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ABSTRACT

This study investigates the impact of dynamical downscaling on historical and future projections of winter
extratropical cyclones over eastern North America and the western Atlantic Ocean. Six-hourly output from
two global circulation models (GCMs), CCSM4 and GFDL-ESM2M, from phase 5 of the Coupled Model
Intercomparison Project (CMIP5) are used to create the initial and boundary conditions for 20 historical
(1986-2005) and 20 future (2080-99) winter simulations using the Weather Research and Forecasting (WRF)
Model. Two sets of WRF grid spacing (1.0° and 0.2°) are examined to determine the impact of model reso-
lution. Although the cyclone frequency in the WREF runs is largely determined by the GCM predictions, the
higher-resolution WRF reduces the underprediction in cyclone intensity. There is an increase in late-twenty-
first-century cyclone activity over the east coast of North America in CCSM4 and its WRF, whereas there is
little change in GFDL-ESM2M and WREF given that there is a larger decrease in the temperature gradient in
this region. There is a future increase in relatively deep cyclones over the East Coast in the high-resolution
WREF forced by CCSM4. These storms are weaker than the historical cases early in their life cycle, but then
because of latent heating they rapidly develop and become stronger than the historical events. This increase
does not occur in the low-resolution WRF or the high-resolution WRF forced by GFDL since the latent heat
increase is relatively small. This implies that the diabatic processes during cyclogenesis may become more
important in a warmer climate, and these processes may be too weak in existing coarse-resolution GCMs.

1. Introduction result in many more coastal flood events even if the
frequency and intensity of storms do not change

a. Background (Roberts et al. 2017; Orton et al. 2016).

Extratropical cyclones often produce heavy pre-
cipitation and strong surface winds (Field and Wood
2007; Knox et al. 2011; Naud et al. 2012; Zheng et al.
2017) as well as inland flooding (Colle 2003) and storm
surge (Colle et al. 2008, 2010; Sweet and Zervas 2011;
Catalano and Broccoli 2018). Recently, there has been
growing interest in assessing the future changes of the
extratropical cyclones, especially over highly populated
regions, such as the east coast of North America. For
example, sea level rise in the next 50-100 years would
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Several studies have highlighted a decrease in the
winter extratropical cyclone frequency over the North
Hemisphere during the later twenty-first century in
global circulation models (GCMs) that is due to de-
creasing low-level baroclinicity (Geng and Sugi 2003;
Lambert and Fyfe 2006; Bengtsson et al. 2006; Chang
2013; Zappa et al. 2013; Tamarin-Brodsky and Kaspi
2017). However, there are large uncertainties among
different GCMs. Chang (2013) found that the mean
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frequency change of significant cyclones (the strongest
25% of cyclones in each season) between 1980-99 and
2081-2100 over North America varies from 12.7%
to —27.3% for the spring and from 1.9% to —31.5% for
the winter in the 23 models of the Coupled Model In-
tercomparison Project, phase 5 (CMIP5), although most
of these models have a frequency decrease. Colle et al.
(2013) found an increase in cyclone intensity along the
east coast of North America in the mean of seven
CMIP5 GCMs in 2069-98 but no significant changes in
the mean of the other eight GCMs.

The coarse-resolution (100-300-km spacing) GCMs
typically underestimate the intensity of extratropical cy-
clones in the North Atlantic Ocean storm track (Chang
et al. 2013; Colle et al. 2013; Zappa et al. 2013; Seiler and
Zwiers 2016; Seiler et al. 2018). Some studies have found
that the extratropical cyclone intensity increases with
increasing horizontal resolution (Jung et al. 2006;
Champion et al. 2011). Booth et al. (2018) evaluated two
CMIP5 GCMs and a downscaled mesoscale model and
found that the high-resolution (20-km grid spacing)
model generates stronger cyclones than the GCMs based
on surface wind speed and precipitation rate. Willison
et al. (2013, 2015) showed that the response of extra-
tropical cyclones to global warming is amplified in model
projection at 20-km grid spacing relative to 120-km grid
spacing because the increase in cyclone intensity through
latent heat release is enhanced at the finer resolution.

Marciano et al. (2015) simulated 10 relatively strong
(<995hPa) extratropical cyclones over the U.S. East
Coast for the current and future climate using a pseudo-
global warming (PGW) approach at 12- and 4-km
grid spacing in the Weather Research and Forecasting
(WRF; Skamarock et al. 2008) Model. In their PGW
approach, the ensemble mean monthly temperature
changes from five CMIP3 GCMs were added to the
reanalysis data, which were in turn used as initial and
boundary conditions for the WRF future runs. They
found an increase in cyclone intensity from the enhanced
latent heat release within the comma head of the cyclone.
Michaelis et al. (2017) used the same PGW approach,
using the mean temperature changes from the CMIP5
models for the WRF simulations of 10 winters in the
current and future climate. They found a reduction in
the total number of strong storms in North Atlantic
storm track, but they also found the enhanced cyclone
activity with heavier precipitation and stronger low-
level wind immediately to the east of the U.S.
East Coast.

Seiler et al. (2018) used a high-resolution regional
model [Canadian Regional Climate Model, version 4
(CanRCM4)] to dynamically downscale a coarse-resolution
CMIP5 model (CanESM2), and they found a decrease in
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rapidly developing extratropical cyclones in both CanESM?2
and CanRCM4 along the east coast of North America. In
their approach, the horizontal wind fields from the model
top to 850 hPa and the temperature in the top three vertical
levels are spectrally nudged. As a result, some important
fields related to cyclone development, such as the Eady
growth rate, in the high-resolution regional model are
constrained somewhat by the coarse-resolution CanESM2.

b. Motivation

Coarse-resolution GCMs have limitations in simulat-
ing the extratropical cyclones along the North Atlantic
storm track, especially for the intense cyclones. Mean-
while, the GCMs have large uncertainties in the future
projections of cyclone activities along the east coast of
North America. Dynamical downscaling may reduce the
cyclone biases in GCMs, but there are still uncertainties
in the future projections (Marciano et al. 2015; Michaelis
et al. 2017; Seiler et al. 2018). These uncertainties come
from GCM resolution and physics and the different
dynamical downscaling approaches. In those recent
studies, the input forcing data to the regional model is
from one GCM or the mean change of several GCMs.
The intermodel variability in GCMs and the impact of
dynamical downscaling on that variability have not been
systematically investigated. In this study, we downscale
two different GCMs to explore the impact this down-
scaling has on the historical simulations and future cy-
clone projections, as well as any variability introduced
by using two different GCMs.

