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Abstract. This paper presents a reconnaissance study of regional flood patterns in the
United States, focusing on peak discharges at several recurrence intervals and
characteristics of flood-causing rainfall. Because of an interest in flash floods, attention
was restricted to watersheds between 10 and 200 km2 in area. Data were obtained from
130 stream gaging stations with a consistent 30-year period of record and from reports
documenting 90 exceptional floods occurring mostly on ungaged watersheds. Peak
discharges vary considerably within local regions. Roughly 60% of the local variability can
be explained by watershed characteristics, but watershed area is not a reliable predictor of
peak discharge within the narrow range of watershed sizes examined. On a continental
scale the spatial patterns of the median and 25-year floods are similar. In both cases a
concentration of large floods is found in the southeastern Great Plains and parts of the
southeast. In the west, north, and northeast, floods tend to be small, but large floods still
occur in scattered locations. The pattern and seasonality of the exceptional floods, which
are presumed to have relatively long recurrence intervals, are different from the pattern of
median and 25-year floods. The largest of the exceptional floods are concentrated in the
central and southern Great Plains during May and June. They occur farther west (and
several months later) than the largest median floods. Exceptional floods occurring in the
semiarid west were caused by as little as 5–10 cm of rain in 30–60 min, whereas in humid
areas most of the exceptional floods resulted from 13–32 cm of rain in 1–12 hours.

1. Introduction

The goal of this paper is to explore regional patterns in
floods in the United States in order to motivate further re-
search on flood processes in small basins. The long-term ob-
jective is an improved understanding of regional variations in
the processes that generate flash floods. The more immediate
objective in this report, however, is to conduct a reconnais-
sance study of regional flood patterns, focusing on peak dis-
charge at several recurrence intervals and characteristics of
flood-causing rainfall.

The analysis presented herein is based on two databases.
The first is a systematic one consisting of annual floods from
130 stream gaging stations with a consistent 30-year period of
record. The second database was drawn from existing reports
documenting 90 exceptional floods. Because of an interest in
flash floods, attention was restricted to watersheds between 10
and 200 km2 in area. It is assumed that watersheds in this size
range are large enough to produce hazardous flows yet small
enough to be subject to rapidly generated flooding. The U.S.
National Weather Service classifies “flash” floods as those that
occur within 6 hours of heavy rainfall. Observations of lag time
are rarely recorded and seldom archived, however, leaving the
investigator without a reliable method of identifying true flash

floods. Thus the emphasis in this study is on the full range of
flood behavior in watersheds whose size predisposes them to
flash flooding.

2. Motivation
Several prior studies on rainfall-runoff modeling of flash

floods provided much of the motivation for the present study.
Michaud and Sorooshian [1994a, 1994b] used a process-based
model to evaluate rainfall-runoff forecasting schemes at a 150
km2 watershed in Arizona. Simulated runoff was extremely
sensitive to rainfall. Results also suggested that at this site
neither Next Generation Weather Radar (NEXRAD) radar
systems nor Automated Local Evaluation in Real Time
(ALERT) type of rain gage networks (as typically instru-
mented) are likely to measure rainfall with the accuracy
needed for consistently providing accurate flash flood fore-
casts. This unwelcome conclusion raised the question of
whether or not the Arizona results are an isolated anomaly
resulting from unique hydrometeorological conditions.

A follow-up study in the lower Great Plains [Winchell et al.,
1998] further examined the sensitivity of process-based flood
simulations to errors in NEXRAD rainfall data. It was found
that hydrologic simulations are much more sensitive to rainfall
measurement errors when runoff is generated by the Horton
mechanism than when runoff is generated by saturation excess
(which occurs after the soil profile becomes saturated by a
rising water table). This suggests that rainfall-runoff forecasts
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of flash floods are more robust when saturation excess is the
runoff mechanism. Making reliable predictions of the runoff
mechanism(s) for specific events can be difficult, however. It is
possible that regional variations in rainfall characteristics, soil
moisture, or watershed characteristics would lead to regional
variations in flood processes and in the robustness of rainfall-
runoff predictions. However, it is not clear where the bound-

aries between homogenous flood regions should be drawn. The
purpose of the present study is to narrow the field of possibil-
ities by examining empirical flood patterns in order to identify
regional contrasts that may be worthy of future process-
oriented studies.

3. Prior Studies on Regional Flood Patterns
3.1. Flood-Causing Rainfall: Amounts and Spatial Patterns

Maddox et al. [1979] compiled a 5-year climatology of 151
flash flood-producing precipitation events in the United States
that were significant enough in size, damage, or degree of
human impact to be reported in the National Oceanic and
Atmospheric Administration publication Storm Data. Floods
associated with tropical storms were excluded. They found that
events occurring west of 1048W differed from those occurring
to the east in terms of time of occurrence and rainfall amount.
Western events were most likely to begin between noon and
midnight, whereas eastern events were most likely to begin
between 6:00 P.M. and 6:00 A.M. Compared with eastern
events, the western precipitation events produced less total
rainfall in less time: 5–10 cm for most western events versus
eastern events that nearly always exceeded 10 cm and some-
times exceeded 25 cm (in 22% of cases). The unusual nature of
the western events motivated a follow-up study [Maddox et al.,
1980] that focused specifically on 61 western events identified
from 6 years of Storm Data. Events associated with rapid snow-
melt or tropical storms were excluded. Reported rainfall totals
for the western events were most often in the 5–10 cm cate-
gory, although reported rain was less than 5 cm for 19% of the
events and was more than 25 cm for 9% of the events.

