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- ‘V',Tof the s’com area, and the homzontal and vertlcal distribution in

e each. ' Considered thus a8 a whole s the flow pattem consti‘butes als

. of the fom

a precipitation mechanism or gtorm model ‘through which the moisture
18 processed Compuuation of the mximum possi‘ble precipltation re-ﬁ
q,uires seleo’oion of ‘bhe most e:f‘:f‘iczent model and the maxim'tm inflov
- wmd, or the most productive cambina’olon o:f‘ the two. ‘ |

10, I&eally ; the model is a 3~6.mensional flow pattern inc:y
' ing orogmpaic or fron‘bal barriers when necessary. In p:fa,c‘t 1ce Zthe fmoé.el
,can “often be reduced ‘bo two dimxana:z.ons ey on the ass‘umption tha,t a vertical
croas«%cﬁior aﬁeg_uately represents the pattem. Modals of “bhm type .

illustrated anzi ‘the comesponding moisture-storage equa‘bions fox‘mula‘bed_f o

: in the Los Angeles Repox*b . each equa‘bion, the moisture expression i

W AP W

| T AT P2 | |

1s & function of the stom mcdel and: ’ohe lOOO~m'b dewpoint It equals |

fbhe depth of rainfa,ll deposited by each column of aly c;f umt croes-
i,sec‘slon processed, amd is called the effeotive preciyitable wate’f‘

'ki;'When the model 18 varied a’o a constant dewpoint WE becomss a«meé.s

: af the comparative efflcjency of t}e models. ”Whenvthe ’dewpomt e

in a single mod el whose other ;xropesziesa a.re constant or a,re a £

«/of the dewyoint 5 WF ’becomes a, measure of the effec’c of‘ mo:.sture cha.rge.
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.number of storms that have actually,ooourreé»tqwardithe nuﬁber the
region will ultimately experience. Determination of the limits of
such aress of transpositicn is largely a problem of synoptic meteor- |
clogy. The areas can be defined as areas of meteorclogical'hgﬁbgene~
ity, in which every @oint can experience a storm event with the same
storm mechanism and total inflow-wind movement, but not_necessarily
with the same molsture charge or the same frequency. Thus, within
the area of transposition of a ﬁajor storm, the variation of & maxi-
mum storm of the same type will be proportional to the veriation of
the maximum available moilsture charge. ,Fﬁrthermore, if onerf‘the
transposable storms hag contained the most seffective ccmbination,of
storm mechanism an® inflow wind, the result of acJjustment to the ma£i~
um moisture content will be the maximum possible storm.

1k, However, before the storm can be adjusted for changed moisture
charge, a storm mechaniem or model must be postulated, since the mois-
ture-charge adjustment is a function of the model. Because thunder-
stdrm-type rainfall is considered the most critical for ths‘compara-‘
tively small areas and durations of this study, a thunderstorm-type
rainfall mechenism has been postulated. Although some.of the storms
adjusted fall more naturally into a non-thunderstorm synoptic classi~
fio&iion, confinement of the study to the peak lsohyetal centers,
- encommassing areas no greater than 500 square miles, makes the thunderm 
storm~mechanism.the most appropriate.

Thunderstorm Model.

15. The thunderstorm’s characteristic cumulonimbus cloud suggests

the type of flow essentially responsibdle for ite formation ~ converggntf



. 7.
radi‘alwinﬁcwat | the bc‘tiso‘m and. ﬁ.ivefgent‘ rat“ia;'}.«ou‘tflow‘;\at»fi:he' =
top. Although pecullarities of topography.and synoptic pattern
“often modify this basic ‘pattem,-fhe vertical velocitiés control-
lixig the rainfall intensitles may be reduced. ees;e%ztially Yo a
function of themag:mﬁae end depth of redial inflow. = -

16. In Hyérometeorological Reports Nos. 2 an® 3 {for the Ohio
River Basin above Pittehurgh and for the Sacramento River Pacin,
resnectively) a ra iel-inflow model nf the. thunf?erstom‘ tyne was” -
used for the comutatirn of W, as o function of the 1000-ub dew-
point., Leter investigations ¢iscloced two-majof wetknesses in
‘the model: (3.} ccﬁﬁinuity“ of ﬁass flow wee violated, ‘éin{;e.equa}.
“heighte rather than equel »ressure intervals of inflown’am? outflow -
layers were balanced ageinst sach other in the storage equation;.
and (2) the'éeil heights i not agree with observations of extreme
cumlonimbue helghts. 1In the model currently used these wealmesies
have been removed,

17, Continuity of mass fiow has been maintzined by stipulating
,équ’ai’ x‘ﬁass {exnressed as equal vertical mressure difference) in ‘005.—
vergent and divergent leyers of the»semé horizontal cross-section
| or, in the case of an inequality of mass in thes;e two layers, by -
stivulating an outflow velocity equal to the Inflow velocity mil-
'tiplieﬁ by the ratio ~f inflow \p ‘FO outflow s », This ie an
essential feature of all atmosvheric storage equetions consistent

© with a steacy state.
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18, Available date on observed cloud heighte* show a variation of
maxiﬁnmiheighté“of cumulonimbus £ops*erm,28;000 feet in winter to
53,000 feet in summer, or from~390 mb to 100 nb in terms -of pressure in
a sabturated pseudo-adisbatic atﬁosphere; “These have been the basis of
the new assumption on the variation of cloud or~cénvectionwtop. The:
upper limit 1s accepted ag occurring at a~1000-mbw¢ewpoint of~78 F
becaﬁse the Sectibn’S'exPerience is that 78 F is the highest dewpoint
in the United States representative of moisture to any great depth.

The lower Iimit. of 300 mb has been assumed to occur at a 1000-nb deﬁf
voint of 50 F., The average cirrus-base level throughout the year is
also 300 mb, which is therefore a good approximetion of the top of
cyclonic activity. Recause, a priori, the most efficient thundersﬁorm
cell ghould have a tov no lower than the cyclone top and, furthermore,
becaunse thunderstorms are rare below the 50 ¥ dewpoint, the 300-ub top
was related to that dewnoint., BRetween the 100- and‘300fmb limits, the
total cell height was varied linearly with the vapor ”preséure corre-
sponding to the 1000-nb dewpoint.

19. Within vhe limits thus determined, a series of models have been
constructedfandftheiIrWE-dewpoint relations computed. The general shape
of the cumulonimbus cloud suggests & vertical division of the cell or
model into three layers having equal pressuré differences, the lowest
third representing depth of inflow and the uppermost third depth of out-
flow. However, since there is no known fact wh%ch restrictg;the hypo-

thetical cell to three equal divisions (by pressure or‘height)j.thg

* F. H, Bigelow, Report on International Cloud Observetions, May 1, 1896,
to July 1, 1897, Penort of the Chief of the Weather Buream, 1898-9, v. 2.

T, Kidson, Cloud-heights from Melbourne Observatory photographs, Report
of the Australasisn Association for the Advancement of Science, v. 16,

1923, ». 153-92.
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" cells tested by the Section were varled in two ways. In one series
the three divisions were retained but the inflow and outflow layers
were gradually increased by equal pressure differences until the
middle layer was eliminated. In the second series, the outflow layer
was kept at one-third the total pressure height of the cell, while the
inflow 'layer was gradually increased from one-third to two-thirds fhe
total pressure height of the cell, thus eliminating the middle layer
again, | |

20, The various cells tested are described in the first column of
table 1, where pressure differsnces L pj, Apg, and £.p3 refor to inflow,
middle, and outflow 1ayei‘s , respectively. Corresponding WE values for
a range of dewpoints were computed from the expression

v - 2hy
P1

These WP values, expressed both in inches and in percent of the WE at
the highest dewpoint, T8 F, are also presented in the table.
L Teble 1 ‘

COMPARATIVT Wy

Apy APy ApB g @ c;-swE Wy € % Wg Wp @ %vp Vg @

(in 18ths 5 ©p) 50 @ 13 %0 @7 70 @78 78
6 6 6 0.51 26.7 | 0.81 k.5 1.29 67.7 1.90
7 n 7 0.55 267 0.87 k2.6 1.39 67.7 2.05
8 2 5 0.57 26;73 0.91 L2.6 1.5 67.8 2.1k
9 0 9 0.56 26.7  0.92 LN 1.7 67.7 2.17
| 8 L 6 0.61 26.2 { 0.95 L2k 1,57 ,6?;6? 2.33
10 2 6 0.67 25.3 1.09 .2 1.77 67.1 2.6k
12 0 6

0.71 k.7 1.16 k0.8 1.89 66,9 2.83
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21, A selient fact in this array of data is that, although‘wE for
a specific dewpoint vafiéstﬁith the cell model, the retio of the"gﬁ
values for two specific dewpoints is about the ‘same no mattér'whatm%he
cell model. Fach ratio is approximately equal to the ratio of the Wp
values for the two dewpolints involvéd, Wﬁ‘being accumulated from 1000
Firl)) to the cell-top vressure for the particular dewpoint. Tabuiated,jthe
Wy values and the corresponding percentages of the W, for the maximum
dewpoint of 78 F, are:
| Table 2
CGMPAR&PIVﬁ«MPf

(thunderstorm model)

w6 %W W.e %Y W& %W W e
» “Tp D g P . »
50 @ 78 60 @73 70 @7 78

0.8k 2k9 1.38 lLl2 2.27 67.7 3.35

Moigture Ad justment

22, WEvvalues have two principél uses., One is the reprcduction of
a storm, by computation of the observed rainfall, in order té éheck the
validity of the model before using it for extrapolation to upper limits
of rainfall. However, as previously indicated, such a reconstruction
cannot very we%l be made, particularly for smell-area rasinfall, %ecause
the inflow velocitles are unknown. They are not directly measurable
because they occur over too small an area to he observed by the usual
network of meteorological stations. The Joint Thunderstorm Project of
the Amy, Navy, NACA%, and Weather Bureau may provide such data, Fur-

thermore, as is pointed out in the Section's report, "Thund erstorm

* 7.8, National Advisory Committee for Aeronautics
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rainfall”, concentrations of rainfall resuwlting frqm,tempora:y guspen~
sion of raindrops meke the rate of fall differ from the rate of forme-
tion. The usual working assumption is that the rate of precipitation
‘is provortional to the rate of con@ensatibn or formation.» Until detalled
_further informstion on the structure of thunderstorms beccmes availeble
from such investigetions as the Thunéersﬁorm Prolect, the vali@itonf
the specific model to be used cannot be checked. egainst observations.

23. The facts cited gbove limit but do not cancel the usefulness
of the Wﬁ concept in hydrometeorologicsal computations, for its second
principal nse 1g in the adjustment of observed rainfall toward the maxi-
mum posgible solely on the basis of possglble change in moisgture charge.

The comparative W_ values tebulated sbove (table 1) show that this type

E
of ad justment may be made without sﬁipulating the exact model by which
~the reinfall is produced, slnce, throughout the series of models fested;
the moisture adjustment remasined sbout the same for the ssme difference
between observed and maxi%nm posaible dewpoint.
2k, Since the W ratios are more closely relate¢ to the ratios of
wp'than to any other constant pargmeter of the cell models, the Wp \
ratio has been employed a2z the molsbure-adjustment factor. wiﬁh the
v, at 78 ¥ as the base, these ratios are givgn in figare 2. The valid-
ity of the use of this moisture adjustment for extrapolation to upper
“limibts of rainfall depenfs upon ths véliéity of the assumgtion thet a
sufficiently large sampling of major storms is avallsble to provide an ‘
optimum or near-optimum combination of inflow-wind movement and. storm

mechanism. Actually this sampling must be increased by storm transpo-

éition, as previously explained.
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© Elevation AdJustment

25. Thunderstorm models of the type thus far considered have had
Va common base at 1000 mb, which has been interpreted as sea level. TFor
ocourrence at higher elevations -~ therefore at lower pressures - mode s
based at pressures lower than 1000 mb must be considered. The assump-
tion basic to this further computstion is that occurrence st & higher
level hes a depleting effect. The higher the level at which the storm
ococurs, it ie reasonel, the less the totalAwé\that\can be processed and
therefore the less the raeinfall., While this is fundamentally true as
stated, there are other significant factors invplved.~ In regions of
upslope topography there are orographic intensifying effects which may
overbalance the W?-depletion effect. Moreover, in regions.of very.
 abrupt slope, the precipitation produced in a cell based at a low
~elevation may be transported so as to- fall av & higher ad joining eleva-
tion. In the development of the generalized charts, these modifying
effects have usually been treated in one of two ways. In.esome trans-
positions the intensifying effect hae been assumed to cancel the
depleting effect, In others, the ?ransposition has been restricted to
reglons of similar topographic characteristics.

