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ABSTRACT

Landfalling–tropical cyclone (TC) rainfall is an important element of inland flood hazards in the eastern

United States. The projection of landfalling-TC rainfall under anthropogenic warming provides insight into

future flood risks. This study examines the frequency of landfalling TCs and associated rainfall using the

GFDL Forecast-Oriented Low Ocean Resolution (FLOR) climate model through comparisons with ob-

served TC track and rainfall over the July–November 1979–2005 seasons. The projection of landfalling-TC

frequency and rainfall under the representative concentration pathway (RCP) 4.5 scenario for the late twenty-

first century is explored, including an assessment of the impacts of extratropical transition (ET). In most

regions of the southeastern United States, competition between increased storm rain rate and decreased

storm frequency dominates the change of annual TC rainfall, and rainfall from ET and non-ET storms. In the

northeastern United States, a prominent feature is the striking increase of ET-storm frequency but with

tropical characteristics (i.e., prior to the ET phase), a key element of increased rainfall. The storm-centered

rainfall composite analyses show the greatest increase at a radius of a few hundred kilometers from the storm

centers. Over both ocean and land, the increase of rainfall within 500 km from the storm center exceeds the

Clausius–Clapeyron scaling for TC-phase storms. Similar results are found in the front-left quadrant ofET-phase

storms. Future work involving explorations ofmultiple models (e.g., higher atmospheric resolution version of the

FLOR model) for TC-rainfall projection is expected to add more robustness to projection results.

1. Introduction

Rainfall associated with landfalling tropical cyclones

(TCs) is responsible for fatalities and significant eco-

nomic and societal losses in the United States (Rappaport

2000; Czajkowski et al. 2011; Willoughby 2012; Chavas

et al. 2013; Czajkowski et al. 2013; Rappaport 2014). TC

rainfall and associated flooding can affect large areas, with

impacts extending a few hundred kilometers from the

storm center (e.g., Atallah and Bosart 2003; Colle 2003;

Lin et al. 2010; Villarini et al. 2011; Chen et al. 2014; Liu

and Smith 2016).

Previous studies have demonstrated the central role of

TCs in determining the upper tail of flood peak distri-

butions in the eastern United States (Smith et al. 2011;

Villarini and Smith 2010) and rainfall extremes across

the global tropics (Khouakhi et al. 2017). The changing

character of TC rainfall is of significant concern to both

coastal and inland areas. An observational study found

that the 1994–2008 TC-related heavy rain events

doubled a long-term average in the United States

(Kunkel et al. 2010). The prediction and projection ofCorresponding author: Maofeng Liu, maofeng@princeton.edu
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the time trend of landfalling-TC rainfall have important

implications for flood risk management.

Knutson et al. (2010) reviewed studies using a range of

climate models and warming scenarios and found that

none reported decreases of TC rainfall. The regional

climate model studies through dynamical downscaling

of outputs from a range of climate models found that

the precipitation rate within 100km of the storm cen-

ter is projected to increase on the order of 20% for the

late twenty-first century in the North Atlantic, sur-

passing the Clausius–Clapeyron scaling relationship

(Knutson et al. 2008, 2013). Knutson et al. (2015) ex-

tended the work in Knutson et al. (2013) to the global

scale using a similar downscaling framework but with

different model settings. They reported increased TC

rainfall in terms of global average, while this increase

varies across basins. For the North Atlantic, although

Knutson et al. (2015) did find an increase in TC rainfall

in twenty-first-century projections, it was not as pro-

nounced an increase as that reported in Knutson et al.

(2013).

Villarini et al. (2014a) conducted a study on the global

projection of TC rainfall with three global atmospheric

climate models and found globally increased TC rainfall

on the order of 10%–20% under warming scenarios in-

volving SST increase and CO2 doubling, arising from

an SST-induced increase and a partially compensat-

ing CO2-induced reduction in TC rainfall. A study by

Scoccimarro et al. (2014) that focused on landfalling TCs

in the samemodel experiments as Villarini et al. (2014a)

also reported increased landfalling-TC rainfall. Wright

et al. (2015) adopted the dynamical downscaling frame-

work introduced in Knutson et al. (2013) for examining

the response of landfalling-TC rainfall in the eastern

United States to global warming. They found increased

rainfall for individual TCs over both ocean and land.

The projected changes of landfalling-TC rainfall show

different geographic distributions for varied warming

scenarios. The modeling domain limits the model from

simulating TCs in the northeastern United States

where TCs play a significant role in extreme rain events

(e.g., Barlow 2011).

