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ABSTRACT

Most extreme precipitation events that occur along the North American west coast are associated with

winter atmospheric river (AR) events. Global climate models have sufficient resolution to simulate synoptic

features associated with AR events, such as high values of vertically integrated water vapor transport (IVT)

approaching the coast. From phase 5 of the CoupledModel Intercomparison Project (CMIP5), 10 simulations

are used to identify changes in ARs impacting the west coast of North America between historical (1970–99)

and end-of-century (2070–99) runs, using representative concentration pathway (RCP) 8.5. Themost extreme

ARs are identified in both time periods by the 99th percentile of IVT days along a north–south transect

offshore of the coast. Integrated water vapor (IWV) and IVT are predicted to increase, while lower-

tropospheric winds change little. Winter mean precipitation along the west coast increases by 11%–18%

[from 4% to 6% (8C)21], while precipitation on extreme IVT days increases by 15%–39% [from 5% to 19%

(8C)21]. The frequency of IVT days above the historical 99th percentile threshold increases as much as 290%

by the end of this century.

1. Introduction

The U.S. West Coast receives the majority of its pre-

cipitation during the winter months (Neiman et al. 2008b),

with the most extreme events associated with atmospheric

rivers (ARs; Ralph et al. 2005, 2006; Dettinger et al. 2011;

Warner et al. 2012).ARs are narrow regions of largewater

vapor transport that extend from the tropics or subtropics

into the extratropics (Zhu and Newell 1998). ARs are

responsible for over 90% of the global meridional water

vapor transport but cover only a relatively small portion of

the circumference of the globe at any time.ARs are crucial

components of the hydrologic cycle in many parts of the

world, including western North America (e.g., Dettinger

2004; Ralph et al. 2006, 2013; Neiman et al. 2011), western

South America (Viale and Nunez 2011), and Europe

(Sodemann and Stohl 2013; Lavers et al. 2013).

Global mean atmospheric water vapor is projected to

increase with surface warming at roughly the rate of

Clausius–Clapeyron scaling, about 7.5% (8C)21 (Held

and Soden 2006; O’Gorman and Muller 2010). While

global mean precipitation is expected to increase at

a lesser rate, around 2%–3% (8C)21 (Trenberth 1999;

Held and Soden 2006; O’Gorman and Muller 2010;

Muller and O’Gorman 2011; O’Gorman et al. 2012;

Stephens et al. 2012; Pendergrass and Hartmann 2014),

extreme precipitation is predicted to increase at rates

closer to that of global mean atmospheric water vapor

(Allen and Ingram 2002; Trenberth et al. 2003; Pall et al.

2007). The above studies examined changes in mean and

extreme precipitation on a global scale; it is unclear what

changes can be expected on regional scales.

Extreme precipitation might also be influenced by dy-

namical changes associated with anthropogenic global

warming (Groisman et al. 2005; Held and Soden 2006;

Trenberth et al. 2007). It has been theorized that changes

in equator-to-pole temperature gradient (Yin 2005) and

Hadley cell expansion associated with global warming

could shift the storm track poleward and/or upward in the
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Northern Hemisphere (McCabe et al. 2001; Hu and Fu

2007; Lu et al. 2007; Meehl et al. 2007; Chang et al. 2012;

Scheff and Frierson 2012; Singh and O’Gorman 2012;

Barnes and Polvani 2013). Since ARs are typically lo-

cated just south of the jet axis (Browning andPardoe 1973;

Neiman et al. 2008b; Cordeira et al. 2013), changes in the

midlatitude jet stream could impact the location and fre-

quency of ARs and extreme precipitation along the west

coast (Salathé 2006; Mass et al. 2011; Dettinger 2011).

While numerous studies have addressed the origin, evo-

lution, and coastal influence of ARs (e.g., McGuirk et al.

