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APPLICATION OF PROBABLE MAXIMUM PRECIPITATION ESTIMATES 
- UN'ITED STATES EAST OF THE lOSTH MERIDI.AN 

E. M. Hansen, L. C. Schreiner* and J. F. Miller 
Water Management Information Division 

National Weather Service, NOAA, Silver Spring, Md. 

ABSTRACT--This study provides a stepwise approach to the 
temporal and spatial distribution of probable maximum 
precipitation (PMP) estimates derived from 
Hydrometeorological Report No. 51, "Probable Maximum 
Precipitation Estimates - United States East of the lOSth 
Meridian." Included are discussions of the shape and 
orientation of isohyetal patterns for major rainfalls of 
record. An elliptical isohyetal pattern with a ratio of 
major to minor axes of 2. 5 to 1 is recommender!, and a 
procedure is outlined for obtaining appropriate isohyet 
values. A procedure is given to determine PMP values for 
durations less than 6 hours. Example applications have been 
worked through to serve as guidance in the use of this 
procedure. 

1. INTRODUCTION 

1.1 Background 

·Generalized estimates of all-season probable maximum precipitation (PMP) 
applicable to drainages of the United States east of the lOSth m~ridian are 
provided in Hydrometeorological Report No. 51 (qchreiner and Riedel lq78). 
Hereinafter, that report will be referred to as HMR No. 51, and references to 
other reports in this series will be similarly abbreviated. 

·. The terminology in HMR No. 51 has not always been precise, particularly where 
PM'!=' estimates are referrerl to as being for rlrainages from 10 to 20,000 mi 2 It 
is important to realize that the term drainages as used in that report is a 
rather loose interpretation when the more precise term is areas. The term 
drainage or drainage area in the present report will apply to a specific drainage 
only. HMR No. 51 provides storm-area PMP estimates for a specific range of area 
sizes (10 to 20,000 m:t 2 ) and durations (6 to 72 hr). 

1.2 Objective 

The objective of this report is to aid the user in adapting or applying PMP 
estimates from HMR No. 51 to a specific drainage. This report recommends a 
procedure for the application of PMP estimates to a drainage for which both the 
temporal and spatial distributions are needed. This information is necessary for 
the determination of peak discharge and can be useful in estimating the maximum 
volume in evaluations of the probable maximum flood (PMF). 

*Current affiliation Bureau of Reclamation, Denver, Colorado. 



1.3 Definitions 

Probable Maximua Precipitation (PMP). Theoretically the greatest depth of 
precipitation for a given duration that is physically possible over a given size 
storm area at a particular geographical location at a certain time of the year. 
(This definition is a 1982 revision to that used previously (American 
Meteorological Society 1959) and results from mutual agreement among the National 
Weather Service, the U.S. Army Corps of Engineers, and the Bureau of 
Reclamation •) 

PMP Storm Pattern. The isohyetal pattern that encloses the PMP area plus the 
isohyets of residual precipitation outside the PMP portion of the pattern. 

Stonr-centered area-averaged PMP. The values obtained from HMR No. 51 
corresponding to the area of the PMP portion of the PMP storm pattern. In this 
report all references to PMP estimates or to incremental PMP infer storm-area 
averaged PMP. 

Drainage-averaged PMP. After the ~p storm pattern has been distributed across a 
specific drainage and the computational. procedure of this report applied, we 
obtain drainage-averaged PMP estimates. These values include that portion of the 
PMP storm pattern that occur aver the drainage, both PMP and residual. 

Temporal Distribution. The order in which 6-hr incremental amounts are arranged 
in a 3-day sequence (72 hr). This report includes information regarciing 
determination of hourly and smaller units within the maximum 6-hr increment, but 
does not discuss the distribution of units less than 6-hr. 

Spatial Distribution. The value of fixed isohyets in the idealized pattern storm 
for each 6-hr increment and shorter durations within the maximum 6-br increment 
of PMP when area-averaged PMP is to be distributed. 

Total Storm Area and Total Storm Distribution. The largest area size ann longest 
duration for which depth-area-duration data are available in the records of major 
storm rainfall. 

Standard Areas. The specific area sizes for 
from the generalized maps in HMR No. 51, 
10,000-, and 20,000-mi2 areas. 

which PMP estimates are available 
i.e., 10-, 200-, 1,ooo-, s,ooo-. 

Standard Isohyet Area Sizes. In this report, the standari! isohyet area sizes 
are are those enclosed by the isohyets of the recommended pattern, i.e., 10, 25, 
50, 100, 175, 300, 450, 700, 1,000,21,500, 2,150, 3,000, 4,500, 6,500, 10,000, 
15,000, 25,000, 40,000, and 60,000 mi , 

Residual Precipitation. The precipitation that occurs outside the area of the P~P 
pattern placed on the drainage, regardless of the area size of the drainage. 
Because of the irregular shape of the drainage, or because of the choice of a PMP 
pattern smaller in area than the area of the drainage, the residual precipitation 
can fall within the drainage. A particular advantage in the consideration of 
residual precipitation, is that of allowing for the rletermination of concurrent 
precipitation, i.e., the precipitation falling on an adjacent drainage as 
compared to that for which the PMP pattern has been applied. 
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Isobyetal Orientation. The orientation (direction from north) of the major axis 
through the elliptical JB ttern of R1P. The term is used in this study also to 
define the orientation of precipitation patterns of mjor storms when 
a ppro:xim ted by elliptical JB tterns of best fit. 

Within/Without-Storm Depth-Area Relations. This relation evolves from the 
concept that the depth-area relation for area-averaged EMP represents an 
envelopment of maximized rainfall from various storms each effective for a 
different area size(s). The within-storm depth-area relation represents the 
areal variation of precipitation within a storm that gives R1P for a fBrticular 
area size. This can also be stated as the storm that results in R1P for one area 
size my not give EMP for any other area size. Except for the area size that 
gives EMP, the within-storm depth-area relation will give depths less than PMP 
for StJBller area sizes. This concept is illustrated in the sche1IBtiC diagram 
shown in figure 1. In this figure, precipitation for areas in the PMP storm 
outside the area size of the EMP pattern describes a without-storm depth-area 
relation. The precipitation described by the without-storm relations is· the 
residual precipitation defined elsewhere in this report. 

1.4 StDIDIIlry of Procedures and Methods of this Report 

All procedures described in this study are bised on infornBtion derived from 
l!Bjor storms of record, and are applicable to nonorographic regions of the 
eastern United States. 

The temporal distributions provided allow some flexibility in determining the 
hydrologically most critical sequence of incremental EMP. The procedure used to 
determine the temporal distributions has been used in some other 
Hydrometeorological Branch reports (Riedel 1973, and Schw:~.rz 1973 for example), 
and is described in chapter 2. 

We have surveyed mjor storm isohyetal p:~.tterns for statistics on p:Lttern 
sh:t.pe, and h:t.ve adopted an elliptical shape having a 2.5 to 1 ratio of rrajor to 
minor axes as representative of a precipitation plttern. This elliptical shape 
has been adopted for PMP and is applied to all 6-hr incremental pltterns. The 
discussion of the shape of the isohyetal pltterns is found in chapter 3. 

Another aspect of this study is a generalized approach to adjustments for 
pattern orientation to fit the drainage when inconsistent with the orientation 
determined for the PMP isohyetal plttern. Outlined in chapter 4 is an empirical 
method that allows up to 15 percent reduczion to storm-centered area-averaged R1P 
for drainage areas larger than 3,000 mi which differ by more than 40 degrees 
from the orientation consistent with R1P-producing storms. 

In determining sp:~.tial distribution a bisic assumption is that rainfall depths 
for areas sunller and larger than the total area for which PMP is needed over a 
particular drainage, are less than PMP. (See within/without-storm depth-area 
definitions.) This assumption, for areas smller than the :EHP, has been commonly 
mde in some other studies by this branch (Riedel 1973, Riedel, et al. 1969, and 
others), and results in what has been referred to in those reports as within­
storm or within-drainage depth-area-duration (D.A.D) relations. Application of a 
similar assumption to areas larger than that for the IMP is a consideration 
unique to the present study and introduces the concept of residual precipitation. 
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(See sec. 1.3 definitions.) Discussion of the procedure to obtain the sp1tial 
distribution of R1P and the residual precipitation is given in chapter s. 

For many drainages, it is frequently necessary to have values for durations 
less than 6 hours. Procedures for obtaining the percentage of the greatest 6-hr 
'increment that occurs in the mximum 5, 15, 30 and 60 min are provided in chapter 
6. We do not in this report attempt to define the temporal distribution within 
the greatest 6-hr increment except to suggest that the 5-, 15- and 30-min values 
should be included within the maximum 60 min. It is anticiJated that the time of 
occurrence of the maximum 60 min within the 6-hr increment will be the subject of 
a future study. 

1 .. 5 Application to DIP 

For those interested in the application of PM.P from HMR No. 51 (nonorographic 
region only) to a specific drainage, chapter 7 is most important. This chapter 
provides a step-by-step approach to guide the user through the application of 
procedures developed in this report. Examples have been worked out in sufficient 
detail to clarify important aspects of these procedures. 