26. In computing the orographic depletion effect the assumption
was made that occurrence at a higher elevation than sea level would
not change the pressure at the cell top. At each elevation the total
cell denpth was decreased by the slevaetion above sea level of the bage,
in terms of pressure ih a saturated, pseudo-adiabatic atmosphere, and
the two or three layers constituting the cell decreased in depth by the

same rabio. For example: since & 950-mb vnressure abt the base calls
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fore 5o-ﬁb'(1909~95o) @ecréase‘of the 900-mb (1000-100) helght of ihe
thundefgtczm cell atL%B 7, a1l the layers are reduced by 1/18f(5b/906)
before the storage equation is applied. The .‘re‘sult of ‘@he’ ccm‘t:atitoﬁ
is the residual effective precipitable water (WE’), or the W charac-

teristic of the cell at its new and higher base. Three of the cells

R

previously described were tested and the resulte, in terms of W.' and

in terms of the percentage ratio of the residual to the original, or

“total, WE*of the cell based at 1000 mb, are given in the foliowing
- tabulation:
“Teble 3

COMPARATIVE RESIDUAL Vg

Ah,&%‘a% Bose Wp' %%§W %%vg %%wg,%%
(in 18ths of Z/ap) M @50 @50 @60 @60 @70 €70 @78 @78
6 6 6 075 046 91.5 0.75 93.1 1.21 93.2 1.80 94.7
8 L 6 975 055 91.h 0.90 92.6 1.48 93.86 2.20 94.6
10 2 6 975 0.6l 91.3 1.01 92.4 1.66 93.5 2.49 79&.&
6 6 6 950 0.2 8.0 0.59 85.6 1.13 88.1 1.70 89.5
8 b & 950 0.50 82.7 0.83 85.1 1.38 87.6 2.08 89.h
10 2 6 950 0.5 82.5 .93 85.0 1.55 87.4 236 89.1
6 6 6 900 0.3% 67.7 0.58 72.3 0,99 76.6 1.51 T9.5
8 i 5 900 Okl 67.4 0.70 T1.5 1.19 75.8 1.84 79.1
10 2 6 900 0.5 67.1 0.78 71.1 1.3% 75.5 2.07 178.5
6 6 6 800 0.21 k1.7 0.39 48,2 0.71 55.2 1.1k 60.3
8 L 6 800 0.25 41,1 0,46 L7.6 ©.86 sh4.hk 1.39 59,7
10 2 6 800 0.27 40.9 0.52 LW7.2 0,96 53.9 1.56 59.0
6 6 6 700 0,11 224 ©.23 29.0 0.47 36,5 0.82 43,1
8 i 5 700 0.13 22.0 0.28 28,5 0.56 35.7 0.98 Lg.2
10 2 6 700 0.15 21.9 0.31 2%.1 0.62 35.3 1.1C 41,k

27. As in the previous array of comparative W, values, the fore-

E
going array of residual Wv‘ values alsoc showes a practically constent

e

ratio of zd justment, since the residual percentage constitutes the

ratio to be used for the adjustment for orographic cdepletion. The W

E
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retios, however, are not as close to the porresponding’wp'ratios as- in
thevpreviousfcomparison. Using similar symbolism, the‘corresponding,
Qﬁ ratics are given below:
- Table b
éOMPARATm RESIDUAL Wy,

T o .~ Base Pressure {(mb) R
1000-mbh 1000 975 G50 Q00 300 ‘ 700
Dewpoint = Wy  Wp' Gp  Wp' Gip  Wp' %p  Wp' Gip  Wp' Bp

50 0.8k 0.76 91.1 0.69 8.5 0.56 66.9 0.3% k1.0 0.19 22.3

60 1.38 1.27 92.2 1.17 84,7 0.98 70.5 0.64% Lh6,3 0.38 .27.k
70 2,27 2,11 93.2 2,9 86,6 1.68 Th.1 1.17 51.8 0.76 33.3
78 3.35 3.15 93.9 2,95 88,0 2.57 .76.8 1.87 55.9 1.28 38.2

EﬁﬂfBecause of the somewhat greater discrepancy between the resid-
usl Wv;and regi@ual‘wp ratios, the decision was made to use the mean
" of the computed residual W, ratios. A chart giving these residual per-

- centages, as a function bf elevation an¢ 1000-mb dewpoint, is given in

figure 3.
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BASIC DATA .

2%, For spplication of the moisture ad justments theoretically”
derived in the previcus chavter, four types of baslc.data are required.
They are obseyved storm~rainfallV&ata,rdbser?eé représéntative dew-
pointe in these sborms, maximum possible dewpointe throughout the
United States sast of the 105th meridian, and a contour man for the
same region. The nature ané sources of these date are discussed In
this chapter.

Storm Rainfall

30. Pecause high-intensity, short-duration rainfalls over emall
areas are praoticallﬁ confined to the warmer months, the storms studied
were limited, with three exceptions, to the months May through No#ﬁﬁber.
Jhe three exceptions, chosen because of &he exceptionel magnitude of -
their smsll areal values, cccurred in Merch and April. Although only
a comparatively small number of the sslected storms finally furnished
the controlling values, gll the avallsble storm studies were procésse&
to pfeawu@e oversight of any significant value, Depth-duration-ares
values, location of storm center, snd isohyetal nattern were taken
difectly from the approved Part II of the storm study if available.

In the abgence of appro?é&‘?arﬁ II data, preliminary or incom@lete datea
were used when considevel falrly reliable. All storms processed in the

fevelooment of the generslized cherts are listed in appendix B.
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Revresentative Storm Dewpoints

31, For moisture adjustment, the observed storm-rainfall depths
are rmultiplied by the ratio of maximum possible tb observed moisture
charge., 0§~the basis of the theoretical and empirical considerstions
éresented in the previous chapter, the observel molsture charge is
determined from the 1000-mbh dewpolnt redresentative of the moisture
flowing into the rsin area of the storm. The chronologlical sequence
of these dewpoints and the corresvonding dewpoint~durat£on relations
were determined for each of the storms processed. ideally, sach dew-
voint sequence within the storm should be relsted to & oorresponding '
rainfall period, appronriately legged, but in practlce this is rarely -
fQuné to be feaslble, especially in a project of the scope of the
generalized charts. It was sufficlently accurate %o use the 12-hour |
a¢ justment for =211 durationsg. The 12-hour veriod of maximum rainfall
is closely associated with the 12-hour veriod of maximum dewpoints.
The adjustment for other durations differs only slightly from the 12
hour adjustment. Furthermore,'the major portion of the total-storm
rainfall falls within a 12~h§uriperioé}

- 32. In sach stdrm,the,rain area wags defined as being bounded by -
the 1~ or 2-inch isohyet of the total storm, and the area was then out~
lined on successive l2-hour synovtic mansg for the storm pericd, With
the aid of these maps, the air in the rain process was identified and
its trajectory retrace? to a region with available observed dewpcints.
When no front sevarasted the rain area ffomfthe;surface‘dbsarvations
reoresentative of the air mass involved in the rain process, the rep-

resentative dewpoints were selected at stations aiong this trajectory
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as‘cloéévaé,pOSsible to the edge of the rain area.‘.In the présence of
8 separaﬁing fronﬁ, éewpointé wére'selected from the warn sector, as
near as possible to the front, Rapid movement of the froﬁt, in éQme
of the storms, made selection of long-auration GGVpoints difficult, dbut
- the decision to use le-houf fewpolints in gtorm adjustment eliminafed
most of esunch difficﬁlties.

33. Tt was unconmon to find a station so located that its dewpolnt
wag uniquely representative of the storm moisture charge. Furthermore,
because of occasional lack of reﬁreéentativéness of surface data, it
wﬁs generally found prefersble to make’use of a group of stations. An
effort was made to select ﬁhe group so that its geographical center
fell on thé inflow trajecﬁory. Thig was also the point for which the
maximum vossible Gewpoint was later determined in order 4o ad Just the
vainfall for occurrence &b its original locaticn,

3&. The dewncinbs uvsed in the study were obtaine&'from thé Qrigin&l
station recrrds for all observation times within the storm period. The
minimum temperatures occurring during the peficﬁ were also obtaineﬁ;
gince the dewprint persisting for any neriod cannot exceed the minimm
teﬁperatufe‘observeé curing the same period. The dewpoints and minimum
temperaturés fér the groﬁp of selected gtations weréhyseuﬁo»adiabaxically
reduced to 1000 mb‘(station'elevaﬁion agsumed to be in a pseuac4a6iabatic,x
saturated atmosphere with sea level at 1000 mb) and reduced values of
each were then averaged for each ohser#aﬁién time. The lower mean ﬁhus.
obtained was considered to bé the representative dewnoint at observa-
tion time for the géogﬁdphical center of the station group. Both in

the chronclogical séquencé of these means, and in the derived dewpoind -
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duration array, the representative dewpoint for each curation was the
lowest observed, i.e., the dewpoint equaled or exceeled throughout the
indicated period.

Maximum U.8 Dewpcoints

35. In oxrder to have availadble & consistént‘basis for the estimate
of the maximumkpossfble moligture chargs, mapé éhowingvthe disﬁribution
of maximum pogsible 12-hour dewpoints, reduceé’té iOOO mb; were con-
structed for every month. Since the emphasis waé on representativgness
in depth as well as in area, some outstanding values of obserﬁed dew-
point were discarded in the chart construction. The Section's experience
with‘sﬁorm analysis, for instance, disqualifieé ali values exceeding
78 F from use in storm adjustment While scme of the outétaﬁding
reporteﬁ values appargntly resulted from‘errofs of observatign, others
were considered representative of only a shallow surface layef of air.
The values charted can be defined as vaelues of wet-bulb potential tem-
verature which cannot be ex§eedeﬁ aloft. They are alsobthe'highest
dewpoint values which can be equaled or exceeded (at 1000 mb) for the
number of consecutive hours comprilsing the indicated duration, while
the représentative dewpoints previously discussed are the highest actu-
ally equaled or exceedéd for the duration in a particular storm. As
constructed, the charts give the maxiﬁum values for the indicated month.
Théy may reasonably be assumed, therefore, to apply to the end of the
month in the spring and to the beginning of the month in the féll.

36. Analyses of two types of Cewpoint data contributed to the
congtruction of the charts. The data considered most reliahle, because
of the length of available recoré, ﬁére thé 30 to 50 yéars of oﬁéerva—

tions made two to four times a day by the long-established first-order
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Weather Bureau stations. Records from about fifty of these stations.
were enalyzed, the calendar month being used as & unit in tgbulation
and analysis. Unless otherwise indicated by an intervening minimum
temperature, as in the representative-storm-dewpolnt enalysis, it wes’
assumed thet between observation times the déwpaint had not fallen
below the values recorded.

37. To the data from the firet-order stations was edded a 5-yoar
recor? of hourly observations from 115 ailrway stations, From this
record the total number of occurrences of each dewpoint for each cal-
endar month ha? alreedy been tabulated for another project For the
vurpoge of the maxiinm.dewpoint cherts, the frequencies indicated in
these tebulations were divided by five (the number of years of record)
to obtain the average’mbnthly frequencies, in hours, of occurrence of
the higher dewnoint values. The assumption was made that in the maxi-
mum case the average monthly number of hours of occurrence could be
consecutive. From a graphical accumulation of/these‘avefagﬁ monthly
frequenéies; the values equaled or exceeded for'aﬁy furation ﬁére
" obtained directly or by interpolation.

