
ORIGINAL PAPER

Associations between the size of hurricane rain fields
at landfall and their surrounding environments

Corene J. Matyas

Received: 21 July 2009 / Accepted: 22 December 2009 / Published online: 20 January 2010

� Springer-Verlag 2010

Abstract This study examines relationships between the

extent of hurricane rain fields, storm size, and the envi-

ronment surrounding the storm. A Geographic Information

System is employed to measure the extent of the rain fields

in each quadrant of 31 hurricanes at landfall-time. After

correlating the extents with measures of storm size, mul-

tiple linear regression models are developed to determine

which atmospheric forcing(s) at 0, 12, and 24 h prior to

landfall are most highly related to rain field size in each

quadrant. Results show that the radius of the outermost

closed isobar encompasses the rain fields in 90% of the

observations. Strong vertical wind shear from the south-

west correlates with a larger (smaller) rain field extent

toward the northeast (southwest), while higher relative

humidity values correlate with a larger extent toward the

northwest, southwest, and southeast. Storm intensity and

location also exhibit statistically significant correlations

with rain field size.

1 Introduction

Many studies have shown that considerable spatial vari-

ability exists in the rainfall produced by tropical cyclones

(TCs). High rainfall totals can occur both close to and

hundreds of kilometers from the center of circulation and

on both sides of the storm track. For example, high rainfall

totals occurred near the circulation center on the left side of

Hurricane Danny (1997) due to a slow forward velocity, a

contraction of the eyewall, and anomalously warm waters

in Mobile Bay (Blackwell 2000; Medlin et al. 2007). As

Hurricane Floyd (1999) transitioned into an extratropical

cyclone, it produced heavy rainfall farther away from the

circulation center but also on the left side of the track

(Atallah et al. 2007; Atallah and Bosart 2003). Several

recent observational studies have investigated the locations

within TCs where convective precipitation develops in

response to changing environmental conditions (Cecil

2007; Chan et al. 2004; Chen et al. 2006; Corbosiero and

Molinari 2002; Corbosiero and Molinari 2003; Liu et al.

2007). However, to better predict which locations are at

risk of receiving heavy rainfall as a TC approaches, it is

important to understand how the environment surrounding

a TC influences the radial extent of the rain fields as

landfall occurs.

The sizes of TCs are measured with respect to the radius

of a particular wind speed (i.e., radius of gale-force winds)

(Demuth et al. 2006; Kimball and Mulekar 2004; Moyer

et al. 2007) or the radius of the outermost closed isobar

(Kimball and Mulekar 2004; Merrill 1984). As a TC makes

landfall, interaction with the land surface causes the wind

fields to decrease in size (e.g., Kaplan and DeMaria 1995)

while the extent of rainfall may increase (e.g., Kimball

2008) so that the edges of the wind and rain fields do not

align. Thus, the distance from the circulation center over

which the rain fields extend could also be considered a

measure of storm size as it relates to post-landfall rainfall

potential. As more deaths have resulted from fresh water

flooding triggered by heavy rainfall from TCs in the US in

recent years as compared to wind-related damage (Rap-

paport 2000), it can be argued that the size of a TC’s rain

fields is an important attribute of the storm. Knowledge of

the rain field extent facilitates both the identification of

areas that could potentially receive heavy rainfall and the

calculation of the duration of the rainfall event. Both these
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parameters must be considered when determining specific

areas that may experience flooding from the rainfall pro-

duced by a TC (Elsberry 2002; Kidder et al. 2005; Liu et al.

2008; Vieux and Bedient 1998).

To fully explore the spatial extent of convective rainfall

associated with landfall TCs, this study utilizes a Geo-

graphic Information System (GIS) to measure the extent of

the rain fields as indicated by radar reflectivity returns. The

distance from the circulation center to the edge of the rain

field in each quadrant of the storm is calculated as many

previous studies (e.g., Blackwell 2000; Chan et al. 2004;

Marks 1985) have noted the asymmetrical distribution of

convection within TCs at the time of landfall. Correlation

coefficients are calculated between these distances and data

representing the sizes of the wind fields to determine how

closely related the extent of the rain fields are to the wind

fields. The measure of storm size that most often encom-

passes the rain fields, and that which is most often co-

located with the edge of the rain field in each quadrant, is

determined. Finally, multiple linear regression models are

constructed to identify the variables representing the con-

ditions of the environment surrounding the hurricane that

are the most highly correlated to the extent of the rain field

in each quadrant. Separate analyses are performed utilizing

predictors from the time of landfall (t0), and 12 (t12) and

24 (t24) hours prior to landfall. The results of the regres-

sion analyses suggest that vertical wind shear and atmo-

spheric moisture exert the most influence on the size of the

rain fields at the time of landfall.

2 Data

As this study examines TCs at landfall, the first task is to

establish the time and location of the landfall of the

circulation center for each storm. This is accomplished

using the Hurricane Season Tropical Cyclone Reports

available for each storm on the National Hurricane Center

(NHC)’s website (http://www.nhc.noaa.gov/pastall.shtml).

The coordinates of the circulation center of each TC at the

time of landfall provide the information necessary to obtain

radar reflectivity data from the radar sites nearest to the

point landfall, and also serve as the origin for measure-

ments of the radius of the rain fields.

Initially, 53 landfalls of hurricanes, tropical storms, and

tropical depressions were analyzed. However, the predictors

of rain field size, such as vertical wind shear and maximum

sustained wind speed, did not follow a normal or Gaussian

distribution when all 53 landfalls were examined collec-

tively. Additionally, many of the tropical storms and

depressions had one or more quadrants that were void of

convective rainfall so that the rain field sizes did not follow a

normal distribution. Removal of the tropical storms and

depressions allowed the independent and dependent vari-

ables to assume normal distributions so that they could be

included in the statistical analyses. Thus, this study only

includes results from the analysis of TCs that were hurricanes

at the time of landfall. Five of the 26 hurricanes examined

make multiple landfalls within the US at hurricane intensity.