Doswell et al. [1996] reviewed the meteorological processes
that lead to flash floods and gave a crude guideline based on
observational experience that flooding commences when rain-
fall rates are at least 2.5 cm/h sustained for at least 1 hour.
They stressed, however, that what may be a flood threshold in
hydrometeorological setting may not be important in another.

Hershfield [1961] prepared contour maps for the contermi-
nous United States depicting the spatial pattern of point rain-
fall depths for various durations (30 min to 24 hours) and
recurrence intervals (2–100 years). The overall map patterns of
rainfall intensity do not vary much between the various dura-
tions and recurrence intervals. A reproduction of the 1-hour/
10-year map is shown in Figure 1a, and comparisons with
associated floods are drawn in section 3.2.

3.2. Spatial Variations in Flood Quantiles

Several investigators have examined geographic variations in
flood quantiles within the conterminous United States. The
U.S. Geological Survey (USGS) prepared contour maps (re-
produced by van der Leeden et al. [1990]) of the 10-year flood
for typical 777-km2 watersheds (Figure 1b). In another USGS
study, Crippen and Bue [1977] constructed regional flood en-
velope curves for 883 sites with drainage areas less than 25,900
km2. (An envelope curve is drawn so that all data points on a
plot of peak discharge versus area lie on or below the envelope
curve.)

Crippen and Bue [1977] defined 17 flood regions for the
conterminous United States on the basis of physiography, rain-
fall-runoff characteristics, “obvious hydrologic differences,”
and the opinions of experienced hydrologists (see Figure 2).
They then constructed envelope curves for each region. The
envelope curves show that for 50-km2 basins the largest ex-

Figure 1. Spatial variations of floods and flood-causing rain-
fall: (a) 1-hour, 10-year rainfall map [after Hershfield, 1961],
(b) 10-year flood map for typical 777 km2 watersheds (after
USGS maps reproduced by van der Leeden et al. [1990]), and
(c) interannual flood variability map [after Baker, 1977].
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treme floods occur in southern Appalachia (region 5), within
200 km of the Gulf coasts of Texas and Louisiana (region 10),
the western Great Plains (region 12), the Great Basin (region
16), and the Pacific Northwest (region 15). The Colorado Pla-
teau (region 14) has the smallest envelope flood (for a 50-km2

basin) by a wide margin. In contrast, the USGS maps (see
Figure 1b) show that the largest floods at frequent (10 year)
return intervals occur 200–400 km north of the Gulf Coast. Of
the four locations identified in Figure 1b as prone to large
floods (Appalachia, Gulf Coast, the west, and slightly north of
the Gulf Coast), only the Gulf Coast experiences exceptionally
high 1-hour rainfall intensities (Figure 1a). Southern Florida
has the greatest rainfall intensities but is not noted for large
floods because of its vegetation, low relief, and extensive nat-
ural storage.

The Great Basin of Nevada lies in an area that has both the
smallest values of extreme rainfall and the smallest 10-year
floods (see Figures 1a and 1b). This contrasts sharply with
Crippen and Bue’s [1977] data which show that the largest
extreme floods in the United States occur in region 16, an area
that includes Nevada and portions of adjacent states (Figure
2). Crippen and Bue’s conclusions are supported Costa’s [1987]
study that shows that the largest envelope events in the con-
terminous United States occur in the drier parts of the west.

Despite the west’s propensity to experience the largest ex-
treme floods, Figures 1a and 1b show that this region is char-
acterized by low values of extreme rainfall and small floods at
the 10-year return interval. This pattern is evident in nearly all
the west between the coastal mountains and the Great Plains
(except in Arizona and some portions of California). A com-
parison of Figures 1a and 1b also shows that at the 10-year
return interval, portions of the northern Great Plains experi-
ence relatively small floods despite moderate rainfall intensities.

The Pacific Northwest coast is anomalous in that it exhibits
medium-sized floods (Figure 1b) in association with a rainfall
regime that produces high 24-hour rainfall intensity (not
shown) but low 1-hour intensity (Figure 1a.).

A different perspective on the flood potential of a given
stream is obtained by examining the interannual variability of

annual floods. Beard [1975] proposed the “Flash Flood Mag-
nitude Index” (or “Beard Index”), which is defined as the
standard deviation of a time series of the logarithms of the
annual peak discharge. Beard [1975] (also see Baker [1977])
prepared a map of this index, using data from 2900 unregu-
lated stations with at least 20 years of record and areas less
than 2600 km2 (Figure 1c). Variability is greatest in an east-
west band running from central Texas to southern California.
High values are also found in the Great Plains in a north-south
band running from the Texas panhandle to the Canadian bor-
der. Low values of interannual variability are found in the
Pacific Northwest (particularly along the coast), in the Rocky
Mountain region, and in the northeastern United States (par-
ticularly the Great Lakes region, Appalachia, and New En-
gland).

