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ABSTRACT

Flooding from tropical cyclone (TC) precipitation has lead in recent years to massive death and loss of
property. The identification of climatological linkages between rainfall and TC parameters through study of long-
term records would be useful in (i) identifying seasonal predictive climatic parameters to TC development, (ii)
producing better precipitation estimates for affected areas, and (iii) developing better parameterizations between
storm intensity, latent heat release, and rainfall in hurricane models. This study uses a daily satellite-derived
oceanic precipitation record from 1979 to 1995 to determine the rainfall associated with the Atlantic and North
Pacific basins over that time period (877 TCs). These data, categorized into 2.5° X 2.5° ocean grid cells, were
used to create two precipitation databases. The first uses the surrounding nine grid cells marked from the average
position of the tropical cyclone on the day of observation, while the second uses only the center grid cell for
the day (representative of only the inner-core precipitation). Strong relationships were found to exist between
daily rainfall accumulation and a TC's daily maximum surface wind speeds. The precipitation associated with
the inner core is generally representative of the cyclone's total rainfall. The relationship between the ratio of
inner-core rainfall and the total storm rainfall with maximum surface winds demonstrates a U-shaped pattern.
The inner-core precipitation accounts for nearly 35% of the total rain of the weakest TCs and also of the strongest
hurricanes but less than 25% of the total rainfall for weak hurricanes. Forecasters can used rainfall relationships
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such as these to aid in heavy rainfall and flooding warnings for affected land areas.

1. Introduction

The importance of precipitation in hurricane fore-
casting was emphasized when Hurricane Mitch caused
at least 11 000 deaths through flash flooding and land-
slides asit devastated Central Americain October 1998.
Remotely sensed precipitation rates of tropical cyclones
(TCs) have long been collected via microwave satellite
data (Adler and Rodgers 1977; MacArthur 1991;
Schwartz et al. 1994; Schwartz et al. 1996; Wilheit et
al. 1982; Wood 1994). Such data have then been in-
corporated as initial data into, and evaluated in com-
parison to, numerical simulations of tropical cyclones
(e.g., Karyampudi et al. 1995; Krishnamurti et al. 1993;
Panegrossi et al. 1998; Shi et a. 1996). However, most
past studies focus on specific case studies such that long-
term climatological linkages between precipitation and
TC parameters have not been investigated in depth. Only
a few analyses using a limited number of tropical cy-
clones (<22 TCs) have studied long-term observed re-
| ationships between precipitation and TC wind strength,
a cyclone's inner core, or its spatial coordinates (e.g.,

Corresponding author address: Randall S. Cerveny, Department
of Geography/Office of Climatology, Arizona State University, Tem-
pe, AZ 85287-0104.

E-mail: cerveny@asu.edu

© 2000 American Meteorological Society

Rao and MacArthur 1994; Rodgers and Adler 1981).
For example, are there linear relationships between pre-
cipitation and surface winds? Or does the precipitation
of the inner core influence the total precipitation of the
system? This study uses a much more extensive obser-
vational catalog of tropical cyclones (n = 877) from
1979 to 1995.

Such analyses could potentially be useful in (i) iden-
tifying seasonal predictive climatic parameters to TC
development, (ii) producing better precipitation esti-
mates and forecasts for affected areas, and (iii) devel-
oping better parameterizations between storm intensity,
latent heat release, and precipitation in hurricane mod-
els. Consequently, this study uses a satellite-derived dai-
ly oceanic precipitation dataset, together with hurricane
and tropical storm observations, to construct climato-
logical relationships between precipitation and com-
monly determined variables associated with tropical cy-
clones.

