
Processes Influencing Rain-Field Growth and Decay after Tropical Cyclone
Landfall in the United States

CORENE J. MATYAS

Department of Geography, University of Florida, Gainesville, Florida

(Manuscript received 21 June 2012, in final form 13 December 2012)

ABSTRACT

This study measured rain-field sizes for tropical cyclones (TCs) after U.S. landfall and related changes in

size to the diurnal cycle and extratropical transition (ET). For 45 TC landfalls, the spatial properties of the rain

fields were calculated through an analysis of radar reflectivity returns within a geographic information system.

Variables representing the conditions of the atmosphere and storm attributes were examined at three times

and as changes over two time periods to account for lags between condition onset and change in raining-area

sizes. Mann–Whitney U tests illustrated which of these variables had significantly different median values

when the total raining area or high-reflectivity regions increased or decreased in areal extent over two 12-h

periods after landfall. Results indicate that the diurnal cycle influenced changes in rain-field size. Rain-field

growth occurred during the latemorning and early afternoon, which is between the times for peak areal extent

of oceanic- and land-based precipitation in the tropics. The rain fields of TCs completing an ET within 74 h of

landfall increased in areal extent during the first 12 h after landfall and decayed during the second 12-h period

as they neared the completion of ET. The availability of moisture, which was not related to either the diurnal

cycle or processes associated with ET, was also important to rain-field growth or decay. In addition, it was

discovered that, for theUnited States, landfall times have shifted from a peak beforemidnight during 1950–96

to after midnight during 1995–2008.

1. Introduction

The rainfall that tropical cyclones (TCs) produce as

theymove over land can be beneficial to alleviate drought

conditions (Maxwell et al. 2012). Extensive freshwater

flooding can also occur, however, especially when the

storm is slowmoving (Konrad et al. 2002), the underlying

terrain is sloped (Haggard et al. 1973), and/ or previous

rains have saturated the ground (Sturdevant-Rees et al.

2001). More than one-half of the deaths in the United

States that are related to TCs are a result of freshwater

flooding (Rappaport 2000; Czajkowski et al. 2011). When

TC rain fields increase in size after landfall, more loca-

tions receive rainfall and the overall duration of rainfall is

longer for a given location. Both convective precipitation

and stratiform precipitation occur within TCs (Jorgensen

1984; Yokoyama and Takayabu 2008), and, whether rain-

fall is moderate or heavy, a longer duration of rainfall

increases the chances that flooding and associated damage

and deaths can occur. A better understanding of the

physical processes that are associated with TC rain-field

growth and decay as these storms move over land is

needed to improve rainfall forecasts.

In the tropics and midlatitudes during the warm season,

the growth and decay of convective clouds is strongly as-

sociated with the diurnal cycle. Oceanic convection peaks

in the morning between 0600 and 1000 LST, and re-

searchers have postulated that day–night differences in

radiative cooling that alter environmental lapse rates

within and outside the storm environment may explain

the timing of this peak (Gray and Jacobson 1977; Yang

and Smith 2006; Kikuchi andWang 2008). As TCs form

over the ocean, their diurnal cycles of convection exhibit

amorning peak coincidentwith other oceanic convection

as observed by researchers examining cloud-top tem-

peratures from satellite observations (Browner et al.

1977; Muramatsu 1983; Lajoie and Butterworth 1984;

Steranka et al. 1984; Kossin 2002). It follows that the area

covered by high rainfall rates would be larger after mid-

night than after noon. Rainfall observations from islands

in the tropical oceans as well as satellite-based rainfall
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estimations support this expectation (Frank 1977; Lajoie

and Butterworth 1984; Jiang et al. 2011).

The timing of peak rainfall activity over landmasses

differs from that over the ocean. Diurnal changes in air

temperature are greater over the land surface than over

the ocean as sensible heat flux plays a larger role relative

to latent heat flux in the energy budget. Land-based

convection peaks in the afternoon and early evening

between 1600 and 1900 LST when upward sensible heat

flux is maximized so that the lower troposphere is

destabilized (Wallace 1975; Dai 2001; Yang and Smith

2006; Dai et al. 2007). Once fully over the land surface,

TC rain fields may also be larger in the afternoon rela-

tive to the morning. Yet, during landfall TCs may spend

several hours near the coast where the timing of peak

rainfall activity can differ from that over land or ocean

(Yang and Smith 2006). Muramatsu (1983) showed that,

for two typhoons moving within 250 km of Okinawa, an

afternoon peak in convective clouds developed around

1500 LST, which is slightly earlier than the peak iden-

tified for land-based convection but much later than that

for oceanic convection. A larger sample of landfalling

TCs must be analyzed to better determine how the di-

urnal cycle influences rain-field growth and decay for

TCs over land.

