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Hydrometeorology of Heavy Rainstorms
in Chicago and Northeastern lllinois

Phase | — Historical Studies

Floyd A. Huffand John L. Vogel

ABSTRACT

This report presents the results of an investigation of heavy rainstorms in the Chicago urban
area and the surrounding six counties, based on available historical data of rainfall and associated
weather conditions. The six counties are Cook, Du Page, Kane, Will, Lake, and McHenry. Frequency
distributions of point rainfall are presented for rain periods from 5 minutes to 72 hours and recurrence
intervals of 6 months to SO years. Also presented are the relationship between point and areal mean
rainfall frequencies, time and space distribution characteristics of heavy rains, orientation and move-
ment of storms, the frequency distribution of storm centers, synoptic weather conditions associated
with severe rainstorms, and the diurnal, monthly, and seasonal distribution of flood-producing storms.
Results of this investigation are particularly useful in hydrologic design problems, such as in the design
of urban storm sewer systems, but have application also in agriculture, environmental problems, and
various phases of climatology and hydrometeorology.

This historical study is the first phase of a comprehensive hydrometeorological research program
for northeastern Illinois. The second phase will involve an extensive field and analysis program utilizing
a large raingage network, weather radars, and other meteorological equipment to acquire the hydro-
meteorological knowledge needed to optimize the design and operation of sophisticated water resources
systems.

INTRODUCTION

Background

Previous investigators (Hershfield, 1961; Huff and Neill,
1959; Ackermann, 1970) have evaluated data to determine
the frequency of point rainfall amounts of various intensity
and duration in Illinois. These studies did not attempt to
determine differences which might exist over small areas
due to local weather anomalies, but rather gave broad indi-
cations of the frequency distribution of various precipitation
events. However, recent research has indicated that inad-
vertent weather modification produced by urban environ-
ments can produce significant increases in the frequency of
severe weather events such as hail, thunderstorms, and heavy
rainstorms.

For example, Changnon (1968) found strong evidence
that the Chicago urban-industrial complex was producing a
significant increase in total precipitation, hail, and thunder-
storms at La Porte, Indiana, approximately 35 miles to the
east. A later study by Huff and Changnon (1970) showed
that heavy rainstorms were apparently more frequent over
and downwind of Chicago and St. Louis than in the sur-
rounding suburban and rural areas. These and other findings
led to a comprehensive climatological study of urban effects
on precipitation at 8 major cities in the United States (Huff
and Changnon, 1972, 1973). The results provided further
verification of the urban influence on precipitation. This
inadvertent modification apparently leads to important

spatial variations in heavy, short-duration rainfalls that pro-
duce excessive storm runoff. Consequently, there appears
to be a need to incorporate these variations in the design of
hydraulic structures in large urban areas.

The growing interest in urban effects on regional weather
by meteorologists, hydrologists, environmentalists, city
planners, and others then led to the establishment of a com-
prehensive, 5-year field program in the St. Louis area during
1971 (Changnon et al.,, 1971). The major purpose of the
research (Project METROMEX) was to define accurately
the magnitude of urban environmental effects on precipita-
tion in a large metropolitan area, the location of such effects
with respect to the urban-industrial complex, and the
meteorological causes of the urban anomaly.

By the end of the 1973 field operations, it was apparent
from the METROMEX network of 225 recording raingages
in 2000 mi’® that the St. Louis urban-industrial complex was
indeed producing a substantial increase in warm season rain-
fall east and northeast of the city (Huff and Schlessman,
1974). By this time also, numerous inquiries had been re-
ceived at the Water Survey from both private and govern-
mental groups concerning information on the distribution
of heavy rainstorms in the urban and suburban areas of
Chicago.

The problems and needs at Chicago were explored fur-
ther, and resulted in a conference on May 21, 1974, be-
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Figure 1. Location maps

tween representatives of the Water Survey and interested
users of rainfall data in the metropolitan area, including
the Metropolitan Sanitary District of Greater Chicago, the
Bureau of Engineering of the City of Chicago, Northeast
Illinois Planning Commission, the U.S. Army Crops of Engi-
neers, and several consulting engineer firms. As a result of
the interest expressed and needs outlined at this conference,
a study was initiated to investigate the distribution of heavy
rainstorms in the Chicago urban area and the surrounding
six counties in the most comprehensive manner permitted
by available data. The six counties selected for study were
Cook, Du Page, Kane, Will, Lake, and McHenry (figure 1).

Fortunately, a network of recording raingages has been
operated in Chicago since 1949. Data were available from
16 gages for all or most of the period from 1949 through
1974. Most of these were operated by the Metropolitan

Sanitary District. These gages sampled an area of approxi-
mately 430 mi® within Cook County (figure 1). Further-
more, rainstorm data from the recording gages for 1949-
1968 had been tabulated, edited, and placed on computer
tape by the Chicago Bureau of Engineering. Only 12 rain-
gages were available in the 3700 mi’ that included the re-
mainder of Cook County and the other five counties (figure
1), and only four of these were recording gages. The other
eight were standard, non-recording gages from which only
daily totals were available. Thus, detailed temporal analyses
of heavy rainstorm patterns had to be confined largely to
the urban area.

As part of the study, the raingage sites were visited and
photographed, so that their exposures could be rated for use
in interpreting results. Unfortunately, several gages had been
moved during the sampling period so that a complete expo-



sure record was not always available. Most of the sites were
found to have satisfactory exposures that were equivalent to
the exposures found in the climatic network of the National
Weather Service in Illinois. Thus, it was concluded that the
urban network data should be accepted as reliable in es-
tablishing urban patterns of rainfall distribution during the
26-year sampling period.

Scope of Study

All available data from the urban network and the cli-
matic stations of the National Weather Service were used to
develop frequency distributions of point rainfall. This was
done for recurrence intervals of 0.5 to 50 years, and for
rain periods ranging from 5 minutes to 72 hours. Other
analyses were performed to determine the:

* point-area relationships

» frequency distribution of storm centers

* diurnal and seasonal distribution of heavy storms

» orientation of flood-producing storms

+ shape characteristics of major storms

* synoptic weather conditions associated with severe
rainstorms

* time between successive heavy storms

* time distribution characteristics of the rainfall during
heavy storms

» area-depth relationships in outstanding storms both in
the urban area and in the remainder of the 6-county
area

This report is the culmination of the first phase of a com-
prehensive hydrometeorological research program for Chica-
go and northeastern Illinois. As indicated by the title, re-
sults presented here summarize our studies of historical
weather data. At this time, we are initiating an extensive
hydrometeorological field project that is being jointly spon-
sored by the State of Illinois and the National Science
Foundation (NSF/RANN Grant ENV76-01447). The major
objectives of the research in this second phase of the pro-
gram are to 1) optimize methods of collecting and analyzing
precipitation data for hydrologic design problems, 2) provide
better areal detail of heavy rain events than was possible in
the present study, 3) develop an operational rain prediction-
monitoring system for the area utilizing a combination of
radar and raingage data output, and 4) establish methods

and techniques for transferring the research findings to
other urban areas. As various phases of this program are
completed, research reports will be published. The advent
of a network of 300 recording raingages in 1976 with a 3-
to 5-year period of data collection will provide considerably
more information on the spatial variations of heavy rainfall
rates in northeastern Illinois than the historical data herein
can provide.

Analytical results in this report have been expressed in
the English system of units in preference to the metric sys-
tem. It is expected that hydrologists and other major users
of the information will still be using the English system for
computational purposes in the foreseeable future. Further-
more, all sources of data used in the study were in English
units, and nearly all existing reference material on heavy
rainfall, such as Technical Paper No. 40 of the U.S. Weather
Bureau (Hershfield, 1961), is published in inches.
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RAINFALL FREQUENCY RELATIONSHIPS

Frequency Distribution of Point Rainfall

The frequency distributions of point rainfall were derived
from four sources of data and information. These include
the Chicago urban network (figure 1) operated during 1949-
1974, Technical Paper No. 40 of the U.S. Weather Bureau
(Hershfield, 1961), and Technical Letter 13 of the Illinois
State Water Survey (Ackermann, 1970), and publications of
climatic data on hourly and daily precipitation by the Na-
tional Weather Service. Originally, it was planned to derive
frequency relations for the immediate urban area solely
from the urban network data. However, analyses indicated
that the 1949-1974 data were badly skewed and frequency
relations derived from these data would provide fallaciously
high estimates of heavy rainfall occurrences, particularly for
longer recurrence intervals. This resulted from the presence
of several unusually heavy storms during 1949-1974 that
were not representative of an average 26-year period. Time
trend analyses indicated that these unusual storms were ran-
dom events, and not indicative of any significant change in
the urban rainfall distribution in recent years. To overcome
this sampling problem, data from earlier years were used to
modify the 1949-1974 results.