2. Data

The scarcity of long-term empirical precipitation/
tropical cyclone intensity relationships has been due in
part to the lack of high quality, long-term precipitation
records. A long-term dally satellite precipitation record
derived from a series of well-calibrated microwave ra-
diometers now exists for the world’'s oceans. Oceanic
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precipitation estimates (in mm per day over each grid
cell) are available using Microwave Sounding Unit
(MSU) channels 1 (50.3 GHz), 2 (53.74 GHz), and 3
(54.96 GHz) as gathered by seven separate Television
Infrared Observation Satellite-N satellites (Spencer
1993) for the period 1 January 1979 to 31 March 1995.
The MSU footprint spatial resolution ranges from 110
km at nadir to over 200 km at the limb. During a large
portion of the satellite record (>7.8 years), two-satellite
coverage gave both ““morning” (0730 and 1930 local
equator crossing times) and ‘‘afternoon” (0230 and
1430) information (Spencer 1993). However, Spencer
states “‘that time series of global rainfall anomalies. . .
show no discontinuities during the transitions between
one- and two-satellite operations” (Spencer 1993).
The calibration and intercalibration of the MSUs is
described in Spencer et al. (1990) and Spencer (1993),
while the rainfall algorithm, discussed by Spencer
(1993) is based upon the following relationship:

P = aS(AT,,)(bT,, + ©), (1)

where P israinfall in millimeters per day; a = 3.6 mm
day-* °C-* provides an average match to the monthly
rain gauge totals in his Fig. 4 (when averaged over one
month, including all zero rain amounts in the average);
AT, ischannel 1 warming (°C) about a 15% cumulative
frequency distribution threshold; and b = 0.0067 k-1,
¢ = —0.83, and T, (K) provide the necessary correction
for the observed latitudinal bias Eq. (1) produces with-
out the temperature correction term. The term T, is a
17-yr average of limb-corrected T, on the 2.5° grid and
pentad time resolution. As Spencer (1993) noted, the
choice of a climatological average for T,, avoids po-
tential cross talk between interannual temperature var-
iations into the precipitation estimates.

These data are categorized into 2.5° X 2.5° ocean
grid cells from 60°N to 60°S. The dataset has been used
to compare satellite-derived precipitation rateswith pre-
cipitation rates from 132 island rain gauges (Spencer
1993). A single scale factor, combined with a clima-
tological air temperature dependence term, provided a
good match to gauge amounts. This dataset has also
been used to identify weekly cycles in precipitation
along the eastern North American seacoast (Cerveny
and Balling 1998).

Tropical cyclone data are obtained from the National
Oceanic and Atmospheric Administration’s National
Climate Dynamics Center tropical cyclone database
(Jarvinen et al. 1984) and, for this study, have been
limited to the same time period as the satellite precip-
itation database (1979-95). Additionally, the quantity
(and relative quality) of observations in the Indian and
South Pecific basins is somewhat less than their North
Pacific and Atlantic basin counterparts so we have lim-
ited study to the North Pacific and Atlantic basins. Con-
sequently, from a total of 877 tropical cyclones, atotal
of 5775 daily observations of tropical cyclones were
used in this study.
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Fic. 1. Relationship between the average tropical cyclonic rainfall
(mm day~*) over the nine 2.5° X 2.5° grid cells and the maximum
surface wind speed (in 10-kt categories) for tropical cyclonic obser-
vations of the Atlantic and North Pacific basins.

Two precipitation databases were formulated. The
first was created using the combined rainfall from the
surrounding nine grid cells (roughly 220 000 km?, de-
pending on latitude) marked from the average position
of the tropical cyclone on the day of observation. The
second dataset uses only the grid cell (approximately
24 000 km?) in which the average position of the trop-
ical cyclone falls during the given day of observation,
consequently restricting precipitation estimates to pri-
marily that of the inner core. Although the geographic
size of tropical cyclones can vary greatly, for example,
Typhoon Tip versus Tropical Cyclone Tracy (Dunnavan
and Diercks 1980; Bureau of Meteorology 1977), as
does the translation speed of these storms, the large
number of tropical cyclones (877) in our database mit-
igates these effects to some extent. However, caution is
urged if applying our findings to individual tropical cy-
clones.