38, After reductlon to 1000 mb, the maximum velues from both sets
of data were @lotteﬁ'on suitable mapé; As in the case of the representa-
tive storm dewpoints, station elevation was assimed to be in a saturated,
pseudo-aéiabatié atmosvhere with sea level at 1000 mb. Since values from
Soth sets of déﬁa‘wefe avallable at some.stationé, the relafionshiﬁs inéif
cated were used in drawing the final isolines, with greater welght given
the longer recoré. ﬁéiéturewfidw'patterns of frequent occurrence were
‘also considefed; huﬁlspecial efforts were made to be guicfed by extreme

rather than mean flow pattemrns.
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Generalized Contours

39. The assumption of complete saturation and psggdc—adiabatic
lapse rate in the air flowing into the maximum possible stormkentails
the corollary assumption of a shorter saturatéd cblu@ﬁ, and therefore
less availeble moisture, above elevations highéf than sea level or
1000 mb. TFor evaluation of the depleting effect a map of comparative
elevations wasvnecesgary. A genéralized contour mayp was therefore
developed for the generalized-chart projecp,

LO. Over large areas of gradual slope the generalirzed contours
were almost identical with the actual contours, except thet small,
isolatq& areas of abrupt change'of elevation wsrevﬁisregaréed. Where
congidsyable small-scale ruggedness exlsted, the actual contours were
smoothed to obtain the generalized contours. Greater smoothing was
imposed on the actual contours ip the more mountainous regions where
actual contours are extremely irregularjan@ valleys of considerable
width cross the meln ridges. Since‘the effect of the transverse
valleys ig to allow inflow of a greater ﬁepth,of air than indicated
by the smoothed contours, the contours on the generalized chart were
- placed up slope from ﬁheir smoothed nosition, Parﬁicularly in these
regions, considerstion also had to be given to a g@neralizéd storm-
wind direction, As finally ﬁrasn, the generallzed obntcurs were thug
truly effecti&e barriers only when associated.yith up—sloye winds
directed rormal to the contours. Along river valleys elsswhere the"
nractice was toxfolléw the actual contours paralleling the river up-
stream to a voint where the valley became so constricted that the ?ol-

ume of 2ir allowed passage could be consicered negligible.



Limitations of Data

41, The storm-rainfall depths cbiained from the Part Ii of each
gtorm study, or from a preliminery evaluation of thé available rain-
falf‘values3 are approximations. Study of the relisbility of areal
rainfali dsterminations* indicates that the vercent standard error of
averags aéﬁthé obtained from an average gage density increases with 
decreasing srea, ths err@r being positive or negebtive. On ite pegatiﬁé
side it may be vartly neutralized by the Part II procedure of finally
€rawing an enveloping rabther than o mean curve through theACOmputeé“
depth-arsa values., However, no rainfall reliability factors are incor-
porated in the generalized charts.

L2, Since only a moisture adjustment is Tmposed on the rainfall
values used, the rainfall values should be the greatest that can occur
at the represéntati?e dewpoints. The method assumes that the storms
of record, together with additional values made possible through trans-~
position, vrovide rainfall values indicative of meximum rainfsll-
yroducing efficiency. No completeiy analytieal'&emonstfaticn can be
mace to prove that this 1s so. However, there is support for the
ageumption in the Tollowing facts., When only the greater depths afé
consldered, without regard to location, the ran@é of the highest values
at each dewnoint is of the order of magnitude of the corresvording
rangé in extranolsted molsture content. Sush a relation indicates
that the highest rainfall values are representative of neay-mexinum
sﬁorm efficiency, unless the assumption can be accented that &
¥ Hydrometecorological Section, Office of Hyd. Dir., U.8, Veather

Bureau, Thunderstorm rainfall, Hydrometeorological EKeport lic. 5,
in coop. with ng. Devt., Corve of Ing., War Dept., 1047
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mechanism approaching the mosgt efficlient has never occurred. Most of
the greatest depths for the areas and durations assigneé, for instance,
oceurred in the Thrall, Tex., stomrm (Sent, 8-10,,1921), which is charac-
terized by the highest representalive dewpoint, and a liberal storm-
transposition nrocedure takes advantage of such a fact; Howewver, it
is also rare for one storm to control Ffor all sizeg of area and all
durstions. Comparison of two storms msy show that, with Increasing
area and duration, difference in devnth is often decreased and the
relative depths even reversed. The n»rocelure of eavelopment of values
from several storms all occurring in or transpossble to the szme region
takes advantéée of all the highest values for the durations ccnsidered.

L3, The representative dewpoint fixes the denominator of the mois-
ture adjustment ratic, If, on the basis of pseudo-adiabatic extrapola-
tion aloft, it yields an overestimate of the actual moisture charge in
the inflowing alr, the result is a moisture adjustment thet is ﬁoo low.
In the range of fewpolnts of most interest to this study, there are
indications that it does ab times yleld such an overestimate. However,
if the maximum possible moisture charge should also be overestimated
for the same reasons, the effect on moisture adjustment woulc te neu-.
tralized. Turther analysis of zerologlcal soundings is requireéffor
any quantitetive statement of the proper molsture relatiqnéhiye in
devrth. It is appasrent, for instance, that these relationships would
vary with ragionranﬁ season.

Li | The absence of observatiomsat the point ifeally situated for

location of the representative Cewpoint usually acts to increase the

molsgbure édjustment uged. The ideal location would probably‘bevthe,
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region of the highest dewnoints for the latitude, along the axis of
the moigh tongue involved in the storm. Averaging the cbeervations
from a group of stationg surroun’ing the ideal point would thus yileld
a lower vaiue. An opposite effect arises from the occasional need i
o farkto the south of the rain area in orfer to find the representa~
tive éew@ﬁinﬁ‘ At lrwer latitudes, in general, the range of dewpoimt
is less, the ﬁewpointsAin the warm sector or the moist tongue beiﬁg
closer to thsbmaximum.pﬁsgible. There is an increaaiﬁg range northwara.
Thus, if it‘were noseible to find the dewpoint in the rain aren, the
grean befween representative and maximum vossible 6éwpoint would usu~'
ally be greater and the moisture sdJustment woula be greater, This
effect ls counteracted glightly by the fact that, for the seme spread
ofyéeﬁpoint, the adjustment ig greater in the higher renge of:déﬁpoints.

L5, The méximumfpossible~6ewvoint patterhs are not final. Many
mere stations remain to be analyzed, and at the gtations alrea@y ana@
lyzed there ars longer records to consider, Depén@enoe,‘in the méin,
on recnr’s of not more than two-to-four, rather than 2k, obséfvatioms a
fay ig a deficlency that only further accumulabtion of airporﬁ dats, can
lessen. Use of additionel data at a station cen serve only ﬁo incfease
the station values, but these increases may already have been addéﬁ‘bj
the envelopment involved in smoothing. However, the revision of inter-
nolations and extravolations after acquieition of data from additional
gtations may he either toward higher or toward lower velues. Solution
of the problem of the sufface‘ﬁewpoint&@ prssible representati%eness in
depth, if 1t shows lower dewpoints to be more represenﬁativé than hﬁgher 

dewpointa, would reduce bthe magnitude of the noseible molsture adjustment.
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FROCEDURE AND DEVELOPMENT

46. From the basic data availsble three sets of charts were
developed as aids to the analys‘is of the final generalized charts;
One set was based on the moisture adjustment and unlimited trans-
vosition of all the known maximum cbserved rainf‘all values in the
United Stabes for the areas‘ and dursetions assigned, For the second
set of charts, all the storme listed in appendix B were adjusted
for moisture content but without transposition of any kind, These
two sets of charts were intended to serve as gwides to the approxi-
mate upper and lower limits of the genevalized values and also to
the patterns and gradients whirch the generalized lechyets with modi-
ficationg, should exhibit., The third set was a necessary tool iﬁ
determining the distribution of the basic values on the generalized
charts even before patterns or gradients could be considered, This
set consigted of maps delineating the limits of transposition of the
comparatlively small nuiaber of storms whosge adjusted values proved ﬁo
be controlling. The controlling storms were selected by inspection

of the charts of storms adjusted in place.

Ad jJustment of Maximum Observed Rainfall

17, The meximum observed reinfall data were obtained from the
gborms ligted in appendix B. All the values, for the particular areas
and durations assigned, came from three stoms ;5 all but three came

from one steym, The values are tabulated below:

- 26 .
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Table 5
MAXTMUM OBSERVED U.S. RATNFALL (INCHES)

Area . Duration (hours) : S
(sq. mi ) 6 12 18 2k 30 36 48

10 eh.7a 29.8b 35.0b 36.5p 37.2b 37.6b 37.%b

200 17.90 2.3 23.7b 29.7b 30.4p 30.7b 31.9c
500 15.4p 21y 25.6b 26.6p 27.3b 27.5b 30.3¢

The letters a, b, and o refer to the Smethport, Pa., storm (OR 9-23,
July 17-18, 1942), the Thrall, Tex., storm (GM 4-12, Sept. 8-10, 1921),
end¢ the Miller Island, La,, storm (IMV L-24, Aug. 6-9, 19k0),
respectively.

L8, Before adjustment and trensnosition to specific regions, the
maximum obhserved values ﬁere ad justed for ocourrence at sea level at
a 1000-mb dewnoint of T8 F (for storm evaluation, considered the mexi-
mum nossible for any region in the United States). These computed
values were then aijusted for occurrence at each intersecticn of a |
2-degree gric chering the United Stabes easgt of the 105th meriaian. 
The elevations at these intersections wers cbtained from the general-
ized contour chart. The meximum possible dewpolnts used were not
those at the point of intersection but, rether, the maximum possible
dewpointe within a radius of 200 miles from the intersection. In the
three storms adjustéd and transposed, the average distence between
location of storm center andé location of the representative dewpoint
observation was aleo 200 miles. In order to assume an extreme pos-
gibility, the actual direction from storm center Lo fewpoint location

was ignored.
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49, The unlimited transposition given these storm values implies
neglect of all the gynoptic and orographié limite on transposegbliity,
later to be 5iscussed. In regions beyond the meteorologically deter-
mined limits of transposabilityrbf these storme, this procedure will
generallylyroduce,the highest ?alués. Neglect of the true moisture-
inflow 5ire§£ionSalso tends to’increasé the velues. TFor storms of
shortuﬁuration over emall areas, however, both‘proceﬁures can be
defended. Over small areas for short durations, the efficiency of
the storm mechanism may be independent of the visible large-scale
synoptic situation. In effect the ﬁxansposition ig of rainfall values
.rather than of synopbic causes or conditions. Flow patterns, for
ingtance, which may or may not be relaied to frontal structure, éan
sffectlvely reﬁlaqe the orographic barriers which have apparently
intensified the precipitation. Also, over a small area and fbr &,
short neriod, the inflow may concelvably be from any direction. Since,
in addition, the major voriion of the rainfall ie invariebly confined
to a comparatively short period, the waluee cbtained from the unlimited
transposition of the maximum oheserved va;uestmugt he given sérious con-
sideration in the final analyéis of the genmeralized charts. They
constbitute & first spproximation of‘the maximum_possible'préciyitation

values and -appear to be usually, but not always, on the high gide.

