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SUMMARY

A large part of central and southern Illinois
experienced a severe drought beginning early in
1952. By June 1955 the drought situation had
greatly improved. Water shortages occurred in
the fall of 1952 as a result of rainfall deficiencies.
The situation was partially relieved by above-
normal rainfall during the first three months of
1953. Rainfall deficiencies began to grow again
after April 1953. By September 1953 it was ap-
parent that the effect of the 1952 rainfall defi-
ciency had not been fully overcome. The situation
grew worse and by January 1954 there were 41
Illinois communities with serious water problems.

In January 1954 a program was set up by the
Water Survey to report the drought situation month-
ly. Data were obtained on water supplies through
visits, correspondence and telephone communica-
tions with communities affected by the drought.
This program was continued until January 1955.
By June 1955, all drought-connected water short-
ages had ended. Figure 50 shows locations of
places mentioned;

Sources of Water Supply

To appreciate the drought, it is necessary to
have an understanding of the normal water supply
situations in Illinois. Public water supplies are
most frequently obtained from groundwater sources
in the northern part of Illinois. In the southern
part of the State glacial deposits are much thinner
and their effect upon the storage and travel of
water underground less important. The ground-
water contribution to the low flow of streams is
consequently lower.

Municipal water supplies depending upon surface
water are most common in the southern portion of
the State where groundwater is generally more
difficult to develop. Cities in southern Illinois lo-
cated on major streams take water directly from
them. Other cities generally provide an impounding
reservoir on a smaller stream, or a side-channel
reservoir into which water is pumped from a main
stream.

In the drought region of the state 202 public
water supplies obtain water from groundwater
sources. Ninety-eight systems in the region uti-
lize surface water.

The majority of the impounding reservoirs in
the drought region have been constructed since
1920. Eighty per cent of them were built prior
to 1940. Ninety per cent of the reservoirs utilize
drainage areas of less than 20 square miles. Me-
dian runoff required to fill these reservoirs is
3.3 inches.

Normal annual rainfall in Illinois varies from
34 inches in the northern part of the State to 46
inches in the extreme southern tip.

Average annual runoff in Illinois displays a
marked geographic variation within the State. Run-
off varies from less than 8 inches in the west and
northeast portions of the State to more than 15
inches in the area south of the Shawnee Hills.
These results are indicated by the analysis of 25
of the 165 gaging stations in the state.

Quantitative indications can be obtained of move-
ment of water in the hydrologic cycle by comparison
of rainfall, runoff, transpiration and evaporation,
and water levels in shallow wells. From April 1
until mid-September vegetative and evaporative
demands exceed the water available. This differ-
ence is made up either by water taken from the
soil or by the reduction of transpiration and evap-
oration. From mid-September until the end of
March, in the average year, water returns to stor-
age in the ground. From the behavior of ground-
water hydrographs for shallow wells which commonly
show no particular recovery before the end of
November, it is judged that the excess water avail-
able during September-November largely goes to
make up deficiencies in capillary moisture. The
groundwater level recovers between December 1
and April 1.

Vegetative and evaporative demands are so great
that below-normal rainfall through July and August
leads to recession of groundwater levels, reduction
of soil moisture, and delay in recovery of stream-
flow. Such a situation occurred during the summer
periods of 1952-55 drought.

Municipal Water Supply Difficulties

Total groundwater pumpage for municipal sup-
plies in Illinois increased from 40 million gallons
daily in 1900 to about 106 mgd in 1940 and to 135
mgd by 1948.

Of the 41 communities that faced possible water
shortages in January 1954 all but 8 experienced
population increases for the period 1930 to 1950.
In 24 instances the increases were less than 20
per cent. The highest population increase was 57
per cent. Municipal pumpage in 24 of these com-
munities increased by more than 100 per cent from
1938 to 1953. In three cases pumpage increased
600 per cent or more.

Deficiencies in hydrologic data appear to have
had an important role in the failures of public
water supply sources. At the time of design of
most of the reservoirs now in use there were few
streamflow data available. .

Twenty-two of the 202 public water supplies in
the drought region relying on groundwater sources



experienced shortages. Of the 98 systems in the
region that utilize surface water, 53 suffered short-
ages. Fifty-eight of the surface water systems in
the region rely on impounding reservoirs, and 40
of these suffered shortages.

During the drought it became apparent that grave
water shortages occurred most frequently with im-
pounding reservoir supplies. This report therefore
emphasizes hydrologic information directly applica-
ble to design and appraisal of impounding reservoir
sources of supply.

Of the 75 Illinois communities suffering water
shortages during the drought, 38 experienced dif-
ficulty because developed source capacity was in-
sufficient to meet demands, 28 had trouble because
of unexpectedly large increases in demand, and 9
encountered difficulty because of declining capacity
of facilities.

Extent and Intensity of the Drought

The area covered by the drought was generally
within the southern half of the State although it
extended northward into Hancock and McDonough
Counties and north of Champaign County at times.

Maximum rainfall deficiency in the drought re-
gion of the State for the period April to December
1952 amounted to about five inches. Deficiencies
in the drought region range from 10 to 15 inches
during 1953 and from 5 to 10 inches during 1954.
These deficiencies are depicted in map form in
the report.