The examples in chapter 7 give the user a procedure to obtain the mximum 
volume of rainfall for a drainage. Finding the mximum volume of rainfall is 
only p3.rt of the hydrologic problem. Another important question is the protable 
mximum peak flow that could occur at the proposed hydrologic structure. The 
solution is somewhat more difficult to directly ascertain than finding the 
mximum volume. The calculation of peak flow is highly dependent on a mixture of 
hlsin parameters such as lag time, time of concentration, travel time, and loss 
rate functions in combination with the amotmt, distribution and placement of the 
PMP storm within the drainage. Because of the interaction of these parameters, 
we cannot provide a simple stepwise procedure to determine peak flow. The user 
must weigh carefully the effect of the various parameters, drawing on his 
experience and knowledge of the drainage tmder study, and determine, through a 
series of trials, what combination of hydrologic parameters will produce the 
naximum peak flow. 

1.6 '•Some Other Aspects of Tempoml and Spatial Distributions 

Although we present a procedure that leads to temporal and spatial distribution 
of PMP, we recognize that some considerations have not been discussed in this 
study. When storm data become sufficiently plentiful, and when our knowledge of 
storm dynamics permits, these considerations my lead to improvements in the 
current procedures. Meanwhile only brief comments follow regarding two such 
considerations for future study. 

1.6.1 Moving rainfall centers 

Our procedure assumes that isohyetal patterns for all 6-hr R1P increments 
renBin fixed with time, i.e., all ar1 centered at the same location. For large 
drainages (greater than 10,000 mi. , for example), it is meteorologically 
reasonable for the rainfall center to travel across the drainage with time during 
the storm. It is conceiwble that such movement could result in a higher flood 
peak if the direction and speed of movement coincides with downstream progression 
of the flood crest. 
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It was decided jointly by the Corps of Engineers and the Hydrometeorological 
'Branch that the present report would not cover application of moving centers. 
·Generalization of moving centers would require analysis of observational data 
such as incremental storm isohyetal patterns that are presently not available. 
It is anticipated that a future study will cover moving centers. 

1~6.2 Distributions from an actual stora 

Use of elliptical patterns for spatial distribution permits simplicity in 
generalized depth-area relations and in determining isohyet values. It also 
helps maintain consistency in results among drainages, area sizes, and 
durations. Such consistency is also maintained by the recommended temporal 
distributions. An alternate but unrecommended procedure is to adopt the 
distributions of a record storm precipitation that occurred on the drainage or 
within a homogeneous region including the drainage. 

The isohyetal pattern from an actual storm might "fit" a drainage better than 
an elliptical pattern, and multiplying the isohyets by percent of PMP (say for 6 
hours for the drainage, divided by the drainage depth from the storm pattern 
after it is located on the drainage) will give isohyet values for PMP. Such 
isohyets, however, quite possibly could give greater than PMP depths for smaller 
areas within the drainage. 

'the temporal distribution of such a storm could also he used for ~p, Again, 
however, there could very likely be problems. The most intense three 6-hr rain 
increments in a 72-hr storm may be widely separated in a time sequence of 
incremental rainfall (mass curve). Thus, 12- or lR-hr PM~ could not be obtained 
unless rain bursts somehow were brought together. · However, such arrangement is 
often done as a maximization step and PMP depths from HMR No. '51 used. These 
modifications would be towards the generalized criteria of the present study in 
which there are no results that are inconsistent or irreconcilahle. 

Paulhus and ·auman (1CJS3) published a technique for using an actual pattern for 
distributing PMP. The referenced paper describes a "sliding" technique for 
obtaining the spatial distribution of PMP that has its greatest merit in 
applications in the more orographic regions (stippled zones in HMR No. 51) 
covered by this study, such as the Appalachians and along the western border to 
the region, where site-specific studies are recommended. However, we advise 
caution in application of this technique directly as Paulhus and Gilman have 
proposed, in that it is possible to obtain PMP for a much smaller area size than 
that for the drainage to which it is applied. Since this disagrees with our 
within-storm concept, we therefore suggest adherence to the following 
modifications to the technique presented by Paulhus and Gilman, if it is used: 

a. Use a set of depth-area relations (from HMR No. 51) which, when "slid over" 
the depth-area relations for the storm, will give PMP for an area size within 10 
percent of the area of the drainage of concern. 

b. It is desirable that PMP (from HMR No. 51) be obtained for at least the 
hydrologically critical duration. 

c. For other durations between 6 and 72 hours, stay within 15 percent of ~p 
as specified in HMR ~o. 51. For additional information regarding application of 
this technique, the reader is referred to the Paulhus and Gilman paper. 



1.7 Other Meteorological Considerations 

Other aspects of extreme rainfall criteria can be important to determinations 
of peak flow. Some of these aspects are described here. 

1.7.1 PMP for smaller areas within the total drainage. 

Our previous studies have concentrated on defining PMP for the total drainage 
area. In fact, in the present study we recommend spatial distributions resulting 
in somewhat less than PMP for smaller as well as larger areas than the PMP 
pattern. The question can naturally be asked, rioes PMP for a smaller area size 
than the storm area size that is applicable to the entire drainage, which when 
centered over a portion of the drainage (experiencing more intense rainfall than 
that for the entire drainage), result in a more critical peak flow? There is a 
possibility that PMP covering only a subportion of the drainage could provide a 
hydrologically more critical peak discharge, and the hydrologist should consider 
such a possibility. The depth of rainfall to use over the remaining portion of 
the drainage would need to be specified. (See discussion on residual 
precipitation in sections 3.5.3 and 5.2.5.) 

1.7.2 Rains for extended periods 

Especially for large drainages, rainfalls for durations longer than 3 days 
could be important in defining critical volumes for hydrologic design. As 
examples, the Hydrometeorological Branch, working with Corps of Engineers 
hydrologists, has evaluated the meteorology of hypothetical sequences of record 
storms transposed in space and recommended how close together such storms can 
follow each other (Myers 1959, and Schwarz 1961). Similar studies may be needed 
for other large drainage projects. Sufficiently severe assumptions, however, 
relative to how full reservoirs are prior to the PKF and the antecedent soil 
conditions, could obviate the need for such studies. 

1.8 Report Preparation 

Preparation of this r~port began in 1977 as follow on studies to HMR No. 51. 
Initial discussions with the Corps of Engineers outlined the scope of the 
project. As indicated in a previous section, certain problems were left to be 
considered in later studies. The basic studies were undertaken when all the 
authors were affiliated with the National Heather Service (NWS). These sturlies 
were completed after one of the authors, 1. Schreiner, transferred to the Bureau 
of Reclamation (USBR). Several of the concepts and procedures includerl in this 
report evolved after }[r. Schreiner's transfer, as a collaborative effort of the 
three authors and other meteorologists affiliated with both the N't.JS and the USBR. 

2. TEMPORAL DISTRIBUTION 

2.1 Introduction 

tfuen applying PMP to determine the flood hydrograph, it is necessary to specify 
how the rain falls with time, that is, in what order various rain increments are 
arranged with time from the beginning of the storm. Such a rainfall sequence in 
an actual storm is given by what is called a mass curve of rainfall, or the 
accumulated rainfall plotted against time from the storm beginning. Mass curves 
observed in severe storms show a great variety of sequences of rain increments. 
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Th.ble i.-Major storms from IIMR No •. 51 used in this study 

Storm 
Storm center assignment Ia t. 

location lbte number (") (') 
l. Jefferson, OR (TjT 'lTl0-1371878 OR 9-19 41 45 
2. Wellsboro, PA 5/30-6/1/1889 SA 1-1 41 45 
3. Greeley, NE 6/4-7/1896 MR 4-3 41 33 
4. lambert, MN 7/18-22/1897 l.MV 1-2 47 47 
s. Jewell, MD 7/26-29/1897 NA 1-78 38 46 

6. Hearne, TX (T) 6/27-7/1/1899 (}1 3-4 30 52 
7. Eutaw, AL 4/15-18/00 IMV 2-5 32 47 
8. P.aterson, NJ (T) 10/7-11/03 GL 4-9 40 55 
9. Medford, WI 6/3-8/05 GL 2-12 45 08 

10. Bonaparte, IA 6/9-10/05 IMV 2-5 40 42 

11. warrick, MT 6/6-8/06 MR 5-13 48 04 
12. Knickerbocker, TX 8/4-6/06 Q4 3-14 31 17 
13. Meeker, OK 10/19-24/08 sw 1-11 35 30 
14. Bea u1ieu, MN 7/18-23/09 LMV 1-llA 47 21 
!5. Merryville, LA 3/24-28/14 IMV 3-19 30 46 

16. Cooper, HI 8/31-9/1/14 GL 2-16 42 25 
17. Alta pass, NC (T) 7/15-17/16 SA 2-9 35 53 
18. Meek, 1<1 (T) 9/15-17/19 Q1 5-lSB 33 41 
19. Springbrook, MT 6/17-21/21 MR 4-21 47 18 
20. Thrall. TX (T) 9/8-10/21 C>! 4-12 30 35 

21. &ivageton, WY 9/27-10/1/23 MR 4-23 43 52 
22. Boyden, IA 9/17-19/26 t1R 4-24 43 12 
23. Kinsrren Notch, M! (T) 11/2-4/27 NA 1-17 44 03 
24. Elba, AL 3/11-16/29 IMV 2-20 31 25 
25. St. Fish Htchy., TX 6/30-7/2/32 (}! 5-1 30 10 

