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Abstract
The 1993 record-breaking summerflood in the Upper Mississippi
River Basin resulted from an unprecedentedly persistent heavy rain
pattern. Rainfall totals for the Upper Mississippi River Basin were, by
a large margin, the largest of this century for the 2-, 3-, 4-, and 12month periods encompassing the 1993 summer. The totals for these
periods are estimated to have a probability of occurrence of less than
0.005 y r \ In addition, the number of reporting stations receiving
weekly totals in excess of 100 mm (events identified in a previous
study as being closely correlated with floods) was the largest in at
least the last 45 yr. Other conditions contributing to the flood include
above-normal soil moisture levels at the beginning of June 1993;
large-sized areas of moderate to heavy rains; occurrence of rain
areas oriented along the main stems of major rivers; a large number
of localized extreme daily rainfall totals (greater than 150 mm); and
below-normal evaporation. The large-scale atmospheric circulation
patterns during the summer of 1993 were similar to the patterns
associated with past heavy rain events, although much more persistent than past events.

1. Introduction
The 1993 summerflooding in the Upper Mississippi
River Basin was the most devastating flood of modern
times, with damage estimates in the range of $15-20
billion (NOAA 1993). Record-high river levels were
recorded over a long stretch of the Mississippi River
from Cairo, Illinois, to north of Rock Island, Illinois.
Record-high river levels were also recorded along the
Iowa, Des Moines, and Raccoon Rivers in Iowa; along
the Missouri River from St. Joseph, Missouri, to the
confluence of the Missouri and Mississippi Rivers just
north of St. Louis; the Illinois River; and many other
major tributaries. At St. Louis, where the flooded
Missouri joined the Mississippi, the Mississippi River
crested at 15.11 m, 1.8 m above the previous record
level during the 1973 flood (Fig. 1).
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There has been considerable speculation and controversy concerning the possible influence of artificial
structures along the river system on the severity of the
flooding. Speculation focused particularly on the extensive levee system that protects hundreds of thousands of acres of prime farmland and many small river
communities in the floodplains. More than 1000 of the
1300 levees on the two major rivers failed. The severity of the flood caused considerable discussion concerning whether to rebuild and repair the levees or to
allow some of the floodplain areas to return to their
natural wetland condition. Federal legislation to act on
these issues had already been offered in the fall of
1993. Informed decision making should take into
account the natural causes of the flood and the
frequency with which such natural events might occur
in the future. This paper describes the hydroclimatic
causes of the flood in the context of historical frequencies of such heavy rainfall events.
Since most locations recorded river crests during
July or early August, this discussion will focus on the
summer (June-August) of 1993 and the months leading up to the summer flooding. Heavy fall rains produced flooding again in Missouri and Illinois in September 1993 and in November 1993.

2. Data sources and methods
Two primary datasets were used in the subsequent
analysis. One is the daily summary-of-the-day precipitation dataset obtained by National Weather Service
(NWS) cooperative observers and archived at the
National Climatic Data Center (NCDC), generally available digitally for the period 1948-present. The density
of observers averages about 1 per 1000 km2. The
second set of data are monthly precipitation values
calculated for climate divisions. While the climate
division (CD) dataset is limited in both temporal (only
monthly values are available) and spatial resolution,
digital values are available from 1895 to the present,
thus allowing a more extended period for historical
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FIG. 1. Hydrograph (river stage level vs time) of the Mississippi
River at St. Louis for the period June-August 1993.

comparisons. Division values are typically averages of
observations from 10 to 20 stations.
Figure 2 shows a map of climate division boundaries and outlines of the Mississippi River basins used
in this study. Two basins are defined. The Upper
Mississippi River Basin (UMRB) is defined as the
drainage area upstream of Keokuk, Iowa. The UMRB
excludes the Illinois and Missouri River Basins. The
Greater Upper Mississippi River Basin (GUMRB) is
defined as much of the drainage area upstream of
Cairo, Illinois. This includes the entire Illinois River
Basin and the lower portion of the Missouri River Basin
that is free of large dams and reservoirs. For some of