Processes related to extratropical transition (ET) also

affect rain-field growth or decay. During recurvature,

interaction with midlatitude troughs can restructure a

TC into an extratropical cyclone, causing both the wind

and rain fields to expand (Rodgers et al. 1991; Jones

et al. 2003). Hart and Evans (2001) found that nearly

one-half of Atlantic Ocean basin TCs complete an ET

and that most major cities north of 358N in the eastern

United States have received rainfall from one ormore of

these systems. The changes in environmental conditions

during ET include increased baroclinicity, enhanced

horizontal moisture gradients, high vertical wind shear,

increased positive vertical vorticity and relative eddy

momentum flux convergence, and faster steering flows

(Atallah and Bosart 2003; Jones et al. 2003). Isentropic

ascent of warm and moist tropical air ahead of the storm

often causes rain fields to expand in a delta-shaped

area ahead of the storm center (Harr and Elsberry 2000;

Klein et al. 2000; Ritchie and Elsberry 2001). Meanwhile,

the advection of relatively drier and cooler air around

the south side of the storm reduces rainfall in that area.

According to Klein et al. (2000), the timeline for ET

spans 74 h: transformation averages 46 h, with another

28 h required for reintensification.

A limitation of many previous satellite-based studies

of diurnal peaks in rainfall is the selection of a temper-

ature threshold for analysis of cloud-top temperatures as

the timing of peak areal coverage is dependent upon this

threshold (Muramatsu 1983; Lajoie and Butterworth

1984). Ground-based radar reflectivity data provide

a spatially accurate representation of the areal coverage

of TC rain fields over land areas without this limitation.

This study employed a geographic information system

(GIS) to measure the areal extent of radar reflectivity

returns associated with 45 TC landfalls in the United

States. The main hypothesis was that the diurnal cycle

will cause growth to occur later in the morning relative

to oceanic convection but earlier in the afternoon than is

seen for land-based convection. Thus, making landfall

after midnight should result in rainfall regions of TCs

that increase in areal coverage over the next 12 h, fol-

lowed by a decrease in areal coverage for 12–24 h after

landfall, whereas the opposite should occur for landfall

after noon. The second hypothesis was that processes

associated with ET also influence changes in rain-field

size. TCs classified as ET within 74 h of landfall should

exhibit this pattern as this is the timeline for ET com-

pletion identified by Klein et al. (2000). To test these

hypotheses, cases were grouped according to whether

the total raining area or high-reflectivity regions in-

creased or decreased in areal extent over 12-h periods.

Mann–Whitney U tests (Mann and Whitney 1947) were

employed to discover whether variables associated with

the diurnal cycle such as time of day and relative hu-

midity, and/or variables linked to conditions associated

with ET such as fast motion to the north and east have

statistically significant differences in median values for

cases in which rain fields grow versus those in which they

decay.

2. Data and methods

a. Radar analysis

The number of storms examined was determined by

the availability of the radar reflectivity data utilized

to delineate the spatial extent of the rain fields. Data

from the Weather Surveillance Radar—1988 Doppler

(WSR-88D) network are available in each degree of the

3608 sweep every 1 km outward from the radar site with

an outer distance limit of 230 km (OFCM 2006). During

1995–2008, there were 45 cases for which 1) radar re-

flectivity data were available and 2) the rain fields of

the TCs remained within range of the WSR-88D net-

work for aminimumof 24 h after landfall. Level-III base

reflectivity product data were utilized to retain a large

sample size, and these data were obtained online from

the National Climatic Data Center’s archive (http://

www.ncdc.noaa.gov/nexradinv/). This product is gener-

ated after the removal of ground clutter and consists of

reflectivity values from the lowest scan (0.58 tilt) that are
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rounded to the nearest 5 dBZ (OFCM 2006). Level-II

data that include values from all scan elevations are not

available for six radars after 2001; therefore, use of these

data would have significantly decreased the number of

cases analyzed.

Base reflectivity data collected during the scan nearest

the time of landfall t0, 12 h after landfall t112, and 24 h

after landfall t124 at each radar were imported into a

GIS. After the data were transformed into an equal-area

projection, a mosaic was created for each time step. The

highest value was retained in cases in which data from

adjoining radars overlapped. The reflectivity values

were then contoured in 5-dBZ increments, and a 10-km

smoothing filter was applied. After the conversion of

contours into polygons (Fig. 1), their areal extent was

calculated. In the event that residual ground clutter re-

mained, polygons with areal extents of less than 25 km2

were removed from the analysis. Although the author

then visually inspected each case as an additional mea-

sure of quality control, it is possible that ground clutter

from anomalous propagation may still be embedded

within precipitation, which could extend the echo areal

coverage. From the work of previous TC researchers,

the total raining area was defined as the area occupied

by reflectivity values of greater than or equal to 20 dBZ

(Jorgensen 1984; Barnes et al. 1991; Matyas 2007). This

area is composed of low, moderate, and high rain rates

formed through stratiform and convective processes

(Jorgensen 1984; Houze 1993; Steiner et al. 1995). To

examine the high-rain-rate regions most likely to have

formed through convective processes, the areas occupied

by reflectivity values greater than or equal to 40 dBZ

were also extracted for analysis. This threshold was se-

lected based on previous research that classified convec-

tive regions of clouds (Parrish et al. 1982; Jorgensen 1984;

Tokay and Short 1996; Biggerstaff and Listemaa 2000).

