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DEFINITIONS

Because of the complex nature of storms, some terms commonly used to define storm characteristics or statistics
may be confusing or may have different meanings in different contexts. Meteorological or statistical terms, as used
in this report, that may be confusing are explicitly defined below. Other terms are defined in the text or are
considered to have relatively clear meanings as used in standard texts. :

Annual precipitation maximum--The largest precipitation amount for a specified duration of precipitation (2-,
6-, or 24-hours) for each year of precipitation record at a site. Thus, an annual precipitation maximum for
a 2-hour duration is the largest precipitation amount for any contiguous 2-hour period during that year.

Depth-duration curve--A mass curve that shows cumulative precipitation depth for increasing incremental
duration. Depth-duration curves are constructed by determining the maximum precipitation depths for each
incremental duration such that the maximum depth for the previous incremental duration is included. For
example, the depth for the 2-hour incremental duration would be the maximum depth for any 2-hour period
that also includes the maximum 1-hour depth. Plotting the maximum depth on the ordinate and incremental
duration on the abscissa for each successive incremental duration results in a generally concave-upward
curve. Ifthe precipitation data are made dimensionless by dividing the depths for each incremental duration
by the total depth for the storm duration, the resulting dimensionless depth-duration curve is particularly
useful for storm-to-storm comparisons.

Duration--In the broadest sense, a interval of time during a storm within which precipitation amounts are compiled.
Throughout this report, several terms containing the word “duration” are used. Each has a specific meaning
as given below. '

Incremental durations--Incremental time periods within the total storm duration during which
precipitation depths are compiled. For example, a 24-hour storm (total duration = 72 hours)
typically has precipitation depths compiled for 1, 2, 3, 6, 9, 12, 18, 24, 36, 48, 60, and 72 hours.

Kernel duration--An incremental duration that is used as a basis for calculating dimensionless
precipitation depths for other incremental durations in the construction of probabilistic depth-
duration curves. The kernel duration is selected somewhat arbitrarily, depending upon whether
peak discharge or flood volume is the most important runoff characteristic being modeled. If peak
discharge is the most important, maximum precipitation depth for some incremental duration less
than the storm duration is considered likely to produce the maximum peak discharge, and the kernel
duration is selected to be 30 minutes, 2 hours, or 6 hours for storm durations of 2-, 6-, and 24-hours,
respectively. Flood volume is likely to be the most important runoff characteristic only for 24-hour
storms, and the kernel duration for maximum flood volume production was selected to be 48 hours.
Precipitation depths for all incremental durations other than the kernel duration are based on
regression relations with depths for the kernel duration.

Storm duration--The length of time from beginning to end of storm. For purposes of this report, all storms
are categorized as 2-, 6-, or 24-hour duration storms. Storms were initially placed into one of three
categories based upon the exceedance probability of the total storm depth for each duration. Thus,
for example, if the exceedance probability for total storm depth was less for the 2-hour duration than
for either the 6-hour or 24-hour duration, the storm was initially categorized as a 2-hour duration
storm. Storms were further examined to determine whether the actual periods of significant
precipitation were reasonably close to the durations initially selected. If not, storms were then
moved to the duration category closest to the actual period of significant precipitation.

Total storm duration--A period of precipitation activity, including the storm duration, that is 3 times
longer than the storm duration. Use of a precipitation period longer than the storm duration enables
periods of precipitation that occur before and after the storm of interest to be included in rainfall-
runoff modeling. The storm duration of interest, either 2- ,6- , or 24-hours, within the total storm
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duration is also termed independent duration. All incremental durations within the total storm
duration, except for the storm duration, are termed dependent durations.

Exceedance probability--The probability that the total precipitation depth at any given site will be exceeded during
any annual period. A total precipitation depth having an exceedance probability of 0.01 has only a 1 in 100,
or 1.0 percent, chance of being exceeded in any year.

Extreme storm--For purposes of this report, a storm whose total precipitation depth has an exceedance probability
of about 0.10 or less. This exceedance probability, while somewhat arbitrary, was selected to provide a
reasonable balance between the competing needs, (1) to have a large number of storms for statistical
analysis in the database, and (2) to have only very large, rare storms most like those required for dam-safety-
analysis purposes in the database.

Macro-pattern--One of 12 different storm types depending upon the relative depths of precipitation that occur
during each third of the total storm duration. .

