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(eneralized Estimates of Probable Maximum

Precipitation and Rainfall-Frequenéy Data

for Puerto Rico and Virgin Islands

for Areas to 400 Square Miles, Durations to 24 Hours, and Return Periods from
1 to 100 Years

INTRODUCTION

Assignment. The Soil Conservation Service’s
need for rainfall data for hydrologie design purposes
in connection with its Watershed Protection and
Flood Prevention Program (authorization: P.L. 566
83d Congress, and as amended) led to its cooperating
with the Weather Bureau in deriving the required
information.

Scope. This report presents rainfall data for

_various hydrologic design problems involving areas
up to 400 sq. mi. and rainfall durations up to 24 hr.
Included in the report are generalized estimates of
(1) probable maximum precipitation (PMP) from
cloudbursts and from hurricanes, and (2) rainfall-
intensity-frequency data for return periods from 1
to 100 yr.

Accuracy of results. The generalized estimates of
the upper limits of rainfall intensities presented
herein are as accurate as available data and current
meteorological and statistical procedures permit.

The accuracy of the rainfall-intensity-frequeney data

for the 1- to 100-yr. return periods is chiefly de-
pendent on precipitation-network density and length
of record. As tirhe passes more data will become avail-
able throughitiéreases in length of records and prob-
_ably in density*of station networks. Also, knowledge

of hurricane structure is rapidly being extended by
airplane and radar observations. It is therefore only
logical to expect that more reliable estimates than
those presented herein will be possible in the near
future, say 10 years from now, with the greatest
increase in reliability very likely to be reflected in
the estimates of the upper limits of rainfall iritensity.
Acknowledgments. The project was under the
supervision of J. L. H. Paulhus, Chief of the Co-
operative Studies Section of the Hydrologic Services
Division, W. E. Hiatt, Chief. D. M. Hershfield
directed the statistical phases of the study. L. L.
Weiss conducted the tests and applications of the
hurricane model used in the meteorological phases.
W. E. Miller and N. S. Foat supervised the collec-
tion and processing of basic data. R. L. Higgs,
Meteorologist in Charge, Weather Bureau Airport
Station, San Juan, and David Smedley, Territorial
Climatologist, Weather Bureau Office, San Juan,
provided some very useful unpublished rainfall
data for this report. Drafting was supervised by C.
W. Gardner. Coordination with the Soil Conserva-
tion Service was maintained through H. O. Ogrosky,
Chief, Hydrology Branch, Engineering Division.



Chapter 1

TROPICAL STORMS OF PUERTO RICO AND VIRGIN ISLANDS

1.1 Introduction

1.1.1 The first step in any derivation of probable
maximum precipitation estimates is the study of the
meteorology of the problem area. The meteorological
situations associated with maximum observed rain-
fall rates are naturally of primary interest and are
usually studied most intensively. In the case of
Puerto Rico and the Virgin Islands, it was quickly
determined that probable maximum precipitation
for durations of about 6 hr. and longer and for areas
greater than about 50 sq. mi. would most likely be
associated with hurricanes. Data on tropical storms
affecting those islands were therefore thoroughly
investigated.

1.2 Maximum observed rainfalls

1.2.1 Figures 1-1 and 1-2 show the estimated,
or adjusted, maximum observed 24-hr. rainfalls for
Puerto Rico and Virgin Islands, respectively. The
amount shown for San Juan, which is the only station
having a recording-gage record exceeding 20 yr., is
the only unadjusted value shown. All other amounts
were adjusted upward to approximate the maximum
value for any consecutive 24-hr. period from the
maximum observational-day amounts measured in
the non-recording gages.

1.2.2 The basic data for figures 1-1 and 1-2 were
compiled from the Weather Bureau’s Climatological
Data for the West Indies. A tabulation by Quinonés
[1] was an additional source of data for figure 1-1.
One of three types of adjustment was used in approx-
imating the true maximum 24-hr. rainfalls from the
basic observational-day maxima. The adjustment
most commonly used consisted of adding to the max-
imum observational-day value one-half of the
higher of the amounts for the adjoining days; i.e.,
the preceding or following day. Comparative tests
made in various regions in the United States indicate
that, on the average, this procedure yields satisfac-
tory approximations of the true 24-hr. maxima.

1.2.3 Another adjustment used consisted of
multiplying the maximum observational-day amount

2

by 1.13. This procedure is also & result of statistical
studies of precipitation data for various regions of
the United States and yields generally reliable results
when applied to rainfall-frequency data. When
applied to individual amounts, however, the factor
might yield appreciably erroneous estimates, which
may nevertheless be more nearly correct than esti-
mates based on the assumption that the observa-
tional-day maxima are also true 24-hr. maxima. The
1.13 factor was used only when precipitation amounts
for days adjcining the date of maximum precipitation
were not available. A few of the amounts shown on
figure 1-1 were adjusted by this method.

1.2.4 The third adjustment was used to estimate
true maximum 24-hr. rainfalls for several stations
which all had acquired their maximum observational-
day amounts from the same storm, the disastrous
San Felipe hurricane of September 13, 1928. The
amounts for these stations were adjusted by applying
the ratio of the true 24-hr. maximum to the observa-
tional-day value derwed from the San Juan record-
ing-gage record.

1.2.5. Maximum rainfall amounts for durations
under 24 hr. are also of interest. Unfortunately, the
only station with an adequate recording-gage record
is San Juan, P.R. Its maximum intensities for the
51-yr. period 1900-1950 are given in table 1-1. None

TABLE 1-1.—Mazimuwm rainfall intensities at San Juan, P.R.,
1900-1960

Duratson (hr Y. o e 1 2 3 (]
Ramfall (n Yoo ieal- 3.5 4.9 56 8.2

TABLE 1-2 —Marimum observed rainfall intensities in

Puerto Rico
Station Duration Ranfall (in.)
JBUCE . - oo ee i 45 min 43
Toro Negro Plant No 2__ ... _________.___ 4br 101
Naguabo. ... .l L_ll. 12 hr 18.2




e7"19" 87°00" 66° 48" 66° 30'

66°18 66*00° 650 45

8*
30

18

X
228! oo

18,14 ]
1ol
Lobo o P Sisate Goreen)

i
! i aiorad
i Lan .
i |
alls !y, Uopar} .
uuuuuuuu Signen 1s*
171 1043 sn
Tt | WREE EREA QT e
L itezn o Evom
12.0H. San Loranzo Esping
Ciaro 3€ H

350 i
aver ivw
12!
son (342K veloun Form

il,
oo aH | 19064
Canglgoms Tuou | vobsgen
Corlia !

o 12,2
o

Patiitas bam

| 15,2

W e
o S
Parsio Caoms % neves %
% g 10,94 b s
Gl P B el im0 /‘J\,J!/
guirt R vosfa l

s6°18 86700 65° 45'

LT

i
VIF?UEI I1SLAND

857eY 45 0" "
4 o T

w3l ot ‘n
i pUEic, !

e ax - frat:

FIGURE 1—1.-——Adjustéd maximum obeerved 24-hr. rainfalls (in.) for Puerto Rico. The letter “H’’ indicates that the rainfall
was associated with a hurricane

of these record intensities was associated with a
tropical storm. San Juan’s record rainfalls have been
exceeded at other stations in Puerto Rico. Quinones
(1] listed the maxima of table 1-2. Of these maxima,
only the 12-hr. amount was associated with a tropical
storm, one of hurricane intensity.

1.2.6 Comparison of maximum rainfalls observed
in a problem region with those observed throughout
the world is always interesting. Table 1-3 lists the
world’s maximum observed rainfalls. It also includes
some near-maximum values that are associated with
hurricanes, or typhoons, or observed in the Tropics.

When the data of table 1-3 are plotted on logarithmic-

paper as in figure 1-3, they delineate the enveloping
straight line

R =153 D" (L.Y)

where R is the rainfall in inches and D is the duration
in hours. This enveloping line indicates maximum
rainfalls two to three times the maxima observed in
Puerto Rico and the Virgin Islands (tables 1-1 and

1-2 and figs. I~1 and 1-2). Equation (1.1) is often
given in the modified form,

R = 15/D

which yields acceptable rainfall values for the range
of duration usually of interest in hydrologic design.

(1.2)

1.3 Meteorological situations associated with
maximum observed 24-hr. rainfalls

1.3.1 The maximum observed 24-hr. amounts
identified with the letter “H” in figures 1-1 and 1-2
resulted from hurricanes. Practically all maxima so
identified were associated with one or the other of
two very violent hurricanes: San Ciriaco of August
7-8, 1899, and San Felipe 1T of September 13, 1928.
Both hurricanes followed approximately the same .
path across Puerto Rico, entering near the south-
eastern corner and leaving near the northwestern
corner. Most of the maxima are associated with the
1928 hurricane. This fact does not necessarily mean
that the 1928 hurricane was a more efficient rain

3
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rainfall was associated with a hurricane

producer than that of 1899. The raingage network
was increased appreciably during the period 1899-
1928, and the larger number of gages in 1928 is very
likely the reason for more maxima being recorded in
that storm.

1.3.2 The non-hurricane maxima were associated
with either the passage of a cold front or its attendant
trough sweeping across the area from the northwest
or with an inverted pressure trough, or easterly wave,
moving slowly westward or remaining almost station-
ary. Figures 1-1 and 1-2 show numerous maxima
apparently identified with one or the other of these
two situations. Many stations reporting such max-

4

ima, however, have relatively short records during
which they have not experienced the full effect of an
intense hurricane. Some stations with longer records
also have never experienced the heaviest rainfalls of
a hurricane because they are fairly well sheltered by
orographic barriers from the worst effects of hurri-
canes traveling their usual paths. It should also be
kept in mind that the raingage catch in a hurricane
is likely to be too low because of the gage effect on
the wind [2]. The deficiency might be considerable in
the case of hurricane winds. Taking all these factors
into consideration, it appears reasonable to expect
that the maximum 24-hr. rainfalls from records ex-



TBLE 1-3.—World's mazumum and near-mazimum observed pont rainfalls

. Depth
Duration (1n.) Location Date
1.23 | Unionvidle, Md .. .o July 4, 1956.
2 48 | Portobelo, Panama. - Nov 29, 1911.
4,98 | Fussen, Bavaria...ooocoococcaoomanone May 25, 1920.

7.80 | Piumb Point, J;

8.10 | Curtes-de-Arges, Romama.

19.00 | Rockport, W. Va.

12.00 | Holt, Moo oo meeeeee

...... May 12, 1918
____________ July 7, 1889.

...................................... June 22, 1947.

July 18, 1889.

23.00 | Basseterre, St. Kitta.

22.00 | D'Hamg, TeX o oo oo camnaan

May 31, 1935.
Jan. 12, 1880.

30.8-+{ Smethport, Pa_ ... ___.._..
30.50 | Kadena AFB, Oknawa

July 18, 1942.
Sept. 8, 1656.

1150, Cherrapun), India_..._._.._
122.50 | Sdver Hill Plantation, Jamaica.

884 03
905.12
1,041 78
1,805.05

Cherrapunyi, India_ ...

Sept. 8, 1956.
July 14-15, 1911.

...................................... July 14-16, 1911.

...................................... July 18-20, 1913.
...................................... July 14-17, 1911,

........ July 18-20, 1913.
________ June 12-15, 1878.
....................... Nov 5-0. 1809.
_______________________ Aug. —, 1841
Nov. 5-9, 1909,
June 24-30, 1931
June 24-July 1, 1931.
June 24-July 8, 1931.
July 1861

June-July 1861,
May-July 1861.
Apr.-July 1861.
Apr.—Aug,. 1861
Apr.—Sept. 1861.
Jaun.~Nov, 1861.
Aug. 1860-July 1861.
1860-61

t Questionable b of rounded value and missing dates.

tending over several hundred years would all be
associated with hurricanes.

1.3.3 The maximum amounts for durations under
12 hr. at San Juan and other stations listed in tables
1-1 and 1-2 were found to be associated with situa-
tions of the type discussed in paragraph 1.3.2, per-
haps augmented by thunderstorm activity. The
magnitudes of these maxima are so low that they
should be exceeded easily by an intense slow-moving
hurricane with an optimum path.

1.3.4 Of'the maximum rainfall amounts listed in
table 1-3 and plotted in figure 1-3 for durations of
24 hr. and less, only the Kadena AFB, Okinawa, and
Baguio, Philippine Islands, amounts for 12, 18, and
24 hr. can be classified as hurricane rainfalls.
Amounts for durations under 6 hr. are from localized
cloudbursts. The Plumb Point, Jamaica, amount of
7.8 in. in 15 min. is of special interest because Jamaica

has a climate very similar to that of the problem area
and because the Plumb Point record value is one of
the control points for the shorter durations on the
enveloping line of figure 1-3. Here is the report on
this observation from the official Jamaica Meteoro-
logical Observations for May 1916:

At 3 p.m. on the 12th there was a tremendous
downpour or ‘‘cloudburst’” at the Plumb Point
Lighthouse. Mr. Plummer [the observer] writes
that an outbuilding was torn from its foundation
and smashed to pieces, that trees were thrown
down and that the main building and especially
the lighthouse rocked on their bases. It was confined
to quite a small area and was plainly seen from
Kingston. At the time of the occurrence there was
only about 0.20 inch in the rain gauge; the cloud-
burst lasted only 15 minutes; but at the end of that
time the gauge which holds 8 inches had overflowed.
The cloudburst was followed by a small whirlwind.
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Freure 1-3.—World’s maximum observed rainfalls.

In view of the above report it appears that the Plumb
Point cloudburst was very likely associated with a
waterspout, or overwater tornado. Waterspouts are
relatively common over tropical and subtropical
waters but they break up, or dissipate, very rapidly
upon passing inland. They would almost certainly
dissipate completely before reaching a location suit-
able for a dam site; hence their rainfalls may be
neglected for the purpose of this report.

1.3.5 The other controlling values on the curve
of figure 1-3 for durations under 6 hr. are all from
local cloudbursts of extraordinary intensity occurring
during the May-July season. The stations reporting
these controlling values are all inland stations in the
middle latitudes, where precipitation networks are
generally densest. However, meteorological condi-
tions favorable for cloudbursts of the magnitude
indicated by figure 1-3 may be more likely in such
localities than in a maritime tropical region like the
problem area. In the late spring or summer, when
such cloudbursts are observed, an inland soil surface
may reach relatively high daytime temperatures
which tend to steepen the lapse rate in the air layer
in contact with the ground. Also, in middle latitudes
the contrasts in temperature and moisture content
of air masses brought into contact with each other
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are much greater than in the Tropics. In the absence
of data to the contrary, the possibility of cloudbursts
of world’s record magnitude occurring in the problem
area appears somewhat doubtful. It should not be
inferred that cloudbursts cannot occur in tropical
maritime climates. Two outstanding cases are shown
on figure 1-3. One is the 5-min. 2.48-in. rainfall ob-
served at Portobelo, Panama, and the other is the
4-hr, 23-in. rainfall reported for Basseterre, St. Kitts.
Both these amounts plot well below those controlling
the envelope curve.