Adjugtment Without Trensposition

50, The Séobn@»set of charts, of storms adjustec in vlace, produces
gome values that exceel those of the first set. This arises ffom the ,’
fact that the highest observed rainfall values are not necessarily also

the highest after adjustment, sven without transposition. A grester
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- spread between representative and meximum possible dewpoint means a
greater moisture~ad3ustmsnt, sufficiently greater, occasionally, to
change a lesser obse:ve& value to a higher adjusted value. In itrans-
position to different elevations, similar effecis may be observed. It
thus becomes apparent that consideration should be given to "adjust-
ment potentials" as well as observed rainfall depth., It was in the -
selection of storms with high adjustment potentials, though scmetimss
moderate rainfall values, that the charte of storms adjusted in place
were the most useful;
51. All available storm data were used in developing these charts,
On them each stofm ﬁas located by a‘point plotted at the isohyetal
center, the station with the peak rainfall, ;The storm value for eéch
of the assigned aress and durations was adjusted for moisture content
after comparison of the representative and maximum possible reduced
~dewpoints, at the location of the former. A leeway of 15 days ffom
sﬁoxm date was allowel in the choice of the maximum possible dewpolnt,
As in‘ali other moisture adjustments, 12-hour dewpoints were used
throughout. ;
52, On this set of charte the cbserved rainfali values have thus
been given a minimum increase ané therefore can be considered. as lower
1imits of the estimate of maximum possible precipitation. However, on
account of the effect of adjustment potential, some vélues are actually
higher then corresponding values on the first set of charte, The por-
tion of the adjustment poﬁential revealed in these charts - that due

entirely to dewpoint difference - could be found by inspection, for use



20

in the selection of the controlling storme whose trensposition wdulé*
determine the values finally plotted on the gené%alized charts., The
elevation vortion of the adjustment notential became a minorveffect,
since elevati@n aGjustuments were later limited or eliminsted. In any

cage, it averages only &bout 10% per thousand Teet and, 1f necessary,

its contribution to the adjustment votential could be estimated during

lo

o

ngpection of

[N

the charts., A common value of the fewnoint ad justment

f-

potential was aebout 30%, however, and in the maximum case it was 113%.

Transnoeition of Controlling Storms

53. Isohyets of the rainfall values resulting from adjustment in
place make & chactic matitern bearing, st best, a rough relation to |
maﬁbr~storm Trequency. ZIven liberal envelopment of the vélues would
reveal no pattern climstologically justifisble unlese a basis for a
wide trensposition of the values were also developed . The demarcation
of the limite of such transposition, for each storm selected as probably
cpntrolling, was therefore the next sten necessary;toAﬁhe develovment
of the generalized charts.

54. The transposition limite of each ctorm are the geographical
limits within which another storm of esesentially the same syhovtic
charecteristics can occur. Because the synoptic storm cen be trens-
posed it is fﬁrthe'r assumed that its rainfell cherecteristice, shown

'bj its depbh-furetion-area curves, can also be‘trénsyaseﬂ; Thieg i
algo true of the accomdanying ischyetal pattern, from whose transpo-
éition epecific basl -configuration factors may be derivec. However,

‘no such basin factors heve been used¢ in this study,
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55. On a large scaie, the main features divicing the United States
iﬁ%o sevarate reglone of storm transvosition are thé‘A@ﬁéiachian anel
the Continental Divides. Few storms cross thece barriers without moCi-
fleations drastic enough to change the synontic type. Furﬁhefmcre,‘
transpoeition from the winfward to the leewerd slopes of these barrié?s
will genmerslly result in reinfall values much lower than those resulting
from tranSpasition'coﬁfineé to the windward slopes. Exceﬁt‘for a short
dictance beyond the crest of the divide, where épillover (carvyover) of
rain mey take place, the leeward traneposition rsquires the comolete
orographic denletion a&justment without consideration of any counter-
acting adjustment for ordgraphic intensifiaaﬁibn. For these respons,
transpositions have been confined to the wjnﬁwarf's}bges of the main
barriers, the wind ¢irectirn heing that of molisture inflow in th§ storm
transnosed, On thsse slones the orogran iﬁ derletion and intensifica-
tion eflects act 'n coposite ¢irectlions. Sirce a quantitative expyeséion
of only the firebt eilect weg avaelilable, there was a tenfency to confine
the traensposition to an area of similar tonngraphy éefined hy narrow.
limits of hoth elevation and slone (on the baéis of the génez~alize@,

-

contonr map). This resulted in a disbribubion of ad justed valuss

[N
Cots

climat-logically so unbenable that finally only the most importent
features euch as the main ¢ivides or norsicng of the windward sloves
‘of these civides were used as limits. Within these expanded ereas of
transposition, the’mechaﬁical ad justment Tor elesvation, basa@bémiely
on its depieting effect, hed to be modified By 8 study of the indivic-

ual storm. In general it was found necessary to meke the assumption

that slope was a functi-n of elevation, i.e , the higher the elevatinn
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the steeper the‘alope and the greater the intensificaﬁion effect on
rainfall. Further, the inbtensification effect was assumed to be equal
but oppogite toythe depletion effect. For The contrélling storﬁs con-
sifered, the reSult was almost complete elimination of the elevetion
ad justment.

55. If the effect of topogravhic siope had. apparently contributed
to the rainfall intenéity in a particular storm, no adjustments for
transposition to either higher or lower elevations were made. Just as
the {ecreased WP above higher elevationg would he Qom@ensate@ by the
effect of steener slone, mn the incyeaged Wp above lower slevations
would be compenseted hy the effect of legser elope. When th&re had.
been no glops effect contributing to the rainfall intensity, tranaspo-
sition to higher elevations wes ma‘e withoub elevation adjustment
because Increased elevation would he commensated by increased slove.
Transposlition to lower elevabions included afjustment for increased
Wp gince the glope couléd not further decreasze; even aﬁ elevations
sbove sesn level - plateaus or grafually slopingiplaine - the effective
slone might bhe zerc, and transposition to lower elevations would there-

fore require adjustment for increaseé‘wﬁ.

were afopted, but nossible latitudinal elfe:ts were considered sevaralely
for each storm or clage of steorms, Apart from moisture avallebility,
these effects become evident principally in the change in character of
tropical étorms ag they move northward and the decrease of temperature
vontrast across fromts as they move pouthwar, Synoptic experience,

rather than theory, furnished the nrimary grouncs for sach decision,



with avELleBLe Tiles of Horthern Hemisvhere mans and charts of hur-
ricane tracks provid ing mvch ..... he comparative data.

58. Tn the préliminary worx, tranAvocgt¢on limits were deteIW‘n;<
for about %0 of the mogt importantvstorms. When the result:ng aﬁjusteﬁ
precipitation values for the various areasg and durations were nlotted

»in fhe transposed nogifions it became evicent thet 18 of thes e’storms
would yield the coﬁtrolling wvelues. The transrogition limits for these
18 were then reviewed very carefully, since they would. directly deter-
mine the final values vlotted on the. generalized cherte. After fhe‘
limits were fixeﬂ; the adjustgé rrecipitation values were plotted in
enough transnosed vmositions to delineate as completely as wossible the
form of the final charts.

59. Although the transvosition of each storm.was’considered indi-
vidually, the stoxms naturally fell into types. This tendency was more

- noticeable when all the storms use@ in the prelininary work wexe being

considered than in the final, shorter list. The storms in the final,
controlling list will be discussed in some detall,

60. The Trenton, Fla., storm of Oct 17-22, lohl (SA 5—0) was

agsociated with a mild tropical dlotufbance first notlcec in the Carib-
bean on the thh, subsequently moving inﬁo.the eastern Gulf and then
recurving into the Florida Peninsula near Cedar Keys on the 19th.
After moving very slowly northeastward, it became practically ctationary
near the east coast of Florida during the 20th and 2ist. By the 22¢
it had Draﬂtloally'loct its identity as a Trop 1L&l dieturbance.

61. There is abundant obe 9T”8@LOPal eviience oemonstrating that

tronical storms can move inland anywhere along the Gulf Coast end along



3k

the Atlantic Coast northward to Ca@e Cod.>?Sluggish:g0vément, though
more characteristic of low than of middle latitudes, is not unknowm
farther north. TFor example,'ahtropical storm; ndt of hurricane force,
remained in the vicinity of Cape Hatteras %or several days in July 1901.
No such case has beén observed farther north. As in mbst other tropical
stomms considered, it was gpparent that convergence or 1ift at the
coactline had an imporxtant effect on the location and magnituéé of

the heavy rain invthe Trenton storm. Thus, transposition was limited
to the coastal area from Brownsville to Cane Hatteras, no farther in-
land than the actual occurrence of the cbserved storm, No elevation

ad justments weré necessary.

62. The Altapass, N.C., storm of July 13-17, 1916 (SA 2-9) resulted

from a hurricane moving inlan¢ on the South Carolina coast on the 13th
and 1bth. Theré was heavy rain along the coast but the center of heavi-
est rainfell was in North Carolina at an elevation between 2000 and 3060
feet, near the crest of ﬁhe Appalachians. BSince hurricanes can move
inland anywhere along the Atlantic Coast and since the hea&iestvréin
was so intimately associated with slope and eltitude, the st§rm.was
transposed along the easterﬁ slopesrof the Anpalachians between lati-
tudes 34 ane 40, without change of elev&tién.i Thesé narrow limits
defined. a region of not only the geme elevation but of approximately
the seme slove, and thus held approximately cénSﬁant the cfographic
intensification of reinfall in the original storm.

63. The Thrall, Tex., storm of Sevt. 8-10, 1921 (GM 4-12) is one

of the greatest storms of record. All but three of the maximum observed

U.S. values for the areas and durations assigned occurred in this ghorm.
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'The mechanism nm&ucmg ‘che ezceptionally heavy rain anpeared to "be
oonvergence caused by a change from anticyclonic (wl’ch higher than
geostrophzc v_elooi’cies) to straight flow. A tvropical, storm moving
inland over Tammvo s Mexico g provuieé. molsture supply in great &epth,
‘whlle snother tromcal stom mov:.ng west —northwesbward i’rcm the
vicinity of Barbedos served to warp the isobars \Qf the wedge between
~ the Lows into the shape of extreme effeqtiveness for the convergence
procesa. Becaﬁse such a patﬁsem, particularly‘ since it‘ includ.es a
warn ant:.cyclonwc ‘wedge, belongs to Gulf State latitudes , all the
Gulf Qta’ses were included in the area of transnosition. ‘I‘he westem
l:unlt wa.s the 3000 ﬁ; contour and the eastem 1imit the Atlam:lc _
Coast, mcluo.lp‘g the F}omd@ I"en‘mgula..

6h. There wes no elevation ac?.,justment » for reasons which h&we )
'been given nrsv:musly Partlcularly in Texas s -the omission of the
fmechanical ad.jus‘tment seems es*oecially Justified. In this region
wmany rainfall values smilar m ms.gnitude to the ’I’hrall values h&ve
occurred at much higher elevatlons, as in the Kerrville ané Qnyaer
stoyrma, to e élscussed later

65. The Bven, N. J s storm of Aug 31~Sept 1, 1940 (NA 2- u),

Aalthoug}l considerably removed geogranhs.cally from the Thrall s’tom,
has many gimilar characteristics. Both storms were associated with
tronical ‘(?'L:'L.<.=1.mx*‘bancr—353‘,f ‘out the heavy rein was no‘f: caused &irectly
by ths vassage of & fnrppical LQW. The trogical sﬁ:om supp;ying the
moigture for the‘ Ewan storm was }.qcé‘ceq .o_ff ihe Yirginia, coast.
There was also present, though to a less mar}:ed degree than in the ‘

Thrall stom, a change in isobaric curvature indacating convergenca.
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However, in this case the change in curvature occurred in a portion of
'the pressure field between the ﬁropical sto:mi and a High to the north-
northeastward ;& no éecond tropical storm was involved.

66, The storm was transposed northward along the coast to Capek
Cod and southward to central South Carclina, The modifying effect of
the relatively cold waters north of Cape Cod fixed the northern limit,
The southern 1limit was in part due to the observed change in character
of tropical storms moving from low to middle latitudes, in part due to
the fact that the Fwan storm was no longer controlling souﬁil of that
limit. Becamse of the sborm's actual location and the fact that the
préssure pattern, particularly the emall enticyclonic wedge through
which there was a flow of #ropical air, 1s characteristically coastal,
the east-west transposition limits were the coast and the 500-ft con-

tour. No elevation adjustments were used.