26. Scitu'lte, RI (T) 9/16-17/32 NA l-20A 41 47 
27. Ri pogenus Ihm, ME (T) 9/16-17/32 NA 1-208 45 53 
28. Cheyenne, OK 4/3-4/34 sw 2-11 35 37 
2 9. Simmesport, LA 5/16-20/35 IHV 4-21 30 59 
30. Hale ' co 5/30-31/35 MR 3-28A 39 36 

Tota 1 storm Total storm 
Long. duration area ~ize Orient. of 

( 0) (') (hr) (mi ) mttern (") 
80 46 84 90,000 190 
77 17 60 82,000 200 
98 32 78 84,000 205 
95 55 102 80,000 230 
76 34 06 32,000 205 

06 37 108 78,000 170 
87 so 84 75,000 230 
74 10 96 35,000 170 
90 20 120 67,000 205 
91 48 12 20,000 285 

109 39 54 40,000 250 
100 48 48 24,600 235 

96 54 126 80,000 200 
95 48 108 5.000 285 
93 32 96 125,000 200 

85 35 6 1.200 300 
82 01 108 37,000 155 

105 11 54 75,000 200 
105 35 108 52.600 240 

97 18 48 12,500 210 

105 47 108 95,000 230 
96 00 54 63,000 240 
71 45 60 60,000 220 
86 04 114 100,000 250 
99 21 42 30,000 205 

71 30 48 10,000 200 
69 15 30 10,000 200 
99 40 18 2,200 230 
91 48 102 75,000 235 

102 08 24 6,300* 235 



'lllble I.-Major storms from HMR No. 51 used in thls study - Continued 

Storm Total storm Total storm 
Storm center assignment Ia t. Long. duration area 2ize Orient. of 

location lla te number ( 0) ( ') (0) (') (hr) (mi 'l ~ttern ( 0) 

~1. Woodward Rch., TX 5/31/35 (}t 5-20 29 20 99 18 10 7,000 210 
32. Hector, NY 7/6-10/35 NA 1-27 42 30 76 53 90 38,500 255 
33. Snyder, TX 6/19-20/39 -- 32 44 100 55 6 2,000 285 
34. Grant Twnshp,, NE 6/3-4/40 MR 4-5 42 01 96 53 20 20,000 210 
35. Ewan, NJ (T) 9/1/40 NA 2-4 39 42 75 12 12 2,000 205 

36. Hallett, OK 9/2-6/40 sw 2-18 36 15 96 36 90 20,000 160 
37. Hayward, WI 8/28-31/41 lMV 1-22 46 00 91 28 78 60,000 270 
38. Smethport, PA 7/17-18/42 OR 9-23 41 50 78 25 24 4,300 145 
39. Big Meadows, VA (T) 10/11-17/42 SA l-28A 38 31 78 26 156 25,000 200 
40. Warner, OK 5/6-12/43 sw 2-20 35 29 95 18 144 212,000 225 

41. Stanton, NE 6/10-13/4"4 MR 6-15 41 52 97 03 78 16,000 260 
42. Collinsville, IL 8/12-16/46 MR 7-28 38 40 89 59 114 20,400 260 
43. Del Rio, TX 6/23-24/48 -- 29 22 100 37 (24 10,000 180 
44. Yankeetown, FL (T) 9/3-7/50 SA 5-8 29 03 82 42 96 43,500 205 
45. Council Grove, KS 7/9-13/51 MR 10-2 38 40 96 30 lOB 57,000 280 

46. Ritter, IA 6/7/53 MR 10-8 43 15 95 48 20 10,000 220 
47. Vic Pierce, TX (T) 6/23-28/54 sw 3-22 30 22 101 23 120 27,900 140 
48. Bolton, Ont., can. (T) 10/14-15/54 ONT 10-54 43 52 79 48 78 20,000 190 
49. Westfield, MA (T) 8/17-20/55 NA 2-22A 42 07 72 45 72 35,000 230 
50. St. Pierre Baptiste, 8/3-4/57 QUE 8-57 46 12 7l 35 18 7,000 285 

Que., Can. 

51. Sombrereti llo, Mex. (T)9/l9-24/67 sw 3-24 26 18 99 55 126 60,000 220 
52. Tyro, VA (T) 8/19-20/69 NA 2-23 37 49 79 00 48 15,000 270 
53. Zerbe, PA (T) 6/19-23/72 NA 2-24A 40 37 76 32 96 130,000 200 

U(T) = Precipitation associated with tropical cyclone 
* =Area of combined centers of precipitation with Elbert, CO 39"13'N, 104"32'W, generally referred to as 

Cherry Ck. 



Cert.ain sequences result in more critical flow (higher peak) than others. We 
leave the determination of criticality to the hydrologist, but recognize that the 
mass curve or temporal distribution selected for PMP is important. 

PMP estimtes can be obtained in HMR No. 51 for 6-, 12-, 24-, 48- and 72-hr 
durations. A plot of these depths against duration joined by a smooth curve 
defines IMP for all durations between 6 and 72 hours. In mny applications, 
definition of PMP by 6-hr time increments is sufficient. Thus, PMP values for 6, 
12, 18, 24, • , • , 72 hr can be read from such a smooth curve. Successive 
subtraction of the PMP for each of these durations from that of the duration 6-hr 
longer gives 6-hr increments of EMP. We have shown in HMR No. 51 that, in 
general, allowing PMP for all durations (6 to 72 hr) to occur in a single storm 
is not an undue maximization. 

2.2 Observed Sequences of 6-hr Increments in Major Storms 

We considered the sequences of 6-hr rain increments of the more impor1;ant 
storms east of the lOSth meridian as guidance for recommending sequences for 
EMP. These storms, 53 of which are given in the appendix of HMR No. 51, are 
listed in table 1 and represent a primary data base for this study. Table 1 
includes information on storm location, duration, areal extent, and the 
orientation of the isohyetal pattern (refer to chapter 4). 

To obtain information on the chronological sequence of 6-hr increments o-f 
precipitation, we referred to storm data sumrrarized for most mjor storms listed 
in table 1 (not available for the 2 storms of 9/16-17/1932, and those of 6/19-
20/1939, 6/23-24/1948, 10/14-15/1954, and 8/3-4/1957). For the 47 remaining 
storms, these data are contained in what we refer to as Part 2 storm study files 
in which point data are grouped to obtain chronological sequences of areally 
averaged depths. A search was mde through these storms for cases in which 
depths were given for both 100- and 10,000-mi 2 approximate areas for the storm 
center with maximum precipitation. The storms were further limited to those for 
which 6-hr incremental depths occurred over a period of more than 48 hr, to 
assure us that we were considering representative 3-day storms. 

Table 2 lists the 28 storms that met these conditions, and separates them by 
storm type--tropical and nontropical. The rellRining 19 storms had rainfall 
durations or areas that failed to meet our threshold. It should be pointed out 
that the limitations for 48-hr sequences from the Part 2 data do not necessarily 
agree with the listing of total-storm duration given in table 1. For example, 
the Greeley, Nebraska (6/4-7/1896) storm in table 1 is considered to have a total 
storm duration of 78 hr (U.~. Army Corps of Engineers 1945- ), This same storm 
for the 100- and 10,000-mi approxii!Rte areas in the maximum storm rainfall 
center pro;1des sequences of depths only up to about 24 hr (-100 rn.i 2) and 36-hr 
(-10,000 mi ) • 

A rainfall was considered tropical if it occurred within 200 miles of a storm 
track contained in Neumann, et al. (1978), and if the rain occurred within 2 days 
prior to passage of the storm. Other storm rainfalls were also designated 
tropical if they occurred within SOD miles beyond and within 2 days after the 
last reported position of a tropical cyclone track in Neumann. In such cases, 
the assumption made was that moisture from the tropical cyclone continued to move 
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Table 2.~jor storms from table 1 used in study of temporal distributions 

TROPICAL 
Location 

Jefferson, OH 
Hearne, TX 
Paterson, NJ 
Altapass, NC 
Big Meadows, VA 
Yankeetown, FL 
Vic Pierce, TX 
Westfield, MA 
Sombreretillo, Mex. 
Zerbe, PA 

NONTROPICAL 
Lambert, MN 
Jewell, MD 
Eutaw, AL 
Medford, Til 
Warrick, MT 
Meeker, OK 
Merryville, LA 
Springbrook, MT 
Thrall, TX 
Savageton, WY 
Elba, AL 
Simmesport, LA 
Hector, NY 
Hayward, WI 
Warner, OK 
Stanton, NE 
Collinsville, IL 
Council -Grove, KS 

Date 

9/10-13/1878 
6/27-7/1/1899 
10/7-11/1903 
7/15-17/1916 
10/11-17/1942 
9/3-7/1950 
6/23-28/1954 
8/17-20/1955 
9/19-24/1967 
6/19-23/1972 

7/18-22/1897 
7/26-29/1897 
4/15-18/1900 
6/3-8/1905 
6/6-8/1906 
10/19-24/1908 
3/24-28/1914 
6/17-21/1921 
9/8-10/1921 
9/27-10/1/1923 
3/11-16/1929 
5/16-20/1935 
7/6-l0/1935 
8/28-31/1941 
5/6-12/1943 
6/10-13/1944 
8/12-16/1946 
7/9-13/1951 

Storm assignment 
number 

OR 9-19 
(}! 3-4 
GL 4-9 
SA 2-9 
SA l-28A 
SA 5-8 
SW 3-22 
NA 2-22A 
sw 3-24 
NA 2-24A 

UMV 1-2 
NA l-7B 
L.'1V 2-5 
GL 2-12 
MR 5-13 
sw 1-11 
L.'1V 3-19 
MR 4-21 
(}! 4-12 
MR 4-23 
LMV 2-20 
LMV 4-21 
NA 1-27 
UMV 1-22 
sw 2-20 
MR 6-15 
MR 7-2B 
MR 10-2 

beyond the dissipated circulation system. and possibly combined with frontal or 
orographic mechanisms to produce the observed extreme rain. Such probably was 
the case with the Big Meadows, Virginia (10/11-17/1942) rain listed in table 2. 
A further check was made of daily weather maps to determine if any of these rains 
may have been associated with tropical disturbances of less intensity than 
covered in Neumann, et al. The Hearne, Texas (6/27-7/1/1R99) rain, as an 
important example, is believed to have resulted from. extreme moisture associated 
with one of these weaker systems located off the Texas -Gulf Coast, and which 
moved rapidly inland. More discussion on meteorological factors in extreme 
rainfalls is given in chapter 4. 

