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Chapter I

| TNTRODUCTION

Assi nt

The development of a set of gereralized charts indicating the
gseasoral variation of the probable meximm nrecipitatlon was under-
- taken in accordance with a memorandum from the Corps of FPngineers
dated March 1953 - Tt was regquested that these charts be based on
the results of Hydrometeorological Report No. 23, "Generalized
Estimates of Maximum Possible Pr901p1tatzon,“ subject to such
changes as are warranted a2t this time. e

Berewith are precented an all-season envelope and monthly maps
of probable maximum precipitation for 200 square miles for a duration
of 24 hours. For each of these maps is provided a depth-duration-

- area relatlon which gives a method of obtaining the probable maximum
precxpitatlon for any area from 10 to 1000 square miles and for du=-
rat%ons of 6, 12, 2Lk, and 48 hours. : S

Deflnitlon

The probable maximum precipitation represents the critical
depth~duration-area rainfall relations for a particular area during
various seasong of the year that would result if conditions during
an actual storm in the region were increased to represent the most
critical metecrological conditions that are congsidered probable of
ocecurrence. The critical metecorclogical conditions sre based on an
analysis of air-mass properties (effective precipitable water, depth
of inflow layer, temperastures, winds, etc.), synoptic situations pre-
valiling during the recorded storms in the region, topographical
features, season of occurrence, and location of the respective areas
involved., The rainfall values thus derived are designated as the
probable maximum precipitation since they are determined within the
limitationg of current metecrological theory and available data and
are bagsed on the most effective combination of factors controlling
precipitation intengity. The term "maximum possible precipitation”
ugsed in previous reports ig synonymous with "probable maximum
precipitation”, however, it is believed the term "probable maximum
precipitation” is a more descriptive one.

Importance of the seasonal variation

The seasonal variation of probable meximum precipitation values
beccmes an important metecrological consideration in two main problems
of ergineering design: first, in situatlons where me jor floods may

388072



occur in conjunction with snowmell, and second the design and
operation of muliti-purpose structures. - Although much greater
precipitation may occur over areag of 10 to 1000 square mileg in

the summer sgeason, high infiltration rates, sevavoration, and

storage capacity may greatly reduce the potential threat of -flcod-
ing. A somevwhat lesser storm than the annual probable meximm must
be investigeted for flcod potential when combined with a snow pack of
high water equivalent and high melting temperatures. Similarlry, in
the case of multi-purpose structures, seasonal coperation may reduce
the regervoir to a safe level during the time of the probable maximum
precipitation, whereas storage requirements for future use, at a time
of year other than that during which the probable maximum ie likely to
occur, may present 2 problem more serious In consldering the degign
and operation of the structure.
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Chapter II
BASIC THEORY -

Theoretical computations

Basic to the theoretical computation of the probable reximum
precipitation ig the asgumption that the probable maximum precipi-
tation can be computed from the optimum combination of moisture
charge and convergence of the wind. The moisture charge is the
moisture content of a saturated air mass with pseuvdoadiasbatic
lapse rate and is a unique function of the dewpoint. The dewpoint
uged is one which has been reduced pseudoadiabatically to the
1000-mb level in order that dewpoints for staticns at differing
elevations may be comparsble. It is possible, then, to define the
moisture charge in terms of precipitable water between the 100C-mb
level and various higher levels for given 1C00-mb dewpoints.

To estimate the convergence of the wind, it 1s necessary to
congider the speed and direction of both inflow and outflow winds
at various levels through the storm area. Congidered as a whole,
the flow pattern constitutes a storm model through which the mois-
ture iz procesged, and in computing probable raximm precipitation
the mogt efficient model should be selected. Illustrations of
models and the corresponding moisture storage equations may be
found in Hydrometeorological Report No. 24 on the San Joacnin, In
these models the molsture is expressed as a function of the 1C0C-mb
dewpoint and equals the depth of rainfall deposited by each columm
of air of unit cross section. The deposzted rainfall is termed the
effective precipitable water, Wg.-

The present study uses an 1ndirect approach to the meximum
combination of values which depends on two assurmtions: (1) that
rainfall can be expressed as the product of inflow moisture charge
and the combined effect of storm efficiency and inflow wind; and
(2) that the most effective combination.of storm efficiency and
inflow wind has occurred or has been closely approached in mejor
stormg of record. The latter assurmption makes storm transposition
2 necesgsary tool. oo A

Movement of major storms from one location to another, thereby
extrapolating the number of storms that have actually occurred, is
congidered possible because the location of a mejor storm involve
ing no significant orographic control is fortuitous within certain
geographic limits. These limite define the area of transposition.
Determination of the limits of such areas of transposition. is
largely a problem of synoptic meteorology. The areas are defined



as aress of meteorologicel homogeneity, in which every point therein
could experience = gtorm event with the same storm mechanism and
total inflow wind movement, but not necegsarily with the same mois-
ture charge or the seme frequency. Thus, within the area of trans-

osition of & mejior storm, the varistion of a maximum storm of the
same type will be provortional to the variation of the mximum
aveilable moisture charge. Furthermpre, i one transposable storm
has cortained the most effective combination of storm mechanism and
inflow wind, the result of adjustment to the meximum moisture con-
tert will be the prcbable meximum storm.

Belore the storm cen be adlusted for changed moisture charge,
torm mechanism or model rust be vostulated, since the edjustment
a function of the model. Various mpdels of a convective type
crm cell have been vostulsted for use in adjusting to a changed
moligture charge. The models vary as to the depth of inflow and out-
Tlow layers. A more detailed description of these models is con-
tained in Hydrcmetecrologlcal Report No. 23. A sgalient fact in
cotmaring the models is that, although the Wy for a certaln dewpoint
varles with the cell model, the ratlo of Wy values for two certain
devwuolints ls sbout the same no matler what the cell model may De.
Each ratio is epproximtely equal to the ratio of the W, values
for the two dewpcints involved, Wy being the precipitable water
accurmlated from 1000 mb to the cell-top pressure for the particular
dewpolint.
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Moigture adjustment

Since the Wy ratlios are more closely related to the ratiocs of
the W, than to anr other constant parameter of the cell models; the
W, ra io has beer emploved as the moisture-adjustment factor. These
ritlos ore used with the W_ at 78°F as the base. The validity of
the vee of thie moisture afjustment for extrapolation to upper limits
of rainfall depends upon the validity of the assumption that a suffi-
clently large sempling of major storme is available to provide an
cptimumm or near-optimum couwbination of inflow wind movement and storm
‘mechanism. Actuwally, this sampling for a particular location must be
increased by storm transposition, as previously explained.

t to be applied to cobserved storm rainfall where
to higher elevations requires consideration of the
of the moisture charge of the alr columm and the
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mb rust be conglidered. The zgsumption basic to this further
computation iz that occurrence 2t a higher level has a deplet-
inz effect., The higher the level at which the storm occurs the
lese the total W that can be processed and therefore the less
rainfall., While this ie fundementally true ac stated, other
significant factors are involved., In regions of upclope topo-
graphy there are crographic intensifying effects which may
overbzlance the W, depletion effect. Moreover, in regions of
very abrupt slope, the precipitation produced in a cell based
at a low elevation may be transvorted sc as to fall at a higher
adjoining elevation. 1In the development of the rresent charts,
these modifying effects have usually been treated in one of two
ways. . In scme transpositlions made Iin prevaration of this report
the intensifving effect has been assumed to cancel the depleting
effect. In others, the transposition has been restricted to
regiong of similar topographic characteristics.,
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Chapter IIT

BASIC DATA

Four types of basic data are required for application of the
moisture adjustment derived theoreticelly in the previcus section.
These are: obssrved storm-rainfall data, observed representative
dewpoints in these storms, maximm pessible dewpoints throughout
the United States east of the 105th meridian, and a surface contour
mep. The nature and sources of these data will be discussed in
this chapter.