We apply a dynamical downscaling approach to two
CMIP5 GCMs, CCSM4 and GFDL-ESM2M (GFDL
hereinafter), for both the historical and future scenarios,
respectively, of the representative concentration pathway
8.5 scenario (RCP8.5) experiments, respectively. These
two GCMs are selected because they have different his-
torical bias and future projections in cyclones over the U.S.
East Coast. GFDL, which has relatively large bias in cy-
clone frequency and intensity (Colle et al. 2013), is selected
to investigate whether the dynamical downscaling can
improve cyclone simulation in a GCM that has relatively
large bias. The comparison between the two GCMs with
different future projections can improve the understand-
ing of the key factors controlling future cyclone changes, as
well as the impacts of dynamical downscaling on those
changes. Two sets of different grid spacings (1° and 0.2°)
are employed in our WREF runs to investigate the impacts
of model resolution. These two models are not enough
downscaled GCMs to determine future changes with a fair
degree of confidence, so the main focus of this paper is to
explore some of the reasons for the differences between
the two different model scenarios and resolutions. This
study will address the following three questions:
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1) How does dynamical downscaling of two different
GCMs affect the frequency and intensity of winter
extratropical cyclones for both a historical and later-
twenty-first-century period over the east coast of
North America and the western Atlantic Ocean?

2) What is the impact of model resolution on the
downscaled historical and future simulations of ex-
tratropical cyclones?

3) What physical processes are largely responsible for
any future change in extratropical cyclones and any
differences between the models?

2. Data and methods
a. Data

CMIPS5 historical and RCP8.5 runs from CCSM4
(0.94° X 1.25°) and GFDL (2.0° X 2.5°) are selected for
dynamical downscaling. Some of the details of these two
models are described in Gent et al. (2011) and Donner
et al. (2011), respectively. The details of the CMIP5
historical and RCP8.5 experiment design are described
in Taylor et al. (2012). The GCM output data used to
create the initial and boundary conditions for WRF in-
clude 6-h surface pressure and sea level pressure (SLP),
6-h air temperature, wind, and relative humidity on the
GCM model levels (26 levels for CCSM4 and 24 levels
for GFDL); daily surface snow amount; monthly mean
soil temperature and soil moisture; and daily sea surface
temperature (SST) from the CCSM4 and GFDL ocean
models. Although increasing SST resolution may reduce
the storm-track biases (Woollings et al. 2010), we use the
relatively low resolution SST from CCSM4 or GFDL to
keep consistency between the atmosphere and the SST
and to simply focus on the impact of regional model
resolution on the downscaling.

As in Colle et al. (2013), the 6-h Climate Forecast
System Reanalysis (CFSR; Saha et al. 2010) at ~38-km
grid spacing is used to verify and compare the cyclone
properties with the models. The SLP is used to track
cyclones as described below and determine the cyclone
intensity. The temperature and wind (horizontal, i.e.,
U and V, components) are used to calculate the impor-
tant fields related to the extratropical cyclone develop-
ment, such as surface temperature gradient, upper-level
jet, and Eady growth rate.

b. WRF dynamical downscaling

WREF, version 3.6.1, using the Advanced Research
dynamical core (ARW) is employed to dynamically
downscale CCSM4 and GFDL. First, we extract the 6-h
data for the region of eastern North America and the
western Atlantic and for the winter period (from
29 December to 2 April) from the CCSM4 and GFDL
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FIG. 1. The domains used in this study. The solid black box is the
domain for WRF downscaling; the red dashed boxes are the sub-
regions for cyclone analysis: East Coast Land, East Coast Water,
Western Atlantic, and ECWA (ECL + ECW + WA).

historical and RCP8.5 output. Then all of the data are
interpolated to a common 1° X 1° grid using a bilinear
interpolation. Last, the data are converted to a WRF
Preprocessing System (WPS) intermediate file format.
These data preprocessing steps are utilized instead of
“ungrib” in WPS so that WPS can read and use the pre-
processed GCM data to prepare the input data for WRF.

The WRF domain is from 24° to 60°N and from 103° to
45°W (black box in Fig. 1), which covers the large part of
the storm track over the east coast of North America.
The historical period is from 1986 to 2005, which is the
last 20 years of the CMIPS5 historical experiment, and the
future period is from 2080 to 2099, which is the last 20
years of the CMIPS5 twenty-first-century RCP8.5 ex-
periment. Following Willison et al. (2013, 2015), winter
is defined as January—March. For each winter WREF is
initialized at 29 December and run continuously through
the following 2 April. Only the WRF output for January,
February, and March is used for the analysis. The phys-
ical parameterizations used in WRF include Morrison
microphysics (Morrison et al. 2009), Betts—Miller cu-
mulus parameterization (Janji¢ 1994), RRTM longwave
radiation (Mlawer et al. 1997), Goddard shortwave
radiation (Chou and Suarez 1999; Chou et al. 2001),
Mellor-Yamada-Janji¢ boundary layer physics (Janjié
1994), and Noah land surface physics (Tewari et al.
2004). These physics schemes were selected on the basis
of a set of WRF test runs using the same initial and
boundary conditions but eight different sets of physics
schemes. The physics schemes from the best member,
which had the smallest bias in cyclone frequency and
intensity with respect to CFSR, were selected for the
WREF runs in this study. Since our future simulations are
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forced by the data from the CMIP5 RCP8.5 experi-
ment, the CO, concentration in the longwave radiation
scheme (RRTM) for future runs is modified to 936
ppmv, which is the value at the end of twenty-first
century in the CMIP5 RCP8.5 scenario (Meinshausen
et al. 2011). There are two sets of WRF runs with the
same physics and setup: a high-resolution run at 0.2°
grid spacing (WRF-HR) and a coarser run at 1.0°
(WRF-LR).

c. Cyclone tracking and cyclone-relative approach

The “TRACK” scheme developed by Hodges (1994,
1995) is employed to track cyclones using SLP following
Colle et al. (2013). The SLP planetary scales with total
wavenumber less than or equal to 5 are removed since
the SLP is strongly influenced by the large spatial scales
and the strong background flows; the SLP is also trun-
cated at the small scales with total wavenumber larger
than 70 to remove the small-scale noise. The TRACK
scheme can identify the minima in a time series of the
SLP field as the potential cyclone centers and link these
centers to obtain the cyclone tracks based on a cost
function. Last, the low SLP centers that exist for too
short of a time or are too stationary are removed; only
the cyclones existing for at least 24 h and moving at least
1000km over their lifetime are retained for further
analysis. Although there are some uncertainties using
different cyclone-tracking methods, consistency across
the methods is generally larger for relatively deep cy-
clones (Neu et al. 2013). Chang (2014) showed that the
background SLP removal could impact the CMIP5
projected Pacific winter cyclone activity as a result of a
projected deepening of the climatological mean Aleu-
tian low. However, the future change of climatological
mean SLP over the western North Atlantic (the region
in our study) is weaker than that for the North Pacific
region (Chang 2014), indicating a smaller uncertainty
over this region from the SLP background. Following
Colle et al. (2013), the cyclone centers are categorized
into three subregions as shown in Fig. 1: the east coast
over land (ECL), the east coast over water (ECW), and
the western Atlantic (WA).