The area occupied by reflectivity values at the time of

landfall was subtracted from that at t112 to calculate the

change in area over the first 12-h period following land-

fall (Per1). Areas at t112 were subtracted from those at

t124 to calculate the change in area over the second 12-h

period following landfall (Per2) (Fig. 2).

b. Characterization of storm attributes and
environmental conditions

All data pertaining to storm location and attributes

as well as environmental conditions were interpolated

linearly to the time of landfall. The time of landfall,

coordinates of the circulation center, and intensity were

obtained from the Hurricane Season Tropical Cyclone

Reports available online from the National Hurricane

Center (NHC; http://www.nhc.noaa.gov; Rappaport et al.

2009). These reports were also utilized to determine

whether a TC became extratropical and the time that it

did so if applicable. The Hurricane Database (HURDAT;

Jarvinen et al. 1984) provided the coordinates of the

circulation center, storm heading, forward velocity, and

intensity at 0000, 0600, 1200, and 1800 UTC. Storm

motion was subdivided into northward and eastward

components.

Atmospheric conditions were characterized through

data obtained from the Statistical Hurricane Intensity

Scheme (SHIPS) database (DeMaria and Kaplan 1994;

DeMaria et al. 2005). The SHIPS variables are derived

from the National Centers for Environmental Prediction

(NCEP) Global Forecast System model analyses, and

most variables are calculated for an annular region that is

FIG. 1. Areas composed of radar reflectivity values of 20 dBZ

and higher and 40 dBZ and higher for Hurricane Gaston (2004)

at the three analysis times considered in the current study (t0, t112,

and t124).

FIG. 2. Timeline for analysis of atmospheric conditions and

measurements of rain-field area.
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200–800 km from the circulation center. Data are avail-

able at the standard synoptic times. Within the SHIPS

dataset, deep-layer vertical wind shear is calculated over

850–200 hPa. For the current study, this vector was sub-

divided into south-to-north and west-to-east components.

Vorticity at 850 hPa and 200-hPa divergence are derived

for a radius of 0–1000 km about the circulation center,

and 200-hPa relative eddy momentum flux convergence

(REFC) is averaged over 100–600 km. Previous research

(e.g., Jones et al. 2003) suggests that many of the 10 var-

iables derived from the SHIPS dataset (Table 1) should

exhibit differences for TCs that become extratropical

within 74 h of landfall as comparedwith those that do not.

Solar heating during the day and loss of longwave

radiation during the night drive the diurnal cycle of air

temperature near Earth’s surface, and changes in rela-

tive humidity (RH) are affected by air temperature as

well as soil moisture and precipitation (Dai 2001). Thus,

the strongest evidence that the diurnal cycle may in-

fluence changes in the sizes of rain fields while TCsmove

over land should be found through an analysis of near-

surface temperature and RH values. To examine these

variables every 3 h, values were obtained from NCEP’s

North American Regional Reanalysis (NARR) data-

base (Mesinger et al. 2006). Air temperature and RH

data at 2 m above ground level were converted into

‘‘shapefile’’ format and entered into a GIS. Buffers of

200 and 800 km from the circulation center at each anal-

ysis time were used to select only the data points inside

this distance range. The average value of data points over

this region was then utilized in the analysis for compati-

bility with the other SHIPS variables.

The values for all variables mentioned above were

analyzed at three different times relative to landfall.

Previous research has shown that a time lag of 12–24 h

exists between the onset of environmental conditions

and resulting changes in TC structure (e.g., Frank and

Ritchie 1999;Kimball 2008;Matyas 2010). To account for

this lag effect, environment conditions were analyzed at

t212, t0, and t112, which coincide with 24, 12, and 0 h prior

to the end of Per1 and 36, 24, and 12 h prior to the end of

Per2 (Fig. 2). In addition, the changes in the environ-

mental conditions over each 12-h period were calculated

as these valuesmay bemore representative of the diurnal

cycle or progression of conditions associated with ET

than the actual value of the variable at any one time.

For example, a 12-h increase in RH and decrease in air

temperature indicate that the midpoint of the period

occurs near dawn, whereas increasing storm forward ve-

locity coincides with the progression of an ET. Thus, each

environmental condition derived fromHURDAT, SHIPS,

and NARR was explored at three instantaneous times

(t212, t0, and t112) and over two periods (t212:t0 and

t0:t112), yielding 90 total variables (Table 1).

As a TC moves inland, its center of circulation be-

comes farther removed from thewarm oceanwaters that

supply the primary source of latent heat to sustain the

storm (e.g., Tuleya 1994). It follows that, in general, the

TABLE 1. Name, abbreviation, unit of measure, and source for variables that were used in the study. Variables from HURDAT, SHIPS,

and NARR have five variations (three instantaneous times and two changes over time) that were subjected to Mann–Whitney U tests.