Probabilistic depth-duration curve--A dimensionless depth-duration curve based on exceedance probability. A
probabilistic depth-duration curve is constructed by using regression relations to calculate dimensionless
depths for various incremental durations from dimensionless depths for a specific, kernel duration.
Dimensionless depths for the kernel duration for various exceedance probabnlmes are determined from
apphcatlon of the Beta distribution to actual storm data.

Recurrence mte[val--The reciprocal of exceedance probablhty and the average length of time in years between
exceedances of a given storm depth. The recurrence interval for a storm depth having an exceedance
probability of 0.01 is 100 years.

Storm hygtggraph--A bar graph that shows the prempltatlon that occurs during each time increment of a storm.

Total storm dgpth--Prempltatlon amount for a specified duration of precipitation (2-, 6-, or 24-hours) for a specific
storm. For most storms in the data base of storms for Montana, the total storm depth was the annual
precipitation maximum for that duration. In general, the terms storm depth and precipitation depth are
synonymous. ‘ " ‘

Trisector--Three successive equal time periods within the total storm duratlon Fora total storm duration of 72
hours (mdependent duration equals 24 hours), for example, the first trisector consists of the first 24 hour
period.-
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Characteristics of Extreme Storms in Montana and
Methods for Constructing Synthetic Storm Hyetographs

By Charles Parrett

Abstract

Data from 188 large storms in Montana and 2 in
northern Wyoming were used to analyze the temporal
characteristics of 2-hour, 6-hour and 24-hour duration
(independent duration) storms in Montana and to
develop methods for constructing synthetic storm hye-
tographs. Storm data were included in the data base if
the precipitation depths had an exceedance probability
ofabout 0.10 or less. Data were screened to ensure that
each storm was spatially and temporally independent
and grouped into three homogeneous regions that pre-
viously were delineated on the basis of physiography
and climate. For each storm in the data base, storm
depths were determined for various incremental dura-
tions within a time period of precipitation activity three
times longer than the storm duration under study.

To enable the construction of synthetic storm hye-
tographs, various temporal characteristics were ana-
lyzed for each storm. First, storms were grouped into
one of twelve possible patterns depending upon the dis-
tribution of precipitation depth in each third of the total
storm duration. Second, the time from beginning of
each storm to the time of maximum incremental precip-
itation depth, termed time-to-peak, was measured. A
third temporal characteristic that was determined for
each storm was the sequencing pattern of the three larg-
est, adjacent increments of precipitation depth includ-
ing the peak incremental depth. A final temporal
characteristic that was measured and analyzed was the
pattern of precipitation occurring in each successive 6-
hour block of the 24-hour independent duration. Each
24-hour storm thus was classified into 1 of 24 possible
storm patterns.

Maximum precipitation depths for various incre-
mental durations less than the total duration were cal-
culated for each storm. The depths for the incremental
durations were divided by the precipitation depth for
the independent duration to produce dimensionless
depth-duration data.

Dimensionless depth-duration data were grouped
by independent duration and by region, and the Beta

distribution was used to determine dimensionless
depths for exceedance probabilities from 0.1 to 0.9 for
various dependent durations up to the total storm dura-
tion. The Beta distribution also was fit to the time-to-
peak data, and estimates of time-to-peak for exceed-
ance probabilities ranging from 0.1 to 0.9 were made
for each independent duration within each region.
Ordinary least-squares regression was used to develop
relations between dimensionless depths for a key short
duration related to modeling peak discharge, termed
the kernel duration, and dimensionless depths for all
dependent durations for each independent duration in
each region. The regression relations were used,
together with the probabilistic dimensionless depth
data for the kernel duration, to develop dimensionless
depths for exceedance probabilities from 0.1 to 0.9 for
the dependent durations for each independent duration
within each region.

For use in rainfall-runoff modeling where runoff
volume is the primary consideration rather than peak
discharge, probabilistic, dimensionless depth-duration
data for 24-hour storms were developed from a 48-hour
kernel duration rather than a 6-hour kernel duration.
Accordingly, regression relations were developed
between dimensionless depths for the 48-hour duration
and every other dependent duration for 24-hour dura-
tion storms in each region. The regression relations
were used, together with the probabilistic dimension-
less depth data for the 48-hour kernel duration, to cal-
culate dimensionless depths for exceedance
probabilities from 0.1 to 0.9 for the dependent dura-
tions for each independent duration within each region.