A cyclone-relative approach (Zhang and Colle 2017)
is utilized to extract and composite the important re-
lated fields around each cyclone center. The difference
in this study as compared to Zhang and Colle (2017)
is that 6-hourly data are utilized rather than daily data
for the cyclone-relative analysis. According to the time
and position of the cyclone center, a cyclone-relative
box (2400km X 2400km) around each cyclone center
is defined and the related fields within this box are
extracted and recorded for the corresponding cyclone
center. This size of cyclone-relative box is large enough
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to spatially cover all or most of an extratropical cyclone.
The cyclone-relative fields (e.g., precipitation) can also
be placed back onto the geographic map according to
their cyclone center position to create the geospatial-
relative fields associated with a particular subset of cy-
clones. The geospatial-relative fields associated with
cyclones can be somewhat sensitive to the size of the
cyclone-relative box. The sensitivity of the precipitation
rate associated with cyclones to the size of the box was
tested using a smaller (1800km X 1800km) box. The
difference in historical cyclone relative precipitation
rate between the results from the two different box sizes
was 7%-16% over our ECL + ECW + WA (ECWA)
domain in all experiments, and it did not have a large
impact on the conclusion about the future changes.

3. Historical evaluation

a. The differences of cyclone activities in historical
simulations

Figure 2 shows the cyclone track density (cyclones per
winter per 50000km?) for CFSR and the individual
model runs during the historical winters (1986-2005).
Although the GCM and WREF runs reproduce the cy-
clone track density maximum along the east coast of
North America, all models underestimate the cyclone
track density maximum by 15%-30% over this region.
CFSR has 44.5 cyclone tracks per winter within the
ECWA region, while GFDL and CCSM4 have 33.2
(26% underprediction relative to CFSR) and 38.3 (14%
underprediction) cyclones, respectively. WRF-HR (39.2
cyclones) and WRF-LR (36.4 cyclones) forced by GFDL
(G-WRF-HR and G-WRF-LR) reduce the underpre-
diction from 26% in GFDL to 12% and 18%, respec-
tively. WRF-HR (37.4 cyclones and 16% underprediction)
and WRF-LR (35.8 cyclones and 19% underprediction)
forced by CCSM4 (C-WRF-HR and C-WRF-LR) have
slightly larger underprediction than CCSM4. Mean-
while, the regions with relatively large cyclone track
density (>1.8 cyclones per winter per 50000km?) in
C-WREF (forced by relatively higher-resolution CCSM4
SST) are located more offshore (by 2°-4°) over the coast
of the northeastern United States than in G-WRF
(forced by relatively lower resolution GFDL SST). This
is consistent with the result from Woollings et al. (2010),
who found that increasing SST resolution shifts the
storm track slightly off the coast.

The lowest central SLP along each cyclone track is
defined as the cyclone intensity. Figure 3 shows the in-
tensity distribution of the cyclones within the large
ECWA region. The number of relatively weak cyclones
(>1010 hPa) in both of the GCMs is close to CFSR, but
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FIG. 2. The cyclone track density (cyclones per winter per 50000 km?) for the historical winters
(1986-2005) for (a) CFSR, (b) CCSM4, (c) GFDL, (d) C-WRF-LR, (e) G-WRF-LR, (f) C-WRF-HR,
and (g) G-WRF-HR.
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F1G. 3. The distribution of cyclone minimum central SLP along cyclone tracks within the
ECWA region in historical winters for (a) CFSR (black), CCSM4 (green), C-WRF-LR (blue),
and C-WRF-HR (red) and (b) CFSR [black, repeated from (a)], GFDL (green), G-WRF-LR
(blue), and G-WRF-HR (red). The number next to the model label is the total number of
cyclone tracks (per winter) within the ECWA region.

the GCMs underestimate the number of cyclones that
are deeper than 1010 hPa by 17%-30%, especially in
GFDL. The intensity distribution in WRF-HR is shifted
toward more intense storms as compared with the
GCMs, and it is closer to the CFSR results. Meanwhile,
the intensity distribution in WRF-LR is closer to the
distribution in the corresponding GCM.

Figure 4 shows the density of the more rapidly deep-
ening cyclones [by more than —5 hPa (6h)~']. Overall,
the GCMs and the WRF-LR runs have too few (60%—
70% of CFSR) rapidly deepening events relative to
CFSR. The WRF-HR runs have more rapid deepening
cases (80%-90% of CFSR) and reduce the negative bias
in the GCMs and WRF-LR. The location for the rapid
deepening density maximum in the WRF runs is similar
to the corresponding GCM used for boundary condi-
tions, shifting to the northeast of the CFSR maximum in
WREF forced by CCSM4 and to the southwest in WRF
forced by GFDL (Fig. 4). Both of the WRF-HR runs

forced by CCSM4 and GFDL have 10%-35% more
rapidly deepening rates than the GCMs and WRF-LR
runs (Fig. 5).

b. The physical processes related to the different
cyclone activities

To explore the physical processes responsible for the
different cyclone properties in the different models, we
examined the low-level baroclinicity, the upper-level
jet (250 hPa), and the latent heat release on both the
cyclone-relative grid and the geographical map. For the
cyclone-relative composite, we focus on cyclone centers
within the ECL and ECW regions. The results for the
WA cyclone centers are similar in the historical period
and thus are not shown.

All of the composite cyclones for the different models
have a relatively strong surface temperature gradient
region extending to the northeast of the cyclogene-
sis point (Fig. 6). However, the surface temperature
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FIG. 4. The density of rapid deepening cyclones [by more than —5 hPa (6 h) '] showing the number
of cases per winter per 50 000 km? during the historical winters for (a) CFSR, (b) CCSM4, (c) GFDL,

(d) C-WRF-LR, (¢) G-WRF-LR, (f) C-WRF-HR, and (g) G-WRF-HR.