the subsequent analyses, those climate divisions with
a significant (around 50% or greater) fraction of area
within the basin were used to approximate the areal
extent of these basins. For the UMRB, these are
Minnesota (2, 4, 5, 6, 7, 8, 9); Wisconsin (1, 2, 4, 5, 7,
8); Iowa ( 2 , 3 , 5 , 6 , 9 ) ; and Illinois (1). For the GUMRB,
the following additional CDs are included: Illinois (2,3,
4, 5, 6, 8); Indiana (1); Iowa (1, 4, 7, 8); Kansas (3, 6);
Missouri (1, 2, 3, 5); Nebraska (2, 3, 5, 6); North
Dakota (5, 9); South Dakota (3, 7, 9), and Wisconsin
(9). The UMRB is entirely contained in the GUMRB.
The condition of the land surface played a significant role in the development of the flood. An operational soil moisture model (Kunkel 1990) was used to
assess the evolution of soil moisture conditions. An
input to this model is potential evapotranspiration
(PET). This was estimated using long-term historical
values of hourly surface airways observation from
NWS first-order stations in the region as follows.
Cloud cover observations were used to estimate solar
radiation with the model of Meyers and Dale (1983).
Net radiation was estimated following Weiss (1983).
Finally, PET was estimated with the Penman-Monteith
formula (Monteith 1965). This formula requires the
specification of aerodynamic and surface resistances.
The aerodynamic resistance (ra) was estimated, assuming a logarithmic wind profile and neutral stability,
as
ra =

[\n(z/zo)f/[U(z)n

where U(z) is wind speed at height z;
k is von Karman constant;' and zo is
roughness height equal to 0.01 m, a
typical value (Rowntree 1991) for
mown grass surfaces that are characteristic of airports where the observations are taken. The surface resistance was set to 50 s rrr 1 , typical for
freely transpiring growing crops
(Rowntree 1991). The above procedure was applied to hourly data with
daily PET calculated as the sum of the
hourly estimates.

3. Climatic assessment

FIG. 2. Area of study. Our definition of the UMRB is shown as the stippled pattern. The
Greater UMRB also includes the area denoted by the diagonal lines. The UMRB is entirely
contained in the GUMRB. Climate division boundaries and state climate division numbers
are also shown.
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Figure 3 shows monthly precipitation compared to normal values for
the UMRB and GUMRB during the
period July 1992-August 1993. These
values are calculated as areally
weighted precipitation totals for the
climate divisions listed in section 2.
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ers were well above seasonal average flows as June
began. For instance, the discharge at St. Louis was
10 930 m 3 s" 1 on 31 May (U.S.Geological Survey 1993,
personal communication), about 45% above the average of 7500 m 3 s"1. The genesis of a major summer
flood had been established. All that was needed was
prolonged heavy rainfall in the following months. Extremely high rainfall occurred in each of the three
summer months of 1993 (Fig. 3), with monthly basin
precipitation ranging from 137% to 211% of normal.
Figure 4 portrays the spatial distribution of precipitation during the period 1 June-31 August 1993. The
contours have been smoothed because of the high
spatial variability of precipitation. The 1961-1990 normal precipitation totals for this area are approximately
300 mm. Rainfall for nearly the entire basin was above
normal in 1993, mostly above 400 mm. A large area
received more than 600 mm, including most of Iowa,
northern Missouri, southern Minnesota, southwest
Wisconsin, northwest Illinois, southern Nebraska, and
northern Kansas. A few areas received in excess of
800 mm, principally in northern Missouri and central
Iowa. Amounts in excess of 900 mm (or three times
the normal) were measured at the following stations:
Belle Plaine, Cedar Rapids, Clutier, Iowa City, Jewell,
Marshalltown, Mount Pleasant, Muscatine, Toledo,
Webster City, Williams, and Zearing, Iowa; Freedom,
Missouri; Pawnee City, Nebraska; and Blaine, Kansas.
Table 1 gives a ranking of the greatest monthly
precipitation totals in the basin for 1 -, 2-, 3-, 4-, and 12FIG. 3. Monthly precipitation forthe period July 1992-August 1993
compared to the 1961 - 1 9 9 0 average for (a) UMRB and (b) GUMRB.

