'.') Check for updates

ADVANCING
EARTHAND
f\\,\l SPACE SCIENCE

| .

Geophysical Research Letters

RESEARCH LETTER

10.1029/2017GL076968

Key Points:

« Globally, atmospheric rivers (ARs) are
~10% fewer, ~25% longer, ~25%
wider, and with stronger moisture
transport under the RCP8.5 scenario

« In the midlatitudes where ARs are
most frequent, AR conditions are
~50-60% more frequent and AR
transport is ~20% stronger in
the future

« Systematic low biases exist in the
midlatitudes in historical AR frequency
(~10%), zonal (~15%), and meridional
(~25%) moisture transport

Supporting Information:
« Supporting Information S1

Correspondence to:
D. E. Waliser,
duane.e.waliser@jpl.nasa.gov

Citation:

Espinoza, V., Waliser, D. E., Guan, B.,
Lavers, D. A, & Ralph, F. M. (2018).
Global analysis of climate change
projection effects on atmospheric rivers.
Geophysical Research Letters, 45,
4299-4308. https://doi.org/10.1029/
2017GL076968

Received 26 JUL 2017

Accepted 10 APR 2018

Accepted article online 19 APR 2018
Published online 7 MAY 2018

©2018. American Geophysical Union.
All Rights Reserved.

Global Analysis of Climate Change Projection
Effects on Atmospheric Rivers

Vicky Espinoza'? ("), Duane E. Waliser? (), Bin Guan®> (), David A. Lavers® ("),

and F. Martin Ralph®

'Sonny Astani Civil and Environmental Engineering Department, University of Southern California, Los Angeles, CA, USA,
2Jet Propulsion Laboratory, California Institute of Technology, Pasadena, CA, USA, *Joint Institute for Regional Earth System
Science and Engineering, University of California, Los Angeles, CA, USA, “European Centre for Medium-Range Weather
Forecasts, Reading, UK, *Center for Western Weather and Water Extremes, Scripps Institution of Oceanography at University
of California, San Diego, CA, USA

Abstract A uniform, global approach is used to quantify how atmospheric rivers (ARs) change between
Coupled Model Intercomparison Project Phase 5 historical simulations and future projections under the
Representative Concentration Pathway (RCP) 4.5 and RCP8.5 warming scenarios. The projections indicate that
while there will be ~10% fewer ARs in the future, the ARs will be ~25% longer, ~25% wider, and exhibit
stronger integrated water vapor transports (IVTs) under RCP8.5. These changes result in pronounced
increases in the frequency (IVT strength) of AR conditions under RCP8.5: ~50% (25%) globally, ~50% (20%) in
the northern midlatitudes, and ~60% (20%) in the southern midlatitudes. The models exhibit systematic
low biases across the midlatitudes in replicating historical AR frequency (~10%), zonal IVT (~15%), and
meridional IVT (~25%), with sizable intermodel differences. A more detailed examination of six regions
strongly impacted by ARs suggests that the western United States, northwestern Europe, and
southwestern South America exhibit considerable intermodel differences in projected changes in ARs.

Plain Language Summary Atmospheric rivers (ARs) are elongated strands of horizontal water
vapor transport, accounting for over 90% of the poleward water vapor transport across midlatitudes.
These “rivers in the sky” have important implications for extreme precipitation when they make landfall,
particularly along the west coasts of many midlatitude continents (e.g., North America, South America, and
West Europe) due to orographic lifting. ARs are important contributors to extreme weather and precipitation
events, and while their presence can contribute to beneficial rainfall and snowfall, which can mitigate
droughts, they can also lead to flooding and extreme winds. This study takes a uniform, global approach
that is used to quantify how ARs change between Coupled Model Intercomparison Project Phase 5 historical
simulations and future projections under the Representative Concentration Pathway (RCP) 4.5 and RCP8.5
warming scenarios globally. The projections indicate that while there will be ~10% fewer ARs in the future,
the ARs will be ~25% longer, ~25% wider, and exhibit stronger integrated water vapor transports under
RCP8.5. These changes result in pronounced increases in the frequency (integrated water vapor transport
strength) of AR conditions under RCP8.5: ~50% (25%) globally, ~50% (20%) in the northern midlatitudes,
and ~60% (20%) in the southern midlatitudes.