While the sample of storms in table 2 is too small to set quantitative 
differences, we wish to see if qualitative differences appear. Figure 2, as an 
example, shows sequences of 6-hr increments for 5 of the storms in table 2. (Two 
of the five are tropicaL) In this figure, the 100-mi2 results are shown as 
solid lines and the lO,OOO-mi2 results as rlashed lines. Incremental amounts are 
expressed as a percentage of the 72-hr rainfall. 
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We defined a rain burst as one or more consecutive 6-hr rain increment(s) for 
which each individual increment has 10 percent or more of the 72-hr rainfalL A 
second set of results was obtained by redefining a rain burst as 20 percent or 
more of the 72-hr rainfall. 

Examination of the incremental rainfall sequences for each of the 28 storms in 
table 2 allowed us to compile some constructive information. We tallied the 
number of bursts in each sequence, the duration of each burst, and the time 
interval between bursts. Table 3 summarizes this information by area size and 
storm type for the 28 storms in table 2. (Values in parentheses represent data 
based on a burst defined as > 20 percent of the 72-hr rainfall.) Part (a) 
summarizes the number of rain -bursts in the 72-hr period of maximum rainfall; 
part (b) the duration (in hours) of the rain bursts; and part (c) the number of 
hours between bursts. 

The first example in figure 2 for the storm of June 6-8, 1906, is used to 
illustrate these three temporal characteristics. Th~re are two bursts observed 
for the lOD-mi 2 area and 3 bursts for the 10,000-mi2 area. These counts Went 
into part (a) of table 3. For 100 mi 2 , the first rain burst is 12 hr long anti. 
the secon£ is 6 hr long. These are separated by 6 hr. The first burst for 
10,000 mi is 6 hr long separated by 12 hr from the second burst of 12 hr, which 
is separated by 6 hr fr01n the last burst of 6 hr. These values are included in 
parts (b) and (c) of table 3. Some conclusions drawn from the summaries in table 
3 are the following: 

1. In part (a), fewer rain bursts are observed when the 20 
percent threshold is applied than '..nth the 10 percent 
threshold. 

2. 

3. 

4. 

For the 10 percent threshold~ a larger fraction ~f 
tropical storms (8/10 at 100 mi and 6/10 at 10,000 mi ) 
tends to have single bursts in a 72-hr period than do 

:~~~ :opi;:;s s ~; rr::dic::;:vea tof10t0hemi:r:a~~r 6 :~~u~~e!~~ o~; 
short-duration thunderstorms which cause multiple bursts 
in nontropical storms. However, when a rain burst is 
defined as 20 percent or greater of the 72-hr total 
rainfall, the tendency is to lessen the difference 
between storm types (6/10 vs. 14/18 at 100 mi2 and 6/10 
vs. 13/18 at 10,000 mi2). 

Rain burst lengths between 6 and 24 hr dominate for both 
area sizes and storm types (part (b)). There appears to 
be a significant difference between storm type and the 
length of rain bursts, based on this limited sample. 
lilontropical storms show notably shorter-duration bursts 
(89 percent are 12 hr or less) than do tropical storms 
(77 percent are 12 hr or less). 

The number of hours between rain bursts i.n tropical 
storms typically is about 6 to 12 hr, while nontropical 
storms showed intervals between 6 and 30 hr (part (c)). 
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Table 3.--Su..ary of rain burst characteristics of 28 major rainfalls listed 
in table 2 

Part (a); Number of bursts 

Number of rain bursts in a 72-hr period 
0 1 2 3 Total 

Are~ 
(mi ) T NT T NT T NT T NT T NT 

Number of Storms 

100 0(2) 0(0) 8(6) 6(14) 0(2) 7(4) 2(0) 5(0) 10 1B 
10,000 0(4) 0(1) 6(6) 6(13) 3(0) 7(4) 1(0) 5(0) 10 18 

p t (b) Du 1 f b ar ; rat on o ursts 

Duration of rain bursts (hr) 
6 12 18 24 30 36 Total 

Are~ 
(mi ) T NT T NT T NT T NT T NT T NT T NT 

Number of bursts 

100 3(7) 19(14) 3(3) 12(8) 3(0) 4(0) 3(0) 0(0) 2 (O) 0(0) 0(0) 0(0) 14(10) 35(22) 
10,000 3(2) 14(14) 5(3) 13(7) 0(0) 7(0) 4(1) 0(0) 2(0) 0(0) 1(0) 1(0) 15( 6) 35(21) 

Part (c)· D ti of intervals ' ura on 

><lumber of hours between rain bursts (length of intervals) 
6 12 18 24 30 36 Total 

re~ 
(mi ) T NT T NT T NT T NT T NT T NT T NT 

Number of intervals 

100 2(2) 6(0) 2(0) 5(0) 0(0) 3(3) 0(0) 1(0) 0(0) 2(1) 0(0) 0(0) 4 ( 2) 17(4) 
o,ooo 4(0) 5(1) 1(0) 7(0) 0(0) 4(2) 0(0) 0(0) 0(0) 1(1) 0(0) 0(0) 5(0) 17 ( 4) 

T - tropical, NT - nontropical 
( ) - Values in parentheses are for results when definition for rain burst 

is increased from> 10% to> 20% of the 72-hr total rain (see text). 
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2.3 Recommended Sequences for PMP Increments 

While the 28-storm sample shows some evidence for rain burst sequences to 
differ depending on the storm type, table 3 suggests the difference may be in 
part due to the choice of threshold value. Furthermore, differentiation by storm 
type would necessitate delineating regions of control on PMP. This is not 
recommended since anomalies in major rains related to storm type occur. An 
example of this is one of the most extreme rain events for large areas along the 
gulf coast, the Elba, Alabama storm of 3/11-16/1929. This was a nontropical 
storm. Another reason for not distinguishing time sequences for PMP by storm 
type is that the PMP in coastal regions may be produced by a complex weather 
situation that is a mixture of both tropical and nontropical influences. 
Therefore, one standard set of temporal sequences, independent of storm type, is 
recommended for the ~p increments determined as describerl in section 2.1. 

The limited sample of storms in table 2 was further examined for guidance on 
how to arrange the increments of PMP. Almost any arrangement could be found in 
these data. The Warner, Oklahoma, (9/6-12/1943) storm showed the six greatest 6-
hr increments to be consecutive in the middle of the 72-hr rain sequence, while 
the Council 'Grove, Kansas (7 /9-13/1951) storm showed daily bursts of 12 hr with 
lesser rains between. 

To get PMP for all durations within a 72-hr storm requires that the 6-hr 
increments be arranged with a single peak (fig. 3). We chose a 24-hr period as 
incl:uding most rain bursts in major storms, and set this as the length of rain 
bursts for the PMP, giving three 24-hr periods in a 72-hr period. Based on 
results from examination of the 28-storrn ·sample, guidance follows for arranging 
6-hr increments of PMP within a 72-hr period. To obtain PMP for all durations: 

A. Arrange the individual 6-hr increments such that they 
decrease progressively to either side of the greatest 
6-hr increment. This implies that the lowest 6-hr 
increment will be at either the beginning or the end of 
the sequence. 

B. Place the four greatest 6-hr increments at any position 
in the sequence except within the first 24-hr period of 
the storm sequence. Our study of major storms 
(exeeding 48-hr durations) shows maximum rainfall 
rarely occurs at the beginning of the sequence. 

3w ISORlETAL PATI'ERN 

3.1 Introduction 

There are two important considerations relative to the isohyetal pattern used 
for PMP rainfalls. The first is the shape of the pattern and how it is to be 
represented. The second is the number and magnitude of isohyets within the 
pattern. 

This chapter deals with the selection of the pattern shape and the number of 
isohyets considered to represent the shape. The magnitude of the individual 
isohyets will be determined from the procedure described in chapter 5, Isohyet 
Values. In addition to establishing the shape of the isohyetal pattern for 
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distributing area-averaged PM.P over a drainage for the three greatest increments, 
it should be emphasized that this shape applies as well to the remaining 6-hr 
increments of fMP for distribution of residual precipitation and other 
adjustments. 