When a second landfall occurs more than 18 h after the first,

both landfalls are utilized. This yields 31 hurricane landfalls

that are examined in the current study (Table 1).

Radar reflectivity data are utilized to define the edge of

the rain field for each hurricane. As data for most Weather

Surveillance Radar 1988 Doppler (WSR-88D) sites are

available beginning in 1995, this year marks the beginning

of the study period. Hurricanes Opal (1995) and Lili (2002)

Table 1 Hurricanes analyzed in the current study listed in order of

decreasing maximum sustained wind speed (Vmax) at the time of

landfall

Hurricane Year Landfall

time and date

Landfall

state

Vmax

(m s-1)

Charley 2004-1 2045 UTC 13 Aug FL 64

Katrina 2005-2 1110 UTC 29 Aug LA 57

Ivan 2004 0650 UTC 16 Sep AL 54

Jeanne 2004 0400 UTC 26 Sep FL 54

Dennis 2005 1930 UTC 10 Jul FL 54

Wilma 2005 1030 UTC 24 Oct FL 54

Rita 2005 0740 UTC 24 Sep LA 51

Bret 1999 0000 UTC 23 Aug TX 51

Fran 1996 0030 UTC 6 Sep NC 51

Bonnie 1998 0400 UTC 27 Aug NC 49

Ike 2008 0700 UTC 13 Sep TX 49

Bertha 1996 2000 UTC 12 Jul NC 46

Georges 1998-1 1530 UTC 25 Sep MS 46

Georges 1998-2 1130 UTC 28 Sep FL 46

Floyd 1999 0630 UTC 16 Sep NC 46

Isabel 2003 1700 UTC 18 Sep NC 46

Frances 2004 0430 UTC 5 Sep FL 46

Gustav 2008 1500 UTC 1 Sep LA 46

Claudette 2003 1530 UTC 15 Jul TX 41

Humberto 2007 0700 UTC 13 Sep TX 41

Erin 1995-1 0615 UTC 2 Aug FL 39

Erin 1995-2 1600 UTC 3 Aug FL 39

Dolly 2008 1830 UTC 23 Jul TX 39

Danny 1997-2 1000 UTC 19 Jul AL 36

Earl 1998 0600 UTC 3 Sep FL 36

Irene 1999 2000 UTC 15 Oct FL 36

Charley 2004-2 1400 UTC 14 Aug SC 36

Katrina 2005-1 2230 UTC 25 Aug FL 36

Danny 1997-1 0900 UTC 18 Jul LA 33

Gaston 2004 1400 UTC 29 Aug SC 33

Cindy 2005 0300 UTC 6 Jul LA 33
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could not be included as the required radar data were not

available. Level III base reflectivity data from the WSR-

88D sites located nearest to the point of landfall and from

the scan occurring at the time nearest to that of landfall are

obtained from the National Climatic Data Center’s

(NCDC) archive (http://www.ncdc.noaa.gov/nexradinv/).

These data are derived from the lowest scan of the radar

(0.5� tilt) and are rounded to the nearest 5 dBZ (OFCM

2006). At some WSR-88D sites such as KEVX and KEOX,

Level III data are not available prior to 2001. In these

cases, Level II data are utilized. Level II data include all

tilts of the radar, and reflectivity values are recorded in 0.5

dBZ increments (OFCM 2006). For this study, reflectivity

values from the 0.5� tilt are extracted from the Level II data

and are rounded to the nearest 5 dBZ so that they follow

the same numerical scale as the Level III data.

Variables that characterize the conditions of the atmo-

sphere around the storms are obtained from the Statistical

Hurricane Intensity Scheme (SHIPS) database (DeMaria

and Kaplan 1994, 1999; DeMaria et al. 2005). The atmo-

spheric environmental factors in this database are all

derived from the NCEP GFS model analyses. Data are

available every 6 h (00, 06, 12, and 18 UTC), and most

variables are calculated for an annular region located 200–

800 km from the circulation center. For the current study,

these data are interpolated to t0, t12, and t24 by a linear

function. The temperature and relative humidity of the

environment surrounding each storm are available near the

surface at 1,000 hPa as well as for three additional levels or

layers above the boundary layer (Table 2). The magnitude

and direction of vertical wind shear over a deep layer is

calculated over 850–200 hPa; the direction of shear is

subdivided into south-to-north and west-to-east compo-

nents and multiplied by the velocity of the deep layer wind

shear for the current study. The velocity of the

850–200 hPa shear is also included in the analysis, as are

divergence and the magnitude of the zonal wind at 200 hPa

(Table 2). Other variables contained within the SHIPS

database, such as vorticity at 850 hPa, could not

be employed as their values did not follow a normal

distribution.

Storm motion, intensity, and location are also likely to

influence the radius of TC rain fields. Storm motion is

calculated using the coordinates of the circulation centers

obtained from the hurricane best track database (HUR-

DAT), which contains observations every 6 h (00, 06, 12,

and 18 UTC) (Jarvinen et al. 1984). These data are linearly

interpolated to t0, t12, and t24, and storm motion is cal-

culated using the change in the position of the circulation

center. Storm heading is subdivided into south-to-north and

west-to-east components and multiplied by the forward

velocity. The latitude of the storm at the time of landfall

and maximum sustained wind speed are obtained from the

Hurricane Season Tropical Cyclone Reports. Previous

research has shown that hurricanes grow in size after

reaching their peak intensity (Kimball and Mulekar 2004;

Maclay et al. 2008; Merrill 1984, 1988), meaning that

hurricanes making landfall several hours after attaining

peak intensity may have larger rain fields than storms

attaining peak intensity near the time of landfall. Thus, the

latitude of the hurricane at the time of peak intensity, which

is also available from the season reports, is included in the

analysis (Table 2). The longitudes, both of the storms at t0

and at the time of peak intensity, could not be included as

they do not follow a normal distribution. However, longi-

tude values at t12 and t24 are distributed normally and are

included as predictors in the regression models that employ

data from these times.