Other analyses led to the conclusion that the spatial dis-

0.9,

¢tkilometers

0, 95

Figure 2. Ratio pattern for 24-hour, 2-year storms

tribution characteristics of heavy rainfall in the urban area,
as reflected by percentage differences between raingage sta-
tions, could be delineated satisfactorily by the frequency
relations derived from the urban network data. The pattern
of percentage differences (relative variability) between sta-
tions was found to remain stable for various levels of rain
intensity and storm duration obtained from the station fre-
quency curves. Furthermore, earlier studies by Huff and
Changnon (1972, 1973) showed that the pattern of heavy
rainfalls remained consistent for consecutive 10-year periods
from 1949 to 1968 in northeast Illinois and northwest
Indiana, as well as within the Chicago urban area.

Spatial distribution patterns for the urban area were de-
rived from the 1949-1974 data by calculating the ratio of
rainfall at each raingage station to the most central station,
Sanitary Dispatch (figure 1). This station also is near the
geometric center of the three urban stations [Midway,
University, Weather Bureau City Station (WB/City) in fig-
ure 1] used in deriving the long-term frequency relations in
Technical Paper No. 40. The ratios were obtained from sta-
tion frequency curves computed for various rain durations
ranging from 1 to 72 hours. These station ratios then es-
tablished the spatial patterns.

An example of the derived patterns is shown in figure 2
for a 24-hour storm period having a recurrence interval of
2 years, based on 1949-1974 data. Ratios vary from 0.90
in the northeast part of the city to 1.08 at Calumet in the
southern part. The ratio pattern indicates a trend for the
heaviest rainfall to occur over the northwest, north central,
and southern parts of the city and for storms to be less in-
tense in the western suburbs and near the lake, particularly
in the northeast part of the urban area.

In computing rainfall amounts from the urban ratio pat-
tern, central values at Sanitary Dispatch for durations of 1
to 72 hours and recurrence intervals of 1 to 50 years were
obtained from Technical Paper No. 40 and Technical Letter
13. These values were then multiplied by each station's ratio
to obtain the appropriate rainfall amount. Recurrence in-
terval values for 1 to 10 years were obtained primarily from
Technical Paper 40 and those beyond 10 years from Tech-
nical Letter 13. Major differences occur in rainfall estimates
for recurrence intervals of 25 to 100 years, and it is believed
that Technical Letter 13 provides better estimates at the
longer recurrence intervals.

Frequency relations for periods of less than 1 hour were
obtained through use of transformation factors derived from
the urban network data. This was done by computing the
average ratios of x-minute to 60-minute rainfall from a large
sample of heavy storms analyzed by the Metropolitan Sani-
tary District, in which maximum amounts for periods of 5
to 60 minutes had been tabulated. Multiplication of the 1-
hour frequency values (previously determined) by these



average ratios then provided the frequency distributions for
rain periods of 5, 10, 15, and 30 minutes.

Frequency relations for rural stations in the surrounding
counties were determined from analyses of all periods of
record for each station by using the methods of Huff and
Neill (1959) for analysis of non-recording raingage data from
cooperative station data. These station frequency distribu-
tions were then used in conjunction with the regional pat-
terns developed earlier by Hershfield (1961) and Huff and
Neill (1959) to specify the 6-county distribution patterns
outside of the urban area.

The frequency relations have been expressed in terms of
the partial duration series, as opposed to the annual maxima
series. The annual series consists of only the highest value
for each year, whereas the partial duration series incorporates
all of the highest values regardless of the year in which they
occur. Thus, more than one value used in the frequency dis-
tribution can occur in a single year with thepartial dura-
tion series. The two series are equivalent for longer recur-
rence intervals but diverge usually for return periods of 10
years or less. For example, the partial duration can be con-
verted to the annual series by multiplying the 2-year, 5-year,
and 10-year partial duration amounts by 0.88, 0.95, and
0.99, respectively. Values in Technical Paper 40 are also
expressed in partial duration terms, but those in Technical
Letter 13 were derived from the annual series. The partial
duration series is used here, since it appears to be the most
applicable to hydrologic design problems in urban areas.

The spatial patterns of point rainfall frequencies for
various durations and recurrence intervals are provided for
the immediate urban area in figures 3 to 9, and for the sur-
rounding suburban and rural areas in figures 10 to 16.

Separate maps were constructed because the urban rain-
gage network provided much better spatial definition of the
frequency distributions within the urban area.

The frequency distribution maps presented here provide
the best estimates of point rainfall frequencies that could be
obtained from consideration of the urban raingage network
data and long-term records at both first-order and coopera-
tive stations of the National Weather Service (formerly U.S.
Weather Bureau). The comprehensive hydrometeorological
study (Phase II) being undertaken by the Water Survey in
the Chicago region beginning in 1976 will provide more de-
tailed information on the characteristics of heavy rainfall
distribution in the urban and surrounding regions. This may
lead to modification of the "best-estimate" results pre-
sented in figures 3 to 16. However, these results will not be
available until 1980 or 1981.

Relation between Point and Areal
Mean Rainfall Frequency

Knowledge of the frequency distribution of areal mean
rainfall is pertinent to the efficient design of hydraulic

structures, such as dams, urban storm sewers, highway cul-
verts, and water-supply facilities. In the United States there
is a relatively large amount of data available on the frequency
distribution of point rainfall, but very little information on
the frequency distribution of areal mean rainfall. Conse-
quently, there has been need for determining how the mean
rainfall frequency distributions for small areas about a point
are related to the point frequency distributions.

If a close relation exists between point and areal fre-
quencies, then conversion factors can be developed from
limited data on areal frequencies for transforming the abun-
dant data on point frequencies to equivalent areal values,
and provide a practical solution to a pertinent hydrologic
problem. The problem has been investigated previously on
a limited scale (Huff, 1956; Huff and Changnon, 1960; and
U.S. Weather Bureau, 1955). The recent availability of a
much larger sample of data from dense raingage networks
in Illinois has provided the means for reliable definition of
the midwestern relationship.

Analysis Procedure

Data from two dense raingage networks in east central
Illinois (Huff, 1970) were used to determine the relation-
ship between the frequency distributions of point and areal
mean rainfall on areas ranging from 10 to 400 mi® and for
storm periods of 30 minutes to 48 hours. A 10-year sample
(1950-1959) from an urban network of 11 recording rain-
gages in Champaign-Urbana provided data for 10 mi?. A
network of 49 recording raingages on 400 mi’ in east central
Illinois provided a 11-year sample (1955-1966) for deter-
mination of relationships on areas of 50, 100, 200, and 400
mi’.

Point rainfall at the central gage in each area was used in
development of the point-areal relationship. Areal mean
rainfall was obtained from the arithmetic average of all
gages in each of the sampling areas. For each storm period
(30 minutes — 48 hours), the study was restricted to storms
in which the central gage recorded rainfall equaling or ex-
ceeding the amount expected to occur on the average of
once in two years.

Point and areal mean rainfall for each specific area and
storm period were ranked. Next, the ratio of areal mean to
point rainfall was determined for each rank. No distinct
trend was found for the ratio to vary with increasing rainfall
amount. Therefore, average ratios for each area and storm
period were used in the development of the relationship be-
tween the frequency distributions of point and areal mean
rainfall.

