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PROBABLE MAXIMUM PRECIPITATION AND SNOWMELT CRITERIA FOR RED RIVER OF
THE NORTH ABOVE PEMBINA, AND SOURIS RIVER ABOVE MINOT, NORTH DAKOTA

Chapter I

INTRODUCTION

Purpose

The purpose of this study is to provide estimates of probable maximum
precipitation (PMP) and other meteorologlcal criteria needed for determining
the combined snowmelt and rain flood for 11 subbasins of the Red River of
the North above Pembina, N, Dak, and two subbasins of the Souris River
above Minot, N, Dak.

Figures 1-1 and 1-2 show outlines of the drainages. The largest of the
11 Red River of the North, figure 1-1, subbasins is the total area above
Pembina, N. Dak., a drainage of 40,200 sq mi. A large portion of the Souris
River Basin above Minot, N. Dak., figure 1-2, is in Canada. Total drainage
above Minot is 11,300 sq mi,

Authorization

Authorization for the study is given in a memorandum to the Hydromete-
orological Branch from the Office of the Chief, Corps of Engineers, dated
August 3, 1970, Attachments to the memorandum included a list of the 13
subbasins for which PMP estimates were required. These are listed in table
1-1. Index mumbers for projects correspond with project locations shown in
figures 1-1 and 1-2.

Scope

Estimates of PMP were requested for the period March 15 to April 15 in
addition to the all-season PMP, or the greatest PMP for any time of year.
Critical sequences of winds, temperatures, and dew points are needed prior
to, during, and after the spring PMP storm in order to evaluate the snowmelt
contribution to the maximum flood, Estimates of the maximum snowpack avail-
able for melt in March and April were also required.

Total drainage and direct contributing areas (table 1-1) were supplied by
the Corps of Engineers for each of the 13 subbasins. These imply there are
areas that do not contribute to most flood hydrographs. For rains of PMP
magnitude, however, it appears likely that at least some runoff from these
areas will contribute to the resulting flood. Other factors being equal,



PMP depth decreases with increasing area size., Thus, it 1s possible that a
greater rain depth concentrated over a smaller area (considering the con-
tributing portion of the basin only) may result in higher peak flow. It

is therefore suggested that at least two trial floods be evaluated; one for
the total subbasin area, the other for the contributing area only.

For this study, generalized estimates of PMP have been prepared. From
the charts and graphs presented, estimates of PMP may be determined for any
selected subbasin in the two river drainages. There are severazl reasons for
this approach., First, estimates are available for possible future project
sites. Secondly, the complication of various parts of the drainages possibly
being noncontributing. results in numerous hydrologic trails that can best
be handled by generalized charts. Lastly, a generalized approach insures
consistency in PMP estimates from one subbasin to another.

Organization and Summary of Report

Tables and figures are at the end of the chapter to which they apply.
A list of the chapters and brief summary of theilr contents follow,

Chapter 2, Meteorology of major storms, Meteorological summaries are
given of the major weather features of the storms most important to setting
the level of PMP.

Chapter 3. All-season probable maximum precipitation. Derivation is
given of probable maximum precipitation (PMP) estimates for subbasins from
10 to 40,000 sq mi in area, for durations from 6 to 72 hr , centered on the
Souris and Red River of the North drainages. Transposition, moisture
maximization, and envelopment of major areal storm rainfall depths succinctly
summarizes the method used for PMP,

Chapter 4. Seasonal and geographic variation., The chapter first covers
the March 15 and April 15 PMP estimates. Transposition, maximization, and
envelopment of the relatively few storms in this season is not sufficient
for setting the PMP. Other rainfall indices such as station maximum l-day
rainfall, maximum weekly and monthly areal rainfalls, and maximum moisture
gave guidance on seasonal variation. Geographic variation in PMP estimates
within each of the two drainages is also based on these indices. Previous
and current generalized studies provided additiomal control.

Chapter 5. Time and areal distribution. A method is given for sequencing
6-=hr PMP rain increments during the 3~day PMP storm. The procedure conforms,
in general, to sequences in storms of record and essentially maintains the
prescribed PMP for all durations., A generalized procedure is presented for
obtaining areal distribution, through an elliptically-shaped hypothetical
isohyetal pattern. Nomograms are provided for determining values of the
isohyets for any selected drainage. The isohyets give rainfall depths that
are consistent with depth-area rainfall relations of storms in the region.




Chapter 6. Snowmelt criteria, Critical snowmelting temperatures, dew
pointsyand windspeeds are given for 10 days prior to the PMP, during it, and
for 3 days after. During the storm, the criteria are given by 6-hr averages.
These should be arranged in sequence in accordance with the adopted sequence
of 6-hr rains. Prior to and after the PMP, daily averages of the criteria
are given with a recommendation for obtaining half-day values of tempera-
tures and dew points if required. Temperatures prior to the storm are based
on observed temperatures when snow existed on the ground in order that they
be consistent with the proposed spring maximum snowpack. During the PMP,
temperatures are derived from maximum persisting dew points of record in
the region. Trends in temperature after major storms are the primary guid-
ance for post-PMP temperatures. Windspeeds are derived from a statistical
analysis of observed springtime winds at Fargo and Bismarck, N, Dak. and
from observed winds assoclated with major storms.

Chapter 7. Snowpack availlable for spring melt. Observed areal water-
equivalent of snowpacks in the North Central States for six major snow cover
situations were analyzed to obtain maximum depth-area curves for each.

These were then transposed to each of the two basins with an adjustment
based on the ratio of 100-yr return period station water equivalent in the
basin to that at the observed locations. A variation of snowpack between
March 15 and April 15 is included.

Chapter 8. Procedure for use of criteria and example. Here a stepwise
procedure is given for obtaining PMP and the snowmelt criteria for any sub-
basin, This is followed by an example for a selected subbasin.




Table l1-1.-~-Subbasins of the Souris River and Red River of the North

Drainage area (sq mi)

Index Direct
number Total contxibuting

Red River of the North

at Oslo, Minn., 1 31,200 17,300
Red River of the North

at Pembina, N. Dak. 2 40,200 23,400
Ottertall River at

Orwell Dam, Minn. 3 1,830 245
Boils de Sioux River at

White Rock Dam, S5, Dak. 4 1,160 1,160
Red River of the North

at Fargo, N. Dak, 5 6,800 3,470
Sheyenne River at

Baldhill Dam, N. Dak. 6 7,470 1,910
Sheyenne River near

Kindred, N. Dak, 7 8,800 3,020
Red Lake River at

outlet Red Lake, Minn. 8 1,950 1,950
Red Lake River at

Crookston, Minn. 9 5,280 2,550
Red River of the North

at Grand Forks, N. Dak. 10 30,100 16,200
Park River at

Homme Dam, N. Dak, 11 226 226
Sourls River near

Foxholm, N. Dak. 12 10,200 3,500
Souris River at

Minot, N. Dak, 13 11,300 4,200
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Chapter 2

METEQROLOGY OF MAJOR STORMS

Narrative meteorological discussions are given here for transposed storms
that provide the greatest adjusted rainfall depths (see chapter 3) over the
Red River of the North and Souris River drainages.

Most of the storms come from the catalogue of maximum areal storm rainfall
depths (Corps of Engineers 1945-), A survey was made of Canadian storm
rainfall (Atmospheric Environment Service 1961) for those transposable to
the basins. A comparison of these with transposed U.S. storm rainfall
showed the latter depths were greater for all area sizes and durations of
concern. A search of climatological records was made for other large-area
storms that might be helpful in setting the level of PMP. Some storms were
found and maximum depth-area-duration (DAD) values of rainfall computed, In
developing all-season PMP, two of these (identified with a number preceded
by HMB in the following headings), gave greater adjusted depths for certain
area sizes and durations than any in the catalogue of United States storm
rainfall (Corps of Engineers 1945-).

Each storm in the following summary is identified by the date of the rain-
fall, location of the rainfall center and the Corps of Engineers Assignment
Number or Hydrometeorological Branch number., The combined adjustment for
moisture and transposition to the Red River of the North is given near the
end of each summary narrative., Figures 2-la and 2-1b show the center of
heaviest rainfall by an "x'" and an outer isohyet for each storm. These are

numbered and added to the end of the storm identification.
July 18-21, 1897 - Lambert, Minn. (UMV 1-2), Figure 2~-la, No. 1

Weather maps for thils early storm and discussion in the Monthly Weather
Review indicate the heaviest bursts of rain occurred on July 20 while a
quasl-stationary low centered in southeastern South Dakota was intensifying.
The greatest measured rainfall was at Lambert, Minn. where 8 in. £fell in a
little over 2 days. The low then moved across central Minnesota during the
night of July 20 before turning toward the northeast on July 21, Rainfall
was well centered over the Red River of the North Basin., This storm is
important for extreme rainfall over large areas (50,000 sq mi)} for short
durations, The storm adjustment is 148 percent (48-percent increase),

June 9-10, 1905 - Bonaparte {(nr), Iowa (UMV 2-5), Figure 2-la No. 2

An unusually large high pressure center over the Great Lakes on June 8
slowly shifted to the southeast, reaching Cape Hatteras by June 10. The
return flow from the south around this high was an important feature for
bringing in warm, moist air from the Gulf of Mexico.