1987; Lackmann and Gyakum 1999; Ralph et al. 2004;

Neiman et al. 2008a,b; Warner et al. 2012), relatively few

have examined how projected changes in climate could

impact AR location and intensity. One recent study

(Dettinger 2011) evaluated seven Intergovernmental Panel

on Climate Change (IPCC) Fourth Assessment Report

(AR4) climate models, driven by the A2 scenario, for daily

low-level integrated water vapor transport (IVT) at a sin-

gle location off the central California coast. Examining

both contemporary (1961–2000) and end-of-century

(2081–2100) December–February periods, this study

found that the winter AR season lengthens, the average

intensity of the storms change little, and extreme storm

intensities increase. Integrated water vapor (IWV) at

that location increased in all the models, with low-level

winds generally decreasing. Lavers et al. (2013) used

phase 5 of the CoupledModel Intercomparison Project

(CMIP5) output from five climate models in the IPCC

Fifth Assessment Report (AR5; Taylor et al. 2012) to

identify changes in ARs at the end of the twenty-first

century (2074–99) over the eastern Atlantic Ocean and

the United Kingdom. They found the changes in ARs

were driven by increases in atmospheric water vapor due

to warming, with a doubling in AR frequency and in-

creases in heavy precipitation by the end of this century.

Regional precipitation frequency and intensity can be

poorly represented by global climate models (GCMs)

because of inadequate resolution, among other causes

(Stephens et al. 2010; Flato et al. 2013, section 9.4). While

significant issues like errors in cyclone intensity (Colle et al.

2013; Zappa et al. 2013) and storm-track location (Chang

et al. 2012) still exist, GCM-simulated large-scale storm

tracks in the extratropics continue to improve (Flato et al.

2013, section 9.4.1.4.3), at least in part through increases in

horizontal resolution (Colle et al. 2013). With improving

GCM fidelity on the synoptic scale, west coast AR events

can be identified by high values of IVT (Neiman et al.

2008b). Utilizing state-of-the-art CMIP5 climate models

and using representative concentration pathway (RCP) 8.51

over the eastern Pacific, this study identifies extreme IVT

events along the U.S. West Coast, quantifies the changes

in IVT and precipitation due to increasing anthropogenic

greenhouse gases, and identifies what portion of these

changes are due to modifications of wind and IWV.

2. Data and methods

GCMs are not ideal tools for studying extreme pre-

cipitation impacting thewest coast because of their relatively

coarse horizontal grid spacing and poor representation of

coastal terrain (Widmann et al. 2003; Stephens et al.

2010). However, ARs can be identified by associated

synoptic-scale features resolved by coarse-resolution

GCMs, such as synoptic-scale IWV or IVT plumes in-

tersecting the coast. The IPCC CMIP5 archive offers an

opportunity to identify AR events in both contemporary

and future simulations for a range of global warming

scenarios.

Since AR-associated extreme precipitation generally

lasts for about one day along the west coast (Ralph et al.

2013; Rutz et al. 2014), daily mean values are used in this

analysis. Surface temperature, specific humidity, u- and

y-wind components (zonal and meridional, respectively),

and total daily precipitation were retrieved from the Pro-

gram for Climate Model Diagnosis and Intercomparison

(PCMDI)website (http://pcmdi9.llnl.gov/esgf-web-fe/). To

compare two 30-yr periods separated by 100 years: 1970–

99 and 2070–99, 10 CMIP5 historical and RCP 8.5 models

were used (Table 1). Models without surface winds or

surface specific humidity available were not considered,

since these fields are necessary for calculating IWV and

IVT using the method described below. Models with

a longitudinal grid spacing of greater than 2.58 were elim-

inated to avoid land-fraction contamination for analysis

points immediately off the coast (Fig. 1). RCP 8.5 was

chosen because it is widely believed to be themost realistic

scenario for ‘‘business as usual’’ carbon dioxide emissions

(Meehl et al. 2012; Bopp et al. 2013). Some models were

represented bymore than one ensemblemember. Thus, to

eliminate favoring a specific model in the results, only the

first ensemble member for each model was used. Model

output was regridded to a common grid of 1.258 3 1.8758,
similar to that of the Hadley Centre Global Environment

Model, version 2.