Maps of runoff during the drought are presented.
These are based on streamflow records of the
U. S. Geological Survey at 15 stations in the drought
region. The patterns of runoff were generally
similar to those of precipitation. For the 12-
month period ending June 30, 1954, runoff in the
area of Pike, Scott and Greene counties was 0.2
inches or less as compared with a normal stream-
flow of approximately nine inches per year for
this area.

A procedure for analysis of rainfall and runoff
data to determine the frequency of recurrence of
drought periods of various durations has been de-
veloped. Using this procedure the frequencies of
occurrence of low flows of various durations were
worked out for five drainage basins in the southern
half of the State for which records of 34 to 45
years duration were available. Similar frequency
determinations were made for five rain-gaging
stations in the same area having 48 years of rec-
ord.

On the basis of streamflow data for the period
1914-1955 the drought in 1952-54 appears to have
been a severity that would occur once in 75 to
more than 100 years. The driest 36-month period
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(ending June 1955) appears to have been a severity
that would occur once in approximately 100 years.
Rainfall data indicate the drought to have been of
a severity that would occur once in 60 to 100
years. The most representative value available
for evaluating the drought as a single event was
the median recurrence interval. On this basis the
drought of 1952-55 appears to have been a severity
that would occur once in 83 years.

Estimating Reservoir Storage Requirements

The report reviews the methods available for
calculating the amount of storage necessary for an
adequate surface water supply. In general, these
methods do not make possible the calculation of
the amount of storage required to meet droughts of
various durations and frequencies. The available
methods do not provide a direct approach to the
evaluation of evaporation losses from reservoirs.
Most of the early reservoirs in Illinois were de-
signed without allowance for loss of storage due to
reservoir silting.

A new procedure, utilizing the streamflow fre-
quency determinations discussed above is proposed
for the determination of impounding reservoir ca-
pacity. The procedure may be divided into two
parts: (1) determination of storage required for
various draft rates and drought frequencies, and
(2) evaluation of evaporative and sedimentation
losses. For the study of draft rates, a weighing
of low-flows of various frequencies and durations
leads to the determination of the most critical
storage requirement and drought duration for any
given draft rate. These values have been consoli-
dated into a single graph which enables rapid de-
termination of the storage required at a given site
for any drought frequency and draft rate in southern
Illinois.

The data available on reservoir sedimentation
in Illinois are summarized graphically in a way
that enables the rapid estimation of damage rates.

The treatment of evaporative losses makes use
of data on evaporation from lakes, which are re-
worked in such a way as to establish the most
critical values resulting from the seasonal varia-
tions in evaporation rates. The report includes a
study of the lake surface area exposed to evapor-
ation and concludes that this value may be approxi-
mated by applying evaporation loss data to an area
which is 64 per cent of the area of the lake when
full.

A method of correcting gross evaporative losses
by subtracting from them the amount of rainfall
falling on the water surface is presented. This
method takes into account the frequency of periods
of low rainfall of various durations. These net
evaporative rate losses are then applied to the
effective area of the lake.
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The effective surface area may readily be es-
timated by assuming a value of average depth for
the lake. The median of the average depths of 41
reservoirs studied was 8.7 feet, but the use of an
average depth figure of 1 0 to 15 feet is recommen-
ded, depending on location and reservoir size.

After combining the various factors, evaporative
losses have been expressed in per cent of mean
annual streamflow. So expressed, these losses
are called net evaporative draft rates. A corre-
lation between net evaporative draft rate and stor-
age volume required was found. This correlation
indicates that for a. 10-foot average depth: at low
values of storage, as for example a reservoir
storing 50 per cent of one year's streamflow,
the net evaporative draft rate would be 5 per cent
of the mean streamflow, while for a reservoir
storing three years' streamflow, net evaporative
draft rate would be 15 per cent of the mean stream-
flow. These net evaporative draft rates appeared
to be substantially independent of low-flow fre-
quencies.

Values of net evaporative draft rate may be
subtracted from the draft rate mentioned earlier
in the study to produce values of net yield from
reservoirs. The net yield is the quantity of water
which may be taken from the reservoir for use,
expressed as per cent of the mean stream-flow.

A graph showing the relationship of net yield to
storage required for various low-flow frequencies
has been prepared. This graph covers draft rates
up to 80 per cent of the mean streamflow, storage
values up to 300 per cent of the annual discharge,
and low-flow frequencies having recurrence inter-
vals ranging from 4 to 100 years.

It is suggested that the results of this study may
be used for preliminary estimates of reservoir
storage requirements and yields, and that the meth-
od developed may be applicable to local data for
detail design purposes.
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1952-55 ILLINOIS DROUGHT WITH SPECIAL REFERENCE TO
IMPOUNDING RESERVOIR DESIGN

H.E. Hudson, Jr., Head, and W.J. Roberts, Associate Engineer, Engineering Subdivision.

