buoys30. In addition, comparison with operational versions
of the underlying forecast model of the reanalysis product, only a
loose indicator of the potential bias in the reanalysis winds, indicates
that themodel underestimates thewinds by about 10% at the highest
values31. Thus, the actual value of the wind speed in these extremes
as captured by this reanalysis is probably an underestimate32, and a
detailed assessment of these relationships for a given region would
be best to rely on local wind gauge measurements.

Outside the deep tropics, it is not uncommon for ARs to be
associated with the record value in the wind distribution, or at
least an extreme ranking among the top five events, and that wind
extreme values are very often over 15–20m s−1. This is found across
the southern tier of the continents in the Southern Hemisphere and
along almost the entire coastline of Antarctica, as well as the eastern,
western and northern coasts of the continents in the Northern
Hemisphere. The results in these figures emphasize the strong
association of AR conditions with extreme wind events—or put
another way, extreme winds typically do not occur in the absence of
AR conditions. Similar relationships occur between AR occurrence
and peak precipitation events. Note that the magnitude of the wind
speed for the top-ranked values shown is roughly similar (within
factor of 1) across the mid- and high latitudes, while the magnitude
of the top-ranked values for precipitation are considerably smaller
at high compared to low latitudes owing to the greatly reduced
moisture capacity, and thus precipitation potential, for colder
polar air.
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Figure 1 | AR fractions among wind and precipitation extremes. a, Map
reflecting the frequency of global occurrence of AR events out of all time
steps (that is, considering the entire distribution of wind/precipitation,
including times with zero precipitation/wind)14. b,c, Global maps showing
the frequency (% of times) that ARs are associated with surface (10 m)
wind extremes (b) and surface precipitation extremes (c). In each case,
extremes are defined as those exceeding the 98th percentile of
non-zero values at a given grid cell. Note di�erent colour scale for a. In b
and c, values are shaded only if statistically significant at the 99% level; see
Methods for details.

Impact of ARs on wind–precipitation histogram
To better understand, quantify and compare how AR conditions
are related to the occurrence of wind and precipitation extremes,
we examine joint histograms of wind speed versus precipitation.
Combining information from the four regions outlined in Fig. 2
(blue boxes), indicative of high AR landfall frequency, Fig. 3(bottom
left) shows the joint histogram of wind speed versus precipitation.
In this case, the joint histogram is shown by the blue shading, with
the blue lines in the plots above and to the right indicating the
dependence of the histogram on wind speed only or precipitation
only, respectively. For this general (or ‘all’ condition) case,
observations are excluded if either the precipitation or the wind
is zero or in the weakest 10% of the non-zero values, as the
focus here is on the extreme portions of the distributions. The
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Figure 2 | ARs and coastal wind/precipitation extremes. a, Fraction of wind extremes associated with ARs at the coastal pixels (shading; based on the
information in Fig. 1b). Also shown is the frequency of AR occurrence out of all times at each pixel (size of the circles; based on the information in Fig. 1a).
b, The highest rank (shading) and 10-m wind speed (m s−1; size of the circles) of AR-related wind extreme. c,d, As a,b but for precipitation extremes. The
four blue boxes outline the regions used in subsequent analysis. In a and c, values are shaded only if statistically significant at the 99% level.
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Figure 3 | Probability distribution of wind speed/precipitation. Bottom left:
joint histogram of 10-m wind speed (m s−1) versus precipitation (mm d−1)
combining coastal pixels from four regions (outlined in Fig. 2). Observations
are excluded if either precipitation or wind speed is zero or among the
weakest 10% of non-zero values. The blueish shading is for all wet days.
Blue lines in the line plots above (to the right) are a sum across
precipitation (wind speed). The red contours (using the same contouring
level) and red lines are the counterpart for the AR subset (for example, the
subset of the small black boxes within the green contours in Supplementary
Fig. 2). Grey lines or stippling indicate where the di�erence between the
two histograms is statistically insignificant at the 99% level.