Methods for constructing synthetic storm hyeto-
graphs by combining dimensionless, probabilistic
depth-duration data with a depth-area adjustment fac-
tor, various temporal characteristics, and precipitation
depth for the independent duration for a specified
recurrence interval were described. Hyetographs for
modeling peak discharge under “median-value” condi-
tions are based on depth-duration data and time-to-
peak values having a 0.5 exceedance probability and
typical temporal characteristics. Hyetographs for
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peak-discharge modeling under “design-purpose” con-
ditions are based on depth-duration data and time-to-
peak values having a 0.2 exceedance probability and
rarer, larger peak-discharge- producmg temporal char-
acteristics.

INTRODUCTION

The design of spillways for new dams or the eval-
uation of existing spillways for dam-safety investiga-
tions requires the use of rainfall-runoff models to
simulate the flood runoff from very large, rare storms.
Where the risk to human life would be large in the
event of dam failure, spillways are commonly designed
to safely pass the flood runoff from the Probable Max-
imum Precipitation (PMP) storm under “worst-case”
antecedent-moisture and infiltration conditions. Deter-
mination of the PMP storm is fairly complex and is
based on the extrapolation of data from the largest
storms known to have occurred in broadly defined
regions of the country that are presumed to be meteo-
rologically similar. Although procedures for estimat-
ing PMP storms are well-documented and in wide use,
estimates of PMP total depth and its temporal distribu-
tion (storm hyetograph) may be controversial, particu-
larly for sites lacking evidence of large historic storms
and floods. The controversy is difficult to address
because PMP total depth is not based on exceedance
probability and thus not comparable from site to site.
In addition, methods commonly used to distribute the
PMP total depth over the storm duration are based on
maximization procedures and may not reflect temporal
characteristics of actual storms in the region under
study. Without knowing the probability of exceedance
of the PMP storm and whether the temporal distribu-
tion of the precipitation is reasonable for the area under

study, accurate assessment of risk is not possible.

Purpose aﬁd Scope

To allow dam-safety and design engineers to bet-
ter evaluate risk of dam failure and establish a more
consistent basis for spillway design, a two-phase study
was undertaken by the U.S. Geological Survey in Mon-
tana, in cooperation with the Dam Safety Section of the
Montana Department of Natural Resources and Con-
servation. The objective of the first phase was to pro-
vide methods for estimating precipitation depth-
frequency relations for sites in Montana. To thatend, a
regional analysis of annual precipitation maxima

resulted in a method for estimation of total precipita-
tion depths for exceedance probabilities as low as
0.0002 (Parrett, 1997). This method, based on previ-
ous work in Washington State {Schaefer, 1990),
enables dam-safety and design engineers to use a prob-
ability-based alternative to the PMP design approach.

The objectives of the second phase of the cooper-
ative study were to (1) analyze the temporal character-
istics of large storms in Montana, and (2) develop
methods for constructing probabilistic synthetic storm
hyetographs that reflect temporal characteristics of
observed storms in the study area. The purpose of this
report is to describe results of the second phase of the
cooperative study. The analyses were conducted for
three homogeneous regions within which precipitation
characteristics were considered to be reasonably uni-
form and distinct.

Acknowledgments

Melvin G. Schaefer, Washington Department of
Ecology, whose earlier work in Washington formed the
basis for the Montana study, provided timely and help-
ful advice and encouragement to the author regarding
data analysis and presentation. His assistance also was
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the project. When the voluminous data were most
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DATA BASE OF STORMS

Storm characteristics were analyzed using data
from 188 large storms at 84 sites in Montana and 2
storms at 1 site in northern Wyoming. All data were
from National Weather Service (NWS) recording pre-
cipitation stations that were used in the first phase of
the study. Storms that produced precipitation in the
form of snow were not included in the data base,
because snow typically does not produce immediate
runoff. Some large winter storms were included if tem-
perature data indicated that rain was more likely than
snow or if streamflow data indicated that runoff from
the storms was significant.

Data were categorized into three storm durations
(2-, 6-, and 24-hour) so that synthetic storm hyeto-
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graphs could be developed for a wide range of basin
sizes. Short-duration storms that cover smaller areas
than longer duration storms generally are appropriate
for rainfall-runoff modeling on small basins, whereas
long-duration storms that cover large areas are more
appropriate for modeling rainfall-runoff on large-
basins. In addition, the appropriate storm duration for
rainfall-runoff modeling depends somewhat on the pri-
mary purpose of the modeling. If peak discharge is the
primary runoff component, precipitation intensity may
be more important than precipitation depth. For many
reservoir projects, both peak discharge and flood runoff
volume are important, and both precipitation intensity
and depth need to be considered. To fully evaluate the
runoff effects, several candidate storms representing
various duration, intensities, and depth may need to be
investigated.