The 1993 summer floods were preceded by a frequently wet pattern beginning in July 1992. Seven of
the 11 months preceding June 1993 experienced
above-normal precipitation. Of particular note are July
1992, with 140% of normal precipitation in the UMRB
(160% in the GUMRB), and November 1992, with over
3 times the normal precipitation in the UMRB (2.5
times in the GUMRB). Rainfall during the spring months
of April and May 1993 was also above normal. As a
result, flooding occurred along the Mississippi River in
April and early May, with river stages reaching very
high levels at St. Louis. Excess precipitation during the
11 -month period of July 1992-May 1993 was approximately 179 mm in the UMRB (171 mm in the GUMRB).
This persistently above-normal precipitation pattern resulted in saturated soils across the basin at the
end of May and delayed planting of crops throughout
the Midwest. As a result of the continuing rains and
below-normal temperatures of May, streams and riv-
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FIG. 4. Map of precipitation (mm) in the GUMRB for 1 June-31
August 1993.
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T A B L E 1. Magnitude (mm) and date (month/year) of largest precipitation events for UMRB and GUMRB, based on climate division data
for the period 1895-1993.

UMRB
Rank

1 month

2 months

3 months

4 months

1

191 (9/65)

357 (6-7/93)

509 (6-8/93)

637 (5-8/93)

12 months
1144 (9/92-8/93)

2

188(6/93)

308(5-6/08)

435(7-9/00)

549(7-10/00)

995(10/85-9/86)

3

184(8/80)

305(5-6/05)

417(7-9/86)

538(6-9/86)

997(6/72-5/73)

4

180(9/86)

300(8-9/80)

408(5-7/02)

514(5-8/02)

972(2/51-1/52)

5

179(6/14)

299(8-9/65)

406(7-9/03)

510(5-8/05)

967(1-12/65)

12 months

GUMRB
Rank

1 month

2 months

3 months

4 months

1

203(7/93)

373(6-7/93)

496(6-8/93)

619(6-9/93)

1157(11/92-10/93)

2

186(6/47)

297(5-6/08)

434(5-7/15)

540(5-8/15)

1000(11/85-10/86)

3

184(9/65)

288(6-7/15)

409(5-7/02)

531 (5-8/02)

990(2/51-1/52)

4

179(9/26)

286(8-9/65)

404(6-8/51)

507(5-8/51)

986(7/72-6/73)

5

178(6/67)

286(9-10/41)

390(5-7/05)

501 (6-9/65)

978(6/02-5/03)

month intervals. These rankings are based on the
climate division data covering the period since 1895.
For 1 -month periods, June 1993 ranks as the UMRB's
second wettest single month since 1895. For all longer
intervals, the period encompassing the summer of
1993 ranks as the wettest in the past 100 yr in the
UMRB by a considerable margin. For instance, the
12-month value for September 1992-August 1993 is
1144 mm, 149 mm above the second-ranked year.
The rankings for the GUMRB are equally impressive.
July 1993 is the wettest single month. For all longer
intervals, the period encompassing the summer of
1993 ranks as the wettest by a large margin since
1895.

T A B L E 2. Statewide rainfall amounts for the period June-August
1993, the rank compared to other June-August periods, and the
return period.

State

Amount (mm)

Rank

Return period (years)

Iowa

669

first

»200
150

Illinois

456

first

Wisconsin

395

fourth

Minnesota

452

first

»200

Missouri

440

sixth

15

814

25

From a (summer) seasonal standpoint, much aboveaverage rainfall fell over the entire upper Midwest in
each of the three consecutive months from June
through August (Fig. 3). The June-August 1993 rainfall totals for the entire basin are unmatched in the
historical records.
The amount, rank, and estimated return period of
the total precipitation during the June-August 1993
season for selected states are given in Table 2. For
individual states, the June-August amounts for 1993
were in the ten wettest since 1895. The rainfall amounts
in Iowa and Minnesota greatly exceeded those expected once in 200 yr. (equivalent to an annual
probability level of 0.005). The values in Missouri and
Wisconsin are tempered by areas in each state that
did not receive extraordinary amounts of rainfall.
The return periods in Table 2 were calculated using
the annual maximum series of all June-August precipitation totals for the period 1895-1992. The return
period values were estimated using the maximum
likelihood method and the generalized extreme value
(GEV) distribution (Farago and Katz 1990). The resulting curves were used to determine the return period of
the 1993 amounts. The June-August rainfall for Iowa
was estimated as a 1000-yr event using this method.
As a rule of thumb, however, extrapolating beyond
twice the length of the time series is not recommended
(Viesman et al. 1989, p. 721). Because the record
length is 98 yr, any value exceeding the 200-yr event
should be treated with caution. As a result, estimated
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return periods greatly exceeding the 200-yr event are
not shown explicitly in Table 2.
Table 3 gives the return periods for the 1993 basin
average rainfall amounts in Table 1. For all periods of
2 months or longer, the 1993 total rainfall exceeds the
threshold for an event with a 200-yr return period.
These return periods were derived from all possible 1 to 12-month combinations. Instead of an annual maximum series, as was used for Table 2, a partial duration
series was constructed for each time frame to match
the results found in Table 1. For each time frame, the
top 98 nonoverlapping totals, regardless of the year,
were used to estimate the return periods. Because the
second greatest event in 1 yr may exceed the greatest
annual maximum event of another year, the partial
duration series may contain larger events than the
annual maximum series. As a result, the partial duration series tends to yield larger estimates than the
annual maximum series. It is well documented that
these differences pertain largely to return periods of 10
yr or less (e.g., Viesman et al. 1989; Kite 1977). The
interest in this paper is with the longer return periods,
so the differences between the annual maxima and
partial duration time series are not important. As with
Table 2, the maximum likelihood method and GEV
distribution were used to estimate the return periods.
The results were confirmed by plotting the resulting
return period curves with the original data.
The Mississippi River flood level from St. Louis
north to Hannibal, Missouri, was estimated to be in