In summary, the three sources of flood data (rare floods,
more frequent floods, and interannual variability) provide very
different pictures of regional variations in small-basin floods.
Of course, it is no surprise that spatial patterns of flood quan-
tiles are different from the patterns exhibited by interannual
variability. Regional patterns of the more frequent floods dif-
fer from regional patterns of rare floods, and these differences
are a focal point of the research presented here.

4. Patterns in Floods and Flood-Causing
Rainfall: This Study
4.1. Flood Data

All data used in this study were taken from U.S. watersheds
10–200 km2 in area. The database includes (1) individually
documented rare floods and (2) data collected systematically in
space and time in order to describe the range of flood behav-
iors in typical watersheds.1

1Supporting data (flood discharge database) are available via Web
browser or via Anonymous FTP from ftp://kosmos.agu.org, directory
“apend” (Username 5 “anonymous”, Password 5 “guest”); subdirec-
tories in the ftp site are arranged by paper number. Information on
searching and submitting electronic supplements is found at http://
www.agu.org/pubs/esupp_about.html.

Figure 2. Flood regions of Crippen and Bue [1977].
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4.1.1. Systematic data: Annual time series on gaged water-
sheds. Stations selected for the systematic database have
about 30 years of annual peak data during a consistent period
of record (1950–1979). The database represents 119 stations in
the conterminous United States in addition to 11 in Alaska and
Hawaii. Every effort was made to achieve as high a station
density as possible given the emphasis on a long and consistent
period of record.

Two flood measures were computed for each station: the
median flood and the 25-year flood. The 25-year flood was
computed using standard log-Pearson type III (LP3) methods
[Stedinger et al., 1993; Interagency Committee on Water Data,
1982]. Skew was computed as a weighted average of regional
and observed values. Ninety-five percent confidence intervals
were computed for the LP3 estimates. In log space the 95%
confidence intervals average 611% of the estimated 25-year
flood. Expressed in natural units, the average bounds of the
95% confidence intervals are 50% above and 31% below the
estimated 25-year flood. Data concerning the regulation status
and watershed characteristics of individual stations are pre-
sented in section 4.4.2.

4.1.2. Exceptional floods on ungaged watersheds. This
part of the database is a catalogue of exceptional floods, most
of which occurred on ungaged watersheds. Data were from
USGS Water Supply Papers or Professional Papers or special
publications from the U.S. National Oceanographic and At-

mospheric Administration. Most of the data were obtained
from Water Supply Papers, primarily from 1950 to 1970. The
catalogue contains 88 events from the conterminous U.S. and
two Hawaiian events. The catalogue is intended to be a rep-
resentative sample of small-basin floods but is not a complete
record of all floods that have been the subject of a report. The
catalogue contains watershed area, date and location of the
flood, peak discharge, depth of causative rainfall (for most
events), estimates of the duration and intensity of the causative
rainfall (for 70 events), and average annual precipitation.
Storm precipitation data are approximate. Annual average
precipitation for each location was estimated by reference to a
climate atlas. In most cases the peak discharges were measured
by indirect methods, and thus are subject to uncertainties and
biases as large as 100% overestimation [Jarrett, 1987; House
and Pearthree, 1995]. Unfortunately, the conditions posed by
rare floods do not lend themselves to the most accurate mea-
surement techniques. However, in this study the flood peaks
vary over 3 orders of magnitude, which lessens the significance
of the measurement errors. For the most part the exceptional
floods are larger than the 25-year floods from the USGS sta-
tions, although the smallest exceptional floods are the same
size as the largest 25-year floods. The majority of the excep-
tional floods probably have return intervals greater than 25
years.

4.2. Effect of Watershed Area on Peak Discharges

The dependence of peak discharge on watershed area is
widely accepted, and there is a substantial body of literature
describing the relationship between discharge and basin area
[Thomas and Benson, 1970; Alexander, 1972]. The relationship
between these two variables was investigated for our database
using log-log regression (Table 1). When data from all regions
of the conterminous United States are grouped together, the
exceptional floods exhibit a weak but statistically significant
dependence on area (Table 1 and Figure 3). Median and 25-
year floods are statistically independent of contributing area
but just barely so. An envelope curve enclosing the exceptional
floods increases with area (Figure 3).

Table 1. Regression of the Logarithm of Peak Discharge
Against the Logarithm of Watershed Area

Median
Floods

25-Year
Floods

Exceptional
Floods

r2 0.03 0.02 0.24
Slope of regression 0.32 0.32 0.51
F statistic 3.1 3.1 26.5
P valuea 0.08 0.08 ,0.01

aP value represents the probability that variable is independent of
area.