Data pertaining to the size of each hurricane are

obtained from the extended best track dataset (Demuth

et al. 2006). The current study utilizes four measures of

storm size from this dataset, including the radius of the

outermost closed isobar (ROCI), and for each quadrant of

the storm, the extent of 17 m s-1 (gale-force), 26 m s-1

Table 2 Variables that are normally distributed and utilized at 0, 12,

and 24 h prior to landfall to predict the radius of the rain field at

landfall-time

Variable Abbreviation Units

Circulation center latitude Lat �
Circulation center longitudea Lon �
Maximum sustained wind speed Vmax m s-1

South-to-north storm motion DirN m s-1

West-to-east storm motion DirE m s-1

Deep-layer (850–200 hPa) shear

south-to-north

ShDN m s-1

Deep-layer (850–200 hPa) shear

west-to-east

ShDE m s-1

Velocity of the deep-layer shear ShDV m s-1

Zonal winds at 200 hPa U200 m s-1

Relative humidity low-level

(850–700 hPa)

RhLo %

Relative humidity mid-level

(700–500 hPa)

RhMd %

Relative humidity high-level

(500–300 hPa)

RhHi %

Near-surface relative humidity

(1,000 hPa)

R000 %

Temperature at 150 hPa T150 �C

Temperature at 200 hPa T200 �C

Temperature at 250 hPa T250 �C

Near-surface temperature

(1,000 hPa)

T000 �C

Divergence at 200 hPa D200 10^5 s-1

Latitude at time of peak intensity LatM �
a Only distributed normally and utilized as a predictor at t12 and t24
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(damaging-force), and 33 m s-1 (hurricane-force) winds.

The quadrants utilized to provide size measures are located

northeast, northwest, southwest, and southeast of the cir-

culation center of the storm. The size data are estimated

from ship reports, aircraft reconnaissance data, and satellite

imagery and are also linearly interpolated to the time

of landfall as the original data are available every 6 h

(Mueller et al. 2006).

3 Radar analysis and quadrant placement

The radius of the rain field in each quadrant of the hurri-

canes is determined through a spatial analysis of radar

reflectivity data within a GIS. Radar reflectivity data in

their native format cannot be directly imported into a GIS.

However, capabilities exist to convert the data into a GIS-

compatible format through the Java Next-Generation

Weather Radar (NEXRAD) Tools developed by Ansari and

Del Greco (2005), which are available from the NCDC

website. The converted radar data are then imported into

ArcGIS 9.2 (ESRI 2006) as a georeferenced shapefile,

along with the coordinates of the circulation centers of the

hurricanes at the time of landfall. Within the GIS, data

from adjoining radar sites are merged into a single layer so

that the entire rain field can be analyzed. In locations where

reflectivity values are available from multiple radar sta-

tions, the highest values are retained.

The next task is to define the edge of the rain field for

each hurricane. Spatial attributes such as the length of the

perimeter are calculated for clusters of reflectivity returns

having the same value. To qualify as the edge of the rain

field, a cluster of reflectivity values must have a perimeter

length greater than 100 km and contain reflectivity values

equal to or greater than 35 dBZ. The GIS is utilized to

measure the distance from the circulation center to the edge

of the clusters, and the distance to the farthest cluster in

each quadrant of the storm serves as the radius of the rain

field for that quadrant (Fig. 1). The mean radius of the rain

field is calculated by averaging the measurements from the

four quadrants. Subtracting the radius of the quadrant with

the smallest span from the quadrant with the largest span

yields a simple measure of storm asymmetry.

As TCs can be divided into quadrants by using cardinal

directions, storm motion, and the direction of vertical wind

shear, it is important to understand how these quadrants

tend to overlap in space to correctly interpret the results of

the statistical analyses. Data pertaining to the wind fields of

TCs are collected during aircraft reconnaissance flights in

the northeast, northwest, southwest, and southeast quad-

rants of the storm (Mueller et al. 2006). These data are

utilized to determine the extent of damaging-force winds

and the size of the storm. To allow the extents of the rain

fields and wind fields to be directly compared, the hurri-

canes in this study are divided into quadrants based upon

cardinal directions so that the northeast quadrant spans 0�–

90�, the southeast quadrant spans 90�–180�, the southwest

quadrant spans 180�–270� and the northwest quadrant

spans 270�–360�. The radius of the rain field is then

measured in each quadrant.

Previous research has shown that storm motion and

vertical wind shear can introduce asymmetries into storm

structure that affect where convective rainfall develops in

both the inner 100 km of the storm, and at larger radii (e.g.,

Chen et al. 2006; Corbosiero and Molinari 2003; Rogers

et al. 2003). Storm motion causes heavier rainfall either

ahead of the storm (right and left front quadrants) (Miller

1958; Shapiro 1983) or to the right of the storm (right front

and rear quadrants) (Frank 1977). The left rear quadrant

typically contains the least convection at the time of

landfall as offshore winds at the surface diverge and

enhance downward motion that suppresses convection

(Frank 1977; Powell 1987). As previously described, storm

motion at the time of landfall is calculated using the

coordinates of the circulation center contained within

HURDAT, and the radius of the rain field is measured for

each motion-relative quadrant.

When vertical wind shear is present, the vortex of a TC

becomes tilted. This tilting enhances upwards motion and

increases rainfall in the direction of tilt, and downward

motion is enhanced in the direction opposite to the tilt

(Corbosiero and Molinari 2002; Frank and Ritchie 2001;

Zheng et al. 2007). Although vertical wind shear tends to

Fig. 1 Measuring the radius of the rain field in each quadrant of

Hurricane Bret (1999) at the time of landfall with quadrants placed

relative to cardinal directions
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enhance rainfall in the downshear-left quadrant near the

core of a hurricane, it can enhance rainfall in both the

downshear-right and downshear-left quadrants in the outer

regions of the storm (Corbosiero and Molinari 2003).

Because vertical wind shear may be across or along the

storm track (Corbosiero and Molinari 2003; Rogers et al.