Extratropical transition (ET), as illustrated by Hur-

ricane Agnes (1972) (DiMego and Bosart 1982), Hur-

ricane Floyd (1999) (Atallah and Bosart 2003; Colle

2003), andHurricane Irene (2011) (Liu and Smith 2016),

is a central feature of extreme rainfall from TCs in the

northeasternUnited States. There are few studies on the

role of ET in the change of TC rainfall under global

warming. A recently developed Geophysical Fluid Dy-

namics Laboratory (GFDL) global coupled model, the

Forecast-Oriented Low Ocean Resolution (FLOR)

model (Vecchi et al. 2014; Jia et al. 2015) shows good

skill in simulating various aspects of ET climatology

(Liu et al. 2017), and thus provides a promising tool for

examining the impacts of extratropical transition on TC

rainfall.

We aim to understand the responses of landfalling-TC

rainfall to projected anthropogenic warming using the

FLOR coupled climate model. We evaluate the skill

of the model in simulating the present climatology of

landfalling-TC frequency and associated rainfall. Spe-

cifically, we explore the role of ET in the responses of

landfalling-TC activity to anthropogenic warming. We

organize this study as follows. Data and methods are

presented in section 2, followed by results in section 3.

A summary is given in section 4.

2. Data and methods

a. Dynamical model

We use the FLOR configuration of the GFDL Cli-

mate Model, version 2.5 (CM2.5; Delworth et al. 2012).

The atmosphere and land components of the FLOR

model are obtained from CM2.5 with a spatial grid res-

olution of approximately 50 km 3 50km. The ocean

component is from CM2.1 with a spatial grid resolution

of approximately 18 3 18 (Delworth et al. 2006). A de-

tailed description of the FLOR model (hereinafter

FLOR) can be found in Vecchi et al. (2014). We use a

flux-adjusted version of FLOR in which biases of the

momentum, enthalpy, and freshwater fluxes from the

atmosphere to the ocean are adjusted so that the cli-

matological SST and surface wind stress become closer

to observations (Vecchi et al. 2014). The flux adjustment

improves the skill of FLOR in simulating and predicting

regional TC activity (Vecchi et al. 2014) and simulating

ET activity (Liu et al. 2017). In addition, FLORwith flux

adjustment exhibits skill in seasonal forecasts of land-

falling TCs in the North Atlantic (Murakami et al. 2016a)

and the western North Pacific (Zhang et al. 2016a, 2017).

Historical simulations were run over 1861–2005 with

prescribed forcing from phase 5 of the Coupled Model

Intercomparison Project (CMIP5) historical forcing

scenario for greenhouse gas concentration, aerosols,

ozone, and volcanic events. For the simulations beyond

2005, the model was run using the 2006–2100 CMIP5

representative concentration pathway 4.5 (RCP4.5)

scenario forcings, which represent a ‘‘mid-range sce-

nario’’ for greenhouse gas concentrations. We examine

the skill of FLOR in simulating the statistics of landfalling-

TC frequency and rainfall through the comparison be-

tween FLOR results and observations over the period

1979–2005. The change of landfalling-TC frequency and

rainfall is explored by examining the climatological
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difference between two periods: the global warming (GW)

run over 2056–2100 and the present-day (PD) run over

1961–2005. For each year, we focus on the core hurricane

season (i.e., July–November). To achieve more robust

results, we use five ensembles of FLOR with varied initial

conditions.

We use the tracking scheme developed in Harris et al.

(2016), as implemented in Murakami et al. (2015) to

detect FLOR-generated TCs from 6-hourly model out-

puts. This scheme uses a flood fill algorithm to find

closed pressure contours around each sea level pressure

(SLP) low center. Within the contours, it uses the 300–

500-hPa air temperature anomaly to determine the

warm-core characteristic of the negative SLP anomaly.

For each detected TC, the scheme also requires 1) a

duration of at least 72 h and 2) consecutive 36 h of warm-

core characteristic, as well as maximum 10-m wind

stronger than 17.5m s21. More details of the tracking

scheme can be found in Murakami et al. (2015).

We use ‘‘track density’’ to represent the regional TC

activity. For each 18 grid cell, the track density is defined

as the total number of days in a season for which the

storm centers of TCs are within 500km of the grid

(Vecchi et al. 2014). The criterion for 500-km storm size

is consistent with observational studies (e.g., Chavas and

Emanuel 2010) and has been widely used in TC studies

examining extratropical transition (Evans and Hart

2003; Hart 2003), rainfall (e.g., Jiang and Zipser 2010;

Barlow 2011; Prat and Nelson 2013; Wright et al. 2013,

2015; Khouakhi et al. 2017), and flooding (e.g., Smith

et al. 2011; Villarini and Smith 2010; Villarini et al.