Storm rainfall - part II (DDA data)

The seagonal enveloping isohyets on figure 1 are based on more
storms than the comparable map in Report No, 23; however, because
the geasonal varistion requires storm data distributed over 12 months,
the number of storms availlable for consideration in a particular
month is considerably less than the number determining the all-geason
envelope. Although only a comparatively small number of storms fur-
nished the controlling values, all the storm studies available to
date were processed to preclude overgight of any significant value.
Depth-~duration-area values, location of storm center, and isohyetal
pattern were taken directly from the approved pertinent data sheet
and the ischyetal map pertaining to the individual storm studies.
Where tnere was no approved date, preliminary datas were used when
considered reliable. The most important storms with part II data,
processed in the development of the generalized charts, are listed
in appendix A.

Other gstorm data

Another itype of storm data used as an aid in devermining the
gseasonal trends consisted of weekly precipitation values averaged
over the climatological divisions of the United States. These
averages were complled under the direction of W. F. McDonald of the
U. &, Weather Bureau for the years 1906 to 1935 inclusive. A sea-
sonal chart of the 30-year average weekly precipitation value for
a particular climatological division was used as an index to the
geascnal trends of the maximum probable precipitation for the larger
areas and longer durations within that division., Other wvalues, such
28 the highest weekly values for the 30 years, were 2180 plotted in
like manner.

Use was also made of 2h-hour maximum observed trecipitation at
Weather Bureau stations having over 10 vears of record, Trends in
these values would be indicative of the trends in maximum probable
precipitation for small areas,



The two types of data described above vwere used primesrily as
supporting evidence when there was not sufficient part II data to
define the seagonal trends. These data also substantiated singu-
larities in the seasonal trends as indicated by the usual part IT
data.

Repregentative storm dewpoints

Maximm obgserved dewpoint data are utillized in adjusting the
gstorme to maximm values. For molsture adjustment, the observed
storm-rainfall depths are multiplied by the ratio of maximum to
observed moigture charge. On the basis of the theoretical and em-
pirical congiderations presented in the previous chapter; the
obgerved moisture charge is determined from the 1000-mb dewpoint
repregentative of the molsture flowing into the rain area of the
storm. The chronological sequence of these dewpointe and the
corregponding dewpoint-duration relations were determined for each
of the storms processed., Ideally, easch dewpoint sequence within
the storm should be related to a corresponding rainfall period,
appropriately lagged. In practice, however, this is rarely found
to be feasible, especially in a project of the scope of these
chartg. Use of the 12-hour adjustment was deemed sufficiently
accurate. The 12-hour pericd of maximum rainfall is closely &s-
sociated with the 12-hour period of maximum dewpoints, but adjust-
ment for other durations differs only slightly. Furthermore, the
major portion of the total~gtorm rainfell falls within a 12-hour
period.

The representative storm dewpoints were determined by going
upstream along the air trajectories from the rain area to & region
with available observed dewpoints In the warm air. In each gstorm
the rain ares wag defined as being bounded by the 1l- or 2-inch
isohyet of the total storm, and the area was then outlined on succes-
give l12-hour gynoptic maps for the storm period. When no front
separated the rain asres from the surface observations representsa-
tive of the air mass involved in the rain process, the repregsenta-~
tive dewpoints were selected at stations along this trajectory
as close ag possible to the edge of the rain area. 1In the
pregsence of a separating front, dewpoints were selected from the
warm sector; as near as posslible to the front. Rapid movement
of the front in some of the storms made gelection of long-du-
‘ration dewpoints difficult, but the decision to use 12-hour dew-
points in a storm adjugstment eliminsted most of such difficulties.

& group of stations whose geographical center fell on the
inflow trajectory was generally found preferable to a single sta-
tion for determining the representative storm dewpoints. A



station was rarely so located that its dewpcint was uniguely repre-
gentative of the storm moisture charge. TFurthermore, becauss of
occasional lack of representativeness of surface data, it was
generzlly found prefersble to make use of a group of stations. The
center of the group of stailions was the point for which the meximm
dewpoint was later determined in order to adjust the rainfall for
occurrence at its originzl location.

The dewpoints used in the study were cobtained from the origl-
nal station records for all observation times within the storm
period. The minimum temperatures occurring during the period were
zleo obtained, since the dewpolint persisting for any periocd cammot
exceed the minimm temperature observed during the same pericd. The
devwnointe and minimm temperatures for the group of selected sia~
tions vere pseudoadiabatically reduced to 1000 mbs {station elevation
aggumed to be in a pseudoadiabatic, saturated atmogphere with sea
level at 1000 mbs)} and reduced values of each were then averaged for
each obgservation time. The mean thus obtained was considsred to be
the revresentative dewpceint at observation tims for the geographical
center of the station group. Both in the chronological segusnce of
these means and in the derived dewpoint-duration array the repre-
sentative dewpoint for each duration was the lowesht cohserved; l.e.,
the dewpoint etualed or exceeded throughout the Indicmbted peried.

The representative 12-hour dewpoints In major United States
gtorms eant of the 105th meridian are listed in Hydrometeorologliosl
Report Wo. 25A. All of the considerations previcusly mentioned
have been utilized in preparation of this report.

Maximum U. 5., dewpoints

A discussion of the method by which monthly mape of maxizmm
12-hour dewpoints (reduced to 1000 mbs} were originally con-
structed can be found in Report No. 23, pages 20 and 21. Some of the
primery features of the method are: dewpoints that were extremely
high in comparison with surrounding values were discardsd sg either
veing due to observation errors or to being representative of only
an extremely shallow layer of surface air; the dewpoinmts were obtainsd
from the analysis of about 50 firgt-order Weather Burean statione with
about 30 to 50 years of observations and of 715 airway statioms with
5 years of record; in drawing isclines special efforts were mde to obi-
lize extreme rather than mean flow patterns

The maximum enveloping 12-hour persisting dewpcints have been
revised since the publication of Hydrometeorological Report No. 23
by an intensive study in 1988, Also the values of the dewpoints for
the Tew England-New YOrk area have been subject to a thorough study in
the prevaration of Hydrometeorological Report No. 28, “Generzslized
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Estimates of Maximum Possible Precipitation over New England
and New York,"” Dewpoints at additional stetions, esvecially
in adjoining Canada, were used. Also the effect of tra-~
Jectories over the ocean on comgtal dewpoints was considered
by a technique described in Report No. 28, pages 3 and k.

Generalized contours

In order te judge the feasibility of trensposition of storm
values, a generalized contour map was developed. It differs
from actual contours in that smmll-scale ruggedness was smoothed,
and where large transverse valleys and extremely irregular con-
tours intersected main ridges, the generalized contours were
placed upslope from their true position in order to allow greater
depth of inflow than indicated by the true contours. As finslly
drawn, the generalized contours were thus truly effective barri-
ers only when associated with upslope winds directed normal to
the contours.

Additional aids

: In connection with a study by the Hydrometeorologlcal Section
on the Missigsippil River at St. Louls, monthly meps were developed
which indicate the temperature contrast between cold and warm air
masses which can reasonably be expected to interact near any loca-
tion. One factor in the use of such charts in studies relating to
probable maximum precipitation ie that in many of the major storms
of record minimum or near-minimum temperatures for a particular
location and seas-m have been found to the west of the storm cen-
ter, while above normal temperatures prevailed to the south, It
is believed that such contrasting temperatures are related to the
energy needed to produce major storms. These monthly maps showing
igolines of the temperature contrast factor were used to check the
transposition limits of storms for this study.