1.3.6 The 12- and 18-hr. amounts (30.5 and 38.0
in., respectively) shown on figure 1-3 for Kadena
AFB, Okinawa, were definitely associated with
typhoon Emma, which passed off the southern tip of
Okinawa on September 8, 1956 [3]. These amounts
were measured in a standard 8-in. raingage read at
6-hr. intervals; hence, the true maxima may well have
been higher than the measured amounts shown.
Similarly, the 24-hr. 45.99-in. value shown for
Baguio, Phillippines, also associated with a typhoon
[4], is an observational-day measurement (noon, July
14 to noon, July 15, 1911) and not a true 24-hr.
maximum. The 2- and 3-day maxima at Funkiko,
Formosa, were also associated with a tropical storm.
The Jamaica maxima for 5 and 6 days resulted from



an easterly wave (par. 1.3.2). All maxima for
Cherrapunji, India, resuited from the strong oro-
graphic lifting of the monsoons from the Bay of
Bengal. v

1.4 Tropical storms of Puerto Rico and Virgin
Islands.

1.4.1 A-tropical storm is a more or less circular
ares of low atmospheric pressure originating over the
tropical oceans and having sustained winds (counter-
clockwise in the Northern Hemisphere) of 32 to 72
m.p.h. If the sustained wind speeds exceed 72 m.p.h.,
the storm is called a hurricane. (This classification is
relatively new but little change has been made in the
limits since the classification was first suggested in
the late 19th_century.) Tropical storms have diam-
eters ranging from about 60 to 1,000 mi. The center,
or eye, of a severe tropical storm or hurricane is a
roughly circular area of light winds and fair weather,
and its diameter may range from about 4 to 40 mi.

1.4.2 Puerto Rico and the Virgin Islands lie in a
region where tropical storms are relatively common.
Because of the small size of these islands and the

relatively small diameter of many of the tropical
storms, the islands are not disastrously affected by
such storms as often as one might expect. Table 14
lists the tropical storms whose centers have passed
within two latitude degrees (about 140 mi.) of any of
these islands during the period 1515-1959. The listing
for the period 1515-1885 is based on the work of
Tannehill [5] and for 1886—1958, on Weather Bureau
Technical Paper No. 36 [6]. The list may not be com-
plete, however, because of the probable irregularity
and poor quality of meteorological reports prior to
about 1890. Wherever possible, the tropical storms
of table 14 are identified as tropical storms or hurri-
canes (par 1.4.1). The classification refers only to the
intensity at the time the storms were in the vicinity
of the Virgin Islands or Puerto Rico. Many storms
identified as of tropical storm intensity developed
hurricane intensity after leaving the vicinity of the
islands. It is possible that in the listing for the years
prior to the late 19th century, when classification of
hurricanes was standardized, some storms identified
as hurricanes could have been merely severe tropical
storms. ’

TaBLE 1-4.—Tropical storms passing within two latitude degrees of Puerto Rico and Virgin Islands in the period 1515~1969

Date Remarks

Date Remarks
1518, July Exact date unknown. Caused death of many
Indians in Puerto Rico.
1528, Oct. 4 Great damage in Puerto Rico.
15627, Oct. 4 Affected Puerto Rico.

These three storms within 8 weeks blew down half
the houses in San Juan, P.R., and unroofed the
remainder. Many cattle drowned.

1530, July 26, Aug. 23 and 31.

1837, July and Aug. Three hurricanes within 2 months in Puerto Rico;
exact dates unknown. Many slaves: and cattle
drowned.

1568, Aug. 24 Affected Puerto Rico.

1578, Sept, 21 Severe hurricane, kmown a8 San Mateo I in Puerto
Rico.

1615, Bept. 12 Severest hurricane to affect Puerto Rico in 40 yr.
(This suggests that other tropical storms may
have occurred between 1875 and 16185.)

1738, Sept. 12 Affected Puerto Rico.

1740, — Affected Puerto Rico; exact date unkaown but
probably occurred in August.

1751, Aug. 18 Affected Puerto Rico.

1767, Aug. 7 Plantations destroyed and livestock drowned in
Puerto Rico,

1772, Aug. 28 Affected Puerto Rico.

1772, Sept. — Affected Puerto Rico; exact date unknown,

1780, June 8 Great destruction of property in Puerto Rico,

‘ ' eapedially crope.

'1780, Oct. 14 Probably the most terrible hurricane of record up
to this date and known as T'Ae Great Hurricane.
Pamed off southwestern .corner of Puerto Rico
moving in SE to NW direction.

1788, Sept. 23 A furious hurricane that passed over Puerto Rico.

1788, Aug. 18 Seriously affected Puerto Rico.

1804, Sept. 21 This great hurricane, known as San Mateo 11, long

remained in the memory of the Puerto Ricans.

1507, Aug. 17-19 Severe hurricane from the east lasted 50 hr. in

Puerto Rico.
1812, July 23 and Aug. 21 Seriously affected Puerto Rico.
1813, July 23 . Do
1814, July 22-23 Do

A hurricane of extraordinary violence in Puerto
Rico; exact date unknown.

1818, —

1818, Sept. 22 Seriously affected Puerto Rico.
1819, Sept. 22 Very destructive in Virgin Islands and severs in
Puerto Rico.

1825, July 26-27 A very violent hurricane, known as Sania Ana,
which was very destructive in Puerto Rico.

1827, Aug. 18-19 Very destructive hurricane crossed Puerto Rico

in SE to NW direction.

1827, Aug. 28 Affected Virgin Islands severely, especially St.
Thomas Island.

1830, Aug. 11-12 Severely affected St. Thomas Island.

1835, Aug. 13 Crossed Puerto Rico in ESE to WNW direction.

1837, July 31 Severely affected St. Thomas Island. -

1837, Aug. 2-3 A violent hurricane, known as Los Angeles, struck

’ St. Thomas Island and skirted northesstern
coast of Puerto Rico in ESE to WN'W direction,

1840, Sept. 16 Severely affected Puerto Rico.

18486, Sept. 12-13 Passed by northeastern corner of Puerto Rico in
a SE to NW direction.

1851, Aug. 18-19 A violent hurricane, known as Sania Elena
skirted south coast and crossed southwestern
corner of Puerto Rico in ESE to WNW direc-
tion.

1862, Sept. Affected Puerto Rico; exact date unknown,

1867, Oct. 20 The most violent hurricane experienced in many

parts of Puerto Rico and known as San Nar-
cisco. Accounts indicate it was a storm of small
dismeter and rapid movement. Also affected
St. Thomas Island where 1,000 lives were loat.
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TABLE 1-4.—Tropical storms passing within two latitude degrees of Puerto Rico and Virgin Islands in the period 1516-1959—

Continued
Date Remarks Date Remarks
1876, Bept 13 A hurnicane of great violence, mown as Sgn 1931, Aug. 17 Tropical slorm crossed Puerto Rioo 1 SE to NW
Felipe I, struck St. Thomas Island and skirted direction.
south coast of Puerto Rico. 1931, Sept. 10-11 Violent hurricane, known as San Nicolas, passed
1889, Sept. 3 Severe hurncane destructive m 8t. Thomas Island through Virgin Islands and alarted north coast

1891, Aug. 19-20
1801, Oct 2-4

1803, Aug. 16-17
1896, Aug 31-Sept. 1
1868, Sept. 21-22
1899, Aug 7-8

1899, Aug. 30-31
1200, Aug 30-Sept 1
1900, Oct 24-26
1901, July 6-8

1901, Sept, 11-13
1901, Oct §-10

1903, July 19-20
1908, Sept 9-10
1908, Sept 26-27
1809, Nov 12-13
1910, Aug 24-25

1010, Sept 6-7

1915, Aug 10-12
19186, July 12-14

1916, Aug 21-22

1917, Sept 21-22
1918, Sept 10-11
1919, Sept 3
1622, Sept 16
1924, Aug 18
1924, Aug 28
1926, July 23-24

1928, Sept 13

1930, Sept 2-3

and passing east of it in SE to NW direction.

Hurricane oroszed eastern Puerto Rico in SE to
NW direction.

Tropical storm skirted south coast of Puerto
Rico in E to W direction.

Hurncane crossed Puerto Rico in ESE to WNW
direction.

Hurricane crossed southwestern corner of Puerto
Rico i BE to NW direction,

Tropical storm crossed northeastern Puerto Rico
m ESE to WNW direction.

Dusastrous hurricane, known as San Ciraco,
crossed Puerto Rico in ESE to WNW direction.

Hurricane crossed southwestern corner of Puerto
Rico 1n ESE to WNW durection.

Tropical storm skirted south coast of Puerto Rico
1 E to W direction

Tropical storm crossed southwestern corner of
Puerto Rico n SE to NW direction

Hurricane crossed southwestern Puerto Rico in
SE to NW direction

Tropical storm skirted north coast of Puerto Rico
in SE to NW drection

Tropical storm crossed northeastern corner of
Puerto Rico m SE to NW direction

Tromeal storm crossed Puerto Rico 1 ESE to
WNW direction

Hurricane passed off north coast of Puerto Rico
m E to W direction

Tropical storm passed off south coast of Puerto
Ricon E to W direction,

Tromeal storm passed off northwestern comer of
Puerto Rico n WSW to ENE direction

Tropical storm passed off south coast of Puerto
Rico in E to W durection.

Hurricane skirted south coast of Puerto Rico in
E to W direction

Hurncaae skirted south coasts of St. Croix Island
and Puerto Rico n E to W direction

Tropical storm passed through Virgin Islands 1n
SE to NW direction

Hurmeane passed through Virgim Islands and
across Puerto Rico in E to W direction. De-
structive winds 1 Puerto Rico extended over
an area only 50 mi wide

Hurricane passed about 1° Iat south of Puerto
Rico n E to W direction

Tropical storm passed about 1° lat. south of
Puerto Rico in ESE to WNW direction

Tropical storm passed between Hispaniola and
Puerto Rico 1o SE to NW direction

Hurricane passed just northeast of Virgin Jslands
m ESE to WNW direction

Tropical storm passed through Virgin Islands n
SE to NW direction

Hurricane passed less than 2° lat northeast of
Virgin Islands 1n SE to NW direction.

Hurricane just tipped southwestern corner of
Puerto Rico 1n ESE to WNW direction

Most destructive hurricane 1n many years, known
as San Felipe I1, passed through Virgin Islands
and across Puerto Rico 1n ESE to WNW direc-
tion

Hurnicane passed just off southwestern corner of
Puerto Rico in ESE to WNW direction

1932, Sept 28-27

1933, July 14-15
1933, July 35-26
1933, Sept. 27-28
1934, Aug. 21-22
1934, Sept 18

1837, Aug. 24-25

1938, Aug. 8

1939, Aug. 7

1940, Aug. §

1942, Nov 4

1943, Aug. 13-14
1943, Oct 14

1944, July 12-13

1945, Aug 3

1945, Sept. 12-13

1947, Oct. 16-17

1949, Sept 2-3

1950, Aug 23
1953, Sept 14

1954, Aug 30-31

1955, Jan 3

1953, Sept 11~12

1956, Aug 11-12

1957, Sept 13-14

of Puerto Rico in E to W direction causing
destrustion aloig a-atrip 10 to 12 mi. wide

Destrustive-htidioihs;-known as San Ciprian,
passed through:Misgin Islands und acree
Puerto Rioo o B W direction.

Tropical starm Pesséd within 1° 1at. south of
Puerto Rieo in E to W direction.

Tropical storm yassed just northeast of Virgin
Isiands 10 ESE to WN'W direction.

Tropical storm passed wthin 1° lat. south of
Puerto Rico in E to W direction.

Tropicai storm passed with 2" lat. south of Puerto
Rico i E to W direction.

Tropical storm passed within 2° lat. northeast of
Virgin Islands 1n SE to NW direction.

‘['ropical storm passed within 2° lat. northeast of
Virgin Jslands 1n ESE to WN'W direction.

Tropical storm passed through Virgin Islands and
akirted north coast of Puerto Ricom E to W
direction,

Tropical storm apparently developed about 1°
lat. northeast of St. Thomas Island and moved
northwestward

Tropical storm passed just north of St. Thomas
Island 1n ESE to WNW direction.

Tropical storm apparently developed just off
southeastern Puerto Rico and croesed porth-
eastern part of wland m ESE to WNW direc-
tion

Tropical storm passed just northeast of Bt.
Thomas Island 1n ESE to WNW direction.

Hurricane passed between Hispamola and Puerto
Ricon § to N direction

Tropical storm apparently developed just off
northwest corner of Puerto Rico and moved
northwestward.

Tropical storm passed withm 1° Iat, of southwest-
ern corner of Puerto Rico in ESE to WNW
direction,

Hurricane passed within 2° lat north of Virgin
Islands and Puerte Rico m ESE to WNW
direction

Tropical storm passed just northeast of St.
Thomas Island in SE to NW direction

Tropical storm developed between Puerto Rico
and the Virgin Islands and moved northwest-
ward, reaching hurricane mtensity and chang-
g course to northward after passing 20° N.
lat on the 3d.

Tromeal storm tipped southwest corner of Puerto
Rico in ESE to WNW direction

Tropical storm Edna passed within 1° lat north-
east of Virgin Islands in SE to NW direction

Tropical storm Dolly formed just off northwestern
corner of Puerto Rico and moved off m NNW
direction

Hurricane Alice passed within 1° lat southeast of
St. Crowx Island in ENE to WSW direction.

Tropical storm Hilda passed within 1° lat. north
of St. Thomas Island 1n ESE to WNW direc-
tion, reaching hurricane ntensity on 12th

Hurricane Betay croesed Puerto Rico m SE to
NW direction.

Tropical storm Gerda passed about 1° lat from
southwestern corner of Puerto Rico mt ESE te
WNW direction.




Chapter 2
THE HURRICANE MODEL

2.1 Introduction

2.1.1 The information contained in chapter 1
suggests that the PMP, at least for durations of 6 to
24 hr., would probably occur in connection with a
hurricane. Ordinarily, the procedure for estimating
PMP consists of maximizing depth-area-duration
data obtained by analysis of hurricane rainfalls. This
procedure cannot be used for estimating PMP in the
problem region for two reasons. First, there are no
readily available depth-area-duration data for hurri-
canes in the region and, second, the rugged orography
of the region makes it unreasonable to transpose such
data already analyzed for hurricane rainfalls on the
Gulf and Atlantic Coasts of the United States. In
this study a hurricane model was postulated, tested
on observed hurricane rainfalls, and then used to
derive estimates of probable maximum hurricane
rainfalls. This chapter discusses the model selected,
its tests, the manner of its application to obtain PMP
estimates, and the results.