red contours and lines show the same information but considering
only AR conditions. The joint distribution for all conditions (that
is, blue shading) emphasizes a log-normal character with respect
to precipitation33, and a more Gaussian distribution, albeit with
positive skew, with respect to wind speed. Under AR conditions
(red contours), the frequency distribution shifts markedly towards
higher wind speed and precipitation values. Comparing the
histograms in the upper line plot illustrates that the most probable
wind value for all conditions roughly doubles, from ∼2m s−1 to
∼4m s−1. In addition, for a rare event with probability 0.02, the
extreme value for the all conditions is on the order of 8m s−1,
whereas for AR conditions it is 12m s−1. Similarly, comparing the
histograms in the right line plot illustrates that an event at the 0.02
level changes from 8mmd−1 to over 16mmd−1. Or, put another
way, the histograms show that AR conditions are associated with an
approximate doubling of the most typical surface wind speed and a
50–100% increase in the wind and precipitation values for extreme
cases (for example, probability of 0.02).

Socio-economic considerations
Although the societal impacts of AR precipitation extremes have
been considered in a number of studies through the examination
of their relationship to flooding2,3,6,11,19,21,34, here we illustrate their
impacts by considering potential wind damage and actual insured
losses due to wind damage. Figure 4a–c shows histograms of
global 10-m wind strengths, categorized in terms of the Beaufort
Wind Scale (BWS)35 (see also https://en.wikipedia.org/wiki/
Beaufort_scale and references therein), for each grid cell over
land, along coastlines, and over oceans, respectively, with the blue
dots representing all grid cells sampled—that is, regardless of the
presence/absence of ARs—and the red dots representing the subset
of grid cells within detected AR boundaries. The BWS is a mapping
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Figure 4 | Socio-economic impacts of wind extremes. a–c, Histograms of global 10-m wind strengths, in terms of their value on the BWS35, over each grid
cell over land (a), along coastlines (b) and over oceans (c), with the blue dots representing all grid cells sampled, and the red dots the subset of grid cells
within detected AR boundaries. Grey dots indicate where the di�erence between the two histograms is statistically insignificant at the 99% level.
d, Insurance losses associated with European wind storms (size of blue outlined circles). The blue outlined squares indicate losses less than
1 billion US dollars or data not available. Red fills indicate cases for which ARs are present at the grid cell with the highest local rank of wind speed (where
the circles/squares are drawn).

between wind speed ranges and a numeric scale from 0–12, with
each successive value associated with increasing impacts/damage,
considering wave height, sea state and land conditions. For example,
a BWS of 8 indicates gale force winds of 17.2–20.7m s−1, wave
heights of 5.5–7.5m, and a set of qualitative indicators of sea state
and typical damage experienced over land (for example, broken
trees, high waves, structural damage). These histograms indicate
that, under AR conditions, the frequency of threatening/damaging
winds (that is, BWS ∼8–12) is larger, by factors ranging up to
ten, than the unconditional frequency of these events without
considering the presence/absence of ARs; this is particularly true
near coasts and over land. To put the above considerations of
extreme wind damage in economics terms, Fig. 4d illustrates that
ARs are associated with 14 of 19 (the fraction is significantly larger
than by chance with P <0.01; see Methods) recently analysed large
European wind storm insurance losses from 1997–201336, with a
number of the losses exceeding 2 billion US dollars.

The objective of our study was to expand the consideration
of AR impacts by quantifying their association with near-
surface wind extremes and precipitation extremes, extending
these considerations to a global perspective23, and with particular
attention on AR landfalls at the world’s coastlines. Our results
illustrate associations between ARs and precipitation and wind
extremes across the globe. Although the relationships between ARs
and precipitation extremes have been studied in a limited number of
regions, this study has extended these relationships to a global scale.
Most uniquely, our results illustrate a close association between
ARs and global wind extremes, and further highlight the potential
socio-economic impacts of these extremes. Suggestions for future
research include further characterization of these connections,
bearing in mind local environmental, economic and topographic
conditions, to specific wind-related hazards, such as storm surge
and coastal flooding, wind damage, marine weather and significant
wave height26,28.