A recorded storm was considered for inclusion in
the data base only if the annual at-site exceedance
probability of the total storm depth, based on the
regional method developed during the first phase of the
study, was about 0.10 or less. An exceedance probabil-
ity of 0.10, although arbitrary, helped ensure that the
analysis of temporal characteristics would be based on
data from a reasonably large number of relatively large
storms.

To ensure that the data base included only spa-
tially independent storms, those having the same date
of occurrence were examined, and only the storm hav-
ing the smallest exceedance probability (rarest event)
was retained in the data-base. Where storms on the
same date were at widely separated stations, they were
subjectively considered to be independent storms and
both were included. Because storm duration is related
to basin size for rainfall-runoff modeling purposes, a
storm was used for only one duration at a site even
though it may have produced storm depths with small
exceedance probabilities for more than one duration.
Generally, a storm with depths having small exceed-
ance probabilities for more than one duration was used
for the duration that most closely matched the actual
storm length. If the actual storm length was roughly
midway between two of the three durations selected for
study, it was assigned to the duration whose storm
depth had the smallest exceedance probability. Over-
all, the data base of storms was considered to consist of
relatively large storms that were both spatially and tem-
porally independent. The precipitation stations, storm
dates, and pertinent data are listed in table 23 at the

back of the report, and the location of each precipita-
tion station is shown on figure 1.

REGIONAL AND SEASONAL STORM
CHARACTERISTICS

The first phase of the study determined that the
State could be divided into three generally homoge-
neous regions (fig. 1) for the purpose of estimating pre-
cipitation depth for various recurrence intervals.
Homogeneous regions in Montana were delineated by
Parrett (1997) primarily on the basis of physiography
and climate. Thus, Region 1 contains the mountainous
portions of western Montana that are primarily affected
by storms moving east from the Pacific Ocean. Region
2 contains a relatively narrow band of mountainous ter-
rain that forms the eastern edge of the Rocky Moun-
tains and two small, isolated mountain ranges in central
Montana. This region also is affected by storms from
the Pacific. In addition, the mountains in this region
form a prominent orographic barrier to large general
storms that arise in and move generally north and west
from the Gulf of Mexico. Some of the largest general
storms and resultant floods in Montana have been in
Region 2 as a result of the orographic lifting of the
large, warm and moist air masses from the Gulf.
Region 3, the large area of eastern Montana plains, also
receives storm moisture from both the Pacific Ocean
and the Gulf of Mexico. Region 3 is distinct from
Regions 1 and 2 because of its lack of orographic bar-
riers. Because these regional differences in topography
and storm moisture source were considered likely to
affect temporal characteristics as well as precipitation
depths, the three regions were considered to be homo-
geneous for the purpose of determining temporal char-
acteristics of large storms and developing regional
depth-duration curves and synthetic storm hyeto-
graphs. This assumption generally was confirmed by
differences observed in the depth-duration data in each
region. The distribution of selected storms by duration
and region is shown in table 1. The single precipitation
station in Wyoming was considered to be in Region 3
for purposes of analysis.

Seasonality of 2-hour Storms

Storms having 2-hour durations, typically charac-
terized as thunderstorms, most often are isolated con-
vective storms that are likely to form anywhere in

REGIONAL AND SEASONAL STORM CHARACTERISTICS 3
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Table 1. Number of storms analyzed by duration and region and number of precipitation stations by

region, Montana and northern Wyoming

Number of storms having indicated duration, in hours ‘Number of
Region Total precipitation
2 6 24 stations
1 36 20 21 77 30
11 11 14 36 18
3 30 13 34 77 37
Total 77 44 69 190 85

Montana. Figure 2A shows the distribution of 2-hour
duration storms by month for all regions of Montana.
As indicated by figure 2A, 2-hour duration storms are
most common during the warmer periods of spring
and summer (May through September), although they
occasionally occur during early spring (March) in the
western half of the State (Regions 1 and 2). As shown
in table 1, the number of 2-hour storms in the data
base is largest in Region 1 and smallest in Region 2,
the smallest region. The distribution of 2-hour storms
among regions is about the same as the distribution of
precipitation stations among regions (table 1), indicat-
ing that 2-hour storms generally are evenly distributed
throughout the State.