2003), it is possible for the right-front quadrant to overlap

with any of the four shear-relative quadrants (downshear-

left, downshear-right, upshear-right, upshear-left). Thus,

quadrants are also placed according to the direction of the

deep layer (850–200 hPa) vertical wind shear obtained

from the SHIPS dataset, and the radius of the rain field is

measured in each of these shear-relative quadrants. It

should be noted that use of quadrants based upon cardinal

directions also facilitates the comparison of the rain field

extent with the direction of the vertical wind shear. Many

TCs in the Atlantic basin experience vertical wind shear

from the west or southwest (Corbosiero and Molinari

2003), which places the downshear left or right quadrants

to the northeast of the circulation center.

The majority of the hurricanes examined in the current

study are moving northward (Fig. 2) as they make landfall

along the US Gulf Coast or the coast of North Carolina.

This motion results in an overlap of the right front and

northeast quadrants in 58% of the storms (Fig. 3). The

vertical wind shear experienced by most of the hurricanes

has strong westerly and southerly components to its

direction (Fig. 4). The northeast quadrant is most often

in the same location as the downshear-left quadrant, and is

in the downshear direction in 74% of the cases (Fig. 5). In

68% of cases, the right-front quadrant is located within one

of the two downshear quadrants (Fig. 6). When considering

all three sets of quadrants, the majority of hurricanes fea-

ture overlap among the northeast, right-front, and down-

shear-left quadrants (Table 3). The results of paired-sample

t tests confirm that the radii of the rain fields within the

northeast and right-front quadrants and northeast and

downshear-left quadrants are similar among the 31 cases in

the current study as they are positively correlated and have

similar means. The quadrant placements are discussed in

terms of their cardinal directions in the rest of the paper,

which facilitates comparison of the wind fields, as well as

the direction of the vertical wind shear, with the extent of

the rain fields.

4 Rain field distances

The average rain field size is 223 km at the time of landfall.

However, the asymmetry metric reveals the extent to which

the rain fields of hurricanes are asymmetrically distributed

Fig. 2 Heading and forward velocity at the time of landfall for the 31

hurricanes in the current study; radials are placed every 2 m s-1 out

to 12 m s-1

Fig. 3 Distribution of the direction of storm heading and the number

of cases when the right front quadrant (RF) falls within each

direction-relative quadrant (NE, SE, SW, NW)

Fig. 4 Direction and velocity of 850–200 hPa vertical wind shear at

the time of landfall for the 31 hurricanes in the current study; radials

are placed every 5 m s-1 out to 25 m s-1
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about the circulation center of the storm. On average, the

rain field extends 204 km farther from the circulation

center in the quadrant with the largest radius than it does in

the quadrant with the smallest radius. After dividing the

cases into three groups based on when and if a storm

becomes extratropical (Fig. 7), it can be seen that the most

symmetrical storms, with an average asymmetry of

126 km, dissipate after landfall without becoming extra-

tropical. For these storms, rain fields span larger distances

on the south side and smaller distances on the north side of

the storm when compared to storms that do become

extratropical.

The most asymmetric hurricanes, with an average

asymmetry of 277 km, are within 2 days of completing an

extratropical transition (Fig. 7). Hurricane Floyd (1999) is

the most asymmetrical hurricane in the study. Assuming

that its size remained unchanged prior to landfall, the rain

field of Floyd (1999) could have made landfall some 30 h

prior to the circulation center given its 8.7 m s-1 forward

velocity and 595 km radius of the rain field in a forward

quadrant. Thus, it is important to account for asymmetries

in the radius of the rain field, rather than relying on a

quadrant-averaged measure of rain field size, to more

accurately predict when heavy rainfall will begin to affect

the coastline.

Hurricane–trough interactions that result in an extra-

tropical transition (ET) likely explain why rain field tends

Fig. 5 Distribution of the direction of the heading of the wind shear

and the number of cases when the downshear left quadrant (DSL)

falls within each direction-relative quadrant (NE, NW, SE, SW)

Fig. 6 Distribution of the angle between the heading of the vertical

wind shear and storm motion measured counterclockwise from the

vertical shear to the motion vector, and the number of cases when the

downshear left quadrant (DSL) falls within each motion-relative

quadrant (RF, RR, LR, LF)

Table 3 Number of cases when each motion- and shear-relative

quadrant overlaps with the northeast quadrant

Quadrant overlap No. of cases

NE-RF-DSL 10

NE-RF-DSR 5

NE-RF-USR 1

NE-RF-USL 2

NE-RR-DSL 4

NE-RR-DSR 1

NE-RR-USL 4

NE-LF-DSL 1

NE-LF-DSR 2

NE-LF-USL 1

Fig. 7 Extent of rain field in each quadrant averaged for hurricanes

that complete an extratropical transition (ET) within 2 days of

landfall, complete an ET more than 2 days after landfall, and do not

complete an ET; radials are placed every 50–400 km
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to be larger on the north and smaller on the south sides of

the storms in the current study (Fig. 8). Over 70% of the

hurricanes in the current study become extratropical after

landfall. Thus, this study contains a higher percentage of

these cases than that found by Hart and Evans (2001), who

determined that 46% of Atlantic basin TCs during 1899–

1996 became extratropical. During this transition, the

environment surrounding the hurricane becomes baroclinic

and isentropic ascent occurs near the steep thermal gradient

between tropical and continental air masses typically

located north of the storm’s center that enhances precipi-

tation in this region (Klein et al. 2000; Peng et al. 2007)

Cooler and drier air masses advect into the hurricane’s

circulation on the south side of the storm, which reduces

convection in this direction (Atallah and Bosart 2003).

The largest quadrant on average is the northeast quad-

rant (Fig. 8). Twenty of the 31 hurricanes have their largest

rain-field span in the northeast quadrant, and in 17 of these

20 hurricanes, this quadrant is in the downshear direction.