3. 2 Isohyetal Sba pe 

To understand more about the shape of isohyetal patterns, we considered those 
for the 53 major rainfalls listed in table 1. It ~<BS apparent from this sample 
of storms as well as from our experience with other samples that the most 
representative shape for all such storms is that of an ellipse. Actual storm 
patterns in general are extended in one or more directions, primarily as a ~esult 
of storm movement, and one finds that an ellipse having a particular ratio of 
major to minor axis can be fit to the portion of heaviest precipitation in most 
storms. Therefore, one question we posed ~s, what loBS the most representative 
ratio of axes for the major storms in our sample. Also of interest ~s to learn 
the variation of pattern shape with area size and with region. 

To determine the shape ratio (i.e., the ratio of the major to minor axis) for 
the storms in our sample, w'1 developed a number of elliptical templates that were 
scaled to contain 20,000 mi , relative to the small isohyetal naps portrayed in 
"Storm Rainfall in the United States" (U.S. Army Corps of Engineers 1945- ), 
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hereafter referred to as "Storm Rainfall." These templates had shape ratios that 

~~~=d o~et;~:n i;o~;~t~· th!~r ee:c;hos8e~0 r:;p;:x:~:=l~h~O~~~~~~ ~rie~hs b:;t g~~~t~~~ 
rainfalL Judgment of fit was necessary, particularly for storms with large 
areas, o-r those near coastal zones where only partial isohyetal patterns were 
available. For those smaller area storms, a shape ratio was determined based on 
the ratio of major to mino-r axis measured on the storm isohyetal pattern. 

The variation of shape ratios for the 53-storm sample is summarized in table 
4. Shape ratios of 2 are most common, followed by those of 3 and 4. Of the 
storms in table 4, 62 percent had shape ratios of 2 or 3, and 83 percent had 
shape ratios of 2 to 4. 

Table 4.--Sbape ratios of isohyetal patterns for 53 major rain 
events (see table 1) 

Shape Ratio 
1 2 3 4 5 6 7 8 Total 

No. of patterns 2 22 11 11 4 2 1 0 53 
% of total 3.8 41.5 20.8 20.8 7.5 3.8 1.9 0 100 
Accum. % 4 45 66 87 94 98 100 100 

Before we d:raw any conclusions from table 4, we wanted to know if there was a 
variation in shape ratio with region or area size. To check the regional 
variation of shape ratios, we chose to separate the region into meteorologically 
homogeneous subregions as shown in figure 4. These subregions were not meant to 
represent the entire region of homogeneity but to be sufficiently independent 
portions of such broadscale subregions among which one might expect to find 
differences in shape ratios. These regions, shown in figure 4, contained 33 
(62r,) of the 53 sto~s. 

Table 5 shows the distribution of shape ratios within each of the six 
subregions, and although the number of storms in each is small, the percent of 
total shown at the bottom of the table is somewhat similar to that for the entire 
sample given in table 4. The number of storms in table 5 is too small to be 
significant, but distinguishable regional differences are not apparent, all 
tending to support shape ratios of 2 or 3. 

Table 5.--Sbape ratios for six subregions 

Shape Ratio Total no. 
Subregions 1 2 3 4 5 6 7 8 of storms 

% of storms in region 
Atlantic Coast 20 40 0 20 20 0 0 0 5 
Appalachians 20 40 20 0 20 0 0 0 5 
Gulf Coast 0 56 22 11 11 0 0 0 9 
Central Plains 0 67 0 17 17 0 0 0 6 
North Plains 0 0 so 0 0 25 25 0 4 
Rocky Mt. 0 so 25 25 0 0 0 0 4 

Slopes 

% of total 6 45 18 12 12 3 3 0 ~ 9 
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The appendix contains a discussion of a larger sample of storms, 183 of which 
occurred in these same six subregions. Results from these storms are shown in 
table 6. Inforuat.ion from table 6 indicates that the Atlantic Coast and North 
Plains regions have the greatest percentage (16) of storms with shape ratios 
greater than 5. The North Plains also has the greatest percentage {16) of 
approximately circular patterns. The Appalachians show the greatest percentage 
of storms with shape ratios of 4 and S. This may be a reflection of an 
orographic effect of the mountains combined with the northeastward movement of 
storms along the east coast. These results are not typical of all orographic 
regions, for shape ratios of 2 predominate on the Rocky Mountain Slopes. This is 
meteorologically reasonable since many large storms in this region result from 
nearly stationary weather systems over or near the east face of the mountains. 
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Table 6.-Sbape ratios of 20,0()()-m1 2 isobyetal patterns for six subregions 

Shape Ratio Total no. 
Subregions 1 2 3 4 5 6 7 8 of storms 

% of storms in region 
Atlantic Coast 4 31 19 15 15 12 4 0 26 
Appalachians 4 17 13 30 30 0 0 4 23 
Gulf Coast 6 42 28 10 6 2 2 4 50 
Central Plains 2 26 35 16 9 9 0 2 43 
North Plains 16 28 28 8 4 8 4 4 25 
Rocky Mt. 

Slopes 6 56 19 0 13 0 0 6 16 
i. of total ~ subsample 6 33 25 14 12 5 2 3 0 

Although some of the differences are meteorologically reasonable and may in 
fact represent variations over a regional extent, it must be recognized that the 
regional samples in table 6 are somewhat snall in all but the Gulf Coast and 
Central Plains. It is difficult to compare the results in tables 5 and 6. Seven 
storms in table 5 that had particularly snall total areas were not included in 
the sample for table 6. Nevertheless, it WiS concluded from these tables that 
there is little apparent regional variation amongst shape ratios. 

The variation of shape ratios 
regardless of duration, is shown in 
variation with area size. 

with area size for the 53 
table 7. Here too the results 

storm sample, 
show no strong 

'l'able 7 .-Shape mtios of uajor isobyetal patterns relative to area 
size ·of total storm 

Area si2jf Shape P.a tic Total no, 
( lo3 mi ) 1 2 3 4 5 6 7 8 of storms 

% of storm in category 
(0.3 

@ 
0 

0.31-= 5.0 20 20 20 5 
5.1 - 10.0 

~ 
33 3 

10-1 - 20.0 28 14 7 
20.1 - 30.0 12 12 25 8 
30.1 - 40.0 33 17 6 
0.1 - 50.0 50 50 2 

50.1 - 70.0 22 

~ 
11 22 11 9 

70.1 - 90.0 28 28 7 
> 90.0 33 17 6 -

i. of total 6 40 21 21 8 4 2 0 53 

In table 7, the larger values in each row have been circled. In this sample, 
there appears to be a tendency for larger percentages of storms to be circular at 
the smaller area size. In the same wnner, there is a tendency for shape ratios 
to increase from 2 for areas between 5,000 m12 and 50,000 m1 2 to 3 for larger 
areas. Although these results are perhaps handicapped by the small size of the 
sample, somewhat similar results were obtained from the larger sample of storms 
discussed in the appendix. 
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3.3 Sum:aary of Analysis 

The following conclusions were drawn from analysis of shape ratios of major 
storm isohyetal patterns. 

1. Approximately 60 percent of our sample of mjor storms had 
shape ratios between 2 and 3. 

2. No strong regional variation of shape ratios was apparent, 
although some meteorologically reasonable trends could be 
obtained from the data. 

3. No strong relation r..m.s found between shape ratio and total­
storm area size, but there r..m.s some evidence that lower 
shape ratios occur with the smaller area sizes. 

3.4 · Recommended Isohyetal Pattern for PH.P 

Since a majority of the storms considered in this study had shape ratios of 2 
and 3, we recommend an idealized (elliptical) isohyetal pattern with a ratio of 
major to minor axis of 2.5 to 1 for distribution of all 6-hr increments of 
precipitation over drainages in the nonstippled zones east of the lOSth meridian 
(see figs. 18-47 of HMR No. 51). The choice of a single shape ratio for the 
entire region east of the 105th meridian simplifies the procedure for determining 
the hydrologically most critical pattern placement on a drainage, does not 
violate the data, and tends to be in the direction of the small-area patterns 
observed in major storms of record. 

A recommended pattern is given in figure 5, drawn to a scale of 1 to 
1,000,000. This pattern contains 14 isohyets (A through N), that we think would 
provide reasonable coverage of drainage areas up to about 3,000 mi 2 . Since it 
would be cumbersome to include a pattern drawn to 1:1,000,000 scale with isohyets 
en2losing the largest suggested area, we have limited figure 5 to only 6,500 
nd • All discussion of figure 5 implies a pattern of 19 isohyets extending from 
A to S and covers an area of 60,000-mi 2 . It is necessary to provide patterns 
larger than 20,000 mi 2 (the limit of EMP given in HMR No. 51) in order to cover a 
narrow drainage with isohyets, particularly if the pattern and the drainage have 
different axial orientations, or if you t.ent to consider non-basin centered 
placements. The 10-mi 2 isohyet is taken to be the same as point rainfall. 

If it is des! red to apply figure 5 to some other seale or to add larger 
isohyets to the pattern, and suitable templates are not available, table 8 aids 
the reproduction of figure 5 and gives the length in miles of the semi-:ninor and 
semi-major axes of an ellipse along with selected radials that enclose thi 
suggested areas for a shape ratio of 2.5. For example, to obtain a 2,150-mi 
ellipse, the minor axis is twice the value of 16.545 given in table 8, or 33.09 
mi. The major axis is then 82.725 mi. The information in table 8 is sufficient 
to obtain isohyets that enclose areas for which HMR No. 51 is applicable. 

The procedure in chapter 7 for determining isohyet values suggests that at 