Another aid in determining the seasonal variation of the
probable maximim precipitation is related to the moisture avail-
able in the atmogphere. From the maps of 12-hour maximm
observed dewpoints the avallable precipitable water in the col-
um of air from the surface to 30,000 feet wag computed for a
grid of points over the eastern United States. Isolines of
precipitable water were then drawn. Such maps were made for
each month. The seasonal variation of these values would logi-
cally have a relation to the probable meximum precipitation;:
however, due to the many other factors involved, these charts
were only used as a gulde,

When the temperature contrast maps and the available precipi~
table water maps are combined for each month by multiplying the



two indices together, there appears a tively higher value of
the combined index for June and Septeuwber than for July and
August in many locations, which would suggest a dip in the sesson-
al values of the probable maximm precipitation in July and Aum
Tt is believed that the temperature contrast and available precipi-
table water are two of the frctors which sive important in what mey
be termed storm mechanism. How they interact with other peramebers
is not known at present. The poessibility of such a configuration of
the seasonal curve of the probable meximum precipitation is alsc
suggested by the 2L-hour maximum observed point rainfall for some
gtates in the central part of the country where higher values have
been observed in late spring and fall than in the summer months., A
gimilar configuration is shown in McDonald's data of average weekly
precipitation over climatological divisions of states--for some
divigsions higher averages for spring and fall than in the summer,
Conslidering the temperature contrast factor in itself, it would seenm
that if this dip in the values for July and August is real, it would
be augmented for large-area and long-duration storms since the air
mass temperatures change gradually and cover large areas. With the
above in mind, seasonal curves were drawn so that the final curves
for zones 2, 3, 4, 5, 7, 8, and 9 were leveled off in July and
August for 1000 square miles, with the amount of flattening in-
creasing with duration. If areas larger than 1000 square miles had
been considered in this report the dip menticned above would have
been more pronounced and would have been taken into account.

7
ot

Limitations of data

The storm-reinfall depths obtained from the part II
storm study, or from a preliminary eveluation of the available
rainfall values, are approximations. Study of the reliability of
arezl rainfell determinations® indicates that the smliler the area
for average gage density {distance bvetween gages), the greater the
percent standard error of aversge depths, the error being positive
or negative. OCn its negative gide it may be partly neutralized by
the peat II procedure of finalily drawing an enveloping rather than =2
mean curve through the computed depth-area values. However, no
rainfall reliability factors are incorporated in the genecralized
charts.

of each

The rainfall values of the storms of record should be the
greatest that can occur at the representative dewpoints since only
a moisture adjustment is imposed on the reinfall values used. Ths

*Hydrometeorological Section, 0Ffice of Hyd. Dir., U. 8. Weather Bureau,
Thunderstorm Rainfall, Hydrometeorolcgical Report No. 5, in cooveration
with Eng. Dept. Corps of Eng., War Dept., 1947.



method assumes that the storms of record, together with ad-
ditional values made possible through transposition, provide
rainfall valuwes indicative of meximum rain-producing efficiency.
No completely analytical demonstration can be made to prove
that this 1s so. However, there is support for the assumption
in the following facts. When only the greater depths are con-
sldered, without regard to location, the range of the highest
values at each dewpoint is of the order of magnitude of the
corresponding range in extrapolated moisture content. Such a
relation indicates that the highest rainfall values are repre-
sentative of near-maximum storm efficiency unless the assumption
can be accepted that a mechanism approaching the moat efficient
has never occurred. Some of the greatest rainfall depths, for
instance, occurred in the Thrall, Tex., storm (September 8-10,
1921), which is characterized by the highest representative dew-
point, and & liberal storm transposition procedure takes
advantage of such a fact. However, it is sleso rare for one
gtorm to control for all sizes of area and all durations. Com-
parison of two storms mey show that, with increasing area and
duration, difference in depth is often decremsed and the relaw
tive depths even reversed. The procedure of enveloping values
from several storms occurring in or transposable to the same
region takes advantage of the highest values for all durations
congidered.

The representative dewpoint determines the denominator of
the moisture adjustment-ratio, while the maximm dewpoint de-
termines the numerator. Since the precipitable water is based
on & psendoadiabatic lapse rate extrapolated aloft, a deviation
from such a lapse rate could result in a moisture adjustment
gither too high or too low. When the deviation is In the same
direction for both parts of the ratio, however, the effect on
the moisture adjustment would be neutralized. In a study of
this type the possible error due to an incorrect molsture ad-
Justment in a particular storm would be corrected to a certain
extent by the teclmiques used for smoothing with seeson, ares,
and duration.

The absence of observations at the point ideally situated
for location of the representative dewpoint usually acts to
increase the moisture adjustment used. The ldeal locetion
would probably be the region of the highest dewpolints for the
latitude, along the axis of the molst tongue involved in the
storm. Averaging the observations from a group of stations
surrounding the ideal point would thus yield a lower value, An
opposite effect arises from the occasionsl need to go far to the
gouth of the rain ares in order to find the representative dew-
point. At lower latitudes, in general, the range of dewpoint is
less, the dewpoints in the warm sector or the moist tongue being
closer to the maximm. There is an increasing range northward.

L



Thus, if it were possible to find the dewpoint in the rain ares,
the spread between representative and meximum dewpoint would
usually be greater and the molgture adjustment would be greater.
This effect is counbteracted slightly by the fact that, for the
same spread in dewpoints the adjustment is greater in the higher
range of dewpoints,



Chapter IV

PROCEDURE AND DEVELOPMENT

Al available storm data were used in developing the charts.
For corvenience in handling the data, that part of the country
east of the 105th meridian was divided into 9 zones, and &ll
storms which would possibly offer controlling values for any du-
ration over any sized area were considered. Some storms were con~
sidered for more than one zone, depending upon the transposition
limits. The storm value for each of the assigned areas and durations
was adjusted for moisture content after comparison of the repre-
sentative and meximmm possible reduced dewpoints. A leeway of 15
days from the storm date wag zllowed in the choice of the meximum
dewpoint,

Transposition

The transposition limits of emsch gtorm are the geographical
limits within which another storm of essentially the same symn-
optic characteristice can occur. Because the synoptic storm can
be transposed, it is further assumed that its rainfall character-
isticeg, shown by its depth-duration-area curves, can also be
trangposed.