A low had developed over Wyoming on the 8th, This moved east to the
northeast corner of Nebraska by 6 a.m. of the 9th and to southeast Iowa by
6 a.m. of the 10th. A strong pressure gradient between the high and low
was responsible for northerly transport of warm, moilst air., A wave on a
warm front on the northern bound of the warm air reached Nebraska by a.m.
of the 9th. Relatively slow movement of the anticyclone and low associated
with the wave concentrated the rain to give a little over 12 in. of rain
near Bonaparte, lowa, between evening of the 9th and morning of the 10th.
Convergence assoclated with the low was the primary factor causing the
heavy rain. The storm adjustment is 128 percent.

July 18-23, 1909 - Beaulieu, Minn. (UMV 1-1la), Figure 2-1a, No. 3

A low formed over South Dakota on July 19 in an eastward-moving low
pressure trough., This low moved slowly to the north-northeast. The heavy
burst of precipitation (12 in, in 60 hr ) centered at Beaulieu, Minm,,
late on July 19 occurred ahead of a warm front assoclated with this low,
while farther east at Ironwood, Mich., heavy rain occurred on July 21-22
in the warm sector of the low. The rainfall associated with the western
center was the greatest, and only the western half of the total isohyetal
map is used for this study. A strong inflow of moisture was augmented by
the circulation of a tropical storm along the Gulf ccast. A cold-fromt
passage between July 21-22 ended the precipitation. Storm adjustment is
134 percent.

June 1-6, 1917 = Atlantic, Iowa (MR 2-16), Figure 2-1b, No, 4

Thunderstorms, associated with two occluded frontal systems that moved

northeastward across Iowa during June 1-6, produced the important rainfall
for this period.

On the morning of June 1, a tralling cold front extended from a low near
the Great Lakes southwestward to Texas. Warm gulf air circulated around a
bulge of high pressure over the Southeastern States. During the day
cyclogenesis occurred on the front in a low in Texas. The resulting wave
rapidly moved northeastward and occluded over Iowa, This system produced
the severe thunderstorms between evening of the lst and 6 a.m. of the 2nd.
Rain ceased with the passage of the occluded system to the northeast.

Following a high-pressure center moving northeast out of the area on
the 3rd, a circulation of warm gulf air was reestablished. The approach
of a new cold front from the north (3rd and 4th) to Iowa over which warm
gulf alr was lifted caused thunderstorms primarily during the evening of the
4th. The front progressed slowly southward allowing additional thunderstorms
on the evening of the 5th over the same area. The rain ceased as a stronger
push of cold air spread over the area on the 6th, Storm adjustment is
171 percent,



September 17-19, 1926 - Boyden (nr), Iowa (MR 4-24), Figure 2-1b, No. 5

A well-defined cold front in a NE=-SW-oriented trough of low pressure
with high pressure centers to the northwest and southeast advanced into
southeastern South Dakota by the morning of September 17. Continued south-
eastward movement set off heavy showers and thunderstorms in the warm,
moist air flowing northeastward over northwest Iowa on the afternoon and
evening of September 17. Maximum observed rainfall was 24 in, in 18 hr .
Clearing took place as cool,dry air moved in the following passage of the
cold front. Storm adjustment is 122 percent,

June 3-4, 1940 - Grant Township, Nebr. (MR 4~5), Figure 2-la, No, 6

The Bermuda High extended well over the central East Coast States for
several days prior to June 3. Southerly flow on the western side of this
high brought warm, moist and convectively unstable air from the gulf as far
north as Nebraska and Iowa. A trough of low pressure oriented almost north-
south near the eastern border ¢f Colorado on the 3rd moved eastward to
central Nebraska by the morning of the 4th., The cold front approaching from
the northwest set off heavy showers and thunderstorms in the warm air on
the afternocon and night of June 3, The greatest measured rainfall was 13 in,
in 6 hr . Almost 9 in., occurred over 1000 sq mi in 12 hr . Weather maps
indicate northward movement of a small wave along the front was instrumental
in positioning the heavy rainfall. The storm adjustment 1s 148 percent.

August 12-16, 1946 - Collinsville, Iil. (MR 7-2b), Figure 2-1b, No. 7

A mass of cold air covered most of the Eastern and Central United States,
except Florida and most of Texas, on the morning of August 12. One of a
number of waves in Wyoming and Colorado on the boundary of this cold air
mass moved eastward, causing heavy precipitation between the evenings of
the 12th and 14th over eastern Kansas and much of Missouri. Unstable, warm,
moist air from the Gulf of Mexico in the warm sector of the wave overrunning
the cold air to the northeast caused the general rains. This warm-frontal
rain advanced into southern Illinois on the night of August 14, ending with
the passage of the warm front. Heaviest showers of the storm period then
broke out in the warm sector of the wave on the night of August 15-16,
Maximum station rainfall was close to 19 in. in 3 days. Drier air came in
aloft and the showers decreased in intensity and ended followlng passage
of a cold front on August 18. Storm adjustment is 116 percent.

July 9-12, 1951 - Council Grove (nr), Kans. (MR 10-2), Figure 2-1b, No, 8

The meteorology of this storm, important for long durations over large
areas, both where it occurred and when transposed, is discussed in detail
in Weather Bureau Technical Paper No. 17 (U.S. Weather Bureau 1952b), and
is summarized here. Beginning with the 9th and through the 12th, high
pressure persisted in the North Central States, extending south to near the
Kansas-0Oklahoma border. A weak low at the same time persisted in New



Mexico. This situation set up a strong east-west pressure gradient through
Texas and Oklahoma resulting in strong northward flow of warm, moist air
into the heavy rain area. A particularly strong surge of cold air on the
10th forced upward motion of the moist air and heavy rainfall in Kansas.

The strong inflow of moisture, the energy associated with the high tempera-
ture contrast, the instability of the warm air, and the fact that the
frontal boundary between the cold and warm air remained nearly stationary
for several days are apparent factors contributing to the heavy rain., Storm
adjustment is 122 percent.

Transposition limits determined for Technical Paper No. 17 extend to
the southeast corner of the basin. These limits have been extended in the
present study to include the entire Red River of the North., This extension
was based on consideration of the meteorology of some additional storms
investigated as part of an ongoing study of generalized PMP estimates for
large basins. These storms were not considered in developing the limits
set in Technical Paper No. 17.

June 7-8, 1953 - Ritter, lowa (HMB 6-~53), Figure 2-la, No. 9

A cold air mass preceded by a cold front moved southward over the North
and Central Plains States a few days before the heavy rainfall. A low-
pressure center formed on the front in Colorado on the morning of June 7.
This low deepened and moved quickly northeastward to east-central Minnesota
by the morning of June 8, then continued east-northeastward into Canada,
Very heavy rains occurred in thunderstorms ahead of the warm front and in
the warm sector as the low moved across northwest Iowa the latter half of
June 7. The 700-mb charts prior to and during the storm showed strong south-
erly moist £low from the Gulf of Mexico around a westerly extension of the
Bermuda High. A cold front moving southeastward following passage of the
low center ended the rain., Stomrm adjustment is 155 percent.

September 11-13, 1961 - Shelbina, Mo, (HMB 9-61), Figure 2-la, No. 10

Moisture associated with Hurricane Carla was responsible for the large
area of heavy rainfall on September 11-13 centered in northeast Missouri.
The 4-in. isohyet extended from Oklahoma to Lake Michigan. Carla crossed
the gulf coast approximately 70 mi northeast of Corpus Christi in the later
hours of the 1lth with a northwesterly heading. Shortly thereafter the
storm took a northerly course,reaching the southern border of Oklahoma by
1 a,m. of the 13th, By 1 p.m. the tropical storm merged with a cold fronmt,
then moved northeast to Lake Michigan by 1 a.m. of the 1l4th as a low on the
front., Heaviest rains occurred well ahead of the storm center from the
evening of the 12th to noon of the 13th while the tropical storm was changing
to a northeasterly track. The deep northerly flow of moisture (surface dew
points were within a few degrees of the maximum 12-hr persisting dew points
for September near the gulf coast) moving upward over the cold front and
convergence of the moist air about the low center produced the heavy rain-
fall., Storm adjustment is 105 percent.
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Chapter 3

ALL-SEASON PROBABLE MAXIMUM PRECIPITATION

Method of Estimating PMP

The method in most general use for estimating probable maximum precipitation
(PMP) in the United States where topography has little or only a minor
influence may be termed the moisture-maximization transposition procedure.
This has been used in the present study for estimates of all-season and
springtime PMP. The method can be summarized by the following three steps:

1. Moisture maximize the greatest areal storm rainfall depths that
have occurred in the meteorclogically homogeneous region
surrounding the drainage area under study by adjusting them
to the highest atmospheric moisture observed in the region.