Several studies have shown that IVT has a close re-

lationship with the amount of orographically produced

precipitation along the west coast (Neiman et al. 2002;

Ralph et al. 2006; Neiman et al. 2008b; Viale and Nunez

2011; Ralph et al. 2013); thus, IVT is examined in this

study. For each model, extreme IVT days were identi-

fied at a line of grid points located off the U.S. West

Coast (Fig. 1) by finding the 99th percentile in daily IVT1An 8.5Wm22 increase in total radiative forcing by the year 2100.
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during winter (October–March) for the 30-yr historical and

future periods at each point. The full wind speed was used

in the IVT calculation; large IVT values are inevitably as-

sociated with winds from the south to west. Because the

majority of water vapor transport (;75%) occurs in the

lowest 2.5km of the atmosphere (Ralph et al. 2005) and

previous studies used lower levels to define IVT (Neiman

et al. 2008b; Moore et al. 2012), this study defines IVT

(kgm21 s21) using total wind speed and specific humidity

at the surface and at 850-, 700-, and 500-hPa levels2:

IVT5
1

g0

ð500
sfc

qU dp , (1)

where q is mean layer specific humidity (kgkg21), U is

mean layer total wind (ms21), g0 is acceleration due to

gravity (ms22), and dp is the difference in pressure be-

tween layers (hPa). The 99th percentile days in IVT are

hereafter referred to as ‘‘extreme days.’’ In addition, 30-yr

averages of IVT were calculated for the winter season

(hereafter referred to as winter average) of both time

periods. For verification, IVT was also calculated using

the National Centers for Environmental Prediction–

NationalCenter forAtmosphericResearch (NCEP–NCAR)

reanalysis (Kalnay et al. 1996) for the historical period.3

For extreme days and the winter average, IVT was

broken down into its two components, IWV and wind.

Additionally, precipitation on 99th percentile IVT days

is examined to identify possible changes in precipitation

intensity. The precipitation is analyzed offshore in the

same location as IVT to minimize any possible effects of

orographic enhancement in the analysis. The Student’s

t statistic was used to determine if the end-of-century

(2070–99) multimodel mean is statistically different

from the historical (1970–99) multimodel mean for both

the winter averages and the extreme days for IVT, IWV,

low-level wind, and precipitation.

Finally, to assess changes in frequency in extreme

precipitation, an event threshold was set at each grid

TABLE 1. CMIP5 historical (1970–99) and RCP 8.5 (2070–99) models used and associated horizontal resolution.

Model

Original resolution

Modeling centerLat (8) Lon (8)

MRI-CGCM3 (Meteorological Research Institute

Coupled Atmosphere–Ocean General Circulation

Model, version 3)

1.1215 1.1250 Meteorological Research Institute (Japan)

Model for Interdisciplinary Research on Climate, version 5

(MIROC5)

1.4000 1.4062 Model for Interdisciplinary Research on

Climate (Japan)

Centre National de Recherches Météorologiques Coupled
Global Climate Model, version 5 (CNRM-CM5)

1.4000 1.4062 Centre National de Recherches

Météorologiques (France)
Hadley Centre Global Environment Model,

version 2–Carbon Cycle (HadGEM2-CC)

1.2500 1.8750 Met Office Hadley Centre (United Kingdom)

Commonwealth Scientific and Industrial Research

Organisation Mark 3.6.0 (CSIRO Mk 3.6.0)

1.8650 1.8750 Commonwealth Scientific and Industrial

Research Organisation (Australia)

Institute of Numerical Mathematics Coupled Model,

version 4.0 (INM-CM4.0)

1.5000 2.0000 Institute of Numerical Mathematics (Russia)

L’Institut Pierre-Simon Laplace Coupled Model, version 5,

coupled with the Nucleus for European Modelling of the

Ocean (NEMO), mid resolution (IPSL-CM5A-MR)

1.2676 2.5000 L’Institut Pierre-Simon Laplace (France)