2014b; Wright et al. 2014).

b. Data

We obtain tropical cyclone tracks from the National

Hurricane Center’s hurricane best track database

(HURDAT2; Landsea and Franklin 2013) for the pe-

riod 1979–2005. The database provides 6-hourly ‘‘best

track’’ data for observed TCs in the North Atlantic. To

be consistent with the tracker in FLOR, we use observed

storms with at least tropical storm intensity (i.e., wind

speed$17.5m s21) as well as 3-day duration. We obtain

observed rainfall data for evaluating FLOR-simulated

TC rainfall from the North American Land Data As-

similation System (NLDAS; Mitchell et al. 2004), which

provides hourly, 1/88-gridded rainfall fields over the

continental United States. In NLDAS, the Climate

Prediction Center gauge-based daily rainfall is tempo-

rally disaggregated to hourly scale using information

from multiple sources for rainfall, including radar, sat-

ellite, gauge, and reanalysis data. To facilitate compar-

ison, the 1/88 rainfall from NLDAS is resampled to the

same spatial resolution as FLOR-simulated rainfall. The

reanalysis dataset used for discriminating ET and non-

ET storms is the 6-hourly, 0.58-resolution National

Centers for Environmental Prediction (NCEP) Climate

Forecast System Reanalysis (CFSR; Saha et al. 2010).

c. Cyclone phase space

The cyclone phase space (CPS) method is used to

determine the occurrence of extratropical transition

(Evans andHart 2003; Hart 2003). Thismethod has been

widely used in ET climatology studies across basins

including the North Atlantic (Evans and Hart 2003),

western North Pacific (Kitabatake 2011), and eastern

North Pacific (Wood and Ritchie 2014). CPS uses 900–

600-hPa thermal thickness asymmetry B, 900–600-hPa

thermal wind2VT
L, and 600–300-hPa thermal wind2VT

U

to characterize the thermal evolution of a storm. A de-

tailed description of the three parameters can be found

in Evans and Hart (2003) and Hart (2003). Following

Liu et al. (2017), the onset of extratropical transition is

triggered when B is larger than 10m or 2VT
L is lower

than 0. The completion of extratropical transition is de-

termined when the two conditions are both satisfied.

We implement CPS in CFSR data to determine the

ET characteristics of storms observed in HURDAT2

data. It is worth noting that HURDAT2 also provides

the timing at which the storm changes into an extra-

tropical cyclone (McAdie et al. 2009). The agreement

between CPS and HURDAT2 for ET detection reaches

79.1%. In addition, ET- and non-ET-storm rainfall from

the two methods show relatively small differences (fig-

ure not shown). HURDAT2 is excluded from detecting

ET storms because it does not allow rainfall analyses

associated with ET processes because of the lack of

timings on ET onsets.We also test the robustness of CPS

in detecting ET events by varying the empirical thresh-

old for thickness asymmetry. The change of the thresh-

old from 8 to 12m leads to a small variation of ET rate

(within 2.5%).

d. Rainfall attribution

The change of landfalling-TC rainfall under green-

house warming can be directly attributed to two factors:

the storm rain rate and storm frequency. We use a

simple analysis to identify the respective contribution

from each. For each cell, the annual (i.e., July–

November) storm rainfall is computed as P 5 R 3 F,

where P is the storm rainfall, R is the average annual

rain rate for all storms, and F is the annual storm fre-

quency. We obtain the change of the total storm rainfall

as P0 5 R0F 1 RF0 1 R0F0, where P0 is the change of

storm total rainfall, R0 is the change of storm rain rate,

and F0 is the change of storm frequency. The first and

second terms are contributions from storm rain rate and
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storm frequency, respectively, given that the other fac-

tor maintains unchanged. The third term R0F0 is the

covariance effect. We find that it has a much lower

magnitude than the first two terms, so it is not included

in the following analyses.

3. Results

a. Simulation of landfalling-TC density and
associated rainfall

We first compare the July–November 1979–2005 U.S.

TC frequency from HURDAT2 and FLOR simulations

(Fig. 1). The observed landfalling-storm frequency

gradually decreases as one moves northwestward from

Florida (Fig. 1a). This geographic pattern is well simu-

lated by FLOR (Fig. 1b). FLOR underestimates the

TC density by approximately 20% along the U.S. East

Coast. This negative bias becomes greater as one moves

farther inland (Figs. 1c,d). Similarly, a previous study

that used the downscaling approach simulated lower TC

density than observations in most eastern coastal states

(Wright et al. 2015; their Fig. 1). The negative bias of TC

density from FLOR compared to HURDAT2 has two

peaks, one in the northern states of the Gulf of Mexico

and the other in Georgia and the Carolinas (Fig. 1c),

which may be partly due to underestimated TC-genesis

frequency (not shown; Vecchi et al. 2014; Murakami

et al. 2016a).

The ability of themodel to simulate larger-scale climate

conditions is important to the simulation of landfall-TC

activity (Lyons 2004). FLOR shows good skill in captur-

ing the impact of El Niño–Southern Oscillation (ENSO)

on TC landfall (Murakami et al. 2016a). FLOR does not,

however, accurately simulate the correlation between the

summer North Atlantic Oscillation (SNAO) and the

landfall ratio (Murakami et al. 2016a), which may be

another factor that weakens the performance of FLOR in

simulating landfalling-TC density.