Variable Abbreviation Units Source

Latitude Lat 8N HURDAT

Longitude Lon 8W HURDAT

Motion north MotN m s21 HURDAT

Motion east MotE m s21 HURDAT

Velocity of max sustained winds Vmax m s21 HURDAT

Min central pressure MCP hPa HURDAT

Southerly vertical wind shear ShrS m s21 SHIPS

Westerly vertical wind shear ShrW m s21 SHIPS

Air temperature at 200 hPa T200 8C SHIPS

Zonal winds at 200 hPa U200 m s21 SHIPS

Divergence 200 hPa D200 s21 3 107 SHIPS

Relative humidity high (500–300 hPa) RhHi % SHIPS

Relative humidity middle (700–500 hPa) RhMd % SHIPS

Relative humidity low (850–700 hPa) RhLo % SHIPS

Vorticity at 850 hPa Z850 s21 3 107 SHIPS

Relative eddy momentum flux convergence REFC m s21 day21 SHIPS

Air temperature at 2 m T2m 8C NARR

Relative humidity at 2 m Rh2m % NARR

Distance inland 12 h after landfall Din12 km GIS analysis

Distance inland 24 h after landfall Din24 km GIS analysis

Sine of landfall time minus value* e.g., SinLT-90 Dimensionless NHC report

* Eight values were utilized: 0, 45, 90, 135, 180, 225, 270, and 315.
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greater the distance between the nearest point along the

coastline and the circulation center of a TC is, the less is

the potential for rainfall enhancement as the availability

of low-level moisture is reduced. Remaining near the

coastline may allow rain fields to grow regardless of the

time of day or whether the storm is undergoing ET.

Within a GIS, the U.S. coastline from Brownsville,

Texas, to Eastport, Maine, was converted into a line

feature and the ‘‘Near’’ function calculated the distance

between the position of the circulation center at 12 and

24 h after landfall and the nearest point along the line

representing the coast.

The inclusion of the local time of each TC’s landfall in

the statistical analysis is important because it reveals

which landfall times are most associated with postland-

fall growth or decay. For example, if the rain fields of

landfalling TCs exhibit a diurnal cycle similar to that of

ocean-based convection in which peak activity occurs at

0600–1000 LST, then a rain-field size that is larger at t112

than at landfall should occur for landfall times ranging

from 1800 to 2200 LST. After the conversion of landfall

time from UTC to LST, each hour was multiplied by

15 to extend the range of values to 360. So that landfall

times occurring every 3 h were represented in the

analysis, a value of 45 was subtracted from each con-

verted time. After converting these values into radians,

the sine of all eight values was calculated. As a result, the

sine of the landfall time minus 180 (SinLT-180) pro-

duces a value of 1.0 for the landfall time of 1800 LST

and 21.0 for the time of 0600 LST. If the diurnal cycle

for landfalling TCs was coincident with that of oceanic-

based convection, then rain-field growth would occur

during the 12-h periods of 1800–0600 and 2100–0900

LST, and these periods would be indicated by values

near 1.0 for variables SinLT-180 and SinLT-225.

c. Statistical analyses

This study employs nonparametric Mann–Whitney

U tests (MWU; Mann and Whitney 1947) to relate dif-

ferences in environmental conditions to rain-field growth

or decay. This test compares the medians of variables

when cases are divided into two independent groups, with

a null hypothesis that data from the two groups originate

from the same population. This test was utilized because

it is more robust for skewed data than is an independent

samples t test and is less likely to yield false results when

group sizes are small and/or not equal (Wilks 1995). For

each variable, values are ranked regardless of group

membership. The test statistic then compares the sum of

the ranks from the first group with that of the second. If

the samples are drawn from the same population, the

summed total of ranks for each group should be similar.

In the current study, the null hypothesis was rejected

when p values were less than a significance level of

0.05, which is a commonly used level according to Wilks

(1995). Although the variables tested are not indepen-

dent, the performance of 100 individual MWU tests

within each set as described below does increase the

possibility of incorrectly rejecting the null hypothesis

when the experiment-wise error rate is considered. How-

ever, the technique is valid given that the acceptance of

the two main hypotheses of the study does not rely solely

on the results of any one test; a number of variables are

representative of the diurnal cycle and ET. All p values

meeting the 0.05 threshold are reported so that results can

also be scrutinized more stringently if desired.

For each MWU test, cases were grouped according to

whether rainfall areas increased or decreased during

a 12-h period. Two different 12-h periods and two radar

reflectivity thresholds to calculate the rain-field area

were analyzed, yielding four sets of MWU tests in which

all 100 variables (discussed in section 2b) were grouped

according to rain-field growth or decay. Set 1 examined

rain-field growth or decay for total raining area during

Per1, and set 2 compared growth and decay for high-

reflectivity regions during Per1. In sets 3 and 4, cases

were grouped according to rain-field growth or decay

during Per2, with set 3 (4) focusing on total raining area

(high-reflectivity regions). Variables for which the null

hypothesis is rejected identify the conditions associated

with rain-field growth or decay during each period. The

influence of the diurnal cycle may be indicated by vari-

ables such as 12-h changes in near-surface air tempera-

ture and RH along with the variations in sine of the

landfall time. In other words, if the mean rank of the

12-h change in air temperature or RH for rain-field

growth cases differs from the mean rank of the 12-h

change for rain-field decay cases, then a diurnal effect

may be occurring. In 20 cases, TCs made the transition

to extratropical cyclones within 74 h of landfall. If the

null hypothesis is rejected for variables characterizing

storm motion, vorticity, REFC, and vertical wind shear,

it indicates that processes associated with ET influence

rain-field growth and decay. Note that landfall occurred

at various times of day for TCs that became extra-

tropical within 74 h of landfall.