1. Introduction

Atmospheric rivers (ARs) are elongated strands of horizontal water vapor transport, accounting for over 90%
of the poleward water vapor transport across midlatitudes (Zhu & Newell, 1998). These “rivers in the sky” have
important implications for extreme precipitation when they make landfall, particularly along the west coasts
of many midlatitude continents (e.g., North America, South America, and western Europe) and especially
when encountering orographic lifting (e.g., Neiman et al., 2009; Ralph et al., 2004). ARs are important contri-
butors to extreme weather and precipitation events, and while their presence can contribute to beneficial
rainfall and snowfall (Dettinger et al.,, 2011; Guan et al,, 2010), which can mitigate droughts (Dettinger,
2013), they can also lead to flooding (e.g., Lavers et al, 2011; Leung & Qian, 2009; Neiman et al.,, 2011;
Ralph et al., 2006, 2013; Ralph & Dettinger, 2011) and extreme winds (Waliser & Guan, 2017). These important
impacts have motivated a number of climate change studies on ARs, with studies to date focusing mainly
only on the west coasts of North America (Dettinger, 2011; Gao et al., 2015; Hagos et al., 2016; Payne &
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Table 1

Comparison of Mean Changes in AR Frequency (Percent of Time Steps) and IVT (kg - m~ " s™") Between the Current Study and Previous Studies for the Western U.S. and

Western Europe

Publication Historical period Projection period Geographic region AR Freq (£ %) AR IVT (+ %)
Dettinger (2011) 1961-2000 2046-2065; 2081-2100 CA Coast +30 +10
Pierce et al. (2013) 1985-1994 2060s CA Coast +25-100 -
Warner et al. (2015) 1970-1999 2070-2099 U.S. West Coast +230-290 +30
Payne and Magnusdottir (2015) 1980-2005 2070-2100 U.S. West Coast +23-35 -
Gao et al. (2015) 1975-2004 2070-2099 U.S. West Coast +50-600 -
Hagos et al. (2016) 1920-2005 2006-2099 U.S. West Coast +35 -
Shields and Kiehl (2016a) 1960-2005 2055-2100 U.S. West Coast +8 --
Espinoza et al. (2018, current study) 1979-2002 2073-2096 U.S. West Coast +45 +30
Lavers et al. (2013) 1980-2005 2074-2099 W. Europe +50-100 --
Gao et al. (2016) 1975-2004 2070-2099 W. Europe +127-275 +20-50
Ramos et al. (2016) 1980-2005 2074-2099 Europe +100-300 +30
Shields and Kiehl (2016a) 1960-2005 2055-2100 North Atlantic +4 --
Espinoza et al. (2018, current study) 1979-2002 2073-2096 W. Europe +60 +30

Note. The bold (italic) region is previous studies focusing on the U.S. West Coast (western Europe). The studies are ordered from oldest to most recent within each
geographic region (bold and italic). Note that each of the studies mentioned above differ in their methodologies, models used, and their study periods limiting

their comparability.

Magnusdottir, 2015; Pierce et al., 2013; Radi¢ et al.,, 2015; Shields & Kiehl, 2016a, 2016b; Warner et al., 2015)
and Europe (Gao et al., 2016; Lavers et al,, 2013; Ramos et al.,, 2016; Shields & Kiehl, 2016a).

The first climate change study on ARs was conducted by Dettinger (2011) and focused on landfalling ARs
in California using seven Coupled Model Intercomparison Project (CMIP) Phase 3 models with the A2
greenhouse-gas emissions scenario. This study found AR frequency increases of about 30% depending
on the model by the end of the 21st century and noted increases in storm temperature, length of AR
season, and peak AR intensity values. Note that climate change studies on ARs have generally defined
AR frequency as the fraction of days a particular grid point has an AR detected over it. Warner et al.
(2015) extended the consideration to a larger area along the west coast of North America using 10
CMIP5 (Taylor et al., 2012) models for a historical period (1970-1999) and projection period (2070-2099)
for the Representative Concentration Pathway (RCP) 8.5 warming scenario. This study conducted a multi-
model mean (MMM) analysis with results indicating ~230-290% increase in AR days. The analysis also
showed that there would be an increase in extreme values of integrated water vapor transport (IVT)
magnitude and IWV of ~30%. Precipitation values for the MMM showed ~15-39% increase. Using more
CMIP5 models (a total of 24), Gao et al. (2015) indicated an ~50-600% increase in AR days under
RCP8.5, depending on the season and landfall location along western North America. Another study by
Payne and Magnusdottir (2015) using 28 CMIP5 models found 23-35% increases in projected AR landfall
dates in this region under RCP8.5. Hagos et al. (2016) showed increases in projected AR landfall days by
35% under RCP8.5 based on a 29-member ensemble of the National Center for Atmospheric Research
Community Earth System Model. Other studies have also examined projected AR changes in western
North America, as summarized in Table 1.