In practice, surface dew points are used to obtain the moisture
adjustment factor because of lack of upper—air soundings in
early storms, and because there is a much more dense network of
surface dew-point observations than of upper—ailr observatiomns.
The storm 12-hr persisting dew point representative of the moisture
inflow 1s reduced pseudoadiabatically to 1000 mb and the
precipitable water computed in a saturated air column with that
1000-mb dew point value. A moilst adiabatic lapse rate 1is
assumed. The maximum precipitable water is obtained in a
similar way, based on the maximum persisting 12-hr 1000-mb

dew point (Environmental Data Service 1968) within 15 days of
the date of the storm. The ratio of the maximum to the storm
precipitable water 1s the moilsture adjustment factor by which
maximum observed storm depth-area-duration rainfall values

are multiplied.

2. Transpose maximized storm rainfall depths to the basin.
Transposition requires identifying the type of storm and
isolating the factors important to heavy rain. A survey of
weather charts will help to delineate the region within which
a particular storm type has occurred. The climatology of storm
tracks frequently is additional guidance. In transposing a
storm, a relocation adjustment is applied. This is the ratio
of the maximum persisting 12-hr 1000-mb dew point in the
transposed location to that where the storm occurred.

3. Envelop transposed and maximized storms. Smooth envelopes of
the adjusted storm rainfalls are made with duration for selected
area sizes. Thus, maximized depths for two durations, for
example, 24-and 72-hr, from two different storms when enveloped
with a smooth curve, may determine the depths for intermediate
durations. Similar smooth envelopes are then made across area
for each duration.

il



The basic concepts in this method can be summarized as follows: ALl
factors conducive to heavy rain, except moisture, may be termed storm
"mechanism."” If there are sufficient transposed major storms, 1t 1s assumed
maximum or near-maximum values of storm mechanism have been experienced such
that with moisture maximization an estimate of the rainfall potential
1s obtained.

Some discussion of the moisture maximization procedure is covered in
Hydrometeorological Report No. 33 (U.S. Weather Bureau 1956). Technical
Memorandum WBTM HYDRO-5 (Myers 1967) discusses the several steps of this
method for obtaining PMP.

Storms Processed and PMP Estimates

"Storm Rainfall in the United States" (U.S. Army Corps of Englneers 1945-)
and its counterpart in Canada (Atmospheric Enviromment Service 1961) were the
basic sources of storm data. Because these contain relatively few large-area
storms, a survey was made of the precipitation amounts in "Climatological
Data for the United States by Sections” (U.S. Weather Bureau 1970) for
additional storms that would appear to provide critical rainfall depths.

Some critical rainfall periods were found and preliminary storm rainfall
values computed for each. Two of these storms were important in setting the
level of PMP. Table 3-1 lists the major storms considered. The last two
columns of the table give the combined adjustment for moisture maximization
and transposition to the centers of the Red River of the North and Souris
River Basins, respectively.

Adjusted storm depths for each basin were plotted on semi-logarithmic paper
and smooth enveloping depth-~area curves drawn for each duration, figure 3-1.
Further smoothing was obtained for selected standard size areas by means of
depth-duration plots (not shown).

The storms that are controlling or near-controlling (that is, those giving
the greatest depths for particular area sizes and durations) for either of
the two basins are marked with an asterisk in table 3-1. Figure 2-1la and b
show the centers of these storms and outer isohyets. Table 3-2 lists the
controlling storms for standard areas and durations.

Figure 3-1 gives enveloping PMP for the center of the Red River of the North
by the solid curves. A separate set of curves (not shown) were prepared for
the Souris River Basin. Comparison of the enveloping DAD curves for the
centers of the Red River of the North and Souris River Basins shows relatively
small differences. A l0-percent reduction of the Red River of the North
envelopes reproduces the independently determined Souris River DAD envelopes
without significantly overenveloping or undercutting adjusted data.

Therefore, a basic PMP estimate for a Souris River subbasin may be obtained
by taking 90 percent of PMP for the Red River of the North. Geographic
variation within basins is obtained from figures 4-2 and 4-3.
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Dashed curves of figure 3-1 are depth-area curves used in distributing PMP
within basins. Their development and use are discussed in chapter 5.

Comparison With Other PMP Estimates

A PMP study for an adjoining drainage, the Minnesota River (U.S. Weather
Bureau 1969), provides a test for consistency with the present estimates.
Between 1,000 and 10,000 sq mi, Red River of the North estimates are 2 to
8 percent lower. At the 20,000-sq-mi area, the Red River of the North
estimates are 10 percent greater for 6 hr and down to 2 percent greater at
72 hr. The additional storm rainfall data from the storm search in the
present study and some variation in degree of envelopment account for these
increases.

A study (U.S. Weather Bureau 1952c) for portions of the Red River was made
in 1952. Basic enveloping PMP values in that study were determined for areas
up to 5,000 sq mi. PMP estimates for 6 hr in that report are the same as in
this study for 1,000- to 5,000-sq-mi areas. For longer durations, this study
is higher; by 10 percent for 24 hr and up to 28 percent for 72 hr. Most of
these differences are due to unavailability of the July 1951 Council Grove,
Kans., storm (MR 10-2) rainfall depths for the earlier estimate.

Generalized PMP for areas up to 1,000 sq mi and duratiomns to 48 hr (U.S.
Weather Bureau 1956) are in good agreement with the present study. For large
areas, a current study giving tentative generalized estimates of all-season
PMP in the Central and Eastern States shows approximately the same values
as given here,

13



Table 3-1.--Major storms considered for Red River of North and Souris River
Basins all-season PMP

Storm adjustment

Assignment (percent)
number Storm date Storm center

Red River Souris

of North River
MV 1-2 July 18-21, 1897 Lambert, Minn. 148 141
MR 1-5 July 14~17, 1900 Primghar, Iowa 128 122
UMV 1-6  Sept. 7-11, 1900 Elk Point, S. Dak. 122 116
MR 1-10 Aug. 24-28, 1903 Woodburn, Iowa 116 100
GL 2-12 June 3-7, 1905 Medford, Wis. 122 110
MV 2-5 Jupne 9-10, 1905 Bonaparte (nr}, Iowa 128 116
UMV 2-18  Sept. 12-19, 1905 Boonville, Mo. 141 116
MR 5-13 June 6-8, 1906 Warrick, Mont. 189 189
*¥UMV 1-1la July 18-23, 1909 Beaulieu, Minn. 134 128
MR 4-14a  June 25-28, 1914  Hazelton, N. Dak. 134 128
*MR 2-16 June 1-6, 1917 Atlantic, Iowa 171 156
MR 4-21 June 17-20, 1921 Springbrook, Mont. 128 128
*MR 4-24 Sept. 17-19, 1926 Boyden (nr), Iowa 122 110
MR 5-2 June 6-8, 1934 Akron, Iowa 171 163
*MR 4-5 June 3-4, 1940 Grant Township, Nebr. 148 127
UMV 1-22  Aug. 28-31, 1941 Hayward, Wis. 134 122
MR 6-15 June 10-13, 1944  Stanton (nr), Nebr. 128 116
SASK 7-46 July 9-10, 1946 Rhodes Ranch, Mont. 171 163
MR 7-2a Aug. 12-15, 1946 Cole Camp, Mo. 116 105
*MR 7-2b Aug. 12-16, 1946 Collinsville, I1l. 116 105
*MR 10-2 July 9-12, 1951 Council Grove (nr), Kans. 122 110
*HMB 6-531  June 7-8, 1953 Ritter, Iowa 155 141
*HMB 9-611 Sept. 11-13, 1961 Shelbina, Mo. (CARLA) 105 90

*Controlling or near-controlling all-season PMP.
lPreliminary DAD data by Hydrometeorological Branch.
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Table 3-2.-—-Observed rainfall (in.)} for controlling or near-controlling
storms, all-season PMP Red River of the North

Duration Area (sq mi)
(hr)
1,000 5,000 10,000 20,000 50,000
6 9.2 5.8 4.4 2.5 1.4
(MV 1-1la) (UMY 2-5) (UMV 2-5) (HMB 6-53) (MR 2-16)
12 8.9 6.1 4.8 3.5 2.3
(MR 4-5) (HMB 6-53) (HMB 6-53) (HMB 6-53) {UMV 1-2)
18 - 6.8 5.6 4.2 2.9
(HMB 6-53) (HMB 6-53) (HMB 6-53) (uMv 1-2)
24 - - 6.1 - 4.7
(HMB 6-53) (HMB 9-61)
36 14,7 10.4 - - 5.3
(MR 7-2b) (MR 7-2b) (HMB 9-61)
60 15.9 11.7 10.4 8.6 -
(MR 7-2b) (MR 10-2) (MR 10-2) (MR 10-2)
72 15.5 13.0 11.4 9.4 -
(MR 10-2) (MR 10-2) (MR 10-2) (MR 10-2)
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Chapter 4

SEASONAL. AND GEOGRAPHIC VARIATION

Seasonal Variation

For determining the maximum flood from combined snowmelt and a rainstorm,
it is necessary for this region to define PMP for the primary snowmelt months,
March and April. There are an Insufficient number of severe storms in these
months so that a direct approach (moisture maximization, transposition, and
envelopment), as was used for all-season PMP, will not give reliable PMP
estimates. Other precipitation indices used as guidance in determining the
recommended seasonal variation are described in the following paragraphs.
Figure 4-1 summarizes the indices.