2.2 The convergence component of the model

2.2.1 The model selected for computing rainfall
resulting from convergence alone was based on the
results of fairly recent hurricane research conducted
without any consideration whatever of the possible
use of the results for estimating PMP. The wind
pattern used is the one presented by Graham and
Nunn (p. 45 [7]). This particular wind pattern (fig.
2-1), based on envelopment of meteorological events
of record with a few extremes excepted, is intended
to represent the wind field 30 ft. above the sea surface
for a large-radius hurricane with a central pressure of
26.74 in. (906 mb.) and moving about 12 m.p.h. just
off the east coast of southern Florida.

2.2.2 Thesimilarity of the climates of southern
Florida; Puerto Rico, Virgin Islands, and their sur-
rounding waters suggests that the wind field of figure
2-1 is applicable to the problem area. There are very
few accurate measurements of central pressure in
hurricanes. The lowest reported [5] for hurricanes
over the Caribbean Sea and Gulf of Mexico are listed

~ in table 2-1. Lower central pressures have been re-

ported in other regions. Consequently, while the cen-
tral pressure of 26.74 in. for which the wind field of
figure 2-1 was developed is a rare phenomenon, the,
wind field is considered conservative, i.e., not ex-
tremely rare, for the purpose of estimating PMP for
the problem area.

TaABLE 2-1.—Lowest central pressures observed in hurricanes
of the Caribbean Sea and Gulf of Mexico

Sea level

pressure
Place Date (in.} | (mb.)
Florida Keys_ i Sept. 2, 1635 26.35 892
Morne Rouge, Martinique_.__________...__.. Aug. 18-19, 1801 26.85 909
Havana, Cuba__ oo ... Oct. 10-11, 1846 27.06 916
Guayama, P.R..__ .. ... Sept. 13, 1928 27.65 936

2.2.3 The vertical structure of the hurricane
model was based on the results of studies by Riehl [§]
and Miller [9]. The height of the inflow, or conver-
gence, layer (fig. 2-2) was assumed to be equivalent
to a pressure difference of 100 mb. (For the range in
elevation involved in this study, a pressure difference
of 100 mb. represents a height change of 1 km., or
3,300 ft.) This assumption was based on two reasons.
Riehl obtained some realistic rainfall values from
computations based on the rate of moisture inflow in
the bottom 100-mb. layer. Later studies by Miller
indicated no inflow above the 1-km. level within at
least 100 mi. of the hurricane center. Some recent
radar observations tend to confirm Miller’s computa-
tions. Moreover, the studies of both investigators
indicated little outflow except above the 6-km.
{20,000-ft.) level (fig. 2-3). Consequently, the hurri-
cane model of figure 2-2 was assumed to have no
inflow or outflow, i.e., no convergence or divergence,
between the 1- and 6-km. levels. Thus, the moist air
is brought into the bottom 1-km. layer of the model
by the radial component, v,, of the wind. This conver-
gence of flow into the bottom layer produces an

9
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(APPROX 12MPH)

% Wind Contir,

Freure 2-1.—Hurricane model surface wind field.

upward component, v,, which provides the lifting
required to cool the air and effect condensation and
precipitation of its moisture. The outflow, or diver-
gence, above the 6-km. layer carries condensation
moisture and rainfall out of the model. The amount
of moisture above the 6-km. level, however, is less
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than 10 percent of that below. This loss was neglected
in using the model for computing rainfall and may be
considered as a maximizing factor.

2.2.4 Of paramount importance in the use of the
above model is the rate of moisture inflow, which is a
function of the radial, or inflow, wind speed and the
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F1cure 2-2.—Vertical distribution of convergence and diver-
gence in hurricane model.

water vapor content of the inflowing air. The radial
components of the wind are easily computed from the
wind field of figure 2-1, the wind speeds being indi-
cated by the isovels and the direction by the arrows.
All arrows make an angle of 25° with tangents at
point of arrowhead to circles (or cylindrical surfaces)
centered about wind center. In other words, the
winds would be entering the cylindrical surface of
the bottom 1-km. layer qf the model at an angle of
25° with the tangent to the surface at point of entry.
2.2.5 The wind field of figure 2-1 was originally
intended to represent conditions 30 ft. above the
surface of the sea (par. 2.2.1). The wind speeds
would be expected to increase with height in the
hurricane model because of the lesser effects of sur-
face friction. The tangential angles would be expected
 to decrease for the same reason. The higher speeds
and smaller tangential angles have opposite effects
on the radial, or inflow, component of the wind, the
higher speeds tending to produce an increase and the
§maller angles, a decrease. Data on the variation of
inflow with height within that bottom layer are

HEIGHT (KM)
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| ] 1
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Ficure 2-3.—Vertical circulation in hurricane model
(after Riehl)

apparently unavailable. Also unknown are the
changes in inflow rates that would result from apply-
ing the wind field of figure 2-1 over a land surface.
The larger frictional effects of the land surface would
undoubtedly act to reduce wind speeds and increase
tangential angles, but the results on inflow rates
cannot be evaluated until additional data become
available. It was for these reasons that the wind
field depicted in figure 2-1 was assumed to apply
over land and to be unchanged with height within the
1-km. inflow layer of the hurricane model.

2.2.6 As indicated in paragraph 2.2.4, the water
vapor content of the air is the second important
factor governing moisture-inflow rates. The water
vapor content of the air is, of course, limited by the
air temperature, i.e., the vapor pressure cannot
exceed the saturation vapor pressure, which is a func-
tion of temperature. Near-saturation conditions are
known to prevail within the hurricane except within
the eye. Consequently, the assumption that saturated
air would be flowing into the hurricane model to be
used in estimating PMP is logical.

2.2.7 It is generally accepted [10] that the surface
air temperature within a hurricane tends to remain
relatively constant. Examination of a few thermo-

graph traces associated with hurricanes indicates,

however, that the temperature tends to fall as the
hurricane approaches, but does level off within the
hurricane proper. A typical example is shown on page
16 of Tannehill’s Hurricanes [5], which presents the
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thermograph trace for San Juan, P.R., during the
passage of the great San Felipe 11 hurricane of Sep-
tember 13, 1928, The hurricane center passed about
30 mi. south of San Juan. The thermograph trace
shows a surface air temperature of about 85°F, at
noon on September 12, when the wind speed was 20
to 30 m.p.h. This temperature is only a few degrees
warmer than the mean sea surface temperature for
that time of year. By about 9 a.m. on September 13,
when the wind speed reached hurricane force, the air
temperature had dropped from 85°F. to 75° or 76°F.,
and fluctuated between 72° and 76°F. long after the
hurricane winds had subsided.

2.2.8 During the initial temperature fall de-
seribed in the preceding paragraph the wind direction
remained in the NE quadrant, so the lowering of
temperature cannot be ascribed to advection of air
from another source. Furthermore, the greatest rate
of fall occurred while the atmospheric pressure was
falling only about 0.2 in. (7 mb.), a pressure change
that could not possibly explain a temperature drop
of about 10 F.° as resulting from adiabatic expansion.
A partial explanation of the initial fall and relative
stability in surface air temperature associated with a
hurricane may lie in the rain itself. The rain has its
source in the higher and colder levels, and its fall
through the warmer lower layers is bound to produce
cooling through conduction, entrainment, and evap-
oration. .

2.2.9 The purpose of the study of temperatures
associated with hurricanes was to determine a reason-
able upper limit of temperature that could be used to
estimate a practical evaluation of the upper limit of
water vapor to be used in the hurricane model. Ex-
amination of several temperature traces recorded in
hurricanes [11, 12] indicated little departure from a
mean temperature of 75°F. Study of these tempera-
ture traces and of synoptic charts for several other
hurricanes led to the decision to use 75° F. as the
surface air temperature of the hurricane model. Fol-
lowing the standard practice in deriving estimates of
PMP, the air in the model was assumed to be satu-
rated and the temperature lapse rate, or variation
with height, to be pseudoadiabatic.

2.3 Computation of convergence rainfall

2.3.1 The convergence rainfall is the rainfall that
the hurricane would produce over the ocean or flat
land surface; i.e., without orographic influences. The
computation of convergence rainfall was conducted
in the manner suggested by Riehl [8]. The inflow of
moisture through the vertical cylindrical surface of
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the inflow layer (fig. 2-2) with radius, 7, is equal tq
the circumference, 277, multiplied by the meay,
specific humidity, g, of the inflow and the mass flux
of moist air, 5,Ap/g, where Ap is the pressure differ.
ence between the bottom and top of the inflow layer
and ¢ is gravity. The moisture inflow is thus
2mrgi.Ap/g. If the inflowing air is assumed to be
initially saturated and the moisture to be precipi-
tated as soon as condensed, and if the loss of outflow-
ing moisture above the 6-km. level-is neglectéd, the
moisture inflow must be equal to-#7% the horizontal
cross-sectional area of the cylindrical model, multi-
plied by R, the rainfall per unit time and area, or

R=—-:§— 2.1)

2.3.2 In the computations of rainfall discussed in
this report the mean mixing ratio ¥ was used instead
of § in equation (2.1) because values of the former are
more readily available and the quantitative difference
between the two is insignificant for the conditions
pertinent to the study described herein. The mixing
ratio is the ratio of the mass of water vapor to the
mass of dry air, or

0.622¢
= —

w 2.2)

where e is the vapor pressure and p is the atmospherie
pressure. In applying the hurricane model to compute
rainfall, the saturation vapor pressure, ¢,, based on
the model’s inflow-layer temperature (par. 2.2.9)
was used for e. The pressure, p, presented a somewhat
more complicated problem since the pressure gradient
is extremely steep near a hurricane center. Examina-
tion of the wind field of figure 2-1 suggested that the
maximum convergence and/or orographic rainfall
might be realized when the center of the hurricane
depicted by the model passed within 15 mi. (the
radius of maximum winds) to the left of the spot for
which rainfall was being computed. A previous study
[13] of hurricane pressure profiles indicated that a
pressure of 27.92 in. (945 mb.) 15 mi. from the center
of the model was reasonable. At 40 mi. from the
center, roughly the outer limit of hurricane winds
(fig. 2~1), the pressure would be about 28.93 in.
(980 mb.). The assumption of a fixed pressure (to
simplify rainfall computations) within the range 945
to 980 mb. could not result in an error of more than
4 percent in the computed rainfall values. It was
suspected that the computed rainfalls might be at a
maximum for a point less than 15 mi. from the path



TABLE 2-2.—Convergence rainfall rates computed with equation
(2.3) for various distances from hurricane center

r (mi.) ¥y (m.ps.) Ry (in./hr.) Rz (in./hr.)
5 0 0
9.25
10, s 20.8 6.92
2.36
20, el 21.0 3.50
M \73
30 s 17.7 1.96
.39
A0 oo 15.0 1.25
.21
50 et 13.1 87 -
: A 13
- ————— 11.5 .64
.10
70 e 10.6 .50
. .07
- 9.6 .40
.05
90 e 9.0 .33
.03
L1 3.3 .28 _
.01
110 7.9 .24
120 el 7.3 .20

Nore:—R: is the average rainfall intensity within the circle of indicated radius. Rz is
the average rainfall intensity within the area between two adjoining concentric circles of
indicated radii. The hurricane eye, an ares of no rain, is assumed to have a radius of 5 mi.

of the hurricane center so a fixed pressure of 950 mb.
would result in less error than one nearer the mid-
point of the 945 to 980-mb. range. (As it later devel-
oped, this value of 950 mb. was a fortunate choice
since tests indicated that 8 mi. from the center, where
the pressure would be 922 mb., was the critical dis-
tance.) Thus it was that 950 mb., approximately the
halfway point between 922 and 980 mb., was selected
as the pressure at the base of the hurricane model
when used at sea level.

2.3.3 In order to simplify the computations of
convergence rainfall with the hurricane model of
figure 2-2, which has an inflow-layer thickness
equivalent to 100 mb., equation (2.1) was modified to

0.185.w

r

R=

(2.3)

where R is the rainfall intensity in in./hr., 7, is the
mean radial inflow wind component in m.p.s., ¥ is
~ the mean mixing ratio in gm./kg., and 7 is the radius
" in mi. The average mixing ratio, &, for the model’s
inflow layer with base at 950 mb., top at 850 mb., and
pseudoadiabatic saturated air with a base tempera-
ture of 75°F. is 18.5 gm./kg. This model yielded the
rainfall amounts of table 2-2. Plotting of the R,
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Ficure 2-4.—Variation of computed convergence rainfall
intensity with distance from center of model hurricane.

values of table 2-2 4t the radii delineating the circles
that would divide each ring, or ‘“washer,” into two
equal areas yields the curve of figure 2-4.

2.4 The orographic component of the model

2.4.1 Asthe hurricane moves across mountainous
regions, the upward motion of the air resulting from
convergence will be supplemented by orographic
lifting whenever the wind has an onslope component.
The rate of lifting is determined by the magnitude of
the onslope component and the degree of slope. Once
the upward wind component is known, the rainfall
intensity can be computed as suggested by Showalter
[14] if the air is saturated and has a pseudoadiabatic
lapse rate, which are assumed conditions of the
hurricane model. Showalter’s equation is

R= vapo(Wo—wy)

- 2.4)

where R is the rainfall intensity in in./hr., v, is the
vertical wind speed in m.p.s. at the base of the air
column, po is the air density in gm./m.? at the base of
the air column, and w, and w, are the mixing ratios
in gm./gm. at the base and top, respectively, of the
air column.

2.4.2 The determination of the height of the air
column to be lifted orographically presented a fairly
difficult problem. Studies [15, 16] suggest that a
3,000-ft. mountain barrier in the path of a strong

13
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wind should certainly produce an upward wind com-
ponent that would persist above the 6-km. level. All
known studies, however, are based on the assumption
of irrotational flow. What happens when a wind field
like that of figure 2-1 meets a mountain barrier is

another problem entirely. Radar observations suggest

that the path of a hurricane tends to be disturbed by
orographic influences. For example, the track of
hurricane Betsy (fig. 2-5), which crossed Puerto Rico
on August 12, 1956, shows an erratic, unsteady, and
wavering movement as long as some part of the hurri-
cane was being affected by the orography of the
island. Other effects were also noted [17]. The eye
appeared to be sharply tilted toward the northwest
while over the island, i.e., the upper part was ahead
of the surface position, perhaps mainly because of
excessive surface friction. Moreover, the shape of the
eye was apparently distorted, appearing to be almost
square at one time.

2.4.83 In view of the above evidence, it is reasona-~
ble to expect that the idealized hurricane model
depicted by figures 2-1 and 2-2 would be appreciably
distorted by orographic influences. The effect of these
distortions cannot be evaluated, which means that
the lifting effect of the onslope wind also cannot be
evaluated. It was necessary, however, that the con-
vergence and orographic effects be combined in some
manner so as to yield reasonable rainfall values, the
degree of reasonableness to be determined by com-
parison with observed hurricane rainfalls. The first
trial was based on the assumption that the hurricane
model (figs. 2-1 and 2-2) would be unchanged except
that the base would be at the elevation of the point
for which the rainfall was to be computed. The inflow
layer was to remain 1 km. in depth; i.e., a difference
of 100 mb. between bottom and top.