For the European region, Lavers et al. (2013) used five CMIP5 models, comparing historical (1980-2005) and
projection (2074-2099) periods for the RCP4.5 and RCP8.5 scenarios. This study also used an IVT-based
threshold approach for detecting ARs. This study found that AR frequency approximately doubled in
Britain under RCP8.5 and determined that the change was dominated by the thermodynamic (moistening)
response to warming rather than from the influence of wind changes. Gao et al. (2016) conducted a study
with a focus on comparing the influences of thermodynamic and dynamic effects on ARs and the quantifica-
tion of the number of AR days across the European sector. By using 24 CMIP5 models, this study found that
AR frequency increased by ~127-275% by the end of the century under RCP8.5. Not only did the study find
that the projected increases in AR frequency were influenced by thermodynamic processes but found that
variability in wind speed and direction related to shifts in the midlatitude jet stream played a dominant role
in the changes of ARs in the European sector. Other studies have also examined projected AR changes in
Europe, as summarized in Table 1.
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While all the studies discussed and cited above have tended toward the same general conclusions (Table 1),
that is, finding an increase in AR frequency and IVT, they have been limited to two regions in the Northern
Hemisphere. A uniform global assessment of climate change impacts on ARs has not been performed despite
the global presence and impacts of ARs (Guan & Waliser, 2015; Waliser et al., 2012; Waliser & Guan, 2017; Zhu
& Newell, 1998). For example, despite the number of studies performed on western North America and
western Europe, the differences in data sets and methodologies used make it challenging to use these stu-
dies to compare impacts of climate change effects on ARs in these two regions. This study addresses this
research gap by analyzing climate change impacts on AR frequencies and IVT using a globally consistent
approach on historical climate simulations and future projections of climate change from CMIP5.

2. Models and Methodology
2.1. CMIP5 Model Data

IVT values were constructed from daily values of 3-D wind and water vapor model outputs at four pressure
levels between 500 and 1,000 hPa inclusive, namely, the data described in Lavers et al. (2015; their
Table S1). We used 21 out of the 22 models examined in that study because the IVT data for one model were
not available at the time of this analysis. The horizontal resolution of the models ranges from 1.125° to 2.813°.
The study periods were 1979-2002 from the historical simulations and 2073-2096 from the RCP4.5 and
RCP8.5 scenarios, determined as a time frame that contains the maximum number of overlapping years
among all the models and one that spans the same number of years for the historical and the two RCP runs.
The more stringent requirement on the consistency in data set period resulted in three fewer years included
for analysis relative to Lavers et al. (2015).

2.2. AR Global Detection Algorithm

The AR global detection algorithm introduced in Guan and Waliser (2015) was used. Notable AR criteria used
in the algorithm include IVT magnitude at each grid cell within a contiguous region (“object”) being above
the 85th percentile for that grid cell and season, the length of the object being greater than 2000 km, and
the length-to-width ratio greater than 2. For a given model, AR detection for the historical simulation and
future projections (RCP4.5 and RCP8.5) are all based on the IVT 85th percentile derived from the historical
simulation. AR detection and subsequent calculation of AR frequency and IVT are based on the respective
horizontal resolution of each individual model. Regridding to a common grid is done only when calculating
the multimodel ensemble mean. It is expected that the inherent differences between different models are
much larger than the sensitivity of the results to the choice of horizontal resolution used for AR detection
and subsequent calculations (e.g., Guan & Waliser, 2017). In that regard, the step at which regridding is intro-
duced into the calculations (e.g., before or after AR detection) is not an important consideration in the current
analysis. AR detection results based on the Guan and Waliser (2015) algorithm was found to be consistent
with regional AR detection methods developed for western North America (Neiman et al., 2008), Britain
(Lavers et al.,, 2011), and East Antarctica (Gorodetskaya et al., 2014), with over ~90% agreement in detected
AR landfall dates.