3. Results
a. Tropical cyclone perspective

For the combined Atlantic and Pacific basin obser-
vations, a highly significant linear relationship exists
between the daily amount of TC precipitation accu-
mulated in the nine grid cells and the daily maximum
wind speed of thetropical cyclones. Although the mount
of variance (r2) explained between the raw precipitation
estimates and wind speed datasets was only 0.12, a bet-
ter representation of the relationship is obtained when
the TC observations are categorized into 10-kt (5.15 m
s 1) classes and the mean of each class is used in a
regression analysis (Fig. 1). Such aregression analysis
yields an explained variance for the combined Atlantic
and North Pacific basins of 0.937 (F = 218; p =
0.0001). Theregression equation indicatesthat for every
10-kt (5.15 m s7*) increase in wind speed, there is an
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FiG. 2. Relationship between the maximum surface wind speed and
the average tropical cyclonerainfall (in 50 mm day —* categories) over
the nine grid cells for tropical cyclonic observations of the Atlantic
and North Pacific basins.

approximately 13 mm day* increase in TC precipita-
tion. Low wind speed categories (less than 40 kt, 20.6
m s1) are associated with rainfall amounts of 160 mm
day~-* while high wind speed categories are character-
ized by precipitation amounts in excess of 350 mm
day~—*. Previous studies for much smaller datasets (21
or less typhoons) or for tropical cyclone case studies
(e.g., Allisset al. 1993, 1992; Rao and MacArthur 1994)
have demonstrated similar relationships. For example,
Allis et al. (1993) found a strong linear relationship
between Special Sensor Microwave/lmager rain rates
and Hurricane Florence's intensity while Rodgers and
Adler (1981) demonstrate a linear relationship between
storm intensity and maximum surface winds for 21 ty-
phoons during the early 1970s.

Similarly, when we divide total TC rainfall into 50
mm day—* categories, we find that the reverse relation-
ship also holds; the higher the amount of precipitation
associated with the tropical cyclone, the greater the
storm wind speed associated with that precipitation (Fig.
2). As with the initial relationship, this reverse regres-
sion equation again shows a very high explained vari-
ance of 0.940 (F = 189.9; p = 0.0001 level). Low
rainfall categories (<300 mm day—*) are characterized
by TC wind speeds of less than 60 kt (30.9 m s~*) while
high precipitation categories (above 300 mm) are linked
to wind speeds of 60 kt (30.9 m s*) and above. Of
course this relationship, as with all others discussed in
this study, is climatic in nature and may not be valid
for individual storms. For example, Schubert and Hack
(1982) have demonstrated that, for individual tropical
cyclones, the relationship between maximum surface
winds and inner-core rainfall may be nonlinear due to
differences in response time to changes in inertial sta-
bility.

Another analysis was performed to investigate how
representative therainfall total for the center cell (rough-
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Fic. 3. Relationship between maximum surface wind speed (in 10-
kt categories) and center grid cell (inner core) rainfall (mm day 1)
of the Atlantic and North Pacific basins. Observed values (solid line);
fitted curve (dotted line).

ly representative of the inner-core precipitation) is to
the average value obtained for the nine-cell domain of
the whole tropical cyclone. Approximately 70% of the
variance in the average rainfall within the nine-cell area
can be explained by the precipitation measured in the
center cell. Consequently, it is apparent that the total
rainfall of the storm appears to be highly related to the
strength of the inner core. To further analyze this effect,
the center cell’swind—precipitation relationship wasal so
explored using the aforementioned technique that was
applied to the nine—grid cell average rainfall rate. A
linear regression fit produced an r2 value of 0.751 (F
= 39.2, p < 0.0001). However, theresults (Fig. 3) show
that the data are best represented by a quadratic fit with
a regression coefficient of variation r2 value of 0.925
(F = 74.0; p < 0.0001). Taking into account this non-
linearity, thereis a strong relationship between the nine-
cell precipitation average and that measured for the cen-
ter cell only (Fig. 4). The center cell rainfall explains
98.3% of the variance in the nine-cell rainfall average
(F = 538.6; p = 0.0001). Thisis similar to findings of
Rodgers and Adler (1981) for 21 typhoons that occurred
in early 1970s. They reported that “ asatropical cyclone
intensifies the rain rate at al distances from the center
of circulation increases.”

In terms of the actual rainfall amount, the center grid
cell’s precipitation contributes 26.3% * 0.2% of the
total rainfall associated with the entire tropical cyclone.
When the ratio of the center grid cell precipitation to
the TC's entire rainfall is categorized by the storm’s
wind speed, an interesting U-shaped pattern is evident
as illustrated in Fig. 5. More of the TC rainfall is as-
sociated with the center grid cell (inner core) precipi-
tation for both very weak storms (those with central
wind speeds under 30 kt, 15.4 m s-*) and strong storms
(those with central wind speeds above 120 kt, 61.8 m
s1).