Unauthenticated | Downloaded 01/03/23 08:48 PM UTC



8506

(o |

JOURNAL OF CLIMATE

VOLUME 31

Deepening Rate _ ECWA _ 1986-2005

—CCsm4 —C-WRF-LR —C-WRF-HR =—CFSR

120
]
@
E 90 -
£
Q
=3
g
2
S, 60
o
—
=l
3
£
E 30 -
=
4

0
>5 4 2 0 -2 -4 -6 8 10 -12  -14 <15
Deepening (hPa/6h)
@ Deepening Rate _ ECWA _ 1986-2005
—GFDL —G-WRF-LR —G-WRF-HR =—CFSR

120 ~
4
@
£ 90
@
o]
@
=
=2
> 60 -
o
S
=
3
£
E 30 4
=
4

0 —_
>5 4 2 0 -0 -12 -14 <15

-2 -4 -6
Deepening (hPa/6h)

FIG. 5. As in Fig. 3, but for cyclone deepening rates [hPa (6h) !, with negative values
deepening].

gradient in GFDL is only 50%-80% of the CFSR tem-
perature gradient, while the CCSM4 temperature gra-
dient is 80%-90% of CFSR. Thus, the lack of surface
baroclinicity is likely one important reason for the large
negative bias in cyclone frequency and rapid deepening
in GFDL, and GCM resolution could be one factor af-
fecting the surface temperature gradient. The surface
temperature gradient in the WRF runs forced by GFDL
is much stronger (90%-110% of CFSR) than in GFDL,
whereas the WRF run forced by CCSM4 has a slightly
stronger temperature gradient than CCSM4. Overall,
both of the WRF-HR and WRF-LR runs generate a
stronger surface temperature gradient that is closer to
CFSR than the GCMs. Even though C-WRF-LR (1.0° X
1.0°) has a resolution that is comparable to that of CCSM4
(0.94° X 1.25°), it has a stronger surface temperature
gradient than CCSM4. This indicates that model physics
plays an important role in some of the differences. On the
other hand, given the same model physics and input data
(including SST), the difference of surface temperature
gradient between WRF-HR and WRF-LR is very small

(5%-10%). Thus, the resolution of WRF does not have a
large impact on the surface temperature gradient when
the physics and SST are the same.

The climatological mean 850-500 -hPa Eady growth
rate [calculated following Colle et al. (2013)] in the 20
historical winters has a maximum of 1.06 day ' over the
offshore region of the northeastern United States and a
domain (80°-50°W and 36°-52°N, which covers the high
Eady growth region) average of 0.92day ' in CFSR
(Fig. 7). In CCSM4 (GFDL) the domain-averaged Eady
growth rate is 95% (92%) of CFSR. The maximum of
Eady growth rate is shifted 3°-5° to the northeast in
CCSM4 and ~10° to the east in GFDL relative to CFSR.
GFDL has the weakest Eady growth rate, which is
consistent with its weaker surface baroclinicity. In
C-WRF-HR (G-WRF-HR), the domain-averaged Eady
growth rate is close [99% (99%)] to CFSR, but the
maximum location is shifted to the northeast or east
similar to its parent GCM. The domain-averaged Eady
growth rate in C-WRF-LR (G-WRF-LR) is close to the
intensity in the GCMs, about 96% (95%) of CFSR.
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FIG. 6. The composite surface temperature gradient [color fill; K (1000 km)~'] at the time
of cyclogenesis (start of cyclone track) and 250-hPa wind speed (contours every 2m s~ 1) for
all cyclone centers within the ECL + ECW region for (a) CFSR, (b) CCSM4, (c) GFDL,
(d) C-WRF-LR, (e) G-WRF-LR, (f) C-WRF-HR, and (g) G-WRF-HR. The black dot is the
position of the cyclone center.
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FIG. 7. The 250-hPa wind speed (contoured every 2ms ') and the 850-500-hPa Eady growth rate
(color fill; day ') for the historical winters for (a) CFSR, (b) CCSM4, (c) GFDL, (d) C-WRF-LR,
(e) G-WRF-LR, (f) C-WRF-HR, and (g) G-WRF-HR.
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FI1G. 8. The cyclone composite SLP (contoured every 2 hPa) and 900-750-hPa DPV |[color fill; PVU (1 PVU =
10"°K kg~ ' m?s™")] for the cyclones within the ECL region in historical winters for (a) C-WRF-LR, (b) G-WRF-LR,

(c) C-WRF-HR, and (d) G-WRF-HR.

The position of the upper-level jet in the WRF runs is
controlled by the corresponding GCM large-scale flow,
shifting about 1000 km to the northeast in the CCSM4
group and about 1200 km to the southwest in the GFDL
group relative to the jet position in CFSR (Fig. 7). This is
consistent with the maximum in cyclone rapid deepen-
ing located to the north in WRF forced by CCSM4 and
to the southwest in WRF forced by GFDL (Fig. 4). The
cyclone center is located at the left side of the jet exit
in CFSR (Fig. 6), which is often a favorable region for
upward motion and cyclone deepening; however, the
models have biases in the position of the jet related to
the cyclone center. The CCSM4 group has the cyclone
center too close to the jet core, while the cyclone center
in the GFDL group is too far north from the jet. This
bias in cyclone position relative to the jet also likely
contributes to the negative biases of the cyclone rapid
deepening and intensity in the models. The bias in
upper-level jet intensity is small in all model runs (Figs. 6
and 7). CCSM4 and its WRF runs have a maximum wind

speed that is ~2ms~' weaker than that of CFSR
(44ms~"). In G-WRF-HR the upper-level jet is slightly
stronger than in G-WRF-LR and GFDL, with a larger
area covered by >40ms™ ' over the North Atlantic, but
is still somewhat weaker than CFSR.

The impact of latent heat release is quantified using
the 900-750-hPa diabatic potential vorticity (DPV) as in
Marciano et al. (2015). Similar with the cyclone intensity
distribution in Fig. 3, the composite cyclone in WRF-HR
is 1.6-1.8 hPa deeper than WRF-LR (Fig. 8). The central
SLP of the composite cyclone for the ECL region is
1000.1 hPa (999.8 hPa) in C-WRF-LR (G-WRF-LR)
and 998.3 hPa (998.2 hPa) in C-WRF-HR (G-WRF-
HR). The DPV is 10%-15% stronger in WRF-HR than
the DPV in WRF-LR over the comma head of the cy-
clone, which is consistent with the difference of pre-
cipitation rate (~10% greater; not shown) between
WRF-HR and WRF-LR. Given the relatively small
differences in the baroclinicity and upper-level jet be-
tween C-WRF-HR (G-WRF-HR) and C-WRF-LR
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(G-WRF-LR), the stronger latent heat release is likely
an important factor contributing to the difference in
cyclone intensity between WRF-HR and WRF-LR.