67. The earlj rain in the Hearne, Tex., storm.of June 27-July 1,

1899 (GM 3-Lb) was associated with a decadent tropical storm which moved

inland between Corpus Christi and Galveston, The remains of the Low
later became part of a quasi-stationary frontal ‘broﬁgh oxtending west~
southwestward from a Low which had moved across the Great Lakes to the
Atlantic, As in many major Texas storms, an ill-diai‘inéd Low persigted
in northern Mexico‘. |

68. Two factors, not altogether independent, served to restrict
the transpo.si’cion of this storm. The Mexican Low appearstoVbe an
eggential part of‘ tﬁe gtorm. Also, there :I.é a tendency, apparently
associat‘ecl with this Mexicé;n Low, for trailing cold fromts to develop

heavy-—ra}.n-pi*oducing waves or cyclonic syshems in the region., Trans-

position wae therefore coni‘ihed approximately within the boundaries of
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Texasg, - éxclﬁé,ing'the Panhandle. The western limit wae plade& at»;ﬁhe’
3000-f% contiour.  No elevation adjustments were mede.

69 The Manahawien, . J., sborm of Aug. 19, 1939 (VA 2- 3) ves

also 2 decadent troplcal storm. The Low passéé inland over extréﬁe o
nortivestern Floride on Auguet 12-13. - Afber remaining practically
stationary over Alsbams ugtil the 17th, 1t began to move slowly north-
eacatwarr? atten&ed by heavy raing, By'the’fime ' £ the f}ieavy raixﬁ in
New Jersey on the l%h, the cyclonic ciroulatmn was qui‘be wesk. “Two
days later, when practically no indication of the Low remal ned, a’
severe local atom sccurred at Pa’?cwin, Ma“ne 3 a?*pa rentlv ag & result
"of ’che moisture brouuh: in ‘by the same trm‘)m 1 stornm,

| 70. Since the storm wES &ccom*o@nieﬂ by he“*l*y rain along nost of
its path and since heavy raina'cauf.-:er‘ by tropical storme have been
o’bsarveé as much as aever@l hundred miles ml««.m, the area of trPns«
position was :f‘mm Cape Cod to the Florida Keye and westward te the
Alabama-ceorgla border or the 1000-Ft contour. Desnite the occurrence
of the Ba}.éwm stom, Maine was excluded from the sres of ﬁ?ans:;ﬁdséﬁ ‘
bility of the Manahawken center because more than & moisture change
was eviéen‘bly %rwo? vef‘ . No elevaé:ion ac? Jus,tments were usec .

it bonbe

'I‘e:x y stom of June SO-July 2, 1932 (@1 5-1) or the Snyder, Tex., storm

of July 10-20, 1939. 'In both etorms the moisture was supplied by sus-

'talnef’ flow &rovnr‘* the westwarﬁ e,,;bensi ‘n of the Bemuf‘a ‘High. The
movemen‘b 3 iqto the ayrea of mterest y of ‘& cold front trailzng south-
vwestwaro f‘rom a Low in the Great Lakes region bmugh* gbout a chaonge

in isobarlc curvature from 8nticyc}.onio to cyclenic , with the resulting
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marked convergence respansible for ‘the heavy rain, The Snyder storm’
occurred the farthest northyéeét of all the known Texas "cloudburst™
storms. In both s‘s?:ms thé iérographic. influence was so marked that
transposition wé.e conf;i:ﬁa& %o the area between the lOOQ-f‘b and 3000-ft
contours running th;a lengbth of Texas from the Mexican 'borﬁer to the

' Panhandle border. There were no elevation adjustments,

72. The storm of May. 30-31, 1935, in eastern Colorado (MR 3-284)
occurred in ‘wave action along a quasi-stationary front. In -“biiis éaSe N
also, a Low had moved eastward north of the Great Lakes to the Atlantic,
with a cold front trailing west-southwestward, but by the time of the
heavy rain the ‘norbhem Low had become en indistinct portion of the
Icelandic Low; Both frontal and orographic effects were important in
the pi‘oduét ion of the heevy rain., The mgion extendiﬁg approximaetely
300 miles north and south of the storm location was accepted as the
reglon in which a front of similar contrast could be expected in a
gimilay sjnopﬁic situation. The transposition area extended westward
to the Continentel Divide and eastward to theQOOO—:f‘t contg‘ur, with
no elevation adjustments, '

T3 Tﬁs\ diécussion of this storm would not be complete without
mention of fhe D'Hanis, Tex., storm (GM 5-2(5) which occurred in‘the
early moxﬁing of May 31. Occurring within the same stregm of tropical
air supoplying moisture to the eaeteﬁ Célorado storm, the D,’Hanisﬂ '
storm w'asyrone of the most intense small-area, short -c\lﬁra‘cidiirstomé
of record Arin the United States, Had the present project included a
3-hour c“iuz;ation, the D'Hanis storm would have controlled the values

over 1ts ares ofv‘bransposi‘bion, but its short duration allows it to
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be overshadoweé. when durat‘ions of six hours or longer are conmdered.
It tgof p&rbicular in‘cerest that, despite the mch higher elava*tion
of the eastern Colorado storm, its 6~hou‘r valuee aome‘bim@s exceed and
are never si’g’xificanﬁly‘ less than the corresponding velues of the

D'Hanis storm.

!?h.'The storms centered at Stanton, Nebr., June 10-13, 19l

(MR 6-15), at Eayward, Wis., Auguet 28-31, 1041 (UMV 1-22), at

Coover, Mich., Aug. 31-Sept. 1, 191k (GL 2-16), and =t Beaulieu,

‘Minn., end Tromwood, Mich., July 18-23, 1909 (WY 1-11A and B),

‘can be ébz;aidereﬁ B¢ a group. ‘They:all 'belgng A\’co' the class of WaVe -
type cyclcnes ‘occﬁrring'in the northern portion of the country between
the Rockies and tlie Lower Lakes ‘region, a clags of frequent and wide-
spread Gccurrence, .Some southern limit. of tranepoéiticn was necessary
~ ‘because of the sppreciable soutlward decrease of air-mass contrast in
the 'éeagon'Of occurrence of these storms. This limit vas set roughly
at the southern borders of Kansas and Missouri, Xastwerd and wesiward,
the transposition extended to the foothills of the Appalac."nian‘s and
the Rockies ’ 'réSpect tvely, with no elevation adjustments, In practice
the exﬁ‘remé eastern limits were not used because other storms coﬁtmlled
the values immediatelv west of the ﬁpmlachians.

75, The ‘%pringbrook, Mont., storm of June. 17 o1, 1991 (MR i;»Ql)

is represertative of many ‘eastern Montana \stoms in which trcploal
ai"r*vmiergoes cyclonic '“buming sround. & I;éw . Since tcpography also
'playea. an important role in this. s’com, tmnspositmn was confineci to
the esat slopes of the Rockles, between. the Cont:inental Diva&e end the
2000~F% con‘hour s and f:mm the Color&&o»«'iffyomlng bor&er nmrthward.; No

elevation adjustments were used.
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76. The Cheyenne, Okla., storm of April 2-h, ,':93&;('5:4 2-11)

accompanied wave 'a,ctionaibng,a ;Quasi,,Qstéfi‘ibnafy’fronﬁ': The storm
tyve hes widespread occurrence but the or;oﬁg‘raphic effects involved
in this storm confined transposition to elevations between 1000 and
3000 feet, without elevation adjustment. Northward it was trensposed
to the southern limits of the Springbrock storm transposition.and
southward to about latitude 30.. . -

7T+ An especlally important storm becauss of its adjusﬁmen'b

potential, occurred at Hallett, Okla., on Sept., 2-6, 1940 (SW 2-18).

Because the dominent feature of this storm was a northeésfbward-ﬂowing
" current of moist air aloft, it was considered transposable over &
large é.rea,~ Longltudinally its limits were about the same as for the
group of northern wave cyclones like the Stanton, Nebr., storm. The
‘Gulf Coast was made the southern limit while the northern limit curved
from the Texas Panhandle to central Indisna, overlapping par‘b of the:
Si;anton ayrea of transposability. The storm occurred at an elevation
of 1000 feet, on a gradue;ilyv‘ gloping plain, No significant slope
effect wag involved, : For these reasons elevation ad.iﬁstmexitsﬁere E
used in transposition to lower but not to higher elevations.

78, The Smethport, Pa., storm of July 17-18, 1942 (OR 9-23) is

a storm of a different type although alsdcha.:adb&tiz&d"by 2 'moisgt
northeastward-flowing current sloft, In storms of this type, one
immediaté ‘cauge of the heavy precipitation iz cyclonic twrning into
a trough aloft in the vicini’ty,o: the Ap;palac‘hians. Another is the
‘westérn slope of the Appalachians, For these reasons transposition

was limited to the west slopes, northward to the Canadian border and



b1

southward to southern Temnessee. Eastern limit was the Appalachian
Divide and western limit the location of the Newcomerstown; Ohicy
storm of Aug. 6-7, 1935 (OR 9-11), which is of the same type. No
eleva,tion'adjustments/ were used. The rather liberal soubhern tra,ns-
vogition is supported by the occurrence of two other intense storms
of the seme type, at ‘Rod.‘bu;'m, Ky., on July 4-5, 1939, and on the Litbtle
Kenawha in West Virginia on Aug. 4-5, 1943 (OR 3-30)., All these storms
belong to the class designated Type V in the Pittsburgh Report.

79. The storms thus far considered have been predominantly werm-
seagon storms. Only the Cheyenne, Okla., storm occurred ‘earlier than
May 30, The last storm to be discussed is definitely e spring storm,

Centered at Elba, Ala., on March 11-16, 1029 (LMY 2-20), it was char-

acterized by exceptionelly strong inflow from the south between a warm
High off the Atlentic Coast and & s}.wly moving” frontel trough in the
Mississippi Valley. Because of the season of occurrence, transposition
was confined to the portions of the Gulf States ﬁth unchstructed flow v
from the Gulf, No elevation ad justments were used. o B
80. In all transpositioné , distance and diéection of maximum
possible dewpoint from adjusted storm center was képt the sene as
the distance and divection of the representative storm d.ew?::pint' from
the unsdjusted center. VAls«::v, as before, a leeway of 15 days from stomn
date was allowed in the selection of the maximum possible dewpoint and
only 12-hour ‘dfawpoiﬁts were used in the 'adjuétmeiﬁ:. A few \add_itional
storms, with heavy rainfail b?.;l'b no controliing values, were plotted ’,on
the charts in their actual and transoosed positions'a;‘s an aid in drew-

ing the final lines. *i‘his procedure was especially necesesary along
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the east: slope of the Rockies where”thefgx&ﬁ;gnt of values is
excevtionally steen.

Limitabions of Procelure

81. The first two sets of prelimingry charts, of maximum observed
rainfell acjusted eand traneposed without limit and of all available
- rainfall values adjusteﬁ without transposition, were meent to serve
a8 guldes to the upper anc lower 1imi§e‘of the generalized values,
For some areas and durations, nevertheless, the vélues ofAthe first
chart would be exceecded if storms of sufficiently high ac justment
potentisl, though wlth lower observed rainfall valuee, were used in
the limited trensvosition for the :if:i.na,l cherts. However, such hlgh
values, in the location of actual~storm;oc;urrence, also became'vigible
on the charts of storme adjusted In §iaceLA The combination of cﬁarts
thus provided a good ectimate of the upper vglues to be considered,
within the limitations of basic theory and data. Likewise, the charts
of storme adjusted in vplace provide the lower values to be considered
at the lccation of each sborm cccurvence. At some of these locations,
the upper and lowver values arevidenxical,,but at many they sre g0 wide
apart that the results of linited transposition mmst seryé as an”ad&i~
tional guide.