Analytical Results

For a given storm period, the relationship was found to
be approximated closely by relating the average ratios to the
logarithm of the area. By this curve-fitting procedure, table

5
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Figure 3. 0.5-year frequency of urban-area rainfall
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Figure 4. 1-year frequency of urban-area rainfall
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Figure 5. 2-year frequency of urban-area rainfall
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Figure 7. 10-year frequency of urban-area rainfall
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Figure 9. 50-year frequency of urban-area rainfall
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Table 1. Relation between Areal Mean and Point
Rainfall Frequency Distributions

Storm
period Ratio of areal to point rainfall for given area (mid)
(hours) 10 25 50 100 200 400

05 0488 0.80 0.74 0.68 0.62 0.56
1.0 092 0.87 0.83 0.78 0.74 0.70
20 095 0.91 0.88 0.84 0.81 0.78
30 096 093 0.90 0.87 .84 0.81
60 097 0.94 0.92 0.89 0.87 0.84
120 098 0.96 0.94 0.92 0.90 0.88
240 099 0.97 0.93 0.94 0.93 0.91
480 099 098 0.97 0.96 0.95 0.94

Table 2. Probability of Equaling or Exceeding
a Given Return-Period Value
Return Probability (%) of equaling or exceeding
period the indicated return-period event (years)
(years) 2 4 5 1 20 25 50
39 22 18 10 5 4 2
63 32 33 18 10 8 4
53 45 26 14 11 6
63 55 33 18 15 8
63 39 22 18 10
45 26 21 1
50 30 24 13
55 33 27 15
5% 36 30 17
63 39 33 18

P I R T
= R R - Y T S = - - - T S T

42 36 20

) 45 38 21
48 41 23

30 43 24

53 45 26

55 47 27

57 49 29

.59 51 30

61 53 32

63 55 33

21 37 34
22 59 36
23 60 37
24 6z 318
25 63 39

1 was constructed to show the average ratio of areal mean
to point rainfall for selected storm periods. These ratios can
be used with available frequency distributions of point rain-
fall to estimate the frequency distribution of areal mean
rainfall for small areas. The ratios of table 1 are considered
to be applicable throughout Illinois and most of the Mid-
west.
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The values in table 1 differ only slightly from those pub-
lished earlier by the U.S. Weather Bureau for application
throughout the United States (U.S. Weather Bureau, 1955).
The small differences may be due to several factors, such as
climatic differences in the data samples, length of mean
rainfall records, and accuracy of areal mean rainfall measure-
ments.

Use of table 1 is illustrated as follows. Assume a hydrol-
ogist is designing a storm sewer system in a subarea of 100
mi’® in the Roseland area (figure 1), and that part of his de-
sign criteria involves computation of the 3-hour rainfall to
be expected on an average of once in 5 years. From figure
6, this is approximately 2.5 inches. « Then, multiplying 2.5
by each of the 3-hour areal ratios in table 1, values of 2.40,
2.33, 2.25, and 2.18 inches, respectively, are obtained for
10, 25, 50, and 100 mi?>. A more precise computation
would involve construction of maps for each subarea (10 to
100 mi*), based on table 1 and figure 6, and then computing
areal mean rainfall for the area of interest from the maps.

Risk of Exceeding Return-Period Values

A frequent question concerns the probability of exceed-
ing the average return-period value in a given period of time.
For example, what is the probability that a 5-year rain event
will be exceeded in the next 5 years? Several investigators,
including Court (1952) and Thorn (1959), have shown how
an estimate of this probability can be obtained from theo-
retical considerations.

Table 2 has been computed from an equation presented
by Thorn (1959), and serves as a useful guide in hydrologic
design problems. This table shows the probability in per-
cent of experiencing a rain event that is equal to or greater
in severity than the mean return-period value.

Interpretation of table 2 is illustrated as follows. Assume
a storm sewer design based on rain events having an average
frequency of occurrence (return period) of once in 5 years.
Moving horizontally from the return period of 5 years, one
finds that the probability of equaling or exceeding the S5-year
rainfall event in any given 5-year period is 63% or nearly 2
chances out of 3. Proceeding farther, there is a probability
of 39% that a 10-year or greater event will occur in the next
5 years, and a 10% probability (1 chance in 10) that a 50-
year event will be experienced. Thus, if the designer wished
to be 90% certain that his design value would not be ex-
ceeded in the next 5 years, he would have to design for the
50-year event which has only a 10% probability of being
exceeded.



TIME DISTRIBUTIONS

Time between Successive Heavy Storms

The frequency with which one heavy storm may follow
another is a matter of concern in hydrologic design and
operations. Data for five stations in the Chicago urban area
were analyzed for the 20 years, 1949-1968, to obtain some
information on this subject. Stations used were Mayfair,
WB/City, Sanitary Dispatch Plant, Midway, and Roseland
(see locations in figure 1). These were selected to sample
various parts of the urban area for small-scale variances. In
the analyses, all 3-hour and 24-hour rainfalls that equaled
or exceeded an average 2-year storm event were tabulated by
date and the shortest times between successive occurrences
were ranked to study their distribution.

Analyses of individual station data indicated no sig-
nificant differences in the time between storms across the
city. Therefore, values for the 5 stations were combined
to obtain a measure of average urban conditions. Results
are summarized in table 3 where the median time between
storms for equivalent rank values has been presented for
the five shortest intervals between 2-year storm events.
Thus, the median of the shortest time between 3-hour storms
was 0.4 month (12 days). The range among the five sta-
tions (not shown) was 0.1 to 10.6 months.

Similarly, the second shortest interval for 3-hour storm
periods was 0.9 month and the fourth shortest was 11.1
months. Thus, there were four times in the 20-year period
when 3-hour excessive rainfalls occurred within less than
one year over approximately 50% of the urban area, as in-
dicated by the median time intervals between storms at the
five stations. Table 3 shows that there were five occasions
in the 20 years when 24-hour amounts equaling or exceeding
2-year frequency values occurred within less than one year
of each other.

Rainfall Distribution within Storms

Knowledge of the time distribution of rainfall in heavy
storms is essential to optimize application of rainfall data in
urban hydrologic problems, such as the design of storm
sewer systems. Utilization of time distribution characteris-
tics has become increasingly important in hydrologic models
used in storm drainage design. For example, the Water Sur-
vey's ILLUDAS model provides an objective method for
the hydrologic design of storm drainage systems in urban
areas and for the evaluation of an existing system (Terstriep
and Stall, 1974). This technique is now being utilized
widely both within and outside of Illinois, and employs a
time distribution model devised by Huff (1967) in its com-
putations.

As part of this study, time distribution characteristics
were analyzed for the Chicago urban area to ascertain if

Table 3. Minimum Times between
Successive Storms having Rainfall
Greater than or Equal to 2-Year
Return-Period Value in Urban Area

S-station median interval (months)

Rank of intevvals for given rain period

(shortest to longese) 3 Hours 24 Hours
1 04 i.0
2 09 2.6
3 10.2 6.7
4 11.1 9.7
5 12.6 10.6

they were different from those developed in an earlier study
that employed data from dense raingage networks in central
Ilinois (Huff, 1967; Huff et al., 1969). Data for six urban
network stations were used in the Chicago study. Storms
were used in which 5-minute and/or 15-minute amounts had
been tabulated in earlier rainfall studies by personnel of the
Metropolitan Sanitary District (MSD). All storms were used
in which total rainfall exceeded 0.5 inch. This provided a
total of 417 storms from the MSD tabulations during the
period 1932-1966. The six stations were selected to provide
data for different sections of the city and included Calumet,
Midway, University, WB/City, Springfield, and Mayfair (see
figure 1 for locations).

The method derived by Huff (1967) was used in the data
analyses. First, storms were divided into four groups de-
pending on whether the heaviest rainfall occurred in the
first, second, third, or fourth quarter of the storm. Within
each group, the data were further stratified according to
storm duration and total storm rainfall. The time distribu-
tions were expressed as cumulative percentages of storm
rainfall and storm duration to enable valid comparisons
between storms and to simplify analyses and presentation of
the data.

Data for the six stations were combined, since analyses
showed little variation in the time distribution relations
across the urban area. Other analyses showed storm duration
and total storm rainfall explaining only a small portion of
the variance between storms having durations of 24 hours
or less, when the time distributions were classified by
quartile and expressed as percentages of total storm dura-
tion and rainfall. This corresponds to findings in the 1967
and 1969 studies referenced above. Consequently, time
distributions were classified by quartile only.