244 The orographic rainfall produced by the
lifting effect of onslope winds was assumed to be
equivalent to the moisture that would be condensed
from the saturated air in the 1-km. inflow layer under
steady state conditions. This assumption does not
invalidate the earlier statement (par. 2.4.2) that the
orographic lifting effect may be observed well above
the 1-km. inflow layer. The lifting effect of an onslope
wind at a poigt:on a windward slope acts both to
decrease and ta:increase rainfall at the point. It acts
to decrease: rainfall by keeping aloft the smaller rain-
drops that  would: falk-to the ground at the point in
question if the upward wind component due entirely
to meteorological effects were not augmented by the
orographic component. It acts to increase rainfall by
sugmenting the upward wind component, hence the

cooling and condensation rates of the atmospheric
water vapor. Furthermore, it should be kept in mind
that the orographic lifting directly above a point on
a mountain slope acts on only a small part of the
rainfall measured at that point. Practically all rainfall
formed above the point is carried downwind. For
example, assuming a 75-m.p.h. wind with an upward
component of 20 f.p.s., even the largest raindrops,
which have a terminal velocity of about 30 f.p.s.,
would be carried horizontally over 5 mi. while falling
2 mi. Smaller drops or drops falling greater distances
would, of course, be carried horizontally much far-
ther. Hence, most of the rainfall falling at the point
is formed upwind where the orographic lifting effect
may be much different from that above the point.
This is especially true in the case of hurricanes be-
cause their almost circular wind fields with relatively
small radii result in rapid variation of wind speed
and direction, hence of onslope and upward wind
‘components, with distance from a point. Current
meteorological knowledge is inadequate to permit an
evaluation of the above factors for the reliable com-
putation of orographic rainfall at a point. The
assumption that the orographic component of hurri-
cane rainfall could be approximated by considering
only the orographie lifting effect on the water vapor
in the 1-km. inflow layer is therefore in effect a
postulation of a computational rather than a physical
model that had to be tested to determine its reason-
ableness.

2.4.5 Now, the vertical component of the wind,
Vs, i8:

2.5)

where v, is the onslope, or forward, horizontal
component of the wind perpendicular to the orien-
tation of the orographic barrier for whose slope the
rainfall is being computed, and « is the angle of
inclination of the terrain with the horizontal. The
air density, in gm./m.?, as used in equation (2.4),
can be computed [14] by

v, =y tana

T

po= (2.6)

where po and 7, are, respectively, the atmospheric
pressure, in mb., and air temperature, on the Kelvin
scale, at the base of the air column, or model. The
base pressure and temperature of the hurricane model
having been determined to be 950 mb. and 75°F.
(297°K.), po may be computed readily. Moreover,
since the pressure difference between the base and

15
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Ficure 2-6 —Variation of computed convergence rainfall intensity with distance along 2 line 8 mi. from model hurricane
center and perpendicular to a radius (center line).

top of the model was taken as 100 mb., the difference
between the mixing ratios, w,—wy, can also be readily
evaluated. This difference is 0.00255 gm./gm. Intro-
duction of these values and equation (2.5) into
equation (2.4) produced the following relation:

R =0.41v; tana 2.7

2,5 Computation of orographic rainfall

2.5.1 Values of tana were obtained directly from
topographic maps by dividing elevation differences
between contours by the horizontal distance between
them. Values of the onslope wind speed, v;, were
determined from the wind field of figure 2-1. The
wind speeds are greater to the right of the direction
of motion of the hurricane. Consequently, higher,
hence more critical, values of v, will be found to the
right of the hurricane center. Values of vy, which is
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the wind component parallel to and in the direction
of the hurricane movement, were computed along
lines 8, 10, 15, 20, and 40 mi. to the right of the
storm path. The v; values along the 15-mi. line,
which passes through the area of maximum wind
speeds (fig. 2-1), turned out to be the most critical
However, the convergence rainfall intensities (fig.
2~6) were so much greater along the 8-mi. line than
along the 15, that when combined with the orographie,
they more than compensated for the lower orographic
intensities along the 8-mi. line. The 8-mi. line thus
turned out to be the most critical distance from the
storm path insofar as rainfall intensities are con-
cerned. The variation of v; with distance along this
line is shown in figure 2-7.

2.5.2 The profile of v; having been established,
the computation of ranfall intensities for various
slopes by means of equation (2.7) was an easy matter.
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The profile of rainfall intensities for the 8-mi. line as
determined from the v, profile of figure 2-7 and a
slope of 1/4 (the maximum measured for Puerto
Rico) at an elevation of 1 km is shown in figure 2-8.
Several other rainfall-intensity profiles were con-
structed for various lesser values of slope.

2.6 Combining
rainfall

2.6.1 The convergence and orographic compo-
nents of rainfall were combined by simply adding
the profiles of rainfall intensity. The temperature
and moisture characteristics of the hurricane model
had to be adjusted for the different altitudes to which
the model had to be applied. It developed that a
simple adjustment factor applied to the convergence
component of the rainfall intensity computed for sea
level would yield the proper intensity for a particular
altitude. The adjustment factors for various altitudes
(table 2-3) were based, of course, on the variation
with altitude of the mean mixing ratio, %, in the

convergence and orographic

TABLE 2-3.—Reduction factors (in percent) for adjusting sea
level convergence and orographic rainfall intensities lo higher
altitudes =

" Abitude (m.)_ o oo, sealevel | 100 | 300 [ 500 | 700 | 1,000
Altitude (f)o .-~ oo sealevel | 328 | 084 |1,640 |2,207 | 3,281
Convergence rainfall . __.._.____ 100 99 96 93 90 86
Orographic rainfall ... 100 99 | o7 | e5 | 93 | a1
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F1cure 2-8.—Profile of orographic rainfall intensity computed
from the v;-profile of figure 2-7 for a slope of 1/4 at an ele-
vation of 1 km., m.sl.

1-km. inflow layer with base at various altitudes,
pseudoadiabatie saturated conditions being assumed.

2.6.2 The variation with altitude of the oro-
graphic component of precipitation was handled in
the same manner as that for the convergence compo-
nent. In other words, the orographic component was
cornputed for a fixed elevation (sea level, or 950 mb.),
and reduction factors were used to adjust that com-
ponent for other elevations. The reduction factors
used are different from those for convergence rainfall
because the variables differ. Instead of @ (eq. 2.3),
the variables are now wo—w; and po, T (egs. 2.4 and
2.6). The difference between mixing ratios for the
base and top of the 1-km. inflow layer, i.e., wo—w;,
or Aw, is practically constant for the range of eleva-
tion required. In other words, the value of Aw can
be taken as 0.00255 no matter whether the model is
at sea level or at 1,000 m. The fraction po/T of equa~
tion (2.6) is thus the variable term which determines
the reduction factors in the last line of table 2-3.

2.6.3 The combining of convergence and oro-
graphic components of rainfall intensities was accom-
plished by first constructing the profiles of each and
then adding. The procedure is illustrated in figure
2-9.

2.7 Tests of model

2.7.1 Various tests of the hurricane mode! were
made to determine if the rainfall amounts it yielded
were reasonable. The first test consisted of using the

17
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center.

convergence element of the model in trying to dupli-
cate measured hurricane rainfall amounts. This
particular test was restricted to hurricane rainfalls
measured at stations near sea level where orographic
effects, if any, would be negligible. The data required
for such a test are the station wind and rainfall and
the path and speed of the hurricane center. It is not
often that all these data are available,

2.7.2 Hurricane Betsy’s invasion of Puerto Rico
on August 12, 1956, provided a good opportunity for
a test. The associated wind and rainfall data had

18

been summarized by Colén [11], and the path and
speed of the hurricane had been well fixed by radar
observations [17]. Betsy crossed the southeastern
coast of the island moving at about 21 m.p.h. in a
northwestward direction, the eye passing within 20
mi. southwest of San Juan. The maximum wind speed
at San Juan was only about 75 m.p.h. The wind speed
20 mi. to the right of the center of the hurricane
model (fig. 2-1) is about 106 m.p.b. This difference
in wind speeds may have been because of Betsy’s
lesser intensity and smaller radius of maximum wind



speeds. Radar observations showed the eye as having
a radius of only 3 mi., and the lowest pressure re-
ported in Puerto Rico was 28.88 in. (978 mb.) at
Ramey Field, less than 15 mi. from the path of the
hurricane center. Regardless of the reason for the
difference in wind speeds, the method of computation
of convergence rainfall by means of the model makes
adjustment of the results by the ratio of the wind
speeds reasonable. Moving the model at Betsy’s
speed, the maximum 6- and 24-hr. rainfalls for a
point 20 mi. to the right of the path are found to be
2.8 and 4.5 in., respectively. The maximum rainfalls
observed at San Juan for these durations were 2.26
and 3.19 in. Reduction of the computed amounts by
the ratio of observed to model wind speeds (75/106)
yields 2.0 and 3.2 in. These adjusted amounts are in
good agreement with the observed.

2.7.3 Hurricane FEasy, September 1950, which
took a tortuous path northward along the Florida
west coast before looping and crossing the central
part of the peninsula, provided sufficient, though
incomplete, data for a test of the model. This hurri-
cane, while making a double loop just off Florida’s
west coast, produced the maximum rainfalls of record
for the United States for durations of 12 to 72 hr.
over areas from 10 to 2,000 sq. mi. These record rain-
falls were at Yankeetown, Fla., during the period
September 3-6, 1950. Unfortunately, lack of wind
observations at Yankeetown precluded adjustment
of the hurricane model. Maximum winds of 125
m.p.h. were reported [18] for the storm, however,
suggesting that Fasy and the model hurricane are of
comparable intensities. Duplicating Easy’s path and
speed with the hurricane model, the 6-, 12-, 18-, and
24-hr, rainfall amounts for Yankeetown were com-
puted to be 25.8, 33.2, 37.2, and 39.4 in., respectively.
Except for the 6-hr. amount these computed values
are in good agreement with the observed, i.e., 16.0,
28.6, 36.3, and 38.7 in.

2.7.4 The typhoon that produced the world’s
record 24-hr. rainfall of 45.99 in. at Baguio, Philip-
pine Islands, on September 14-15, 1911, presented
a wonderful opportunity for an individual test of the
orographic component of the model (sec. 2.4). The
typhoon center was at no time nearer than about
120 mi. from Baguio, so convergence rainfall could
be neglected (fig: 2-4). Moreover, there was a very

. good bourly record of rainfall and wind speed and
direction available [4]. The elevation of Baguio is
4,500 ft., and the windward (WSW) slope was deter-
mined to be 1/4. The rainfall was computed by means
of equation (2.7) and adjusted by a factor of 0.86

for the elevation of Baguio. The observed and com-
puted data are presented in table 2—4. The observed
and computed 24-hr. rainfall amounts are in remark-
ably good agreement. The hourly amounts show é¢on-
siderable differences in some cases but that is to be
expected because of the limitations of the computa-
tional method used. Some of the differences can be
explained. The observed 1-hr. amount of 3.55 in.
between 4 and 5 p.m. on the 14th, when the wind
speed was only 32 m.p.h. and the computed rainfall
only 1.2 in., resulted from a thunderstorm. The
comparison on a 6-hourly basis is much better, the
observed being 7.67, 12.02, 13.65, and 12.65 in. as
against the computed 6.4, 11.0, 12.9, and 15.8 in.,
respectively. The deficiency of the computed rainfall
amount for the first 6-hr. period is explained by the
thunderstorm that occurred in that period. The
excess in the last 6-hr. period may actually be a
deficiency in the observed rainfall resulting from the
higher wind speeds (hence greater gage error) in that
period. '

2.7.5 The San Felipe hurricane, which crossed
Puerto Rico in an ESE to WNW direction on Sep-
tember 13, 1928, provided the one opportunity for a
test, albeit a rough one, of the convergence—oro-

TaBLE 2-4.—Observed and compuled meteorological dala at
Baguio, Philippine Islands., for typhoon of %.’14—15, 1911

D 00 & e S v e n DD 9 00 00 3 D © © O W B2 K 00D
[ .

Hourly rainfall (in.)
Observed average wind -
direction and speed
Date Time (m.p.h.) observed | computed

Sepe. 14 noon-1_.__._ W23 0.10 0
Gualy 1-2 ... w1 .33 0.
' 2-3. .. w32 .70 1.

o S W3t 1.61 1.

5., W32 3.55 1.

58 ... WSW 28 1.38 1.
[ o S W8W 37 2.62 1.

T8 . WSW 57 2.40 2.

89, _____. WSW 49 2.04 1

9-10_._.... WSW 48 1.58 1

10-11...._. SW 50 1.63 1

11-mid SW 44 .77 1

Sest. 15 mid.-1..._. WSW 45 1.40 1
‘f‘ o ." -2, ... SW 47 i.70 1
23 . SW 58 2.50 2.

34 ... 8W 55 2.75 2.

5. . WBW 85 2.85 2.

5B....... WSW o2 2.45 2

67 .- WSW 65 1.78 2.
T8 WSW 68 2.12 2.
89 ... SW 61 2.40 2.

0-10....._. WSW 63 2.45 2

10-11.____. WSW 71 2,23 2

=12, SW 77 1.67 3

Total- - o e o 15.99 16.1
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graphic model in the problem area. This unusually
destructive hurricane produced many of the maxi-
mum rainfalls of record shown on figure 1-1, The
rainfall observed at Adjuntas was selected for the
test because it is the maximum 24-hr. amount of
record in Puerto Rico and because Adjuntas is one
of the highest stations having a long rainfall record.
The station is at an elevation of about 1,700 ft. on
the northern slope of the Guaybana Mountains. The
average slope at the station site is roughly 1/8.
Adjuntas was about 10 mi. to the left to the path of
the hurricane center, which was moving at about 13
m.p.h. [12]. The lowest central pressure recorded in
Puerto Rico was 27.65 in. (936 mb.) at Guayama,
which. suggests a weaker intensity than that of the
model hurricane. San Felipe, however, is known as
one of the most intense storms to have invaded
Puerto Rico, so it can by no means be considered a
weak hurricane. Three factors hampered the test of
the hurricane model: (1) lack of wind data for
Adjuntas, (2) the necessity for estimating the true
maximum 24-hr. raintall from observational-day
amounts, and (3) the station’s location to the left of
the hurricane path instead of to the right, for which
rainfsll-intensity profiles had been computed (sec.
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2.5). In the test, possible differences in wind speed
were neglected. The total-storm rainfall at Adjuntas
was 29.60 in. distributed into two observational days.
The estimate of true maximum 24-hr. rainfall based
on the maximum observational-day amount plus
one-half the higher amount, of the two adjoining days
yields 24 in. The winds on the left side of the hurri-
cane model 10 mi. from the center are about 5 percent
less than those on the right side at the same distance
(fig. 2-1). Moving the moedel 243 -m.p.h. along the
storm path and reducing the computed 24-hr. rainfall
it yields for Adjuntas by 5 percent-results in a value
of 25.8 in., which agrees very well with the estimated
maximum observed amount.