Figure 3. Variation of peak discharges with watershed area. The line is an envelope curve enclosing the
exceptional floods.
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There are several possible explanations for the weak rela-
tionship between watershed area and flood peaks noted above.
One is the relatively narrow range of watershed sizes exam-
ined. Another is that the areal extent of convective rainstorms
may be more influential than the size of the watershed, which
may be contributing runoff at less than 100%. A third possi-
bility is that the mixing of data from different regions obscures
the relationship between watershed area and peak discharge.
To examine this issue, the data were divided into 17 groups
corresponding to the 17 flood regions of Crippen and Bue
[1977] (Figure 2). Of the 51 data subsets (17 subsets each for
the median, 25-year, and exceptional floods), 25 had less than
six stations and were not analyzed. Of the remaining 26 sub-
sets, only five exhibited a statistically significant ( p # 5%)
dependence on area in log-log space (r2 5 0.74–0.92).

On the basis of these results we concluded that watershed
area is not a reliable predictor of peak discharge within the
narrow range of watershed sizes considered in this study, un-
less one is concerned with the largest and most rare events
represented on envelope curves. This raises the issue of
whether or not peak flow data should be normalized with
respect to watershed area before conducting regional compar-
isons (if areas of the watersheds being compared are of rela-
tively similar size). One view is that if the peak flow data do not
demonstrate a consistent relationship with area, then normal-
izing would unnecessarily complicate interregional compari-
sons. There does remain a possibility, however, that peak dis-
charge actually does vary with area but that other factors are
obscuring this relationship. The analyses in sections 4.3 and 4.4
were therefore conducted both with and without normaliza-
tion. Because the raw (not normalized) data have units that are
familiar and can be compared easily with other floods not used
in this report, most of the figures are drawn using the raw data.
The text, however, comments on any differences obtained
when the analysis is repeated with normalized data.

Normalizing peak discharge with respect to watershed area
is usually based on the assumption that peak discharge varies
with watershed area raised to a power a . Various studies have
endeavored to identify a , with results ranging from 20.38 in

losing streams [Murphy et al., 1977] to as high as 1.0 [Leopold
et al., 1964]. Alexander [1972] recommends an average value of
0.7. In this study, when peak discharges were normalized, this
was accomplished by dividing the discharge by watershed area
raised to the 0.7 power. This normalization procedure is based
on the assumption that within a homogeneous region QT 5 b
(watershed area)a, where QT is the discharge at a specified
return interval and b varies regionally. Identification of re-
gional variations in flood discharges (i.e., regional variations in
b) is accomplished through inspection of the normalized dis-
charge QT/(watershed area)a.

4.3. Interregional Variations in Peak Discharge

Three methods were used to examine the regional variations
in the observed peak discharges with essentially equivalent
results. First, values were symbolically posted on maps (Figures
4–6). Second, the United States was divided into 48 3 48 grids,
and a spatial average was computed for each grid cell. Finally,
the data were examined for each of Crippen and Bue’s [1977] 17
flood regions (section 4.4).

Recognizable spatial patterns in the raw peak discharge data
(without normalization) are noted below:

1. There is a large region in the central to eastern United
States (from just west of the Mississippi River to Appalachia)
that consistently produces large median floods (Figure 4).
Large median floods also occur along the Pacific Northwest
coast. It is not surprising that both these regions are charac-
terized by low interannual variability of annual floods. Smaller
median floods are likely to be found in the west, northern
Great Plains, and the northeast coast.

2. There is a large region of the central to eastern United
States, from the midwest to Appalachia (including the Gulf
coast), that consistently experiences large 25-year peaks (Fig-
ure 5). In contrast, basins along the northeast Coast and in the
Rocky Mountains tend to produce relatively small 25-year
peaks (Figure 5). Some of the smallest 25-year peaks occur in
the Rocky Mountains.

3. A significant number of the largest exceptional floods
occur in the western half of the southern Great Plains (Okla-

Figure 4. Geographic variations in the magnitude of the median flood at the 119 U.S. Geological Survey
(USGS) stations mentioned in the text.
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homa, central Texas, Kansas, Nebraska, and eastern Colorado;
see Figure 6). An envelope curve was drawn for the excep-
tional floods, and the location of the 13 floods defining the
envelope curve was noted. Ten of the 13 occurred in western
locations with 51 cm or less of annual precipitation, supporting
Costa’s [1987] finding that the greatest small-basin floods occur
in the arid or semiarid west. However, three of the 13 envelope
floods occurred in Missouri, Mississippi, and Hawaii, illustrat-
ing that great floods can occur in humid regions as well.

4. The location of the largest floods is sensitive to return
interval (Figure 7). Many of the largest median floods are
found between the southern Appalachians and the Mississippi
River, whereas the largest 25-year floods are found slightly
farther west, and the largest exceptional floods (presumably

representing return intervals greater than 25 years) are found
even farther west.

Data from Alaska and Hawaii are not displayed in Figures
4–6. Alaska has medium-size floods. Flood discharges in Ha-
waii vary from very large on the deeply weathered islands to
very small on the youngest, and hence most permeable, volca-
noes.