Geophysical Fluid Dynamics Laboratory Climate Model,

version 3 (GFDL-CM3)

2.0000 2.5000 Geophysical Fluid Dynamics Laboratory

(United States)

Geophysical Fluid Dynamics Laboratory Earth System

Model with Generalized Ocean Layer Dynamics

(GOLD) component (GFDL-ESM2G)

2.0225 2.5000 Geophysical Fluid Dynamics Laboratory

(United States)

Geophysical Fluid Dynamics Laboratory Earth System

Model with Modular Ocean Model 4 (MOM4) component

(GFDL-ESM2M)

2.0225 2.5000 Geophysical Fluid Dynamics Laboratory

(United States)

2 The 1000-hPa level of the atmosphere is not considered in IWV

or IVT calculations because of lack of data at this level or at the

surface in each of the includedmodels over large areas of the ocean

where surface pressures are below 1000 hPa.

3 The NCEP–NCAR reanalysis for the period 1970–99 used in

this analysis spans the beginning of the satellite era (starting in

roughly 1979), and the quality of the reanalysis likely improved

in time. At least one study found the NCEP–NCAR reanalysis

precipitable water and precipitation to have only small differences

with observations in the eastern North Pacific Ocean (Trenberth

and Guillemot 1998) from 1988 to 1992, a period in which satellite

observations were being assimilated into the reanalysis.
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point in Fig. 1: the lowest value to reach the 99th per-

centile of IVT during the historical period. The number

of days in the end-of-twenty-first-century period to

reach this IVT threshold was used to calculate the per-

cent increase in days with extreme IVT and thus, im-

plicitly, extreme precipitation.

3. Results

Figures 2a and 2b show multimodel mean and in-

dividual model results of IVT for the winter average and

extreme days for 1970–99 (Fig. 2a) and 2070–99 (Fig. 2b)

for 13 points along the transect shown in Fig. 1. IVT

from the NCEP–NCAR reanalysis is also shown for

1970–99 (Fig. 2a) for reference. For both the winter

average and the extreme days during the historical pe-

riod, the NCEP–NCAR reanalysis IVT closely matches

the multimodel mean. At all points, the historical mean

99th percentile IVT is much greater than 250 kgm21 s21,

the threshold flux used to identify ARs in some previous

literature (Moore et al. 2012; Cordeira et al. 2013; Rutz

et al. 2014). There is an increase in 99th percentile IVT

by 26%–30% between historical and future periods at

all points. There is little overlap between the model

ranges of IVT in the historical and future runs, and the

extreme days in the end-of-century simulation gener-

ally fall outside of the historical model range. During

both the historical and late-twenty-first-century pe-

riods, the peak IVT for both ensemble-mean extreme

days and the winter average are found in the middle

latitudes of the domain, for reasons discussed later.

The multimodel means between the historical and fu-

ture periods for both winter average and the extreme

days are statistically different at the 95% confidence

level for all points along the transect.

Once the 99th percentile days are chosen using IVT,

the individual components of IVT during the selected

days, the IWV and the low-level wind, were evaluated

separately. Figures 2c and 2d show IWV for multimodel

means and individual models for the winter average and

extreme days for both historical and future conditions.

The NCEP–NCAR reanalysis closely matches the his-

torical multimodel mean for extreme days; however, the

NCEP–NCAR reanalysis shows higher values of IWV

than the multimodel winter average at all points, with

a greater difference to the north, but remains within the

model range. During both periods, the observed and

model IWV show a decrease from south to north for

both the extreme days and the winter average. This is

consistent with the proximity of the southern part of the

domain to larger IWV values in the tropics. For the

extreme days, there is very little overlap in model ranges

between historical and future simulations of IWV, with

minor overlap ofmodel ranges for the winter average. In

the case of the extremes, all IWV values greatly exceed

2 cm, the threshold for AR events described in previous

literature (Ralph et al. 2004). The changes from histor-

ical to end-of-twenty-first-century periods in the multi-

model mean in IWV for both the winter average and the

extreme days are statistically significant at the 95% level

for all points along the transect.