Month of Highest PMP

Station maximum l-day precipitation of record, useful in determining
seasonal variation at least for small areas, indicates the all-season PMP
can occur as early as June in the region of these drainages. Station maximum
precipitation for the U.S. was obtained from Weather Bureau Technical Paper
No. 16 (U.S. Weather Bureau 1952a). It covers the period of record through
1949, Maximum station precipitation for Canada comes from (Department of
Transport 1958). Table 4-1 shows which months contributed the greatest
l-day rains at 206 stations with long records in states or provinces near
the drainages. Only one station with a long record had its annual maximum
outside the April-October season. This is Crosby, N. Dak. (4.02 in., Nov. 7,
1915). June contributed the greatest number, 70, with 48 for July and 46 for
August.

Four of the 10 storms most critical for the all-season PMP (table 3-1),
occurred in the first part of June. These are the storms of June 9-10, 1905
(MV 2-5); June 1-6, 1917 (MR 2-16); June 3-4, 1940 (MR 4-5); and June 7-8,
1953 (HMB 6~53). Of the remaining six storms, three occurred in July, two in
September, and one in August.

It is concluded the all-season PMP can occur as early as Junme 1.
Station Precipitation as Guidance to Seasonal Variation

The highest 1-day precipitation values for February through June at stations
with 30 or more years of record in Minnesota (north of 46° latitude) and
North Dakota were extracted from published summaries (U.S. Weather Bureau
1952a). The ratio of the highest l-day value for each month to that for
June was computed for each station. The resulting station average ratios, or
average percents of June, for each state are shown by the crosses in
figure 4-1. Highest average percents of June are: February 37, March 47,
April 63, and May 84.
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Other Indices

Variation of maximum moisture is an index to be considered in the variation
of PMP. The seasonal variation of moisture over the drainages, as determined
from maximum persisting 12-hr dew points (Environmental Data Service 1968) and
expressed in percent of moisture in June, ranges from 23 percent in February
to 73 percent in May.

Another clue to seasonal variation of precipitation is temperature contrast,
which represents potential energy subject to transformation into kinetic
energy. As a qualitative index to temperature contrast, the maximum 1000-
to 700-mb thickness gradient within 300 ml of Fargo obtained from normal maps
(U.S. Weather Bureau 1952d) i1s plotted in percent of mid-June on figure 4-1.
Expressed in percent of June values, the highest percentage (167) comes in
February, with a smooth decrease in the monthly percentages to June.
Combination of moisture and temperature contrasts, by multiplication of
corresponding monthly values, results in a seasonal variation not too
different from that of maximum station precipitation. It progresses from
35 percent of June in February to 83 percent of June in May.

The recommended seasonal variation and supporting data are shown in
figure 4-1. The adopted variation is somewhat above the average percents
of June for l-day maximum precipitation. Percents of all-season PMP taken
from the figure for March and April are shown in table 4-2,

Geographic Variation

There is variation in PMP within each basin, largely because of the distance
from moisture source. Other factors remaining constant, rainfall decreases
as the distance from the Gulf of Mexico increases. For this study, the
variation was developed from HMR No. 33 (U.S. Weather Bureau 1956) and a
tentative variation from an ongoing large-area PMP study for the eastern
two-thirds of the United States. A compromise between the two studies was
adopted. Geographic variation from the two mentioned sources gives somewhat
different values from the adopted 90 percent of the Red River of the North
for the Sourils River Basin. However, it is considered acceptable within the
limitations of the data. Geographic variation for March, April, and June is
given in figures 4-2a to ¢ for the Red River of the North Basin and
figures 4-3a to ¢ for the Souris River Basin.

On each map, 100 perxcent is drawn through the center of the basin, the

location for which the PMP was determined and to which the seasonal
variation applies.
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Table 4-1.-—Month in which greatest l-day station precipitation of record
occurred

(U.S. stations with 30 or more yr of record; Canadian stations with
10 or more yr)

Number of stations with greatest l-day
Number precipitation in indicated month
State or province of

stations
Apr. May June July  Aug. Sept. Oct.

Minnesota (north

of 46° lat.) 41 0 2 6 12 15 5 1

Montana (east of
109th meridian) 27 1 4 12 5 2 3 0
North Dakota 77 2 8 30 16 14 5 1
Saskatchewan 26 0 3 10 7 5 1 0
Manitoba 35 0 3 12 8 10 1 1
206 3 20 70 48 46 15 3

Table 4-~2.--Recommended seasonal variation of PMP

{Percent of all-season values, fig. 3-1)

Date Percent
Mar. 1 45
Mar. 15 53
Apr. 1 62
Apr. 15 72
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Chapter 5

TIME AND AREAL DISTRIBUTION

In determining a flood hydrograph, the magnitude of the flood is often
dependent on the manner in which a given precipitation volume (average
depth over the area) is distributed. Also, the degree of concentration of
precipitation with time during a storm and the sequence of incremental
precipitation values for short time periods are important considerations,
In this chapter a procedure is suggested for the time and areal distribution
that is patterned after major storms, essentially maintains PMP magnitude
for all duratioms, is relatively simple, and will result in consistency
among the subbasins,

Time Distribution

It is assumed that a single storm can produce PMP for all durations over
a subbasin. Therefore, basic all-season PMP for all durations for a sub-
basin may be read from figure 3-2, at the area of the subbasin. These
values are then adjusted for location and season. Six-hour PMP increments
from the greatest (Ist) to lowest (12th) are cbtained by successive sub-
traction after drawing a smooth durational curve of rainfall through the
accumulated adjusted values.

Having determined the 6-hr rain increments, the question remains of how
these should be sequenced relative to each other in the PMP storm. Imnspec-
tion of many storm mass rainfall curves shows a wide variety of possible
sequences. One fairly consistent pattern i1s for bursts to last from 6 to
18 hr with lulls between them., Such sequences, followed closely, will not
vield the required PMP values for each duration from 6 toc 72 hr . A
compromise between the storm mass curve indications and the desirability
for maintaining PMP for all durations is to apply the following guidelines:

1. Group the four highest 6-hr increments of the 72-hr PMP in a 24=hr
period, the middle four increments in a 24-hr period, and the lowest
four increments in a 24-hr period.

2. Within each of these 24-hr periods, arrange the four increments in
accordance with the sequential requirement for maintaining PMP. That
ig, the second highest next to the highest, the third highest adjacent
to these, and the fourth highest at either end.

3. Arrange the three 24-hr periods with the second highest 24-hr
period next to the highest and the third at either end. Any possible
sequence of three 24-hr periods is acceptable with the exception of
placing the lowest 24~hr period in the middle.
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Areal Distribution

It is assumed uniform areal distribution may be used for all 6-hr PMP
increments over drainages of less than 1,000 sq mi, TFor larger areas, we
recommend distribution of the two greatest 6-hr PMP increments by a hypo-
thetical ischyetal pattern. The remaining PMP increments may be distributed
uniformly, that is, one average depth for the drainage.

Shape of Ischyetal Pattern

One consideration in areal distribution is the shape of the isohyetal
pattern. Unless a subbasin outline is quite elongated or irregular it is
reasonable to assume the isohyets could essentially conform to the outline.
For this study, we suggest the elliptical isohyetal pattern shown in fig-
ure 5-1., This pattern has a major-to-minor axis ratio of 2 to 1. Table 5-1
gives the areas of the isohyets in the pattern,

Computations were made to check the reduction in rainfall that would
result from differences in the shape of the pattern and subbasin shapes.
For an extreme case, the contributing drainage area (1,910 sq mi) of the
Sheyenne River above Baldhill Dam, N. Dak., the reduction is 25 percent for
the greatest 6-hr period and 10 percent for the second greatest. Similar
reductions were computed for the Sheyemne River above Kindred, N, Dak.
(drainage area 3,020 sq mi). Generally, reductions between 5 and 10 percent
resulted for the remaining subbasins.

Orientation of Isohyetal Patterm

In a study for the Tennessee Valley Authority, Schwarz (1970) found a
relation between the magnitude of 3-day rains and the orientation of the
isohyets. Direction of flow of moisture from its source reglon relative
to upper-air steering currents in major storms tended to produce greater
rainfall volumes in certain isohyetal orientations. A similar study was
carried out for the region of the present study. A number of storms from
Storm Rainfall (U.S. Army Corps of Engineers 1945-) with ischyets extending
into North Dakota, South Dakota, Minmesota, Wisconsin, Nebraska, Iowa, and
northern Illinois were considered as well as Canadian storms (U,S. Army
Corps of Engineers 1945-) in the southern half of eastern Saskatchewan,
Manitoba, and western Ontario. This gave an average of 95 storms for 72-hr
duration for which the orientations of the isohyets and rainfall depths for
numerous area sizes, from 5,000 to 20,000 sq mi, were correlated. One
extreme depth for a storm with an isohyetal pattern extending into Iowa and
southern Minnesota but centered in Oklahoma, has far greater depths than
the more northerly storms for large areas with nearly a morth-south (20°)
isohyetal orientation. Because the storm was centered farther south than
the others, it was not given full weight, Envelopment and compositing of
greatest rain depths plotted against orientation of major axes of isohyets
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showed maximum values for orientations between 20° and 100° from the north.
Figure 5-2 is an example of the data for 72-hr duration for 20,000 sq mi
with the adopted variation., This vardation in rain depths with ischyetal
orientations is also shown in table 5-2. Orientations other than those
listed, if needed, may be obtained by interpolation.