Normalizing the flood data with respect to watershed area
made very little difference in the spatial patterns of 25-year
floods, made minor differences in the patterns of median
floods, and made modest differences in the pattern of excep-
tional floods. For median floods, normalizing caused the larg-
est floods to cluster even more tightly in the Ohio and lower
Mississippi River Valleys. Normalizing the exceptional floods

Figure 5. Geographic variations in the magnitude of the 25-year flood at the 119 USGS stations mentioned
in the text.

Figure 6. Geographic variations in the magnitude of the exceptional floods. The magnitude of the flood is
indicated by the shape of the symbol; the difference between open and solid symbols is that solid symbols
represent floods which define Costa’s [1987] envelope curve.
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resulted in two changes to the spatial patterns. First, normal-
izing caused many floods in the west (from the Rocky Moun-
tains westward) to appear smaller. The largest western events,
however, are very large with or without normalization. Second,
normalization caused floods to appear larger in the middle and
southern Appalachians and between the Mississippi River and
the Rocky Mountains.

After normalization the smallest exceptional floods are
found on the east coast, at scattered locations near the Great
Lakes, in the northwestern Great Plains, and at about half the
locations in the west (from the Rocky Mountains westward).
The largest of the normalized exceptional floods are found in
the Great Plains, particularly the southern Great Plains, and
also in Mississippi, Kentucky, and Ohio.

A possible explanation for the smaller floods in the north-
east is that true surface runoff rarely occurs in most nonmoun-
tainous basins in the northeast (E. Anderson, personal com-
munication, 1998). More typically, interflow dominates the
storm hydrograph, with actual surface runoff occurring only on
the largest events and during snowmelt periods.

Snowmelt is a relatively slow process noted for producing
relatively small flood discharges, although rain-on-snow events
can produce impressive floods. Several of the exceptional
floods may have a rain-on-snow component (see discussion in
section 5), but evaluation of the snowmelt contribution to the
thousands of floods in the systematic flood database was be-
yond the scope of this study. It is notable that the regions of the
country with heavy snowpacks do not stand out in Figures 4–6
as having distinctly different flood magnitudes. There does
seem to be a tendency for heavy snow regions to have relatively
large floods (in comparison with other regions) at short recur-
rence intervals but not at longer recurrence intervals. This is
consistent with the expectation that snowmelt and rainfall have
different frequency distributions. It is possible that somewhat
different regional flood patterns would emerge if snowmelt

and rainfall floods were separated, but this was not attempted
here.

4.4. Intraregional Variations in Peak Discharge

It is sometimes assumed that continents can be divided into
regions which are characterized by spatially homogeneous
peak discharges (for a given watershed area and recurrence
interval). Homogeneous regions such as this were not identi-
fiable in our data, which exhibit a surprising degree of spatial
variability within regions of approximately 106 km2.

4.4.1. Crippen and Bue’s flood regions. Crippen and Bue
[1977] divided the conterminous United States into 17 flood
regions on the basis of physiography and rainfall-runoff char-
acteristics (Figure 2). Within each of these regions we exam-
ined the spatial variability of floods in the systematic database.
Figure 8 shows that for 25-year floods the differences between
regions are not as great as the variability within regions. This is
true whether or not peak discharges are normalized for water-
shed area (compare Figures 8a and 8b). Similar results are
obtained for median floods. The interpretation of a high level
of local variability is corroborated by geostatistical analysis that
shows an overall absence of spatial correlation. Variability in
watershed characteristics (such as topography and soils) and
the existence or absence of flood control structures are two
possible explanations for the high level of intraregional vari-
ability.

4.4.2. Effect of basin characteristics and regulation. The
USGS has compiled comparable data on basin characteristics
for many of its stations. The variables are percent forest, per-
cent of surface storage (e.g., lakes and wetlands), watershed
length, channel slope, soil permeability, the standard deviation
of the annual runoff, and the 2-year, 24-hour precipitation.
Basin characteristics were obtained from the USGS for 52 of
the 119 systematically gaged stations. Data were unavailable
for the remaining stations. Regression analysis was used to

Figure 7. Location of the very largest floods at different return intervals. The return interval of the
exceptional floods is unknown but is probably significantly larger than 25 years. The shaded area is charac-
terized by moderately large median and 25-year floods (median floods $10 m3/s and 25-year floods $100
m3/s).
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evaluate the relationship between watershed characteristics
and peak discharge. The following equations were obtained
using stepwise multiple linear regression:

log(median flood) 5 1.195 1 0.0581rain 2 0.0287soil

2 0.0438storage 1 0.629sqda 2 0.0059slope,

(1a)

log(25-year flood) 5 1.318 1 0.0972rain 2 0.0339soil

2 0.0371storage 1 0.5404sqda, (1b)

where peak discharges are in centimeters, rain is the 2-year,
24-hour precipitation in centimeters, soil is the soil infiltration
in cm/h, storage is the percent of lakes and wetlands (surface
storage), sqda is the standard deviation of the annual runoff in
centimeters, and slope is channel slope in m/km. The variables
relating to watershed area, percent forest, watershed length
and slope (for 25-year floods only) were dropped from the
equations because they did not significantly improve the pre-
dictions. The adjusted r2 values of (1a) and (1b) are 0.62 and
0.61, respectively. Regression equations were also fitted to
area-normalized peaks and to raw peaks, but the best predic-
tions were obtained with log-transformed values. The most
influential variables in (1a) and (1b) were rainfall and storage.