2.3. AR Frequency and IVT Analysis

The AR frequency is calculated as the number of AR days detected at each grid cell for the given historical or
future projection period normalized by the total number of days in the given period. Mean AR IVT at each grid
cellis based on averaging the IVT values over the days detected as ARs. Once AR frequency and IVT have been
computed for each individual model, they are (bi-linearly) interpolated to a common 1.5° x 1.5° grid (which
matches the grid of the ERA-Interim reanalysis used as the observational reference) to create MMM maps.

To illustrate the calculation procedures, a set of histograms, shown in Figure 1a, are created for a single loca-
tion in the southeast Pacific Ocean (61°S, 216.25°E) from the Geophysical Fluid Dynamics Laboratory Coupled
Model 3 (GFDL-CM3) model simulations. The red (blue) histogram includes all IVT values at that point for the
historical (RCP8.5 projection) period. The number of IVT values sampled in each histogram is shown in the
plot’s legend. Additional histograms delineate the IVT values of the detected ARs for the historical (pink)
and RCP8.5 (light blue) simulations—with both using the IVT 85th percentile derived from the historical per-
iod for detecting ARs. For this location and model, the histograms show that the RCP8.5 scenario results in a
significant increase (~140%) in the number of AR days given the historical IVT threshold. An additional
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Figure 1. (a) Histograms of IVT values (kg - m .s ata single grid point (61°S, 216.25°E) in the South Pacific Ocean from
the GFDL-CM3 simulations. The red (dark blue) histogram includes all (i.e., both AR and non-AR grid cells) IVT values for the
historical period, that is, 1979-2002 (RCP8.5 period, i.e., 2073-2096). The pink (light blue) histogram includes the IVT
values associated with only AR events in the historical period (AR events in the RCP8.5 scenario based on the AR IVT
threshold from the historical period). The green histogram includes the top N AR IVT values for the RCP8.5 scenario,
where N is determined by number of AR events from the historical simulation (i.e., 713). Thus, the number of IVT values
contributing to the pink and green histograms is the same. Multimodel ensemble histograms of (b) IVT values at each
grid cell within the ARs, (c) AR lengths (km), and (d) AR widths (km) for the historical (blue) and RCP8.5 (orange) simulations,
with vertical bars representing the overall mean. N values in (b) are the total number of AR grid cells; N values in (c) and
(d) are the total number of AR objects.

histogram (green) shows the top N AR IVT values from the RCP8.5, where N is determined by the number
of AR days in the historical simulation; thus, the pink and green histograms have the same number of AR
IVT values.

The AR frequency results discussed in section 3 (e.g., shadings in Figure 2) are essentially referring to AR fre-
quencies as represented by the light blue and pink histograms. The AR IVT values discussed below (e.g.,
vectors in Figure 2) are based on averages of the IVT values within the pink and green histograms. Thus,
the mean AR IVT to be compared below between the historical and future scenarios is based on averaging
over the same number of the most extreme IVT values from each simulation.

3. Results

3.1. Historical Simulations

AR frequency and IVT for the historical, RCP4.5 and RCP8.5 simulations are shown in Figure 2. Also shown is
the ERA-Interim AR frequency and IVT for 1979-2002 (Figure 2a; cf. Guan & Waliser, 2015) as the observational
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Figure 2. AR frequency (shading; percent of time steps) and IVT (vectors; kg - m . 571) for (a) ERA-Interim reanalysis for

the historical period (1979-2002) with six green boxes depicting regions analyzed in Figures S2 and S3, (b) the MMM for the
21 CMIP5 models analyzed in this study for the historical period (1979-2002), (c) RCP4.5 warming scenario (2073-2096),
and (d) RCP8.5 warming scenario (2073-2096), (e) the difference between (c) and (b) with six green boxes depicting
regions analyzed in Figures S2 and S3, and (f) the difference between (d) and (b). Vector magnitudes are indicated by both
their length and their color based on the blue color bar.