INTRODUCTION

A large part of central and southern Illinois ex-
perienced a severe drought beginning early in 1952.
By the spring of 1955 the drought situation had
greatly improved but had not ended. In comparison
with experiences during the 1930-31(1) and the
1940-41 droughts, a high incidence of water supply
shortages became apparent. As the drought pro-
gressed, itbecame evident that a disproportionately
large number of problems appeared to occur at
communities relying on stored surface water sour-
ces of supply.

To orient the reader this report includes a
section that outlines the history of the hydrologic
and water supply deficiencies that arose during
1952-55 in Illinois. This history is followed by a
brief description of the work needed to keep track
of the situation.

For further orientation, a summary of the nor-
mal situation is included. This is followed by an
analysis of the water-supply problems that arose
and of the hydrologic characteristics of the drought.
Data assembled in studying the drought proved
useful for design studies and the report concludes
with the presentation of the application of these
data to impounding reservoir design.

Development of Drought Situation

Rainfall deficiencies commencing in April 1952
produced some water shortages by the fall of 1952.
Supply shortage difficulties were reported at such
widely separated locations as Marion and Pittsfield
in southern and western Illinois. However, above-
normal rainfall occurred in the first three months
of 1953 throughout much of Illinois, raising water-
supply reservoir levels, although in many cases,
the reservoirs were not filled by these rains. The
waterworks operator at Virginia, in west central
Illinois, for example, reported that the spring of
1953 was the first spring since the reservoir was
completed in 1933 in which it had not filled to
spillway level.

Deficiencies in precipitation began to increase
again after April 1953. By September 1953 it was
apparent that the effects of deficient precipitation
in 1952 had not been fully overcome by the above-
normal precipitation in early 1953; and municipal
water supply problems were much more numerous
than in 1952. A survey in September 1953 indicated
that 64 cities in Illinois were suffering some water
shortages as evidenced by official restrictions of

use. In 32 of the 64 communities, the shortages
were attributed to deficiencies in distributive or
treatment facilities. No field surveys of these
cities were made by Water Survey personnel at
this time, however, and there is reason to believe
that some of the reported shortages were exagger-
ated in order to insure maximum public compliance
with the restrictions.

There was no material improvement in the sit-
uation through the fall of 1953, and by January
1954 there were 41 communities with serious water
problems in southern Illinois.

Table 1 shows by months, beginning with Jan-
uary 1954, how many communities were faced with
shortages of supply from deficient surface-water
sources or from seriously diminished yields caused
by low water levels in wells. The data given sum-
marize conditions at the end of each month. The
standards for determining whether a community
was faced with shortage were: (1) restrictions on
use enforced by local authorities as a result of
apparent inadequacies; or (2) in the case of sur-
face-water sources, less than six months' supply
on hand.

Although the situation improved during the winter
of 1953-54 there was a gradual increase in the
number of communities experiencing shortages
through the summer of 1954. During the fall,
water requirements dropped. At the same time
rains in September, October, and December helped
several communities through critical periods.

During the period 1953-55, 8 communities hauled
water, 8 developed supplemental groundwater sup-
plies, and 13 laid pipelines to emergency sources.
Seven communities built additional reservoirs, but
had to wait many months before the new reservoirs
impounded water sufficient for use.

TABLE 1

NUMBER OF COMMUNITIES FACED WITH WATER SHORTAGES,
AND SUPPLEMENTARY SOURCES IN USE, BY MONTHS
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While the maximum number of communities
facing shortages during any single month in 1954
was 41, there were 75 communities that faced
shortages at one time or another during the period
1952-55.

Table 1 also gives information on supplementary
sources placed in service to relieve shortages.
These sources were especially developed for use
during the drought to supplement existing sources.
Some of the temporary sources were subsequently
converted into permanent installations for future
use. Others were either exhausted, or abandoned
for other reasons. From March to October 1955
there continued to be shortages at four communi-
ties, but these appear to be due to source inade-
quacies that were apparent prior to 1952.

Collection of Data

Rainfall deficiency mapping was commenced in
the fall of 1952, and carried on throughout 1953
and 1954. This mapping program, plus reports
from normal Water Survey field work, newspaper
clippings, and conferences with representatives of
other State agencies and persons from various
sections of the State, enabled maintenance of a
continuous picture of the extent and severity of
the drought.

In the fall of 1953 studies were begun of fre-
quency of rainfall deficiencies at Mt. Vernon, Olney,
Urbana, Springfield and Quincy. These studies
were continued throughout 1954 and into 1955.
Studies of low-flow duration and frequency were
commenced in the summer of 1954.

In November 1953, a tabulation of surface water
supplies in Illinois (excluding those using Lake
Michigan as a source) was made. It showed that
there were 102 communities using surface-water
sources. Of these, 17 drew water from major
rivers such as the. Ohio and Mississippi, whose
flow was sufficient to preclude shortages. The
remaining 85 communities were visited, and data
were collected on adequacy of source, nature of
source, water levels, pumpage, etc. Reports sum-
marizing results of this field survey were sub-
mitted through state administrative channels in
December 1953 and January 1954.