2.7.6 The tests described above could hardly be
classified as rigid. They suggest, nevertheless, that
the postulated model should yield reasonable results,
at least for some hurricane situations. It was decided
therefore to use the model to derive tentative esti-
mates of PMP, which would be accepted as final if
they appeared reasonable. Chapter 3 discusses the
various factors involved in the use of the model to
derive PMP estimates, their modification on the
basis of statistics of extreme values, the results, and
their appraisal.



Chapter 3

PROBABLE MAXIMUM PRECIPITATION

3.1 Estimation

3.1.1 The rainfall-intensity profiles of figures 2-6,
2-8, and 2-9 suggest that a point would receive its
maximum precipitation for any duration if it were
located at the optimum site for maximum intensity
and the hurricane were standing still. It should be
kept in mind, however, that the model wind field of
figure 2-1 is for a moving hurricane, presumably one
moving at about 12 m.p.h. Consequently, it would
be improper to apply the selected model to a standing
hurricane. Moreover, the record of hurricanes in the
problem region offers very little support to the
assumption that a hurricane could sit still for, say,
24 hr. In the remarks for the hurricane of August
17-19, 1807, in table 14, there is the entry, “Severe
hurricane from the east lasted 50 hr. in Puerto Rico.”
The remark certainly suggests that the hurricane
was stationary or nearly so for a period of at least
24 hr., i.e., if hurricane wind speeds were then classi-
fied as at present. However, since there was no such
classification then existent, and since the wind speeds
were undoubtedly estimated instead of measured
and the observation made by non-meteorologists, it
would be folly to put much weight on the remark.
About all that one can conclude from the remark is
that there probably was a hurricane and that high
winds, not necessarily of hurricane force, persisted
for 50 hr.

3.1.2 Examination of tropical storm tracks in the
problem region indicates their slowest speed to be
about 5 m.p.h. (table 3-1). This speed was therefore
accepted as that which would produce the probable
maximum precipitation. Hence, the PMP was de-
rived by assuming that the various rainfall-intensity
profiles were moving over a particular point of given

- elevation and slope at 5 m.p.h. Thus, for example,
the PMP for a point at sea level and practically no
slope would be obtained by moving the convergence
rainfall-intensity profile of figure 2-6 at 5 m.p.h. This
operation was actually performed by first taking the
average intensity for the interval from 2% mi. ahead
of the center line to 2% mi. behind (5 mi. in 1 hr.) for

the maximum I1-hr. rainfall. Successive intervals
would then be 2% to 7% mi., 7} to 12} mi., etc., both
ahead of and behind the center line. The results are
given in table 3-2 in the chronological order in which
the 24 1-hr. increments of rainfall would be observed
at a point as the hurricane center passed 8 mi. away.
While the rainfall-intensity profile of figure 2-6 is
symmetrical about the center line, the tabulation of
1-hr. rainfall increments of table 3-2 is not because
of the even number of increments. Summation of the
rainfall increments of table 3-2 to obtain PMP for
1, 3, 6, 12, and 24 hr. yields 8.8, 21.8, 31.0, 37.1, and
40.1 in., respectively.

3.1.3 PMP including an orographic component
was estimated in the manner just described except
that the composite profile, like that of figure 2-9, for
a particular slope and elevation was used. The profile
of figure 2-9, for example, yields the PMP for a point
at an elevation of 1,000 m. (3,300 ft.) on a slope of
0.25 and located 8 mi. to the right of the path of the
center of the model hurricane moving at 5 m.p.h.
The hourly increments of the 24-hr. PMP for such a

TABLE 3-1.— Distribution of hurricanes by speed of movement
in the area 15° to 20° N. and 60° to 70° W. during the period
1886—-1958

Hurricanes

Average speed for 24-hr. period (m.p.h.) (number of occurrences)

Average speed: 13 m.p.h.
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TABLE 3-2.—Probable maximum 24-hr. convergence precipita-
tion (in.), by hourly increments, for a ponit at sea level and
8 mi. from the path of the model hurricane center moving at
& m.p.h.

TaBLE 3-3.—Probable maximum 24-hr. precipitation, (in.), W
hourly increments, for a point at 1,000 m. elevation on ¢ slope
of 0.25 and located 8 mi. to the right of the model Rurricgy,
center moving at § m.p.h.

Hour Rain Hour Rain Hour Rain

‘Hour Rain Hour Rain Hour Rain
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point are tabulated in chronological order in table
3-3. Summation of the rainfall increments of tahle
3-3 to obtain PMP for 1, 3, 6, 12, and 24 hr. yields
10.9, 28.4, 44.2, 60.1, and 75.2 in., respectively.
3.1.4 The PMP amounts yielded by the model
were compared to the amounts indicated by the en-
veloping curve of the world’s maximum observed
rainfalls (par. 1.2.6) to determine whether the former
were compatible with these worldwide extremes. The
enveloping values for 1, 3, 6, 12, and 24 hr., as deter-
mined by equation 1.1, are 15.3, 26.1, 36.6, 51.2, and
71.7 in., respectively. These values exceed some of
the PMP values of paragraphs 3.1.2 and 3.1.3.
Recalling that all controlling values of the world’s
maxima for durations up to 6 hr. were associated
with thunderstorms or cloudbursts (pars. 1.3.4 and
1.3.5), it is not surprising that they exceed some
hurricane PMP values computed by the model.
Thunderstorms within hurricanes are not unusual,
but the high winds preclude the concentration of the
rainfall within a small area. It is also possible that
meteorological situations associated with hurricanes
are not favorable for the type of severe localized
storm responsible for cloudbursts. If only probable
maximum hurricane rainfall intensities are consid-
ered, the values obtained from the model appear
reasonable, Consequently, two sets of limiting values
of maximum rainfall rates for durations up to about
6 br. are indicated, one for cloudbursts and one for
hurricanes. However, in view of (1) the doubt ex-
pressed in paragraph 1.3.5 as to the possibility of
cloudbursts of world-record magnitude occurring in
the problem region and (2) the very small proba-
bility that a cloudburst of such magnitude would
occur over a particular problem watershed, it was
decided to consider only PMP from hurricanes as
being more practical from the viewpoint of hydro-
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logic design. The PMP maps and pertinent data
presented in the remainder of this chapter refer to
PMP from hurricanes. The designer wishing to con-
sider cloudburst PMP will find the necessary
information in Appendix A.

3.1.5 In determining PMP for hurricanes, a
knowledge of the various directions in which hurri-
canes could cross the problem area was required.
The only guide in such a matter is the record of
hurricane paths. Study of several hundred hurricane
tracks [5, 6] disclosed that practically all of the hurri-
canes disastrous to the problem area approached
from directions between east and southeast. How-
ever, figure 3-1, showing unusual hurricane tracks
in and adjacent to the problem area, suggests that
hurricanes affecting the problem area might approach
from almost any direction.

3.1.6 The degree of orographic slope at various
elevations exposed to a hurricane approaching from -
the most critical direction was then determined by
measurement from a large-scale (1:240,000) topo-
graphic map. The PMP for various durations for the
indicated slope were then determined as described
in paragraph 3.1.2. The map of 24-hr. PMP for
Puerto Rico thus determined is presented in figure
3-2.

3.1.7 The method for estimating PMP just
described is relatively crude. The lack of procedures
for evaluating the accuracy of the estimates thus
derived makes it advisable to determine their reason-
ableness by comparison with: estimates derived by a
different approach and to modify them if it appears
necessary. An index to PMP may be obtained on.the
basis of statistics [19]. The statistical approach is
premised on the assumption that valuable informa-
tion on extreme values is contained in the rainfall
record of each station. An exploration of the thou-
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Fraure 3-1.—Selected tropical storm tracks showing various directions of approach to Puerto Rico and Virgin Islands.

sands of station-years of data now available should
provide an enveloping statistic that can be used as
an index to PMP.

. 3.1.8 The frequency factor, K, is the number of
standard deviations, sy, that must be added to the
mean of the annual maxima, for a particular duration,

Z, to obtain a rainfall value, £y, of a particular mag-
nitude, or

IM=f+K8N (31)

where sy is the standard deviation of a sample of size
N. Analysis of over 100,000 station-years of rainfall
data from 2,600 stations in various widely scattered
countries has never yet revealed any value of K
higher than 15. Of all data analyzed, the highest
value of K ever obtained was 14.4 for an Icelandic
station. A value of 15 therefore appears to be a
reasonable upper limit of the frequeney factor K.
Table 3—4 shows the distribution of the K value for
89 Puerto Rican stations having 10 or more years of
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record. The highest value of K was less than 9.
Obviously, the use of K =15 represents a substantial
increase of the computed xza over the observed. The
use of an overall value of K as applicable to various
regions presumes randomness or absence of geo-
graphic variation. While there is reason to suspect
that there may be some geographical variation, the
relatively biased samplings provided by the current
gage networks. (e.g., relatively small number of long-
record stations above 5,000 ft.) makes it practically
impossible to evaluate geographical variation relia-
bly. Tests made so far indicate ro appreciable geo-
graphical variation, and the assumption that there
is none is considered justifiable for the present.

TaBLE 3~4.—Disiribution of frequency factor K computed from
records of 24-hr. rainfalls for 89 Puerto Rican stations

K Freq. K Freq.
LO-19. L 3 6.0-5.9 ... 11
2.0-2.9. . ... 17 6.0-6.9_ . ........_. 3
3.0-3.9. ..l 34 7.0-7.9 .ol 1
40-4.9 ... 19 8.0-8.9 . .. ... 1
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3.1.9 The use of the statistical approach as a
guide to PMP consisted of first computing the mean,
Z, and the standard deviation, sy, adjusted for out-
liers and sample size, of the annual series for all
stations having at least 10 years of record. Maps of
% and sy (figs. 3-3 and 3—4) were then analyzed. A
grid was superimposed on these two maps, and values
of £ and sy for each grid point were tabulated. Sub-
svituting these data for corresponding grid points
into equation (3.1) with a K value of 15 yielded zx
for each grid point used in constructing the map of
figure 3-5.

3.1.10 The differences between the upper limits
of Puerto Rican rainfall depicted by figure 3-2 and
those depicted by figure 3-5 are fairly large in places
but still within the limits of accuracy that may be
expected from PMP estimates derived by either
approach. The differences exist in large part because
of differences in basic considerations involved in the
two approaches. For example, the meteorological
approach considered the possibility of a hurricane
crossing Puerto Rico from north to south because a
few hurricanes have been observed traveling south-



erIs’ 67°00" 68" 45" 68 30' 66°18° §6"00° 65% 48’
T | I T
A 7 L A N 7/ C 0 C £ A N
4
18°| /“k""\‘\ & P U 54 R TO R/ C O 1 |%.‘
\"_ : 4.5
3,
5
# \ = ER H
<_:5.5\:
% ' 4 D 5
M 5 a5 & 4
87°1%" 4 3 56° 48 66° 30" 6615 66°00' 657 45"
MEAN OF ANNUAL MAXIMUM 24-HOUR RAINFALLS (IN) 3 =
‘”‘!',‘ ISLAND o VIEQUES ISLAND
W3 6@
4.0, 3% - 5.5
¢ AR 4.7l
Fi1Gure 3-3.—Mean (%) of annual series of 24-hr. point precipitation.
§7°18" 67" 00" 66° 45" 66 30" 66°13' 66°00 65 4y
18°| 8
18’ ey
j
A <5Q])
¥ WW?’W W e
{ 2.3 :
2 23 a8 2 i 2 T | ,‘
6701y 67°00" 66" 48" 66* 30" §6%15" 66 00" 65° 43"
STANDARD DEVIATION OF ANNUAL MAXIMUM 24-HOUR RAINFALLS (IN.“-.m =y )
0T — = v .,.“3 p\l:rc"ﬂo ‘ :
MONA ISL‘I:D cuLesRa ISLAND V(Elﬂllf.f I1SLAND {
W3 %
q L-{)\_\ﬁ“ 29 J i
oy P |
. % e en— It yr - i vt [ Tt

Fiaure 3-4.—Adjusted standard deviation (sy) of annual series of 24-hr. point precipitation.




s 8

67°00"

£6° 45"

56°18

830458’

30

e P S
N

1 /

7 7

330 P U E R TG0

A

N 7/

N

1ar

30°|

e

1%

i)

55 % |3°

3

3%

35

45

S |-

&7e 15

66° 4y

£6° 30"

66°15°

63”48

MEAN PLUS 18 STANDARD DEVIATIONS (IN)

o

49°03]

£34Y

CULEBRA

Wil

15LAND

VIEQUES

ISLAND

e6* ay'

66° 00

63°45°

66° a5’

66 30"

3¢ 4y

PROBABLE MAXIMUM

o0 v

MoNa

>
1scano
%

1-HOUR PRECIPITATION(IN))

35 w warec]
s, ':!‘
CULEBAA |1SLAND !
3.3
N
<
q
94
J)
e

B

g

5"

VIEQUES

I1SLAND

FiGUre 3-6.—Probable maximum 1-hr. point precipitation (in.) for Puerto Rico.

26




67%13' 57:00‘ 68" 43" £6* 30 &6° 13 66°00" 63 45"

1 T ‘ ’
4 r L A4 N T I ¢ 0 ¢ £ A N
',“;-g-ﬁ,i— 47'.- P UERTO . RI1cCoO l i
: //// K % ’/// 2 7 : |
Ny . / // // //( |
///// T // s
T %% / / g
: r32‘1 \
77 74T R —— [
~— 2 ‘%/ \s
ZE N
.3{_;//"’7 2!
~32.% / N
67018 §7°00" : 66° 4y 66" 30" P
PROBABLE MAXIMUM 6-HOUR PRECIPITATION (IN. =
= - o = i
m.’ MoNa isLANO CULEBRA |1SLAND
<
g

PROBABLE MAXIMUM 24-HOUR PRECIPITATION (IN) e — )
i T 3
:[nv o s [ u-: Pusrcf: | !
HONA ISLARD cuceans liscano w;;au:s 1SLAND
N
\:]
e,
" _ .
A s R l-t:'“‘

F1GURE 3-8.—Probable maximum 24-hr. point precipitation (in.) for Puerto Rico.