reference. Comparing Figures 2a and 2b shows that the MMM is a good representation of the observational
reference. For AR frequency, and zonal and meridional IVT components, the spatial correlations (root mean
square error) between the historical simulation and the reference are 0.98, 0.93, and 0.97 (0.93%,
9314 kg - m~' - 57", and 51.79 kg - m~' - s7), respectively. The good quantitative agreement between
Figures 2a and 2b mainly stems from the MMM capturing the strong latitudinal dependence of the AR
frequency and IVT values and the dominant zonal asymmetries of the midlatitude patterns (see red and
blue lines in Figures 3¢, 3f, and 3i). Direct comparison of the MMM with ERA-Interim shows that the AR
frequencies are generally biased low by ~10% in midlatitude regions, with zonal (meridional) IVT biased
low by ~15% (25%), particularly in the Southern Ocean. The relatively good MMM representations of AR
frequency and IVT provide some confidence to now consider the MMM projected changes in AR frequency
and IVT (section 3.2). Subsequent to that will be a discussion of the intermodel differences in historical
simulation biases (section 3.3) and projected changes (section 3.4) in AR frequency and IVT.
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Figure 3. (a) Multimodel mean (MMM) of the individual model biases in AR frequency (percent of time steps) relative to ERA-Interim. (b) Intermodel standard devia-
tion (STD) of the individual model biases around the MMM bias in AR frequency. (c) Zonally averaged AR frequency for individual models (grey), the MMM with
standard error of mean (blue), and ERA-Interim (red). (d—f) As (a)-(c) but for AR zonal IVT (kg - m'. 5_1). (g-i) As (a)-(c) but for AR meridional IVT (kg - m . 5_1).The
errors bars in (c), (f), and (i) represent the standard errors of the MMM.

3.2. Future Projections

Figures 2c and 2d illustrate the MMM AR frequency and IVT values for the RCP4.5 and RCP8.5 simulation. For
the RCP8.5 warming scenario, the global mean AR frequency and IVT increase by 49% and 23%, respectively.
Most evident is the considerable increase in AR frequency in the midlatitudes, with values, for example, along
the Southern Ocean (i.e., 30-60°S area average) rising from around 6-12% for the historical simulations to 12-
16% and 14-20% for the RCP4.5 and RCP8.5 simulations, respectively. For the North Pacific (i.e.,, 30-60°N,
120-240° area average) and North Atlantic (i.e., 30-60°N, 270-360° area average), the AR frequency changes
from around 10-12% for the historical simulations to 14-16% and 16-18% for the RCP4.5 and RCP8.5
simulations, respectively. Similarly, there are marked increases in IVT magnitude. For example, IVT values in
the North Pacific and North Atlantic, rise from about 350 kg - m™" - s~ in the historical simulation to about
420 kg - m~' - s for RCP8.5 scenario. In the Southern Ocean, the IVT values change from 364 to

434kg-m~' - s between the historical and RCP8.5 simulations.

Figures 2e and 2f show the changes between the RCP4.5 and RCP8.5 warming scenarios and the historical
simulation, respectively. Referring to the histograms in Figure 1a (see section 2.3), the AR frequency
differences in Figure 2f refer to the differences between the example pink and light blue histograms. The
IVT differences refer to the differences in the average IVT between the events associated with the green
(i.e., RCP8.5) and pink (i.e., historical) histograms. These difference maps indicate AR frequency increases by
~50% globally, ~60% in the Southern Ocean, and ~50% in the Northern Hemisphere (Figure 2f). Moreover,
in these same regions, the mean magnitude (in terms of IVT of the strongest of events) increases by 25%
globally and by 20% in the northern and southern mid-and-high latitudes for RCP8.5 (Figure 2f). There are
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also considerable increases in eastward (westward) tropical AR IVT in the eastern Pacific (Indian) Oceans—
although the frequency of ARs is very low in the tropics. Comparing these results with earlier studies on
western North America and western Europe (Table 1) shows that these increases are similar, albeit more
moderate in a number of cases, to previous studies. It is noted that the different detection and analysis
methods used across these earlier studies make it difficult to compare them, and the uniform approach
used here not only highlights areas not previously considered but also allows more judicious comparison
across different regions.

Figures 1b to 1d highlight additional aggregate measures of projected changes in future AR characteristics.
Figure 1b shows model ensemble average histograms of the AR IVT values from the historical and RCP8.5
simulations. Consistent with the increases in AR frequency in Figure 2f is the overall increase in the number
of values across the range of IVT, and importantly the approximate doubling of extreme AR IVT events. The
model ensemble average histograms of AR lengths and AR widths in Figures 1c and 1d illustrate that these
increases in the frequency of AR conditions in Figures 1b and 2f arise from an increase of ~25% in both
the lengths and widths of future ARs, despite an ~10% reduction in the number of ARs in the future under
the RCP8.5 scenario (see Figures 1c and 1d legend).