4. Future changes
a. Differences in future projections

For the 2080-99 winters the cyclone track density in
CCSM4 increases 10%-40% along the east coast of
North America (Fig. 9), and there is a 10%-20% de-
crease over some regions of the western Atlantic Ocean.
The total number of cyclone tracks within the ECWA
region is 37.5 per winter in CCSM4, which is very close
to the historical number (38.3). C-WRF-LR has a similar
pattern change to CCSM4 and has 34.4 cyclones within
the ECWA region, which is 1.2 fewer than the historical
number. Meanwhile, C-WRF-HR has a slightly stronger
increase along the coast and weaker decrease over the
ocean and has 38.7 cyclones, which is 1.3 more than the
historical number. The increase in cyclone track density
along the east coast in the CCSM4 group is statistically
significant at the 90% confidence level by resampling
1000 times using the bootstrap approach (Diaconis and
Efron 1983). In contrast, the GFDL and associated
G-WREF runs have a significant (90% confidence level)
decrease (10%-40%) in track density over the western
Atlantic, while there is little change along the East Coast
region. The total number of cyclone tracks within the
ECWA region is 28.9 for GFDL, 31.0 for G-WRF-LR,
and 35.3 for G-WRF-HR, which are 10%-16% fewer
than the historical numbers.

For the ECL region the future frequency for CCSM4
cyclones increases for most central pressure categories,
while the GFDL frequency decreases for most cate-
gories (Fig. 10). The future change in the WRF cyclone
numbers is strongly constrained by the corresponding
GCM, with the WRF runs forced by CCSM4 and GFDL
increasing and decreasing, respectively. Meanwhile, in
C-WRF-HR the total number of strong cyclone centers
that are deeper than 975 hPa increases from 2.70 per
winter in the historical period to 3.25 in the future pe-
riod, which is a 20% significant (at 90% confidence
level) increase (Fig. 10). In contrast, the number of
strong (<975 hPa) cyclone centers is 1.95 per winter in
C-WRF-LR and 2.05 in CCSM4 during the future pe-
riod, with nearly neutral changes (<5%) relative to the
historical period. The future change in cyclone deep-
ening rate (Fig. 11) is similar to the intensity changes. In
the CCSM4 group there are more cyclone deepening
cases [deepening rate of more than —1 hPa (6h) 1],
whereas in the GFDL group there is a decrease for
nearly all bins. C-WRF-HR has a 20% increase in rapid
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deepening events [by more than —5 hPa (6h) '], while
that increase is much smaller in C-WRF-LR and CCSM4.
Overall, within the ECL region the future change in cy-
clones in CCSM4 and GFDL are nearly opposite, and the
changes in C-WRF-HR imply an increase in the strong
cyclones with rapid deepening. Over the WA region, the
future changes in the distributions of cyclone intensity and
deepening rate exhibit decreases (5%-20%) for most
pressure categories in the CCSM4 group and larger de-
creases (10%-40%) in the GFDL group (not shown).

b. Physical processes related to different future
changes

To explore the physical processes related to the dif-
ferent future cyclone changes in the models, we use the
same approach as the historical period above. Overall,
the future surface temperature increase in the CCSM4
group is 0.5-2.0K larger than in the GFDL group over
the western Atlantic and eastern North America (Fig. 12).
The larger temperature increase in CCSM4 results in a
larger (5%-16%) surface moisture increase than the
GFDL group (not shown). The spatial pattern of sur-
face temperature increase is similar in all models, with a
larger increase (3.0-6.0K) over land and at relatively
higher latitudes and a smaller increase (1.5-3.0 K) over
the ocean and lower latitudes. As a result, the surface
temperature gradient decreases significantly (90% con-
fidence level) by 5%-20% over most regions of the east
coast of North America (ECL + ECW) in all model
projections (Fig. 12). However, the 5%-10% decrease of
surface temperature gradient in the CCSM4 and C-WRF
runs is less than the decrease in the GFDL group (5%-—
20%). Meanwhile, the decrease for CCSM4 is located
farther offshore than where the historical temperature
gradient is a maximum (red lines in Fig. 12). In contrast,
the decrease of surface temperature gradient in the
GFDL group occurs along the coast. The 850-hPa tem-
perature gradient has a similar decrease (not shown), but
it is 5%-10% less than the surface. Overall, the low-level
baroclinicity decrease is weaker and located more off-
shore with smaller impact on the cyclone changes over
the ECL region in the CCSM4 group, while the bar-
oclinicity decrease is larger and located just along the
coast in the GFDL group.

We also composited the 850-500-hPa Eady growth
rate around the cyclone center. Overall, the future Eady
growth rate decreases in both the ECL and WA regions
for the WRF runs forced by CCSM4 and GFDL (Fig. 13).
The decrease is weak (~5%) and relatively farther
away from the cyclone center within the ECL region
(Figs. 13a—d), with only C-WRF-LR having a weak de-
crease close to the cyclone center over the warm sector.
However, the decrease for the cyclone in the WA region
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FIG. 9. The change in cyclone track density (color fill; per winter per 50000 km?) and the percentage change
(contoured every 20%) for the future (2080-99) relative to the historical (1986-2005) winters for (a) CCSM4,
(b) GFDL, (c) C-WRF-LR, (d) G-WRF-LR, (¢) C-WRF-HR, and (f) G-WRF-HR.

is larger (~10%) and significant (95% confidence level)
around the cyclone center, especially in the WRF runs
forced by GFDL (Figs. 13e-h). In comparison with the
difference in future change between the ECL and the
WA regions, the difference between WRF-HR and
WREF-LR is relatively small; thus, model resolution has
a relatively small impact on the future change of Eady
growth rate.