Ischyetal Values

For smaller areas within the total area of a subbasin, we recommend an areal
rain distribution that falls between using uniform distribution and assuming
PMP for all area sizes within the subbasin. Depth-area relations giving
such areal distributions are shown by dashed lines at key areas and dura-
tions on figure 3-2, These were derived from rainfall depth-area relations
of major storms in the region of the basins., For identification purposes
they are termed "within basin" depth-area curves. TFor example, the "within
basin" depth-area curve shown for 6-hr duration for basin sizes of 10,000
sq mi or more is a composite of depth~area relations in major storms of the
region that had controlling or near controlling 6~hr depths for 10,000 sq mi.
It was found that this curve is representative of storm depth-area relations
for area sizes up to 50,000 sq mi, The 6-hr curve for 1,000-sq-mi basins is
the average depth~area relation of controlling storms for that duration and
area size. Depth-area curves (not shown) were also determined in a similar
way for 5,000-sq-mi basins.

A full family of "within basin" depth-area curves were derived for area
sizes from 1,000 to 10,000 sq mi for the greatest and second greatest 6-hr
PMP increments by interpolating between the sets for 1,000, 5,000 and 10,000
sq mi or greater. Then nomograms were computed relating percent of PMP for
basin sizes to areas of isohyets. These nomograms are shown in figures 5-3
and 5-4 for the greatest and second greatest 6-hr PMP increments., They will
give consistent isohyetal labels for drainages up to 40,000 sq mi in area.

For the remaining ten 6-hr PMP increments, uniform areal distribution may
be used,

Chapter 8 outlines a procedure for using the nomograms of figures 5-3
and 5-4, as well as the geographic and seasonal adjustments.
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Table 5-1l.--Areas of pattern storm isohyets (fig, 5-1)

Isohyet Area
(sq mi)

10

35
270
800
3200
8700
19700
42300
76600

T oEmmEg QW

Table 5-2.--Variation in PMP with orientation of isohyetal pattern

Orlentation of major Percent of basic
axis from north PMP from fig. 3-1
10° 95
20°
to 100
100°
120° 95
140°
to 87
180°
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Figure 5-3.--Nomogram for determining isohyet values for greatest 6-hr PMP
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Chapter 6

SNOWMELT CRITERIA

Introduction

This chapter presents critical sequences of temperatures, dew points, and
winds that can accompany the spring PMP storm. Criteria are given for the
storm period (part A); for 10 days prior to the storm (part B)}; and for
3 days after the storm (part C). Other considerations required for computing
snowmelt such as amount and type of forest cover and radiation are not a part
of this study. Critical snowpack for spring melt is covered in chapter 7.

A, Temperatures and Windspeeds During the PMP Storm

Dew Points

Dew-point temperatures for occurrence with the spring FMP storm are based
on maximum persisting 12-hr 1000-mb dew peints (Environmental Data Service
1968) over each basin. From Weather Bureau Technical Paper No. 5 (U.S.
Weather Bureau 1948), the durational variation in persisting dew points was
computed for 4 stations near the two basins for March and April. Differ-
ences in values between stations and between the two months were not
significant; therefore, one variation was adopted. This average is shown
in percent of the precipitable water (associated with the persisting dew
point for each duration) for 12 hr , in table 6-1,

Maximum 12-hr dew points vary sufficiently over the basins so that they
should be specified for the location of a particular subbasin being studied.
Figures 6-1 and 6-2 are maps of the maximum persisting 12-hr dew points for
March 15 and Aprdil 15. Figure 6-3 shows the relation between precipitable
water and associated dew polints. Steps that will give 6~hourly dew points
for a basin are as follows:

1. Determine the maximum persisting 12-hr 1000-mb dew point for the
basin from figure 6-1 (March 15) and figure 6-2 (April 15).

2. Interpolate for an intermediate date if required.

3. Obtain precipitable water (W ) corresponding to this interpolated
dew point from figure 6-3,

4., Multiply Wp of step 3 by percents listed in table 6-1.

5. Enter figure 6~3 with precipitable water values of step 4 to obtain
6=hr dew points for each 6~hr period,
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Elevation Adjustment

Basic dew point criteria (maps of figures 6-1 and 6~2), are for 1000 mb,
or near sea level, TFor use over a basin in a storm, the dew points deter-
mined in the last paragraph need to be adjusted to the elevation of the
basin. This adjustment during the PMP storm 1s approximately 3°F decrease
per 1,000 ft above sea level based on the assumption of a saturated pseudo-
adiabatic lapse rate. )

Aix Temperatures

With the assumption of a saturated pseudo-adiabatic sounding during the
PMP storm, alr temperatures equal the dew-point temperatures.

Windspeeds

Two types of anemometer level wind observations at Fargo and Bismarck,

N. Dak. were analyzed for determining critical windspeeds during the PMP
storm.

The first type are daily average windspeeds with the direction not
specified, ‘Such winds were available for 21 yrs at Fargo and 26 yrs at
Bismarck. The highest daily average wind for each March and each April was
extracted for each station, plotted on normal probability graph paper and
the windspeed with a probability of 0.02 detemmined from a straight line
fitted by eye. At Fargo the 0.02 probability windspeeds were 39 and 40 mph
for March and April, respectively, while at Bismarck they were 37 and 31 mph.
An average of 37 is considered appropriate for both months for the highest
l-day average wind.

The other type of data are "fastest-mile" winds for each day with
direction specified. These were availlable for 29 yr at Fargo and 35 at
Bismarck. "Fastest mile" is the speed computed for passage of a mile of
wind. The serles of fastest mile winds were extracted for each March and
April at each station and the 0.02 probability wvalues determined in the same
manner as with the daily average winds. This was done for two categories of
data; first, regardless of direction and then only those winds from southeast
through southwest. The two groups of data allow an evaluation of the rela-
tive magnitude of southerly winds compared to any direction. The former are
consistent with meist air inflow during storm periods. The 0.02 probability
fastest-mile winds (mph) were as follows:

March April
SE-S5W Any direction SE-SW Any direction
Bismarck 41 59 56 64
Fargo 49 58 _ 53 67 _
Avg 45 58.5 54,5 65.5
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The average ratio of restricted direction windspeeds (SE-SW) to any
direction is 0.80, This ratlo is considered a reasonable factor for con-
verting daily average windspeeds, any direction, to a southerly wind. We
thus obtain a l-day average southerly windspeed of 30 mph (0.80 x 37) with
a probability of 0,02,

Comparisons of Frequency Distributions

The method used for obtaining windspeeds having a probability of 0.02,
using normal probability paper and fitting the data to a straight line,
assumes the winds are normally distributed. Some tests were made with
other frequency distributions to evaluate the normality assumption, The
other distributions were:

1. Fisher-Tippet Type I (Gumbel), This is a double exponential distri-
bution fitted to the data by Gumbel (1958) through the method of
moments.,

2. TFisher-Tippet Type I (Lieblein): Lieblein (1954) fits the data to
this distribution by a method that applies a weighting function to
ranked data in chronological groups.

3. Fisher-Tippet Type II (Lieblein). This 1s also a double exponential
distribution where the moments are limited. Thom (1966) states that
with transformation of the variate x to log x., the Type II distribu-
tion may be fit by the Type I distribution., The Lieblein method of
fitting the data was used here.

4., Log normal. In this distribution the Naperian logarithm of the
variate is used (Chow 1964). The log normal distribution may be
obtained by fitting a straight line to data plotted on semi-logarithmic
probability paper.

5. Pearson III, This is a skewed distribution with limited range in
the left direction (Chow 1964).

These five distributions were fitted to six sets of the wind data -- two of
the daily average wind sets and four of the fastest mile sets.

Plots of the data compared with the six frequency curves showed that the
normal distribution fit the data best at the upper or high wind end in five
of the six sets, Pearson I1I1 appeared somewhat better in the other set.

The windspeeds with 0,02 probability from the log normal distribution was
within 1 mph of that from the eye-fitted normal distribution method —-
averaging 2/3 mph less. The Fisher-Tippett Type I (Gumbel) 0,02 probability
winds averaged a little less than 4 mph higher than the normal 0.02 prob-
ability values. The Fisher-Tippett II1 (Lieblein) procedure gave the highest
values averaging about 8 mph greater than the normal distribution method.