82. The transposition vrocedure thus involved the most important
- margin of error. Determinations of areas of trensposabllity, based
largely on Synoptic experience,. are necessarily qualitative. When not
influenced by barriers or coastlinee, the limite have veually beén

-generous., Nevertheless, new storm occurrences may indicate the necessity
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for an expansion of transposition areas, On the other hand, there has
been some transposition into doubtful reglons becaunse of thejﬁjxieeé; “for
some gulde to upper limits of rainfall in a region of :iﬁfiéquéht mejor-
gtorm experience.

83, Other problems, to which no ready solutions were avellabls,
presented themselves during the conelderation of transpositions,
Within the same storm, for instance, are the limits of transposition
the same no matter what the size of area or duration consi’djeré&?‘fw:lth
respect to area the guestlon is probably academic in the present stuly,
because of the small renge of area asgigned, However, there Is no such
assurance with respect to the larger renge of durations assigned. It
seems probable that the ares of trensposition should decreace as’ qura-
tion ﬂivncreases-but there ls no accepteble method for: expressing"smh’a
trend. In the procedure adopbted, the trend has been &isrégardé&yexciept
as indicated by the differences between. adjusted values in adjoining
~ areas of transposition. The effect was to enlarge the transposition.
areas of long-durat S.on ‘rainfall.

84, The all but complete elimination of the elevabion adjustment
in the final'transpositidn procedure acted In the gane Airection; It
served to increase the area of transpogition, when necessary, without
introducing a one-»sizied' ad justment, Ins‘pecifici bagin studies and
vreliminary estimates ’f‘artiier refinement &, depending on the availability
‘of storm date and detalled considerstion of the topography, mwust be
considered. The result would uevally be & decrease in ‘the values .
obtained from the present transpositibn, ‘but occasionally there might

be an increase,
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THE GENERALIZED CHARTS

“Analysis.

I85;~In'the'develcpment:ofﬁthelpreliminary charts and in the
plotting of the transvosed values on the generalized charts, the
paramount alm was to provide for an cbjective snalysis of the final
data. waevef, complete objectivity in the analysis was impoésible.
The final pattern, for examvle, had to be climetologically and -
meteorcloglcally tenable, It did not necessarily have to reproduce
some preconceived pattern, but 1t had to be Justifisble on the basils
of climabtological and meteorologlcal theory and experience. At the
very least, it had to be consistent with such theory snd experience.

A pattern or portion of a pattern which was difficult or impossible

to Justify meteorologically or'climatologiCaliy was usually found to

be the reeult of soms aspect of procedure followed with rigid
obJectivity - for instance, drastic reduction in areas of transposa-
bility by specification of narvew restricﬁions of . slope and elevation,
or meéhanical application of the elevatiocn adjustment. In the light
- of the resulte produced, these features of the procédufe had to ﬁe
modified, The critical examination of the results had to be largely
" qualitabive on the basis of experience and accepted theoretical concepts.

86. Even after modification of certain features of the procedures,
the plotted daba could not be inmberpreted literally or mechanically,
Along the linée,limiting the transposition of the six or'93v§n¢poten£i-

ally greatest storms, for instance, there were sharp discontinuities

U -



45
in the vlotted data, Improbeble in nature, these hed to be modified
bjr introduction of en isohyetal gradient based on no definite objective
déta, avolding any oversimplification of patterns and preserving sig- |
nificant vs;rig,tions between regions and within regions.

87. The 1i3mit of anarea of transpos‘i‘cion,bften hed to 'be con-
sldered as a zone instead of a line. Where it limited a very narrow
area, a8 along a coastline and not much farther Inlend than fhe actual
storm occurrence, 1t had to be consldered, strictly, as the limit to
the. ax'eé where only & moisture adjustment was necessary. The storm -
it was often a hurz-icane - might actually move farther Inland but with
its dynamics so changed that moisture adjustment would be Ingufficlent,
At the present stage of hyldromsteorclogy, modificabion for changed
dynamicsﬁcm be magie only by interpolation between the trané@ési’cion
limits of the stoms not so modified. Other reglons, cutside the
. proper transposition limits of the controlling storms, lie between
the Atlantic tidewater area and the easter;n slopes of the Appalachians,
and between the Great Plaing and the eé;stg?n glopes of the Rockies.

In such reglons an accurate delineatlon crnfh the meximum possible pre-
cipitation values wogld probably produce a much more Ilrrogulsr patiern
than the smooth interpolabion of the generalized charts, |

88, The mechenical phese of the analysis was aimed at establishing
contimity agd conaigtency of pattein between charts adlacent in area
or duration. The first chart %o be analyzed was the 500-sg_w3fe-mile,
6-hour chart - the one which,wculd.'have the lowest values of maximum
possible precipitat;on because 1t wae for the larggst argsa and ‘the

shortest duration. The isohyets were drawm for a minimum, yet emooth,
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’émel’opment of the plotted data. Then théloighe&é 5oo-square»~m11é 'ciﬁev,rss‘
were’ analyze@ for each succeeding duration. - There were ﬁwc.}‘main s§éps,
not necessarily in the order mentioned, in {‘Qhef analysis of these suc-
ceeding charts, The Tirst was a smooth envelopment of the plotted
values whereAtheyiéxcee&ed the enveloping values at the corresponding
points on the preceding chart. -TAhe” second was & further smoothin{g of"
the isohyets to preserve consistency of pa‘&t’em, or of variation of
pattern, between each chart and its pred‘ecessor - by follcminé the
pattern of the preceding chart and by avoiding irregul&r disnlacemen‘bs
- of isohyets of equsl value from chart to chart, In effect, there was
a smoothing of the rainfall increments between cherts. At times there
had to 'be; reﬁrcactivef correction of the preceding ‘charts'.

89, After all the 500-square-mile charbts were analyzed, the
analysis of the 200-square-mile charts was begun, first for the 6-hour
duration and then for the succeeding durations, Similar analybical
procedures were followed except that, now, smoothing had to be ‘app‘lied
for areal as well as for :1111?&’{‘,101::@’:lnérel:nen‘{',:3f Tile EOO-squaré-milé »
12-hour chart, for example, had to be consistent not Aoﬁly with the
preceding 200-square-mile, 6-hour chsrt but also with the preced_ing
500-quuare-mile: s 12-hour chart. The 10-square mile charts were
procegsed in the same way.

90. Two checks were made on the results of these m&ly‘tiéal pro-
cedures. In one the progression of the analysis was reversed, th’aﬁ is,
instea& of gtarting with the lowest values of maximum possible pre-
cipi’oation, the chart which would produce the highest values was flrst |

'analyzed. . This was the chaxt for IO—SQnarefmi‘la, \&S-hour rainfall.
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~ (This chart- and several others, although not included among the gen-
eralized charts presented with the report, vere used in the analybical.
development.) The reversed procedure proved to be more’ di:f‘ficult s dut.
did not Indicate any need for revision of the msults of the original
procedure.,

91. Soms mv:!.sions';wa‘re found naéeesary as the result of the sec~
ond check, To ma.}:e this p}isc};c, depth-ares end depth-duration curves
were constructed fox; representative locations throughout the portion
of the Unlted States covered by the qﬁar’ss, using values read or inter-
volated from the charts., The curves were then carefully examined for
smoothness anld.A consgistency at each location, asnd for consistency,
including trend of variation, between locabions..

Limitations in Use of Generalized Charts

92, The flnal charts, developed in the procedures cutlined gbove,
are reproduced in filgures b ﬁoi 15, Inclusive, TFrom them can be taken ;
estimates of maximum possible precipi;cation for the améa ‘and durations
designated and, by Interpolation, for all Intermediate areas and dura-
tions. No special advice on the manner of intemolation ié reé\uire&.
Possible Variat'ibhs" due to type of plotting paver used and type of
curve used to fit the plotted data are generally well within: the margine
of uncertainty of f‘bhetchartea:valu.es . | -

93. An erray of values, taken from the chart to represent »ihe
maximum possible pre'aipﬁ;atibn for. variocue sizes of aves iandvaﬁous
duretions, may or may not be ldentical with a cc‘:r:responding army of
wsluee in a maximum possible storm.  The values have 'been d.erived :t‘rom

all types of: stoma and. no one ‘type ' may produce the maximvm éspthe
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for all durations over an area of specific size nor: the maxmﬁm&ept}is
over all sizes of area for a specific duration,  In this ,‘_cazt‘"bi‘cular' v
study, because of the small range of area, an-array of the latter“type'
1s the more likely to characterize a single storm,

ok, Except as limited by the values read or interpolated from the
charts, there is no implied chronological -sequence of the rainfall
Increments. In the chapter on the hydrologic aspects of thunderstorm -
rainfall In Hy&rometaorologi'cal; Report No. 53 an average relstlon
between the mass curve of point rainfall and*iihe ‘mass. curve of areal
rainfall is indicated, but for hydrologic trial any critical sequence'. -
may be used., Also, there is no implied ischyetal pattern, -Except for
basine of extreme chape , any lsolyebal pa:i;“bem which will produce the:
maximum values should be assumed. The charts do not specify any season
for the occurrence of the maximum ».valuea}w; Most of the values are for
the warm season, but there is some variation in the month of occurrence
which has not been investigated. There-is elso no implication of a .-
specific frequency or probability corresponding to any of, the maximum *
values.

95. All of the isohyets shown are.not of equal relisbility. Areas
where they are least rellable have been. shaded on the charts. Mostly -
these sare mountéinous areas to which any type of transposition, no ;ms‘c--,
ter how madified',; is hazardous., Particularly for _smallabgsins;, in-guch
rugged regions, an%ccur&*be»estim&te: oi‘srmaximmA,possiblejfminf&ll':,W,oul@;
require calculation of the spillover effect, whose importance varies - -
Inversely with the size of the basin. Upwind' minfa.ll and: the funneling

of alr by gorges or steep valleys would: have to:be -evaluated. Another .
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ﬁruLlem,w the renre”entht¢venes of any "mean"‘ﬁarrier for air‘durw
rents of small width or the effectiveness aé‘a bafrier of such lobdl
topog?aphic festures as the Ozarks, which can be surroundel by the
inflow current.

96. In certain re gione, such as upper New England ané upper New
York State, southern Indiana, end the vicinity of Memphis, there ig
the added Aifficulty of ebsence of mejor-stoxrm data. For the pwrmose
of the generalized charbe, these regions have heen covered by trans-
porcition, bubt the someltimss grest difference hebween the valuesz tresns-

se? to the region and the values ad justed in place wzthin the region
makes the Tinally charted values a2t le ast more questionable than if
the difference were small. EHowever, such regions have not been chaded
on the charts unless orogranhic cocmplicstions aleo contrihuted to the
unreliebility of the isohyets.

97. Other regions, though unshaded on the charts, presented speciel
problems to the analyst. The arez influsnced by the Great Lakes, ver-
ticwlarly the State of Michigen, is such & region. The relatively
cool waters of the Lrkes uhdoubtedly evert 2 stabilizing effect umnon
convactive activity in the region during the warm season, an effect
which varies within the warm sesson and with the trajectory of the
inflowing air. Since no quantitative eveluation of thig effect vas

vailable, the lsohyetsl gradient in this region was drawn to be con-
slstent with a6jacent areas.

98, The generalized charts are thus »reliminery versions, subject
to revision as changes in theory, Gata, or procedure warrant. Ecbimates

based on the charts should be considered Tirst apn sximations, to be.
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replaced, when greater reliability is required, by preliminary estimates

and, finally, by major basin studies.



APPENDIX A

Preliminary Dstimstes (PE) and Major Basin Reports (MR)
nrepared by the Hydromeleorological Section

"River

Alabanme
;A;ﬁamaha
vﬁﬁacostia
ikﬁalachicola
| 1/
~"Arkansas
'Bill Williems
‘Black*
‘Black

Cedar

‘Cherry Creek

‘Chippewa

Clinton

Ccéur d*Alene

color&éo

,CQlumbia

Conhecticut

Contocook™
Delaware
‘Bel '

Flk

Location

Ala., Ga., Tenn,
Ga.

Md., D.C..
Fla., Ala , Ca.
Colo., N.Mex.
Ariz.