The upper-level jet in the CCSM4 and C-WRF runs
is slightly stronger (~5%) during the future period
(Fig. 14), especially in C-WRF-HR, and this increase in
250-hPa wind speed is situated mainly along the coastal
region. The winds in GFDL and G-WREF runs increase
over a broad region along the north side of the jet, which
implies a poleward shift of the jet. This shift is more
obvious in G-WRF-HR, which favors a decrease in
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FI1G. 10. The future change in the distribution of cyclone intensities for storms within the ECL region for (a) CCSM4 (green), C-WRF-LR
(blue), and C-WRF-HR (red) and (b) GFDL (green), G-WRF-LR (blue), and G-WRF-HR (red). (c),(d) As in (a) and (b), but for the
percentage changes.

cyclone frequency at the lower latitudes in the GFDL The future change of cyclone-relative precipitation
group. The upper-level PV (500-200 hPa) has a weak rate (normalized to each cyclone center) on the geo-
decrease (about —5%), which is not significant, around graphic map was calculated to focus on the precipitation
the ECL region in the CCSM4 group but is nearly change associated with cyclones. The precipitation rate
neutral in the GFDL group (not shown). increases over most regions in the CCSM4 group, but
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FIG. 11. As in Fig. 10, but for the cyclone deepening rate [hPa (6 h) ']
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FIG. 12. The future change in surface temperature (dashed contours every 1 K) and surface temperature gradient
[color fill; K (1000km) '], with the red lines highlighting regions of strong surface temperature gradient [>12K
(1000 km) 1] for the historical winters for (a) CCSM4, (b) GFDL, (c) C-WRF-LR, (d) G-WRF-LR, (¢) C-WRF-HR,
and (f) G-WRF-HR.
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FIG. 13. The future change in 850-500-hPa Eady growth rate (color fill; day ', with percent change
contoured every 5%) composited around the cyclone centers within the ECL region for (a) C-WRF-HR,
(b) C-WRF-LR, (c) G-WRF-HR, and (d) G-WRF-LR. The black dot is the position of cyclone center.
(e)-(h) As in (a)—(d), but for the cyclone centers within the WA region. Regions of statistically significant
change at the 95% confidence level are contoured in red.

Unauthenticated | Downloaded 01/03/23 08:48 PM UTC



15 OCTOBER 2018 ZHANG AND COLLE

WSP250 _ CCSM4 _ 2080-2099 WSP250 _ GFDL _ 2080-2099

7 9

3 3

2.5 2.5

2 2

1.5 1.5

1 1

i -1

-1.5 -1.8

-2 -2

-2.5 -25

-3 -3

80W 700 60W
WSP250 _ G-WRF-LR _ 2080-2099
T W
3
2.5
2
15
1
-1
=-1.5
-2
-2
-3
WSP250 _ G-WRF-HR _ 2080-2099
f '.

3
2.5
2
15
1
-1
=18
-2
-2.5

60W 8ow 700 60w
FIG. 14. The future change in 250-hPa wind speed (color filled; ms ™", with contours showing the historical mean

250-hPa wind speed every 2ms ') for (a) CCSM4, (b) GFDL, (c) C-WRF-LR, (d) G-WRF-LR, (¢) C-WRF-HR,
and (f) G-WRF-HR.
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there is large regional variability (Figs. 15a,c,e). The
increase over the land (20%-40%) is larger than
the increase over the WA region (0%-20%). The max-
imum increase of precipitation (30%—40%) is located
along the ECL region, and C-WRF-HR has the largest
increase over this region. The increase of precipitation
rate (10%-20%) along the coast in the GFDL group is
smaller than the CCSM4 group, and over the ocean at
the lower latitudes (<40°N) the precipitation decreases
by 5%-20% in the GFDL group while it increases by
0%-20% in the CCSM4 group (Figs. 15b,d,f).

The different precipitation changes in the future be-
tween models are mainly associated with different fu-
ture changes in moisture content and static stability. To
examine the future changes of moisture associated with
the cyclones, the integrated moisture content from 950
to 250 hPa around the cyclone center was composited
(Fig. 16), which illustrates a significant increase (95%
confidence level) everywhere. Over the warm sector of
the ECL cyclone centers, the moisture content increases
by 25%-35% in the C-WREF runs (Figs. 16a,b) and 20%—
25% in the G-WRF runs (Figs. 16¢,d). Over the warm
sector of the WA cyclone centers, the moisture content
increase in both the C-WRF (20%-25%) and G-WRF
(5%-15%) runs (Figs. 16e-h) is less than the ECL cy-
clone centers. Around the ECL cyclone centers the
moist static stability decreases by 5%-10% (95% con-
fidence level) in the C-WREF runs and increases by about
5% (not significant) in the G-WRF runs (not shown).
The weaker (greater) static stability in the CCSM4
(GFDL) group favors more (less) precipitation. Mean-
while, the stronger upper-level forcing (Figs. 6 and 7) in the
CCSM4 group than the GFDL group may also favor more
precipitation in the CCSM4 group, although the upper-
level forcing does not have significant future changes in
the two groups, respectively (Fig. 14).

The large difference in the cyclone-relative pre-
cipitation rate results in large differences in DPV from
latent heating. In C-WRF-HR, there is a significant in-
crease (5%-20%) in DPV at the 95% confidence level
over the comma head of the cyclone within the ECL
region (Fig. 17a). Meanwhile, in C-WRF-LR the DPV
increase (5%-10%) is much weaker around the cyclone
center (Fig. 17b). This may be one important reason for
the 20% increase in the frequency of the strong cyclone
(<975 hPa) within the ECL region in C-WRF-HR but
not in C-WRF-LR. It also suggests that the model res-
olution has a large impact on the future change of DPV
in the WREF runs forced by CCSM4. In G-WRF-LR and
G-WRF-HR, there are some weak increases in the DPV
and far away from the cyclone center in the ECL region
(Figs. 17¢c,d). The DPV increase in G-WRF-HR is not as
large as C-WRF-HR because the precipitation increase
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is smaller as discussed above. In the composite DPV for
the cyclone centers within the WA region, there are
weak (5%-10%) increases around the cyclone center
in the WRF runs forced by CCSM4 and the situation
is almost neutral in the WRF runs forced by GFDL
(Figs. 17e-h), which is consistent with the cyclone-relative
precipitation changes over the WA region.

c. Future change in extreme cyclones in C-WRF-HR

The strong cyclones (<975 hPa) exhibit a 20% in-
crease over the ECL region in C-WRF-HR but not in
C-WRF-LR (Fig. 10c). To investigate the physical pro-
cesses associated with the increase of the strong cyclones
in C-WRF-HR and the difference between C-WRF-HR
and C-WRF-LR further, we selected the extreme cy-
clone cases within the ECL region and examined the
evolution of these cases in both C-WRF-HR and
C-WRF-LR. The extreme cyclones are defined as the
95th percentile for each simulation and period within the
ECL region (<976.7/976.0 hPa for C-WRF-HR histori-
cal/future period and <980.3/979.8 hPa for C-WRF-LR
historical/future period). Figures 18 and 19 show the time
series of the average related fields from the deepest cy-
clone center within the ECL region backward to 36h
before the deepest point.