On a large scale, the mein features dividing the United States
into geparate regions of storm transpogition are the Appalachian
and the Continental Divides. Few storms cross these barriers with-
out modifications drastic enough to change the synoptic type.
Furthermore, trangposition from the windward to the leeward slopes
of thege barriers will generally result in rainfall values mch
lower than those resulting from transposition confined to the wind-
wvard slopes. Except for a short distance beyond the crest of the
divide, where spillover (carryover) of rain may take place, the
leeward transpesition requires the complete orographic depletion
adJustment without consideration of any counteracting adjustrent
for orographic intemsification., TFor these reasons, trangposi-
tions have been confined to the windward slopes of the main
barriers, the wind direction being that of moisture inflow in the
storm transposed. On these slopes the effect of the orographic
depletion and the effect of intensification act in opposite di-
rections. Since a guantitative expression of only the first effect
was available, there was & tendency to confine the iransposition
to an area of similar topography defined by narrow limits of both
elevation and slope (on the basis of the generalized contour map).
Thig resulted in a distribution of adjusted values so untenable
climtologically that finally the most important features, such as
the main divides or portions of the windward slopes of these di-
vides, were used as limits,



If the effect of topographic slope had made an apparent con-
tribution to the rainfall intensity in a particular storm, no
adjustments for transposgition to either higher or lower elevatione
were mde. Just as the decreased W, above higher elevations would
be compensated by the effect of steeper slope, so the increased
W, above lower elevations would be compensated by the effect of
lesger slope. When there had been no apparent slope effect con-
tributing to the rainfall intensity, transposition to higher
elevations was made without elevation adjustment hecause increased
elevation wonld be compensated by increased slope. Transposition
to lower elevations included adjustment for 1ncreaseé,wp gince the
slope could not decrease further; even at elevetions above sea
level--plateaus or gradually sloping plains-~the effective slope
might be zero, and transposition to lower elevations would there-
fore require adjustment for Increased W,..

o definite over-all latitudinal limitations of transposition
were adopted, but possible latitudinal effects were congidered
separately Tor each storm or class of storm. Apart from woisture
avallablllty, thege effects become evident vrincipally in the
change in character of tropical gtorms as they move northward and
the decrease of temperature contrast across fronts as they move
gsouthward. Synoptic experience, rather than theory, furnished the
primary grounds for each decigion, with available files of North-
ern Hemisphers maps and charts of hurricane tracks providing much
of the comparative data.

Preparation of charts

Seasonal graphs of the 6-, 12-, 2L-, and 4-hour storm rain-
fall for areas of 200, 500, and 100C square mileg trangposed and
adjusted in accordance with the considerations previousl; outlined
were plotted for the Q2 zoness. The abscissa of the graphs ils the
time of year, while the ordinate is the precipitation average over
the area concerned. These storm values were then enveloped. After
8 minimum of smoothing, mid-month valueg were plotted on maps and
smooth isolines drawn to conform with topographic and meteorologi-
cal boundaries. Trom these charts values for each month were taken
from the centers of each zone and plotted as depth-duratlion-arez
curves to ingure consistency. To recduce the tremendous number of
charts necessary to show the monthly ischyets for each area and du-
ration, the valueg for each were expressed az a percentage of the
2k -hour 20C-square-mile value.

The minimm 20C-gquare-mile 2h-hour probable maximum values
and the time of occurrence were plotted on maps to verify that
undue variations from place to place on the map did not occur and
that there was a gradual change o’ time of minimum from place to

A

place. In order to have smocth seazsonal curves for any duration



or area, it was necessary that the 200-square-mile 2h-hour
duration maps be smooth seasonally. For each point on a
h-degree latitude and longitude grid a seasomal curve was

drawn through points taken from the 12 maps, and where in-
dicated, adjustments were made in the isohyets until smooth
gseagsonal curves resulted. In like manner, the seasonal curves
for areas of 10 and 1000 squere miles for durations of 6, 12,
2, and 48 hours were adjusted until they were smooth for the
center of each zone. Unless the storm data indicated otherwise,
for a certain sized area, for example 1000 square miles, the
seagonal curves for the various durations were drawn so as to
give a family of curves with the season of maximm rainfall
coinclding, etc. The depth-duration-area curves were likewise
smoothed as mmch as possible with area and duration to give 2
gradual progression from duration to duration and month to _
month, However, it was not possible to obtain complete smooth-
ness and similar curvature with change in duration for all
zones in all months. Further smoothing would result in extreme
overenvelopment for some durations and areas. The depth-area
relationghips show a definite change with season and slight
difference in the relationships with size of area. In general
the markoed change in the relationship with meason ig due to
intense thunderstorm-type rainfall, which occurs in summer.,

The maps and charts prepared for this report are: a mep
of the all-season envelope of 2kL-hour QOO&squere—mle probable
maximm precipitation (figure 1); monthly meps of 2k-hour 200-
square-mile probable maximum precipitation (odd-numbered fig-
ures 3~25); the depth-duration-area relationships for the all-
season envelope of 2h-hour 200-square-mile probable maximum
precipitation (figure 2); the depth-duration-area relation-
ships to accompany each monthly map of 2L-hour 200-square-
mile probable maximum precipitation (even-numbered figures k-
26). It will be noticed that there is a separate depth-
duration-area relation for each of the zones with the ex-~
ception of 8 and 9. Sparsity of storm data in zone 9
necesaitated combining these two zones.

The curves for 48 hours in the depth-duration-area
relationships are dashed for smaller areas to indicate that
storn data for this duration and range of areas is not as
gultable ag for the other durations and areas. The de-
creagsed reliabllity, however, is not as critical as one
would suspect, since for smll-area basging peak {lows re-
sulting from precipitation would, in practically all cages,
be the result of thunderstorm rainfall which would be
concentrated in a much shorter period of time.
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Controlling storm

Approved part II data for several of the controlling storms
used in Report No. 2% have become available and necessitated re-
vision of the calculations based on preliminary date. In addition,
maximum observed dewpoint data for a considerable number of first-
order Weather Bureau stations have produced substantial changes in
the distribution of maximum poszible 12-hour dewpoints, As a
" consequence, the moisture adjustments possible for many controlling
storms have been changed--usually upward, but occasionslly downward,

Whereas for the all-seasonal chart in this report and the charts
in Report No. 23 all storm data were available for preparation of
each chart, seasonal distribution requires that the same data be
gpread out over the 12-month period--considerably reducing the num-
ber of storms available for consideration in a particular month.
However, other storms that were outstanding for a region in seasons
other than those in which the probable maximum occurs increase ‘the
number of storms controlling the seagonal values,

Some of the controlling storms for this study are listed in
appendix B by center, date, and assignment number. This list does
not include all the storms that provided controlling values, but
ig a Tair sample of the largest storms in each month. The adjust-
ment factor for each of these for transposition to the zone center
and for the zones concerned is given in parenthesis after the zone
and is the adjustment for the actual date of each storm. ‘
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Chapter V

LIMITATIONS AND USE OF THE CHARTS .

" Estimates of the probable meximum precipitation for 21l areas
and durations designated can be taken from the present charts and
figures., No gpecial advice on the manner of interpolation is re-
guired, since variation due to type of coordinate paper and curve.
used to fit the plotted data are well within the accuracy of the
basic data values. - ,

Limitations of the charts

An array of values taken from the charts to revresent the
probable meximum precipitation for various sizes of areas and
various durations is not necessarily identical with a corre-
sponding array of values from a probable maximm storm. The
depth-area values are the results of all types of storms. These
short-duration values may be controlled by an intense short-
duration type storm in which no rain fell after 12 or 48 hours.

Longer-duratlion values may be controlled by a longer-duration
- storm in which the 6~ and 12-hour values do not approach the
corresponding values in the short-duration storm. For areas up
to 1000 square miles, however, the controlling values for du-
rations as long as 48 hours usually are from the same storm.

The isohyets shown on the charts do not necessarily have
the same degree of reliability in all regions. Transposition,
particularly for small basing in rugged regions, as in the
Appalachlan and Ozark mountains, is hazardous, and accurate
egtimates of the provable meximum precipitation would require
calculation of a gpillover effect, the importance of which
varies inversely with the size of the basin. Upwind rainfall
and the funneling of air by gorges and steep valleys would
have to be evaluated.