T A B L E 3. Return periods for basin average rainfall amounts for
1993 events listed in Table 1.

UMRB
Period

Return period (years)

1 month

35

2 months

>200

3 months

»200

4 months

»200

12 months

»200
GUMRB

Period
1 month

Return period (years)
80

2 months

»200

3 months

»200

4 months

»200

12 months

»200
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FIG. 5. Number of days with 1 -day precipitation totals exceeding
25 mm, expressed as a percent of the 1961-1990 average, for 1
June-31 August 1993.

excess of a 500-yr event (Craig 1993). This is not
inconsistent with the return period estimates for the
rainfall for the entire basin (Table 3). The rains on the
upper Mississippi and lower Missouri were closely
timed. The floods in each river basin 200 miles above
St. Louis were sufficient to break historical records,
but when they combined just above St. Louis, they
created an exceptional flood.
Kunkel et al. (1993) studied heavy rainfall events
that result in flooding in the Midwest. They found that
flooding events on small streams could often be
related to heavy rainfall events occurring over a period
of a few days. In particular, strong correlations existed
for precipitation events of 7-day duration. Single station heavy 7-day events exceeding the threshold of
100 mm are expected to occur about once per year.
Table 4 shows a ranking of the number of heavy (100
mm or greater) 7-day rain events for 1 -, 2-, 3-, 4-, and
12-month periods. These rankings are based only on
the 1948-1993 period, when daily data are available in
digital form. For a 1-month interval, June 1993 ranks
as the second highest. For all other intervals, the
period encompassing 1993 ranks as the highest,
again by a significant margin. Thus, another characteristic of the 1993 summer flooding was a high
frequency of localized multiday heavy rain events.
The frequency of shorter-term, smaller-magnitude
precipitation events was also much greater than average. Figure 5 shows the distribution of the number of
days (expressed as percent of normal) with precipitation greater than 25 mm for June-August 1993. In
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FIG. 6. Map of precipitation (mm) distribution in the GUMRB for (a) 6 - 8 June 1993, (b) 16-20 June 1993, (c) 24-25 June 1993, (d) 29 June11 July 1993, (e) 13-17 July 1993, and (f) 22-25 July 1993. The analysis is limited to stations reporting in the early morning. Thus, the dates
represent the 24-h period ending in the early morning.

much of the basin, the frequency was double the longterm average.
We identified several periods when particularly
heavy precipitation occurred throughout the region
during 1 June-31 July 1993. The spatial distribution of
precipitation for these six events is shown in Fig. 6. Of
particular interest is the rainfall for the 13-day period of
29 June-11 July (Fig. 6d). On each day of this 13-day
period, heavy rainfall occurred somewhere within the
basin. Precipitation amounts during this period are

816

particularly noteworthy in central and southern Iowa,
northern Missouri, southeastern Nebraska, and northwestern Kansas. Amounts of 200 to >300 mm, usually
that obtained for an entire summer, were experienced
in 2 weeks.
We compared the largest 10-day event at each
reporting station during the June-August 1993 period
with the estimated return period from Huff and Angel
(1992). Figure 7 shows the location of stations whose
largest 10-day precipitation event during the summer
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of 1993 has an expected return period of 25 years or
greater. A total of 108 such events from the 737
raingage stations achieved this intensity in the summer alone. In an average year, we would expect only
29 such events in this area. There is a high concentration of these stations in the drainage area of the Lower
Missouri River.