Methods
Methods, including statements of data availability and any
associated accession codes and references, are available in the
online version of this paper.
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Methods
For this study, ARs are defined via a recently developed global detection algorithm
based on IVT14. The data set used for both IVT and 10-m wind is the ECMWF
Interim reanalysis30 (ERA-Interim), which provides global, 6-hourly atmospheric
fields at 1.5◦

×1.5◦ spatial resolution. AR detection is based on IVT derived from
specific humidity and wind fields at 17 pressure levels between 1,000 and 300 hPa
inclusive. The land–sea mask from the same data set, and coastal grid cells based
on the land–sea mask, are used in part of the analysis. Daily precipitation from the
1◦

×1◦ resolution Global Precipitation Climatology Project version 1.2 is used to
quantify the impacts of ARs on global precipitation patterns. This data set is
produced by optimally merging satellite retrievals and gauge analyses37 and is
re-gridded to the ERA-Interim resolution. Socio-economic impacts of ARs are
understood by considering the categorization of wind speed values according to the
BWS35 as well as a catalogue of European extreme wind storms that includes
associated insurance losses36. Here we point out that, although analyses involving
wind damage are often carried out in terms of wind force or power (typically
involving the square or cube of wind speed)38, the manner in which we do our
analyses (that is, basing the calculations on percentiles and/or rankings of wind
speed) determines that the findings associated with our analysis are qualitatively
the same whether we consider wind speed or a higher moment of wind speed. The
period of the analysis is 1997–2014.

The procedure for identifying and characterizing ARs can be summarized as
two main steps: extraction of the original set of ‘objects’ based on the IVT
magnitude threshold at each grid cell; and application of the IVT direction, length,
and length/width ratio criteria to these objects, resulting in a defined set of ARs.
Only a brief summary of the criteria are provided here; their motivation, sensitivity
considerations and further details are given in the complete algorithm and
application description14. For the first step, the IVT threshold is the value of the
85% percentile based on the IVT distribution for the given spatial location and
month of the year, and being at least 100 kgm−1 s−1. For the second step, there is a
requirement for coherence in the overall IVT direction within the identified object
and there to be an appreciable northward component (that is, 50 kg −1m−1 s−1). In
addition, there is a requirement for the identified ARs to have length greater or
equal to 2,000 km and a length-to-width ratio greater or equal to 2. The upper
panel of Supplementary Fig. 1 shows the result for an arbitrary 6 h time step after
all the above AR detection criteria have been applied, with each object labelled by a
unique colour. The lower panel of Supplementary Fig. 1 shows specific details of
the AR making landfall in western North America, including the AR shape
boundary (green contour), IVT (shading), 10-m wind (arrows), and surface
precipitation (blue contours). For any given AR, only wind and precipitation within

the AR shape boundary are considered associated with the AR and included for
calculation of AR fractions shown in Fig. 1.

Wind and precipitation extremes at each grid cell are defined as values
exceeding the 98th percentile28 specific to that grid cell (see Supplementary Figs 3
and 4). The percentile is based on all months during the analysis period, and only
non-zero values are included in calculating the percentile. Supplementary Fig. 2
shows the additional details associated with assigning the associated wind and
precipitation values at landfall by zooming in on two ARs shown in Supplementary
Fig. 1 as examples. Here, the AR shape boundary is shown by the green contour,
and the IVTmagnitude in grey shading. In the western North America case, the AR
landfall is associated with wind extremes at ∼1/2 of the intersecting coastal grid
cells (IVT direction/magnitude in red arrows), and precipitation extremes at ∼1/3
of the intersecting coastal grid cells (purple dots). In the southern South America
case, the AR landfall is associated with a wind extreme at one grid cell on the west
coast—that is, the side of the landfall—with no precipitation extreme in this case.

Statistical significance of the results presented in each figure is evaluated by
Monte Carlo simulations. In each case, an empirical distribution of the test statistic
is formed by randomly resampling the input data in space and time with
2,000 iterations. The P value is then calculated based on comparing the observed
value of the test statistic against its empirical distribution. Statistical significance is
inferred if P<0.01 based on a two-tailed test.

Code availability. The MATLAB code for the AR detection algorithm is available
from the corresponding author upon request.

Data availability. The following data were obtained freely online: ERA-Interim:
http://apps.ecmwf.int/datasets/data/interim-full-daily

GPCP: ftp://meso.gsfc.nasa.gov/pub/1dd-v1.2.
European extreme wind storms catalogue:

http://www.europeanwindstorms.org.
The global AR catalogue based on ERA-Interim and the detection algorithm

described in ref. 14 is available at https://ucla.app.box.com/v/arcatalog.
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