3. Results

a. Rain-field sizes and statistics

At the time of landfall, the median rain field had an

area of 109 263 km2 and the median value for high-

reflectivity regions was 10 473 km2 (Fig. 3). Hurricane

Floyd (1999) was an outlier (not visible in Fig. 3), having

the largest extent of both measures of rainfall area. TCs
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such as Floyd that became extratropical within 74 h had

the largest rain fields (Fig. 3). Nine of 13 TCs with total

raining areas that were larger than 150 000 km2 and 11

of 16 TCs with high-reflectivity regions that spanned

more than 15 000 km2 completed an ET within 60 h of

landfall. Spearman’s rank correlation coefficients (not

shown) demonstrate that the time of landfall was not

significantly correlated with rain-field size. Yet, the di-

urnal cycle may be influencing the timing of rain-field

growth and decay given that over Per1 larger rain fields

decreased while smaller rain fields increased in areal

coverage. As a result, the mean and median areas were

similar to the values at landfall. During Per1, 23 (21) of

45 cases experienced increases in total raining area

(high-reflectivity regions). Rain-field (high reflectivity)

growth occurred for 14 (16) of 45 cases during Per2.

Although by t124 median rainfall areas had decreased

from that at landfall, 19 (12) TCs increased in areal

coverage for total raining area (high-reflectivity regions)

during this period, with a mean increase of 27 734 km2

(4228 km2).

b. Results of the Mann–Whitney U tests

The outcomes of the four sets of MWU tests support

the hypotheses that the diurnal cycle and ET affect rain-

field growth and decay. There were 51 variables with

p values of less than or equal to 0.05 (Tables 2–5). Of

these, 20 were unique to one set and two variations of

the sine of landfall time were significant in all four sets of

tests, indicating that rain-field growth occurred when

either Per1 or Per2 began near 0000 and 0300 LST. The

statistically significant variables are broadly categorized

as relating to 1) the diurnal cycle, 2) ET, and 3) the

availability of moisture. At least one variable from each

category appeared in each of the four sets, suggesting

that all three processes influence rain-field growth and

decay after landfall. The results also demonstrate the

importance of including both instantaneous and change-

in variables as well as 12- and 24-h time lags between

condition onset and rain-field response. A more strin-

gent p level of 0.025 (0.01) yields 21 (9) significant var-

iables across the four sets of tests.

1) RAIN-FIELD GROWTH AND DECAY AND THE

DIURNAL CYCLE

TCs making landfall near midnight and 0300 LST

tended to grow during Per1 and decay during Per2,

whereas the opposite was true for landfalls occurring

near noon and 1500 LST (Fig. 4). Statistical evidence

supporting this pattern was found through the time-

related variables and near-surface temperature and RH

values as hypothesized. Cases in which landfall occurred

closer to midnight (value of SinLT-270 close to 1.0) or

0300 LST (value of SinLT-315 close to 1.0) were asso-

ciated with growth during Per1 (Tables 2 and 3) and

decay during Per2 (Tables 4 and 5). Landfalls occurring

FIG. 3. Areal coverage of rain fields for TCs that became extratropical (labeled ET) within 74 h of landfall as compared with those that

did not (‘‘non ET’’) at t0, t112, and t124 and the change in area for TCs that decayed (decreasing) and grew (increasing) during t0:t112 and

t112:t124 for (a) total raining area and (b) high-reflectivity regions. Hurricane Floyd (1999) was an outlier, with values that would appear

off the top of each panel.
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approximately 12 h offset from these times (values of

SinLT-270 and SinLT-315 close to 21.0) experienced

decay at first followed by growth during Per2. For both

analysis periods, rain-field growth was associated with

decreasing air temperatures and increasing RH values

near the surface during the previous 12 h, indicating that

this preceding period was during the night. During Per2,

growth was associated with cases having lower RH

values at the time of landfall (which occurred during the

day) and values decreasing prior to and increasing after

landfall. Correspondingly, near-surface temperatures

increased prior to landfall and decreased after landfall

for TCs whose rain fields grew during Per2. Overall,

growth tended to occur during the late-morning and early-

afternoon hours as areal coverage was greater at 1200 and

1500 LST than it was at 0000 and 0300 LST.

These times for rain-field growth occur between the

times reported by previous researchers for oceanic and

land-based convection. Because most oceanic convection

peaks between 0600 and 1000 LST (Gray and Jacobson

1977; Yang and Smith 2006; Kikuchi and Wang 2008),

landfalling TCs following this pattern would have had

values near 1.0 for variables SinLT-180 and SinLT-225,

indicating landfall at 1800 or 2100 LST and rain-field

growth over the next 12 h. This scenario did not occur.

Afternoon peaks in rainfall over land correspond to times

of 1600–1900 LST (Wallace 1975; Dai 2001; Dai et al.

2007). TCs making landfall near 0600 LST did not tend

to have larger raining areas 12 h later as the analysis

of variable SinLT-0 did not produce statistically signifi-

cant results in the MWU tests. One explanation for these

findings is that TCs are making the transition from the

diurnal cycle of an ocean-based storm to that of a land-

based storm during landfall. As TCs advect moisture-

laden tropical air masses over the land surface during the

morning hours, it is possible that instability is enhanced

so that convection develops earlier in the day than when

the normal continental air mass is in place. Knowledge

TABLE 2. Results of Mann–Whitney U tests for rain-field growth vs decay for total raining area during Per1. For meaning of the ab-

breviated variable names see Table 1.