Median time distribution curves for point rainfall derived
from the Chicago data are shown in figure 17. This curve
compares closely with the point rainfall curve obtained
with data from central Illinois in the earlier study (Huff,
1967). First-quartile storms were the most common among
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Figure 17. Time distribution of point rainfall

the Chicago storms, and accounted for 40% of the total of
417 storms. Nearly equal frequencies (18 to 21%) occurred
among the other three storm types.

Storm durations of 6 to 12 hours occurred most fre-
quently, but were followed closely in numbers by storms
having durations of 3 to 6 and 12 to 24 hours. Storms of
less than 3-hour duration accounted for only 12% of the
cases.

Analyses of the time distributions of areal mean rainfall
were not made in the Chicago study, because the gage
density was only about 1 gage per 27 mi®. Furthermore,
considering expected sampling variations, the point curves
compared satisfactorily with those obtained with a 12-year
sample from the central Illinois network of 49 gages in 400
mi’. Consequently, it was concluded that the areal curves
derived in the earlier study by Huff (1967) were applicable
to northeast Illinois also. Median curves derived for areas of
50 to 400 mi® in the 1967 study are presented in figure 18.
It was found that the above range of areas could be combined
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Figure 18. Time distribution of areal mean rainfall

with only small losses in accuracy, since no pronounced trend
was found with increasing area from 50 to 400 mi®. For
more details on the time distribution derivations, the reader
is referred to Huff's 1967 paper. That paper also provides
a family of curves for each quartile showing the more ex-
treme percentage changes that may occur within a storm,
along with a probability estimate for each curve in the
family. The data from the Phase II network of 300 record-
ing raingages will provide additional information on the time
distribution of areal mean rainfall.

Interpretation of the curves in figures 17 and 18 is il-
lustrated by the following example. Assume a design based
on a 2.0-inch rainstorm of 2-hour duration is being made at
a given point, and the most critical distribution is a first-
quartile storm. Then, from figure 17, one can determine
that, on the average, 26% (0.52 inch) of the rain would be
expected to occur in the first 10% (12 minutes) of the
storm. Similarly, 59% (1.18 inches) would be expected in
the first 25% (30 minutes) of the storm, and 82% (1.64
inches) in the first 50% (60 minutes) of the rain period.



SPATIAL DISTRIBUTIONS

Storm Shape

Runoff characteristics in heavy storms are influenced by
the shape and movement of the storms. Two studies have
been made to determine the shape characteristics of heavy
rainstorms in Illinois. In one study, data from 260 storms
on a dense raingage network in east central Illinois were
used to investigate shapes on areas of 50 to 400 mi’® (Huff,
1967). Storms were used in which areal mean rainfall ex-
ceeded 0.50 inch. In the other study, historical data for
350 heavy storms having durations up to 72 hours were used
in a shape study of large-scale, flood-producing rain events.
These were Illinois storms in which maximum 1-day amounts
exceeded 4 inches or in which 2-day and 3-day amounts ex-
ceeded 5 inches (Stout and Huff, 1962). Storms encom-
passed areas ranging from a few hundred miles to 10,000 mi?.

The study of historical storms indicated that the rain in-
tensity centers most frequently had an elliptical shape. The
ratio of major to minor axis tended to increase with in-
creasing area enclosed within a given isohyet; that is, the
ellipse becomes more elongated. Within limits employed
in the study, no significant difference in the shape factor
occurred with increasing storm magnitude or with dura-
tions ranging from a few hours to 72 hours.

In the network study, elliptical patterns were found also
to be the most prevalent type, but the heaviest storms tended
to be made up of a series of rainfall bands. However, in-
tensity centers within these bands were most frequently
elliptical. From these two studies, a mean shape factor has
been determined that can be used as guidance in hydrologic

problems in which storm shape is a significant design factor.
The shape curve is shown in figure 19 for areas of 10 to
1000 mi*. For those interested, the curve can be continued
to 10,000 mi?, since storms up to this size were included
in the historical storm study.

Area-Depth Relations

Area-depth curves, frequently used in hydrological anal-
yses, provide a simple mathematical expression for defining
the spatial distribution characteristics of storm rainfall. The
curve provides a measure of the mean and maximum rainfall,
rainfall gradient, and skewness of the distribution. It is con-
structed by planimetering the storm isohyetal map and sum-
ming the areal mean rainfall from the storm center outward
(high to low values). The y-intercept of the curve then
represents the maximum point rainfall and the last point
on the curve is the areal mean rainfall. The slope of the
curve provides a measure of the rainfall gradient in the storm.
Huff and Stout (1952) found that the area-depth curve for
small areas in Illinois thunderstorms is well represented by
a data transformation in which area is plotted against the
square root of the area. In our study, area-depth curves were
constructed for outstanding storms on 1) the entire 6-
county area of 3714 mi’, and 2) the urban area of 430 mi’.

6-County Analyses

In the 6-county study, analyses were made of all storms
which produced a mean rainfall of 1.50 inches or more on

3.5 | N I N

RATIC, MAJOR/MINOR AXIS

1.5

| I I I I

20 50 100

200 £00 1000

AREA QF ELLIPSE, square miles
Figure 19. Mean shape factor for heavy storms
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Table 4. Area-Depth Relations in Outstanding Storms in 6-County Area

di:'z:;zﬂ Mean rainfall (inches) for given area (ni?) Storm
Date (hours) 25 50 100 200 3060 1000 i500 2000 2500 3000 37i4 centers
July 12-13, 1957 14 95 94 92 89 83 77 70 65 60 55 4.8 Peotone
October 9-10, 1954 24 10.7 105 102 98 88 76 68 6.1 56 51 45 Aurora
August 16-17, 1968 19 64 63 60 57 52 46 42 39 36 34 31 Park Forest
June 2, 1950 6 50 49 48 .47 44 39 36 34 32 30 28 Aurora
July 8-9,1951 24 43 42 41 40 37 35 33 31 30 29 27 Marengo
August 25-26, 1972 10 92 89 84 7.7 62 49 42 37 33 30 27 Aurora
January 11-12, 1960 24 43 42 41 40 37 34 31 29 28 26 25 Wheaton
June 14, 1949 15 47 46 44 41 39 3.7 34 32 30 27 24 Mayfair
July 6-7, 1954 19 39 38 38 37 34 32 29 27 26 25 23 Sycamore
September 13-14, 1961 8 36 35 35 34 32 31 29 28 27 25 23 McHenry
June 1-2, 19707 24 48 47 46 44 40 36 33 30 28 25 22 McHenry
June 10-11, 1967 11 65 62 58 53 45 38 33 29 26 24 21 WB/City
July 26-27, 1966 19 56 55 53 50 44 37 32 29 26 23 20 Midway
July 17-18,1972 16 38 37 36 34 30 27 25 23 21 20 19 Multiple
April 24-25, 1954 15 31 30 30 29 28 26 25 23 21 19 1.7 Mayfair
June 16-17,1973 14 30 29 29 28 26 24 22 20 19 18 1.7 Peotone
June 12-13,1958 12 30 30 29 29 27 25 22 21 19 18 1.6 Wheaton
July 2, 1962 11 37 36 34 32 28 25 22 20 1% 17 16 Springfield
September 28-29,1972 11 37 37 36 34 31 27 24 22 20 18 16 Midway
July 16-17, 1950 19 50 48 45 42 37 31 28 25 22 19 1.5 Sanitary District
Office
May 10-11, 1951 20 42 41 40 38 35 32 28 24 21 18 15 Aurora
March 25, 1954 6 49 46 43 36 34 30 27 24 21 19 15 NE-Du Page County
June 3-4, 1954 11 30 29 29 29 28 26 24 22 20 18 1.5 Waukegan
October 3, 1954 8 51 49 47 44 38 32 27 24 21 18 1.5 Roseland
June 23-24,1968 18 30 29 28 28 26 24 22 20 18 17 1.5 WB/City

3714 mi® within 24 hours or less during 1949-1974. Area-
depth relations for 25 of these storms are shown in table 4.
Duration of each storm and the station (or area) where the
heaviest rainfall occurred are also given. Mean rainfall is not
shown for areas of less than 25 mi’® because of gage density
limitations.