3.3. Intermodel Differences in Historical Simulations

As a means to consider model fidelity and projection uncertainty, we illustrate and discuss intermodel differ-
ences against the observational reference and among the projections. Figure 3 summarizes comparisons
between the historical simulations and the ERA-Interim observed reference values for AR frequency, zonal
IVT, and meridional IVT (rows 1, 2, and 3, respectively). In each row, the left (middle) map shows the MMM
(standard deviation) of the individual model biases. The right map shows the zonal averages of AR frequency
or IVT for each individual model, the MMM, and the ERA-Interim reanalysis. For AR frequency, the figure
shows little systematic bias across the model ensemble (Figure 3a), although rather significant disagreement
in the subtropics are found (Figures 3b and 3c) as in Payne and Magnusdottir (2015) for ARs in the northeast-
ern Pacific in CMIP5. The intermodel differences suggest considerable model uncertainty in some areas heav-
ily impacted by ARs (e.g., California, Chile), although natural variability is an important factor to consider when
interpreting these intermodel differences because the analysis period (i.e., 24 years) may not be long enough
to average out decadal to interannual natural variability. For the zonal IVT, most of the areas of considerable
systematic bias and larger standard deviation about the bias occur in the tropics (Figures 3e and 3f), where
the frequency of ARs is considerably smaller and thus will not be elaborated on more here. For the meridional
IVT, there is a clear systematic bias in the simulations; namely, the poleward AR transports are too weak by
~25% (Figures 3g and 3i).

3.4. Intermodel Differences in Future Projections

Figure 4 is similar in layout to Figure 3, although in this case it reflects the difference between the RCP8.5 and
historical simulations (i.e., projected changes), as opposed to the difference between the historical simulation
and reanalysis (i.e., biases); thus, it shows elements of model agreement across their projected changes in
ARs. Figure 4a represents similar information as Figure 2f (i.e., AR frequency mean change) with a different
color scale, with Figures 4b and 4c indicating that the greatest intermodel difference in the projected AR
frequency changes is in the midlatitudes (~ £2% and +4% for Northern and Southern Hemispheres, respec-
tively) where the highest changes in AR frequency occur (~5% and 10% for Northern and Southern
Hemispheres, respectively). In these regions, the magnitude of the intermodel differences is roughly 40%
of the multimodel ensemble mean. Based on the Community Earth System Model large ensemble, Hagos
et al. (2016) estimated natural variability, represented by one standard deviation of the individual ensemble
members, to contribute 23% uncertainty in the multimember ensemble mean in projected changes in AR fre-
quency over the western North America from years 1980-1999 to 2080-2099. The much larger model uncer-
tainty shown here (i.e., 40%), represented by one standard deviation across the different models, suggests
that natural variability may not fully explain the intermodel differences in projected changes in AR frequency.
Figures 4d and 4f show that overall the models uniformly project stronger eastward zonal AR IVT in the mid-
latitudes, with increases of about 20% in the southern and northern midlatitudes (i.e., compare Figures 3f and
4f). There is a modest weakening of zonal AR IVT in the tropics, particularly the westward transports in the
eastern Pacific Ocean—although it is worth noting that this region has very low AR frequency and large inter-
model spread. Figures 4g and 4i indicate that the meridional AR export of moisture out of the tropics slightly
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Figure 4. As Figure 3 but for the changes in AR frequency (percent of time steps) and IVT (kg - m . 571) between historical and RCP8.5 simulations.

weakens but strengthens considerably in the midlatitudes. Specifically, the projected changes in the mean
zonal and meridional AR IVT are about 60 and 10 kg - m~' - s, respectively, in the northern midlatitudes
and 100 and — 25 kg - m™" - s, respectively, in southern midlatitudes. These results indicate that there is
about a 30% projected increase in zonal AR IVT and 5-10% in meridional AR IVT for the RCP8.5 scenario.
While Figures 4e and 4h show pronounced intermodel variability in the tropics, it is important to note
again that this is a region with very low AR frequency (Figure 3c).