Variable Time Median value grow Median value decay U Significance Association

Din12 t112 66.22 144.10 134 0.007 Moisture

SinLT-270* t0 0.71 20.26 367.5 0.009 Diurnal

RhMd t212:t0 2.00 21.25 364 0.011 Moisture

SinLT-315** t0 0.71 20.26 359 0.016 Diurnal

MotE t112 0.28 22.06 350 0.026 ET

Z850 t212:t0 10.25 25.21 349 0.027 ET

RhLo t212:t0 2.30 20.10 346.5 0.031 Moisture

Lon t0:t112 0.50 20.70 345.5 0.033 ET

RhHi t212:t0 1.00 21.65 340 0.045 Moisture

MotE t212:t0 0.78 0.14 338 0.050 ET

REFC t212:t0 5.00 20.38 338 0.050 ET

* High positive values indicate landfall time close to 0000 LST.

** High positive values indicate landfall time close to 0300 LST.

TABLE 3. As in Table 2, but for high-reflectivity regions during Per1.

Variable Time Median value grow Median value decay U Significance Association

Din12 t112 45.64 145.75 109 0.001 Moisture

ShrS t112 21.34 1.92 110 0.002 ET

REFC t212 5.33 8.58 136 0.008 ET

SinLT-270* t0 0.71 20.26 358.5 0.015 Diurnal

Rh2m t212:t0 7.04 22.31 351 0.024 Diurnal

SinLT-315** t0 0.71 20.26 349.5 0.026 Diurnal

RhMd t212:t0 2.00 20.65 345.5 0.033 Moisture

T2m t212:t0 22.74 0.06 160 0.036 Diurnal

RhHi t212:t0 0.80 22.15 341.5 0.042 Moisture

Lon t112 283.50 288.74 340 0.045 ET

Rh2m t0 82.77 78.02 340 0.045 Diurnal

Lon t212 283.30 288.58 339.5 0.047 ET

Lon t0 283.65 288.73 338 0.050 ET

* High positive values indicate landfall time close to 0000 LST.

** High positive values indicate landfall time close to 0300 LST.
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that rainfall may commence earlier in the day than ex-

pected for a location allows weather forecasters to alert

the public as preparations are made for the arrival of TC

conditions.

The current study is believed to be the first to analyze

radar reflectivity returns for a large sample of landfalling

TCs in the United States and to associate rain-field growth

and decay with the diurnal cycle. Jiang et al. (2011) pro-

vided the first documentation of diurnal variations of global

TC rainfall using data from theTropicalRainfallMeasuring

Mission (TRMM) satellite. The TRMM analysis showed

that volumetric rainfall fromTCsover landpeaked at 0100–

0730 LST and 1630–1930 LST. However, Jiang et al. (2011)

examined global TC rainfall variations. Their Fig. 12 shows

little diurnal variation for Atlantic-basin storms as com-

pared with the other TC basins. Atmospheric conditions do

vary climatologically among the different TC basins. For

example, Vincent and Fink (2001) discuss differences in

the precipitable water content for the western and eastern

Pacific TC basins. Thus, it is possible that the timing of

the peak overland rainfall from Atlantic-basin TCs differs

from that observed in other basins where TC rain rates can

be higher. Also, studies have shown that the shape of the

coastline as well as topography of the land surface can alter

storm structure. The unique features of the U.S. coastline

may contribute to a peak in rainfall that differs in timing

from other landfall locations (e.g., Rogers and Davis 1993;

Cubukcu et al. 2000; Liu et al. 2007; Kimball 2008; Au-

Yeung and Chan 2010).

2) CONDITIONS RELATED TO EXTRATROPICAL

TRANSITION

Of the 45 cases examined, 20 became extratropical

within 74 h of landfall (Fig. 4). This study finds that ET

contributes to overall rain-field growth early in the

process and decay as the process nears completion while

TABLE 4. As in Table 2, but for total raining area during Per2.

Variable Time Median value grow Median value decay U Significance Association

Rh2m t0 77.19 82.16 107 0.007 Diurnal

SinLT-315* t0 0.71 20.44 119 0.016 Diurnal

RhLo t0:t112 3.45 20.30 315.5 0.017 Moisture

T2m t212:t0 0.19 22.71 313 0.019 Diurnal

Rh2m t212:t0 22.86 7.04 129 0.031 Diurnal

RhMd t0:t112 1.90 21.30 307 0.033 Moisture

SinLT-270** t0 0.61 20.79 132 0.037 Diurnal

Rh2m t0:t112 6.77 25.89 302 0.037 Diurnal

Lat t0:t112 1.39 1.73 135 0.044 ET

T2m t0:t112 22.41 0.81 138 0.050 Diurnal

* High positive values indicate landfall time close to 0300 LST.

** High positive values indicate landfall time close to 0000 LST.

TABLE 5. As in Table 2, but for high-reflectivity regions during Per2.