In the detailed study of the New York-New England area
(Report No. 28) a division into two zones was made. The
division being a line through the Catskills and Adirondacks.
Each zone has its own set of ratios for obtalning precipi-
tation velues for various durations and areas. For the present
more general reporit, the above mentioned division was not mmde.
Because of thls difference in the procedure the Report No. 28
values are not reproduced exactly. However, they are generally
within half an inch.
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Use of charte

To obtain preliminary depth-area values over a particular basin
for 21l durations in a particular month, the steps outlined below
should be followed:

(1) the 200-square-mile 24-hour value is taken from the chart for
the appropriate month at the location of the besin; (2) the per-
centages to be applied to this valiune for each duration are then
obtained from the depth~duration-area relations for the particular
zone in which the basin lies, and for the size of the drainzge

area under congideration, The degree of accuracy does not warrant
the refinement logically called for by using pattern storms over
basing larger than tbh-ge under consideration here. Near the bounda-
ries of the zones straight line Interpolation between the ratios

of the two can be made. The six-hour rainfall values in the 2k-hour
period (0~24 hours), shown on the charte, may be arranged in criti-
cal order of occurrence as desired within this meximum 2k-hour period.
The rainfall of the second veriod (2k-48 hours) may he distributed
in proportion to the six-hour incremente incdicated in the maximum
2h hour rainfall., This procedure in the distribution of the lesser
2h-hour rairfall period is permissible due to the fact that two
separate burets of rainfall could have occurred within each 2h-

hour periocd. The two 2h-hour rainfall periods are interchangeable
and, if desired, may be arranged with the lesser 2k-hour rainfall
occurring before the maximum ©Lh-hour rainfail,
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APPENDIX A

Storma Processed

Asgigrment No % Type of'+
Yeor Date {or center) data
1859 October 3-5 : WA 1-2 a
1875 February 23-25 ‘ Clingman‘s Dome, N. C. P
187 July 25-fugust 3 OR hel a
1878 September 10-13% OR G-19 a
188% February 2-18 “0OR 5-11 a
1886 Merch 26-fpril 1 Pink Beds, N. C. P
1886 June 13-18 LMV 4-27 a
1887 July 27-31 SA 5~1 &
1839 May 30~Juns 1 SA I-1 a
1891 June 2%-26 MR LD a
i3ez July 24-28 : UMV 1-1 a
18qz August 2427 CL 1-3 P
1804 Moy 17-22 NA 1-% a
Bshk . May 29-June 1L MR 6-1k a
1894 Septenber 18-20 S Sa 1-13 a
16595 December 16-20 MR 1-1 &
1895 December 16-21 GL 2-8 2
1596 June L-7 MB k-3 =)
1896 September 27-30 S& 1-19 a
1897 July 18-22 UMV 1-2 a
1897 July 25-27 GL 4-5 a
1897 July 26-20 K4 1-7 a
1808 May 2-6 SYW 1-2 a
18 June 2-6 UMV 1-3 a
1808 August 3-9 SA 1-k a
1898 August 16 Bee Moines s Io. D
18508 September 21-23% 2.3 e
1898 Septmeber 28-CGctober 1 LMY 1-3 a
1898 September 28-October 1 LMV 1-34 a
1808 September 28-0ctober 1 LMY 1-%B =
1899 Jamary b-6 LMY 3-7 a
1899 June 27-July 1 GM 3-L &
1800 April 15-18 MV 2-5 a
1900 July 14-17 MR 1.5 8
1900 October 27-30 UMV 1-74 &
1800 Cctober 30-Novewber 1 UMV 1=7 8
1901 July 1-6 UMY 1-8 a
1901 September 16-19 Sa 2-5 8

*¥Location of center given Tor gtorms lacking sssigrment number.
+ “g" = approved part IT data; “p" = preliminary data.
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1902
1902
1902
1902
1903
1903
1903
1903
1903
1903
1903
190k
190k
190k
190k
1905
1905
1905
1905
1905
1905
1905
1905
1905
1906

1906
1906
1907
1907
1907
1908
1908
1908

1908
1908
1908

1908

1909
1909
1909
1909

Februsry 26-March 2
March 25-29

July 3-10 o
September 24-27
May 25-31

June T-15

July 12

August 2428
August 25-30

September 28-October 1

October 7-11
March 24-26
September 12-15
September 26-30
October 24-26
February 11-13
June 3-8

June 9-10

July 18-21
July 18-21
July 18-21
July 21-25
September 12-19
October 16-19
May 21-26

June 6-8
August 2k
Rovember 17-21

© January 1-3

May 28-31
July 13-16
Moy 22-25
June 4-10
June 4-10

“July 26-August 2

Avgust 23-28
October 19-2k

October 19 24

May 30~June 4
June 2-5
June 2-5
July L-7

by

GM 1-10
IMV 2-7
GL 1-7

SA 1-5

MR 1-9

GL 48

SA 1-6

MR 1-10

GL 1-9

SW 1-4

GL k-9

UMV 2«

NA 1-9

SW 1-6

GM 3-11

SA 3-9

GL 2-12 -

W 2-5

SW 1.7

SW 1-7TA

SW 1-7B

GM %-13

UMV 2-18

UMV 2-6

SA k-9

MR 5-13

SA 1-20

MV 1-4

MV 1-5

IMV 3-13%

MR 1-23

SWw 1-10

MR 1-24 (Zone A)

MR 1-24 (Zones C,

D, E)

IMV 3-1h

SA 2-6

SW 1-11 (Zones A,

B, C, D, E,

SW 1-11 (Zones G,
g - H, I, J, K)

1My 2-10 ~

GL 1-11A

Gl 1-11B

UMY 2.8
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1909
1909
19C9
1909
1910
1011
1911
1912
1912
1917
1913
1615
1813
1913
1913
1613
191k
191k
191k
191k
1914
191k
1915
1915
1015
1915
1915
1915
1916
1916
1916
1016
1016
1916
1916
1016
1917
1017
1018
1018
1918
1918
1619
1019
191¢
191

1010
1919

July 18-23
July 18-23
September 19-22
November 10-16
October %-6
February 13-19
August 26-31
March 1k-15
Moy 19-22

July 19-24
January 10-12
March 23-27
June 6-12

July 12-15
August 8-10
December 1-5
March 24-28
April 29-May 2
Mey 10-312

June 25-28

August 31-September 1

October 13-16
May 25-29
August 1-3
August 16-21
August 21-22
September 6-9
Septenber 11-16
January 26-31
March 21-27
June 2-5

June 26-%20
July 5-10

July 13-17
July 13-19
July 13-17
Janmuary 3-5
July 21-23
March 13-1k
May 22-2%
October 24-27
November 6-8
March 1h-16
March 15-17
July 18-2%
August 12-1h
Septenber 1k-15
September 15-17

L8

UMV 1-11A
UMV 1-11B
IMV 3-16
MR 1-29
OR 4-8
MR 2-1
SA 3-11
SA 2-7
GL 3-1
GL 2-29
IMV 1-9
OR 1-15
SW 1-1k
OR 3-7
GL %2
GM 1-5
IMV %-19
aw 1-16
GL 2-15
MR L-1ka
L 2-16
SA 2-8
MR 2-7
SA L4-15
MV 1-10
SA 1-7
MR 2-11
UMV 1-15
MR 2-13
GL b-1h
GL 1-16
MR 2-13
oM 1-19
SA 2-9
SA 2-GA
UMV 1-16
UMV 3-3
GL 2-30
GL 2-17
UMV 3-5
SA 2-10
MR 2-18
MR 2-190
IMV 1-12
NA 1-11
NA 1-12
CM 5-15A
GM 5-15R
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1519
1919
1019
1920
1920
1920
1520
1921
1921
1921
1921
1921
1922
1902
1922
1922
1902
1922
1922
1923
1923
1923
1923
162%
1923
192k
192k
192k
1924
1924

