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Abstract 

Floods due to torrential rains associated with land
falling tropical cyclones have always been a big threat for 
loss of life. Recent research (Rappaport et al. 1999) has 
shown that since 1970 about 57% of the total deaths 
reported with tropical cyclones have been from floods due 
to torrential rains. This paper will present some opera
tional forecasting considerations from an observational 
perspective, and will propose suggestions for real-time 
quantitative precipitation forecasting with landfalling 
tropical cyclones along the Florida and central Gulf of 
Mexico coasts of the United States. 

1. Introduction 

While floods from torrential rainfall associated with 
landfalling tropical cyclones have been known as a threat 
to human life for many years, the apparently larger 
threats from storm surge and extreme wind have usual
ly commanded the most attention. However, Rappaport 
et al. (1999) found that during the period 1970-1998, 
floods from torrential rains associated with tropical 
cyclones accounted for 292 out of 510 reported deaths 
(57%) in the U.S. They also found that floods accounted 
for 70% of children's deaths that occurred with tropical 
cyclones. 

Several tropical storms have caused a large loss of 
human lives due to flooding from torrential rains in the 
history of the United States. Hurricane Agnes (1972) 
came ashore in the Florida panhandle as a category 1 
storm but produced huge rainfall amounts in the mid
Atlantic states that caused flooding and 125 deaths. 
Tropical Storm Alberto (1994) also came ashore in the 
Florida panhandle. Alberto slowed down and mean
dered across Georgia and Alabama producing more 
than 20 inches of rain, and floods that resulted in 33 
deaths. Tropical Storm Amelia (1978) came ashore in 
Texas and produced floods from torrential rains that 
resulted in 33 deaths. Even as recently as 1999, 
Hurricane Floyd came ashore in coastal North 
Carolina and produced catastrophic flooding resultmg 
from 15 to 20 inch rains, and 56 deaths. Also in 1999, 
Hurricane Irene resulted in 10 to 20 inches across 
much of southeast Florida causing $600 million in 
damage and 8 indirect deaths. Because two of the three 
biggest U.S. flood producing killer storms were 'only' 
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tropical storms, there appears to be little relationship 
between tropical cyclone intensity and the number of 
rainfall induced flood deaths.The relationship between 
storm movement and rainfall has been known for a 
long time from common sense and observational stud
ies. An old, widely known empirical relationship has 
been that an estimate for the maximum rainfall from a 
landfalling tropical cyclone in inches is 100 divided by 
the storm speed in knots (Kraft 1960s, from Hebert, 
personal communication). This paper will use rainfall 
observations and storm tracks from historical storms to 
validate this old, simple relationship and perhaps offer 
additional guidance for operational forecasters when 
faced with such a situation. 

This study is limited to two areas: 1) the northern Gulf 
of Mexico coast between Lake Charles, Louisiana, and 
Apalachicola, Florida, and 2) the Florida peninsula 
between Apalachicola and Fernandina Beach. Data for 
this study were obtained from U.S. Department of 
Commerce (DOC), National Oceanic and Atmospheric 
Administration (NOAA), National Weather Service 
(NWS) and National Environmental Satellite, Data, and 
Information Service (NESDIS) publications such as 
NESDIS National Climatic Data Center (NCDC) 
Climatological Data publications, NWS Tropical 
Prediction Center historical hurricane tracks, and NWS 
Natural Disaster Survey Reports on individual storms 
where available. 

A great deal of interesting and potentially useful rain
fall data for landfalling tropical cyclones in the United 
States between 1900 and 1955 can be found in Schoner 
and Molansky (1956) and Schoner (1957). However, 
Schoner and Molansky's data was not used in this study 
for the following reasons: 1) for many of the earliest 
years, the density of the cooperative rainfall network is 
sparse at best, making the maximum rainfall reports 
suspect, 2) the maximum rainfall report for Hurricane 
Easy in 1950 is listed as 24.5 inches at Cedar Key, 
Flurida, but it is well known historically that 
Yankeetown, Florida, received 38.7 inches during that 
storm, and 3) for a number of storms where maximum 
rainfall reports were less than 5 inches, no data is includ
ed, thus potentially biasing the data and any derived 
relationships toward larger rainfall amounts. Even with 
these identifiable pitfalls, Schoner and Molansky's work 
can be a valuable reference when trying to forecast rain
fall associated with a landfalling tropical cyclone. 