The composite cyclone for the future period is weaker
than the historical period at —36h (36h before the
deepest point within the ECL region) in both C-WRF-
HR and C-WRF-LR (Fig. 18a). However, the cyclone
subsequently deepens more quickly in the future runs,
especially in C-WRF-HR. In C-WRF-HR, the future
cyclone is more intense than the historical cyclone
after —12h, and it is ~4.5 hPa deeper at peak intensity
than the historical cyclone within the ECL region. That
difference of cyclone central SLP at —6 and Oh is sta-
tistically significant at the 95% confidence level. In
C-WRF-LR, the cyclone is slightly deeper (by ~0.5 hPa)
in the future period at the deepest point, but the dif-
ference is not statistically significant. The mean 850-hPa
wind speed around the cyclone center has a similar
change, with the C-WRF-HR winds about 10% stronger
in the future period during the 12 h just before the deepest
cyclone center (Fig. 18b). Meanwhile, the mean precipi-
tation becomes 5%-32% greater in C-WRF-HR starting
from —24h (Fig. 18c). Consistent with the precipitation,
the mean DPV around the ECL extreme cyclone center is
stronger starting from —24h in C-WRF-HR (Fig. 19b).
The DPV difference from —12 to Oh is statistically sig-
nificant at the 95% confidence level. In C-WRF-LR the
DPV also becomes stronger, but the increase is much
smaller than in C-WRF-HR. During the same time, the
surface temperature gradient in the future period is al-
ways significantly weaker than in the historical in both
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FIG. 15. The future change in cyclone-relative precipitation rate (color filled; mm day ™!, with contours showing
the percentage change every 10%) for (a) CCSM4, (b) GFDL, (c) C-WRF-LR, (d) G-WRF-LR, (¢) C-WRF-HR,
and (f) G-WRF-HR.
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FIG. 16. As in Fig. 13, but for the 950-250-hPa moisture content (colors; kg m~2).
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FIG. 17. As in Fig. 13, but for the DPV (colors; PVU). Regions of statistically significant change at
the 95% confidence level are contoured in blue.
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FIG. 18. Time series of (a) cyclone central SLP (hPa), (b) mean 850-hPa wind speed (ms ™),
and (c) mean precipitation rate (mm day ') around the cyclone center of the extreme deep
(95th percentile) cyclones within the ECL region, from the deepest cyclone center within the
ECL region (hour 0) backward to 36 h before that deepest point (hour —36). The red lines are
C-WRF-HR, and the blue lines are C-WRF-LR. The dashed lines are for the historical winters,
and the solid lines are for the future winters.
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FIG. 19. As in Fig. 18, but for mean (a) surface temperature gradient [K (1000 km) '] and
(b) DPV (PVU).

C-WRF-HR and C-WRF-LR (Fig. 19a). The Eady
growth rate around those cyclone centers has weak in-
significant decreases (~5%) before —18h and nearly no
change after —18h (not shown).

G-WRF-HR and G-WRF-LR have a 25%-30% de-
crease in the deep cyclones (Figs. 10b,d) in the ECL
region, due to the pronounced decrease in low-level
temperature gradient (5%-20%) and relatively small
changes in the other factors. A weak increase (5%-—
10%) in DPV in the G-WREF runs exists at 300-1000 km
northeast from the cyclone center (Figs. 17¢,d), but this
increase was not large enough to overcome the decrease
in baroclinicity.

5. Conclusions

This study uses a regional model (WRF) to dynami-
cally downscale historical and future (RCP8.5) simula-
tions from two different CMIP5 GCMs: CCSM4 and
GFDL-ESM2M. The area of interest is the winter storm

track over eastern North America and the western At-
lantic. Six-hourly GCM output is used to create initial
and boundary conditions directly for both of the high-
resolution (0.2°5 WRF-HR) and low-resolution (1.0%
WRF-LR) simulations for 20 historical and 20 future
winters.

When compared with the CFSR analysis during the
historical period, the GCMs, but especially GFDL,
have a relatively large underprediction bias in both cy-
clone frequency and intensity. High-resolution dynam-
ical downscaling reduces some of the bias, especially
for the cyclone intensity. In the large ECWA region,
CCSM4 underestimates the total number of cyclones
by ~14% and the rapid deepening cases by ~30%
(Figs. 2-5) with respect to CFSR, and the cyclone inten-
sity tends to be too weak (~3.8 hPa for the mean central
SLP of all cyclone centers). The cyclone properties in
C-WRF-LR are very similar to CCSM4 given the similar
resolutions. However, C-WRF-HR reduces the under-
prediction in rapid deepening cases from ~30% to ~15%,
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but it still underestimates the total number of cyclones by
about 15%. Thus, the greater resolution improves cyclone
intensity, but the frequency of storms is still controlled
by the parent CCSM4 given the boundary constraints of
CCSM4. There is only a small difference in surface tem-
perature gradient, Eady growth rate, and the upper-level
jet, with increased resolution, while the 10%—15% stron-
ger low-level (900-750 hPa) diabatic potential vorticity
(DPV) from latent heat release is the key factor to the
deeper cyclones in C-WRF-HR (Figs. 6, 7, and 8). GFDL
also underestimates the total number of cyclones by
~26% and the rapid deepening cases by ~60% with re-
spect to CFSR (Figs. 3 and 5), during the historical
period. The historical surface temperature gradient in
GFDL is too weak (30%-50% weaker than CFSR). G-
WRF-LR and G-WRF-HR can greatly enhance the
surface temperature gradient and reduce the under-
prediction of total cyclone number from 26% in GFDL
to 18% and 12%, respectively. Meanwhile, G-WRF-
HR has more rapid deepening cases and deep cyclones
as a result of stronger latent heat release and slightly
stronger Eady growth rate and upper-level jet relative
to G-WRF-LR (Figs. 7 and 8).