It also departed the most from the data above the 0.25 probability level.
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The Pearson Type III distribution averaged 1 mph less than the normal dis-
tribution at the 0,02 probability level. Figure 6-4 1s an example of one

of the six sets of data tested; the fastest-mile winds at Fargo, N. Dak.,

for March for restricted directions between SE and SW.

It was concluded from these comparisons that the assumed normal distribu-
tion used for obtaining a rare wind event is satisfactory.

Durational Variation

Strong wind situations in March and April at Fargo and Bismarck were
selected for guidance in determining a durational variation in windspeeds.
Five cases were selected from each station on the basis of high southerly
winds from the tabulations of fastest-mile winds from the restricted
direction.

The winds observed every 6 hr £for a 6-day period bracketing the time
of the "fastest-mile'" wind were tabulated. The highest of any three
adjacent wind observations was considered a 12-hr average and the highest
average of four adjacent winds, an 18-hr average. The same procedure was
carried out to the highest of 13 adjacent observations (of the 24 tab-
ulated) to give 72-hr (3-day) average winds. These average winds for the
10 selected cases were plotted on a graph (windspeed against durationm).
There was considerable variation among the 10 cases. For example, the ratio
of 72- to 24-hr dvuration winds (average 0,78) varied between 0,94 and 0.67.
Variation in the durational relations could not be attributed to the month
or place of occurrence, therefore, the average durational relation of the
10 cases was adopted, Table 6-2 shows this relation in part a.

Winds for snowmelt computations are used more easily if in the form of
averages by 6-hr periods during the PMP storm. Therefore, the durational
variation was converted to 6~hr incremental variation and 6-hr wind averages
computed based on a maximum 24-hr average of 30 mph., (The .02 probability
southerly wind.) The 6-hr wind averages are shown in table 6-2b.

An example of how these incremental 6~hr average winds were determined
follows: With a 30-mph average 24-hr windspeed, the greatest 6-hr average
to nearest whole miles is 37 mph (30 x 100 =+ 82), The second greatest 6=hr
average In percent of the greatest is 84%Z [ 2(.92) - 1.00 ]; and the 3rd
greatest is 74% [ 3 (.86) - 1.84 ]. Similar computations were continued
on the 12th greatest, or least, b6-hr wind average.

B, Temperatures and Windspeeds Prior to the PMP Storm
Temperatures
In deriving critical temperatures for spring snowmelt, a restriction is

that these temperatures should be compatible with the postulated snowpack
antecedent to the PMP storm. Two types of data meeting the criteria were
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considered. One is published daily records of temperatures with concurrent
snow on ground (U.S. Weather Bureau 1970). The other set of data is derived
from generalized snow cover maps and temperatures in the "Weekly Weather and
Crop Bulletin" (Envirommental Data Service 1970),

Envelopment of the highest temperatures from these sources, for snow-
on-ground conditions, expressed in terms of departure from normal, is the
basis for sequences of critical temperatures for 10 days prior to the
spring PMP storm.

Analysis of Data

Consider first station daily temperature values restricted to snow-on-
ground conditions. We selected Fargo (21-yr record) and Minot (33-yr record),
N. Dak., as representative of the Red River of the North, and the Souris
River, respectively.

Highest average temperatures with snow on ground were determined within
each half month period beginning March 1 and ending April 30 for 1-, 2-, 3-,
5—- and 10-day durations. In surveying a particular half month the condition
was set that all days except one in each duration could be in the previous
half month.

The requirement for smow on ground was relaxed to the extent of allowing
one day of bare ground in each duration. The maximum one-day temperature
thus could have occurred with bare ground but with snow on the ground on
the previous and following days. This relaxation is reascnable since experi-
ence shows that snow cover often still exists in surrounding areas after it
has disappeared at an observation site in or near a city.

The highest average temperatures meeting the above restrictions were
plotted on a seasonal chart at the middle of the observed period. Of the
cases contributing the highest temperatures for any duration, Fargo and
Minot often had snow cover on the same dates, indicating that these cases
consisted of large areas with snow on the ground.

The other set of data, weekly maps in the "Weekly Weather and Crop
Bulletin" (Environmental Data Service 1970) provide temperature departures
from normal and maps of the extent of snow on ground as of the last day of
each week. These maps are available through March of each year. Large
departures from normal temperature were considered if they occurred in
Wisconsin, Minnesota, North Dakota, or eastern Montana. The largest depar-
tures were checked against daily station temperatures and whatever
information was available concerning snow on the ground since the weekly
maps sometimes smoothed out details. Some of the most extreme cases did
not meet the requirement of continuous snow cover through the week.

Figure 6-5 shows the highest temperatures found from both sets of data

and the adopted enveloping curves. The higher departures from normal in
March compared to April are notable.
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Snow cover into the middle of April is a severe restriction since in most
years the ground is snow-free by this date. - Shapes of the adopted envelopes
to April 15, shown in figure 6-5 with dashed curves, are therefore partially
based on highest temperatures without snow cover. High temperatures plotted
after April 1 in figure 6-5 are based on snow-free conditions.

Smoothed departures from normal temperatures for durations of 1 to 10
days are shown in figure 6-6 for March 15, March 31, and April 15. These
come directly from figure 6-5., Incremental daily average temperature de-
partures from highest (day 1) to lowest (day 10), derived from figure 6-6,
are given in table 6-3, rounded to the nearest whole degree for three dates
for the beginning of the PMP storm. Temperature departures for an inter-
mediate date may be interpolated.

After the daily temperature departures are obtained for a selected date,
they may be added to the normal temperature for the basin under concern for
that date. Figure 6-7 gives normal temperatures for the center of the Red
and Souris River drainages. These were determined from monthly normal
temperature maps (Enviromnmental Data Service 1968; Canada, Department of
Transport 1967; and U.S. Weather Bureau 1963).

A refinement is to use the normal daily temperatures for a particular
drainage. These can be obtained for March and April from figures 6-8 and
6-=9. Linear interpolation between values over a specific subbasin yields
normal daily temperatures for an intermediate date.

Sequences of Daily Temperatures

The preceding sets critical daily temperatures for 10 days prior to the
springtime PMP storm. It remains to specify a sequence of the values.
Temperatures accompanying March and April storms of record in the north
Central States were considered as guidance to sequences of temperatures prior
to the rainfall. These storms are listed in table 6-4 and the outer ischyets
are shown in figures 6-10a and b, Two of the storms come from "Storm
Rainfall," (U.S. Army Corps of Engineers 1945-, Atmospheric Enviromment
Service 1961). The remaining are the most intense known for these months in
this region from a search of precipitation records.

Temperatures for four stations in or near the rain patterns were averaged
for each of the 10 days prior to each storm., Ranking these average daily
temperatures by magnitude then allowed comparison among storms., There is a
wide variation in possible temperature sequences, with the following general
features,

1. The lowest daily average temperature was on the 9th or 10th day prior
to the storm in eight of the nine casges.

2. The highest daily average temperature was on the lst or 2nd day prior
in six of the cases.
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3. A slight tendency in three storms was for warming untill the 7th to
5th day prior, 2 days of cooler temperatures, and then a continuing
warming trend to the storm period.

In view of these features, for the FMP storms we recommend a continuing
warming trend from the 10th day prior to the beginning of the storm.

Windspeeds

The weather situations that control the highest points on the envelope
of critical snowmelt temperatures (Fargo or Minot), figure 6-5, were
examined for highest winds. The maximum winds found ranged from a 1-day
value of 38 mph to a maximum 10-day average of 16,5 mph. Winds were not

restricted with regard to direction. April 1964, March 1966, and April 1955
had the highest winds.

Winds prior to the March and April storms of record, table 6-4, were
another set of data considered, Of the nine storms, daily winds were avail~
able from within the rain area, or nearby, for six. The highest average
winds for each duration were determined. These ranged from 24 mph for a
1-day duration to 13 mph for 7 days or longer. The April 1924 and April 1947
storms contributed to highest wvalues,

Figure 6-11 shows the two sets of high winds and an average curve adopted
for use with snowmelting temperatures. The highest winds for all duratiomns
are from the critical temperatures with snow cover situations. The lower
set are assoclated with March and April storms., A compromise of the two
sets of data is considered a reasonable maximization for winds prior to the
PMP storm. Table 6-5 lists daily windspeeds computed from the adopted curve
of figure 6-11. They are listed from lowest to highest daily values, and
should be used in this sequence, that is, the lowest wind 10 days prior to
the PMP storm and the highest on the day preceding the PMP storm.

The windspeeds of table 6-5 are for both basins. The basic wind observa=~
tions were from stations varying in elevation from 600 ft to a little over
2,000 ft. Consistent variations with elevation could not be found within
the data studied. It is recommended that these winds be used for the range
of elevations in the basins. They are representative of windspeeds at an
average anemometer level of 30 ft.