Variable Time Median value grow Median value decay U Significance Association

Lon t0:t112 21.12 0.62 103.5 0.002 ET

REFC t212:t0 22.46 3.50 109 0.004 ET

Lon t212:t0 21.16 0.23 113.5 0.005 ET

MotE t112 22.63 0.94 128.5 0.014 ET

T2m t212:t0 0.36 22.71 336 0.014 Diurnal

Rh2m t0 76.48 82.03 129 0.015 Diurnal

Lat t0:t112 1.22 2.13 131.5 0.017 ET

T2m t0 27.81 26.15 330 0.020 Diurnal

MotN t212:t0 20.08 1.63 141 0.031 ET

U200 t212:t0 21.25 4.48 141 0.031 ET

MotE t0 21.93 0.68 145 0.039 ET

T2m t0:t112 21.73 0.41 145 0.039 Diurnal

SinLT-315* t0 0.71 20.44 146.5 0.042 Diurnal

Rh2m t212:t0 21.36 6.97 148 0.046 Diurnal

RhMd t0:t112 0.68 21.65 318.5 0.047 Moisture

Rh2m t0:t112 6.41 24.98 315 0.049 Diurnal

SinLT-270** t0 0.71 20.13 150.5 0.050 Diurnal

* High positive values indicate landfall time close to 0300 LST.

** High positive values indicate landfall time close to 0000 LST.
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high-reflectivity regions mainly decayed. During Per1,

ET storms exhibiting growth of the total raining area

moved faster to the east while positive vorticity and

REFC increased (Table 2). This net growth corresponds

to descriptions of the development of the delta-shaped

rain shield that occurs ahead of TCs in the early stages of

ET (Harr and Elsberry 2000; Klein et al. 2000; Ritchie

and Elsberry 2001). The tropical air mass that is ad-

vected over the cooler and drier air mass ahead of the

storm center creates a stable environment that favors

stratiform rather than convective processes. This ex-

plains why high-reflectivity regions decayed for ET

cases. Higher values of vertical wind shear and REFC

as well as longitudes located farther to the east as com-

pared with cases in which high-reflectivity regions grew

support the finding that ET contributes to this decrease

in high-reflectivity regions (Table 3). For the five ET

cases featuring growth in high-reflectivity regions during

Per1, landfall occurred near midnight LST, indicating

that the diurnal cycle may have contributed to the

growth of these regions in the late-morning hours. Thus,

it is likely that the diurnal cycle affects convective rain-

fall growth and decay even when ET is occurring.

The advection of relatively cool and dry air around the

western and then southern side of the TC decreases

rainfall production during step 3 of the transformation

stage of ET (Klein et al. 2000). The current study sup-

ports this previous work. Save for one case in which the

diurnal cycle may have contributed to rain-field growth,

all TCs completing ET within 30 h of landfall experi-

enced decay in both rainfall areas during Per2. TCs

moving farther to the north decayed in total raining area

as compared with those that remained south (Table 4).

For high-reflectivity regions, decay during Per2 was as-

sociated with ET as fast northward and eastward motion

and fast westerly winds at 200 hPa with increased REFC

before landfall (Table 5).

3) IMPORTANCE OF MOISTURE FOR GROWTH

AND DECAY

During Per1, one of the most significant differences

between cases experiencing rain-field growth or decay

was the distance inland traveled by storms in each group.

TCs remaining closer to the coastline grew while those

located more than twice as far inland decayed (Tables 2

and 3). Previous research has shown that TCs remaining

closer to the coastline can have larger rain fields that

produce more rainfall because remaining near the coast-

line allows TCs to draw in low-level moisture from the

ocean to increase rainfall production (Lonfat et al. 2007;

Matyas 2007;Medlin et al. 2007).Yet, the distance traveled

inland by t124 was not significant for Per2, and Spearman’s

rank correlation coefficients calculated between variable

Din24 and the actual areal coverage rainfall (not shown)

did not produce statistically significant results. Previous

research has shown that rainfall production can still in-

crease for TCs located more than 500 km inland if a low-

level jet advects moisture into the storm, soil moisture is

high enough to supply more latent heat flux than is expe-

rienced over dry land, or orographic enhancement of

rainfall occurs (Haggard et al. 1973; Bluestein andHazen

1989; Tuleya 1994; Emanuel et al. 2008; Arndt et al. 2009;

Kellner et al. 2012). Thus, tracking far inland does not

necessarily mean that rain fields will decrease in areal

coverage.

FIG. 4. Tracks of the 45 TCs, indicatingwhether landfall occurred

closer to noon or midnight, whether ET occurred within 74 h of

landfall, and whether rain fields grew or decayed during Per1 and

Per2 for (a) total raining area and (b) high-reflectivity regions.
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Moisture above the boundary layer is also important

as rain-field growth was associated with increasing RH

values in the low, middle, or high troposphere during the

previous 12 h (Tables 2–5). A relatively moist sur-

rounding environment is key to increased TC rainfall

production (Jiang et al. 2008; Hill and Lackmann 2009;

Matyas 2010). The advection of dry air into the system

enhances evaporation, which leads to a decrease in

rainfall production (Chan et al. 2004; Kimball 2008).