times it may be necessary to consider isohyets supplementary to those specified 
in figure S. To aid in construction of any additional isohyets, we provide the 

20 



L 

0 ,. 10 30 

MILES 
SCALE• 1: 1.000,000 

RAT I 0 2.5:1 

,. 

ISOHVET AREAS 
A- 10 Hl 2 

B- 2S 
c- 50 
o- 1 oo 
E- 175 
f- JOO 
G- 450 
H- 700 
I -I 000 
J- ISOO 
K -1150 
L- 3000 
M-HOO 
N- 6500 

I SOH Yf T AREAS 
NOT SHOWN 

0-10000 Hl2 
P-l.SOOO 
0-2!1000 
R-•oooo 
s- 60 ooo 

Figure ~.--Standard isohyetal pattern recom.ended for spatial distribution of PMP east of the 105th meridian 
(scale l:t.ooo.oOO). 



Table 8.-:Axial distances (mi) for construction of an elliptical isohyetal pattern 
for standard isohyet areas with a 2.5 shape ratio (Complete four quadrants to 
obtain pattern) 

Standard 
isohye ts • Isohyet enclosed Incremental Radial axis (deg.) 

label area (mi2) area (mi2) 0 15 30 45 60 90 

A 10 10 2 .820 2.426 1 .854 1 .481 1.269 1 .12 8 
B 25 15 4.460 3 .836 2 .933 2 .342 2.007 1.784 
c 50 25 6.308 5.42 6 4.148 3 .313 2 .839 2.523 
D 100 50 8.92 0 7.6 72 5.866 4.685 4.014 3.568 
E 175 75 11 .801 10.150 7.758 6.198 5.310 4.72 0 

F 300 12 5 15.451 13.289 10.160 8.115 6.953 6.180 
G 450 150 18.924 16.276 12 .444 9.939 8.516 7.569 
H 700 250 23.602 20.301 15.521 12.397 10.622 9.441 
I 1,000 300 2 8 .2 09 24.263 18.550 14.816 12 • 965 11 .2 84 
J l ,500 500 34.549 29.717 22.720 18.146 15.549 13.820 

K 2 , ISO 650 41 .3 63 3 5.577 27.200 21.725 18.614 16.545 
L 3,000 850 48.860 42.02 6 32.130 25.662 21.989 19.544 
M 4,500 1 ,500 59.841 51.470 39.351 31.43 0 26.930 23.936 
N 6,500 2,000 71.920 61.860 4 7.2 94 37.774 32.366 28.768 
0 10,000 3,500 89.2 06 76.728 58.661 4 6 .853 40.145 3 5.682 

p 15,000 5,000 109.225 93.973 71.846 57.3 83 49.168 43.702 
Q 2 5,000 10,000 141.047 121.318 92.752 74.082 63 .4 7 6 56 .41 9 
R 40,000 15,000 178.412 153.456 17.323 93.707 80.2 92 71.3 65 
s 60,000 2 0 ,ooo 218.510 187.945 143.691 114.767 98.33 7 87.404 

• 0° radial axis = semi-major axis 
90° radial axis = semi-minor axis 

following relations, where a is the semi-major axis, b is the semi-minor axis, 
and A is area of the ellipse. 

For this study, a • 2.Sb 

For a specific area, A, b ( A ) 1/2 
2 • 51T 

Radial equation of ellipse, l-
a2 b2 

• 2 2 2 2 
a sin 0 + b cos 0 

where r ~ distance alan~ a radial at an angle 0 
to the major axis. 
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Although there is a slight tendency for circular patterns to occur for small 
area storms, we recommend the elliptical pattern in figure 5 for all drainage 
areas covered by HMR No. 51. 

3.5 Application of Isohyetal Patterns 

3.5.1 Drainage-centered patterns 

This study recommends centering the isohyetal pattern (fig. 5) over a drainage 
to obtain the hydrologically most critical runoff volume. For many drainages 
that are not divided into sub-basins for analysis, the greatest peak flow will 
result from a placement of the isohyetal pattern that gives the greatest volume 
of rainfall within the drainage. The hydrologic trials to determine the greatest 
volume in the drainage rtiscusserl in section 5.3 may result in a placement that 
does not coincide with the geographic center of the drainage, particularly in 
irregularly shaped drainages. Centering of the isohyetal pattern as described 
here applies to the incremental volumes determined for each of the 6-hr PMP 
increments, each of which will be centered at the same point. 

For some drainages, it may be hydrologically more. critical to center the 
isohyetal pattern at some other location than that which yields the greatest 
volume. That is, recognizing that any location other than drainage-centered may 
result in less volume of rainfall in the drainage, it may nevertheless be 
possible to obtain a greater peak flow by placing the center of the isohyetal 
patterns nearer the drainage outlet. Characteristics of the particular drainage 
would be an important factor in considering these trial placements of isohyetal 
patterns. Should this secondary consideration for a nondrainage-centered pattern· 
be used, the data in table 8 are believed sufficiently large in area covered to 
allow considerable flexibility ·in alternative placement of patterns, while still 
giving spatial distribution throughout the drainage. lfuen it is determined that 
the zero isohyet occurs within the drainage, the area to use in hydrologic 
computations is that contained within the zero i,sohyet, and not the area of the 
entire drainage. 

An additional benefit may be derived from the extent of coverage provided in 
table 8. This appears in the form of concurrent precipitation; i.e., if PMP is 
applied to one drainage, the extended pattern in many instances is sufficient to 
permit estimation of the precipitation that could occur on a neighboring 
drainage. This information is useful in evaluating effects from multiple 
drainages contributing to a hydrologic structure. 

3.5.2 Adjustment to PHP for drainage shape 

t-lhenever isohyetal patterns are applied to a drainage, there will be 
disagreement between the shape of the outermost isohyets and the shape of the 
drainage. Adjustment to drainage averaged ~P for this lack of congruency has 
been referred to in some past studies as a "fit factor" or a "basin shape" 
adjustment, In those studies, a comparison was made between the drainage­
averaged PMP determined from planimetering isohyetal areas within the drainage 
and the total PMP (generally for 72 hr) derived from depth-area-duration data. 
It has generally been the case that the ratio of these depths, termed the fit 
factor, was then applied to each durational increment of the ~P. 

23 



Since we have established that there is a pattern shape assigned to each 6-hr 
increment, we can reasonably expect that there will be some reduction to the 
volume precipitation determined from the isohyetal pattern when the pattern is 
'"fit" to an irregularly shaped drainage. Comparison of the drainage-averaged 
volume of precipitation and that from the depth-area curve derived from HMR 51 
for a 6-hr period is indicative of the percentage reduction due to the drainage 
shape. The largest reduction occurs in the first 6-hr period and decreases with 
each succeeding 6-hr period. 

3.5.3 Pattern applicable to PKP 

When the isohyetal pattern in figure 5 is applied to a drainage, both drawn to 
the same scale, one might ask whether it is necessary to use all the isohyets 
given, since the outermost isohyet encloses 60,000 mi 2 , well above the area size 
for which PMP is given. The answer to this question depends upon the shape of 
the drainage. It is only necessary to use.as many of the isohyets of figure 5 as 
needed to cover the contributing fortion of the drainage. If one has a perfectly 
elliptical drainage of 2,150 mi with a shape ratio of 2.5, then it is only 
necessary to evaluate isohyets A through K in the pattern in figure 5. Since 
almost all drainages are highly irregular in shape, the K isohyet is unlikely to 
provide total coverage for a drainage of this size, and for an extremely long 
2,150-miz drainage, even though one is applying the 2,150-mi 2 PMP, it may be 
necessary to evaluate the M, N or larger isohyets. 

At this point in our discussion, we note that figure 5 is applied only to the 
three greatest 6-hr increments of PMP (18-hr PMP). For the nine remaining 6-hr 
increments of PMP in the 3-day storm~ we recommend a uniform distribution of ~p 
throughout the area of PMP. This means that for each of the three greatest 
increments, the magnitude of PMP is such that it is reasonable to expect it to be 
spatially distributed according to the isohyets in figure 5. However, the 
magnitudes of the increments of PMP decrease rapidly after the greatest 6-hr 
amount, and by the fourth 6-hr period are reduced to a level at which we assume 
they can be approximated by constant values over the P'-:IP portion of the pattern 
for the fourth through 12th 6-hr periods. 

Since most drainages have irregular shapes and as we have already discussed 
earlier in this section, the pattern shape in figure 5 will not fit when placed 
over the drainage. Therefore, there will be portions of the drainage that may 
for some unusually shaped drainages be uncovered by the pattern for a particular 
area size of PMP. (Chapter 5 discusses how to determine what area pattern to 
place on a drainage.) We are faced with the problem of what precipitation to 
expect outside the area of the PMP pattern. The solution lies in the concept of 
residual precipitation. 

Residual precipitation is the precipitation that occurs outside the P!1P area 
size pattern. For example, if we find the pattern area size that gives the 
maximum volume of ~p in the drainage is 2,150 mi 2 , then for the 3 greatest 6-hr 
increments, apply figure 5, where the K isohyet encloses the PMP area. The 
isohyets inside and outside of K represent values that will give areal average 
depths somewhat less than PMP. In this example, the isohyets outside of K 
determine the residual precipitation. It should also be emphasized that residual 
precipitation is that outside the area of the PMP pattern, and not necessarily 
outside the drainage. 
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Now, for the fourth through 12th 6-hr periods we have assumed a constant value 
approximates the respective 6-hr increment of PMP through the area size of PMP. 
Therefore, for these increments, there would be no A through J isohyets in the 
patterns applied. But, there would remain isohyets outside the isohyet for the 