While high IWV values are an important aspect of AR

events, large IVT values also rely on strong low-level

winds for advecting moist air toward the coast, forcing

ascent over coastal terrain and leading to orographic

precipitation. Figures 2e and 2f show multimodel means

and individual models of 850-hPa total wind for the

winter average and during the IVT extremes for both the

historical and future climates. The 850-hPa wind was

chosen because that level typically intersects the upper

slopes of major westernU.S. terrain barriers. TheNCEP–

NCAR reanalysis 850-hPa wind closely matches the

multimodel mean for the extreme days over the far

southern and northern portions of the transect but is near

the high end of the model range for the middle latitudes

(;448N). Additionally, the 99th percentile 850-hPa wind

along the transect (20–25m s21) closely matches aircraft

observed winds under AR conditions analyzed pre-

viously in Ralph et al. (2005). In the multimodel winter

averages, there is a fairly steady increase in 850-hPa

wind from south to north and a close correspondence

with reanalysis values. Such a meridional increase is

consistent with the typical location of the midlatitude jet

stream over the northern portion of the domain from

October through March. It appears that the peak in

extreme IVT over the midcoast (northern California)

FIG. 1. Locations evaluated in CMIP5 models and reanalysis grids.
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FIG. 2. CMIP5 RCP 8.5 10-model means (boldface lines) for (a),(b) 99th percentile IVT

(upper values, solid) and winter mean (lower values, dashed) for (left) 1970–99 (boldface blue)

and (right) 2070–99 (boldface red) along the 13-grid-box transect in Fig. 1. Only October–

March is considered. Light blue and red lines are individualmodels, and boldface green lines on

the left are NCEP–NCAR reanalysis values for 1970–99. Right-hand plots also show the

multimodel means of the historic period for reference (boldface blue lines, same on left and

right). Similar plots for (c),(d) IWV; (e),(f) 850-hPa total wind; and (g),(h) daily precipitation

are also shown.
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for both the historical and future periods can be ex-

plained by the conflation of the decreasing IWV to the

north and the general increase of lower-tropospheric

winds to the north, with their product maximizing in the

middle of the domain. The models predict very little

change in 850-hPa wind along the west coast between the

historical and future periods for either the winter average

or the extreme days, and none of the changes are statis-

tically significant anywhere along the transect. Similarly,

very little change in winter-average wind or wind on ex-

treme days were observed at other levels up to 500-hPa

(not shown).

Figures 2g and 2h show the multimodel mean and

individualmodel values of daily precipitation4 for winter

average and extreme days for both the historical and

end-of-century simulation periods. For both the winter

averages and extremedays during the historical period, the

multimodel mean modestly overestimates precipitation

south of approximately 468N, although the NCEP–NCAR

reanalysis precipitation is generally contained within the

model envelope. There is a modest precipitation increase

fromsouth tonorth for themodelwinter average.Historical

extreme precipitation shows more meridional modulation,

with a broad secondary peak near 418N and a narrow pri-

mary peak over the far northern portion of the domain. It is

possible that the northern peak is a result of the westward

curving coastline of British Columbia and the proximity of

terrain to themeridional transect. The future simulation has

more precipitation along the transect than the historical

climate for both the winter average and extreme days,

although the model range is quite large and there is

considerable overlap between historical and future runs.

On extreme days, absolute increases between the his-

torical and future periods are largest (roughly 5mmday21)

from approximately 368 to 408N (Fig. 2h); percent change

ranges from roughly 35% for 368–408N, with considerable

model spread, to about 19% north of 408N, with relatively

less model spread (Fig. 3a). The absolute difference in the

extreme precipitation between the historical and end-of-

century periods is statistically significant at the 95% con-

fidence level for all but 3 out of 13 points along the transect

(33.758, 47.508, and 48.758N), in contrast to the differences

in winter-average precipitation, which are statistically sig-

nificant at the 95% confidence level at only the four

northernmost points (45.008–48.758N).