A review of NHC Tropical Cyclone Season Reports con-

firms that strong vertical wind shear from the southwest

commonly affects hurricanes as they make landfall in the

US. Vertical wind shear enhances convection in the

downshear direction (Black et al. 2002; Chen et al. 2006;

Corbosiero and Molinari 2002, 2003; Rogers et al. 2003;

Willoughby et al. 1984), and Maclay et al. (2008) found

that high vertical wind shear causes the displacement of

convection into the outer regions of TCs. This most likely

explains why the rain field extends more than 400 km in

the northeast quadrants of Hurricanes Floyd (1999),

Charley (2004-2), and Wilma (2005). The vertical wind

shear exceeds 20 m s-1 along a heading of 24�–26� in

these storms. Thus, the regression models predicting the

rain field extent toward the northeast are expected to con-

tain variables related to vertical wind shear.

The northwest quadrant has the second largest rain field

extent on average (Fig. 8). Larger spans in this quadrant

may arise during an ET that produces a delta-shaped rain

Fig. 8 Distribution, mean, and standard deviation of the rain field extent in the a northwest, b northeast, c southwest, and d southeast quadrants

of the 31 hurricanes at landfall
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field extending poleward from the circulation center (Harr

and Elsberry 2000; Klein et al. 2000; Milrad et al. 2009).

Hurricanes Floyd (1999), Isabel (2003), Katrina (2005-2),

and Charley (2004-2) have rain field spans exceeding

350 km toward the northwest and they all complete an ET

within 37 h of landfall. Smaller spans could result from the

advection of drier continental air masses into the western

side of the storm (Cubukcu et al. 2000; Kimball 2008;

Powell 1987) as all hurricanes save Charley (2004-1) and

Wilma (2005) have their northwest quadrant located over

land at the time of landfall. TCs that have faster tangential

winds can advect moist tropical air from their eastern to

their western side, allowing for a larger rain field span

toward the northwest. Variables associated with moisture,

intensity, and environmental conditions associated with an

ET could all be important to predicting the extent of the

rain field toward the northwest.

Most of the hurricanes (23 of 31 cases) have their

smallest rain field extent in the southwest quadrant. Seven

hurricanes, whose southwest quadrant is in the upshear

direction, have radii below 100 km (Fig. 8). Similar to the

northwest quadrant, advection of dry air from continental

air masses as the storms approach landfall or interact with

middle latitude weather systems can limit the rain field

extent toward the southwest. Variables associated with

vertical wind shear or moisture may be important to the

prediction of the rain field span in this quadrant.

Five (four) hurricanes have their largest (smallest) span

toward the southeast. Hurricanes with their western half

over land (e.g., Ike and Dolly (2008)), where continental

air masses may limit the extent of the rain field on this side

of the storm, have their largest radius in the southeast

quadrant. The five hurricanes with radii less than 150 km in

the southeast quadrant (Fig. 8) made landfall along the

coast of North Carolina and eventually became extratrop-

ical. Dry slots that form south of the circulation centers of

TCs as they become extratropical (Klein et al. 2000) limit

the extent of convection even though the southeast quad-

rant may be located downshear, a condition that tends to

enhance convection (Corbosiero and Molinari 2002). Thus,

variables related to storm location and motion, rather than

vertical wind shear, may be important when predicting the

rain field extent toward the southeast.

5 Comparisons to size data

The extent of the rain field is next compared to variables

that represent the size of the storm. As the size data in

several quadrants do not follow a normal distribution,

Spearman’s rank correlation coefficients are calculated

between the extent of the rain field in each quadrant and the

radius of 17, 26, and 33 m s-1 winds in each quadrant as

well as the ROCI. The extent of the rain field is also sub-

tracted from each size measure to determine which of the

size measures is most closely co-located with the edge of

the rain field, and which measure of storm size most

completely encompasses the rain fields.

The measure of storm size exhibiting the highest cor-

relation across all quadrants of rain field extent is the ROCI

(Table 4). The positive relationship between ROCI and the

rain field extent in the northeast, northwest, and southwest

quadrants indicates that the rain fields span a greater dis-

tance when the ROCI is large. This result is similar to that

of Konrad (2001), who found a statistically significant

correlation between ROCI and the scale of precipitation

events caused by TCs in the 2 days following their US

landfall. Climatological studies of the storm size by Merrill

(1984) and Kimball and Mulekar (2004) found the average

ROCI to be 333 and 350 km, respectively, for the Atlantic

basin TCs in their study, which agrees well with the

365 km average in the current study.

The extents of the rain fields on the west sides of the

hurricanes are most closely related to the size of the wind

field (Table 4). The edge of the rain field in the northeast

quadrant is only correlated to the extent of winds in the

southeast quadrant, and the rain field extent in the southeast

quadrant does not exhibit a significant correlation with any

of the size measures. This could be because the size

measures at the time of landfall are calculated through a

linear interpolation of the data available at 00, 06, 12, and

18 UTC. As half of the hurricane is located over land when

the eye makes landfall, surface friction that helps to

decrease the tangential speed of the winds is greatest in the

forward half of the storm. Thus, the edge of the various

wind thresholds may be slightly farther from or closer to

Table 4 Spearman’s Rho correlation coefficients between measures

of storm size and the extent of the rain field in each quadrant

Size measure RainNE RainNW RainSW RainSE

R17NE 0.317 0.497 0.341 -0.170

R17SE 0.470 0.525 0.327 -0.050

R17SW 0.358 0.455 0.540 -0.029

R17NW 0.329 0.413 0.427 -0.084

R26NE 0.350 0.510 0.296 -0.193

R26SE 0.438 0.542 0.306 -0.100

R26SW 0.307 0.564 0.531 -0.121

R26NW 0.251 0.427 0.460 -0.081

R33NE 0.279 0.398 0.285 -0.101

R33SE 0.433 0.405 0.265 0.004

R33SW 0.225 0.479 0.638 -0.079

R33NW 0.218 0.454 0.638 -0.065

ROCI 0.409 0.536 0.557 -0.071

Italicised values are statistically significant at a = 0.01
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the circulation center at the time of landfall than the

interpolated values indicate. Future research should

examine the relationship between the edge of the rain field

and the wind fields prior to the time when the wind fields

interact with land to achieve better results.