4. Atmospheric conditions
Figures 8 - 1 0 show the averaged pressure fields at
70 kPa for June, July, and August 1993, calculated
from twice-daily data provided by the Climate Analysis
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Center of the NWS (A. Barnston 1993, personal
communication). The patterns for June and July are
very similar. The mean position of the polar jet stream
extends from the northern Rockies to the UMRB, as
indicated by the strong pressure height gradient in this
region. In June, below-normal heights occurred over
the Rocky Mountains and eastern Pacific and off the
coast of Newfoundland. Above-normal heights occurred over the eastern United States. The pattern
during July (Fig. 9) was similar except that an additional area of above-normal heights is seen over the
eastern Pacific. Accompanying this 70-kPa height
pattern was a frontal boundary located over the basin
on at least 40 days in June and July. Frequent waves
of low pressure developed in this region of horizontal
surface temperature gradients and enhanced upperair wind flow, bringing heavy rainfall to the region. As
indicated by the similarity of the June and July 1993
maps, this was a persistent feature of the first part of
the summer. During August, there were several periods of dry weather and different circulation patterns.
As a result, the monthly average pattern (Fig. 10)
shows much smaller deviations from the long-term
mean, although the anomaly centers over the western
United States and eastern Pacific are in similar positions to those of July.
Past studies have demonstrated the importance of
mesoscale convective systems (MCSs) as a source of
rainfall in the central United States during the warm
season (e.g., Kane et al. 1987). The larger MCSs,
referred to as mesoscale convective complexes
(MCCs), have been studied extensively (e.g., Maddox
1983; Cotton et al. 1989; McAnelly and Cotton 1989).
One of the criteria used to identify MCCs and MCSs
involves cloud-top temperature (McAnelly and Cotton
1989; Kane et al. 1987). An analysis of such data and
identification of MCCs and MCSs during summer
1993 was beyond the scope of this study. Many of the
large rain areas identified from daily precipitation
maps, however, were of appropriate scale and shape
to suggest the presence of MCCs and MCSs.
Kunkel et al. (1993) identified major large-scale
precipitation events when a large number of stations
in the Midwest simultaneously experienced 7-day
precipitation totals in excess of 100 mm. Figure 11
shows the average 70-kPa pattern associated with
those events occurring in the warm season (defined in
their study as May-November). The 70-kPa field is
characterized by a highly amplified wave pattern with
four anomaly centers. Above-normal heights are seen
in the eastern Pacific and along the eastern U.S.
coast. Below-normal heights are seen over the Rocky
Mountains and off the coast of Newfoundland. Importantly, this pattern is very similar to the June and July
1993 upper-air pressure patterns, particularly that for
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variable nature of convective rainfall in the Midwest,
coupled with the high rates of evapotranspiration. In
typical Midwestern summers, the area experiences a
few localized heavy rains of 100-300 mm in 1 - 2 days
that extend over a few thousand kilometers squared.
These are typically found randomly distributed in
various locales across the upper Midwest. These
events produce localized flash floods on streams and
tributaries but are not sufficient to produce major river
flooding of any consequence. The record-breaking
summer floods during the 1993 summer evolved from
seven conditions. These combined in a unique fashion
to cause record-high flows on the lower Missouri and
mid-Mississippi Rivers, as well as on many of their
tributaries.
Record-breaking rainfall totals. The precipitation

FIG. 7. Locations of reporting stations experiencing a 10-day
precipitation event during June-August 1993 with an expected return
period of 25 yr or longer. The number denotes the occurrences at
each station—that is, "1" denotes one occurrence and "2" denotes
two occurrences.

July 1993. This pattern resembles the conceptual
model of Maddox et al. (1979) for synoptic-scale
forcing of flash flood events. In this model, heavy
convective rainfall is generated by weak short waves
rotating around a slow-moving long-wave trough and
along a quasi-stationary surface front. The identification of such a pattern is used in forecasting of heavy
rainfall events (Funk 1991). In addition, the usual
synoptic environment associated with MCC occurrence (Maddox 1983) is characterized by an upper
trough to the west and upper ridge to the east of the
MCC region. Thus, the large-scale flow patterns during the summer of 1993 are consistent with those
associated with past major precipitation events causing flooding in the Midwest. An analysis (not shown)
of the past major events in Kunkel et al. (1993),
however, indicates that in most past events the pattern was a more transient one, lasting for less than 2
weeks.