28

o5y €3700" Garsy’ €ateG satey &acaQ'
- =) T T T i
N . A T L A N T I C o ¢ E AN
“ Wy ST\ JHOMAS ISLAND VOHN  ISLAND
0 s
T
ﬁ L 1n
[y 0
207 20"
st 08
4
00 1. o
18 63408 §8000" cansy sa50" sacas’ o 2
o 2 s . ©
TEALE STATUTE wiLEs
PROBABLE MAXIMUM 1-HOUR PRECIPITATION (IN)
64488 £4°50" 64ray’ 6440 64"35" 64°30
17 e
30' i 30
i
ST, CRQIXy ISLAND
T
w 2 5] = b
N -~ \{.m:;:.-n tgony T Srags wi LC"—)/ )
" s o ety g ol e o =
% 9N
8 B £ A N g £ A
)7 - | N 1 e
.62'55' [t 64%ay’ 64%6C" €433 Gl'lﬂ“c
F1Gure 3-9.—Probable maximum 1-hr. point precipitation (in.) for Virgin Islands
€505 €5°00" Lt 64°50° garas faran’
P S : = T
N b AT Lt 4 N T/ C o ¢C £ AN
30 1IN f
¢ / R ST NJHomas ;‘:ﬂ:"’” ST. JOMN  ISLAND
2.5 i
Vg dins /3355)}..—.@5 [
,{:‘ Y e — )
y 325
o 3 e
20 Teumon Fioi 5’3\ . ¢ 200
) b
IB" 18*
i 6870’ 65000 acas’ sanse garan’ cerag 18’
o : . . . ©
SCALE STATUTE ~:;ts
PROBABLE MAXIMUM 6-HOUR PRECIPITATION (IN)
5:155' 6avs0" - 64vay 440" 6435 a3
5o l [
ST CROIX  ISLAND
7 e
ay as
. i | t i
s 64450 64vad’ 84°0G" 6as3s’ gae30””

Frcure 3-10,—Probable maximum ‘6-hr. point precipitation (in.) for Virgin Islands.




63°03° e300’ saray

Garso’ satey &araq

A T L AN T/ C

T T T 18t
o ¢ £ AN
[

‘JOHN

ST 1SLAND

Eii

63+08'

e

sssss

PROBABLE MAXIMUM Z4-HOURL{;RECIPITATION (IN)

6438 64°50" 6ass
)

§4°40" 84°35" 64030

ren

70
Sarsy 64°30" 64-45"

e
(40"

F1GuRe 3-11.—Probable maximum 24-hr. point precipitation (in.) for Virgin Islands.

ward both east and west of the island although none
has ever been known to cross the island in that direc-
tion. The statistical approach on the other hand,
being based on actual records, does not reflect this
possibility. After weighing the advantages and short-
comings of the two approaches, it was decided that
a composite map constructed by averaging the values
of figures 3-2 and 3-5 might well provide the most
acceptable PMP estimates possible at this stage of
meteorological and statistical knowledge. This com-
posite map is shown in figure 3-8. The shaded area
representing the 40-in. PMP in the coastal regions
is the only place where a straight average of figures

3-2 and 3-5 was not used. The meteorological ap-

proach had yielded 40 in. for the coastal areas and

because hurricane Easy (par. 2.7.3) had produced

38.7 in. in 24 br. at Yankeetown, Fla., in September

1950, it was.considered advisable to maintain the

40-in. value for PMP.

, . 1=hr. and 6-hr. point PMP maps of
figures 3-6 and 37 were obtained in almost the same
manner just deseribed for the 24-hr. PMP. The only
differences occurred in the statistical approach to
PMP. The fact that only San Juan had a long

recording-gage record necessitated the use of rela-
tionships of precipitation for these durations to 24-
hr. precipitation as determined from records in
southeastern United States.

3.1.12 Similar procedures were used to estimate
PMP for the Virgin Islands. Their 1-, 6-, and 24-hr.
PMP are presented in figures 3-9, 3-10, and 3-11,
respectively.

3.2 Depth-duration relations

3.2.1 Figure 312 shows a generalized duration-
interpolation relationship for determining precipita-
tion amounts for durations from 1 to 24 hr. when
values for 1, 6, and 24 hr. are known.

EXAMPLE: Determine hourly increments of 9-hr PMP for
a point at 18°05’ N ., 66°456' W. Figures 3-6, 3-7, and 3-8
yield 1-, 6-, and 24-hr. PMP values of 12.5, 36, and 60 in.,

" respectively. Plot the 1- and 6-hr. values on their respec-~
tive duration lines on the left diagram of figure 3-12 and
draw a straight line between the two plotted points.
Construct a similar line for the 6- and 24-hr. PMP plotted
on the right diagram. The nine PMP values for durations
from 1 to 9 hr. as read to the nearest 0.5 in. from the
lines drawn on the two diagrams are: 12.5, 20.5, 25.5, 29.5,
33.0, 36.0, 38.5, 40.5, and 43.0 in. The hourly increments
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are: 12.5, 8.0, 5.0, 4.0, 3.5, 3.0, 2.5, 2.0, and 2.5 in. The

last hourly increment is 2.5 in., and the next to last is
2.0 in. The last increment should be the smallest. The
discrepancy results from reading the values to the
nearest 0.5 in. In order to smooth out such inconsisten-
cies, it is recommended that the PMP values be plotted
against duration and that a smooth depth-duration curve
be constructed so as to provide minimum envelopment.
New PMP values are read from this curve, and hourly
increments computed therefrom. If the enveloping curve
has been drawn properly, the hourly increments will
show a gradual decrease.

3.2.2 The empirical relationship of figure 3-12
was derived from annual series data as described in
Weather Bureau Technical Papers No. 28 {20} and
No. 29 [21). While there may be regional variation
in this type of relation as applied to PMP, it has not
been possible to evaluate it. For the purpose of
generalizing, the diagrams of figure 3-12 are believed
to be as good as any yet devised for application to
PMP.

3.2.3 It is ordinarily pertinent to distinguish
between the 6-hr. PMP and the maximum 6-hr.
increment that would be associated with, say, a 24-
hr. PMP. This applies, of course, to other durations.
In many regions the 6-hr. and 24-hr. PMP might be
limited to different seasons. This problem does not
arise in this study because all PMP estimates of
figures 3-6 through 3-11 would supposedly be
“associated with hurricanes, and the PMP for any
short duration might well oceur in connection with
the 24-hr. PMP. Of course, if the hydrologist wishes
to use the cloudburst PMP estimates discussed in
Appendix A, he should consider the fact that cloud-
bursts of that magnitude have never been observed
within the area of, and during the period of, the maxi-
mum 24-hr. rainfall of a major hurricane.

3.3 Depth-area relations

3.3.1 Examination of the depth-area-duration
data [22] for several hurricanes indicated a relation-
ship not appreciably different from the depth-area
curves presented in Weather Bureau Technical Paper
No. 38 [23] except for durations under 6 hr. Hurricane
rainfall appears to be somewhat more evenly distri-
buted with respect to time, and the 1- and 3-hr.
curves were lowered slightly. Also, all curves were
adjusted to show percentages in terms of the maxi-
mum station value instead of 10 sq. mi. (fig. 3-13).
The original curves were expressed in terms of per~
centage of the 10-sq.-mi. value because the relative
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sparseness of the gage-network density, hence
relative crudeness of depth-area-duration analyses,
makes it generally difficult, if not impossible, to
assign a definite representative area for the gage. In
other words, it is usually impossible to determine
whether the rainfall caught in a gage is representative
of that over an area of 0.1, 1, or 10 sq. mi. In most
cases where bucket surveys of a storm have not been
made, it is common practice to assume that the
maximum gage measurement for a-particular storm
is representative for 10 sq. mi-In general, this
assumption is still justified. In the present study,
however, it was advisable to consider the. rainfall
computed by means of the burricane model as appli-
cable to a point rather than to 10 sq. mi. The reason
for this departure from common practice is that if
the model were used to compute rainfall for a 10-sq.-
mi. area instead of for a point, the resulting amounts
would be somewhat less.

3.4 Chronological distribution

3.4.1 While hurricane rainfall intensities at a
point tend to gradually increase as the center ap-
proaches and to decrease as the hurricane recedes,
there is no corresponding order within the period of
maximum 24-hr. rainfall. It is, of course, problematic
whether the rainfall outside of the 24-hr. maximum
rainfall period can be properly classified as hurricane
rainfall. Hurricane winds are seldom experienced at
a point for as long as 24 hr. In the absence of any
observed definite, typical chronological order within
the maximum 24-hr. period, it is suggested that the
distribution indicated by the intensity profiles pro-
vided by the hurricane model be used. The distribu-
tion would range from that depicted in figure 26
for non-orographic hurricane rainfall to that shown
in figure 2-8 for the greatest orographic effect. Table
3-5 shows the suggested chronological order of hourly
hurricane PMP increments for various values of 24-
hr. point PMP.

3.5 Appraisal

3.5.1 There is only one way in which the accu-
racy of PMP estimates can be definitely established
and that is in the negative sense only. In other words,
if a PMP estimate is exceeded by an observed rain-
fall, the estimate is undeniably too low. If it is
equalled by an observed rainfall, the estimate may
be adequate but there is a greater probability that
it is too low. It is also possible that a PMP estimate
may be excessive, i.e., it is beyond the limits of
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EXAMPLE: Determine the hourly increments of 9-hr. PMP for a 50-sq. mi. watershed

centered at 18°05' N., 66°45' W.

The 1-, 6- and 24-hr. point PMP for that location are found to be 12.5, 36, and 60 in., respectively. The depth-duration dia-
grams of figure 3-12 indicate 3- and 12-hr. PMP values of 25.5 and 47.5 in , respectively. Figure 3-13 indicates 50-sq. mi. reduction
factors of 82, 87. 92. and 94 percent for the 1-, 3-) 6- and 12-hr. durations, respectively. Application of these factors to the point
PMP for the corresponding durations yields 10.2, 22.2, 33.1, and 44.6 in. for the 1-, 3-, 6-, and 12-hr. 50-sq. mi. PMP, respectively.
These amounts are then plotted against duration, and a curve is drawn through the points Values of PMP for every duration up
to 9 hr are obtained from this curve and are used to compute the required hourly increments.

meteorological possibility. These limits are what
PMP evaluation procedures attempt to establish, of
course, but the required data and procedures are
only barely adequate to provide approximate solu-
tions to the problems involved.

3.5.2 The considerations that figured in the
postulation and use of the hurricane model of chapter
2 provide a rough appraisal. First, the model was
tested against observed rainfalls (sec. 2.7) with an
acceptable degree of success. Two of the test cases
involved hurricane rainfalls of world record magni-
tude: the Yankeetown, Fla., storm of September 3-6,
1950 (par. 2.7.3) and the Baguio, Philippine Islands,
storm of July 14-15, 1911 (par. 2.7.4). Thus, 1t

appears that the model when subjected to conditions
of speed of movement, distance from the point in
question, etc., similar to those of observed severe
hurricanes satisfactorily approximates their rainfalls.

3.5.3 'The assigned problem, of course, was to
estimate PMP for Puerto Rico and Virgin Islands.
The only appreciable maximizing factor applied to
the hurricane model was the use of 5 m.p.h. as the
speed of movement. In the relatively short period
for which good observations have been available,
severe hurricanes invading the problem area have
been found to have an average speed of 12-13 m.p.h.
However, there have been several instances of hurri-
canes in the general area moving at the slower speed.



TABLE 3-5.—Suggested order of hourly rainfall increments for
hurricane PM P (Numbers indicale rank of tncrement, 1 berng
the greatest)

2¢-hr PMP (in)

40 45 50 55-65
24 23 22 20
23 18 15 13
21 14 12 9
19 10 8 5
17 7 5 3
15 5 3 1
13 2 1 2
n 1 2 4
9 3 4 6
7 4 6 7
5 8 7 2
3 8 9 10
1 9 16 11
2 11 11 12
4 12 13 14
8 13 14 15
3 15 18 18
10 1) 17 17
12 17 18 18
14 19 19 19
18 20 20 21
18 21 21 22
20 22 23 23
22 24 24 24

EXAMPLE Hourly increments for 6-hr. PMP when the
24-hr. PMP is 55 in. would be ranked in the following order:
5,3, 1,2, 4, 6. In other words, the largest increment would be
in the third hour, and the smallest, in the sixth hour.

EXAMPLE Hourly increments for 9-hr. PMP when the
24-hour PMP is 45 in. would be ranked in the following order:
7,5,2,1,3,4,6, 8, 9. The largest increment is in the fourth
hour and the smallest in the ninth hour.

Also a maximizing factor was the use of a wind pat-
tern based on the higher speeds without modification.
The magnitude of this maximizing factor is not
appreciable. The failure to correct for the unprecipi-
tated moisture escaping from the top of the model
(par. 2.2.3) should be a maximizing factor. However,
the fact that this loss was neglected in satisfactorily
approximating some of the observed hurricane rain-
falls suggests that it may be a compensating factor
for snme unknown deficiency in the model.

3.54 The effectiveness of the statistical guides
utilized is severely limited by the quality and quan-
tity of the basic precipitation data available. An
additional 20 years of record and an adequate net-
work of favorably located recording gages would have
done much to increase the reliability of the statistical
approach. Also, the possibility of geographic varia-
tion in the frequency factor K casts some doubt on
the acceptability of a maximum value of 15.

3.5.5 In spite of the shortcomings of the proce-
dures used in estimating PMP, the results appear
reasonable. The estimates given in figures 3-6
through 3-11 are unquestionably much greater than
the maximum observed rainfalls (figs. 1-1 and 1-2).
This does not indicate that the estimates are exces-
sive. Rainfall measurements tend to be appreciably
deficient in the case of hurricanes because of the large
wind error. Moreover, the record of rainfall observa-
tions is very short compared to the period of history
of hurricanes. Also to be considered is that the heavi-
est rainfall in a hurricane is limited to a relatively
small size of area, and there is not much change that
a gage would sample the heaviest intensities. It is
not astonishing, therefore, that the PMP estimates
may appear to be excessive. Comparison with the
values indicated by the envelope of the world’s
maximum rainfalls (fig. 1-3) suggests, however, that
the magnitudes of the estimates are realistic.
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Chapter 4
RAINFALL-FREQUENCY DATA

4.1 Basic data

4.1.1 Station data. Table 4-1 groups number of
daily precipitation stations by length of record. A
total of 102 Puerto Rican stations which take precipi-
tation observations once daily were used in the fre-
quency analysis. The only recording-gage stations
with usable records were San Juan, Las Ochenta SCS8
#3, and Las Mesas #2. San Juan has a long record
but the last two stations had but 7 yr. and 6 yr.,
respectively. A total of 17 nonrecording stations were
available for the Virgin Islands. Stations with records
longer than 19 yr. were used to define the frequency
relationships, whereas the shorter records were used
to define the 2-yr. regional pattern.