area size of the PMP (outside K in the above example), and thus there is a 
residual precipitation pattern assigned to each of the fourth through 12th 6-hr 
increments of PMP, in addition to the patterns for the three greatest 6-hr 
increments. (See discussion in section 5.2.5 and fig. 21.) 

Although the concept of residual precipitation and its application and 
representation in isohyetal patterns is new, and perhaps confusing at this point, 
further discussion in chapter 5 and the examples in chapter 7 should be helpful. 

4. ISOHlETAL ORIENTATION 

4.1. Introduction 

The subject of isohyetal orientation arises quite naturally from discussion of 
placing isohyetal patterns over a drainage, since the orientation of a PMP 
pattern and that of the drainage over which it is placed may be entirely 
different. Guidance is needed on how well these orientations match for the FiP 
storm. It is assumed, though perhaps not always true, that the greatest volume 
of rainfall within a drainage results when the isohyetal pattern and the drainage 
are similarly oriented. 

An objective of this section, therefore, is to determine whether there are 
meteorological restrictions or preferences for certain orientations. \.Je are also 
interested in determining if there are any regional variations or constraints on 
orientations due to terrain or other facto.rs. 

As in the previous chapter, we rely on major observed storm rainfalls and 
the results to adjust the isohyetal orientation of the 6-hr.PXP increments. 
section 5.2.1.) 

apply 
(See 

Since 6-hr incremental isohyetal patterns are available only for a very few 
storms, we assume that the orientation of isohyets for the 6-hr incremental 
patterns of rainfall is the same as that for the total storm. Limiteli support 
for this assumption is found in the few incremental isohyetal patterns given in a 
study of Mississippi River basin storms by Lott and ~yers (1956). For 10 of the 
lfl storms studied by Lott and Myers, 6-hr isohyetal patterns were determined. 
The orientations of the 6-hr isohyetal increments for these 10 storms vary from 
the total-storm orientations by no more than 40°. 

4.2 Data 

The sample of isohyetal patterns from the 53 major storms in table 1 were 
considered for the study of isohyetal orientations. 

4.2.1 Average orientations 

In this chapter, reference is sometimes made to the average of several 
orientations. It is believed important to remark here on how these averages were 
obtained, because averages of angular measure do not follow that of simple 
arithmetic averages. First, recognizing that every orientation line (or axis) is 
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Probl-em: Obtain an avel'Ctfle of three orientation l-ines given beZow. 
If the "Lines are desiF_tsd as #1 = 020° or 200°, #2 = 150° 
or 330°, and #3- 165 or 345°, then if we average 020°, 
150° and 165°, we get 112°, whiah is seen to represent a 
faZse o:verage. 

Sotution: Choose values to o:verage from ends of the Zines (quadrants) 
that give t1ul minimum range. Here the range of 200° minus 
150°, or 380° 1'11'inus 330°, is the minimwn (50° range). Thus, 
the reprssentative average is 172°, or 352° respectiveZ.y. 

TRUE 

• . . 
N 

. 
• . . . . 

s/ 
AVERAGE= 172° 

Figure 6.--sch-tic: e:a.aple of proble.. in avenging isohyetal orlenta.t.ioos. 

2-valued, we obtain different averages relative to which value is chosen to 
represent a p:!t'ticular orientation. Therefore, a rule must be developed, when 
averaging such values, on which of the 2 values to use so that everyone obtains a 
compg.rable and representative result. The rule we applied w:~.s to use those 
values that would give a mtnimum range for all the values to be averaged. This 
procedure -will be illustrated by the following example. Average the three 
orientation lines in figure 6 (ill is 020" - 200", 112 is 150" - 330", and 1/3 is 
165" - 345"). (Three orientations are considered here only to keep the problem 
simple; the procedure is the same reg;ardless of the number of orientations to be 
averaged). If one chose to average the three smllest values (reading from 
north) of 20", 150" and 165", the result would be 112" given by the dashed line 
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in figure 6, This is an unrepresentative average when compared to the three 
solid lines in this figure. We say the range of those 3 values is 145° (165° 
minus 020°), However, following the rule to obtain a minimum range, consider the 
three values of 150°, 165° and 200° (representing the same three orientations 1 

but reading the other end of the 020°- 200° line). ~ole get a range of sao (i.e., 
200° minus 150°) 1 and similarly a 50° range is obtained for the set of other ends 
to these same 3 lines (380° minus 330°), Since 50° is the least difference we 
can obtain from any set of directions, for these 3 particular lines, the correct 
values to average are either 150° 1 165° and 200° or, 020° + 360°, 330° and 345°, 
for which the average orientation is 172° or 352° 1 respectively shown by the 
dotted line in figure 6. 

4~2.2 Orientation notation 

Although each orientation line is 2-valued, we have chosen to represent each 
orientation by only one value in the remainder of this chapter. This convention 
greatly simplifies the notation assigned to graphs and tables. In selecting the 
one value to identify each orientation, we could have arbitrarily chosen vcl.lues 
between 0° and 180° (from north), However, this choice is but one of many 
poSsible choices, each covering a range of 180° 1 and we adopted the 180° sector 
between 135° and 315° for this study. This particular choice resulted from 
considerations of meteorological bases for the observed pattern orientations, 
which are related to the moisture bearing inflow winds. TVind is co!IUllon1y 
reported as the direction the wind is blowing from. Atmospheric winds during 
periods of maximum moisture in the United States east of the 105th meridian are 
predominantly in the quadrant from the south to west. In addition, analysis for 
our storm sample indicated that most rainfall patterns had orientations that 
varied about a southwest-northeast axis. 

4.3 Method of Analysis 

An isohyetal orientation was determined for each of the major total-storm 
rainfall patterns in table 1. 1-le prescribed that the orientation line for each 
pattern pass through the location of maximum reported point rainfalL Some 
complex isohyetal patterns necessitated subjective judgments on the orientation, 
because of multiple possible orientations or incomplete total-storm patterns. 
The latter was particularly the case along coastal zones. Direction of the 
orientation in each rainfall pattern was read to the nearest 5 degrees. 
Orientations determinerl for the 53 storms, listed in table 1, have been plotted 
at their respective locations in figure 7. 

4 .. 4 Analysis 

The amount of variation in orientations given in table 1 and figure 7 gave rise 
to the question, whether it was possible to generalize these orientations into a 
consistent pattern over the entire study region. 

4.4.1 Regional variation 

The same six subregions used to study shape ratios were used to determine 
regionally averaged orientations. Averages of the orientation for the major 
storms in each subregion are given in table 9. The range of orientations for 
storms considered in each subregion is also indicated. 
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orientation of precipitation pattern for 53 •jor storms 
Identification auabers refer to table 1. 

Table 9.-Averagea of iaohyetal orientations for mjor storms within selected 
subregions of the eastern United States (storas contained in appendix of 
ll<ll llo. 51) 

No. of Average Range in 
Subreg:ion Storms orientation (deg) orientations (de2) 
Atlantic Coast 5 202 170 to 230 
Appalachians 5 194 145 to 270 
Gulf Coast 9 214 170 to 290 
Central Plains 6 235 160 to 285 
North Plains 4 270 230 to 295 
Rockv M.t. Sloues 4 224 200 to 240 
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Although the results in table 9 represent a small sample, we feel that a 
tendency is shown for some regional variation among these subregions. Support 
for this conclusion 'WaS based in part on results from a similar analysis of the 
larger sample of storms discussed in the appendix and summrized in table 10. We 
subdivided the Appalachians into storms that occurred east and west of the 
ridgeline. By so doing, the results for the Appalachians suggest that 
orientations in -this region closely agree with the subregions to the east 
(Atlantic Coast) and to the west (Central Plains). This distinction does not 
appear in the results for table 9, because none of the storms considered occurred 
to the west of the ridgeline. A general picture of the regional variation of 
isohyetal orientation is obtained from these two samples: orientations are 
southwesterly east of the Appalachians, along the Gulf Coast, and along the east 
slopes of the Rocky Mountains, but become more westerly in the Plains States. 
Meteorological bases for those observed orientations will be discussed in section 
4.5. 

Table 10.-Avezage of isobyetal orientation for the large SS.lllPle of storms 
within selected subregions in the eastern United States 

No. of Average Range in 
Subregion storms orientation (deg.) orientations (deg.) 
tlantic coast 26 204 140 to 305 
ppalachians (East) 17 204 155 to 240 

Appalachians (West) 6 278 240 to 305 
Gulf Coast so 235 140 to 300 
Central Plains 43 256 195 to 300 
North Plains 25 257 185 to 310 