There is a large difference in the future change of
CCSM4 and GFDL cyclones along the east coast of
North America (Figs. 9, 10, and 11). CCSM4 has an in-
crease (10%-30%) in cyclone frequency along the coast
and some decreases (10%-20%) over the ocean, which
is similar to the mean change of the seven best CMIP5
GCMs in Colle et al. (2013). Meanwhile, GFDL has a
decrease (10%-30% ) over most regions, especially over
the ocean, which is similar to the mean change of the
seven worst CMIPS GCMs in Colle et al. (2013). Gen-
erally, the future cyclone changes in WRF are con-
strained by the corresponding GCM given the regional
nesting approach. WRF forced by CCSM4 has an in-
crease in cyclone track density and rapid deepening
cases along the East Coast, whereas WRF forced by
GFDL decreases over most regions. However, C-WRF-
HR has a 20% increase in the strong cyclones (<975 hPa)
and the rapid deepening cases [by more than —5hPa
(6h) '] in the ECL region. The dynamical downscaling
of two GCMs for 20 historical and 20 future winters
cannot provide a high confidence to predict the future
changes of cyclone activity. However, the dynamical and
physical reasons for the different model projections are
critical to improve our understanding to the potential
future changes of cyclone activity.

The reasons for the difference of future cyclone
changes between the CCSM4 and GFDL groups are
related to many factors. The future surface baroclinicity
and Eady growth rate decreases along the east coast of
North America in all models. The decrease of surface
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temperature gradient is concentrated more along the
coast (the historical maximum region of surface tem-
perature gradient) in the GFDL group and more off-
shore in the CCSM4 group (Fig. 12). The Eady growth
rate exhibits a larger decrease in the WA region (5%-—
10%) than in the ECL region (~5%) in both of the
CCSM4 and GFDL groups (Fig. 13). The upper-level
PV (500-200 hPa) has a weak decrease (about —5%)
around the ECL region in the CCSM4 group but is
nearly neutral in the GFDL group (not shown). The
upper-level jet (250 hPa) becomes slightly stronger in
the jet core just along the east coast of North America in
the CCSM4 group and a slight northward shift in the
GFDL group (Fig. 14). These differences contribute to
the different future cyclone changes but likely cannot
explain the large difference near the coast.

The different changes of latent heat release due to
different precipitation changes play an important role in
the different future cyclone changes. The stronger latent
heat release from heavier precipitation (20%-40%) in
the future over the East Coast region is favorable to the
cyclone developing in the CCSM4 group, while the la-
tent heat release from heavier precipitation (5%-25%)
is relatively weaker in the GFDL group (Figs. 15 and
17). The difference in precipitation change is mainly
related to the different low-level temperature change
(thus moisture), moist static stability change as de-
scribed in Zhang and Colle (2017), and upper-level
forcing change discussed above. The moisture content
increase around the cyclone center in the CCSM4 group
is about 5%-10% larger than that in the GFDL group,
and the increase in the ECL region is about 5%-15%
larger than that in the WA region (Fig. 16). Meanwhile,
the atmosphere is less stable at the high latitudes over
the continent and more stable over the ocean at mid-
latitudes (Zhang and Colle 2017). The poleward ex-
pansion of subtropical dry zones (Scheff and Frierson
2012) explains the neutral or negative changes in pre-
cipitation in the WA region. In addition to the other
factors discussed in the last paragraph, these differences
in the precipitation and latent heat release also con-
tribute to the large difference of cyclone changes near
the coast between the CCSM4 and GFDL groups, as
well as the difference between the ECL and WA region.

The future changes of cyclone frequency and location
in WRF are constrained by the corresponding GCM,
and the difference in these changes between the two
GCMs is not reduced much after dynamical downscaling
(Figs. 9, 10, and 11), implying that the overall change of
cyclone frequency and location is dominated by changes
in the large-scale flow and forcing. Some studies (Marciano
et al. 2015; Willison et al. 2015; Michaelis et al. 2017)
using the pseudo-global warming approach to investigate
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the future changes of extratropical cyclones may ne-
glect a large part of the variability among models, be-
cause the PGW approach only adds the thermal changes
in the future simulation but does not include large-scale
dynamical changes. On the other hand, the model res-
olution has a great impact on some of the precipitation
processes and cyclone intensity. C-WRF-HR has an
increase in the strong (<975 hPa) cyclones in the ECL
region, while C-WRF-LR does not have such an in-
crease. In the future period, the baroclinicity is persis-
tently weaker than the historical, and the mean intensity
of extreme cyclones (95% percentile) in the ECL re-
gion is weaker than the historical at the early stage in
both C-WRF-HR and C-WRF-LR (Figs. 18 and 19).
However, those extreme cyclones exhibit an enhanced
positive feedback between the latent heat release from
precipitation and the cyclone deepening given more
moisture in a warmer climate and produces even more
extreme deep cyclones in C-WRF-HR. That does not
occur in C-WRF-LR, suggesting that the diabatic process
is sensitive to the model horizontal resolution. Over the
WA region there is no such an increase in extreme cy-
clones in both C-WRF-HR and C-WRF-LR due to the
smaller increase in latent heat release and larger decrease
in Eady growth rate as discussed above.

The projected decreases in the frequency of extra-
tropical cyclones in the North Atlantic storm track are
widely recognized in many GCMs. However, the re-
gional future changes of the intense cyclones may be
ignored, especially since these coarse-resolution
GCMs have limitations in simulating the intense cy-
clones. Our results suggest that caution is warranted
when interpreting the future changes of intense cy-
clones along the east coast of North America in
GCMs, which has implications for other cyclone im-
pact studies, such as storm surge (Roberts et al. 2017)
and precipitation (Zhang and Colle 2017). Future re-
search should also involve global high-resolution
WREF experiments, which can prevent boundary con-
straints. Downscaling more GCM members is neces-
sary to assess the model diversity in future climate
change.
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APPENDIX

Acronyms and Abbreviations

CCSM4 NCAR Community Climate System
Model, version 4

CMIP5 Coupled Model Intercomparison
Project, phase 5

C-WRF WREF forced by CCSM4

C-WRF-HR High-resolution (0.2°) WRF forced

C-WRF-LR E}cl)vgggsl\cﬁllél‘ltion (1.0°) WREF forced
by CCSM4

DPV Diabatic potential vorticity

ECL East coast land

ECW East coast water

ECWA East coast and western Atlantic

GCM General circulation model

GFDL (GFDL- Geophysical Fluid Dynamics Labo-

ESM2M) ratory Earth System Model with
MOM, version 4, component

G-WRF WREF forced by GFDL-ESM2M

G-WRF-HR High-resolution (0.2°) WRF forced
by GFDL-ESM2M

G-WRF-LR Low-resolution (1.0°) WRF forced
by GFDL-ESM2M

RCP8.5 Representative concentration path-
way 8.5

SLP Sea level pressure

SST Sea surface temperature

WA Western Atlantic

WRF-HR High-resolution (0.2°) WRF

WRF-LR Low-resolution (1.0°) WRF

WRF Weather Research and Forecasting

Model
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