4.1.2 Time tncrements. Analysis of hundreds of
vears of precipitation data has produced reliable
empirical factors for converting observational-day
and clock-hour data into maximum 24- and 1-hr.
rainfalls. The factor 1.13 was used throughout to
convert observational-day (or clock-hour) rainfall to
maximum 24-hr. (or 1-hr.) rainfall.

TaBLE 4-1.—Daily precipitation stations grouped by
length of record

Tength of record Number Length of record Number
(years} of atations (years) of stations
B9 s 15 3539 .o 10
1014 8 4044 .. 6
1519 .l 14 4549 ... 12
20-24 .. . 5 BO-54 . ... 10
2529 . ... 16 5669 .. 12
30-34_ .. 11 —
1v9

4.2 Frequency analysis

4.2.1 Two types of data series. The partial-dura-
tion series, which includes all high values even though
several may have occurred in the same year, was
required for this study. However, the processing of
partial-duration data is very laborious. Furthermore,
there is no theoretical basis for extrapolating these
data beyond the length of record. Jor these reasons
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TaBLE 4-2.—Empirical factors for converting partial-duration
' series to annual series

Return period Conversion factor
s S R 0.88
1 R SRS meaman .98
10T e ST, - .99

EXAMPLE: What are the 2-, 5-, and 10-yr. 24-hr. annual
series values for the point at 18°15’ N., 66°45’ W.? From the
maps of figures 4-50, 4-51, and 4-52, the partial-duration
values are estimated to be 5.4, 7.2, and 8.3 in., respectively.
Multiplying by the above factors, the annual series values are
4.8, 6.9, and 8.2 in.

an alternate procedure was used. The anpual maxi-
mum event was collected for each year to form the
annual series. After analysis for frequency, the annual
series statistics were converted to partial-duration
statistics for corresponding return periods, and the
rainfall-frequency maps presented in this report thus,
in effect, represent the results of a partial-duration
analysis. Table 4-2, based on a sample of 50 widely
scattered stations in the United States, gives the
empirical factors for converting the partial-duration
series to the annual series for return periods up to 10
yr. The two types of data series show no appreciable
differences for return periods greater than 10 yr.
4.2.2 Duration-interpolation diagram. The gener-
alized depth-duration relation presented in figure
4-1 provides a means for computing rainfall depth
for any duration between 1 and 24 br. if the 1- and
24-hr. amounts for a particular return period are
given. The generalization was obtained empirically
from data for 200 U.S. Weather Bureau first-order
stations, and is the same relation shown in “Rainfall-
Frequency Atlas of the United States” [24]. Rainfall
values for durations bhetween 1 and 24 hr. are ob-
tained by plotting the 1- and 24-hr. values for the
same return period on the corresponding duration
lines and laying a straightedge between the two
points. Intersections of the straightedge and inter-
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F1GuRE 4-1.—Duration-interpolation diagram.

mediate duration lines yield corresponding rainfall
values. - Tests with recording-gage data showed that
the depth-duration diagram yielded reasonable val-
ues. The 30-min. rainfall values for a particular
return period were obtained by multiplying the 1-hr.
rainfall for that return period by 0.79.

4.2.3 Return-period-interpolation diagram. The
return-period diagram of figure 4-2 is based on data
from 200 Weather Bureau first-order stations and is
* identical to the diagram used in (24]. The spacing of
the ordinates is partly empirical and partly theoret-
ical. From 1 to 10 yr. it is entirely empirical, being
based on free-hand curves drawn through plots of
partial-duration series data. The spacing for return
periods of 20 yr. and longer was based on the Gumbel
procedure [25] for analyzing annual series data. The
transition was smoothed subjectively between the
10- and 20-yr. return periods. If values between 2
and 100 yr. are read from the return-period diagram,
then converted to annual series values and plotted
on either Gumbel or log-normal probability paper,
the points will very nearly define a straight line. The
application of the Gumbel extreme-value procedure,
which is supported by theory, is also supported by
. experience [26];

424 Tests for secular trend. The use of short-
record data introduces the question of p0551ble
segular trend and biased sample. Routine tests with
data from records of equal length but for different
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F16URE 4~2.—Return-period-interpolation diagram.

- periods showed no trend. The use of short-record

data thus appears justified.

4.3 Tropical versus noniropical storms

4.3.1 Definition. The term tropical storm (sec. 1.4)
as used in this chapter refers to a cyclone of tropical
Atlantic or Caribbean origin. Only those storms
whose tracks are given in Weather Bureau Technical
Paper No. 36 [6] have been considered in the analysis
described later in this chapter. In most cases of
annual maximum rainfall investigated, there was
no difficulty in determining whether or not the rain-
fall was associated with a tropical storm. Occasion-
ally, however, it was difficult to establish whether a
storm was tropical or nontropical. In some cases
there was some question as to the characteristics of
the storm as, for example, when a tropical storm
becomes extratropical. In other cases, the rainfall
occurred between storms of different origin. The rain-
falls in all those cases were classified as being of the
type that appeared to provide the predominating
influence in producing the rainfall.
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4.3.2 Distribution of San Juan’s annual mazimum
24-hr. rainfalls. The-distribution-by- stermr-type of
the-annual-maximum 24-hr:-amounts-for-San -Fuan
48 shewn-in-table-4-3. The distinctive characteristic
of San Juan’s record i Is the relatlvely small number
of annual mama:aissoclatea with 1 troplcal storms—
only 7 out of 58. Moreover, the two largest amounts
are not among these seven. The largest nontropical
rainfall is about 50 percent larger than the largest
tropical storm. A similar analysis for stations in the
Unites States that experience tropical storms shows
similar results. It is not unusual, however, for closely
-spaced stations to show entirely dissimilar results
with regard to storm type.

4.3.3 Distribution of 24-hr. rainfoll by storm type
and return period. Although tropical storms are
relatively infrequent, they produce a large proportion
of the annual maximum 24-hr. rainfall amounts. A
total of 1,646 24-hr. annual maximum amounts from
33 stations were investigated. About 15 percent of
this total were found to be associated with tropical
storms. A breakdown of all 1,646 amounts by storm
type and magnitude on the return-period scale is
given in table 4-3.

4.3.4 Table 4-3 could have been extended to
include all storm rainfall instead of just annual
maxima. Had this been done, less than 1 percent. of
all rainy days would have been found to be associated
with tropical storms. Nevertheless, tropical storms
account for 15 percent of the annual 24-hr. maxima,
and half of the amounts equaling or exceeding the
100-yr. value. An analysis based on 48 Weather
Bureau stations in the United States [27] which
experiences tropical storms yielded similar results
(see values in parentheses, table 4-3).

TABLE 4-3.—Distribution of annual mazimum 24-hr. rainfall
amounts by storm type and return period for 33 Puerto Rican
stations. Comparative values for 48 Unilted Slates stations are
shown in parentheses.

Cumulative probability (percent)
Return period

(yr.) Tropical storm Nontropical storm Total
15.4 {18.2) 84.6 (81.8) 100.0

10.9 (12.8) 34.9 (34.5) 45.8

6.2 (6.9) 11.1 (10.6) 17.3

3.8 (4.2) 4.8 4.7 8.6

2.0 (1.9) . 2.0 (1.6) 4.0

RN N)] 13 (7 2.2

b (.8 S5 (5 1.0

1000

500

= L
@ <3 o
o =3 =3

RETURN PERIOD {YEARS)

n
o

FiGure 4-3.—Relation between K and return period for 20-,
50-, and 100-yr. records (after Gumbel).

4.4 Isopluvial maps

4.4.1 £ and sy 24-hr. maps. Because of the large
amount of 24 hr. data available and the relatively
small standard error associated with the arithmetic
mean of the annual maximum rainfalls (annual
series), Z, the & 24-hr. map was constructed first. (£
is approximately equal to the 2.3-yr. return period.)
A preliminary standard deviation map was also pre-
pared. The reliability of the latter map was increased
by adjusting its values on the basis of a smoothed
coefficient-of-variation map. The adjustments were
made only on the standard deviation map because
this statistic is sensitive to anomalous events whereas
the mean is affected only slightly. Also, the standard .
deviation values had been adjusted when required to
a common 50-yr. record standard. Table 4-4 lists the
empirical adjustment factors determined from 200
24-hr. precipitation stations in the United States.

4.4.2 2-yr. and 100~yr. 24~hr. maps (figs. 4—50, 4—
99, and 4~55, 4~104). The values indicated on the 2-yr.
map are for the partial-duration series and are approx-
imately 7 percent greater than those on the & map. The
smoothed 100-yr. map is based on a combination of
values from the & and sy maps. The mean plus 3.5

TABLE 4—4.—Factors for adjusting standard deviation to
50-yr. record

Length of record {yr.). . ..o ooaeaeas 10 20 30 40
Factor for increasing standard deviation.. . ..__.. 1.20 | 1.08( 1.04| 1.02
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standard deviations, as illustrated in the diagram of
figure 4-3 based on the Gumbel procedure, was used
to obtain the 100-yr. values.

4.4.3 Estimating the 1-hr. statistics. The lack of
recording-gage data necessitated the synthesis of an
hourly rainfall regime based on stations in the United
States. The selection of the stations used was based
on similarity of climatic factors such as hurricanes,
thunderstorms, temperature and dewpoint. The
stations used and the manner in which the required
statistics on hourly rainfall were obtained are shown
in table 4-5.

4.4.4 Basic 1-hr. maps (%, sy, 2- gnd 100-yr.). An
average 2-yr. 1- to 24-hr. ratio of 45 percent (table
4-5) was applied to both the 2-yr. 24-hr. and £ 24-hr.
maps to determine the corresponding 1-hr. maps.
Both the 2-yr. and £ values are measures of the cen-
tral tendency of the extreme value distribution.
However, the fact that the coefficients of variation
(sv/%) are generally less for the 1-hr. than for the
24-hr. value at the same station (table 4-5) indicates
that the 24-hr. amounts increase with return period
at a faster rate than do the 1-hr. amounts. In order
to adjust for this difference, the factor 32/43, as
determined from table 4-5, was applied to the 24-hr.
coeflicient-of-variation (¢,) map. The £ and ¢, maps
were then used to prepare a standard deviation map.
The 100-yr. map was constructed by adding the mean
to 3.5 times the standard deviation (£+3.5sv).

. TaBLE 4-5.—Duta used for developing hourly rainfall regime.

Coefficient of variation.
Station Ratio: Jy. 1-br

2-yr.24-he 1-br. 24-hr

SanJusn PR ool 0.45 0.35 0.46 .
Galveston, Tex. . .cermrecmunioaas .42 .39 .45
San Antonio, Tex_ _ .- cecoaeooncen 47 .37 47
New Orleans, La 39 .20 49
Shreveport, La 45 .30 40
Birmingham, Ala. 40 .28 36
Mobile, Als._.__ 40 .25 33
Jacksonville, Fla 48 .28 40
Key West, Fla..___ 41 .39 52
Pensacola, Fla_. . _._.._. 39 .33 37
Tampa, Fla_ .. ... 54 .30 36
Savannah, Ga._......... 55 .28 51
Charleston, 8.C . _cnevmeome 19 .32 4
Hatteras, N.C.____ ... .cocaile 41 .34 49
Wilmington, N.C_ .. ..o 41 .32 33
Total___ ..o e 6.66 4.77 8.38
Mean (T).oooocoeoaao o 44 32 43

4.4.5 Additional isopluvial maps. The 2-yr. 1-hr.,
2-yr. 24-hr., 100-yr. 1-hr., and 100-yr. 24-hr. maps
were than used in conjunction with the duration and
return-period relations of figures 4-1 and 4-2 to
obtain 38 isopluvial maps for intermediate durations
and return periods. The computations were made by
a digital computer. Values were computed for and
plotted on the grid of figure 44, and the isopluvials
were then drawn with reference to these grid values.
The seven 30-min. maps were developed from the
relationship 0.79 times the values on the 1-hr. maps
for corresponding return periods. The 98 rainfall-
frequency maps (49 for Puerto Rico and 49 for the
Virgin Islands) are presented at the end of this
chapter (figs. 4-7 to 4-55 and 4-56 to 4-104, respec-
tively).

4.5 Depth-area relationships
4.5.1 There are two basic types of depth-area

relationships: (1) storm-centered relations, and (2)

geographically fixed relations. The depth-area curves
of figure 3-13 are storm centered, ie., they were
developed from rainfall data in storm centers. The
frequency-derived, geographically fixed, depth-area
curves of figure 4-5 are based on different parts of
different storms instead of on the highest amounts
surrounding the storm centers. Since the area is
geographically fixed, its precipitation stations meas-
ure rainfall sometimes near the storm center, some-
times on the outer edges, and sometimes in between
the two. The averaging process results in the geo-
graphically fixed curves being flatter than storm-

‘centered curves. This is understandable considering

that such curves are steeper near the centers of
storms. Fach type of curve igs appropriate for its
respective application—the storm-centered for PMP
and the geographically fixed for frequency data.

4.5.2 The depth-area curves of figurey 4-5 are
based on data from 20 dense raingage networks and
are identical with those of Weather Bureau Technical
Paper No. 29 series [21]. The ordinates of the 24-hr.
curve, for example, are conveniently expressed as
ratios (in percent) whose numerator is the average
of the 2-yr. 24-hr. point values in the area.

4.6 Seasonal variation

4.6.1 The frequency analysis discussed followed
the conventional procedures of using only the annual
maxima (annual series) or #-maximum events for n
years of record (partial-duration series). Obviously,
some months contribute more events to these series
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FIGURE 4-6.—Monthly distribution (in percent) of 24-hr
rainfalls for various return periods.

Ezample: Determine the probability of occur-
rence of a 5-yr, 24-hr. rainfall for the months
May through August.

From figure 4-6, the probabilities for each month are inter-
polated to be 2, 1.5, 1.5, and 2 percent, respectively. In other
words, the probability of occurrence of a 5-yr, 24-hr. rainfall
in May of any year is 2 percent; for June, 1.5 percent; ete.

than do other months, and some months may not
contribute at all. As a matter of interest the annual

‘maximum 24-hr. data were analyzed to determine

their monthly distribution. The diagram of figure
4-6 was developed from 24-hr. rainfall data for San
Juan and from 40 nonrecording-gage stations, all in
Puerto Rico. All stations had at least 40 yr. of data,
providing a total of 2,016 station-years of data. All
24-hr. events which made up the partial-duration
series for the 41 stations were classified according to
month of occurrence and return period. After the
data, for each station were summarized, the frequen-
cies were computed for each month by determining
the ratioh (in percent) of the number of occurrences
of amounts equal to or greater than the value for a
particular return period to the total number of
occurrences (years of record). Cases of non-occur-
rence as well as occurrence of rainfall events were
considered in order to arrive at numerical probabili-
ties. The probabilities were then plotted as a function
of return period and season and smoothed isopleths
fitted to the probabilities. The September peak of
figure 4-6, as expected, coincides with the month
that experiences the greatest number of tropical
storms. In fact, one out of every two 24-hr. annual
maxima associated with tropical storms occurs in
September.
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F16URE 4-9.—5-yr. 30-min rainfall for Puerto Rico (in.).
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Ficure 4-10.—10-yr. 30-min. rainfall for Puerto Rico (in.).
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F16urE 4-12.—50-yr. 30 min. rainfall for Puerto Rico (in.).
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Ficure 4-13.—100-yr. 30-min. rainfall for Puerto Rico (in.).
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FiGure 4-14.—1-yr. 1-hr. rainfall for Puerto Rico (in.).
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FIGURE 4-16.—5-yr. 1-hr. rainfall for Puerto Rico (in.).