Rocky Mt. Slopes 16 214 170 to 290 

4.4.2 Generalized isohyetal orientations 

Assuming from tables 9 and 10 that there is a regional variation in isohyetal 
orientations of major storms, we ~oBnt to determine the regional variation that 
represents PMP. It would be desirable to generalize orientations by a continuous 
analysis across the entire study region. 

As a first approach we plotted the subregion averages from table 9 at their 
respective locations, centered to represent the centroids of the storms 
averaged. From this basis, a rough pattern WiS drawn to show regional variation 
(not shown here), It was felt that although a general pattern could be obtained 
in this nanner, drawing to five data points for so large a region lollS less than 
desirable. 

A decision Wis mde to consider a number of najor storms distributed throughout 
the region and develop the generalized pattern from their orientations. Storms 
were selected from table 1 according to the following conditions: 

1. No other major storm in table 1 occurred within a radius of 
100 miles of the storm chosen. When two or more storms were 
within 100 miles of one another, only the storm with the 
larger 24-hr 1,000-m1. 2 depth wa.s considered. 

2. No storm was selected whose total storm duration lollS less 
than 24 hr, as they were believed to represent local storms 
for which almost any orientation is believed possible. 
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With this guidance, 25 storms (roughly one-half the storms in table 1) were 
selected. In addition, to the 25 major storms from table 1, six storms were 
selected from "Storm Rainfall'' (U.S. Army Corps of Engineers 1945- ) to fill 
in portions of the region not represented by storms in table 1. These storms 
also met the selection criteria noted above. 

The 31 storms were plotted at their respective locations as shown in figure 
8. Through considerable trials, a generalized pattern o;.as drawn which attempted 
to mtch as rrany of the storm orientations as possible and yet mintain some 
internal consistency regarding gradients and smoothness. Also shown in 
figure 8 is the result of this analysis. 

In mk.ing the analysis shown in this figure, we attempted to control the 
variation from observed orientation whenever possible. Thble 11 lists the 31 
differences. It is apparent that some large variations occur, e.g., 72° at 
Smethport, Pennsylvania. For the most part, varia tiona are considerably less, as 
sum.mrized by 10° categories in table 12. Two-thirds of the analysed 
orientations are within 30° of the observed orientations, while nearly 94% are 
within 50°. 

Although there are some portions of the region (e.g., eastern Great Lakes) that 
show rather large variation from the analysis, a decision o;.as IIBde not to 
complicate the analysis further by -creating regional anonalies. Therefore, the 
analysis shown in figure 8 o;.as adopted to represent the pattern of orientations 
for our data, and we further assumed that this pattern applied to the most 
favorable conditions for R1P. For drainages that lie outside the region covered 
by the analysis (for example in northern Hichigan), use the orientation of the 
nearest isopleth. 

4.443 Variation of PM.P with p1.ttern orientation applied to drainage 

In application of PMP to specific drainage, figure 8 is used to determine the 
orientation of the isohyetal pg.ttern most likely to be conducive to a PMP type 
event. It is unrealistic to expect that figure 8 is without error and that EMP 
at any location is restricted to only one orientation. For these reasons we 
recognize th:lt it is more reasonable that fMP occur through a range of 
orientations centered on the value read from figure 8. Following this line of 
reasoning, we also expect that for precipitation orientations that do not fall 
within the optimum range, the IIBgnitude of R1P would be somewhat less. 

4.4.3.1 Jhnge of full PM.P. The range of full ~p (100% RiP) is that range of 
orientations, centered on the value read from figure 8, for which there is no 
reduction to the amounts read from HMR No. 51 for orientation. Our concept of 
PMP is that the conditions resulting in a PMP-type event are somewhat restricted, 
and we believe that the range of full PMP should also be limited. However, to 
gain support for this limitation, we again referred to our sample of major storms 
and, from the sUillllBry of orientations in table 12, we chose a range of ±40° 
(representing about 85 percent of the variation in our sample) to assign to 
EMP. Therefore, whenever the pattern best fitted to the drainage for which IMP 
is being determined Ins an orientation that falls within 40° of the orientation 
obtained for that location (from fig. 8), full EMP is used. 
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SUPPlEMENTAl STORMS 
54.BROOHE, TX 

55. LOGANSPORT, LA 

56. GOLCONDA, I L 

57. GlfNVILLE,GA 

58. DARLINGTON, SC 

59. BEAUFORT, NC 

Figure B.--Analysis of isohyetal orientations for selected IIEljor storms adopted as reco..ended orientation 
for IMP within ± 40•. Addition of 6 •jor storms not in figure 7 bave been identified nuaerically above 
station locations and in the uargin. 



'lhble u.~jor storm orientations relative to generalized analysis including 
sU~~~~ary infor-.tion 

[Storm index 24-2r 1000- Observed Orientation 
no. from mi. depth orienta- from analysis Differ-
table 1 "'me (in.) tion (deg.) (deg.) ences 

1 Jefferson, 011 11.0 190 230 +40 
7 Eutaw, AL 11.3 230 231 + 1 
8 Paterson, NJ 10.9 170 199 +29 

14 Beaulieu, MN 10.0 285 251 -34 
17 Alta pus, NC 15.0 155 218 +63 

18 Meek, m. s.o 200 182 -18 
19 Springbrook, MT 11.3 240 241 + 1 
20 Thrall, TX 24.3 210 205 - 5 
21 Sa vageton, WY 6.6 230 230 0 
22 Boyden, IA 10.6 240 246 + 6 

23 Kinsmn Notch, NH 7.8 220 200 -20 
24 Elba, AL 16.1 250 224 -26 
25 St. Fish Htchy, TX 19.0 205 194 -11 
27 Ripogenus Dam, ME 7.7 200 198 - 2 
30 Hale, co 7.2 225 213 -12 

37 Hayw:~.rd, WI 9.1 270 253 -17 
38 Smethport, PA 13.3 145 217 +72 
39 Big Meadows, VA 10.3 200 209 + 9 
42 Collinsville, IL 9 .o 260 247 -13 
44 Yankeetown, FL 30.2 205 200 - 5 

45 Council Grove, KS 6.6 280 240 -40 
48 Bolton, Ont •• a. n. 6.4 190 230 +40 
49 Westfield, MA 12.4 230 198 -32 
51 Sombreretillo, Mex. 11.9 220 170 -so 
53 Zerbe, PA 12.3 200 207 + 7 

Supplementary storms 

54 Broome, TX 13.8 230 195 -35 
55 Logansport, LA 14.8 215 225 +10 
56 Golconda, IL 7.4 235 244 + 9 
57 Glenville, GA 13.1 180 205 +25 
58 Darlington, sc 10.8 205 199 - 6 
59 Beaufort, NC u.s 235 196 -39 

4.4.3.2 Reduction to IMP for orientation outside of range. We have stated that 
for orientations that differ from the central value from figure 8 by more than 
40°, less than PMP-type conditions are likely, and therefore we feel a reduction 
can be l!Bde to the EMP determined from HMR No. 51. It is also reasonable to 
expect that as the difference between PMP orientation and orientation of the 
p:lttern on the drainage increases, the reduction applied to EMP should increase. 
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'Ikble 12.-Frequency of w.rlous difference categorles between 
observed and preferred orientations 

C'a teg. -so to -40 to -30 to -20 to -10 to 0 to 10 to 
(deg.) -41 -31 -21 -11 -1 9 19 
Freq. 1 5 1 6 4 7 1 

% 3 16 3 19 13 23 3 

Ca.teg. 20 to 30 to 40 to 50 to 60 to 70 to Total 
de•.) 29 39 49 59 69 79 

Freq. 2 - 2 - 1 1 31 
% 6 - 6 - 3 3 98 

Ran§e Freguencz Cum. % 
±10 11 35.5 
±20° 18 58.1 
±30° 21 67.7 
±40° 26 83.9 
±50° 29 93.5 
±600. 29 93.5 
±70° 30 96.8 
±80° 31 100.0 

Because we anticipated there could be a regional variation, we considered the 
subregions in figure 4. Our sample in table 1 of DB jar storms within these 
subregions is too smll to be useful, and we relied on the increased sample 
described in the appendix. Wit~n each subregion, storms were ranked according 
to magnitude of 72-hr 20,000-mi depth, and then converted to percent of the 
maximum depth occurring in each region. We plotted the percent of mximum 
rainfall vs. orientation for each storm by geographic region. An enveloping 
curve drawn on these graphs provided guidance on the range of orientations that 
should be permitted without reduction and on the appropriate reduction for 
greater variations. The data for the Gulf Coast region are shown in figure 9, as 
an example of these plots. 

In figure 9, the Hearne, Texas (6/27-7/1/1899) storm gave the mximum depth, 
and the Elba, Ala bam (3/11-16/1929) storm r..as the second greatest at about 80 
percent of the Hearne depth. We remind the reader that since orientation is a 
form of circular measure, the left-hand end of the scale in figure 9 is identical 
with the right-hand end of the scale. 

Considering each of the subregional distributions, of which figure 9 is an 
example, we developed a model 1:ased essentially on envelopment of subordinate 
depth storms. The model shows that 100 percent of H1P applies within± 40° of 
the central value as indicated in section 4.4.3.1. }taximum reduction to FMP is 
limited to 15 percent applicable to orientation differences of ± 65° or more. 
This model is given in figure 10, in which the adjustment factor (100% minus the 
percentage reduction) to alP is read from the right-hand axis for differences of 
orientation from the central value obtained from figure 8 (represented by the 0 
value on the left of the model). 

4.4.3.3 
should 

Variation due to area 
be applied to storms on 

size. 
the 

It appears reasonable that no 
scale of a single thunderstorm 
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