Similar to the TC-frequency analyses, we examine

landfalling-TC rainfall through comparisons between

FLOR simulations and NLDAS for the July–November

1979–2005 seasons (Fig. 2). Following the criterion used

for TC density, only rainfall within 500 km from the

storm center is considered as TC-related rainfall.

FIG. 1. July–November landfalling-TC density (TC days) from (a) HURDAT2, (b) FLOR control simulations, and

(c),(d) TC density difference between the FLOR control simulation andHURDAT2 in theUnited States. Black dots

indicate statistical significance (p, 0.1) based on the two-sided two-sample Student’s t test, the same as later figures.

Regions with TC density lower than 0.2 TC days are masked.
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The observed rainfall from NLDAS exhibits pro-

nounced spatial heterogeneity (Fig. 2a). We see sharp

spatial contrast of rainfall along the eastern margin of

the central Appalachian Mountains, and orographic mech-

anisms are key elements in contributing to this geo-

graphic distribution of TC rainfall. FLOR captures this

feature but underestimates the rainfall magnitude. On

the western side of the central AppalachianMountains,

the local rainfall minimum in Tennessee and Kentucky

is likely due to the leeside effect of terrain, as also seen

in flood (Villarini and Smith 2010) and gauge rainfall

analyses (Hart and Evans 2001). In contrast, we observe a

regional rainfallmaximum inwesternNorthCarolina and

Virginia, likely due to orographic enhancement (Sturdevant-

Rees et al. 2001).

Despite missing some spatial details, FLOR-generated

rainfall generally reflects the geographic distribution of

rainfall fromNLDAS (Fig. 2). Because the storm rain rate

produced by FLOR is comparable to that from NLDAS

(as discussed below), the negative bias of TC rainfall by

FLOR is largely attributable to the underestimation of

landfalling-TC density (Fig. 1).

To explore the role of ET in the rainfall distribution

of landfalling TCs, we compute the July–November rainfall

for ET and non-ET storms, respectively. Despite the

underestimation of rain rate, FLOR shows skill in

simulating the spatial pattern of rainfall fields from the

two types of events (Fig. 3). ET and non-ET storms

produce striking spatial contrasts of rainfall accumu-

lations. As seen in both NLDAS and FLOR, ET-storm

rainfall stretches northward to Maine while non-ET-

storm rainfall is constrained to relatively low latitudes.

ET storms dominate the TC rainfall along the east coast

of the United States (Figs. 3a,c). The non-ET-storm

rainfall is concentrated from Texas to Florida along the

coastal line of the Gulf of Mexico, in agreement with low

ET rate from TCs passing the Gulf of Mexico (Figs. 3b,d;

Liu et al. 2017). FLOR underestimates the non-ET

rainfall in Texas and Louisiana, probably as a result of

lower simulated TC density than in observations.

To further assess the role of ET in landfalling-storm

rainfall, we use the CPS method to break each ET storm

into a TC phase and an ET/extratropical (EX) phase. For

each storm, theTCphase is referred to as the stage inwhich

the stormmaintains a symmetric warm-core structure. The

time since the onset of ET is referred to as the ET/EX

phase. The storm rainfall for the two phases is computed

over the July–November 1979–2005 seasons, respectively.

FIG. 2. July–November landfalling-TC rainfall from (a) NLDAS, (b) FLOR control simulations, and (c),(d) TC

rainfall difference between the FLOR control simulations and NLDAS in the United States. Regions with storm

rainfall lower than 5mmyr21 are masked.
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Through the comparisons with rainfall observations in

NLDAS, FLOR shows good skill in simulating the spatial

contrast of rainfall from the two phases (Fig. 4). In the

southeasternUnited States, the TCphase plays a dominant

role in ET-storm rainfall accumulations compared to the

ET/EX phase (Fig. 4). The impact of the TC phase in

the storm rainfall, however, is constrained below about

408N (Figs. 4a,c). There is no such constraint for the

ET/EX phase. For both NLDAS and FLOR (Figs. 4b,d),

the ET/EX phase dominates the TC rainfall in the

FIG. 3. July–November landfalling-ET-storm rainfall from (a) NLDAS, (c) FLOR control simulations, and

(e) storm rainfall difference between the FLOR control simulations and NLDAS. (b),(d),(f) As in (a),(c),(e), but

for non-ET-storm rainfall. Regions with storm rainfall lower than 5mmyr21 are masked.
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northeasternUnited States (e.g., NewEngland) (Fig. 4). In

addition, storms in the ET/EX phase can interact with

the Appalachian Mountains to produce mixed rainfall-

generating mechanisms in the northeastern United States,

highlighting extreme rainfall and associated flood risks

(Hart andEvans 2001;Atallah andBosart 2003;Colle 2003;

Smith et al. 2011; Villarini and Smith 2010; Liu and

Smith 2016).