Operation of flood control structures also affects flood
peaks. Readily available information about regulation status is

available as “station comments” in the Water Resources Data
published by the USGS. Stations were deemed highly regu-
lated, partly regulated, or unregulated on the basis of USGS
Water Resources Data publications dating from the late 1970s.
Stations downstream of flood control dams were deemed
highly regulated, and stations downstream of diversions were
deemed partly regulated. Unfortunately, many stations in our
database are partial stations (annual peaks are available, but
daily means are not), and published comments are not avail-
able for partial stations. Thus information about regulation
status was available for only 82 of the 119 stations.

A reasonable hypothesis is that regulated stations have
lower median and 25-year floods than unregulated stations.
The Mann-Whitney rank sum test was used to look for differ-
ences between the highly regulated, partly regulated, and un-
regulated stations. There is a statistically significant difference
between the partly regulated and unregulated stations (with
partly regulated stations having lower median and 25-year
floods than unregulated stations). No significant differences
were found between the highly regulated stations and either
the unregulated or the partly regulated stations, although this
could be an artifact due to the small number of regulated
stations (six). Results are the same regardless if one looks at
raw or area-normalized discharge values. Inclusion of regula-
tion status as a variable in multiple linear regression does not
improve the prediction of peak discharges from watershed
characteristics. In short, while there is evidence that partly
regulated stations have reduced peak discharges, the overall
evidence for the effect of regulation on peak discharges is
inconsistent. It is possible that a stronger effect would be dis-
cernable if more detailed information were available about
each hydraulic structure and how its operation has changed
over time.

4.5. Flood-Causing Rainfall

This section examines the characteristics of the rainfall that
produced the exceptional floods. For these rainfall events
(storms) the range of values is from 2.8 cm in an unknown
length of time (in the semiarid west) to 8 cm in 1 hour (the
smallest humid region storm) to 127 cm in 72 hours (in Ha-
waii). One must keep in mind that the reported rainfall amount
(often point measurements in unofficial rain gages or buckets)
may differ from the actual, spatially variable amount. This
limitation notwithstanding, the most striking feature of the
data is that there are two distinct types of storms. The first
group, which comprises half of the storms occurring in the
semiarid west, is characterized by very short durations, very
high intensities, and small total accumulations (median of 7.6
cm in 0.5 hours). This contrasts sharply with rainfall in more
humid regions of the conterminous United States (median of
23 cm in 8.5 hours). (Stations with 51 cm or less of annual
precipitation were considered semiarid.) It is important to note
that half the storms from the semiarid west are similar to
humid region storms in terms of duration and rainfall depths.

Table 2 displays rainfall amounts grouped by storm dura-
tion. The longer storms were more likely to occur in the north-
east, southeast, and humid west. All storms with reported du-
rations of less than 1 hour occurred in the semiarid west. There
are a few events with durations greater than 24 hours that are
probably not flash floods, and there are a fair number of events
with intermediate durations (12–23 hours) that are in the grey
zone between flash floods and regional floods. Events in this

Figure 8. Variations in the 25-year flood between and within
Crippen and Bue’s flood regions: (a) raw discharges (not nor-
malized) and (b) discharges which have been normalized with
respect to watershed area by dividing discharge by watershed
area raised to the 0.7 power. Each vertical column contains
data from a given flood region (see Figure 3). The spread of
values within a vertical column represents intraregional vari-
ability.
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intermediate zone are important because they can cause wide-
spread damage.

Our data suggest a rule of thumb that small-basin floods in
the semiarid west can be caused by as little as 5–10 cm of rain
in 30–60 min, whereas in humid areas most small-basin floods
result from 13–32 cm of rain falling in 1–12 hours. (These
guidelines are pertinent to relatively infrequent, large-
magnitude floods. The semiarid guidelines are based on the
range of values of all brief arid zone events; the humid guide-
lines are based on the middle 80% of humid region events with
rainfall durations between 1 and 12 hours.) The values given
here are similar to values identified by Maddox et al. [1979,
1980] from a flood database that covered a much shorter pe-
riod of record than our database.

5. Seasonality
To further investigate the role of weather and climate in

driving flood variability in small watersheds, the seasonality of
flood occurrence was examined for both the exceptional and
systematic databases (see Figures 9 and 10, respectively). The
exceptional floods exhibit a very strong seasonality, which is
more pronounced than the seasonality of the systematic floods
and which has a different pattern. For exceptional floods,
spring is the dominant flood season in the southern and south-
western Great Plains, whereas late summer is the dominant
season for the semiarid west. Floods in more humid parts of
the west occur in both early and late summer. Early summer is
the dominant season for all other locations. Four of the excep-

tional floods (in Montana, Iowa, Nebraska, and West Virginia)
may have a rain-on-snow component (as indicated by latitude,
elevation, time of year, and amount of precipitation). An ad-
ditional 11 of the exceptional floods occur at times and places
where snowmelt contributions cannot be ruled out.