In January 1954 a program of regular monthly
data collection through visits, correspondence, and
telephone communications with communities affec-
ted by the drought was set up. A report of the
status of the drought was prepared monthly. Each
report included reviews of: precipitation in the
drought region during the preceding month; stream-
flow and groundwater conditions; and the status of
municipal water supplies. While a continuing check
has been made, the program of reporting each
month was terminated July 31, 1955.

Scope of Report

During 1954 it was observed that difficulty with
water shortages appeared to occur most frequently
with impounding reservoir supplies. Special effort
was therefore made to assemble information that
would be helpful toward the prevention of such dif-
ficulties in the future. The present report is
therefore largely devoted to hydrologic information
directly applicable to design and appraisal of im-
pounding reservoir sources of supply. Some of the
information is relevant to design of side-channel
reservoirs, and some sheds light on the reliability
of sources of supply like those using direct intakes
with no storage.

The report deals with a small part of the total
information available. Although the data used appear
to have sufficient homogeneity to indicate certain
general conclusions with respect to impounding
reservoir supplies, the findings of this report may
not be considered as a substitute for a detailed
examination of all the local records for design of
a specific project, since local conditions can cause
considerable deviation from a regional average.
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HYDROLOGIC ASPECTS OF WATER SUPPLY

Evaluation of the many problems encountered in
public and private water supplies during the drought
of 1952-55 requires knowledge of the water re-
source conditions that ordinarily prevail in Illinois.
These conditions include the types of sources de-
veloped for water supply, the usual rainfall and
runoff patterns in the State, the normal seasonal
variations in availability of moisture, and particu-
larly, the usual practice in design of impounding
reservoir supplies. With a few exceptions, existing
installations in Illinois functioned satisfactorily
when conditions were normal, or when more water
was available than usual. This was the condition
from 1944 to 1952. The paragraphs under this
heading describe average conditions in the State.

Sources in Use

There is much variation in the nature of the
water resources throughout Illinois. Figure 1
shows a generalized map of the water resource
provinces of the State. This map indicates that
groundwater may be obtained readily from bedrock
wells in the northern quarter of the State, but that
bedrock wells are much less extensively available
elsewhere. Most of northern Illinois is covered
by thick glacial deposits(2) in which sand-and-
gravel-wells are frequently constructed. Some of
these wells have capacities exceeding 1000 gallons
per minute. These glacial deposits readily receive
and yield water. They therefore play a role in the
reception of precipitation, and in its discharge to
streams in those portions of the State where these
deposits are thick and permeable.

The glacial deposits are thinner and less per-
meable in the southern part of Illinois, and there
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the storage and travel of water underground are
generally very limited. As a result, groundwater
contributions to streamflow are generally smaller
in the southern part of the State than in northern
Illinois.

Extensive alluvial deposits, associated with
many of the major streams of the State shown in
Figure 2 increase groundwater discharge and avail-
ability. In addition to these alluvial deposits there
are buried valleys containing sand-and-gravel for-
mations at many locations in the State(3), which
also increase local streamflow and groundwater
availability.

Figure 3 shows the location of municipal ground-
water supplies in Illinois as of 1948. It will be
noted from this figure that there is a heavy con-
centration of groundwater sources in the northern
portion of the State, and that these sources are
less common in southern Illinois. Figure 4 shows
the public surface-water supplies in Illinois. These
are seen to be much more common in the southern
portion of the State than in the north, where ground-
water is generally available in sufficient quantity
for municipal purposes.

Comparison of Figures 2 and 4 shows that many
communities are located near major rivers in the
State. Some of them can draw water from these
rivers without raw water storage facilities. Small
storage facilities, in the form of channel dams,
are common along some of the larger secondary
streams. There are few streams large enough to
yield water supplies to direct intakes or channel
dams in southern Illinois. Impounding reservoir
sources and side-channel storage reservoirs, as
shown by Figure 4, are therefore numerous.

A side-channel storage reservoir is a reservoir
having a relatively small tributary drainage area,
into which water is pumped from a large stream
during those periods when the flow in the stream
is sufficient. The rates of pumping into side-
channel reservoirs vary from amounts slightly in
excess of the average daily community demand to
rates of pumpage 20 times the demand. Many mu-
nicipal supplies in the southern half of Illinois be-
gan with impounding reservoir sources, which
relied upon the runoff from the watershed upstream
of the reservoir. As Figure 4 shows, there is
still a large number of these, but many of them
have been converted into side-channel storage units
by the installation of pumping facilities on larger
streams nearby. Some of them are in an inter-
mediate state of development. Thus, it is difficult
to decide whether to classify them as side-channel
or as impounding reservoir sources.

Table 2 shows the sources of supply of public
water systems in the 66 counties in the drought
zone. These counties are located south of line
AA1 in Figure 4. Line AA1, was located after study
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FIGURE 1. GENERALIZED MAP OF WATER SOURCE PROVINCES IN ILLINOIS.
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FIGURE 2. MAJOR STREAMS IN ILLINOIS.
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FIGURE 3. SOURCES OF PUBLIC GROUNDWATER SUPPLY IN ILLINOIS.
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FIGURE 4. SOURCES OF PUBLIC SURFACE WATER SUPPLIES IN ILLINOIS.
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of runoff and rainfall data revealed that the effects
of the 1952-55 drought were felt throughout the
area below the line.