The immediate cause of such arelationship is evident
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FiG. 4. Relationship between the average tropical cyclone rainfall
(50 mm day* categories) and the center grid cell (inner core) rainfall
(mm day—1).

when the inner-core and spiral band rainfall is graphed
as a function of maximum surface wind speed (Fig. 6).
Inner-core precipitation remains relatively constant
around 500-600 mm day~-* until winds of 120 kt are
achieved while spiral band rainfall increases more lin-
early with increasing surface winds. This suggests that
inner-core dynamics, particularly with respect to pre-
cipitation, may respond differently than in the outer spi-
ral bands. As addressed earlier, Schubert and Hack
(1982), for example, have demonstrated that, for indi-
vidual tropical cyclones, the relationship between max-
imum surface winds and inner-core rainfall may be non-
linear due to differences in response time to changesin
inertial stability. And, from a theoretical approach,
Emanuel (1997) demonstrated while the surface wind
field in the inner core can be amplified from wind-in-
duced surface heat exchange, it can also be influenced

40

Ratio of Center Gridcell Bainfall to
Total Trepical Cyclonic Painfall (%)

Maximum Wind Speed {knots)

Fic. 5. Ratio of the center grid cell rainfall to the average tropical
cyclonic rainfall (in percent) stratified by maximum surface wind
speed (10-kt categories). Bars indicate one standard error deviation
about the mean.
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Fic. 6. Center grid cell (inner core) rainfall (squares) and outer
grid cells (spiral band) rainfall (diamonds) stratified by maximum
surface wind speed (10-kt categories). Bars indicate one standard
error deviation about the mean.

by the diffusive processes associated with frontal col-
lapse of the eyewall, presumably leading to nonlinear
responses with precipitation.

b. Geographical perspective

Analyzing the data from a geographical perspective,
the latitudinal gradient of TC precipitation for the com-
bined Atlantic and North Pacific basins is quite steep,
as one would expect, with most rainfall of tropical cy-
clones occurring near the equator (Fig. 7). A marked
rapid drop in TC rainfall near the equator is likely the
result of the inability to sustain strong TC activity near
the equator due to the lack of the Coriolis effect (Anthes
1982). When stratified by basin, the North Pacific west
(west of 180°) basin exhibits the pattern closest to the
expected relationship (Fig. 8). The North Pacific east
(east of 180°) basin shows a marked decline in rainfall
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Fic. 7. Latitudinal gradient in average tropical cyclonic rainfall
(mm day—') associated with the North Pacific and Atlantic basins.
Bars indicate one standard error deviation about the mean.
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as latitude increases until approximately 25°N, when
precipitation again increases as storms approach higher
latitudes (north to about 35°N). The drop in precipitation
likely results from a weakening of the tropical cyclone
as the storm enters the colder waters off the coast of
North America. The Atlantic basin also deviates from
the expected pattern with low rainfall rates at low lat-
itudes (although there are relatively few Atlantic storms
in the 0°~10°N range) and high rainfall in the 10°-15°N
range with dropping rates into the midlatitudes. Around
40°-45°N there is a significant increase in precipitation
followed by an equally marked decrease in the rainfall
rate as storms continue moving poleward, perhaps due
to a variety of extratropical influences (Tuleya 1994)
such as the effects of the Gulf Stream, interactionswith
extratropical weather features (e.g., Drury and Evans
1998), or penetration into a high pressure ridge's sub-
sidence.
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Fic. 9. Monthly variationsin average tropical cyclonic rainfall (mm
day—1) stratified by basin. (a) Atlantic, squares; (b) North Pacific west,
diamonds; (c) North Pacific east, circles with dashed lines. Bars in-
dicate one standard error deviation about the mean.
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combined North Pacific and Atlantic basins by year.