The systematically gaged database was examined to deter-
mine the month of occurrence of all the annual floods from
1950 to 1979 (Figure 10; see Table 3). Winter floods are com-
mon in the winter-dominated precipitation regions along the
west coast, but moving inland, the primary flood season shifts
to the warm season: late spring/early summer in the northern
intermontane west and late summer in the more southerly
monsoon-dominated western deserts. The northern Great
Plains and central states experiences flooding most frequently
in spring, while floods are common in both spring and summer
in the more southerly central states. Winter and spring floods
are more common than summer floods throughout most of the
east. The northeast has a distinct tendency for frequent spring
floods, but several stations in the east do not exhibit a strong
flood seasonality and record floods in almost every month of
the year. In the southeast, flooding is most common in fall;
however, it occurs in many other months of the year. This is
especially true of Florida, which is dominated by a late sum-
mer/fall seasonality. Stations in Texas, Oklahoma, and Arizona
also record some floods in the months of September and Oc-
tober as the result of tropical systems, extending their warm-
season flooding regime into the fall.

The regional patterns noted above are similar to those

Table 2. Rainfall Associated With the Exceptional Floods in the Conterminous United States

Storm
Duration,a

hours
Range of Rainfall

Amounts, cm
Median Rainfall

Amount, cm

Median
of Intensity

Averaged Over
the Storm, cm/h

Median
Duration,

hours
Percent of

Events

,1 5–10 7.6 15 0.5 7
1–6 8–36 20.3 5.9 3.0 43
7–12 13–51 25.4 1.6 10.5 24
.12 13–74 27.2 1.1 24 26

aEvents with unknown duration were excluded.

Figure 9. Seasonality of the exceptional floods. The posted value indicates the month of occurrence (1 is
January; 12 is December).
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mapped by Hirschboeck [1991] and can be explained, for the
most part, by the seasonal climatic regimes and weather sys-
tems of the conterminous United States. The winter/spring
dominance of flood occurrence in basins of all sizes in the
northern half of the United States is related primarily to a
combination of snow, rain, snowmelt, rain-on-snow, frozen
soils, and saturated soils. Fall flood events along the east coast
and south of about 388N may also come from convective pre-
cipitation but are highly likely to be affected by enhanced
convection, moisture, and instability associated with active or
dissipating tropical storms.

The stations having the largest median floods are dominated
by spring floods (mostly March but extending from February to
May). This suggests that soil moisture or snowmelt, rather than
high levels of atmospheric water vapor and atmospheric insta-
bility, is the crucial factor at these particular locations (indi-
cated by triangles in Figure 7). In contrast, the largest excep-
tional floods occur somewhat later (mostly in May and June
but also in April, July, and September). (The station on the
west coast of Washington is an exception with winter season-
ality.) The fact that the largest exceptional floods are occurring
later in the spring than the largest median floods suggests that
they are influenced to a larger degree by deep moist convection
of a warm unstable atmosphere. Perhaps the contrast between
these two groups of floods reflects fundamental differences in

Figure 10. Seasonality of the annual peak discharges at selected unregulated USGS stations. Table 3
identifies the specific stations used Figure 10.

Table 3. Identification Numbers of Stations Used in the
Construction of Figure 10

Number in Figure 10 USGS Station Number

1 1057000
2 1134500
3 1308500
4 1480000
5 3092000
6 3057500
7 3504000
8 2164000
9 2307359

10 5521000
11 2485950
12 5089500
13 6409000
14 6608000
15 7163000
16 8453000
17 12330000
18 13025000
19 13083000
20 10316500
21 10164500
22 9143000
23 9484000
24 14247500
25 14057500
26 10267000
27 11047500
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their respective flood-generating processes or different sensi-
tivities to certain aspects of the climate system.

6. Summary and Discussion
Floods at 207 locations in the conterminous United States

(and 13 locations in Hawaii and Alaska) were examined to
explore spatial and seasonal patterns of flooding in small wa-
tersheds (10–200 km2). The main results are summarized be-
low:

1. The spatial patterns of the median and 25-year floods
are similar. In both cases, there is a zone in the southeastern
Great Plains and southeast (see shaded area in Figure 7) that
produces relatively large floods. In the west, north, and north-
east, floods tend to be small, but large floods still occur in
scattered locations.

2. The spatial pattern of rare (exceptional) floods shows
three broad zones. In the west (Rocky Mountains and west-
ward), there is an approximately even mixture of small and
large floods. In the northern Great Plains, Great Lakes area,
and the east (from the Appalachian Mountains eastward) the
rare floods tend to be smaller than in other parts of the coun-
try, but large floods do occur at scattered locations. The largest
rare floods are found in the central and southern Great Plains
(Texas, Oklahoma, southeastern Nebraska, Iowa, Missouri,
southern Ohio and Indiana, western Kentucky, and western
Tennessee).

3. The largest rare floods occur farther west than the larg-
est median floods and also tend to occur later (mostly May and
June) in comparison with the largest median floods (which
have a predominately March seasonality).