Also listed in Table 2 are the numbers of com-
munities in each source category that had water
shortage difficulties during 1952-55. Since the

TABLE 2

SOURCES OF SUPPLY FOR PUBLIC WATER SYSTEMS
IN THE DROUGHT REGION

data indicate an extremely high incidence of water
source difficulties with impounding reservoirs, the
information available on impounding reservoirs
with which difficulties were experienced has been
assembled and is presented in Table 3. This gives
the year of construction for each of the major
reservoirs in use in 1952, watershed area, surface
area, capacity, average depth, and inches of runoff
required to fill the reservoirs at the time of their
construction.

An analysis of these data in Table 3 indicates
that the median watershed area was 2.5 square
miles, and that 90 per cent of the communities use
drainage areas of less than 18 square miles. The
median runoff required to fill these reservoirs was
3.3 inches. Extreme low and high values of runoff
required to fill reservoirs were, respectively 0.34
inches and 14.7 inches. Median of the average
depths was 8.65 feet.

Normal Rainfall in Illinois

The normal precipitation pattern, from the 45-
year averages for the period 1898-1942 provided
by the U. S. Weather Bureau'4 ' is shown in Fig-

ure 5. From this illustration it will be seen that
rainfall in the State varies from less than 34 inches
per year in a portion of northern Illinois to more
than 46 inches per year in part of southern Illi-
nois, a geographic variation of more than 35 per
cent. In many years, as in the period 1952-55,
the rainfall does not approximate the normal pat-
tern.

Normal Runoff in Illinois

Several generalized maps for the United States
indicate the distribution of runoff in Illinois(5)(6)

but no detailed mapping of Illinois mean annual

TABLE 3

IMPOUNDING RESERVOIR SOURCES FOR
COMMUNITIES FACED WITH WATER SHORTAGES

1952-55



runoff has been done. For the purposes of this
report, an approximation of runoff in Illinois was
obtained by using the average data given in the
study by Mitchell(7). Mitchell's data are for 25
stations having periods of record ranging from 9
years to 35 years, but most of the data are for
periods of 15 years or more.

FIGURE 5. 45-YEAR AVERAGE ANNUAL PRECIPITATION IN
INCHES.

Drainage basins for these stations reach into
Wisconsin in two instances and into Indiana in one.
Using these data, a map of mean annual runoff
was prepared for the State (Figure 6). This map,
which generally agrees with previously published
information, indicates a considerable geographic
variation of runoff within the State, ranging from
less than 8 inches in the west and northeast por-
tions of the State to more than 16 inches in the
Shawnee Hills.

The unit usually used for quantitative expres-
sion of streamflow is cubic feet per second. As
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a rule this unit is applied to the entire flow at the
gaging station, but it is sometimes converted to
cubic feet per second per square mile of drainage
area. This is equivalent to a unit of length per
unit time. It is therefore proper to express runoff
(or streamflow, or discharge, which are synonyms)
in suitable length units such as inches per unit

FIGURE 6. MEAN ANNUAL RUNOFF IN INCHES PER YEAR.
20 to 40 Year Records for 25 Stations.

time. Such a unit has the advantage of being di-
rectly comparable with rainfall measurements,
whichare customarily expressed in inches, and are
therefore widely recognized. Accordingly, through-
out this report, streamflow has been expressed in
inches occurring during stated periods of time.

It would be desirable to prepare such a map as
that shown in Figure 6 for a uniform period of
time and with more detailed information. This
could be done either by choosing a representative
recent short period for which abundant records
are available, or by using a longer period and
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extending(7) the discharge values for the stations
of short record. Inasmuch as there are 165 gaging
stations in the State, the preparation of a detailed
map was impractical for the present report.

Seasonal Variances in Hydrologic Cycle

Water that reaches the earth's surface as pre-
cipitation continues to be in motion. Its destina-
tion is determined by a number of processes, which
include infiltration, evaporation, transpiration, un-
derground travel and detention, percolation, and
overland flow. The effect of each process on the
others varies seasonally. These effects may best
be studied by beginning with data available for
measured processes (rainfall and runoff), and then
calculating the effects of the less-well-determined
processes (evaporation and transpiration) in order
to evaluate the large unknown - underground stor-
age.

Monthly averages of runoff from five stream-
gaging stations in the drought region were pre-
pared, together with monthly averages of rainfall
as indicated by rain-gaging stations in or close to
their drainage areas. The five monthly averages
were consolidated into an arithmetic mean for each
month for rainfall and similarly for runoff. The
stations used are listed in Table 4. Average an-
nual discharge values are for the period of record
listed.

TABLE 4

STATIONS USED IN STUDY OF SEASONAL VARIATIONS
IN HYDROLOGIC CYCLE

The monthly data are shown graphically in Fig-
ure 7. As the illustration shows, some of the
seasonal variances in rainfall are reflected in the
runoff. The low precipitation in February seems
to coincide with a reduction in runoff during that
month. However, runoff does not increase pro-
portionately to rainfall in March since infiltration
begins with the thawing of the soil, usually in that
month. A similar disproportion is noted in April
when vegetative demands commence and tempera-
ture rises have induced a substantial increase in

evaporation of soil moisture. The disparity be-
tween rainfall and runoff curves therefore becomes
greater until cooler weather in the fall brings a
decline in transpiration and land evaporation rates.