While change in surface air temperature between the

historical and late-twenty-first-century periods are similar

(;38C) for winter averages and extreme days over the

FIG. 3. (a) CMIP5 RCP 8.5 10-model-mean percent change in

precipitation from 1970–99 to 2070–99 for the 99th percentile events

in IVT (boldface green). (b) Similar mean surface temperature

change from 1970–99 to 2070–99 for the winter mean (boldface

brown) and 99th percentile events in IVT (boldface green). (c) The

corresponding percent change in precipitation per degree Celsius of

surface warming at the transect locations for winter mean (boldface

brown) and 99th percentile events in IVT (boldface green). Light

green or brown lines are individual models comprising the mean.

4CMIP5 models provide precipitation as a surface flux. Here,

precipitation flux (kgm22 s21) has been converted to daily pre-

cipitation (mmday21).
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entire domain (Fig. 3b), there are substantial differences

for winter-average and extreme precipitation changes

per degree Celsius of warming: 4%–6% (8C)21 increases

in winter-average precipitation versus 5%–19% (8C)21

increases in precipitation for extreme days (Fig. 3c).

Although there is no reason to expect regional changes

in precipitation per degree Celsius to match globally

averaged values [;2%–3% (8C)21 for means, ;7.5%

(8C)21 for extremes], percent changes in precipitation

per degree Celsius of warming along this transect are

only slightly higher than expected globally (Held and

Soden 2006; O’Gorman and Muller 2010). While the

sensitivity of winter-average precipitation with respect

to temperature is nearly constant with latitude [4%–6%

(8C)21] in the present study, the temperature sensitivity

for extreme precipitation is higher [7%–19% (8C)21]

over the southern portion of the domain (368–408N)with

large model variability. For both the winter average and

the extreme days, there is larger model spread over the

southern portion of the transect than farther north.

Why is extreme precipitation more sensitive to tem-

perature from approximately 368 to 408N? First, the

percentage change in precipitation is largest in that band

(Fig. 3a). Second, the temperature change associated

with extreme precipitation is smallest over the southern

portion of the domain (Fig. 3b). Larger change in pre-

cipitation for a smaller variation in temperature pro-

duces enhanced sensitivity. Possible reasons for the

reduced temperature change in the atmospheric river

are discussed in the final section.

At all points along the coastal transect, there are end-

of-century increases in the number of days with extreme

precipitation based on the 99th percentile threshold of

IVT for 1970–99 (Table 2). Although multimodel-mean

winter-average and extreme IVT increase by about 25%–

30% (Fig. 2b), there are 230%–290% increases in the

number of days above the historical threshold, with

a modest peak around 458N (Table 2).

As shown in Fig. 4a, while there is a large increase in the

number of days with high values of IVT for 2070–99, there

is also a significant decrease in days with lower values of

IVT, because the area under both curves are the same

(same number of days in both time periods). Dettinger

(2011) noted similar behavior in model IVT at a point off

the central California coast, while Allen and Ingram

(2002) found analogous results for globally averaged

model precipitation. As illustrated here using the mean

99th percentile IVT threshold for the historical period

(559kgm21 s21), the changes in the highly skewed IVT

distributions can produce large changes in the frequency

of extreme IVT days.

Table 2 suggests a larger increase in the number of

extreme IVT days north of 41.258N than south of that

latitude. Because there is little change in wind along the

transect during the two periods (Fig. 2f) and the IVT

does not increase more to the north, this implies that

there is a difference of the histograms of IVT so that

a shift to a moister/warmer climate pushes above a fixed

threshold more to the north. This is demonstrated in

Fig. 4b, which shows the winter distributions of IVT

for the north and south portions of the transect for both

historical and future periods. The north has a higher

frequency than the south of intermediate IVT (300–

500 kgm21 s21) during the historical period, and thus

increases in water vapor associated with warming will

tend to push the northern sections above a fixed

threshold more than locations to the south.

4. Discussion and conclusions

CMIP5 climate simulations suggest significant in-

creases in integrated water vapor transport (IVT)

along the North American west coast as anthropogenic

greenhouse gases increase during the coming century.