N.Y.

Wis,

Jowa, Minn,
Colo.

Wis.

Mich,

Idecho

Tex.

Wacgh., Oreg., Idaho,

Montb.

Conn., Masg., Vt.,
N.H.

Vt a)’ N«Hk

N.J., Pa., N.Y.

- 51 -

Area
{sg.mi.)

100-22,400

100-20,000

10-170

100-17,150
500~20,000
5770

199
10-2120
10-75C0
416
10-9010
750

1470

1000-32,000

2000-50, 000

10-10,000

10-200

© 10-h600

200-400

537

Type of Comnletion

Beport o Dat,e
- ‘Mg/&é
e o
PE :"/“1““/*”;6
SRRy
we  h/30
S 10/u5
PR B/
- - o/h6
rr B
MR 1/
PE 9/u6
o7 o

_— 5/&5
P '”'110/55
MR s
PR 546
PR 12/
P ;Q/MS' |
m . 5/k6
pe W6
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. River

. Farm Creek®

Floride Berge

Canal

- Fourche la Fave¥*

. Geuley

Genegantslet

- Creek

~ Genesee*

' Guadalupe
I1llinois¥*
'Jé.mes*
Lackawaxen*
Lehigh

Los Angeles
area

Memarcneck¥
Menominee*
Meramec

Merrimack

~ Mill Creek

e/
Migsouri
3/

- Migssouri

Musgkingum
Natchaug

Avpendix A (cont.)

Location '

I11.

Fla.

Ark,
W.Va,

N.Y.

N.Y.
Tex.
1.
Va,
Pa,
Pa.

Calif.

N.Y.

Wis., Mich.

Mo.A . ;

Masé., N.H,

Ohio

N.Dak., Mont., Wyo,

Nﬁbr.’ NtD&ko’

S.Dak., Mont., Wyo. -

Ohic-

“Conn.

Ares

(squmi.)

540
10-10,000
680

T9L

93

1050

1490
200-20,000
322-5745
10-1000
288

1-10,000

23 .1
100-5000

754-1505

10-10,000

15k
2000-50, 000

2000-50,000

10-8000

159

Typve of Completion

Report
PE

PE

PE
PE

PE

MR .

PE
PE
PE
PE
MR
MR

MR

Date
11/45
10/43

8/39
L6

8/46

8/45
3/46
1@/&3

- 2/uk

8/uk
b fur
12/45

55

1074k
3/45
6/16
5/38
11/45

©6fu6

10/46

11/4k
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Appenciz A (cont.)

River Location Area Tyoe of Completion

(sq.mi.) Report Date
Nechos Tox. o 31537585 PR 9/
North Concho  Tex. | 10-1511 PE 1/46
Oh::.o"%‘/ Pa., W.Va., M&,, N.Y. 500-19,117 MR - 6/u
Ompompancosucg/ Ve, 100-1000 MR 3/40
Ouachita and Ark., Tex. 10-3400 PE 10/h6
Ped .
Senams Canalg/ C.Z. | 37-1322 MR 11/ke
Passaic N J. 32-1000 PE /6
Petuxent Ma, 36 o 1/5k
PécangBayou Tex. | 10.154%L0 o1 jl/%év
Y o
Pecos W.Mex., Tex 10-18,007 MR 6/ uk
Pemigewasset,  N.H, 15-1021 ry 1/h6
Soucorlk, and :
Suncook
Ponolopen Brook* N.Y. 12.6 g 3/05
Pobemac and ME., Va., W.Va., Pa. 215-11,580 MR T3
‘Rapnahennock A ' :
Rexitan - WL o 468 PR s
Redi/  Tex., Okla., NW.Mex. 328,400 MR 10/39
Republicant Nebr. | 15,000  ° PE - A4/k3
Roanoke  va, | | 7,800 PE B/u5
Ruselan o Calif. - 88-105 PR ‘1/&7:
o/ : ’
s.acmazemo’/"/ Calif, 772-25,200 - MR 5/i2
Saginaw -~ Mich. ' 6,000 - . PE T[40

8t. Croix Wie , Minn. 10-4130 T 5/h6
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‘River

St. Francis
Salt and Culvre
Savannah

Skagit and
Nooksack

Emith*

Scuth Platte
Susquehanna
Thames

Tonbighee

11/

Upper Suaque-
hanna

12/

Uprer Susque-
' hanna

Upper Trinity
Verdigris
West

13/
White
White i
1/
Willamette
Winoogki¥*
Wisconein

15/
Wolf Creek

Appendix & {(cont.)

Location

Mo.
Mo., Iowa
Ga., S.Car.

Wash,

Va.

Colo.

Pa,

Cormn.

Ala,, Miss,

N.Y.
N.Y

Tex.
Rans,
Vt.
Wash. .
Mo.
Oreg.
Ve,

Wis , Mich.

. Okla.

Worth-Centyral Ohio

Aresa
(sq.mi.)

1310
10-3000
61k

100-5000

212
10-1000
963

10-~-200

108-164
57
10-2000
500-1160
100

L00

LO00
10Lk-265
39-109
10-11,700

1650

50-500

Typre of Completion

Report

MR

PE

PE

PE

Date
7/38
1é/k6
7/45
7/46
4 /46
5[k
L /a7
12/hh
10/45
11 /45

8/46

1/46
5/46
1/44
7/39
11 /b
7/39
9/45
9/h6
3/38
1/&5



Avpendix A (cont.)

Notes: ¥ Prepareé by Corns of Engineers, War
Department; reviewed by Hyfrometeoro-
logical Section.

1 "Caddra Report"; Suprlement, 5/30

2 '"Garrison Renort"

2 "Oahe-Ft. Rendall Remort"

4 Hydrometeorclogical Feport No. 2
Hydrometeorological Report No. 1

5
6 Hytrometeorological Rencrt No.

N
7 Unoublighed

3  "Denison Repnyt”

9 Hydrometeorclogical Revort No. 3
10 Reystown Branch

11 Ahove West Cneonta and Davenport
Center Dams

12  Above Zouth Plymecuth Reservolr
1?3 "Mud Mountein Report”

14 Above Cottage CGrove, DNorens
and Fern Ridge Dam sites

15 "Fort Sunply Fep-rt 1



1.89%
1698

1899
1900
1900
1900

1501
1901

ATPENDIX B

Storms Processed

Date , Aggignment No.*
‘ ‘ (or center)

July 25-Aug. 3 ~ OR k-1
Sept, 10-13 OR 9-19
June 13-18 CIMV k-27
July 27-31 SA 3.1
May 30-June 1 ' - SA 1-1
July 2k-25 ' MV 1-1
May 17-22 . NA 1-k
May 29 June 1 - MR 6-1k
Sent. 18-20 : SA 1-13
Sept. 27-30 "SA 1-19
July 18-22 S MY L-2
July 25-27 GL 45
July 26-29 : ‘ NA 1-7
‘May 2-6 oW 1-2
June 2-6 wyv 1-3
Aug. 35 | SA 1-h
Sept, 21-23 ' SA 2-3
Sent. 20-0ct, 1 MV 1-3
Sept. 28-0ct. 1 0 IMY 1-3A
Sewt. 2G-Cct. 1 - 1MV 1-3B
June 27-July 1 @M 3h
Apr. 15-18 CIMY 245
Oct. 27-30 UMV 1-TA
Oct  30-Nov. 1 MV 1-7B
July 1-6 WV 1-5
Sept. 16-19 SA 2-5

#
Tyve of
Data
2

a

(o Re B o

o o

e o

OO Ee Do

e

o

¥ Tocation of center given for storms lacking assignment number.

# t ft
w a

= approvec Part II data:

p = prel

iminery data.



Yesar

1902
1902

1963
1203
1203
1902
1203
1003

190k
100k
190k

1905
1905
1205
1905
1905
1905
1205
1205

1206
1906
1904
1006

1907
1907

1008
1008

1908

1908
1905
1008

1508

1009
1909
1209

Lpvendix B (cont,

May 21-26
June 6-0
Aug, 2k
Nov, 17-21

May 28-31
July 13-15

Mey 22-25
June 4-10
June b-1C

July 26-Aug. 2

Aug, 23-238
oct. 19-2k

Oct, 10-gh

bMay 20-June 4

June 2-5
June 2-5

Agsigmment No. Type of
(or center) ta
GL 1-7 a
SA 1-5 a
GL 4-5 n
SA 1.6 )

R 1-10 a
GL 1-Q a
oW 1ok )
GL L-o a
WA 1.9 a
oW o1-0 a
B 211 a
&L 2-12 a
WV 2-5 a
Sy 1.7 a
SWo1-7A a
U O1-TB a
GM 3-13 a
UMY 2-1& a
My 2-5 a
A h-o 2
MR 5-13 a
A 1-20 1
MY 1-k e
LMY 3-13 D
MR 123 a

8y 1-10 D
MR 1-24 (Zone A) a

MR 1-2% (Zones C, a

D, E) '

1MV 3-1k &

Sp 2-6 a

W 1-11 (Zones 2, a

B, C, D, E,

, F, L)

CEW 1-11 (Zomes G, a

B, I, d, X)

TMV 2-10
GL 1-11A
GL 1-11B
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Year

1909
1909
1909
1909
1909

1910

191z
1912

1913

1913
1913

191k
191k
191k

1915
1915
1915
1915
1915
1915

1916
1216
1916
1916
1916

1917

19150
1918
1918

1919
1919
1919
1919
1919
1919
1919

Apvendix B (c@nﬁ.j

C Date

July 4-7
July 18-23
July 18 23
Sept. 19-22
Nov. 10-16

oct. 3-6

May 19-29
July 19-2k

June 6-12
July 12-15
Aug S5-10

May 10-12

Aug., 31l-Sepbt. 1

Oct. 13-16

May 2%-29
Aug, 1-3
fug 16-21
Aug, 21-22
Sept. 6-9
Sept. 11-16

June 2-5

duly 5-10
July 13-17
July 13-19
July 13-17

July 21-23

May 22-23
Oct. 24-27
Nov. 6-8

July 18-23
Avg. 13-1k
Sept. 1h4-15
Sept. 15-17
Sept. 16-19
Oct. 25-28
Cct. 3C-Nov.

1

Agsignment No.
(or center)

™V 2-8
UMV 1-11A
UMV 1-11B
IMV 3-16
ME 1-29

oR 4-8

GL 3-1
& 2-29

8 1-1h
CR 3-7
GL 3-2

aL 2-15

GL 2-16
SA 2.8

MR 2-7
sp 415
IMV 1-10
SA 1-7
MR 2-11
WV 1-15

6L 1-16
M 1-19
SA 2-9

SA 2-0A
WMV 1-16

GL 2-30

Wy 3-5

SA 2-10

Me 2-18

NA 1-11
NA 1-12
Q4 5-15A
M 5-158
MR 2-23

IMY 1-13A

IMY 1-13B

Tyne of
Data

LR G

4

o o )

o

S C G Qoo PpE

o

@

W

O A



Appendix B (cont,)

Year Date Assignment No. Type of

(or center) Data
1920 June 15-18 GL 1-18 &
1920 July 16-17 MR 4-18 a
1920 Aug, 18 SA 1-8 a
1921 June 2-6 B 1-23 D
1921 June 17-21 MR 421 a
1921 Sept. &-10 GM 4-12 &
1921 Oct. 29-Nov. 2 OR 3-12 a
1921 Tov, 16-19 oW o1-24 a
1902 June 8-11 L 2-21 a
1922 July 9-12 , MR 2-29 (Zones A, B) s
1922 July 9-12 MR 2-29 (Zones C, D) a
1922 Sept. 1 UMY 3-0B a
1922 Sept, 2-3 UMV 3-9A a
1922 Oct., 9-10 SA 1-9 a
1923 June 6-11 S W 1-25 a
1923 July 27-Aug, 1 A 1-15 a
1923 Sept. 13-19 S 1-26 a
1923 Sepb. 27-0ct, 1 MR h-23 a
1923 Oct, 11-16 CEW 1274 &
1923 © Oct., 11-16 SV 1-278 a
1924 - May 7-12 SA 1-2h a
102k June 2k-29 GL 1-20 8
1924 fug, 3«6 O GL 222 a
1924 Aug. 18-20 UMV 4-11 a
1929k | Sept. 13-17 SA 3-16 (Zomes B, C, &

: D, F, G)
192L Sept. 12-18 SA 3-16 (Zonee A, E, a
o ' H, I)

1024 Oct, h-11 SA h-20 2
1925 May 27-2% GM L-21 a
1925 Aug. 3 SA 1-10 B
1925 Sept, 23-26 W 1-29 a
1926 Aug, 23-26 MV 4-5 8
1526 Aug, 31-Sept. 5 MR 3-3 a
1926 Sept, 2-5 8w 1-30 a
1926 Sept, 8.9 OR L-22 "8,
1026 Sept. 15-19 MR Lok P
1926 Sept. 11-16 sy 2-1 8
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Appendix B (cont.)