The area-depth relations in table 4 provide guidance with
respect to spatial distribution properties of heavy storms in
the six counties. An approximate measure of the rainfall
gradient in these storms can be obtained by comparing the
mean rainfall for 25 mi* with that for the total area of 3714
mi’. From this comparison, it is apparent that the rainfall
gradient has a wide range among individual storms. For
example, the ratio of mean rainfall for these two areas

Table 5. Average Area-Depth Ratios
for 6-County Area

Arg, Average Are Average
(mi<) ratio {mi<) ratio
Point maximum 2.33 1000 1.64
25 2.23 1500 148
50 2.21 2000 1.35
100 2.11 2500 1.24
200 203 3000 1.13
500 1.84 31714 1.00
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ranges from 1.52 in the 8-hour storm of September 13-14,
1961, to 3.41 in the 10-hour storm of August 25-26, 1972,
and the 25-storm mean is 2.23.

Table 5 shows mean ratios for various partial-area means
to the areal mean. These average ratios fit the Huff-Stout
area-depth relation and provide a measure of the areal
variability (rainfall gradient) under average storm conditions.
The ratios (or the curve derived from them) can be used to
provide first estimates of the space distribution of areal
mean rainfall in heavy storms in the 6-county area.

For example, assume one wishes to estimate the distribu-
tion for an areal mean of 2.0 inches on the 3714 mi>. Then
proceeding inward from the storm perimeter, one would ex-
pect, on the average, to find a subarea of 2000 mi®> with a
mean of 2.70 inches (1.35 x 2.0). Proceeding further, a
mean of 3.28 inches would be expected on the 1000 mi’
with heaviest rainfall, and 4.22 inches on the 100 mi’® of
maximum rainfall.

Urban Analyses

The urban network of recording raingages was used to
derive area-depth relations for heavy rainfall periods of 3,
6, 12, and 24 hours in the 430-mi® urban area. For each
rainfall period, all storms were selected in which 1) at least
one raingage had recorded a point rainfall that was equal to



Table 6. Area-Depth Relations in Outstanding 3-Hour Storm Periods in Urban Area

Date 10

25 50 100
July 12,1957 4.18 4.09 3.95 3.77
August 16, 1968 3.40 3.30 317 3.02
June 25,1959 4.65 4.50 4.15 3.63
October 3, 1954 4.35 4,23 4.07 3.72
June 10, 1967 542 5.27 5.05 4.55

234 232 2.28 2.24
October 10, 1954 272 2.67 2.62 2.51
August 18,1954 284 275 2.65 2.50
July 16, 1950 355 3.32 317 2.88
June 13,1958 246 238 2.28 215
June 14, 1949 2.74 2.69 2.63 2,51

September 13, 1961

July 2, 1960 213 210 2.06 1.97
June 2, 1950 259 253 2.43 2.25
August 9, 1957 2.14 2.11 2.08 2.02
July 2, 1962 291 280 264 241

or greater than the 2-year frequency value, and 2) all rain-
gages had amounts in excess of a selected base amount. This
base amount was 0.50, 0.60, 0.80, and 1.20 inches, res-
pectively, for the 3-, 6-, 12-, and 24-hour rain periods. These
periods included both partial and total storm rainfall; if par-
tial, they include the maximum storm amount for the par-
ticular duration (3, 6, 12, 24 hours) during the total storm
period. The foregoing procedure isolated the heaviest
storms of record in the 1949-1974 period, and those con-
sidered to be of major interest to hydrologists.

The selection procedure provided 32, 3-hour rainfalls for
analysis. Table 6 shows area-depth relations for the 15
heaviest storms, based on the urban areal means. Table 7 is
based on the 32 storms and provides area-depth ratios for
storms having steep, moderate, and flat rainfall gradients.
These represent storms with gradients (area-depth slope)
that were equaled or exceeded in 10%, 50%, and 90% of the
3-hour rainfalls analyzed.

Curves may be constructed from table 7 and have a
straight-line fit when logarithms of the ratios are plotted
against square root of the partial areas. This reflects rain-
fall gradients that are steeper than those normally found in
convective rainstorms. This results largely from two causes.
Rainfall gradients tend to be steeper in short-duration rain-
falls. More importantly, rainfall gradients tend to be relative-
ly steep in the Chicago urban area, because its major axis is
close to a N-S orientation, whereas storms most frequently
move from WSW, W, or WNW. Rainfall gradients are usually
much steeper in directions perpendicular to the storm
movement than parallel to the movement. The Chicago
storms frequently move nearly perpendicular to the urban
major axis.

The three types of rainfall gradients shown in table 7 re-
flect the relatively large differences that may occur in rain-
fall patterns between storms. Huff (1968) has pointed out
that the wide range of storm rainfall gradients is related to

Mean rainfall (inches) for given avea (mi2)

200 300 430 Storm center

353 3.35 3.15 Sanitary District Office

2.82 263 230 Springfield
3.03 2.60 2.20 Midway

3.03 254 212 Calumet

343 269 206 WB/City

218 213 203 Springfield

230 212 195 South Filter

230 214 195 Springfield

249 218 1.78 Sanitary District Office
197 183  1.67 Stickney

226 197 1.64 Springfield

1.84 1.74 1.64 Midway

2.0 1.83 1.63 Springficld

195 187 162 Sanitary District Office
210 186  1.60 Mayfair

synoptic storm types and precipitation types. Steep gra-
dients are likely to occur in thunderstorms of small areal
extent, such as summer air mass storms. Flat gradients are
most likely to be associated with large-scale storm systems
from mid-fall to early spring, when steady types of pre-
cipitation are most prevalent. Moderate gradients are
typical of warm-season frontal or squall-line storms. The
relative variability, as measured by the area-depth ratios,
will be less, on the average, in the heaviest rain producers.
These are usually of longer rain duration and greater areal
extent than the lighter storms, and the time-averaging of
many raincells crossing the area of interest tends to decrease
the spatial variability. Rainfall gradients also tend to be
greater in storms which pass near the boundary of a given
area; these produce a strong 1-directional gradient from the
storm center across the sampling area.

Table 8 shows area-depth relations for 6-hour periods in
the 15 heaviest storms. Table 9 shows area-depth ratios de-
rived from the 33 qualifying storms in the 6-hour category,
and has the same interpretation as table 7. The area-depth
ratios for 6 hours are slightly greater than those for 3
hours; but the differences are not really significant and well
within the limits of random sampling variation. An average

Table 7. Area-Depth Ratios for Urban Area
in Heavy 3-Hour Rainfalls

Areg Steep Moderate Flat
(n1i2) gradienr gradient gradient
Point maximum 3.30 218 145
i0 2.75 1.93 1.37
25 247 1.81 1.33
50 2.20 1.67 1.28
100 1.85 1.50 1.22
200 147 1.29 1.13
300 1.23 114 1.07
430 1.00 1.00 1.0¢
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Table 8. Area-Depth Relations in Outstanding 6-Hour Storms in Urban Area

Mean rainfall (inches) for
oo

Storm date 10 25 50 1
July 12,1957 6.70 6.50 6.28 5.98
August 18, 1968 3.71 368 3.65 3.59
September 13,1961 346 3.39 3.30 3.18
October 3, 1954 545 5.30 5.08 4.57
June 25, 1959 5.00 4.67 4.32 3.85
October 9, 1954 4.27 4.09 390 3.60
June 10, 1967 6.22 6.04 5.77 5.14
July 2, 1962 3.83 3.77 3.70 3.57
July 28,1954 3.02 292 282 2.67
June 14, 1949 3.32 3.26 3.18 303
August 29,1955 3.31 1.24 3.14 296
July 16,1950 4.70 4.30 3.90 3.40
April 27,1959 2.65 2.61 2.55 248
July 27,1966 3.97 3.36 3.33 j.oo
August 3, 1957 3.15 301 2.85 2.62

Table 9. Area-Depth Ratios for Urban Area
in Heavy 6-Hour Rainfalls

Area Steep  Moderate Fiat
{mi2) gradient  gradient gradient
Point maximum 3.42 2.25 1.48
10 2.83 1.98 1.39
25 2.35 1.85 1.35
50 2.26 1.71 1.30
100 1.90 1.52 1.23
200 1.50 1.30 1.14
300 1.24 1.15 108
430 1.00 100 1.00

of the two sets of ratios can be applied to storm periods of
3 to 6 hours for guidance in hydrologic design problems.
Area-depth relations for 12-hour periods in the heaviest
storms of the 1949-1974 period are presented in table 10.
Typical area-depth ratios are shown in table 11, based upon
a 30-storm sample of the outstanding storms. With the
longer period of rainfall integration, the rainfall gradients

Biven area (mid) .
200 300 430 Storm center
560 530  5.00 Mayfair
3.40 3.23 292 Springfield
3.02 2.89 2.74 Mayfair
3.75 3.20 270 Calumet
3.30 293 255 Midway
3.20 2.88 2.52 Calumet
390 3.15 245 WB/City
3.24 278 223 Mayfair
246 230 211 Springfield
2.70 240 2.06 MNorth Branch
2.62 2.35 2.05 South Filter
2.82 243 203 Sanitary District Office
2.37 2.23 201 Roseland
2.68 2.18 1.79 Stickney
2.31 2.06 1.78 South Filter

show a substantial decrease from those for 3 hours and 6
hours. A trend for more uniform rainfall distribution is
associated with increasing time-averaging of storm rainfall.