The North Pacific and Atlantic tropical cyclones oc-
curring during the months of October, November, De-
cember, and January experience significantly more rain
per day than do storms throughout the rest of the year
(Fig. 9). In other words, the later season TCs appear to
be wetter than early season storms. The North Pacific
east basin’s November and December tropical cyclones,
in particular, tend to be heavy rain producers. The ex-
planation for this finding relates to the relationship be-
tween wind speeds and rainfall in conjunction with the
timing of most intense tropical cyclones, particularly
for the North Pacific basins. Although analysis of the
TC dataset reveals that, for the North Atlantic basin, the
timing of the most intense tropical cyclones occurs in
early September, the most intense tropical cyclones in
the North Pacific Ocean basins occur much later in the
year (November and December). Because these late sea-
son storms generally are occurring in low latitudes, they
are drawing on the warmer temperatures, moisture, and
surface energies available at those latitudes. Asexample
of this behavior, Supertyphoon Paka with sustained
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amonds; (c) North Pacific east, circleswith dashed lines. Barsindicate
one standard error deviation about the mean.
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winds of 175 kt hit Guam late in the year on 17 De-
cember 1997. Given the primary finding of this study
of a strong linear relationship between wind speed and
rainfall, it is consequently not surprising that TC pre-
cipitation is higher toward the end of the year.
Although too short of record exists to identify sub-
stantially strong temporal cyclesin the tropical cyclone
precipitation database, marked ‘‘dry’’ tropical cyclone
years have occurred in 1981, 1984-85, and 1988-89.
Strong “‘wet” tropical cyclone years have occurred in
1979-80, 1982-83, 198687, and 1991 (Fig. 10). As
expected, the North Pacific and Atlantic tropical cyclone
rainfall rates are out of phase with each other over time
(Fig. 11). This relationship appears to follow the vari-
ance identified between the North Pacific and Atlantic
basins with regard to El Nifio events (Gray 1984). In
the Atlantic basin during El Nifio events, increased ver-
tical shear brought about by increases in the climato-
logical westerly winds in the upper troposphere result
infew TCs(Gray 1984; Pielke and Landsea 1999). Con-
versely, records of past El Nifio eventsindicate that such
events produce consistently warmer than normal seasur-
face temperatures in the Pacific, especially near the in-
ternational date line, and consequently more typhoons
(Chan 1985; Chu and Clark 1999; Chu and Wang 1997).
Rainfall as a function of atropical cyclone'slifetime
tends to demonstrate a peak in rainfall for the combined
Atlantic and North Pacific basins at approximately six
days (Fig. 12a). Maximum daily wind speed as a func-
tion of the number of days since the origin of the storm
shows a marked increase in velocity with a peak around
67 days (Fig. 12b). Separating this analysis by basin,
the North Pacific west basin is the ocean basin primarily
driving this behavior. A quasi-weekly”” behaviorin TC
rainfall or winds is likely linked to the average lifetime
of the storm. For the 877 tropical cyclones analyzed in
this study, the average lifetime of atropical cyclonewas

8 days (with a secondary peak at 6 days). Statistically,
the maximum wind speeds, which tend to occur near
the middle of the TC’s life cycle, tend to peak near the
same time period. The close relationship between wind
maxima and rainfall indicates that rainfall will conse-
quently follow the same pattern.

4. Discussion and conclusions

The climatology of rainfall rates associated with trop-
ical cyclone activity shows clear linear relationships be-
tween the intensity of the tropical activity and the
amount of precipitation for the North Pacific and At-
lantic basins.

» When the TC wind observations are categorized into
10-kt (5.15 m s1) classes and the mean of each class
is used in the analysis, the resulting linear regression
of maximum surface wind classes explained 94% of
the total variance in precipitation (p < 0.0001). Pre-
vious studies for much smaller datasets and TC case
studies have demonstrated similar relationships.

» The reverse relationship is equally valid, which adds
support to the linkage. The higher the TC rainfall
category, the greater the maximum surface wind speed
associated with the precipitation class. The total rain-
fall of thetropical cyclone appearsto be highly related
to the precipitation associated with the inner core.
Approximately 70% of the variancein thetotal rainfall
within the nine-cell area can be explained by the pre-
cipitation measured in the center grid cell (F = 41.0;
p < 0.0001). Thisisempirical evidence that the mech-
anisms associated with the TC’s inner core directly
influence the release of rainfall inits spiral bands. Our
findings probably relate to the concepts associated
with development of spiral rain bands from the center.
Although there has been disagreement as to whether
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the spiral bands are created by gravity waves (Wil-
loughby 1978), boundary layer asymmetry (Shapiro
1983), or pooled potential vorticity regions (Gunn and
Schubert 1993), it is nevertheless very likely that en-
ergy is exchanged between the inner core and the
system’s spiral bands, and that the two features are
related. As Rodgers and Adler (1981) reported, “asa
tropical cycloneintensifiestherainrate at all distances
from the center of circulation increases.”