5. Discussion of hydrometeorological
conditions
Extreme flooding of major river systems like the
Mississippi and Missouri Rivers seldom occurs in the
summer because of the highly space- and time-
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FIG. 8. The 70-kPa geopotential heights (m) for June 1993. (a)
Mean and (b) anomalies are shown. Negative anomaly contours are
dashed. Contour interval is 30 m for mean map and 10 m for anomaly
map.
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FIG. 9. Same as Fig. 8 except for July 1993.

FIG. 10. Same as Fig. 8 except for August 1993.

totals experienced during the summer of 1993 and the
preceding months exceeded all previous events (Table
1) by a large margin for 2- through 12-month intervals.
The return period for such an event was well in excess
of 200 yr (annual probability of occurrence of less than
0.005) for the Upper Mississippi and Lower Missouri
River Basins.
High incidence of moderate to heavy rain events.
There was a record number of moderate to heavy
precipitation events (Table 4 and Fig. 5) over single or
multiday periods. Thus, high runoff was experienced
over an exceptionally large area.
Persistence of saturated or near-saturated soils.
Figure 12 shows first-of-the-month soil moisture values for the spring and summer of 1993 in the top 30
cm. (Values of 100% indicate field capacity, while
greater values would indicate muddy fields. Saturation
values vary with soil type and are usually around
130%.) In the early spring (Figs. 12a, b), rather typical
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seasonal values near field capacity are observed. On
1 May (Fig. 12c), values above 100% are still observed
in the western and southern corn belt. Heavy May
rains caused an increase in soil moisture during May
(Fig. 12d), at a time when the seasonal decline is
usually observed. Thus, the June rains fell on very wet
soils, resulting in an unusually high rate of runoff. Soil
moisture on 1 July (Fig. 12e) was even higher, setting
the stage for a high runoff rate from the July rains. A
slightly drier pattern toward the end of July caused a
slight drying by 1 August (Fig. 12f), although these
values are still much above the seasonal norm. Thus,
through the key flood period, soils throughout the
UMRB and GUMRB were saturated or near saturated
and unable to absorb moisture, causing large runoff
from the heavy rains.
Large-sized rain areas. The semistationary nature
of the convectively unstable frontal conditions across
the upper Midwest from June through August not only
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T A B L E 4 . Ranking of the number (per reporting station) and date (month/year) of heavy rain events (7-day totals exceeding
on data for period 1 9 4 8 - 1 9 9 3 .

100

mm) based

UMRB
Rank

1 month

2 months

3 months

4 months

1

0.67(9/86)

1.00(6-7/93)

1.34(6-8/93)

1.52(6-9/93)

12 months
1.76(9/92-8/93)

2

0.59(6/93)

0.74(8-9/65)

0.90(7-9/86)

1.03(6-9/86)

1.44(10/85-9/86)

3

0.55(9/65)

0.70(8-9/86)

0.84(6-8/81)

1.01(5-8/90)

1.40(10/69-9/70)

4

0.44(9/61)

0.65(5-6/90)

0.81 (5-7/90)

1.00(5-8/81)

1.39(8/80-7/81)

5

0.42(8/77)

0.59(8-9/70)

0.80(7-9/65)

0.90(6-9/78)

1.31 (1/90-12/90)

12 months

GUMRB
Rank

1 month

2 months

3 months

4 months

1

0.65(9/86)

1.07(6-7/93)

1.37(6-8/93)

1.59(6-9/93)

1.95(10/92-9/93)

2

0.55 (6/93)

0.71 (8-9/86)

0.93 (7-8/86)

1.05 (6-9/86)

1.51(10/85-9/86)

3

0.53(7/93)

0.67(8-9/65)

0.78(5-7/81)

0.97(5-8/81)

1.34(8/80-7/81)

4

0.49(6/67)

0.60(5-6/90)

0.75(7-9/65)

0.94(6-9/65)

1.28(8/89-7/90)

5

0.49(9/65)

0.60(6-7/58)

0.75(5-7/90)

0.90(5-8/90)