Figure 20a shows the 12-hour isohyetal pattern in one
of the most intense storms ever experienced in the Chicago
region (Huff et al., 1958). Most of the maximum 12-hour
amounts recorded in the urban network during 1949-1974
came from this storm. Figure 20b illustrates the variability
of the storm rainfall in terms of the recurrence interval of
point rainfall. Recurrence intervals ranging from 15 to over
100 years were recorded, based upon the point frequency
relations developed in this study. On the basis of U.S.
Weather Bureau values (Technical Paper No. 40), all except
the NE and SE tips of the city had 100-year recurrence
values (= 5.0 inches) for 12 hours.

Figure 20c shows the percentage area-depth curve for the
12-hour period. The city averaged 5.96 inches and over 50%
of the urban area had an average of 6.50 inches. This is a
tremendous amount of rain to fall in 12 hours. Apparently

Table 10. Area-Depth Relations in Outstanding 12-Hour Storms in Urban Area

Mean rainfall (inches) for given area (mi2)
200

Storm date 10 25 50 300 430 Storm center
July 12,1957 7.86 7.60 7.28 690 6.55 6.36 596 Mayfair
October 9, 1954 5.90 5.62 5.33 4.94 4.45 4.10 3.7% Calumet
August 18, 1968 4.19 410 398 3.84 3.63 342 298 Springfield
September 13, 1961 3.59 3.51 3.43 3.31 3.15 3.03 2.88 Mayfair
July 27, 1966 5.40 5.13 4.84 4.39 3.78 3.29 2.76 Midway
June 10,1967 6.65 6.40 6.05 545 4.38 3.52 2.75 WB/City
October 3,1954 5.65 5.37 5.00 4.50 3.82 3.27 2.68 Calumet
June 25,1959 5.00 4.67 4.32 3.85 3.30 2.93 2.55 Midway
August 29, 19535 3.76 363 348 3.27 2.97 2.74 2.49 South Filter
May 11, 1966 2.96 290 2.83 2.73 2.61 2.51 2.40 Roseland
June 14,1949 3.75 3.62 348 3.28 2.97 2.75 2.40 North Branch
July 2, 1962 402 3.93 3.584 3.67 3.28 2.80 2.28 Mayfair
March 24,1954 4.40 418 393 3.56 3.06 2.66 2.24 Mayfair
May 10,1951 3.03 295 2.85 2.71 2.52 2.38 2.20 Sanitary District Dispatch
April 27,1959 2.97 291 2.83 2.73 2.55 242 2.18 Roseland
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Table 11. Area-Depth Ratios for Urban Area
in Heavy 12-Hour Rainfalls

Areg Steep Moderate Fiat
(mi2) gradient gradient  gradient

Point maximum 3.04 2.10 1.32

10 2.56 1.88 1.27

25 2.33 1.77 1.23

50 2.09 1.63 1.20

100 1.78 1.48 1.16

200 143 1.28 1.09

300 1.22 1.14 1.05

430 1.00 1.00 1.00

through coincidence, the 12-hour storm pattern is very
similar to the patterns for the frequency distribution of point
rainfall that were derived from analyses of all major storms
in the 1949-1974 period (see figures 3-16).

Tables 12 and 13 provide area-depth relations for 24-
hour rainfall periods in the urban area. The area-depth
ratios in table 13 fit the square-root formula (R vs A%
described earlier. As is apparent from tables 7, 9, 11, and
13, the areal relative variability, as reflected in the area-depth
ratios, decreases substantially as the storm rain time in-
creases. For example, 50-mi’ ratios for steep, moderate,
and flat gradients decrease from 2.20, 1.67, and 1.28 for
3-hour periods to 1.75, 1.39, and 1.18 for 24-hour rainfalls.

Table 13. Area-Depth Ratios for Urban Area
in Heavy 24-Hour Rainfalls

Area Steep Moderate Flat
(mil) gradient gradient  gradient

Point maximum 2.24 1.59 1.27

10 1.96 1.50 1.23

25 1.86 145 1.21

50 1.75 1.39 1.18

100 1.59 1.31 1.14

200 1.37 1.19 1.09

300 1.20 1.10 1.05

430 1.00 1.00 1.00

Figure 21a shows the isohyetal pattern for the maximum
24-hour rainfall in the very severe rainstorm of October 9-
10,,.1954. This was one of the most widespread, heavy
rainstorms in the history of Chicago and northeastern Illi-
nois (Huff et al., 1955). The southern and northeastern
parts of the city experienced their heaviest 24-hour rainfall
during the 1949-1974 sampling period in this storm.

Similar to the July 1957 storm discussed earlier, there
was a wide range of storm severity as shown in figure 21b.
Point rainfall amounts in the urban network exhibited re-
currence-interval values varying from less than 20 years to
over 100 years for a 24-hour rain period. The area-depth
curve of figure 21c shows an urban area mean of 6.08
inches in this storm, and localized areas having over 7 inches.

Table 12. Area-Depth Relations in Outstanding 24-Hour Storms in Urban Area

Mean rainfall Ginches) for given area (mil)
50 100 200

Storm date 10 25 300 430 Storm centers
October 9, 1954 743 732 716 692 666 645 6.08 Calumet
July 12, 1957 7.92 767 736 698 664 645  6.05 Mayfair
June 2, 1950 498 492 482 452 403 3.69 342 Springfield
June 14, 1949 _432 467 461 444 407 3.66 318 Mayfair
May 10, 1951 417 407 394 377 3.53 335 3.14 Sanitary District Dispatch
May 11, 1966 3.82 3.77 3.73 3.65 3.49 3.33 3.14 . Calumet
July 16, 1950 5.30 3.03 4.71 4.30 3.80 3.45 3.09 Sanitary District Office
Aupust 16, 1968 4.21 414 4906 354 3.74 350 305 Springfield
July 27, 1966 5.72 543 512 465 404 3.55 3.00 Midway
September 13,1961 3.59 3.51 3.43 3.31 3.15 303 2.88 Mayfair
June 10, 1967 6.67 646 615 552 450 370 2.80 WB/City
January 12, 1960 3.35 3.32 3.27 3.18 303 291 2.77 WB/City
October 5, 1955 343 3.40 3.35 3.25 3.05 2.89 2,70 South Filter
March 25, 1954 510 487 455 400 3.35 297 2.68 Mayfair
July 8, 1951 302 297 292 283 2.73 264 254 Skokie

55



AREAL MEAN RAINFALL, INCHES

Qa —_— —I

N o 4]
@ o' w & 2
a. [SOHYETAL PATTERN b. RECURRENCE INTERVAL (YEARS} OF
12-HOUR AMOUNTS

I ! I I

7/12-13/57

8.0
7.6 —
7.2 —_
25%, 6.78"
6.8 ]
\' 50%, 6.52"
=~ 75%, 6.32°

6.41— .“‘\.\/ —

\.\

5.0[— 3

l00%, 5.96"

5.6 1 I 1

] 16 32 48 64 20 100
CUMULATIVE PERCENT OF URBAN AREA
c. AREA-DEPTH RELATIONS

Figure 20. 12-hour storm of July 12-13,1957
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STORM CHARACTERISTICS

The characteristics of heavy rainfall over northeast Illi-
nois were studied through the use of heavy 1-day storms
occurring from 1949 to 1974. All storms were included in
which one or more raingages in the 6-county area recorded
2.5 inches or more. This corresponds to a 24-hour point
frequency of 1.0 to 1.5 years. The sample included 87
qualifying storms. These are the type which frequently
produce local flooding.