1924

192k
1925
1925
1925
1926
1926
1926
1926
1026
ioe6
1927
1927
1927

Scptenber 16-19
October :
October
Januaxry
June 15
July 16-17
August 18

June 2-6

June 17-21

September 5-10
October 29-Novenber 2
November 16-19
February 19-23

June 8-11

July 9-1i2

July 9-12

September 1

September 2-3

October 9-1C

Jure 6-11

July 27-August 1
September 13-19
September 27-0October 1
October 11-16

October 11-16

May 7-12

June 24-29

August 3-6

August 18-20
September 13-17

B CIAR
L
§'<
g
@
"
Jerd

.

s bt YT

1

September 12-15

October L-11

May 27-29

Aungust &

September 23-26
August 23-26
August 31-September 5
September Z-5
September 8-9
September 17-19
September 11-16
February 28-March 1
April 12-16

April 17-21

MR 2-29 (Zones A, B)
MR 2-29 {Zones C, D)
UMV %-0B

5~9A

1-9
1-25

1-15

1-26
L4.23
SW 1-27A
SW 1-273
SA 1-2b

GL 1-20

GL 2-22

UMV k-11

SA 3-16 (Zones B,

C, D, ¥, G)
SA %-16 (Zones A, E,
H, I)

SA k20

GM L-21

SA 1-10

SW 1-29

MV L5

MR 3-8

SW 1-30

OR L-2p

MR L2k

g 2-1

IMV k-7

IMV 4-8

SW 2-4

pegg
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1027 March 11-1% LMV 1-14
1927 May 17-19 UMV 4317
1827 July 12-15 OW 2.5
1027 Septewber 28-0October 2 MR Bellk
1927 Tovember 2-4 A 117
1928 June 1-% LMY 2«15
1928 June 12-17 LMV 2-10
1928 June 16-20 . MR F-1°
1928 June 285-20 OR 7-10
1928 July 5«8 MV 1-18
1025 July 27-29 O Lh-P1
1928 Aungust 10-13 A 118
1928 August 1317 SA 2-13
1028 September L7 SA 2-1k
1928 September 16-19 SA 2-15
1928 Dctober 15-17 MR %-20
1628 Hovember 15-17 MR Z2-20
1000 March 11-16 IMV 2-20
1929 May 29-June 3 MR % -25
192G August 1-2 UMY 2=-17
1929 September 23-28 SA 3-20
1829 September 29-0ctcher 3 SA 3-23
1930 January 6-11 MYV 2-22
1930 May 15-19 IMV 2.2k
1950 June 12-15 MY 2-1b
1930 October G-17 SW 2-06
3 Jotoher 18-20 GL 1-2¢
July 20-25 GL 1~-727
2 January 11-13% 1MV L.if
June 2-5 SW 2.7
z June 2.6 SW 278
1070 June SO0-~July 2 CM 5-1
1932 August 1-3 OR 2.0
16%2 August 15-17 SW 2-8
1972 August 30-September % GM s-1584
10%2 September 16-17 NA 1-20
1032 October 40 NA 1-71
1932 October 1418 SA 5-11R
1972 October 15-18 SA 5-11A
10722 Tovember -0 sa be28
1973 April 11-1k WA 1-2%
1932 June 23-20 UMY 2-15
1953 July £2-27 LMV 2-26
19335 July 2k SA 1-11
1933 August 20-2L NA 1-2h
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1934
1934
193k
1934
1934
1935
1935
1935
1935
1935
1935
1935
1935
1935
1935
1935
19%6
1936
1936
1936
1937
1937
1937
1957
1937
1937
1937
1957
1938
1938
1938
1938
1938
1938
1938
1938
1938
1938
1939
1939
1939
1959
1939

1939
1940

February 27-March 4
April 3-4

June 12-16
September 5-9
November 190-21
Janvary 18-21
May 27-June 2
May 30-31

May 31

June 10-15
June 12-18
June 25-26
July 6-10
September 2-6
August 6-7
December 5-8
February 1-5
March G6-13
March 16-22
September 14-18
January 5-25
April 24-28
May 26-30

July 11-16
August 31-September 3
September 6-10
September 6-10
October 16-21
February 9-1k4
February 14-19
May 17-20

May 30-31

June 10-11
June 29~July 1
July 19-25
August 30-September U
September 16-21
September 17-22
February 2-3
June 19-20
July 4-5
August 19
August 21
Auvgust 25
August 6-9

51

LMV L-19
SW 2-11
SA 5-1
SA 5-12
IMV 1-18
IMV 1-19
MR 3%-28B
MR 3-28A
GM 5-20
M 5-2
SW 2-13
UMV 3-1k
NA 1-27
SA 1-26
OR 9-11
GM 5-4
cM 2-18
NA 1-29A
NA 1-29B
GM 5-7
OR 5-6
SA 5-13
GM 5-17
UMV 1-20
GL 3-5
SW 2-154
SW 2-15B
SA 5-14
GL 2-27
SW 2-17
MR 5-6
MR 3-29
UMV 3-17
GL 3-11
GM 5-10
MR 5-8
SA 5-16
NA 2-2

Deer lodge, Tenn.
(Snyder, Tex.)

OR 2-15
NA 2-3
VA 2-13
UMV 3-19
IMV k-2k
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10L0
piolite!
1940
19k0
gLl
1051
19kl
1941
19kt
1941
1okl
1942
1gh2
1gh?
1942
19k2
19hk2
igh2
1942
1942
1943
19k3
1943
1943
1944
1oLk
19hs
1945
1946
1948
194849
1951

Auguet 1017
September 1
September 2-6
November 22-25
Mey 20-25

May 22

August 28-31
September 20-23
September 30-October 7
QOctober 17-22
October 18-22
May 19-23

June 2326

July 2-6

July 7-9

July 17-18
August 7-10
September 15-19
October 11-17
Qctober 11-17
March 13-17

May 6-12

May 12-20
August 4-5
March 26-31
June 10-13
March 28-April 2
June 2L-27
August 12-16
June 23%-24
December 29-January 1
July 9-13

SA 5-19A
N& 2-h
8w 2-18
GM 5-13
M 5-18
UMV 2-19
UMV 1-22
GM 5-19
UMV 3-20
SA 5«6
MR 6-2
NA 2-5
MR 6-1
M 5-12
UMV 3-21
OR 9-23
NA 2-8
UMV 1-25
SA 1-28A
SA 1-28B
MR 6-11
SW 2-20
SW 2-21
OR 3-30
MR 6-12
MR 6-15
SW 3-5
Georgetown, S.C.
MR 7-2B
Del Ric, Tex {(nr)

NA 2-18
MR 10-2
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Some <f the mejor controlling stormes Tor sach mowth
Yo pinr 2 ks g Tneer b £ 2 Aot
are shown in this 1ist, by *ooau;@p o* su rm.cantér; cete,

and assignmernt number, A bri crint lg
given along with the zones i whi h ﬁhe gtorm was con-
sidered, The moisture zdjustment (in percept} for
transposition o the center of the zone for the actusl

date of storm cccurrence is listed in varenthesis alter the

N

Zones coneernet.

The Iropton, Mo,, storm of Janwery 26-31, 1016 (MR
the result of intersction of the circulation sround two large high
pressure areas of opt”a%txrr hezt and moisture n%@nez*wes‘ The
opposing flowe were locallr intensified by the remmants of two Pecific
cyclones with their atweﬁﬂant uppe%~a1r troughs. One resuliing wave
formtion tocok place on the 26-27th, the other on the %0th. Such a

situation is not uncommon Tor zones 2 (86), % {71}, 4 {116}, and 7
(128).