Because coastal precipitation over the western United

States is greatly enhanced by the interaction of incoming

IVT with regional terrain (Ralph et al. 2006; Neiman

et al. 2008b; Viale andNunez 2011), both winter-average

and extreme precipitation are expected to increase in

this region if IVT increases. The CMIP5 simulations

considered in this study indicate that an increase in IVT

and associated precipitation between historical (1970–

99) and future (2070–99) periods will be due to large

simulated increases in integrated water vapor (IWV)

TABLE 2. Multimodel means by lat of historical (1970–99) IVT

99% thresholds, number of days above the historical threshold in

RCP 8.5 simulation for 2070–99, and the percent increase over the

historical in number of days over threshold for 2070–99. The third

and fourth columns have been rounded to the nearest integer. The

mean number of days above the threshold for the historical period

is 55.

Lat

(8N)

Mean historical

threshold

(kgm21 s21)

Mean days

above historical

threshold

for 2070–99

Mean increase

(%) over historical

threshold

48.75 524.08 215 291

47.50 521.40 209 280

46.25 551.51 206 275

45.00 566.58 211 285

43.75 579.32 210 283

42.50 591.06 198 260

41.25 597.17 180 228

40.00 586.97 185 236

38.75 578.60 186 239

37.50 577.99 183 234

36.25 540.99 182 231

35.00 534.76 182 232

33.75 499.60 179 227
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and not changes in low-level wind speed, consistent with

the Dettinger (2011) analysis at one point near the

central California coast and the Lavers et al. (2013)

analysis in the North Atlantic and the United Kingdom.

Specifically, increases in winter-average and extreme

precipitation along the offshore transect in the present

study were found to be 11%–18% and 15%–39%, re-

spectively. The sensitivities of precipitation changes to

warming along the west coast were found to be 4%–

6% (8C)21 for winter averages and 5%–19% (8C)21 for

the top 1% events, both higher than expected for the

global mean [;2%–3% (8C)21 formeans,;7.5% (8C)21

for extremes]. To put these results into context, various

studies have found differing extents of precipitation

change per degree Celsius warming depending on spa-

tial and temporal scales. For instance, O’Gorman and

Schneider (2009) found that changes per degree Celsius

of warming of extreme precipitation in the midlatitudes

were less than changes in IWV values per degree Celsius

warming. Conversely, Lenderink and vanMeijgaard (2010)

found increases in hourly extreme precipitation were

double that expected fromClausius–Clapeyron. In the case

of extremes related toARs in the easternNorth Pacific and

west coast region, Dettinger (2011) found that the fre-

quency of average AR conditions does not change much

but that the most extreme events change substantially.

Given that the present study is sampling the most extreme

events, ones with IVT values well above thresholds defined

in previous studies (e.g., Rutz et al. 2014), the results here

are consistent with Dettinger (2011). Furthermore, the

large frequency increases of IVT days above historical

thresholds found in the present study are consistent with

Lavers et al. (2013) in the United Kingdom, where they

noted a doubling of AR events by the end of the century.

Higher than global-average sensitivity of precipitation

to warming might be partially explained by the impor-

tance of atmospheric rivers (ARs) along the west coast.

As shown in Fig. 5, temperature change between historical

and future periods is minimized over the climatological-

mean location of the AR compared to adjacent regions.

Extreme precipitation in the midlatitudes is often re-

lated to air masses that have traveled from places farther

south (O’Gorman and Schneider 2009), where temper-

ature is projected to change less rapidly than farther

north under global warming (van Oldenborgh et al.

2013, Fig. AI.SM8.5.4). Although much of the IWV in

the column is converged from local sources during AR

events (e.g., Bao et al. 2006), at least some of the IWV

has origins nearer the tropics (Sodemann and Stohl

2013); thus, the temperature change in the AR core is

more similar to locations farther south. Another expla-

nation for less temperature change (from historical to

future) in the core of the AR composite mean could

be because of changes in lapse rates. At 500 hPa (not

shown), the southeast–northwest horizontal tempera-

ture change gradient is greatly reduced compared to the

surface, and the signature of less temperature change in

the core of the AR is not seen like at the surface (Fig. 5).