Pew Points

Average daily dew point temperatures prior to the PMP storm are based
on differences between air temperatures (T) and dew points (T4q) in the
selected storms {table 6~4) over the northern Central States and during the
extreme high temperature periods with snow cover (fig, 6-5). Differences
(T-Td) in both sets of data were scattered. Prior to the storms, they
averaged 10°F, ranging from 2° to 23°F, with some tendency for greater
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differences in the earlier days prior to the storm. Differences (T-Tg}
associated with snow-cover periods also averaged 10°F., For temperatures
lower than 32°F, the range was from 2 to 16, with a wlde range, from 1°
to 26°F, for higher temperatures.

We recommend dew point temperatures that are 9°F lower than the air
temperature on the 10th day prior to the storm, with linear interpolation
to 3°F lower on the first day prior to the storm. Such a sequence of dew
points reflects a gradual change toward mnear saturation at the beginning
of the storm, Figure 6-12 shows recommended temperature minus dew point
differences.

For this study the maximum persisting 12-hr dew point charts (figs. 6-1
and 6-2) are recommended as an upper limit to daily average dew points.,
The recommended temperature dew point spread may result in values that
exceed this limit. In that case,use a dew point that is 1°F lower than the
12-hr persisting value for the lst day prior to the storm.

C. Temperatures and Windspeeds After the PMP Storm
Temperatures

The highest daily temperature during each record March and April storm,
table 6-4, was compared with dally temperatures for the 3 days after. 1In
each storm daily averages were based on four stations with published records
in or nearest to the storm isohyets. The mean of the differences (highest
dalily temperature during storm minus daily temperatures for three days
after), rounded to whole degrees, were 7°F for the first day after the
storm, 9° for the second day, and 10° for the third day., These differences
are recommended for determining the daily temperatures after the spring
PMP storm.

Dew Points

For recommendations on dew points for several days after the PMP storm,
observations for each of the spring storms (table 6-4) were considered.
S8ix storms had nearby dew point observations for which differences were com—
puted between daily average temperatures and dew points for each of the
three days after each storm. These differences averaged 9°F for the six
storms with a range of 3° to 14° for the lst day after the storm, 2° to 12°
for the 2nd day, and 2° to 13° for the 3rd day. For the PMP situation, we
suggest a spread of 6°F between daily average temperatures and dew points
for each of the three days,

Recommended differences between temperatures and dew points for the spring
PMP storm are shown in figure 6-12,

38



Windspeeds

Dally average winds during the spring storms were compared with daily
average winds for each of the three days after the storms., Windspeed com-
parisons were as follows.

Daily Average Windspeed (mph)

During storms Day after storms
1 2 3
Average 13 16 9 9
range 9-18 11-26 7-11 4-19

For the first day after, the windspeeds average somewhat higher than during
the storm, with considerably lower values for the next two days. There is
some tendency for rising winds on the third day compared to the 2nd. This
occurred in four out of six of the storms with available wind data near the
rainfall, In view of the maximum winds (table 6-2) for occurrence during
the PMP storm, we recommend average daily winds of 28 mph for the 1lst day,

10 mph for the 2nd, and 12 mph for the 3rd. These winds are given in
table 6-6.
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Table 6-l.~-Variation of precipitable water durlng 3-day spring PMP storm

6=hr period
1 2 3 4 5 6 7 8 9 10 11
Precipitable water in percent of 12-hr value
107 100 94 90 86 82 79 76 714 72 70

12

68

Table 6-2,--Durational variation of windspeeds (derived from the five highest

fastest mile southerly winds at Bismark and Fargo)

Duration (hr)
6 12 18 24 30 36 42 48 54 60 66
a. Windspeed in percent of greatest 6-hr value
100 92 86 82 78 74 72 69 67 65 63

6~hr period
1l 2 3 4 5 6 7 8 9 10 11
b. 6-hr average windspeeds (mph)
37 3 27 25 23 21 21 19 18 17 16

72

61

12

14
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Table 6-3.——Adopted maximum daily average temperature departures from normal

Day 10: day of lowest temperature
Day 1 : day of highest temperature
Date for
storm
beginning 10 9 8 7 6 5 4 3 2 1
Temperature Departures (°F)
March 15 10 10 11 11 12 14 16 17 21 31
March 31 6 7 7 7 7 8 10 13 19 28
April 15 3 3 3 3 4 5 7 8 14 22

Table 6~4.--March and April storms in North Central States used for critical
temperatures and winds prior to spring PMP

Storm
Identification
No. Date No. Location
MR 5-10 Apr 22-24, 1900 1 Central Mont.
Man 4~24 Apr 14=17, 1924 2 So. Manitoba, NE N, Dak.,
NW Minn.
Apr 22-24, 1932 3 No. Central S. Dak.,
So. Central N. Dak.
Apr 4-5, 1947 4 NE Mo., SE Iowa, No, Ill,,
NE Ind., SW Mich.
Apr 25-27, 1954 5 Central Minn,, No. Wis.
Mar 29-30, 1933 6 NW Minn,
Apr 22-25, 1950 7 SE Iowa, No., Ill., SW Mich,
Mar 24-25, 1954 8 NE Mo., No. Il1l.
Mar 2-5, 1966 9 No. Central S. Dak.,

E N, bak,, NW Minn,
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Table 6-5.-~Daily average windspeeds for 10 days prior to March and April

storms
Day prior
10 9 8 7 6 5 4 3 2 1
Windspeed (mph)
10 10 12 13 13 14 15 15 18 31

Table 6=-6.--Windspeeds after the PMP storm

Day after storm

1 2 3
Windspeed (mph)
28 10 12
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AVERAGE TEMPERATURE (°F)
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Figure 6-5.--Adopted critical temperatures for snow-on-ground

conditions.
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Chapter 7

SNOWPACK AVAILABLE FOR SPRING MELT

Introduction

A first approximation of snowpack available for spring melt may be obtained
from Weather Bureau Technical Paper No. 50 (U.S. Weather Bureau 1964),
Based on records prior to 1964, the paper gives maps of station maximum water
equivalent of snow on the ground during March 1-15 and March 16-31 for 50-,
20-, 10-, 4-, 2- and l-percent probability levels. For example, the average
station value at the l-percent probability level for the Red River drainage
during March 16-31, is 7.6 in. The purpose of this study is to develop
estimates of a reasonably severe areal snowpack without specifying the fre-
quency, based on observed severe cases,

Data

Basic data used in Technical Paper No. 50 (U.S. Weather Bureau 1964) were
used to determine the dates that provided the greatest observed station
snowpacks of record up to 1964, Many of the greatest observed cases came
during the March 16-31, 1962, and March 16-31, 1951, periods. In additiom,
three cases of large snowpacks were selected from recent years not covered
in Technical Paper No. 50. Table 7-1 lists the six cases and other informa-
tion. Data for 1952 came from Weather Bureau Technical Paper No. 23 (U.S.
Weather Bureau 1954); for 1965 from ESSA Technical Report No. WB-4 (Paulhus
1967) and for 1969 from NOAA Technical Report NWS 13 (Paulhus 1971).

For the two cases selected from Technical Paper No., 50, the highest snow-
packs, in terms of water equivalent, for each observation station during
the 15-day period were plotted on maps. These then were analyzed and
isopleths of water equivalent drawn. For these two cases the highest water
equivalent within a 15-day period was selected for each stationj thus the
analyzed map 1s probably a slight maximization of actual water equivalent
for any single day. Maps of water equivalent for the other four dates were
already available from the cited publications.

Figures 7-la and 7-1b give the outer isopleths of snowpack (water
equivalent) for each date or period. Maximum areal depths of water equiva-
lent were then computed and curves of maximum depth of water equivalent
versus area determined for each case. Figure 7-2 shows these resulting
curves,

Most of the outlines of high snow~on-ground situations are south of the

two drainages, and direct transposition of these unadjusted snowpacks to
the two basins would not be warranted. Hence, we adjusted the maximum
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areal values on the basis of station l-percent probability water equivalent
maps (U.S. Weather Bureau 1964). The ratlo of the average l-percent proba-
bility value over the basin to the average l-percent probability value where
the snowpack was observed is the adjustment applied. Table 7-1 glves these
adjustments for transposition to the basins,

Figure 7-3 shows the resulting depth—area curves of maximum water equiva-
lent for each of the six cases after adjustment to the Red River Basin.
Figure 7-4 shows the adjusted values for the Souris River drainage. The
greatest depths for both basins for any size area came from the March 14,
1969, values of snow on the ground,