When subtracting the ROCI from the rain field span in

each quadrant, the ROCI value is larger in 90% of the

comparisons, which indicates that the ROCI typically

precedes the arrival of the heaviest rainfall as landfall

occurs. As locations that are expected to fall outside of the

ROCI have a low chance of receiving heavy rainfall as the

hurricane moves inland, this result suggests that the ROCI

could be utilized to delineate regions at risk from heavy

rainfall from those that are not. The radius of gale-force

winds is most closely co-located with the edge of the rain

field on average. The rain fields in the northeast and

northwest quadrants tend to be 50–75 km in front of R17,

while the edge of the rain field is located 8 and 39 km

closer to the circulation center than R17 in the southwest

and southeast quadrants, respectively.

6 Statistical modeling

The rain field distances discussed in Sect. 4 indicate that

the radius of the rain field varies in each quadrant of a

hurricane, and suggest that different combinations of

environmental forcing may be affecting the spatial distri-

bution of rainfall in each quadrant of the storm. For

example, when hurricane–trough interactions occur, verti-

cal wind shear is high, divergence at 200 hPa is strong, and

the forward motion of the hurricane increases (Atallah and

Bosart 2003; Bosart and Lackmann 1995; Evans and Hart

2003; Hanley et al. 2001; Hanley 2002; Harr et al. 2000;

Jones et al. 2003; Peng et al. 2007; Shapiro and Moller

2003). These conditions may enhance or inhibit convection

on different sides of the storm. Other studies have related

the moisture content in the environment surrounding a

hurricane to the distribution of its rainfall. Hill and Lack-

mann (2009) and Jiang et al. (2008a, b) suggest that TCs

have larger rain fields when high moisture content exists in

the environment surrounding the storm.

To further explore the relationships between variables

representing the environmental conditions surrounding the

storms and the radius of the rain fields at the time of

landfall, the current study utilizes statistical models.

Employing multiple linear regression analysis allows the

relative contributions of each predictor to the model to be

assessed by calculating the partial correlations of each

predictor to the dependent variable. Thus, the results of the

analyses will indicate which physical forcing mecha-

nism(s) may exert the dominant influence on the extent of

the rain field in each quadrant of the hurricane. The use of

regression analysis in TC research is well documented as

researchers have used it to predict the extent of TC wind

fields (Bell and Ray 2004; Demuth et al. 2004, 2006;

Mueller et al. 2006) and to forecast TC intensity (DeMaria

and Kaplan 1994; DeMaria et al. 2005).

To ascertain which environmental conditions exhibit the

strongest relationship with rain field size, multiple linear

regression models are developed to predict the extent of the

rain field in each quadrant of the storm at the time of

landfall. Three sets of models are developed; they utilize

predictors at t0, t12, and t24. Models are developed to

predict the rain field extent in quadrants placed according

to cardinal direction, storm motion, and vertical wind

shear. However, as the results from the cardinal direction-

relative quadrants exhibit higher percentages of explained

variance overall, the results from the other quadrant

placements are not discussed. The determination of which

conditions may have the strongest influence on rain field

extent is based on how frequently each predictor associated

with a particular condition appears in the 12 regression

models, and the value of its standardized partial correlation

coefficients. It is important to note that if the results of

these models are in agreement with previous observational

and modeling studies, then the GIS-based methods of

spatial analysis performed in this study are validated and

can be utilized in further research.

All variables should be normally distributed and multi-

collinearity must be minimized in order for a multiple

linear regression analysis to be successful, According to the

results of a Shapiro-Wilks W test (Klein et al. 2000), all

variables listed in Table 2 have a normal distribution.

However, many of the predictors are related to one another

as they represent measurements of conditions in adjacent

layers of the atmosphere, such as the upper tropospheric

temperature variables. When performing a regression

analysis, multicollinearity of variables is undesirable as the

variance in both the model and the coefficients of the

predictors becomes inflated. Thus, before the regression

models are developed, a cross-correlation matrix is con-

structed for all dependent and independent variables. For

groups of variables exhibiting high correlation values

(|r| [ 0.33; a = 0.05), the one variable in the group with

the highest correlation to the dependent variable for each

model is entered into the regression analysis.

To further reduce the number of predictors utilized in

each model, a forward stepwise approach is utilized. At

each step, the independent variable that has the highest

correlation to the dependent variable and that is statistically

significant at a = 0.05 is added to the model, while con-

trolling for variables that are already included in the model.

This method repeats until none of the remaining indepen-

dent variables is statistically significant to the model.

Successful models will have a high amount of variance in
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the radii of the rain fields that is explained by the predictors

in each model (i.e., a high R2 value). Standardizing the

regression coefficients, which represent the relationship of

each independent variable to the dependent variable, ren-

ders them independent of units of measurement to facilitate

the identification of the predictor(s) that contributes the

most toward explaining the variance in the dependent

variable.

7 Results of statistical modeling

An examination of the percentage of explained variance

across the 12 regression models shows that rain field extent

is predicted best for the northeast quadrant, followed by the

northwest, southwest, and southeast quadrants (Tables 5, 6,

7). Research examining the effects of vertical wind shear

on TCs found a 24-h lag between the onset of vertical wind

shear and changes to the structures of their modeled storms

(Bender 1997; Frank and Ritchie 1999, 2001). Yet, the t24

models in the current study yield the lowest percentages of

explained variance within the three time periods. This

result could be attributed to the large changes in vertical

wind shear direction and velocity experienced by most of

the TCs during the 24-h period prior to landfall as 18

storms experience a change in velocity that is greater than

5 m s-1. However, the models that utilize predictors from

t12 yield higher R2 values than those utilizing predictors at

the time of landfall, suggesting that there is a 12-h lag

between condition onset and the resulting extent of con-

vective rainfall.