FIG. 4. July–November TC-phase rainfall from (a) NLDAS and (b) FLOR control simulations, and July–

November ET/EX-phase rainfall from (c) NLDAS and (d) FLOR control simulations. Rainfall difference between

the FLOR control simulations and NLDAS for the (e) TC phase and (f) ET/EX phase. Regions with storm rainfall

lower than 5mmyr21 are masked.
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We compute the average storm-centered landfalling-

TC rainfall composite during the July–November 1979–

2005 seasons for the TC and ET/EX phases, respectively

(Fig. 5). Before translating each rainfall field to the or-

igin for the composite, we rotate it so that the storm

motion has the same direction as the positive y axis. The

non-ET-storm rainfall is included in the TC-phase

analysis because of its symmetric warm-core nature.

The TC-phase rainfall observed from NLDAS is con-

centrated in the front quadrants, highlighting the effect

of land–sea contrasts (Fig. 5a). Although in FLOR

simulations we observe a larger concentration of rainfall

in the front quadrants in landfalling TCs than storms

over ocean (not shown), this feature is more clearly seen

from NLDAS. This may be due to the inadequate hor-

izontal resolution of land surfaces used in FLOR.

FLOR produces higher inner-core rain rates than

NLDAS, whichmay result from several factors. Villarini

et al. (2011) found that NLDAS underestimates the

rainfall intensity of TCs compared to the stage IV pre-

cipitation analysis, a multisensor rainfall dataset pro-

ducedbyNationalWeather Service (NWS)River Forecast

Centers (RFCs) over the continental United States (Lin

and Mitchell 2005). In addition, there is a sampling dif-

ference between the hourly rainfall from NLDAS and the

instantaneous rainfall from FLOR, and the former may

FIG. 5. Average storm-centered rainfall composite (mmday21) for (a),(b)NLDAS and (c),(d) FLOR simulations

for the (a),(c) TC phase and (b),(d) ET/EX phase over land. Non-ET storms are included in the TC phase because

of their similar nature. The positive y axis points in the direction of TCmotion, andN indicates the number of storm

samples used. Regions with storm rainfall lower than 5mmday21 are masked.
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provide lower rainfall magnitudes as a result of temporal

averaging. A third contributing factor is that FLOR sim-

ulates higher rain rates near the eyewall and lower rain

rates far from the storm center, compared with NLDAS.

This implies that water vapor convergence in FLOR tends

to be consumed as eyewall convection rather than in rain-

bands. As shown in both NLDAS and FLOR (Figs. 5b,d),

the rainfall for the ET/EX phase is concentrated in the

front-left quadrant relative to the storm center, consistent

with previous studies (Atallah and Bosart 2003; Colle 2003;

Atallah et al. 2007; Liu and Smith 2016; Liu et al. 2017). The

rainfall for the ET/EX phase impacts larger areas than the

TC phase, implying enhanced rainfall accumulations and

associated flood risks.

b. Projection of landfalling-TC density and
associated rainfall

We first examine the change of July–November

landfalling-TC frequency through the climatological

difference between theGWand PD runs (Fig. 6). FLOR

projects approximately a 10%–20% decrease of TC

density in the southeastern United States, partly as a

result of decreased TC genesis in the western portion of

the North Atlantic (Liu et al. 2017). However, Wright

et al. (2015) found a less pronounced decrease of TC

frequency in these regions. FLOR projects approxi-

mately a 10%–20% increase of TC density around the

northeast coast of the United States, broadly in agree-

ment with previous studies (Wright et al. 2015). In-

creased TC genesis in the eastern portion of the North

Atlantic is an important element of this TC density in-

crease (Liu et al. 2017).

In addition to the changing property of storm fre-

quency, we examine the change of the July–November

U.S. TC rainfall under the RCP4.5 scenario (Fig. 7).

We use a simple analysis to attribute the change of TC

rainfall to two drivers: storm frequency and rain

rate (Figs. 7e,f). In much of the southeastern United

States, the competition between increased storm rain

rate and decreased storm frequency leads to hetero-

geneous patterns of changing TC rainfall (Figs. 7c–f).

The change is statistically significant in few regions

although larger regions with significant change are

found for both storm rain rate and storm frequency.

Broadly in agreement with results reported in Wright

et al. (2015), FLOR projects increased rainfall in the

FIG. 6. July–November landfalling-TC density (TC days) from the (a) PD simulation, (b) GW projection, and

(c),(d) TC density difference between the GW and PD runs. Regions with TC density lower than 0.2 TC days

are masked.
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Carolinas and Virginia and decreased rainfall in

southeastern Georgia. In the northeastern United

States, the rain-rate term exhibits more heteroge-

neous geographic distribution than that in the south-

eastern United States (Fig. 7e). The contribution of

the storm frequency term to TC rainfall gradually

shifts from positive to negative from the coast to in-

land (Fig. 7f).