-1%), was

,J [

In the Pinkhanm Notch, N. H. storm of March 9-13, 1936 (XA 1-20A),
a Low which formed in the soubherm Gulf of Mexico moved up the East
Coagt to New Tngland and aralgamated with ancther Low from the west
with a cold front oriented north-south, The first Low set wp a
strong inflow of warm molst air which was 1lifted over the front of
the second Low and caused the mejor precipitation. This storm was
not transposed out of zone 1 (l;u}o

The previous storm wes followed soon by the vtoﬁr of March 16-22,
1936 (BA 1-29B), also centered at Pinkham Notch, N. H. R oeep Low
developed in the Gulf Coast States and moved norithwar ng the
Atlantic Cozst, quite sliowly causing a2 prolonged *pflow o” modified
tropical air into New England. The precipitation vas greatly aug-
merted by orography. Trensposition was confined to zone 1 (i?é},

The storm centered at Elba, Ala., on March 11-10, 1929
(IMV 2-20), was characterized by exceptionally strong inflow from the
south between a warm High off the Atlantic Coast and a sliowly moving
frontal trough in the MﬁesiSQL i &eLley, This type of storm was
congidered possible in zomes 5 (121}, & (127}, and 327

S
et

9

ot .

Beloit, Wis., and Washington, Towa, began with 2 snow cover deposited
by a fast-moving deepening Tow. A continental polar zir msss follow-
ed after it had reached the Fast Coast and directed & flow of warnm
moist air from the Gulf of Mexico around its western veriphery. A
second Low from the west intengified the warm sir inflow. Thi

D

The storm of March £1-27, 1916 {GL L-14), with centers st

o]

N

=
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Low, as 1t slowly Traversed the Midwest, relsased the msisimre Cone
tained in the alr from the Gulf of Mexico, This storm was transposel
‘ PR
3

to gones 2 {3@

The storm 1-15}, cembered at Bellefon-
taine, Ohio, b El Qmaglme%ati@nar?.:xﬁnu
which gtretched f?@ﬁ>§ 5 ngxanu e ?,xasa The gignificant metecro-
logical festure of this ghorm was the pergistence of & polsr
coptinental High over the Northern Statss and an sduslly persistsnt

sz of moigt aly over the western Gulif a ates. The ilvtense inver-
action beltuween the alr mmsgses slong the front produced Lifting snd

convectively

convergence o supply the initial impulse to probably

ungtable air, The transposition of this ghtorm was limited to zones

2 {111} and 7 {148). :
- The Cheyepne, Okla., storm of April 2.4, 1934 (W 2-11), accom-

panisd wave sction along a guasi-gtationary front. Tne gtorm type
has widespresad occurrence, but the orographic sffects involved in
this storm confined transposition to general aress with elevations
between 1000 and 3000 feet. This gtorm was therefore limited to
zones & {132} and 5 {164).

The storm centered at Warner, Okla., May 6-12, 1043 (SW 2-20), was
due to repeated wave action along 2 guasi-stationary front which per-
sisted in the same vicinity for several days. Association of a2
trailing froot and circulation about the Mexican Low appears to be
copducive to development of heavy-rein-producing wave cyclones. The
orientation is generally northeast-gsouthwest with an elongated High

to the north of the fromt., Considering the possible inderrelations

among the Mexican Low, quasi-staiiomary front, and the elongated High,
transposition was limited to zones 4 (125} and 7 {1235).

The surface cherte for the storm of May 30-June 1, 1889, centered
at Wellgboro, Pa., (SA l-1} show that on the 20th and 3Cth of May an
occluded wave cyclione moved northeastwerd from Arkensss to Lake Erie
By the evening of May 30 the trough containing the new gua81-stationary
fromt exbended southward through extreme western Pennsylvania to north-
wegtern Florida, Repeated wave developmente then moved northward along
the front ag the front itself moved slowly eastward. Albthough the usual
factors of Iroptal zif-iug and other mechanisms were present, orographic
lifting of the warm moist air east of the front played an important
part in the raknf 11l preduction. The transposition was therefore 1im-
ited to zomes 1 {152) and 6 {180},

The storms cenhbered abt Warrick, Mont ¥ June 6-5, 1906 (MR 5-13},
Smﬁm@%&gﬁmﬁwamwllég?%ﬁ %&~ﬁ43mm8mm$ on, Wyo.,
Sept. 27-0ct 1, 1923 {MR L-2%}. are repressntative of meny eas tern L

turning around 8 Lo Since topography also plays an im§ortanb role

5 Vransgosition wag limited to zonme 3. The adjustment
factors zre 109, 128, and 14l respectively. The Savageton, Wyo.,
gtorm (MR 423}, was particulasrly heavy and for zone 3 is responsible
for keeping the probable meximm precipitation values high in Septenmber
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nd October. The Springbroock, Mont., storm (MR L-21) influences
he precipitation valuves for the same zone by its unusually high
vaines in June.

ot £

The Bonaparte, Iowa, storm of June 9-10, 1905 (UMV 2-5}, is
egpecially noteworthy for the large precipitation amounts for short
Gurations. The stornm began with an extra-tropical cyclone over the
Dakotas and Nebrasks which moved glowly over Towa where it reached
ite maximum intensity. The convergence assgociated with the cyclonic
center, wave action along the front, and overrunning warm air were
the factors cauging the heavy rain. This storm was considered
transposable within zones 2 (1k1}, 3 (128}, L (1ks), and 7 {(145).

The storms centered at Stanton, Nebr., June IH-13, 10k (MR
£-15), and at Boyden, Iowa, Sept. 17-19, 1926 (MR L-2L} mey be
considered of the same type. The cenlers of intenge re.nfall in
each storm cccurred in the vicinity of a frontal wave in a well~
defined Low. The sirength of the circulation depends upon the
temperature contrast between the interacting air masses. This type
of storm is considered possible in zones 2, 3, 4, and 7. The ad-
justments for MR 6-15 are 131, 13k, 148, and 145. Those for MR L4-24
are 125, 122, 138 and 141.

The rainfall centered at Georgetown, 8. C., June 24-27, 1945,
was the result of a tropical storm which passed a short distance
off the South Carolins coast. This storm was limited to zone 6

(138).

The rein in the Hearne, Tex., storm of June 27-July 1, 1899
(GM 3-4), was assoclated with a decadent *ropical storm which moved
inland between Corpus Chrisgti and Gealveston. The remsins of the
Low later became part of & guasi-stationary frontal trough extend-
ing west-soutlwegtward from a TLow which had moved across the Great
Iakes to the Atlentic. As in meny mjor Texas storms, an ill-
defined Iow persisted in northern Mexice. Two factors, not
altogether independent, served to restrict the transposition of
this gtorm. The Mexican low appears to be an essential part of the
gstorm. Also, there is a tendency, apparently associated with this
Mexican Low, for troiling cold frombs to develop heavy-raln-producing
waves or cyclonic systems in the region., Transposition was therefore
confined to zone 5 (116),

The moisture for the Kerville, Tex., storm of June 30-July 2,
1932 (GM 5-1), was supplied by sustained flow around the westward
extension of the Bermuda High. The movement into the area of inmterest
of & cold Promt trailing scuthwestward from & Iow in the Great Lakes
region brought about a change in isobaric curvature from anticylonic
to cyclonic with the resulting marked convergence respongible for the
heavy rain. Ths orographic influence was so merked that it vas not




transposed out of zome 5 (116},

The Altapsss, N. C. storm of July 13-17, 1916 (84 2-9}. resulted
from & hurricans moving inland on the South Carolins coast on the 15th
and ith, There was heavy rain along the cosst but the cenbter of
heaviast reinfall was in North Carcline at spelsvation bhetween 2000 and
3000 fesht, near the crest of the fppelachians. Becsuse of the orography
associated with this shtorm, it was nobt transposed out of zone 6 (128},

The Smethport, Pa., sborm of July 17-18, 1042 (OR 9-23}, is charac-
B 3

terized by a moist northeastward-Tlowing current aloft. In storme of

this type, one immediate cause of The heavy prscipliiation is cyclonic
turning into a trough aloft in the vicinity of the fppalachians,
Another is the western siope of 1 vpalachisns. For these ressons

trapsposition was limited to zomes 2 {116} and 7 (121). .