JI 
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2. Background 

Rainfall in tropical latitudes is characterized by high 
temperature and high liquid water content when com
pared to precipitation in the mid latitudes (except for 
tropical cyclone environment). The higher liquid water 
content combined with very strong convection in the cen
tral part of a tropical cyclone (or 'eye wall' in hurricanes) 
provides potential for extreme amounts of rain. However, 
most of the heavy rainfall occurs in the high-wind area, 
making measurements very difficult. Simpson and Riehl 
(1981) estimated that not more than half the falling rain
water is caught by the typical manual rain gage at wind 
speeds above 50 knots. Automated rain gages, notably 
tipping buckets, are prone to even more error due to the 
inability of the tipping mechanism to keep up with the 
torrential rains and error from the effect of the wind itself 
on the tipping mechanism. 

Factors to consider when trying to forecast tropical 
cyclone rainfall include the storm's movement, intensity 
(arguably), size, rainband progression (training effects), 
topography, and mesoscale atmospheric features such as 
fronts. The combined effects of all of these factors have 
resulted in widely varying reports (from a trace to more 
than 100 inches in a typhoon) of rainfall amounts associ
ated with tropical cyclones. Indeed, sometimes the heav
iest rainfall with tropical cyclones occurs well after the 
storm has moved inland and has apparently lost all trop
ical characteristics. 

Based on a host of assumptions and calculations using 
aircraft data on the amount of moisture transport, sever
al researchers (Riehl and Malkus 1961; Simpson and 
Riehl 1981) found that the rainfall rate in hurricanes 
decreases logarithmically with distance from the center. 
From graphs of three hurricane precipitation profiles in 
work done by these researchers, the maximum computed 
rainfall rate of about 1.3 inches per hour extends out to 
only about 22 statute miles from the center, while from 
22 to 44 miles the computed rainfall rate is about 0.66 
inches per hour, decreasing to 0.33 inches per hour from 
44 to 68 miles from the center, and 0.16 inches per hour 
from 68 to 93 miles from the center. Assuming then a 
storm motion of about 10 mph, disregarding the existence 
of an eye, and assuming that the hypothetical storm 
moves directly over the point in question in order to 
obtain the maximum rainfall possible, the maximum 
hypothetical rainfall would be about 11 inches. If the 
storm motion is doubled to 20 mph, the maximum esti
mated rainfall is halved to 5.5 inches. If the storm motion 
is halved to 5 mph, the maximum estimated rainfall is 
doubled to 22 inches. From these rough points, one can fit 
a theoretical logarithmic curve with the equation (1): 

y = 31.1e(0.915)x (1) 

where x is the speed of the storm in mph and y is the esti
mated maximum rainfall in inches. This is the first max
imum rainfall prediction equation for use in the field in 
real time. Note that for a stalled storm (x = 0 mph) the 
highest rainfall possible is 31.1 inches, so caution must 
be exercised when using this equation below about 5 
mph. 
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Miles West And East of Landfall Position 

Fig. 1. Average 48-hour rainfall (in.) pattern for 46 Gulf coast trop
ical storms and hurricanes (from Goodyear 1986, reproduced in 
Atkinson 1971). 

Testing equation (1) on historical data is a logical next 
step. For Hurricane Andrew, which struck south Dade 
County, Florida, in August of 1992, the movement was 
relatively fast; around 17 knots or 18.7 mph. Using that 
speed, equation (1) predicts a maximum of 5.9 inches of 
rain. Andrew produced a reported maximum 7.5 inches of 
rain at Tamiami Airport, although most reports were less 
than 4 inches. 

Goodyear (1968) used observational data from 46 trop
ical storms and hurricanes making landfall on the Gulf 
coast of the U.S. during the period 1940-65 to come up 
with an average 48 hour rainfall pattern with respect to 
the tropical cyclone center. His work shows the average 
maximum rainfall of nearly 6 inches occurring from 25 to 
50 miles inland from the coast approximately 25 to 50 
miles to the right ofthe storm track (Fig. 1). However, the 
individual storms showed a wide range in actual rainfall 
amount, due in part to the speed of movement of each 
respective storm. Operational forecasters can readily use 
this information as they decide where to post flood watch
es and forecast average rainfall amounts. 

Enman (1993) and Dutcher (1993) developed rainfall 
amount prediction models based on seven independent 
variables (maximum sustained wind speed, central pres
sure, heading, forward speed, angle at which it strikes 
the coast, and diameter of the largest closed isobar) to 
forecast rainfall distribution of hurricanes only. The 
Enman model was for the Gulf of Mexico and the Dutcher 
model was for the U.S. East Coast respectively. Enman 
also used Dutcher's data to create a combined model. The 
predictions for these models were called average storm 
total rainfall assigned to 50 km by 50 km bins rather 
than point totals. Thus the equation is a function of row 
and column values that is easily adaptable to a personal 
computer or workstation environment as long as good 
information for the predictors is known. 