The difference between the rainfall and runoff
curves, which is shown in Figure 7, represents
the amount of water available each month for trans-
piration and evaporation. A second curve has

FIGURE 7. SEASONAL VARIATIONS IN THE HYDROLOGIC
CYCLE. Southern Illinois.

been computed which shows the calculated evapora-
tion plus transpiration(8), based on rainfall and
temperature data. The areas between the curves
in Figure 7 represent water taken from storage in
the earth or returned to storage. From the areas
between these curves, it may be seen that from
the first of April until mid-September, the vegeta-
tive and evaporative demands exceed the water
available. This difference must be made up either
by water from the soil or by reduced transpiration
and evaporation. It is noted that the greatest rate
of withdrawal from storage occurs in July.

From mid-September until the end of March, in
the average year, water returns to storage. From



the behavior of groundwater hydrographs for shal-
low wells, which commonly show no particular re-
covery until the end of November or later, it is
judged that the excess available water for Septem-
ber, October, and November largely goes to make
up deficiencies in soil moisture above the water
table and does not add to storage below the water
table, which recovers in the period between De-
cember 1 and April 1. Considerable variations
from these general relationships will be found, de-
pending on local infiltration rates, underground
moisture storage capabilities, etc.

From these curves it may be seen that in the
region studied, vegetative and evaporative demands
are so great that excessive rainfall is required
through July and August to prevent recession of
groundwater levels and reduction of soil moisture
storage. In abnormally dry years, when great de-
ficiencies in soil moisture occur, recoveries of
groundwater levels and of streamflow may be de-
layed by several months. Such a situation had
occurred in the drought region at the close of 1953
and continued to intensify until the fall of 1954.
Unfortunately, the soil moisture storage capacity
in the drought region is lower than that in the
northern half of the State where it may exceed 10
inches(9).

CAUSES OF WATER SHORTAGE

A number of factors other than the occurrence
of an unusual drought have contributed to the water
shortages occurring during 1952-55. Among those
which contributed directly are; population increases,
increases in domestic and industrial water re-
quirements, reservoir siltation, and declines in
capacity of wells. Factors that contributed indi-
rectly to the occurrence of shortages were muni-
cipal finance problems, deficiencies in hydrologic
data, lack of advance planning, and lack of records
of waterworks operation. Population growth and
increases in industrial and residential water use
are closely linked. There is a relationship be-
tween sediment production and runoff into reser-
voirs but, in years past, hydrologic data have been
insufficient to determine this relationship. Muni-
cipal finance problems and insufficiency of operat-
ing records seem to be separate topics not closely
related to the other factors mentioned above.

Onset of Shortages

There are distinctive differences between the
behavior of groundwater and surface-water sources
of supply with respect to their adequacy. A shal-
low, locally-recharged groundwater-producing for-
mation that is being used to capacity is usually
incapable of furnishing water at rates greatly in
excess of its perennial capacity except for very
short periods. Peak loads on such sources are
therefore apt to produce occasional low pressures
in distribution systems even though the source is
adequate for the average use of the community.
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Groundwater sources of supply of too-limited
capacity demonstrate their inadequacy by a con-
tinuing decline of water well levels. Over-use of
water from these groundwater-producing forma-
tions is therefore quite evident to the operator (if
he makes regular measurements of water levels),
and frequently becomes apparent to the consumers
on peak days through occasional shortages of supply
even in years of normal precipitation. In years of
deficient precipitation, declining water levels and
increasing frequency of unsatisfactory service on
days of peak demand warn the community of the
inadequacy of the source.

On the other hand, surface water sources that
rely upon streamflow are designed to meet dry
weather conditions, when streamflow may be only
a fraction of the normal flow. Periods of very
low streamflow occur comparatively seldom and
are interspersed with periods of normal or above-
normal streamflow, during which the source of
supply is capable of yielding as much as two to
ten times more water than may safely be taken
during a critical period of low flow. Accordingly,
except for deficiencies in pumping and distribution
facilities, a surface water source of supply may
give little indication of inadequacy even in years
that are considerably below normal. It is possible
during normal or near-normal years for pumpage
from an impounding reservoir supply to be in-
creased several-fold above the long-term safe yield
of the supply without causing signs of shortage.
Accordingly, during periods such as the relatively
wet period from 1944 to 1952, symptoms of inade-
quacy of surface water sources may not occur un-
less the demand has very grossly outgrown the
safe yield. (The relative wetness of the 1944-52
period became apparent during the course of this
study, through examination of data such as those
shown in Table 9).

Increases in Water Demand

General. Total groundwater pumpage for mu-
nicipal supplies in Illinois increased from 40 mil-
lion gallons daily in 1900 to about 106 mgd in
1940(10). From 1940 to 1948 pumpage increased
to 135 mgd, or about 28 per cent. The upturn in
total pumpage after 1940 was very sharp. A simi-
lar striking increase of more than 40 per cent
for the period 1940-1947 was reflected in the aver-
age for the five communities: Aurora, Champaign-
Urbana, Dekalb, Elgin, and Rockford. Most of
this increase took place following the World War
II, when it occurred almost explosively.