In spite of considerable scatter the data summarized above
suggest that the spatial and seasonal pattern of flooding in
small (10–200 km2) basins is different for ordinary floods and
exceptional floods. Specifically, there is a noticeable difference
between the spatial and seasonal patterns of median and 25-
year floods in comparison with the pattern of the more rare
floods. Several hypotheses could be advanced to explain this.
For example, the location and seasonality of the largest median
floods suggest that they are more influenced by soil moisture or
snowmelt than the largest exceptional floods, which occur later
in the spring and in less humid locations. The pattern of the
largest exceptional floods suggests that they are more likely to
be generated by Horton overland flow, which tends to be
driven by high-intensity convective rains that are most predom-
inant during the summer. Purely meteorologic explanations for
the observed flood patterns (such as the distribution of pre-
cipitable water and atmospheric instability) deserve serious
consideration, but the authors think it is more likely that some
type of synergy between atmospheric and hydrologic processes
will provide the best explanation. Many postflood reports have
emphasized that the disaster was exacerbated by a synergistic
meteorologic-hydrologic interaction. Without the proper com-
bination of soil characteristics and rainfall intensity, Hortonian
runoff generation is impossible. Without the proper anteced-
ent soil moisture and basin physiography, saturation-excess
runoff does not occur.

Peak discharges vary considerably within local regions
(about 106 km2) even when these regions are delineated on the
basis of relatively homogeneous flood behavior. Differences in
watershed area offer a partial explanation for the scatter of
values in some of the local regions, but, more frequently, wa-
tershed area does not appear to be a significant predictor of

peak discharges. This may be due to the narrow range of
watershed sizes examined in this study or because partial con-
tributing areas can be limited by the size of convective storm
cells.

The USGS has compiled watershed and rainfall character-
istics data for some of its stations, and these data explained
about 60% of the variability in median and 25-year floods. This
result is encouraging and hopefully will inspire additional ef-
forts to acquire basin characteristics data for a larger number
of stations. It is possible that efforts to predict peak discharge
on the basis of basin characteristics can be improved by better
grouping into homogenous regions, separation of snowmelt
events, recognition of the effects of watershed nonstationarity,
and addition of new variables such as the “anchoring” effect of
terrain features on quasi-stationary storms. The anchoring ef-
fect has been documented for several important floods, includ-
ing the Rapid City flood [Schwarz et al., 1975], the Big Thomp-
son flood [McCain et al., 1979], and the Rapidan flood in the
central Appalachians [Smith et al., 1996].

Data on the characteristics of the causative rainstorm were
available for many of the exceptional floods. Some, but not all,
floods in arid and semiarid portions of the western United
States are distinctive in that they result from unusually short,
intense storms producing surprisingly little rainfall considering
the large size of the floods. Our data, corroborated by earlier
studies, suggest that exceptional floods in small basins in the
semiarid west can be caused by as little as 5–10 cm of rain in
30–60 min, whereas in humid areas most exceptional floods in
small basins result from 13–32 cm of rainfall in 1–12 hours. It
should be noted, however, that about half of the flood events
occurring in semiarid locations were associated with storms
that are similar to humid region storms in terms of duration
and rainfall depths. The grouping of rainstorms into two pop-
ulations (short intense storms with low accumulations versus
longer storms with lower intensity and higher accumulations)
may have a bearing on the sensitivity of rainfall-runoff predic-
tions to rainfall measurement errors. It has been shown that
rainfall measurement errors are a limiting factor in the accu-
racy of rainfall-based flood forecasts in a small Arizona water-
shed that is subject to brief, intense rainstorms [Michaud and
Sorooshian, 1994b]. Judging from the location and number of
brief intense storms in our data set, it appears that the results
obtained in Arizona may also apply to other semiarid water-
sheds throughout the west. Fortunately, rainfall-runoff models
are less sensitive to rainfall measurement errors when runoff is
generated by saturation excess [Winchell et al., 1998], and sat-
uration excess is thought to be the dominant runoff mechanism
when longer-duration storms are occurring in humid water-
sheds.

The most interesting regional contrast identified in this
study, in the opinion of the authors, is the difference between
ordinary floods and more rare (exceptional) floods in terms of
spatial and seasonal patterns. Of particular interest is the east-
west contrast found in the south central United States (the
region between the crest of the Appalachians and the western
extent of the Great Plains, including only those areas south of
Minnesota). A key issue is to what degree the flood patterns
are controlled by soil moisture versus storm precipitation ver-
sus snowmelt (or a synergy between these factors.) East-west
contrasts in soil characteristics could easily play a role. It is
possible that insights into these issues may be obtained by
examining the interannual variability of small-basin floods in
comparison with interannual variability in seasonal precipita-
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tion, the spring snowpack, seasonal potential evapotranspira-
tion, and the annual daily maximum rainfall. Finally, we would
like to stress that future examination of flood processes will be
facilitated by the archiving of long-term data sets consisting of
closely coupled observations of rainfall and runoff at high
space and time resolutions (say, 15 min). Such data can be
particularly valuable in elucidating runoff mechanisms for spe-
cific events.
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