Seasonality of 6-hour Storms

Storms having 6-hour durations may be the result
of isolated, convective storm activity that is particu-
larly long-lasting or the result of large general storm
systems moving through Montana from the Pacific
Ocean or the Gulf of Mexico. As a result, 6-hour dura-
tion storms may have characteristics of either 2-hour
storms or 24-hour storms. Figure 2B, which illustrates
the distribution by month and region, indicates that 6-
hour storms also are most common during spring and
summer. In the western half of the State, however, the
percentage of total storms that occur during fall and
winter (October through February) was somewhat
larger than for 2-hour duration storms. As shown in
table 1, only 13 storms in the 6-hour duration data base
were in Region 3 in eastern Montana. Thus, 6-hour
duration storms, which may be a complex, mixed pop-
ulation of both convective and general storms, are sig-
nificantly more common in the mountainous areas of
Montana than in the plains.

Seasonality of 24-hour Storms

Storms having 24-hour durations typically are
general storms that commonly occur over large areas as
they move through Montana. These storms may arise
in either the Pacific Ocean or the Guif of Mexico.
Storms from the Pacific Ocean, which commonly occur
from late fall to early spring (November through
March) have a greater effect on western Montana
(Region 1) than on central or eastern Montana (Regions
2 and 3). Accordingly, as shown in figure 2C, Region
1 has a greater percentage of November through March
storms in the 24-hour data base than either Region 2 or
3. As described in the previous report on the regional-
izing of annual precipitation maxima (Parrett, 1997),
April through October storms from the Gulf occasion-
ally produce very large precipitation depths when they
are uplifted over the eastern edge of the Rocky Moun-
tains (Region 2). At the same time, the eastern edge of
the Rocky Mountains seems to protect Region 1 from
large storms from the Gulf, so that maximum 24-hour
storm depths in Region 1 are substantially smaller than
those in either Regions 2 or 3. Region 3 commonly
experiences general storms from the Gulf, but the lack
of orographic barriers results in maximum storm
depths that are less than in Region 2. As indicated in
figure 2C, large 24-hour storms in Regions 2 and 3 are
most likely in May and June.

The seasonal distribution of storms can affect
rainfall-runoff modeling in two important ways. First,
base flows may vary seasonally. For example, large
storms in late spring during snowmelt runoff may result
in substantially larger peak flows than similar large
storms that occur when streamflow typically is low.
Second, the infiltration characteristics of a basin may
have large seasonal variation. A large storm in early
spring when ground generally is frozen may result in
larger peak flows than a similar storm later in the year
when substantial portions of total rainfall may infiltrate

REGIONAL AND SEASONAL STORM CHARACTERISTICS 5
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rather than produce runoff. Accordingly, seasonal
variations in storm occurrence need to be considered
in the application of design storms used for rainfall-
runoff modeling.

TEMPORAL CHARACTERISTICS

Storms are inherently complex with widely vary-
ing patterns of precipitation depth that occur through-
out the time periods used to categorize the storms.
Various terms that are used to describe the temporal
and probabilistic characteristics of storms in this report
are explained in the “Definitions” section of the report.
Terms not included in the “Definitions” section are
considered to be relatively clear in meaning, either
from the report context or from standardized texts.

Because storm intensity may change rapidly dur-
ing any storm, analysis of storm characteristics
requires storm-depth data at incremental time periods
short enough to accurately describe the storm hyeto-
graph throughout the storm duration. For 24-hour
duration storms, storm depths at hourly time incre-
ments generally are considered adequate for hyeto-
graph definition. Analysis of storms having shorter
durations requires storm depths at proportionately
shorter time increments for adequate hyetograph defi-
nition. Thus, for storms having 2-hour and 6-hour
durations, analysis requires depths at 5-minute and 15-
minute intervals, respectively. Most recording rain
gages currently operated by NWS compile precipita-
tion depth at 15-minute intervals. Only a few NWS sta-
tions compile precipitation depth at 5-minute intervals.
Data from these few stations were used to develop gen-
eral relations between 5- and 15-minute and 10- and
15-minute depths.