Indications of rapid growth in demand caused
Decatur to revise the plans prepared in 1948 for
expansion of its water system. A survey of indus-
trial and other uses in Decatur completed in 1954,
indicated that the average daily pumpage had in-
creased nearly 40 per cent from 1947 to 1953, and
was expected to increase from 10 mgd in 1953 to
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13 mgd by 1955, an increase of approximately 30
per cent. At Carthage, Illinois, pumpage increased
from 0.130 mgd in 1945 to 0.225 mgd in 1950,
more than 70 per cent.

A number of factors contribute to the increases
in water demand that have occurred in recent years.
Most obvious of these is the population growth, but
increases in water demand have generally been
greater than could be explained simply by greater

TABLE 5

POPULATION AND PUMPAGE CHANGES AT SELECTED
MUNICIPALITIES IN THE DROUGHT REGION

•Indicates groundwater source. All other surface sources.

population. A preliminary review of available data
from Illinois communities in the region affected by
the drought indicates that an increasing proportion
of the urban population is receiving service from
public water supply systems. Whereas in some
communities, as few as one-quarter of the resi-
dences were connected to the public water supply
system in 1930, this proportion has been rising
and approaches 100 per cent in some of the com-
munities. Industrial requirements for water have

also increased as a result of the development of
technologicalprocesses requiring water for cooling
and processing purposes. Increased plumbing fa-
cilities and water-using devices in the home have
also caused a growing demand. These devices in-
clude automatic washing machines, garbage grind-
ing units, and air conditioners. Factors affecting
water use are being given detailed study by Water
Survey engineers and will be discussed in a sub-
sequent report.

Water Demand in Drought Area. Table 5 con-
tains preliminary information on water use in the
41 communities that faced possible shortages in
January 1954. It is to be noted that the population
changes for the period 1930 to 1950 were consid-
erable in some instances, but none of the popula-
tion increases exceeded 57 per cent, and in 24
instances the increases were less than 20 per cent.
Pumpage data for these communities were availa-
ble from field visits in 1953-54 and from other
sources for 1938. The per cent change in pump-
age has been computed and is given in Table 4
for each community. Pumpage increased 600 per
cent or more in three cases and increased by
more than 100 per cent in 24 cases.

Detailed study of the factors influencing the
water use in these communities is being made,
and no generalizations have yet been reached con-
cerning communities that did not show large in-
creases. It is noted, however, that a number of
the communities for which pumpage increases were
either small or negative, experienced population
declines during the period of study. In other in-
stances, the lack of pumpage increase was known
to be linked to the inadequacy of the water source
development, so that it was recognized in these
communities that frugal use of water was essential
to prevent a general shortage.

In some instances part of the increase can be
attributed to leakage and wasteful use, but this is
believed to be a relatively small proportion. Most
of the increase appears to be due to two factors:
(1) increase in number of service connections, and
(2) increases in per capita and industrial use. In
many of the communities studied, these increases
have not yet fully materialized, and may be ex-
pected to develop in future years.

National Trends. The American Water Works
Association surveys of 1945 and 1950 water pump-
age indicate that a 10 per cent increase took place
in per-capita consumption between these years.
However, many communities throughout the nation,
suGh as Oklahoma City, have noted such great in-
creases in water use since 1940 as to necessitate
substantial, ahead-of-schedule expansion of facili-
ties ( 1 1 ) . A study by the U. S. Department of Com-
merce indicated that the national total pumpage
through municipal systems would rise about 35
per cent in the decade 1950-1960(12).



Deficiencies in Hydrologic Data

Basic items of hydrologic data for water works
design include information on streamflow, ground-
water levels and precipitation data. The precipita-
tion data are used at times, in combination with
other information, to aid in the estimation of
streamflow data when streamflow records are
lacking. Precipitation data may also be of value for
correlation with variances in groundwater levels.

Precipitation data have been available for a
number of years from several hundred rain gaging
stations in Illinois, and some of the records reach
back well into the 19th century. On the other hand,
stream-gaging records for use in design of im-
pounding reservoirs are available only since about
1908 in Illinois, and few of the streamflow records
reach back that far.

Groundwater data, collected on a long-term
basis, are almost totally lacking in the drought re-
gion with the exception of certain measurements in
areas where heavy pumpage has attracted attention
to groundwater problems. Groundwater level
and productivity data are not generally available
throughout the southern half of Illinois covering a
sufficient length of time and a sufficient number
of locations to enable precise design of dependable
groundwater sources of supply.

Inasmuch as data previously given have indi-
cated that the highest proportion of difficulties in
water supply during the 1952-55 drought occurred
at communities having surface water storage, and
since streamflow data are essential for design
of storage facilities for such installations, it is
clear that the most critical hydrologic data with
respect to water supply development are those
gathered from stream-gaging.