Additional MWU tests performed with these RH vari-

ables and cases grouped according to whether or not ET

occurred within 74 h of landfall and whether landfall

occurred during the day or night indicated that changes

in RH above the boundary layer were not strongly as-

sociated with either the diurnal cycle or ET.

c. Diurnal variations in landfall times

An examination of the distribution of landfall times

for TCs in the current study yields an interesting result

when compared with a previous study. One-third of the

landfalls in the current study occurred between 0000 and

0300 LST (Fig. 5). In contrast, Konrad (2001) found that

for 1950–96 nearly one-half of TCs landfalling along the

Gulf of Mexico and Atlantic coastlines of the United

States did so between 1700 and 0000 LST whereas only

four landfalls occurred between 0100 and 0300 LST.

After binning the landfall times in the current study

according to the time groups listed in Table 1of Konrad

(2001), a chi-square test showed statistically significant

differences between the observed and expected distri-

butions of cases among the landfall-time categories for

the two datasets (x25 10.912; p5 0.012). To rule out the

possibility that the current study’s sample was not repre-

sentative of all landfalls during 1995–2008, an additional

chi-square test revealed that the distribution of the current

study very strongly resembles the distribution of the entire

population (x2 5 0.836; p 5 0.858). Thus, it appears that

a shift in landfall times has taken place from 1950–96,

when the majority of landfalls occurred in the evening

hours prior to midnight, to 1995–2008, when many oc-

curred at or just after midnight.

A shift in the majority of TC landfalls from before to

after midnight has important implications for the receipt

of hurricane warning messages by the public. Prior to

2010, the NHC issued hurricane warnings when hurri-

cane conditions were expected for the area within 24 h

(Sheets 1990; Rappaport et al. 2009).With peak landfalls

occurring between 1700 and 0000 LST, these warnings

would likely have reached people during the late after-

noon and evening hours, giving them adequate time to

make preparations. During the more recent period when

landfalls peaked at and after midnight, these warnings

were more likely to have been issued after people had

retired for the evening.Upon awakening the nextmorning,

they may then have had less than 18 h to complete prep-

arations for the arrival of hurricane-force winds. In 2010,

the NHC changed its lead time so that hurricane warnings

are now issued 36 h in advance of the anticipated onset of

tropical storm–force winds (NHC 2012). The new longer

lead times reduce the problems with TCs making landfall

after midnight, which has becomemore common in recent

years (Fig. 5).

4. Conclusions and future research

In this study, the areal coverage of TC rain fields was

examined after U.S. landfall through a GIS-based spa-

tial analysis of radar reflectivity returns. The growth and

decay of the total raining area and high-reflectivity re-

gions were examined over two 12-h periods. Variables

characterizing the time of day, conditions of the atmo-

sphere, and distance from the coastline were examined

in four sets of Mann–Whitney U tests in which cases

were grouped according to whether raining areas in-

creased or decreased over a 12-h period. Changes in

rain-field size were associated with the diurnal cycle as

growth occurred during the late morning and early af-

ternoon after maximum RH and minimum air temper-

atures had been reached. Rain fields decreased in areal

extent in the late-evening hours. TCs completing an ET

within 74 h of landfall had the largest rain fields at the

time of landfall, and total raining area increased during

the first 12 h after landfall but decreased during Per2.

Regions of high reflectivity decreased in areal cover-

age for ET cases save when the diurnal cycle likely

contributed to growth in the late morning and early af-

ternoon. Moisture was also important for rain-field

FIG. 5. Frequency of landfall times for the 45 cases in the study.
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growth. Above the boundary layer, increasing RH in the

preceding 12 h was related to rain-field growth as was

remaining near the coastline during Per1. In addition,

this study found that more TCs made landfall just after

midnight as compared with 1950–96 whenmost landfalls

occurred just prior to midnight. This finding is likely due

to improvements in observing systems.

This study has provided observational evidence for

diurnal variations of raining areas of TCs even as they

face rapidly changing environmental conditions while

moving over the United States. Associations between

environmental conditions and rain-field growth and

decay were explored on a broad spatial scale in terms of

the environmental variables and on a temporal scale in

terms of the radar analysis. The logical next step toward

confirming a link between the diurnal cycle and TC rain

fields over land through observational data is to examine

rain-field evolution at a higher temporal resolution.

Further analyses utilizing radar reflectivity data from the

WSR-88D network are justified because the precipita-

tion radar swath used to create the TRMM dataset is

only 250 km wide. Also, WSR-88D reflectivity data are

available every 5–6 min, which is a higher temporal

resolution than is available from the TRMM data. The

analysis ofWSR-88D data over hourly periods will allow

the timing of peak rainfall within the diurnal cycle to

be more precisely defined along with the rate at which

growth and decay occur. Inclusion of level-II reflectivity

data in future analysis would allow the vertical de-

velopment of TC rain fields to be analyzed to aid in the

identification of convective regions of the rain fields

where the highest rain rates occur. It will also be ad-

vantageous to model atmospheric conditions at a higher

spatial resolution than the 200–800-km average pro-

vided by the SHIPS dataset, particularly in light of the

associations between moisture and rain-field growth

identified by the current study. It would be appropriate

to characterize environmental conditions utilizing NARR

data given that they are available every 3 h at a 32-km

spatial resolution (Mesinger et al. 2006).
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