
Corringham et al., Sci. Adv. 2019; 5 : eaax4631     4 December 2019

S C I E N C E  A D V A N C E S  |  R E S E A R C H  A R T I C L E

1 of 7

A T M O S P H E R I C  S C I E N C E

Atmospheric rivers drive flood damages in the western 
United States
Thomas W. Corringham1*, F. Martin Ralph1, Alexander Gershunov1, Daniel R. Cayan1, Cary A. Talbot2

Atmospheric rivers (ARs) are extratropical storms that produce extreme precipitation on the west coasts of the 
world’s major landmasses. In the United States, ARs cause significant flooding, yet their economic impacts have 
not been quantified. Here, using 40 years of data from the National Flood Insurance Program, we show that ARs 
are the primary drivers of flood damages in the western United States. Using a recently developed AR scale, which 
varies from category 1 to 5, we find that flood damages increase exponentially with AR intensity and duration: 
Each increase in category corresponds to a roughly 10-fold increase in damages. Category 4 and 5 ARs cause median 
damages in the tens and hundreds of millions of dollars, respectively. Rising population, increased development, 
and climate change are expected to worsen the risk of AR-driven flood damage in future decades.

INTRODUCTION
Atmospheric rivers (ARs) are temporally ephemeral filamentary 
features in the lower troposphere that horizontally transport large 
quantities of water vapor (on average, more than double the flow of 
the Amazon River) and can cause extreme precipitation events on 
west coasts of major landmasses due to orographic lift over moun-
tainous topography (1). Since their early characterization in 1998 
using weather model data (2), satellite and aircraft observations 
confirmed the modeling study (3) and documented their role in 
causing significant floods (4). ARs have since been shown to be an 
important source of intraseasonal and interannual variations in 
precipitation and streamflow in the western United States and globally 
(5, 6). There is a growing awareness that ARs are responsible for a 
wide range of environmental, social, and economic impacts, affecting 
the frequency and severity of extreme floods and influencing drought 
duration and intensity (7). ARs have been identified as the primary 
source of hydrologic flooding in the western United States (8, 9), yet 
their costs remain largely unquantified. Since sea surface tempera-
ture near the coast is a determinant of the amount of rain associated 
with an AR (10), quantifying the relationship between AR intensity 
and economic impact is important, given the rising ocean-atmosphere 
heat content associated with climate change.

On 4 January 1995, a strong AR developed off the coast of California 
(Fig. 1A). A plume of precipitable water vapor extended from Hawaii 
to the west coast of North America. At the coast, integrated vapor 
transport (IVT) was greater than 712 kg m−1 s−1. By 9 January, 
coastal IVT reached 966 kg m−1 s−1, producing extreme precipitation 
in Sonoma County, California, which then caused streamflow to 
peak in the lower reach of the Russian River at Guerneville (Fig. 1B). 
The river rose above flood stage for 7 days. Insured losses in Sonoma 
County totaled over $50 million over a 3-day period as the town of 
Guerneville was inundated (Fig. 1C). Impacts were widespread in 
central California; in terms of insured losses, this was the most 
damaging event in the 40-year record in the western United States 
and is 1 of the 11 ARs that caused over $1 billion in total estimated 
damages (Table 1).

Catastrophic scenarios have been modeled in detail: The ARkStorm 
scenario (11) simulated an approximately 1-in-1000-year series of ARs, 
estimating damages of up to $840 billion (all values in 2018 dollars), 
but did not quantify the effects of more frequent, lower-intensity 
flood events. While cost estimates for individual flood events are 
often available (12, 13), cost estimation methods are generally not 
consistent across events. Here, we combine spatially and temporally 
consistent flood insurance loss data from the National Flood Insurance 
Program (NFIP) with measures of total damages from a National 
Weather Service (NWS) dataset (14) and a complete catalog of west 
coast ARs (10) to provide a comprehensive analysis of flood damages 
caused by ARs in the western United States over the past 40 years.

RESULTS
Across the 11 western conterminous states, from 1978 to 2017, we 
find that total estimated flood damages, during all seasons, amounted 
to $50.8 billion, and ARs accounted for 84% of these damages, i.e., 
$42.6 billion, or roughly $1.1 billion a year. In this study, AR activity 
is identified by daily maximum 6-hour vertically IVT greater than 
250 kg m−1 s−1, over a string of coastal 2.5° grid cells (fig. S1), meeting 
additional geometric and temporal conditions (10). Over the sample 
period, 1603 separate ARs made landfall from 27.5°N in Baja California 
to 47.5°N in Washington. AR total estimated damages are defined 
as NFIP-insured losses occurring anywhere in the western United 
States on the day of or the day following AR conditions, inflated by 
a factor of 30, which was determined by Corringham and Cayan (15) 
in an analysis of NFIP-insured losses against an NWS dataset (14) 
of total damages by state by year over a 21-year period for which 
both datasets were available (fig. S2). The NWS data (14) are based 
on information from newspapers; estimates from emergency managers, 
insurance agents, and local officials; damage assessments by Federal 
Emergency Management Agency (FEMA) storm survey teams; and 
crop damage estimates from the U.S. Department of Agriculture. 
Insurance data were obtained directly from the NFIP.

In the coastal states of California, Oregon, and Washington, the 
proportions of total insured flood damages attributable to ARs ex-
ceeded 99% in some areas (Fig. 2 and Table 2). Relatively high pro-
portions of damages were associated with AR activity as far east as 
100°W, including much of Arizona, Idaho, and western Montana—
inland regions where ARs are known to penetrate (16). Damages in 
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