Maximum Snowpack From Synthetic Season Approach

An alternate method of estimating maximum spring snowpack, termed the
synthetic season approach, is to combine the highest precipitation of record
for set time increments of the precipitation accumulation season. For
example, the highest November precipitation of record added to the highest
December precipitation, etc., on to the highest March precipitation would
give a synthetic season of high precipitation, This procedure has been used
in Hydrometeorological Report No., 42 (U,S. Weather Bureau 1966) for the
Yukon River Basin of Alaska and in numerous studies for basins in Canada
(Bruce 1962). The duration of the time increments of precipitation used in
this procedure necessarily has a large effect on the seasonal accumulated
precipitation., As the time increment becomes shorter, the accumulated
precipitation becomes larger. Because of this varxiation, the synthetic-
season approach 1s normally used in conjunction with other methods., The
synthetic season approach was appllied in this study using monthly precipi-
tation (1931-60) averaged over state divisions. The subdivisions used are
heavily outlined in figure 7-5. The Northwest Division of North Dakota was
chosen as representative of the Souris drainage; the other three divisions
(Northeast and East Central North Dakota and Northwest Minnesota) as repre-
sentative of the Red River drainage. For the various division sizes, the
highest adjusted water-—equivalent values from figures 7-3 and 7-4 are com-
pared with the synthetic season approach in the last two columns in table
7-2. Transpositions of actual snowpacks give greater depths than the
synthetic season approach for each state division., We recommend the greatest
adjusted water-equivalent depths of figures 7-3 and 7-4 for the March 15
PMP storm for the two drainages of this study,

Seasonal Variation

The recommended water equivalents are considered appropriate for March 15.
As the season progresses it would be difficult to maintain these depths,
Data from the March 1969 snowpacks (extrapolated) indicate a decrease of
approximately 40 percent by April 15. A similar extrapolation of the station
l-percent probability values (U.S. Weather Bureau 1964) indicates a reduction
of 56 percent. We recommend April 15 values that are 50 percent of the
March 15 depths. Depths of intermediate dates may be interpolated.
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Table 7-1,--Dates or periods of high-water equivalent in North Central
States and transposition adjustments (see figs, 7-la and

7=-1b for location of snowpacks)

Date

———

Mar., 30, 1965
Mar, 14, 1969
Mar. 28, 1969
Mar. 20, 1952
Mar. 16-31, 1951%*
Mar, 16-31, 1962%

U~

Adjustment for
Red River Drainage

0.58
1.27
1.31
1.38
0.76
0.81

Adjustment for
Sourls Drainage

*Water equivalents based on highest station values for any day of period.

Table 7-2.--Compariscon of highest November through March precipitation
(1931-60) for selected State divisions with adopted maximum
snowpacks by transposition

Synthetic season
of
highest monthly

Adjusted
Snowpacks from
figs. 7=3 or 7-4

Highest precip. for for same size of
State and Normal Actual seasonal each month area as state
division precip. precip. (Nov-March) divisions
(in.) (in.) and season (in.) (in.)*

North Dakota
Northwest
Division 2.3 4.1 (1948-49) 6.1 6.6
Northeast
Division 3.0 5.4 (1944-45) 9.3 12.0
East Central

Division 2.9 5.0 (1947-48) 9.3 12.4
yinnesota
Northwest
Division 3.5 5.3 (1949-50) 9,0 11.4

*kSee figure 7-5 for division location and area.
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See table 7-1 for
dates of snow pack X
cases,
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Figure 7-la.--Outer isopleths of snowpack water equivalent (in.)
for selected cases.

__‘l_See table 7-1 for PPy
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Figure 7-1b.--Outer isopleths of snowpack water equivalent (in.)
for selected cases.
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Chapter 8

PROCEDURE FOR USING CRITERIA WITH EXAMPLE

Introduction

Use of the various figures and charts to obtain PMP estimates and the
recommended snowmelt criteria are summarized in this chapter. This is fol-
lowed by an example for a selected subbasin.

A, All-season PMP

1.

3.

Basic PMP values

a. Enter figure 3-1 with area of subbasin. Read PMP for the given
durations on abscissa. :

(For Souris River subbasins, reduce PMP values by 10 percent)
Geographic adjustment

a., Outline subbasin on figure 4~2c. Estimate average percent
geographic adjustment,

(Use figure 4-3¢ for Souris River subbasins)

b. Multiply durational values of la by this adjustment.

6-hr incremental PMP

a. Plot values of 2b on a time scale. From a smooth curve
connecting the values, interpolate for 42-, 54-, and 66-hr

Pm-

b. Successively subtract durational PMP to obtain 6=hr incre-
mental PMP,

Sequence of 6-hr PMP increments

a. Arrange 6-hr PMP increments in accordance with guidelines in
chapter 5, page 24,

Areal distribution

(Assume uniform areal distribution of all 6-hr PMP increments
for subbasins less than 1,000 sq mi in area, For subbasins larger
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than 1,000 sq mi use the isohyetal pattern, figure 5-1, for the
two greatest 6-hr PMP increments. Use uniform areal distribution
for remaining PMP increments,)

a, Enter figure 5-3 with area of subbasin. Read isohyetal values
on abscissa for greatest 6~hr PMP increment in percent of sub-
basin 6-hr PMP, Use figure 5-4 in a similar manner to obtain
isohyet wvalues for the 2nd greatest 6—hr PMP increment.

b. Multiply percents from figure 5-3 by greatest 6~hr PMP increment,
. step 3b, to obtain isohyetal values in inches. Multiply percents
from figure 5-4 by second greatest 6-hr PMP increment, step 3b,
to obtain isohyetal values for second greatest 6-hr PMP
increment.

Adjustment of PMP for orientation of isohyetal pattern

a. Lay isohyetal pattern, figure 5-1, over subbasin so as to
obtain greatest volume of rain within subbasin. (Note step e
for other possible more critical orientations,)

b. From table 5-2 determine percent adjustment for this orientation.

¢, Multiply ischyetal values of step 5b by the percent adjustment
to obtain final isohyetal values for the two greatest 6-hr PMP
increments.

d. Multiply remaining 6-hr PMP increments, step 3b, by the same
percent adjustment.

e. Test fitting the isohyetal pattern over the subbasin within
the no adjustment limits of table 5-2 and for a more critical
hydrologic centering to compare resulting floods. Use most
critical isohyetal placement.

B, Seasonal variation of PMP

1.

2,

Determine geographic adjustment for March 15 and April 15 for
subbasin from figures 4-2a and 4-2b, respectively. Interpolate
for desired date of FMP.

(For Souris River drainage use figures 4~3a and 4-3b)
Use table 4-2 to obtain seasonal édjustment for center of Red

River of the North and Souris River drainages., Interpolate for
desired date.
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4.

Multiply geographical adjustment (Bl) by seasonal adjustment (B2).
This product, divided by the all-season geographical adjustment
{A2a) gives a factor for multiplying all-season isohyet values
{A6c) to obtain isohyet values for the date selected.

Multiply remaining 6=-hr PMP increments (A3b) by the same factor
as in 3 above,

Snowmelt Criteria

1.

Winds

a.

bl

Ce

Daily average winds for 10 days prior to storm are given in
table 6-5,

Six=hour average winds during PMP storm are given in table 6-2b,
Arrange these into same sequential order as rainfall (see A4a).

Daily average winds for 3 days after storm given in table 6-6.

Temperatures

de

b-

Prior to stormm

L

(2)

(3)

Determine normal daily temperatures (March 15 and April 15)
over subbasin from figures 6-8 and 6-9., Interpolate for
required date prior to selected day for beginning of storm.

Dally departures from normal temperatures for the 10 days
prior to storm given in table 6-3 for three dates.
Interpolate for required date.

Daily temperatures for 10 days prior to storm obtained
by adding normal subbasin temperature, item 2a (1), to
each temperature departure, item 2z (2).

During storm (Temperature = dew point)

(1

(2)

(3)

(4)

Determine average 12-hr persisting dew point (March 15
and April 15) over subbasin from figures 6-1 and 6-2,
Interpolate for required date.

Determine precipitable water (W ) for this dew point
from figure 6-3. P

Multiply W_ by percents of table 6-1 to obtain W
corresponding to 6-~hr incremental dew points.

Enter figure 6-=3 with Wp values to obtain 6-hr dew points.
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3. Dew

C.

Note:

(5) Adjust these values to elevation of the basin by decreasing
at the rate of 3°F per 1,000 ft above sea level.

(6) Arrange elevation adjusted 6~hr values in the same
sequential order as rainfall (item A4a),

After stomm

(1) Average daily temperatures are 7°F lower on the lst day,
9°F on the 2nd, and 10°F on the 3rd day after the storm
than on the last day of the storm.

Points

Prior to storm

(1) Subtract indicated degrees given in figure 6-12, from
each daily average temperature of C2a (3).

During storm
(1) Same as temperatures, see C2b (6)
After storm

(1) Daily dew points are 6°F lower than temperatures, see
item C2¢ (1).

If half-day temperatures and dew point are required, add and
subtract 6°F from daily averages.

Maximum Snowpack Water Equivalent

1. Read value of recommended maximum snowpack water equivalent from
figure 7-3 for the area of the subbasin. (Use fig., 7-4 for Souris
River Basin). This is for March 15.

2. For April 15 use 50 percent of March 15 value., Interpolate for
required date,

Example

The drainage of the Red Lake River above Crookston, Minn., a 5280-sq-mi

subbasin, is used here as an example of how developed criteria may be

applied.

For snowmelt computations, the average elevation of this basin

is assumed to be 1,500 ft. In actual problems concerned with larger basins,
the criteria may be determined for elevation bands, if desired.

The identification letters and numbers in the example correspond to the

steps in the outlined procedure.
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