Because the AR core (where relative humidities are

very near 100% in the boundary layer) follows amore or

less moist adiabatic lapse rate to the surface (Ralph et al.

FIG. 4. (a)Multimodel cool season–mean (October–March) IVT

distributions of the number of days with varying IVT amounts for

1970–99 (blue) and 2070–99 (red) for all points of the north–south

transect. Black dotted line indicatesmean historical 99th percentile

threshold (559kgm21 s21) for IVT days. (b) Multimodel cool season–

mean IVT distributions for the six northern points for 1970–99

(blue dashed) and 2070–99 (blue solid) and the six southern points

for 1970–99 (red dashed) and 2070–99 (red solid). For (a) and (b),

150 equally sized IVT bins were used, and there is equal area under

all curves. Curves extend to roughly 1500kgm21 s21 but are cropped

at 1000 kgm21 s21 to show detail.
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2005), the temperature in this area is expected to be

cooler than areas where the lapse rate is between moist

and dry adiabatic, leading to a lesser surface tempera-

ture change in the core of the AR than outside of it.

The results along the transect used in this study show

that the highest IVT values are found along the northern

California and Oregon coasts (Figs. 1, 2). Temperature

slowly decreases from south to north, while the distance

to the tropical source region of high concentrations of

water vapor decreases. Thus, the IWV content declines

to the north. On the other hand, there are higher wind

speeds to the north, closer to the location of the clima-

tological jet stream. The conflation of the two opposite

latitudinal trends results in a broad maximum in IVT

near the middle of the transect (388–448N).

Precipitation extremes peak near the middle of the

transect, with a secondary maximum over the northern

extreme of the domain (Figs. 2g,h). If IVT is a proxy for

coastal precipitation, one might expect a maximum in

precipitation in the middle of the transect. The northern

peak in extreme precipitation may be explained by the

sharp westward turn of terrain near the U.S./Canada

border, which allows coastal uplift to impact the north-

ern transect points. Winter-mean precipitation steadily

increases to the north, consistent with the larger number

of weak to moderate systems over the northern portion

of the domain.

Several studies suggest a poleward shift of subtropical

and midlatitude jet streams due to anthropogenic cli-

mate change (Hu and Fu 2007; Lu et al. 2007; Chang

et al. 2012; Barnes and Polvani 2013). Because ARs

generally are found immediately south of the jet stream

and its associated frontal boundary, a northern shift of

the climatological jet stream would tend to lessen AR

frequencies to the south and increase them to the north.

However, as shown in Fig. 2f, there is little suggestion of

a latitudinal shift in the low-level portion of the jet

stream over the west coast during the next century. This

is consistent with Barnes and Polvani (2013), which

found that spatial shifts in the Pacific eddy-driven jet

stream are small. Thus, the main impact of global

warming on heavy precipitation along the west coast of

North America appears to be the enhancement of the

water vapor content of the approaching air, a result that

is consistent with Dettinger (2011) and studies done in

the Atlantic Ocean and Europe (Lavers et al. 2013).

As noted earlier, precipitation is greatly enhanced as

ARs intersect the coastal terrain, but it is uncertain how

global warming will alter orographic enhancement.

CMIP5 RCP 8.5 simulations indicate low-level moisture

and IVTwill be increasing significantly, but changesmay

also occur in tropospheric stability (Frierson 2006) and

wind shear (Lu et al. 2007; Chang et al. 2012), important

factors in modulating both the amount of orographically

inducedprecipitationand its spatial distribution (Kirshbaum

and Durran 2004; Colle 2004). For a more thorough under-

standing of global warming–induced precipitation changes

alongwest coast terrain, futureworkwill evaluate regionally

dynamically downscaled models on days where ARs are

approaching the coast.
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