One-day storms were chosen for this analysis because
many rain reporting stations of the National Weather Ser-
vice do not report more frequently than once a day. How-
ever, Huff et al. (1969), using data from a dense raingage
network, showed that an average of 10% of the convective
rainfall at a point occurs in less than 2% of the rain time,
50% of the total rain occurs during 11% of the time it is
raining, and 90% of all the rain at a point occurs in 37% of
the rain period. For the most part, storms in the sample are
those characterized by short bursts of intense rain with the
major portion of the heavy rain falling in 6 hours or less of
the 24-hour period. The 87 storms were analyzed to deter-
mine 1) the frequency distribution of storm centers in the
6-county area, 2) associated weather conditions, 3) seasonal
and diurnal distribution of storms, and 4) orientation and
movement of storms.

Distribution of Storm Centers

All primary and secondary centers of precipitation equal
to or in excess of 2.5 inches were plotted for the 87 heavy
storms. Figure 22 shows the location of the 111 centers.
A total of 83 centers occurred within the boundaries of the
six counties and 28 storm centers were located in adjacent
counties.

A large number of the heavy storm centers were concen-
trated over the southern and eastern sections. A total of 59
centers or 75% of the centers within the six counties were
located in Cook and Will counties, even though the two
counties make up only 48% of the total area. Only 13 cen-
ters were located in the northern counties of McHenry and
Lake. Of the 28 centers located beyond the 6-county
boundary, 18 were either due west of Kane County or due
south of Will County.

Within the urban study region (outlined on figure 22), a
tendency was noted for centers to congregate in three dis-
tinct arrays. There was a concentration on a NW-SE line
from the northwest part of the metropolitan area to the
vicinity of the Loop (WB/City in figure 1). A second group
was located along a SW-NE line from the west side of the
urban region to the Loop, and a third group occurred over
the southeast corner of the metropolitan area.

However, there is a chance for bias over Chicago, since
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the raingage density (mi’/gage) over the urban region was
greater than in the rest of the 6-county area. To evaluate
potential bias, the gage density in each county and the re-
mainder of Cook County was calculated. This gage density
was then divided by the gage density in Chicago to provide
a normalizing ratio. The number of centers within each
county was multiplied by this ratio, and the density of the
adjusted number of centers within each county was found.
This normalization procedure assumed that each gage in
northeastern Illinois had an equal chance of being near the
center of a heavy 1-day storm.

After normalizing, the urban region still had more centers
per square mile than any other part of the 6-county study
area. In fact, the density of centers in Chicago was 3 to 4
times the density in the western counties of McHenry and
Kane, and 1.6 to 2.2 times greater than in the remaining
6-county region. The locations of the centers agree well with
the frequency distributions of point rainfall discussed earlier
which show heavier intensities over the urban area for a
given recurrence interval. The relatively large number of
centers in adjacent counties is consistent with other findings
(Hershfield, 1961) which indicate an increase in heavy rain-
fall occurrences west and south of the 6-county area. Huff
and Changnon (1972, 1973) also found a high frequency of
heavy rainfall centers in the Chicago urban area and deter-
mined that this high frequency extended into northwest
Indiana with a still higher peak in the La Porte area. The
precipitation distribution in this 2-state region is affected
by both urban and lake factors, and only an intensive hydro-
meteorological field measurement and analysis program can
properly evaluate these two effects. As mentioned earlier,
such a program is now being initiated by the Illinois State
Water Survey with financial support from the National
Science Foundation.

Over 67% of the heavy precipitation centers occurred
during summer, and the summer pattern was similar to the
all-season pattern in figure 22. After normalization, more
centers per square mile again occurred over Chicago. Ex-
cept for Lake County, the difference between the urban re-
gion and the surrounding counties was even greater for sum-
mer than for all seasons combined. Heavy precipitation
centers were recorded in Lake County only during the sum-
mer. Asa result, the density of centers between Lake Coun-
ty and Chicago was not as great. However, the urban region
still had 1.3 times more centers per unit area. The maximiza-
tion of heavy precipitation over the urban region during the
warm season has also been noted by Huff and Changnon
(1972,1973).

Summarizing, analyses of the location of heavy storm
centers showed a distinct trend for a greater frequency in
the Chicago urban region than in the remainder of the 6-
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Figure 22. Location of centers in heavy 1-day rainstorms

county area. As expected, the greatest frequency of storm
centers was in summer when the difference in frequency
between the urban and rural regions tended to be greater
than in the other seasons. This is in general agreement with
findings by Huff and Changnon (1973) for 8 major cities in
the United States, where urban-induced enhancement of
precipitation was identified in 6 cities and this enhancement
maximized in summer. Hydrologically, the results here and
elsewhere in this report indicate a need to incorporate the
urban factor in the design of hydraulic structures.

Diurnal, Monthly, and Seasonal Distributions

In defining the heavy storm characteristics in northeast
Illinois, analyses were made of the diurnal frequency of storm
initiations, and the monthly and seasonal distributions of
storms. Well-defined peaks in all three time distributions
are usually found, but the location of these peaks in the
time distributions may vary substantially between regions
depending upon climatic conditions and local weather
anomalies.

The diurnal distribution of storm initiations was studied
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Table 14. Diurnal Frequency of Storm Initiations

Start Percent Starr Percens
of 3-hour of total of 3-hour aof total
period occurrences period occurrences
0100 13 1300 26
0200 13 1400 25
0300 7 1500 20
0400 6 1600 14
0500 3 1700 13
0600 5 1800 11
0700 3 1900 13
0800 5 2004 11
0900 15 2100 8
1000 20 2200 6
1100 23 2300 6
1200 23 2400 11

through use of the 87 heavy 1-day storms. Table 14 shows
the percent of total initiations for each 3-hour period. In
view of sample size, the 3-hour totals are considered the
best indicator of diurnal trends. These totals show a pri-
mary maximum in early to mid-afternoon (1300-1600)
when solar heating is most intense and when atmospheric
conditions are also most favorable, on the average, for urban
enhancement of storms (Huff and Schlessman, 1974). A
secondary maximum occurs shortly after midnight and is
apparently related to nocturnal thunderstorms which are
prevalent in the northern part of Illinois (Huff, 1971). The
6-hour maximum (48%) occurs from 1100-1700, and the
6-hour minimum (9%) during early forenoon (0400-1000).
The foregoing discussion relates only to initiation of heavy
storms and does not imply that the heaviest rainfall in-
tensities have this diurnal distribution.

The monthly and 3-monthly distributions of heavy
storms are presented in table 15. A peak frequency was
found in July when 30% of the storms occurred. The 3-
month totals show that summer (June-August) has the most
heavy rainstorms with 67% of the total occurrences. In an
earlier study, Huff and Neill (1959) found that 2-day to
10-day periods of heavy rainfall also occur most frequently
in summer throughout Illinois. As expected, heavy rain-
storms are quite unusual during winter in northeast Illinois
where snowfall is the most frequent cause of severe winter
storms.