There are 27 statistically significant predictors contained

within the 12 multiple linear regression models that predict

the rain field extent in each quadrant at the time of landfall.

An examination of the Pearson correlation coefficients

among these predictors reveals that they can be grouped

into four main influences on the rain field extent. Exam-

ining the frequency and the strength with which predictors

contribute to the explained variance in rain field extent

allows these influences to be ranked as follows: (1) vertical

wind shear, (2) moisture, (3) intensity, and (4) location.

Vertical wind shear exerts the strongest influence on the

extent of convection about the circulation centers of hur-

ricanes at the time of landfall. Of the 27 predictors con-

tained within the 12 regression models, 11 are related to the

strength and/or direction of the vertical wind shear (ShDN,

ShDE, ShDV, U200). This result supports those of other

studies (e.g. Cecil 2007; Chen et al. 2006; Lonfat et al.

2004, 2007; Matyas 2010; Rogers et al. 2003) suggesting

that strong vertical wind shear is a leading cause of con-

vection that is asymmetrically distributed in TCs. Studies

by Corbosiero and Molinari (2002), Chen et al. (2006), and

Cecil (2007) show that increased vertical wind shear results

in a shift of convection toward the downshear quadrants,

and reduced convection in the upshear quadrants. The

results of this study add to previous research as they

Table 5 Results of multiple linear regression analyses performed to

predict the radius of the rain fields of hurricanes at the time of landfall

using predictors at the time of landfall

Dependent

variable

R2 Independent

variable

Standardized

coefficient

Northeast quadrant 0.782 ShDN 0.884

Northwest quadrant 0.646 DirN 0.624

T200 0.331

RhHi 0.324

Southwest quadrant 0.598 LatM -0.592

U200 -0.494

RhLo 0.254

Southeast quadrant 0.379 T000 0.545

ShDE 0.331

Table 6 Results of multiple linear regression analyses performed to

predict the radius of the rain fields of hurricanes at the time of landfall

using predictors from 12 h prior to landfall

Dependent

variable

R2 Independent

variable

Standardized

coefficient

Northeast quadrant 0.784 ShDN 0.813

ShDE 0.189

Northwest quadrant 0.727 ShDN 0.563

T150 0.382

RhHi 0.258

Southwest quadrant 0.629 U200 -0.563

Vmax 0.316

RhHi 0.307

Southeast quadrant 0.297 Lon -0.409

RhLo 0.332

Table 7 Results of multiple linear regression analyses performed to

predict the radius of the rain fields of hurricanes at the time of landfall

using predictors from 24 h prior to landfall

Dependent

variable

R2 Independent

variable

Standardized

coefficient

Northeast quadrant 0.548 ShDN 0.740

Northwest quadrant 0.622 Vmax 0.642

Lon 0.316

ShDV 0.296

Southwest quadrant 0.519 U200 -0.539

RhHi 0.419

Southeast quadrant 0.292 Lon -0.368

RhLo 0.329
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demonstrate that the extent of convection extends outwards

with increasing vertical wind shear. Strong vertical wind

shear occurs when hurricanes interact with middle latitude

weather systems, upper-level cut-off lows, or outflow from

other tropical cyclones or organized convective systems

(Hanley et al. 2001; Jones et al. 2003; Ritchie and Elsberry

2001).

The three highest standardized coefficients of the 27

predictors are for the magnitude of the northward vertical

wind shear component (ShDN) at t24, t12, and t0 as a

predictor of the rain field span in the northeast quadrant.

The strong southwesterly vertical wind shear experienced

by most hurricanes in the current study (Fig. 4) places this

enhanced convection in the northeast quadrant, which tends

to be co-located with either downshear quadrant (Table 3).

When shear has a stronger eastward component, the

northeast and southeast quadrants are placed in the down-

shear direction, thus accounting for the positive correlation

of variable ShDE with rain field extent at t12 and t0

(Tables 5, 6). Zonal wind at 200 hPa is also related to rain

field extent (Tables 5, 6, 7). Increased zonal wind at

200 hPa is closely associated with an increased westerly

component of the 850–200 hPa deep-layer vertical wind

shear. Thus, it is not surprising that when U200 is large, the

extent of the rain field in the southwest quadrant is small as

this quadrant is located in the upshear direction.

Moisture is the second most important predictor of rain

field extent at the time of landfall. Variables RhLo and

RhHi appear in 7 of the 12 regression models and con-

tribute to the explained variance in rain field extent in the

northwest, southwest, and southeast quadrants (Tables 5, 6,

7). In previous studies, increased moisture available in the

region surrounding the TC has been related to increases

convective cloud formation and rain rates (Jiang and

Halverson 2008; Rodgers et al. 1994, 1998, 2000; Rodgers

and Pierce 1995). Recently, Hill and Lackmann (2009)

found that environmental relative humidity is an important

control on the extent of both the outer spiral rainbands and

the wind fields of their modeled TCs. The statistically

significant positive correlations between relative humidity

and rain field extent found in the current study provide

observational support to the findings of Hill and Lackmann

(2009). Relative humidity values for TCs in the current

study ranged from 52 to 76% in the lower troposphere and

from 33 to 66% in the upper troposphere. These values

compare well with those utilized by Hill and Lackmann

(2009), who set relative humidity values at 80% for the

inner 150 km of the storm, and 20, 40, 60, and 80% for the

region outside of 150 km. Dry air advection from conti-

nental air masses (e.g., Cubukcu et al. 2000), middle lati-

tude weather systems (e.g. Rodgers et al. 1991), or the

Saharan air layer (e.g. Dunion and Velden 2004) can

reduce precipitation in one part of the storm. As the relative

humidity variables in the SHIPS database represent an

averaged value over a 200–800 km radial distance from the

TC’s circulation center, differences in relative humidity

values within each quadrant cannot be quantified. Higher

correlation coefficients between rain field extent and rela-

tive humidity could be attained if moisture is examined in

each quadrant of the storm utilizing North American

Regional Reanalysis data.