We examine the role of ET in the July–November TC-

rainfall projection by dividing all TCs into ET and non-ET

storms using the CPS analysis (Fig. 8). The change of

ET-storm rainfall generally resembles that of TC rainfall in

the eastern coastal states (Figs. 7 and 8). In the southeastern

United States, the geographic distribution of the change of

ET-storm rainfall is determined by increased storm rain

rate and decreased storm frequency (Figs. 8c,e), similar to

the change of TC rainfall (Figs. 7e,f). In spite of a significant

increase of storm rain rate in the southern Appalachian

Mountain regions, the rainfall increase is not significant

because of decreased storm frequency.An exception is that

the significant decrease of ET-storm rainfall in Alabama

can be attributable to both decreased storm frequency and

FIG. 7. July–November landfalling-TC rainfall from the (a) PD and (b) GW runs, and (c),(d) projected change in

TC rainfall between the GW and PD runs. (e) The contribution of the storm rain-rate term and (f) the frequency

term to the change of TC rainfall. Regions with storm rainfall lower than 5mmyr21 are masked.
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rain rate. Although there are few regions with significant

changes for storm frequency and rain rate in the

northeastern United States, positive contribution

from the two terms leads to significant increase of

ET-storm rainfall along the coastal line (Figs. 8a,c,e).

As seen in Figs. 8d and 8f, the impact of non-ET-storm

rainfall is concentrated in the southeastern United

States. Compared to the contribution from both storm

rain rate and frequency, the change of storm rainfall

shows more spatial heterogeneity, highlighting the

FIG. 8. (a) Projected change in July–November ET-storm rainfall between the PD and GW runs. The contribution

of (c) the storm rain-rate term and (e) the frequency term to the change of rainfall for ET storms. (b),(d),(f) As in

(a),(c),(e), but for non-ET-storm rainfall. Regions with storm rainfall in the PD run lower than 5mmyr21 aremasked.
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competition between higher storm rain rates and

lower storm frequency (Figs. 8d,f).

We examine the projected change of July–November

ET-storm rainfall for the TC and ET/EX phases,

respectively (Fig. 9). We first focus on the southeastern

United States. For the two phases, the storm rain rate

has positive contributions to the change of rainfall in

most regions (Figs. 9c,d). In contrast, we find negative

FIG. 9. (a) Projected change in July–November TC-phase rainfall for ET storms between the PD and GW runs.

The contribution of (c) the storm rain-rate term and (e) the frequency term to the change of the TC-phase rainfall

for ET storms. (b),(d),(f)As in (a),(c),(e), but for the ET/EX phase. Regions with storm rainfall in the PD run lower

than 2.5mmyr21 are masked.
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contributions from the storm frequency (Figs. 9e,f).

Another prominent feature is that, because of the

projected decrease of storm frequency, there are few

regions with significant increase of rainfall in spite of

significantly increased storm rain rate in large areas.

FLOR projects a significant decrease of storm fre-

quency for the ET/EX phase in Florida and Georgia,

in striking contrast with the pronounced increase of

TC-phase frequency in New England areas; that is,

there is a poleward shift of the TC stages of storms at

landfall. This feature will be discussed in more detail

later. The rainfall change in the northeastern United

States shows large differences between the two phases

(Figs. 9a,b). The projected increase of storm rainfall

for the TC phase reaches a magnitude of about 100%

or higher, while the rainfall for the ET/EX phase

shows a decrease or little change (Figs. 9a,b). The

contrast of rainfall change for the two phases high-

lights the dominant role of the TC phase in the in-

creased ET-storm rainfall in the northeastern United

States (Fig. 8a). Because of the projected decrease of

rain rate (Fig. 9c), the rainfall increase for the TC

phase is dominated by the pronounced increase of

storm frequency in the northeastern United States

(Fig. 9e). Liu et al. (2017) reported increased sea sur-

face temperature and decreased vertical wind shear in

the midlatitudes in a warming climate. It is hypothe-

sized that, under global warming, climate conditions

are more conducive to maintaining storms in the

tropical phase, even at relatively high latitudes (e.g.,

New England). Consistent with this hypothesis, the

latitude of ET onset for storms passing through New

England, New Jersey, Pennsylvania, and New York,

as the climate warms, shifts poleward approximately

1.78 latitude with a significance level p , 0.01 (Fig. 10).

This significant poleward shift still holds in terms of all

landfalling-ET storms, consistent with the significant

decrease of storm frequency for the ET/EX phase in

Florida and Georgia (Fig. 9f). However, the striking

increase of TC-phase storm frequency and rainfall

resulting from the poleward shift of ET onset in New

England, New York, and Pennsylvania is not seen in

other states where the projected decrease of storm

frequency caused by fewer landfalling storms plays a

dominant role (see Figs. 6d and 9e). The changing

properties of the partition of landfalling-storm fre-

quency between the TC and ET/EX phases may have

important implications for threats from wind and

storm surge in addition to rainfall and resultant

flooding hazards.