Determination of Total Storm Duration and
Macro-pattern Type

To analyze the temporal characteristics of each
storm in the data base, beginning and ending times
based on the time increments described previously
needed to be uniformly determined. In addition,
because runoff from a storm of some specific duration
might be enhanced by precipitation occurring before or
after the specific duration, a time period of precipita-
tion activity somewhat longer than the storm duration
was used. Following the method used by Schaefer
(1989) in Washington State, the longer period of pre-
cipitation activity, termed total storm duration, was

arbitrarily selected as three times the storm duration.
To clarify differences in duration, the 2-, 6-, and 24-
hour durations were termed independent durations.
They are durations for which precipitation depth-fre-
quency information was previously developed in the
first phase of the study. Thus, a total storm duration of
6 hours was examined for a storm having an indepen-
dent duration of 2 hours, a total storm duration of 18
hours was examined for a storm having an independent
duration of 6 hours, and a total storm duration of 72
hours was examined for a storm having an independent
duration of 24 hours. The total storm duration was
determined such that: (1) the beginning time increment
for the total storm duration had precipitation, (2) the
total duration completely contained the independent
duration of the storm under consideration, and (3) the
total duration contained the maximum depth of precip-
itation for any comparable time period containing the
independent duration. For example, for a storm with an
independent duration of 2 hours, the total duration had
to: (1) begin during a S-minute period of precipitation,
(2) fully contain the 2-hour interval of maximum storm
depth, and (3) be the 6-hour time interval having the
maximum precipitation depth of any 6-hour interval
containing the 2-hour independent duration.

Once the total storm duration was determined for
each storm in the data base, it was divided into equal
thirds, termed “trisectors” by Schaefer (1989), so that
general patterns of precipitation distribution through-
out the total storm duration could be determined.
These patterns, termed “macro-patterns” by Schaefer
(1989), helped to characterize and group storms for fur-
ther temporal analysis. As shown in figure 3, storms
were classified into 12 different macro-patterns
depending upon the relative storm depth in each trisec-
tor and whether or not precipitation was continuous
throughout the total storm duration. For each macro-
pattern, the trisectors are given numbers from 1 (larg-
est) to 3 (smallest) that indicate the relative depth in
each trisector. For example, macro-pattern 2 has a tri-
sector sequence of 132 which indicates that the first tri-
sector contains the largest storm depth, the second
trisector contains the third largest depth, and the third
trisector contains the second largest depth. An exam-
ple storm hyetograph for one of the storms in the data
base having a 24-hour independent duration (fig. 4)
shows the total storm duration and the distribution of
storm depth in each trisector. Thus, comparison of the
hyetograph in figure 4 with the macro-patterns in figure
3 indicates that the example storm has a macro-pattern

TEMPORAL CHARACTERISTICS 7
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Figure 4. Hyetograph for storm of May 24, 1953 at station 244020, Hays, Montana, Region 2, 24-hour independent duration.

3 (intermittent precipitation, trisector sequence 123).
All storms in the data base were thus classified and the
distribution of macro-pattern by region and by dura-
tion is shown in figure 5. As indicated by figure 5,
macro-pattern 1 was the most common for all regions
for the 2- and 6-hour duration storms. For both
Regions 2 and 3, macro-pattern 1 was also the most
common pattern for 24-hour duration storms, whereas
macro-pattern 3 was the most common for Region 1.
Macro-patterns 1 and 3 are similar in that the trisector
sequence for both is 123. The distinction between
macro-patterns 1 and 3 sometimes was subtle and
somewhat arbitrary because of the occurrence of very
short periods of no precipitation during otherwise con-
tinuous periods of precipitation. Figure 5 also indi-
cates that 2-hour duration storms were much more
likely to have the same macro-pattern than either 6- or
24-hour duration storms. '

Timing of Peak Precipitation Intensity

The temporal characteristic of a storm that proba-
bly has the greatest effect on peak discharge is the time
from the beginning of the storm to the time of peak pre-
cipitation intensity. For this study, this “time-to-peak”
variable was measured for each storm from the time at

the beginning of total storm duration to the time of
maximum incremental storm depth. The variability in
time-to-peak among regions for each independent
duration is illustrated by boxplots in figure 6. The
probabilistic nature of time-to-peak and the effects on
synthetic storm construction will be discussed in a later
section of this report.

Sequencing Pattern of High-Intensity
Incremental Storm Depths

A temporal characteristic of a large storm that is
related to the time-to-peak and that may also have an
effect on peak discharge is the sequencing of the three
largest, adjacent increments of storm depth that
includes the peak incremental storm depth. The char-
acterization of these three largest increments is similar
to that for storm macro-patterns. For example, the
three largest increments of storm depth that includes
the peak value for a hypothetical storm shown in figure
7A are the two increments preceding the peak value
and the peak value. For this example, the first of the
three increments is the smallest, the second increment
is the next largest, and the third increment (peak value)
is the largest. This sequencing of increments from the
smallest to largest in order is characterized as a 321
high-intensity storm pattern. Figure 7B shows a storm

TEMPORAL CHARACTERISTICS 9
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