Previous research has shown that storm intensity is

related to rainfall rates produced by the storm (Jiang et al.

2008a, b; Lonfat et al. 2004; Tuleya et al. 2007).The cur-

rent study finds that storm intensity is correlated with the

extent of the rain field on the western side of the hurri-

canes, indicating positive relationships among storm

intensity, rain field size, and storm symmetry. Higher

maximum sustained wind speed is correlated to a larger

rain field extent toward the northwest at t24 and southwest

at t12 (Tables 6, 7). Temperatures in the upper troposphere

(T150, T200), which are known to be correlated with TC

intensity (e.g. Gray 1979), are positively correlated with

the extent of the rain field toward the northwest at t0 and

t12. Storm symmetry is an important indicator of intensity

as indicated by Dvorak (1975). Faster tangential winds can

advect moisture from the eastern to the western side of the

hurricane to allow convection to form at greater distances

from the circulation center to create a more symmetrical

TC. Weaker tangential winds may not allow for the

advection of tropical moisture counterclockwise into the

southwestern quadrant of the storm, creating a smaller

extent of the rain field in this location and producing an

asymmetrical rain field.

Additionally, the latitude at which TCs reach their

maximum intensity is important when predicting the rain

field extent toward the southwest. Once TCs reach their

maximum intensity, they grow in size as more angular

momentum enters the system than is needed to maintain its

circulation (Merrill 1984). Dunn and Miller (1960) and

Maclay et al. (2008) found that many TCs continue to grow

in size after reaching their maximum intensity. The results

of the current study indicate that hurricanes reaching their

maximum intensity at lower latitudes tend to have a larger

rain field extent in the southwestern quadrant at the time of

landfall than those reaching maximum intensity at high

latitudes.

Storm location prior to the time of landfall is also cor-

related with rain field size. Hurricanes located farther west

(east) have a smaller rain field extent toward the northwest

(southeast). The nine storms located west of 88�W longi-

tude at t24 have larger rain fields toward the northeast and

southeast than toward the northwest, and the extent is less

than 210 km toward the northwest in eight of these cases.

Only Hurricane Rita (2005) features a northwest extent

greater than 300 km in this region. In contrast, just eight of
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the cases located east of 88�W feature rain field spans

toward the northeast and southeast larger than that toward

the northwest quadrant. In the day prior to landfall, the

entrainment of drier continental air masses into the western

sides of TCs when located in the western Gulf of Mexico

could account for the smaller northwest spans of TCs as

they make landfall in Texas or Louisiana.

At both t12 and t24, 84�W longitude separates small

from large rain field extent toward the southeast. Seven of

the ten southeastward spans that are less than 200 km

belong to storms located east of this longitude, and all of

these storms have smaller extents toward the south than

toward the north. Six of these seven TCs eventually

become extratropical and move northwest at t24 followed

by a turn toward the north or northeast prior to landfall. As

TCs move poleward, outflow increases and interaction with

a mid-latitude baroclinic zone favors enhanced precipita-

tion north of the circulation center (Jones et al. 2003). At

the same time, moisture decreases on the south side of the

storm (Klein et al. 2000) and the extent of the rain field is

reduced. Only two of the ten southeastward spans over

260 km southeast belong to storms that are located east of

84�W; Hurricanes Charley (2004-1) and Katrina (2005-1)

are located south of 29�N latitude, and may not be

encountering the dry air advection on the south side of the

storm that is experienced by storms located north of 30�N.

8 Conclusions and future research

While many previous studies have examined locations

where convective rainfall develops within TCs in response

to different environmental conditions, this study investi-

gated environmental influences on the radial extent of the

rain fields at the time of landfall. Thirty-one US hurricane

landfalls were studied. For each quadrant of the storm, the

distance from the circulation center to the edge of the rain

field was calculated through an analysis of radar reflectivity

data using GIS. The results of the study showed that hur-

ricanes, which did not become extratropical were the most

symmetrically shaped at the time of landfall, while those

within 2 days of becoming extratropical were the most

asymmetrical. Although the edges of the rain fields did not

precisely align with any of the measures of storm size, they

were most closely co-located with the radius of gale-force

winds in each quadrant. The ROCI encompassed the rain

fields 90% of the time, indicating that it can be a useful

delineation of regions that received convective rainfall

produced by TCs at landfall.

To determine which atmospheric conditions were most

likely responsible for rain field size at the time of landfall,

multiple linear regressions models predicted the rain field

extent in each quadrant. Each set of four models utilized

predictors from the time of landfall, or 12 or 24 h prior to

landfall. The models predicted the extent of the rain fields

best when utilizing variables from t12, indicating that it

takes about 12 h for atmospheric conditions to fully

influence rain field size. Examining the frequency with

which each variable was utilized as a predictor in the 12

models and the values of their standardized correlation

coefficients, it was possible to determine which atmo-

spheric conditions likely exerted the most influence on rain

field size. Vertical wind shear was the most important

predictor of rain field size as strong southwesterly wind

shear was highly correlated to a large (small) extent toward

the northeast (southwest). Moisture, intensity, and location

were correlated with rain field extent toward the northwest,

southwest, and southeast.

It is clear that transitioning into an extratropical system

exerts a strong influence on the asymmetrical extent of the

rain fields in the four quadrants of the hurricanes. Analysis

of future hurricane landfalls should increase sample size so

that storms that do make an ET can undergo statistical

analysis separate from those that do not. For hurricanes that

do not make this transition, conditions such as the shape

and orientation of the coastline may become important

indicators of rain field size. Quantifying atmospheric

moisture in each quadrant of the storm may improve the

correlation between moisture and rain field size. As data

pertaining to atmospheric conditions surrounding weaker

TCs are not distributed normally, non-parametric statistical

testing could be employed to further examine the influ-

ences of the environment on the rain field sizes of these

systems. Additionally, to better determine how closely the

edges of the rain fields align with the wind fields, analysis

should commence prior to the landfall of the radius of gale-

force winds.
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