Compared to the TC phase, the attribution analyses

find opposite results for the ET/EX phase in the north-

eastern United States. The increased storm rain rate is

dominated by decreased storm frequency, leading to an

overall decrease of July–November storm total rainfall

(Figs. 9b,d,f). The increased storm rain rates, however,

imply increased flood risk for individual ET/EX-phase

storms in the northeastern United States.

We examine the projected change of average storm-

centered landfalling-storm rainfall composite for the

TC phase and ET/EX phase, respectively (Fig. 11). For

the TC phase, the change of composite rainfall in terms

of rain intensity has two peaks in the right quadrant

(Fig. 11e). The peak in the front-right quadrant high-

lights the impact of frictional effects because for the

ocean only the peak in the rear-right quadrant near the

eyewall is seen (not shown). The other peak is roughly in

the eyewall regions. In contrast, the composite rainfall

shows the largest fractional increase in areas far from

the storm center with statistical significance (Fig. 11g),

broadly consistent with previous work (Wright et al.

2015). However, the storm rainfall total does not show a

substantial increase (Figs. 11a,c), similar to that over

ocean and in agreement with the results in Lin et al.

(2015). In contrast with the TC phase, the increase of

rainfall composite for the ET/EX phase is concentrated

in the front-left quadrant (Figs. 11f,h). Similar to the

TC phase, for the ET/EX phase we observe significant

FIG. 10. Box-and-whisker plots of the latitude (8N) at ET onset

for the PD and GW runs for storms passing through New England,

New Jersey, Pennsylvania, and New York. The limits of whiskers

represent the 10th and 90th percentiles. The limits of boxes rep-

resent the 25th and 75th percentiles. The line inside the boxes and

the circle indicate median and mean, respectively. The change of

latitude between PD and GW runs is statistically significant (p ,
0.01) based on the two-sided Mann–Whitney–Wilcoxon median

test.
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fractional increase over regions far from the storm

center in a warming climate (Fig. 11h).

The contribution of pronounced outerband rainfall

increase to the change of the spatial rainfall pattern is

explored by repeating the analyses using a storm size of

600 km. The change of storm size from 500 to 600 km

does not lead to a significant difference in the change of

geographic rainfall pattern (figure not shown), probably

as a result of the lower rainfall magnitude in outer bands

relative to inner-core regions. We examine the com-

parison between the rainfall change for the TC and

ET/EX phases and the Clausius–Clapeyron scaling

represented by SST changes over the area 108–308N,

208–808W. The Clausius–Clapeyron relation indicates

that the atmospheric specific humidity increases by

approximately 7% 8C21 increase in SST given that the

relative humidity has negligible change. The frac-

tional increase of landfalling-storm rainfall for the TC

phase grows with increased averaging radius (Fig. 12)

and is larger than the Clausius–Clapeyron scaling at

large radius.

Over ocean, TC-phase rainfall tends to be more

conducive to SST increase and shows a larger increase

than over land (Fig. 12). The rainfall increase for the

TC phase over both land and ocean exceeds the

Clausius–Clapeyron scaling at large averaging radius,

suggesting the role of dynamical effects in addition to en-

hanced water vapor convergence as a result of increased

vapor holding capacity. This is consistent with increased

storm intensity with statistical significance (p , 0.01) in

terms of maximum 10-m wind. For the ET/EX phase,

the change of rainfall in the front-left quadrant with

respect to the radius shows a similar trend to the TC

phase. Over land, the rainfall increase surpasses the

scaling at a radius larger than 100 km, and this radius

increases to about 200 km over ocean. These results

suggest that, in addition to increased water vapor, an

enhanced large-scale ascent associated with ET may

FIG. 11. As in Fig. 5, but for the PD andGW runs. Average storm-centered rainfall composite for the (a) PD and (c) GW runs for the TC

phase, and (e),(g) the change in the rain-rate composite between the PD and GW runs. (b),(d),(f),(h) As in (a),(c),(e),(g), but for the

ET/EX phase. Regions with storm rainfall lower than 5mmday21 are masked.

FIG. 12. The change (%) of rainfall for the TC phase and ET/EX

phase with respect to the averaging radius from the storm center.

For the ET/EX phase, only the front-left quadrant relative to the

storm center is presented.
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contribute to the pronounced increase of rainfall for

the ET/EX phase.