The Scofield/Oliver technique (Spayd and Scofield 
1984) has been used operationally on hurricanes and 
tropical storms since 1978. At its inception, the 
Scofield/Oliver technique was a manual procedure using 
half-hourly visible and enhanced infrared (IR) GOES 
satellite imagery. With the advent of digital satellite 
imagery and better computer power, the technique has 
been automated and improved. 'lbday, accurate, real-
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time, operational rainfall estimates are made by NESDIS 
using an auto-estimator algorithm (Vicente et al. 1998). 
Precipitation rates are primarily based on the cloud-top 
temperature obtained from GOES 8 and GOES 10 (10.7 
micron) satellite imagery. Instantaneous, I -hour,3-hour, 
6-hour, and 24-hour precipitation estimates are avail
able. Numerous other factors, including the cloud-top 
geometry, the available atmospheric moisture, stability 
parameters, radar data, and local topography, are used to 
further adjust the rain rate. The estimates are available 
to all NWS Forecast Offices through the NESDIS Flash 
Flood Home Page on the Internet World Wide Web. In 
addition, a new publication on satellite techniques for 
estimating rainfall from tropical cyclones has recently 
become available through the World Meteorological 
Organization (WMO 1999). 

Extreme rainfall amounts are likely with very slow 
moving tropical cyclones. History provides a number of 
excellent examples at several different time scales. The 
South Florida hurricane of 11-12 October 1947 dropped 
1.32 inches of rain in 10 minutes and 3.62 inches of rain 
in one hour at Hialeah, and 6 inches in just over one hour 
at other locations in the Miami area (Barnes 1998). 
During the 17-18 September 1926 hurricane, 16.4 inches 
of rain fell in a few hours in Blountstown. A Florida 
record 38.7 inches of rain in 24 hours fell at Yankeetown 
during Hurricane "Easy" in 1950. Over 40 inches of rain 
fell at Dauphin Island, Alabama, in Hurricane Danny in 
July 1997. The U.S. record of 43 inches of rain in 24 hours 
occurred atAlvin, Texas during Tropical Storm Claudette 
in 1979. 

Tropical Storm Alberto is an excellent example of a 
slow moving tropical cyclone that caused torrential rain
fall and flooding (NOAA 1995). Alberto made landfall in 
July 1994, in the Florida panhandle and then drifted 
erratically across Georgia and Alabama. Alberto dropped 
over 20 inches of rain in a few spots and caused major 
flooding on rivers and streams in southwest Georgia, 
southeast Alabama, and northwest Florida. 

Low rainfall or even dry conditions are possible and 
are usually associated with fast-moving tropical cyclones. 
The 1941 hurricane at Miami dropped less than 0.5 inch. 
Hurricane Andrew, mentioned earlier, is another exam
ple of a relatively fast-moving storm that was drier than 
would normally be expected. 

3. Data and Analysis 

A method of anticipating extreme rainfall associated 
with landfalling tropical cyclones would be of great value 
for operational forecasters along the southern U.S. coast
line. In order to assess the relative location and amount 
of extreme rainfall for tropical cyclones making landfall 
along the U.s. Gulf coast between Lake Charles, 
Louisiana, and Apalachicola, Florida, it was necessary to 
first identify tropical cyclones that crossed this part ofthe 
coast between 1960 and 1999. The NWS Tropical 
Prediction Center's Atlantic Tropical Storm and 
Hurricane Tracks provided this information as well as a 
general speed and direction of motion as the storm 
crossed the coastline. The monthly NESDIS NCDC pub
lication Climatological Data for the states of Louisiana, 
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Mississippi, Alabama, and Florida provided rainfall 
reports for the affected counties and supplemental 
reports such as Natural Disaster Reports were used if 
available. 

A plot of each storm's path and the associated rainfall 
were then assembled. Subjective decisions were made in 
each individual storm case on how many days to include 
in the storm total based on speed of storm movement and 
path. These subjective decisions were necessary since 
most of the reports available in Climatological Data were 
once dai,ly 24-hour reports of accumulated rainfall. The 
highest rainfall amount and its direction and shortest 
distance from the path of the storm, as well as distance 
inland, were identified and tabulated. Angle of incidence 
with the coast was noted for analysis, with 90 degrees 
indicating a perpendicular path oflandfall, and 0 degrees 
indicating a parallel path along the coast. 