Summarizing, heavy rainstorms tend to initiate most fre-
quently during the early afternoon and to occur with the
greatest frequency in summer when 67% of the heavy 1-day
storms were recorded. The greatest monthly frequency
(30%) occurs in July. Thus, storms of major hydrologic sig-
nificance, defined as those having an average return period
of 2 years or longer, occur most frequently during the time
of the year and the time of day when the atmosphere tends
to be unstable and the moisture supply (precipitable water)
is greatest (Huff, 1963).
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Table 15. Frequency of Initiations of Heavy
1-Day Storms by Month and 3-Month Periods

3I-Month
Month Number periods  Number
January 1 Jan-Mar 3
February 0 Feb-Apr 6
March 2 Mar-May 11
April 4 Apt-Jun 27
May 5 May-Jul~ 49
June 18 Jun-Aug 58
July 26 Jul-Sep 47
August 14 Aug-Oct 27
September 7 Sep-Nov 14
October 6 Oct-Dec 10
November 1 Nov-Jan 5
December 3 Dec-Feb 4

Storm Orientation and Movement

An important consideration in any region is the orienta-
tion of the major axis of heavy rainstorms. For example,
if the axis of heavy rainstorms tends to be parallel to a river
basin or other area of concern, then the total runoff in this
region will be greater, on the average, than in a region per-
pendicular to most storm axes. The orientation of the storm
axis also provides an indication of the movement of the
major precipitation-producing entities embedded in any
large-scale weather system. Since most individual storm
elements have a component of motion from the west, the
azimuth angle ascribed to each storm ranged from 180 to
360 . Thus, if a storm had an orientation of 230 , the
orientation of the storm was along a line from 230 to 050
(SW-NE). Our network studies show it is then very likely
that the major rain-producing cells within the storm moved
from the southwest to the northeast.

Table 16 shows the orientation of heavy 1-day storms in
northeast Illinois sorted by 10-degree intervals. Over a third
of all storms had orientations between 236 and 255 , and
over 80% had their major axis oriented between the west-
southwest and northwest (236 to 315°). This is in excellent

Table 16. Orientation of Major Axis
of Heavy Storms

Azimuth  Percent Azimuth Percent

range of total range  of total
(degrees) storms {degrees) storms
180-205 2 276-285 7
206-215 1 286-295 5
216-225 5 296-305 7
226-235 3 306-315 4
236-245 18 : 316-325 1
246-255 18 326335 1
256-265 15 336-345 O
266-275 10 346-360 1



agreement with a study by Huff and Semonin (1960) which
showed the most frequent orientation of major flood-pro-
ducing storms in Illinois was along lines from WSW-ENE,
W-E, and WNW-ESE. It is quite fortunate that the orienta-
tion of most of the major drainage basins in northeast Illi-
nois are closer to a north-south than a west-east orientation.

Data for northeast Illinois were not adequate for deter-
mining the motion of individual storm elements (raincells)
in heavy storms. However, such information was available
from 1971-1974 operations of the 225-gage, 2000-mi’
METROMEX network centered in St. Louis (Huff, 1975).
Consideration of meteorological conditions associated with
heavy storms and experience gained from analyses of data
from several dense raingage networks in central and southern
Illinois indicate that the METROMEX raincell data should
be quite representative of midwestern conditions, in general.

Raincells are defined as closed isohyetal entities within
the enveloping isohyet of the parent storm system. These
intensity centers were determined from S-minute rainfall
amounts in the METROMEX network, and are the basic
storm entity from which heavy short-duration rates develop
in thunderstorm-dominated climates (Huff, 1975). They
are responsible for the burst characteristics of the typical
rainfall trace obtained with recording raingages exposed to
convective rainstorms. Since raincell movements appear
to be important to complete evaluation of urban hydrologic
design problems (such as storm sewer design), METROMEX
analyses of heavy raincell movements for 1971-1974 have
been summarized in table 17. These results were based upon
raincells producing a mean rainfall of 0.25 inch or more
within the area exposed to the cell during its lifetime. This
included 365 raincells and constituted only 9% of the sam-
ple of over 4000 cells. The heavy raincells had an average
duration of 35 minutes and an average area of 45 mi’ ex-
posed to the cell rainfall.

Table 17 shows that approximately 29% of the heavy
cells remained quasi-stationary after development. Moving
cells came from the WSW most frequently (20%). In general,
raincells moved most frequently from directions ranging
from WSW through W to WNW and NW. These movements
are similar to the most frequent orientation of total storm
rainfall, discussed above, and verify the earlier statement that
storm orientation provides a good index of storm movement.
Raincell characteristics will be studied in the Chicago region
under Phase II of the research program.

Synoptic Weather

The weather conditions associated with each of the
heavy 1-day storms were classified according to six general
synoptic weather types. Such classifications are useful in
understanding the meteorological processes associated with
heavy storms, and in identifying approaching storm systems

Table 17. Movement of Heavy Raincells

. Direction Percent " Direction  Percent
{degrees) of cells (degrees)  of cells
Quasi-stationary 294 181-210 2.2
001030 2.4 211-240 7.3
031-060 1.9 241-270  20.2
061-090 2.4 271-300 12.8
021-120 0.5 301-330 122
121-150 08 331-360 6.3
151-180 1.6

as to their potential for producing flash floods. Three types
of frontal storms (cold, warm, and stationary) were used in
the classification. With cold and warm fronts, the rainfall
is associated with the approach and/or passage of the front.
Stationary fronts are those in which the rainfall is associated
with the overrunning of warm, moist air over cold air, or
with minor waves traveling along a relatively stationary
boundary between warm and cold air. Squall lines, the
fourth class, are those storm systems which produce a nar-
row band of thunderstorms or rainshowers (convective
rainfall), and these are frequently the precursors of cold
fronts and indicative of a very unstable atmosphere. Pre-
cipitation associated with the passage of a major cyclone
was classified as a low pressure center. Air mass storms in-
clude those which occur in a relatively homogeneous body
of air without the presence of fronts. The Daily Weather
Map Series of the National Weather Service was used to ob-
tain these classifications. Because only one or two surface
maps a day were available, it was not possible to obtain a
more detailed weather typing. The seasonal and annual
synoptic weather classifications are shown in table 18.

During summer, all types of weather systems occurred
with heavy rains. However, stationary fronts, squall lines,
and cold fronts dominated the weather. Air mass storms
were associated with eight heavy events during summer, and
these accounted for all but one air mass storm. Hiser (1956)
also found that storms associated with air mass situations
gave more rain and occurred most often during the summer
months at Midway. Thus, the occurrence of heavy rain
events with air mass weather situations appears to be highly
seasonal.

Air mass storms were associated with 3 of the 25 heaviest

Table 18. Seasonal and Annual Synoptic Weather
Classifications for Heavy 1-Day Storms

Number of storms for given period

Winter  Spring  Summer  Fall Annual

Cold Front 0 1 12 5 18
Warm Front a 3 5 2 10
Stationary Front 0 2 14 1 17
Squall Line 0 2 13 3 18
Low Center 4 2 6 "3 15
Air Mass 0 1 8 o 9

Total 4 11 58 14 87
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storms listed in table 4. However, none of the 15 heaviest
storms for each of the four storm durations in tables 6, 8,
10, and 12 occurred with air mass situations. Although
very heavy rainfall intensities occur at times in air mass
storms, these are usually shorter in duration and smaller in
areal extent than frontal or squall-line storms. Among the
heaviest urban-area storms, 65% were associated with cold
fronts or pre-frontal squall lines.

During spring and fall there was no dominating weather
system associated with heavy precipitation events. How-
ever, all four heavy storms in winter were associated with
the passage of major cyclones. These cyclones passed 50 to
150 miles south of the area. With such a trajectory, the low-
level winds often come from the north or east and Lake
Michigan enhances the precipitation, usually snow, by adding
moisture and heat to the low levels of the atmosphere
(Changnon, 1969).

In a more detailed study of heavy precipitation events,
Stout and Huff (1962) showed that severe rainstorms over

Illinois are often accompanied by greater than average low-
level moisture and upper-level winds which veer from WSW
at low levels to W at mid levels of the troposphere. These
rainstorms had extreme values of point rainfall, but the
basic weather characteristics should be similar for all heavy
precipitation events in northeast Illinois.

Huff and Changnon (1972) determined the synoptic
weather types for 461 storms which moved across Chicago
from 1959-1968. They found a storm distribution similar
to table 17, and during summer the urban environment ap-
peared to enhance the precipitation in the more intense
storms.  Similarly, using a more detailed classification
scheme, Vogel (1974) showed that the more active and in-
tense the synoptic situation during summer, the greater the
chances for urban-industrial enhancement of precipitation.
Since most of the heavy rainstorms over northeast Illinois
occur during the summer, the heavier rainfall intensities
found over Chicago (figures 3 through 9) may be primarily
due to inadvertent enhancement from the urban-industrial
complex.
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