4. Summary

We examine the frequency of landfalling tropical cy-

clones and associated rainfall in the United States with

the GFDL FLOR coupled climate model. We compare

the FLOR results against observed tracks and rainfall

for the July–November 1979–2005 seasons. We examine

the change of storm frequency and rainfall through

comparisons between the future climate projection un-

der the RCP4.5 scenario over 2056–2100 and the present-

day simulations over 1961–2005. For the first time, we

examine the role of extratropical transition in the

landfalling-TC rainfall and its projection under anthropo-

genic warming. The main conclusions are summarized as

follows:

1) FLOR shows substantial skill in simulating the geo-

graphic distribution of landfalling-TC frequency but

underestimates rainfall magnitudes. This negative bias

may be attributable to the imperfect simulation of

the spatial pattern of the landfalling-TC genesis

and the impact of large-scale climate indices (e.g.,

SNAO) on landfall ratio. FLOR accurately simulates

the spatial pattern of landfalling-TC rainfall ob-

served in NLDAS but shows negative bias.

2) Compared to NLDAS, FLOR exhibits good skill in

simulating the spatial variability of annual storm

rainfall for landfalling-ET and landfalling-non-ET

events in spite of underestimation of the rainfall

amount. Rainfall from ET storms covers a much

larger area than non-ET storms and plays a more

prominent role in the eastern coastal states. For ET

storms, the striking spatial contrast of rainfall for the

TC and ET/EX phases is accurately simulated by

FLOR, as illustrated through comparisons against

NLDAS.

3) For the TC phase, the storm-centered rainfall com-

posite analyses show that FLOR produces higher

rain rates in the inner core than NLDAS and does

not accurately reproduce the concentration of rain-

fall in the front quadrants in NLDAS. However,

FLOR shows good skill in simulating the con-

centration of rainfall in the front-left quadrant in

the ET/EX phase.

4) Under the RCP4.5 scenario, FLOR projects signifi-

cant decreases of landfalling-TC frequency inmuch of

the southeastern United States, consistent with

the results in Wright et al. (2015). Compared to

landfalling-TC frequency, the change of TC rainfall

in the southern United States exhibits larger spatial

heterogeneity and statistical significance in fewer re-

gions caused by the competition between decreased

storm frequency and increased storm rain rate. The

change of TC rainfall in the northeastern United

States gradually shifts from increase to decrease as

one moves inland from the coastal lines, consistent

with the change of storm frequency.

5) The change of ET-storm rainfall exhibits a similar

spatial pattern to the TC rainfall. The difference is

that ET storms have larger areas with a statistically

significant increase of rainfall in the northeastern

coastal regions. In most regions of the southeastern

United States, except Alabama, FLOR projects a

complex changing pattern for ET-storm rainfall

caused by the compensations between increased

storm rain rate (with statistical significance in the

southern Appalachian Mountains) and decreased

storm frequency. This holds true for rainfall change

of non-ET storms and storms in TC and ET/EX

phases. In the northeastern United States, the most

prominent feature is the increase of TC-phase storm

frequency and associated rainfall, consistent with the

significant poleward shift of ET location for storms

passing through New England, New Jersey, Pennsyl-

vania, and New York as climate warms. It is hypoth-

esized that the increased SST and decreased wind

shear provide a more favorable future climate to

maintaining storms in the tropical phase at relatively

high latitudes.

6) The analyses of storm-centered rainfall composites

show a statistically significant increase of storm rain

rates for both the TC phase and ET/EX phase. For

the two phases, the greatest fractional increase occurs

far from the storm center (Wright et al. 2015). The

fractional change of TC-phase rainfall increases

with respect to averaging radius and becomes

larger than the Clausius–Clapeyron scaling at

large radius, broadly consistent with results in

Wright et al. (2015). This is also found in the front-

left quadrant of ET/EX-phase storms.

In this study, we explore the ability of the GFDL

FLOR climate model to simulate and project the

landfalling-TC frequency and associated rainfall in the

United States. A distinction of this study from previ-

ous work is the examination of the role of ET. A sur-

prising finding is the increased frequency of TC-phase

storms in the northeastern United States, a key element

of the increased rainfall. Furthermore, the increase of

landfalling-storm frequency with tropical characteristics

may have important implications for changes of wind

and storm surge hazards in the future and needs more

investigation in the future work.
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The shortcoming of FLOR for simulating landfalling-

TC rainfall suggests the need to explore simulations

from multiple models for more robust projections. For

example, the higher atmospheric resolution version

of FLOR (HiFLOR) has shown improved simulation

and prediction of major hurricanes as well as the tele-

connection between TCs and modes of climate vari-

ability (e.g., El Niño–Southern Oscillation) than FLOR

(Murakami et al. 2015, 2016b; Zhang et al. 2016b).

In addition, the use of higher land resolution is expected

to produce better simulations of the influence of landfall

on TC rainfall compared to the moderate resolution

version of FLOR. Future studies will use HiFLOR to

study the responses of landfalling-TC rainfall to global

warming and compare the results to those from FLOR.
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