The data were entered into a spreadsheet program 
and plots generated. The method of least squares was 
applied to fit a line where appropriate. After the Lake 
Charles to Apalachicola segment was complete, a seg
ment from Apalachicola to Fernandina Beach including 
the entire Florida peninsula was completed the same 
way. Although the Gulf coast west of Lake Charles and 
the Atlantic coast north of Fernandina Beach were not 
considered, hopefully these results can be applied in a 
general way for those coasts with some success. No con
sideration was made for 'special cases', which might 
include important interactions of the tropical cyclone 
with baroclinic zones or topography or 'hybrid' tropical 
cyclones making the transition from warm core to cold 
core. 

Of course, the climatological and hydrologic data net
works are probably not dense enough to capture the true 
maximum rainfall associated with a landfalling tropical 
cyclone. Those rainfall reports that are available are sus
pect due to wind effects and a host of other possibilities. 
In some cases, rainfall reports from cooperative reporting 
sites are missing or represent several day storm totals as 
rain gage sites were abandoned. 

4. Results 

a. Amount 

The first forecast problem for the operational meteo
rologist is to estimate the amount of rainfall from a land
falling tropical cyclone. The results of the analysis for the 
Gulf coast between Lake Charles and Apalachicola are 
shown in Fig. 2. There were roughly 30 tropical cyclones 
in the sample. Note that for storm speeds greater than 6 
knots, the maximum observed rainfall lies roughly along 
a line near 9 or 10 inches regardless of speed. For storm 
speeds less than 6 knots a more exponential distribution 
is apparent. Similar results for the Florida peninsula 
between Apalachicola and Fernandina Beach are shown 
in Fig. 3 with about 33 tropical cyclones in the sample. 

The method of least squares was applied through a 
spreadsheet program to find an equation that would 
describe a 'best-fit line' excluding speeds less than 6 
knots. For northern Gulf coast landfalling storms, a first 
guess maximum rainfall of 9.75 inches is appropriate 
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Northern Gulf Coast TC Rainfall 
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Fig. 2. Maximum rainfall (in.) plotted against estimated storm 
movement (kt) for landfalling tropical cyclones between Lake 
Charles, LA and Apalachicola, FL. 
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Fig. 3. Maximum rainfall (in.) plotted against estimated storm 
movement (kt) for landfalling tropical cyclones on peninsula Florida 
between Apalachicola, FL and Fernandina Beach, FL. 

with a small negative correction for speed as shown in 
equation (2). The Florida peninsula landfalling storms 
show a similar regression, but with a slightly smaller 
first guess maximum rainfall of 9.37 inches and a larger 
negative correction for speed as shown in equation (3). 

R = 9.75 in. - 0.039(movement (kt)) (2) 

R = 9.37 in. - 0.063(movement (kt)) (3) 

From this simple analysis, operational forecasters con
fronted with a typical rainfall forecast problem from a trop
ical cyclone moving faster than 6 knots between Lake 
Charles and Fernandina can expect a maximum storm 
total rainfall amount of 9 to 10 inches with a standard 
deviation of 3.3 inches for the northern Gulf coast and 3.2 
inches for peninsular Florida. This is more than what . 
Goodyear found in his study and does not show the vari
ability with speed expected from the simple Kraft relation
ship or the Riehl studies. Even so, the best forecasting aide 
for such a situation will be to use all four ways to obtain a 
good idea of what can be expected as a maximum rainfall. 

b. Distribution 

A second forecast problem for the operational meteo
rologist is whether or not to issue a flood watch for a land-
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falling tropical cyclone, and, if so, where to position the 
flood watch. Tropical cyclones make landfall in summer 
and fall months when soil moisture content is normally 
lower due to actively growing vegetation and sporadic 
rainfall from scattered summer showers and thunder
storms. Therefore, the soil and the vegetation can often 
absorb a great deal of rainfall from hurricanes and miti
gate excessive flooding. In Louisiana and Mississippi 
during the passage of Hurricane Andrew in August of 
1992, maximum rainfall amounts were near 11 inches. 
However, very little flooding occurred due to the dryness 
of the soil (Pfost 1993). Contrast that situation with the 
disastrous flooding in North Carolina in September 1999 
from Hurricane Floyd associated rainfall, which came 
after Tropical Storm Dennis rainfall had increased soil 
moisture just a week or two earlier. Because of the rain
fall potential, a flood watch is always in the best 
interest of the public safety regardless of the dry
ness of the soil when a tropical cyclone moves 
ashore. 