The Miller Island, Ia., storm of August 6~0, 10kO {IMV k-2L}, oo~
curred in comnection with a tropical marricane which crossed Florids on
August 2 and continued moving wesiward approximately along the 2%tk
parallel. On the 7thk, the storm arrived at a point just south of ILake
Charles, Ia,, and started recurving inland. Ths rainfall in southern
Louisians, already heavy, becams btorrentisl. DBecawse of the wodificstions
imposed on the storm's structure ss s resull of 1ls slow westward movement
parallel to the coast line its transposition wag limited to zomes 5 {110}
and 8 (110),

The Collinsville, T1l., storm of Ausust 12-16, 1046 (MR 7-2B},
resulted from the 1ifting of a conbinuwous inflow unstable Lropicsl
maritime aiy vhich accompanied an open wave moving sasbward over Zan-
gas and Missouri. Becaunse of the persistence of a polar High over the
Eagtern States and the absence of an inflow of cold air west of the
wave center, the wave moved very glowly and 41d not coclude. This
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gtorm was considered trensposzble within zene 2 {116} amd 7 {121}.

The Menahawken, N. J.,storm of August 19, 1939 (N4 2-3}, was a
decadent tropical storm. The Low passed inland over exbreme north-
weatern Florida on August 12-13. After remaining practically siteblion-
ary over Alabama until the 17th, it began to move slowly northeastward
attended by heavy ralne. By the time of the heavy rain in New Jersey on
the 19th, the cyclonic circulsticn was gquite weak., Two 8ays later, vwhen
practically no indication of the Low remained, =& ssvere local ghorm oc
curred at Baldwin, Maine, smpparently za & result of the moisture brought
in by the same tropical storm. Since the storm was accompanisd by hesvy
rain along most of ils path, and since hsevy reins cauvsed by tropical
storms have been cohserved as mich as several hunfred miles Inland, the ares
of transposition was limited to zomes 1 {103}, 6 {122}, =nd 9 {128},

=
i

A storm important because of its adjustment potential ccocurred ah
Hallett, Okla., on Sept., 2-6, 1940 {SW 2-~18). Because the dominant
feature of This storm was a northesstwerd-flovwing current of moist air
aloft, it was considered transposable to zomes 4 {134}, 5 (1k1), 7 {13k},
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and 8 (141).

The Thrall, Tex., storm of Sept. 8-10, 1921 (GM 4&-12), is one
of the greatest storms of record. Many of the maximm observed U. 8.
values for assigned areas and durations occurred in this storm. The
mechanism producing the exceptionally heavy rain appeared to be con-
vergence caused by & change from the anticyclonic (with higher than
geostrophic velocities) to straight flow. A tropical storm moving
inland over Tampico, Mexico, provided moisture supply in great depth,
while another tropical storm moving west-northwestward from the
vicinity of Barbados served to warp the 1sobers of the wedge between
the Iows into the shape of extreme effectiveness for the convergence
process, Because such a pattern, particularly since it includes a
warm anticyclonic wedge, belongs to Gulf State latitudes; this storm
was limited to zones 5 (105) and 8 (105),

The storms centered at Patterson, N. J., October 7-11, 1903
(GL 4-9), and at Kinsman Notch, N. H., November 2-4, 1927 {NA 1-17),
are essentially of the same type, not an uncommon one for producing
heavy rain over the Atlantic coastal region south of latitude 3%,
The principle features of this storm type in its early stages are
high pressure over New England and the Middle Atlantic States, with
low pressure centered over the Great Lakes regilon and an associated
cold front extending southward. The cold front decelerated as it
moves eastward and becomes quasi-stationary in the vicinity of the
Hudson Bay Valley. Cyclogenesis then tekes place along the front
over the Southeastern States, north of which an inverted-V low-
pressure trough may develop well into New England., The resgulting
circulation carries molst unstable tropical air from the southern
portion of the North Atlantic over the colder air west of the front.
The resulting convergence and fromtael 1ifting of the moigt air pro-
duceg heavy raing over the region. These storms were transposed to
zones 1 and 6. GL 4-9 has the adjustment 125 for each zone and
NA 1-17 the adjustmente 1h1l and 145. The storm centered at Patterson,
N. J., (GL k-9), is the chief reason for the comparable high precipi-
tation values in October over New England.

The Trenton, Fla., storm of October 17-22, 1941 (SA 5-6), was
assoclated with a mild tropical disturbance first noticed in the
Caribbean on the 17th, subseduently moving Into the eastern Gulf,
and then recurving into the Florida Peninsula near Cedar Keys on the
16th. After moving very slowly northeastward, it became practically
stationary near the east coast of Florids during the 20th and 21lst.
By the 22nd it had practically lost its identity as a tropical dis-
turbance. There is abundant observational evidence demonstrating
that troplcal storms can move inland anywhere along the Gulf Coast
and along the Atlantic Coast northward to Cape Cod. Sluggish move-
ment, though more characteristic of low than middle latitudes,
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is not unlmown Tarther north. For example, a troplcel storm, not
of hurricene force, remzined in the vicinity of Cape Hatteras for
several days in July 1001. Thus, this storm was congidered trans-
posable o zomes 5 {110}, 6 {100}, 8 (113) and 9 (113).

The Mesimer, Okla., storm of October 19-24, 1908 (SW 1-11), oc~
curred in & trough of low pressure west of an intense High centered
over the northeastern part of the country. Much of the peak rainfall
was due to thunderstorm activity, This storm was limited in trans-
position to zomes & {1hk) and 7 {137).

The storm centered at Satsums, Tex., December 5-8, 1935 (GM 5-4),
was due to the 1lifting of raritime tropical air over a quasi-stationary
front which lay near the Gulf Coast of Texas. This type of storm is
considered possible in zomes 5 (152}, and 8 (152).

A feature of the storm of Decenmber 16-20, 1895 (MR 1-1), centered
at Phillipsburg, Mo., was a polar fronmt extending from Texas northeast-
ward into the Iakes region with little variation from its mean position
during the period. Minor waves travelled along its length. An elon-
gated High predominsted off the eastern seaboard carrying moist air
from the Gulf into the storm area., Convergence, frontal lifting, and
wave action combined to preduce heavy and continuous rains. The
Phillipsburg storm was considered transposable within zones 4 (153),
and 7 (157).

In the Berlin, N. Y., storm of December 29, 1948~January 1, 1949
(XA 2-18), a cyclone moved from Colorado to New England where it became
slorigated and oriented In a2 north-south direction. Intense inflow from
the southeast resulted and upon striking a front in eastern New York
was Ifted with heavy rainfall ensumg. This storm was not trangposed
hevond zone 1 {100},
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