Assignment No. Type of

Year Date
(or center) ‘ Date
1927 May 17-19 MV 4.12 a
1927 July 12-15% W o2-5 a
1927 Sept. 20-Oct. 2 MR 3-1k a
1927 Nov. 2-7 NA 1-17 P
1928 - June 1-5 IMV 2-18 a
1928 June 12-17 MV 2-19 a
1928 June 16-20 MR 3-15 P
1928 June 28-30 OR 7-10 a
19298 July 5-8 UMV 1-18 a
1928 July 27-29 GL h-21 a
1926 Aug, 9-13 A 1-25 n
11928 Avg. 13-17 SA 2-13 a
1929 Sept. h-7 SA 2.1 a
1928 Sept 16-19 SA 2-15 a
1928 Nov. 15-17 MR 3-20 a
1929 Mar. 11-16 IMV 2-20 a
1929 May 29-June 3 MR 3-25 a
1929 Aug, 1-2 MV 2-17 a
1929 Sept. 23-28 SA 2-20 a
1929 Sept. 29-0ct. 3 SA 3-23 a
1930 May 15-19 MV 2-24 a
1930 June 12-15 v 2-1h4 a
1830 Oct. ©-12 W 2-6 a .
1930 Oct. 18-20 GL 1-26 a
1931 July 20-25 GL 1-27 a
1932 - June 2-6 W o2-7 a
1932 June 2-6 S 2-TA a
1932 June 30-July 2 M 5-1 T a
1932 Aug. 1-3 ' OR 2-8 D
1932 Auvg, 15-17 W 2-8 a
1932 Sept. 16-17 NA 1-20 D
1932 Oct, L6 NA 1-2% a
1932 Oct, 14-18 SA 5-11B a
“1932 Oct. 15-15 SA 5-11A a
1932 Nov. L-9 SA L-28 D
1933 June 28-29 mv 2-15 a
1933 July 22-27 MV 2-26 a
1933 July 2k SA 1-11 a
1933 Aug. 19-2k A 1-24 D
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Apvendix B (cont.)

Date

 Avr. 2-k

June 12 *16
Sept, 5-9
Hov. 19-21

May 27-June 2
Mey 30-21
Mey 31

June 10-15
June 12-18
June 25-26
July 6-10
Avg, 5-7
Sent. 2-6

-~

Mey 26-30

July 11-16
Aug. 31-8exnt. 3
Sept. G-10
Sept. 6-10
Oct. 156-21

Mey 17-20

May 30-31

June 10-11

June 2%-July 1
July 19-25

Aug, 30-Sepb. b
Sept. 16-21
Sept. 17-23

June 19-20
July k-5
Avug, 19
Aug. 21
Avng. 25

Ang. 6-9
Aug. 10-17
Aug, 31-Bevt., 1
Sept, 2-0

Assignment No,
(or center)

55

a8

FRCNNY

4

GL 3-5
W 2-15A

W 2-158

SA 5-1h

5

UMy

5

£

[N S I
~3

H H H ? :
Mo T ) ON

L

J=ge
O =D

o

O?I
= o
N UL AT AT L

=0

Snyder, Tex.)

~ {(Fodburm, Ky.)

TA 2.3
(Paléwin, Mains)
WV 3-19

1MV b2k
SA 5-19
HA 2-h

g 2-15

¥

7

Type of
Data

el

Mo (B oh

JOJNN s s B B o B A

iy

S RECEE G S A I BN IR GRS RSO o

LIRS I R e

oig &
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Anpendix B {cont,)

Dete

Mey 20-25
Mzy 22
bug. 28-31
fept. 20-23
Cet, 2-7
Cot, 17-22
Oct, 15.22

May 1527
June 23-26
July 2.5
July 7-9
July 17-18
Aug., T-10
Sept. 15-19
Ot . 11-1%

Mey 6-11
Aog, 4-5

Juns 10-13

Aug. 12-16

Asaignment o,

(or center)

M 5-18
UMY 2-19
UMY 1-22
M 5-19
UMY 320

an 5.5
ME 6-2

§W 2-20

m 615

Tyne of
Data

oo

o

@ood

el

W3



DEPTHS OF PRECIPITABLE WATER IN A COLUMN OF
AIR OF GIVEN HEIGHT ABOVE 1000 MILLIBARS

Assuming Saturation with a Pseudo-Adiabatic Lapse
Rate for the Indicated Surface Temperatures

TEMPERATURE .
°F 140 320392464 536 572 608 644 680 718 75.2 788 824 °fF
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PRECIPITABLE WATER (INCHES)
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EFFECTIVE PRECIPITABLE WATER
As A FUNCTION OF DEWPOINT
{Thunderstorm Model)
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DEWPOINT REDUCED PSEUDO-ADIABATICALLY
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Hydrometeorological Réport No. 23

Figure 2






RESIDUAL EFFECTIVE PRECIPITABLE WATER As A

FUNCTION OF ELEVATION AND DEWPOINT
(Thunderstorm Model) "
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GENERALIZED ESTIMATES
MAXIMUM POSSIBLE PREGIPITATION

i0 Squoré Miles — 6 Hours

SCALE
0o ] 00 200 3?0 4?0 5?0 MILES
daiial L i

THIS CHART is based on dato hydrometeorologically analyzed as of
April 1947 Limitations of both data and assumptions are discussed
in detgil in the text, which should be consulted before apphcchon of the
vatues. Areas of least reliability ore shaded.

Fite 47003 Hydrometeorological Report 23

Figure 4







GENERALIZED ESTIMATES
MAX!MUM POSSIBLE PRECIPITATION

IO Squore Miles — 12 Hours

e,

T

SCALE - \ ;
Qo o} 196 200 300 4?0 5?0 MILES e
it A i i i.

THIS CHART is based on data hydrometeorologically analyzed os of
April 1947  Limitotions of both dato and assumptions are discussed
in defail in the text, which should be consulted before application of the
vatues. Areas of least reliability are shaded. ;

File 47003 Hydrometeorological Report 23 Figure 8







GENERALIZED ESTIMATES ,
MAXIMUM POSSIBLE PRECIPITATION

/6 10 Square Miles — 24 Hours

38 SCALE
100 o] 100 200 300 400 500 MILES
L i 1 1 1 1 1

THIS CHART is based on data hydrometeorologically analyzed as of
April 1947 Limitations of both data and assumptions are discussed’
in detail in the fext, which should be consulted before application of the
values. Areas of least reliability are shaded.

Fite 47003 Hydrometeorological Report 23 . Figure 6







' GENERALIZED ESTIMATES
MAXIMUM POSSIBLE PREGIPITATION

SCALE

100 0 100 2?0 300 44?0 5?0 MILES
Lissadadasd, i i

THIS CHART is based on data hydrometeorologically analyzed as of
April 1947. Limitations of both data and assumptions are discussed
in detail in the texl, which should be consulted before applicotion of the
volues. Areos of least reliobility ore shaded.

File 47003 Hydrometeorological Report 23 Fiqm'ef?







GENERALIZED ESTIMATES
" MAXIMUM POSSIBLE PRECIPITATION

200 Square Miles — 12 Hours

N 4
\\’"\\/‘“\ AP ‘

100 ? 100 200 300 4?0 500 MILES
[ z i i ;

n

THIS CHART is based on data hydrometeorologically analyzed as of
April 1947, Limitations of both dota and assumptions are discussed
in detfail in the text, which should be consulted before application of the
values. Areas of least reliability are shoded.

File 47003 . Hydrometeorological Report 23 Figure 8







R GENERALIZED ESTIMATES
S MAXIMUM POSSIBLE PRECIPITATION

SCALE

IO\O ? 106 200 300 4?0 500 MILES
i i i i

THIS CHART is based on dafe hydrometeorologically analyzed as of
April 1947 Limitations of both data and assumptions are discussed
in detail in the text, which should be consulied before application of the
values. Areas of least reliability are shaded.

S File 47003 Hydrometeoroldgical Report 23 . Figure 9







. GENERALIZED ESTIMATES
MAXIMUM POSSIBLE PREGIPITATION

i3

200 Square Miles — 36 Hours

SCALE

00 o 00 200 300 400 500 MILES
FIPITSY P i i. i i

THIS CHART is based on data hydrometeorologically analyzed as of
April‘ 1947 Limitations of both doto and assumptions are discussed
in detail in the text, which should be consulted before application of the
vatues. Areos of least religbility ore shaded.

File 47003 Hydrcme’teoroloygicut Report 23

Figure IO







GENERALIZED ESTIMATES
MAXIMUM POSSIBLE PRECIPITATION

" 500 Square Miles — 6 Hours

. —

e o i T g,

SCALE
100 (3 leds] 2?0 3?0 4?0 5?0 MILES
Laacliias 1

THIS CHART is based on date hydrometecrologically analyzed as of
April 1947 Limitations of both dota and ossumptions are discussed
in detfail in the text, which should be consulted before application of the
values. Areas of least reliability are shoded.

Fite 47003 Hydrometeorological Report 23 Figure I







GENERALIZED ESTIMATES
\ 'MAXIMUM POSSIBLE PREGIPITATION

SCALE \
100 O 100 200 300 400 500 MILES P4
A, i - A A i

THIS CHART is bosed on data hydrometeorologically anclyzed as of
April 1947 Limitotions of both dato and assumptions are discussed
in detail in the text, which should be consulted before application of the
values. Aregs of least religbility ore shaded.

" File 47003 Hydrometeorological 'Report 23 Figure 12
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GENERALIZED ESTIMATES
MAXIMUM POSSIBLE PRECGIPITATION

Y

500 Square Miles — 24 Hours

100 ] 00 200 300 400 500 MILES
adadliadd F i i i

THIS CHART is based on data hydrometeorologically analyzed as of
April 1947 Limitations of both dota ond assumptions are discussed
in detail in the text, which should be consulted before application of the
values, Areas of feost reliability are shoded.

File 47003 Hydrometeorofogical Report 23 Figure 13







 GENERALIZED ESTIMATES
MAXIMUM POSSIBLE PREGIPITATION

.
I SCALE T3z
100 o} 100 200 300 4?0 500 MILES g

THIS CHART is bosed on data hydrometeorologically anclyzed as of
April 1947 Limitotions of both dota and assumptions are discussed
in detail in the text, which should be consulted before application of the
vaolues. Areas of feast reliability are shoded.

File 47003 . Hydrometeorological Report 23 Figure 14







GENERALIZED ESTIMATES
- MAXIMUM POSSIBLE PRECIPITATION )

500 Square Miles — 48 Hours

& SCALE
100 0 100 200 300 400 50Q MILES -
A i, A . A i

THIS CHART is based on dato hydrometeorologically analyzed as of
Aprit 1947 Limitations of both dato and cssumptions are discussed
in detail in the text, which should be consulted before application of the
values. Areas of least reliability are shaded.

File 47003 ~ Hydrometeorologicol RE{)BH 23 Fiéure 15