Positioning the flood watch is relatively easy using 
Goodyear's work. From Fig. 1 (subjectively using the 3 
inch isohyet as a guide for potential flood producing rain
fall), the flood watch should be posted from 25 miles west 
to 125 miles east and 100 miles inland from where the 
center of the tropical cyclone makes landfall. To test this 
conclusion, the geographical positions ofthe highest rain
fall report available were plotted relative to the position 
where the cen.ter of the tropical cyclone crossed the coast. 
Two distances, shortest distance from the coast and 
shortest distance to the subsequent path of the center of 
the tropical cyclone, were measured and plotted. The 
results for the northern Gulf coast are shown in Fig. 4, 
and for the Florida peninsula are shown in Fig. 5. 

Assuming that a goal of the flood-watch-issuing fore
caster is to post a flood watch area that will include the 
position of the maximum rainfall report, some general 
conclusions can now be made. For the northern Gulf of 
Mexico coast, the flood watch should be posted from 50 
miles west to 125 miles east and 125 miles inland from 
where the center of the tropical cyclone crosses the coast. 
This is slightly larger than the 3-inch based Goodyear 
flood watch area. For the Florida peninsula coast, the 
flood watch should be posted from 25 miles west to 100 
miles east and 50 miles inland from where the center of 
the tropical cyclone crosses the coast. The much smaller 
inland distance is most likely due to the variety of tracks 
that are possible for a peninsula like Florida, as well as 
the fact that the peninsula is only about 140 miles across 
at its widest point. Of course, if a tropical cyclone is fore
cast to cross the peninsula, it is logical to include the 
entire storm swath across the peninsula in any posted 
flood watch. 

The sample size was apparently not large enough for 
many conclusive results about the relationship of the 
maximum rainfall associated with a landfalling tropical 
cyclone and the angle of incidence with the coast. In gen
eral, the northern Gulf coast experienced higher rainfall 
totals with south to north and southeast to northwest 
moving tropical cyclones. Such movement was conducive 
for longer training effects on the wetter east side of the 
tropical cyclone to produce higher rainfall amounts. For 
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Fig. 4. Location of maximum rainfall report for landfalling tropical 
cyclones along Gulf Coast between Lake Charles, LA and 
Apalachicola, FL (1960-1999). Relationship shows shortest dis
tance inland from the coast (miles) and shortest distance from the 
path of the center of the tropical cyclone (miles). Negative dis
tances denote maximum rainfall was observed west of the location 
where the center crossed the coast; positive distances are east. 
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Fig. 5. Location of maximum rainfall report for landfalling tropical 
cyclones on Florida peninsula between Apalachicola, FL and 
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crossed the coast; positive distances are to the right. 
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peninsular Florida, storms moving from southwest to 
northeast seemed to produce higher rainfall amounts 
than other possibilities. 

5. Conclusions 

Four methods of forecasting the maximum rainfall to 
be expected from a landfalling tropical cyclone along the 
northern Gulf of Mexico coast or the Florida peninsula 
have been. presented: 1) Kraft's simple empirical estima
tion, 2) a logarithmic method developed by Riehl, 
Simpson, and Malkus, 3) Goodyear's study, and 4) regres
sion results presented in this paper. Using all four meth
ods is probably the best way to approach the problem of 
forecasting the maximum rainfall. However, for most 
landfalling tropical cyclones (moving at speeds greater 
than 6 knots) between Lake Charles, Louisiana, and 
Fernandina Beach, Florida, the maximum rainfall will be 
between 9 and 10 inches with a standard deviation of 
about 3.3 inches. For tropical cyclones moving at speeds 
of 6 knots or less, predicted rainfall amounts should be at 
least double the 9 to 10 inch amount . 

'I\vo methods of deciding where to post a flood watch 
have been presented: 1) Goodyear's study, and 2) plots of 
the position of observed maximum rainfall relative to the 
coastline where the center of the tropical cyclone crosses 
the coast. To include a factor of safety, the flood watch 
should be posted from 50 miles west to 125 miles east and 
125 miles inland of the location where the center of the 
tropical cyclone crosses the coast between Lake Charles 
and Fernandina Beach. Flood watches should continue to 
accompany any identifiable center of circulation and 
banding features remaining as the storm moves farther 
inland for as long as several days after the initial land
fall. 

The angle of incidence of the path of the tropical 
cyclone with respect to the coast does not seem to have as 
great an influence on the amount of rainfall produced as 
might be believed. In general, for the northern Gulf of 
Mexico coast, southeast to northwest and south to north 
moving tropical cyclones produced more rain than south
west to northeast moving storms. For the Florida penin
sula, southwest to northeast moving tropical cyclones 
produced more rain than any of the other possible path 
orientations, but there were several exceptions. 
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