&7°18°

654 48"

3T 66* 45 66% 30" 661! 66*00" £5°% 48
10-YEAR 1-HOUR RAINFALL (INCHES) e -
= = -
i M ONA ISLAND ) cuLERRA ISLAND VIE'OIIES ISLAND
2,3 ﬂ
& J pond s
F1GUure 4-17.—10-yr. 1-hr. rainfall for Puerto Rico (in.).
ars 67700 GB" 45 €6 30" &g 5 86° 00" 65" 4%’
I I f I T
A s A N 7/ 2 c N
18 18°
30 30"
18°] 8*
[y 15t
STy $7*00' 5643 R es° 30" a8y 86700’ §5° 48’
28-YEAR 1-HOUR RAINFALL (INCHES) = 7
NOoNA I.’LA(\H‘V ; CUL.F"I I1SLAND F VIEQUES ISLAND
& ;.
927 3.5
N
N o — o

FiGUurg 4-18.—25-yr. 1-hr. rainfall for Puerto Rico (in.).

45



46

87°18"

67700

66° 30"

66°15°

66° 00"

30’

30')

18 18*
19 I3
18°% 18%
oo’ 00
35
6718’ 67°00" 56° a8 5% 30" 66" 66" 00" 5% 48"
50-YEAR 1-HOUR RAINFALL (INCHES) R v —5
T ] :: % o 5 i ,uﬂco ‘ ’
ml uoNa iSLaND ".0 CULEBRA (ISLAND i | VIEQUES  1SLAND - :
RO Oy | | | |
1 [ q N 50 4 ,
o — i { J
Fi6ure 4-19.—50-yr. 1-hr. rainfall for Puerto Rico (iny)
67¢15' 67°00° 66° 43 66° 30" 66°15' L1 65° 45"
i ' ‘ ; i
A L A I r / c o £ A N
o . R UERTO a5 R 4‘/5 c 0 ) -
J 4.5
. 5
TMIN.VAL 3.4 3 "
! .
i
1871 : 180
s 4 18
5.5
Y
192 18¢
oc' 00|
3 e |
: 45 5 Fo M4 is 5 ]
L1ad i) §7* 00" 66" 48" 66° 30" 66”1y 66%00" 65% 48"
IOO'YEAR 1~-HOUR RAINFALL (IN CHES) o o]
‘!v’
"T cULEBRA (I5LAND - vicoves 1sLaNo
e e
k2 | |
% i o ;
b T o] |

narerx ware

o

.

F1GURe 4-20.—100-yr. 1-br. rainfall for Puerto Rico (in.).
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FIGURE 4-21.—1-yr. 2-hr. rainfall for Puerto Rico (in.).
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F16URE 4-22.—2-yr. 2-hr. rainfall for Puerto Rico (in.).
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F16uRE 4-28.—1-yr. 3-hr. rainfall for Puerto Rico (in.).
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F1GURE 4-30.—5-yr. 3-hr. rainfall for Puerto Rico (in.).
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F1GURE 4-32.—25-vr. 3-hr. rainfall for Puerto Rico (in.).
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FicURE 4-34.—100-yr. 3-hr. rainfall for Puerto Rico (in.).
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F1oure 4-40.—50-yr 6-hr rainfall for Puerto Rico (in.).
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F1GURE 4-48.—100-yT. 12-hr. rainfall for Puerto Rico (in.).
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Ficure 4-50.—2-yr. 24-hr. rainfall for Puerto Rico (in.).
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FIGURE 4-52.—10-yr. 24-hr. rainfall for Puerto Rico (in.).
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F16TRE 4-56.—1-yr. 30-min. rainfall for Virgin Islands (in.).
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FIGURE 4-72.—6-yr. 2-hr. rainfall for Virgin Islands (in.).
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F16URE 4-76.—100-yr. 2-hr. rainfall for Virgin Islands (in.).
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APPENDIX A

PROBABLE MAXIMUM PRECIPITATION FOR LOCAL CLOUDBURSTS

A.1 Introduction

A.1l.1 It was pointed out in chapter 3 that the
shorter-duration PMP for hurricanes could be ex-
ceeded by localized cloudbursts. Because of the very
small likelihood that a cloudburst of PMP magnitude
would occur on a particular small watershed, it was
stated that cloudburst PMP could ordinarily be dis-
regarded. It sometimes happens, however, that an
engineer wishes to design for the most critical rainfall
intensity regardless of the probability of its occur-
rence. For short durations and very small watersheds,
the most critical rainfall intensity would almost
always be associated with a local cloudburst. It is
for these reasons that estimates of the upper limits
of cloudburst rainfall are presented here.

A2 Cloudburst PMP

A.2.1 It is generally admitted that little can be
done to maximize cloudburst rainfall because of the
localized nature of the storm. The present meteoro-
logical network is much too sparse to permit reliable
evaluation of the temperature, humidity, and wind
conditions in such a storm. Hence, the limiting values
of such rainfall, or PMP, are assumed to be the
envelope of the highest intensities observed. This is
the basis of the PMP values computed by equation
1.1 and presented in table A-1. No relation between
the magnitude of cludburst rainfall and land eleva-
tion has ever been found, so the values of table A-1
may be considered to be applicable to any point in
the problem area without adjustment except for size
of area.

TABLE A-1 —Probable mazimum cloudburst rainfall

Duration (mm ) Amt (n.) Duration (hr ) Amt. (n)
46 i 153
64 2... - 21 4
78 3. 26 1
890 4._. 30.0
10 9 5... 335
13 3 6 - 366
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A.3 Depth-area relations

A.3.1 The highly concentrated rainfall in cloud-
bursts of outstanding magnitude results in a much
more rapid decrease of average depth with area than
is found in general type storms and hurricanes. A
survey of Storm Rainfall in the United States [22]
yielded depth-area data for 17 intense local cloud-
bursts. The average depths for areas up to 500 sq.
mi. for specific durations from 1 to 6 hr. were con-
verted into terms of percentage of the maximum
station, or point, precipitation. The percentages for
a specific duration were then plotted against size of
area. There was considerable scatter in these plots.
For example, the percentages for 1-hr. rainfall for
500 sq. mi. ranged from 23 to 67. The Thrall, Tex.,
storm of September 9-10, 1921, yielded the highest
percentages for all durations and for all sizes of area.
Its percentage values considerably exceeded the next
highest for the 1- to 3-hr. durations, suggesting that
its depth-area characteristics are not typical of the
local cloudburst. (This apparent departure from more
typical areal distribution could well be the result of
a8 too liberal isohyetal pattern). The Thrall, Tex.,
storm data was therefore eliminated in the depth-
area relations.

A.3.2 Inanattempt to develop cloudburst depth-
area relations most typical of the world’s record rain-
fall intensities, depth-area data for storms with
intensities at least half of those given in table A~1
were separately identified. This reduced the number
of basic storms (Thrall, Tex., storm excluded) from
16 to 9. The storms and their basic depth-area-
duration data are listed in table A-2. An envelope of
the highest percentage values of these data resulted
in the set of curves of figure A-1. The results would
have been just about the same if data for all 16 storms
had been used.

A.3.3 An interesting feature of the depth-area
curves of figure A-1 is that many of the controlling
percentage values were associated with the Ewan,
N.J., storm of September 1, 1940. That storm, while



Ts8LE A-2.—Slorm dala used to determine depth-area relations
for local cloudbursts (average depths in in.)

Duration (hr.)

Area (sq. mi.) 1 2

Cheyenne, Okla., storm of Apr. 3-4, 1934

Rodburn, Ky., storm of July 4, 1939

18.6 20.0
13.2 14.4
10.4 11.9
7.5 9.1

14.2 | 16.7 | 19.4§ 21.0
13.2 | 15.9 { 18.4 | 20.1
12311471168 18.8
11.3 ] 13.6 1 15.41 17.1

76/ 9.1}10.4] 11.3

1941

TaBLE A—2.—Continued.

Duration (hr.)

Area (sq. mi.) i 2 3 4 5 8

Smethport, Pa., storm of July 17-18, 1942

definitely a cloudburst, may not have been entirely
independent of the hurricane which moved north-
ward off the New Jersey coast on that date. The
hurricane center was all of 150 mi. from the coast,
and no rain was recorded in the coastal areas. There
was a general rain area inland, however, and rela-
tively heavy rainfalls were reported at various inland
stations. The rainfall reported at Ewan nevertheless
far surpassed the other amounts reported, indicating
that localized influences in the circulation pattern
must have been chiefly responsible for the unusual
magnitude of that storm.

A.4 Chronological distribution

A.4.1 No one has ever satisfactorily determined
a typical time distribution for cloudburst rainfall.
It appears that the chances of the heaviest intensities
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F1Gure A-1.—Depth-area curves for cloudburst PMP for use with table A-1.

occurring at the beginning, middle, or end of the
storm are just about equal. It is suggested, therefore,
that the increments of cloudburst rainfall be ar-
ranged in the most critical manner for determining
the probable maximum flood.

A.5 Appraisal

A.5.1 The estimates of PMP from cloudbursts
must be considered to be somewhat less realistic than
those from hurricanes. First, there is some question
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as to whether cloudbursts of world record magnitude
could occur in the problem area (pars. 1.3.4—1.3.5).
Second, the chance that a localized storm could ever
occur on a problem watershed is, practically speak-
ing, infinitesimal. These two reasons suggest that the
hurricane PMP values of figures 3-6 through 3-11,
together with the depth—duration relations of figure
3-12 and the depth-area relation of figure 3-13, may
yield more reasonable values of PMP regardless of
watershed size.
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APPENDIX B

GLOSSARY

adiabatic—Applies to changes of air temperature
resulting only from compression or expansion
accompanying an increase or decrease of atmos-
pheric pressure.
advection—The transport of an atmospheric prop-
erty solely by the motion of the atmosphere.
annual series—A series of data composed of the
annual maximum observations. For example,
the annual maximum daily rainfall is the largest
of the 365 observations of daily rainfall.
cloudburst—Any sudden heavy fall of rain, generally
of the shower type.
coefficient of variation—A relative measure of dis-
persion which is obtained by dividing the
standard deviation by the mean.
cold front—The leading edge of an advancing cold
air mass. 7
condensation—The physical process by which a
vapor becomes a liquid or solid.
convergence—A net horizontal inflow of air into a
given space. The resulting accumulation of
mass is limited by vertical motion. Hence, if
there is convergent flow at the ground, there
must be an upward vertical motion. If there is
horizontal convergence in any upper layer, there
must be upward and/or downward motion.
cyclone—A closed counterclockwise (in the Northern
Hemisphere) atmospheric circulation.
dewpoint—The temperature to which air must be
cooled at constant pressure and constant water-
vapor content in order for saturation to ocecur.
divergence—A net horizontal outflow of air from a
given space. The resulting deficit is compensated
by a downward movement of air from aloft when
the outflow is at the surface and by upward
and/or downward movement when the outflow
i at an upper level.
easterly wave—A: migratory wave-like disturbance,
or weak trough of low pressure, in the easterly
winds of the Tropics.
entrainment—The mixing of environmental air into
& pre-existing organized air current so that the
enviranmental air becomes part of the current.

extratropical cyclone, Low, or storm—A. low-pressure
area of the middle and higher latitudes.

eye—The roughly circular area of comparatively
light winds and fair weather found at the center
of a severe tropical cyclone.

Gumbel method—Method developed by E. J. Gum-
bel for fitting extreme-value data to the Fisher-
Tippett type I distribution. '

Gumbel paper—Special probability paper con-
structed for the analysis of extreme values. If
the data plot close to a straight line, the Gumbel
theoretical solution is considered applicable.

hurricane—A severe tropical cyclone with winds ex-
ceeding 72 m.p.h. in the North Atlantic Ocean,
Caribbean Sea, or Gulf of Mexico.

instability—A state in which the vertical distribution
of temperature is such that a particle of air, if
given either an upward or downward impulse,
will tend to move away with increasing speed
from its original level.

isopluvial—A line through points having the same
precipitation value for a particular return period.

isovel—A line in a given surface connecting points
with equal wind speed.

lapse rate—The rate of change of an atmospheric
variable with height, the variable being tempera-
ture unless otherwise specified.

millibar—A subunit of pressure equal to a force of
1,000 dynes/cm.%. The mean sea level pressure
for the standard atmosphere is 1013 mb.

mixing ratio—In a system of moist air, the ratio of
the mass of water vapor to the mass of dry air.

moisture charge (or moisture supply)—The water-
vapor content of & column or layer of air.

orographic precipitation—Precipitation resulting
when moist air is forced to rise by mountain
ranges or other elevated land formations lying
across the path of the wind.

partial-duration series—A series of data composed
of observations above an arbitrary threshold, .
e.g., all daily rainfall amounts above 2.0 in.
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probable maximum precipitation—The highest rain-
fall intensity meteorologically possible for a
given duration over a specific area.

peeudoadiabatic lapse rate—The rate at which satu-
rated air cools during adiabatic ascent if its
moisture is precipitated immediately upon con-
densation. '

reduced variate—A mathematical function of the
return period, corrected for length of record.

return period—The average number of years within
which the magnitude of a given event will be
equaled or exceeded.

specific humidity—In a system of moist air, the ratio
of the mass of water vapor to the total mass of
the system.

spill-over—Precipitation formed over the windward
side of a mountain range but falling to the
ground on the lee side.

standard deviation—A measure of dispersion of data
around their arithmetical mean. If the data
follow the normal distribution, approximately

two-thirds of the observations will be within
plus and minus one standard deviation of the
mean.

standard error—The standard deviation of the sam-
pling distribution of the statistic.

tornado—A violently rotating column of air with a
vortex, commonly several bhundred yards in
diameter, whirling usually counter-clockwise at
speeds estimated at 100 to over 300 m.p.h.

tropical cyclone—The general term for a cyclone
originating over the tropical oceans.

tropical storm—A ftropical cyclone with winds
stronger than 32 m.p.h. but less than 73 m.p.h.

Tropics—That portion of the earth’s surface lying

- between 23°27’ N. and 23°27’ 8.

trough—An elongated area of relatively low atmos-
pheric pressure.

typhoon—A hurricane in the western Pacific Ocean.

waterspout—A tornado or lesser whirlwind occurring
over water.
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