More precise quantitative comparisons of model fidelity and projection uncertainties across the models for a
number of regions impacted by ARs are given in Figures S2 and S3. These include California, the U.S. east
coast, the UK, and southwestern regions of Africa, Australia, and Chile (see green boxes on Figures 2a and
2e). Notable is the degree that California, the UK, and Chile stand out among these regions in the uncertainty
of simulated AR frequency for the historical period and projected changes in AR frequency and IVT.

4. Conclusions

This study represents the first global examination of the climate change impacts on ARs associated with
future warming scenarios, based on the application of an AR global detection algorithm (Guan & Waliser,
2015) to outputs from 21 CMIP5 models. AR detection for the historical simulation and future projections
(RCP4.5 and RCP8.5) are all based on the IVT 85th percentile derived from the historical simulation.
Comparisons between the observational reference and multimodel historical values of AR frequency and
IVT show that the MMM represent the reference patterns reasonably well, especially the variation with lati-
tude and dominant zonal asymmetries (Figures 2a, 2b, 3, and S1). The results from the analysis of the projec-
tions indicate that for the most part AR frequency and IVT values will increase globally. More specifically, for
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the RCP8.5 warming scenario, AR frequency increases by ~50% globally, ~60% in the Southern Ocean, and
~50% in the Northern Hemisphere (Figure 2f). Moreover, in these same regions, the mean magnitude (in
terms of IVT of the strongest of events) increases by 25% globally and by 20% in the northern and southern
mid-and-high latitudes for RCP8.5 (Figure 2f). Notable are the results that for the RCP8.5 scenario, the number
of ARs are projected to decrease slightly by ~10%, yet the ARs will be ~25% longer and ~25% wider, leading
to an overall increase in the frequency of AR conditions (i.e., Figure 2f), and exhibit more extreme IVT values
(Figure 1b). Moreover, examination of the intermodel difference in projected changes suggests agreement
among the models on the general increase in AR frequency globally, and the stronger enhancements to
AR frequency and IVT in the midlatitudes, particularly the Southern Ocean (Figures 4, S1, S2, and S3).
Previous investigations focused on western North America and Europe, along with a related study on IVT
in general (Lavers et al., 2016), have illustrated that thermodynamic response (i.e., moistening) of the atmo-
sphere to the warming dominates, and dynamical effects (e.g., increases in wind speeds) are small. The results
reported here for climate change impacts on AR frequency and IVT are generally consistent with previous stu-
dies that mainly have focused on western North America and western Europe (a number of which are shown
in Table 1). A virtue of the present study is not only highlighting the climate change impacts on ARs beyond
these two regions but also providing a means to more soundly compare, given the uniform global data sets
and methodology, the projected changes, for example, between two given regions (e.g., western North
America and western Europe).

Apart from the general agreement in AR frequency and IVT patterns and values between the multimodel his-
torical simulations and observation reference, there are considerable intermodel variations in terms of AR
representation and projected changes that suggest caution in terms of the projected changes to ARs.
These warrant additional focused efforts on model evaluation and improvement for AR characteristics.
Also notable is that there are a couple of regions that exhibit differences in the sign of the AR frequency
change, with a few models projecting decreases in AR frequency in the subtropical Pacific regions near
North/South America and the western Pacific (Figures 3, 4, S1, and S2). These are expected to be due to shifts
in storm track or subtropical jet features, such as those diagnosed by Hagos et al. (2016), Shields and Kiehl
(2016a), and Gao et al. (2016) in their studies for western North America and western Europe sectors,
although more in-depth study in these regions is warranted. Overall, the results suggest fairly robust agree-
ment at global scales across the models for the climate change impacts on AR frequency and IVT, relatively
good agreement in terms of latitudinal dependencies, and relatively poor agreement at regional scales
(Figures 3, 4, S2, and S3).

The intermodel differences in projected AR changes, particularly at regional scales, may not be fully explained
by natural variability. Better constraining these models in terms of their AR projections is needed given the
large societal impacts of these storms. Further works on field experiments, process studies, and model eva-
luation and improvement (e.g., Guan & Waliser, 2017; Hagos et al., 2015; Payne & Magnusdottir, 2015;
Ralph et al., 2016; Wick et al.,, 2013) need to be undertaken to improve the model fidelity and reduce the
uncertainty in the projections.
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