A larger portion of the TC's total precipitation is as-
sociated with the center box (inner core) precipitation
for both very weak storms (those with central wind
speeds under 30 kt, 15.4 m s *) and strong storms
(those with central wind speeds above 120 kt, 61.8 m
s 1). Thisis the result of the fact that inner-core pre-
cipitation remains relatively constant around 500—600
mm day—* until winds of 120 kt are achieved while
spiral band rainfall increases more linearly with in-
creasing surface winds. The implication, as suggested
from previous case studies, is that inner-core dynam-
ics, particularly with respect to precipitation, may re-
spond differently than in the outer spiral bands.

» The latitudinal gradient of precipitation associated
with tropical cyclones for the combined Atlantic and
North Pacific basins is steep with most TC rainfall
occurring near the equator. The moisture availability
associated with the subtropics is likely the factor be-
hind this finding.

 Although past studies have indicated that TC fre-
quencies are highest in September, tropical cyclones
that occur in the months of October, November, De-
cember, and January produce significantly more pre-
cipitation per day than do other months of the year.
This is likely associated with the timing of the most
intense tropical cyclones that for North Pacific Ocean
basins occur late in the year (November and Decem-
ber). The geographic and tempora findings suggest
that late-season storms, particularly in the North Pa-
cific basin, are more low latitude than their summer
counterparts and, consequently, they are drawing on
the warmer temperatures, moisture, and surface en-
ergies available at those latitudes.

» Asexpected, the North Pacific and Atlantic TC rainfall
rates are out of phase with each other over the length
of record (1979-95) in accordance with El Nifio-La
Nifia relationships. Given that past studies (e.g., Gray
1984) have shown that Atlantic TC activity is sup-
pressed under El Nifio conditions while Pacific trop-
ical cyclone activity is enhanced due to warmer SSTs
(Chan 1985; Chu and Clark 1999; Chu and Wang
1997), it is not surprising to see adecrease in Atlantic
TC rainfall and an increase in Pacific TC rainfall oc-
curring under such conditions.

» Rainfall as afunction of storm lifetime shows a peak
inrainfall for the combined Atlantic and Pacific basins
at approximately six days declining until another ma-
jor peak occurs around 17-18 days. The former peak
of 6 daysis likely related to the average TC lifetime
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while the latter peak (17-18 days) may relate to the
travel time that some storms would take that have
crossed the Atlantic and then reached the warmer wa-
ters of the Gulf Stream. Similarly, in the Pacific,
storms would traverse the basin and then enter the
warmer waters associated with the Kuroshio Current.

These results demonstrate basi c associ ations between
satellite-derived precipitation and measures of TC in-
tensity. One application of these resultsisthe production
of better rainfall rates for areas affected by tropical cy-
clones. For example, as Fig. 1 demonstrates, a minimal
strength hurricane (winds of 60 kt, 61.8 m s~*) produces
rains on the order of 225 mm day—* over the nine grid
cells of 2.5° X 2.5° size. That can be converted to ap-
proximately 41 million acre-feet of rain per day for the
entire area of the tropical cyclone. Conversely, a storm
of wind strength greater than 100 kt (51.5 m s~*) pro-
duces approximately 120 million acre-feet of rain per
day over an area of 220 000 km?. This magnitude of
precipitation is the equivalent of filling Lake Erie
(391 987 200 acre-feet) in three and one-quarter days.
In terms of manmade structures, one of the largest, Hoo-
ver Dam with a capacity of approximately 28 million
acre-feet, could be filled by even a minimal hurricane
in just over half a day. Such statistics demonstrate the
tremendous amount of water available for flooding such
as in the tragedy associated with Hurricane Mitch
(1998).

Rainfall estimates like these can be used by fore-
castersas climatological averagesto aid in heavy rainfall
and flooding warnings for affected land areas. Contin-
ued study of these relationships can improve and aid
our theoretical and applied understanding of tropical
cyclonic rainfall.
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