1.24(6/69-5/70)

caused the near-continuous occurrence of daily rains,
but it also frequently created extensive areas of moderate to heavy rains. Frequently, a day would have rain
areas that were 200-300 km wide and 600-900 km
long across parts of the seven-state area. Most of
these rain areas included zones with 2 5 - 5 0 mm of rain
over 10 0 0 0 - 3 0 000 km 2 . An excellent example of
such rain areas is the isohyetal map of the 2 4 - 2 5 June
rain area along the Mississippi (Fig. 6c). A few such

large-sized areas of convective rainfall normally occur
in most Midwestern summers, but their high frequency
in the summer of 1993 (a subjective analysis of daily
rainfall maps indicates at least 70 such cases), together with quite large dimensions capable of affecting both the Missouri and Mississippi River Basins,
was exceptional.
Orientation of rain areas. In June, several large rain
areas were oriented northwest-southeast over the

FIG. 11. The 70-kPa geopotential height field averaged for major 7-day warm season precipitation events identified in Kunkel et al. (1993).
(a) Mean and (b) standardized anomalies are shown. Negative contours are dashed. Contour interval is 30 m for mean map and 0.1 for
standardized anomaly map.
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Mississippi River from northern Illinois into central Minnesota. Then in late June and
early July, similar systems
became aligned southwestnortheast along the Mississippi's course from western
Illinois to southern Wisconsin
(Fig. 6), and at the time, the
flooding was maximizing in
this reach of the river. In early
to mid-July, several large rain
areas were oriented westeast along the Missouri River
and across Missouri (e.g., Fig.
13). Such alignments deposited enormous amounts of
water directly into the main
stems of the rivers without any
delay for runoff and in-stream
storage in the tributaries.
Large number of localized
extreme rains capable of producing flash floods. Intermixed with the frequent incidence of large areas of moderate to heavy rainfall were
many intense rainstorms having flash flood characteristics.
These rainstorms are defined
here as discrete areas, typically 100-10 000 km2 in size,
where up to 150-300 mm of
rain falls in 24 h or less. The
smoothed isohyetal map (Fig.
13) of the large 7 July rain
area across central Missouri
contains two intense greater
than 75-mm rain centers.
There were four point measurements of rainfall exceeding 150 mm on this day. For
the summer, there were 21
reports on 14 separate days
F I G . 1 2 . Map of soil moisture in the top 3 0 cm, estimated using the model of Kunkel ( 1 9 9 0 ) , for
of 24-h rainfall in excess of (a) 1 March, (b) 1 April, (c) 1 May, (d) 1 June, (e) 1 July, and (f) 1 August. Values are in percent
of the potential plant available water.
150 mm in the basin.
Below-normal
seasonal
evapotranspiration. The very
frequent cloud cover of the June-August period, 6. Conclusions
coupled with temperatures that were below average
over most of the basin and a very moist lower atmoThe record 1993 UMRB flooding can be explained
sphere, reduced PET to below-normal levels. For the by the observed precipitation patterns. The genesis of
3-month summer period (June-August), the PET es- the great summer floods of 1993 had been set by 1
timate is 4.2 mm day -1 , compared to a long-term aver- June with saturated soils and filled streams across the
upper Midwest. The water from the ensuing persistent
age of 4.8 mm day 1 , or about 13% below average.

Bulletin of the American Meteorological

Society

821
Unauthenticated | Downloaded 01/09/23 02:42 AM UTC

References

FIG. 13. Map of precipitation (mm) distribution for the 24 h ending
in the early morning of 7 July 1993.

heavy rains of June, July, and August had no place to
go other than into the streams and river courses. At
least 70 large rain areas occurred during June-August, and many produced rain over both the Mississippi and Missouri River Basins with the rainfall patterns often aligned with the major river courses, causing rapid river rises. Summer rainfall totals set new
records, with amounts exceeding the threshold for
events with a greater than 200-yr return period. The
record summer rains produced record flooding of the
two major rivers, equaling or exceeding flood recurrence intervals of 100-500 yr along major portions of
the mid-Mississippi and lower Missouri Rivers. By
several measures, the summer 1993 period and the
months preceding the summer were, by a significant
margin, the wettest period of the past 100 yr. The flow
patterns associated with the heavy precipitation were
consistent with past heavy precipitation events. The
persistence of this pattern, however, was much greater
than past heavy precipitation periods.
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