An analysis has been made of the 144 stream-
flow gaging stations operated within the State of
Illinois as of January 1, 1955, classifying stations
by drainage area and date of initiation of measure-
ment program. These data are shown in Table 6
which indicates that of the 144 stations, only 30 are
for drainage areas less than 20 square miles.
Table 3 shows the distribution of drainage areas
of impounding water supplies that experienced dif-
ficulty in 1952-54. It will be seen that 90 per
cent of the drainage areas used were smaller than
18 square miles.

Table 6 shows that no stream-gaging stations
now in operation on drainage areas of less than
50 square miles were established prior to 1931,
and that only eight stations had been established
prior to 1940 on drainage areas of less than 50
square miles, as compared with 43 subsequent to
1940.
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These data reflect the growth of interest in the
gaging of flows from small drainage areas since
1930.

As the population and demands for water grow
in the future, it would be expected that larger
drainage areas will be required than those now in
use. Taking this into account, it would appear
desirable, in the region where surface waters com-
prise the major available sources, to increase
considerably the collection of streamflow data for
drainage areas of 50 square miles or less.

TABLE 6

CLASSIFICATION OF STREAMFLOW MEASURING STATIONS
IN OPERATION IN ILLINOIS, JANUARY 1, 1955

Observations from stream-gaging stations are
of limited value for design purposes until they
have been collected for a period of years. In the
past, it has been considered that 20 years is a
minimum time for obtaining trustworthy stream-
flow records at a given location. The fruits of
the increase in stream-gaging immediately prior
to 1940 are therefore now becoming available but,
until the last two or three years, little use had
been made of these data for design.

Data from the five reservoirs on which the Illi-
nois State Water Survey has been keeping records
since prior to 1930(13) had not been widely dis-
seminated when most of the present reservoirs
were built. Drainage areas for these reservoirs
range from 2.95 to 61 square miles.

Study of the dates of construction (and pre-
sumably of design) of the sources for the 53 sur-
face-water-using communities that experienced
difficulty during the 1952-55 drought shows that 9
were built in the period prior to 1920; 14 in 1920-
29; 19 in 1930-39; 11 in 1940-49. Thus it is seen
that only 20 per cent of these reservoirs were de-
signed after 1940, when the collection of small-
basin streamflow records was intensified.

It is therefore clear that the streamflow data
necessary for design of reservoirs were not avail-
able at the time when most of the Illinois munici-
pal water supply impoundments were constructed.
Far better design information is now available but
there is still question as to whether appropriate
information is being collected for economical and
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safe design of the impounding reservoirs that will
be needed for water supply in Illinois.

Municipal Finance Problems

Problems of municipal finance have attracted
increasing attention in recent years. The severe
difficulties encountered in financing necessary local
functions so preoccupied many communities that
insufficient attention was paid to water supply
problems. In other cases, communities that ex-
perienced shortages in 1952-55 had been aware in
earlier years that their sources of supply were
not adequate, but were unable to finance the nec-
essary improvements. These communities had
managed to eke out their water supplies by the
application of local restrictions during the drier
periods.

Of the 75 southern and central Illinois com-
munities that have faced water source problems
during 1954, 26 had developed new permanent
sources of supply as of June 1955. Eight more
had work under construction and 19 were planning
to develop additional sources. Twenty-two had
taken no action.

Insufficient Records

The low-water situations for both surface water
and groundwater supplies have emphasized the
desirability of maintenance by cities of careful
records of water levels in wells and reservoirs.
Many communities do not have the necessary
e q u i p m e n t for determination of water levels.
Equipment of this kind includes airlines in wells
for determination of water levels, and staff gages
on intake towers in impounding reservoirs. By
means of such devices, water levels may readily
be determined at regular intervals. Readings
should be taken by local waterworks personnel at
weekly intervals and entered in the permanent
records of the system.

By analysis of these records two or three times
per year, it is possible to anticipate shortages
and to take appropriate action to forestall them.

Experience of Communities Affected

A classification was made of the sources of
supply for the 75 communities that experienced
or faced shortages in 1952-55. At these communi-
ties restrictions were placed on water use in
nearly all cases. In a few instances, no local
restrictions were applied, but the quantity of water
on hand was sufficient to last less than six months.
Such communities were therefore considered to be
facing shortages.

Computation of the quantity of water on hand
in storag creservoirs was begun in December 1953.
In January and February 1954, communities were

estimated to be endangered by shortages if the
quantity of water on hand was less than an eight
months' supply. As the more favorable season for
runoff approached (See Figure 7) the quantity on
hand to insure a safe supply was estimated to be
a six months' supply. This figure could have been
increased again as the likelihood of runoff lessened
in late spring and early summer, but the six
months' figure was maintained for purposes of
uniformity. Designers in Illinois have commonly
provided capacity for storing one or more years'
supply of water, depending on local conditions.
The six months' supply is considered a minimum
amount to have on hand as a season of high run-
off (January through May) approaches, and it is
considered that a larger quantity would be de-
sirable at the close of the season of high runoff.

Relation of Source to Incidence of Shortages.
The data from the classification by sources are
given in Table 2, which shows that only 11 per
cent of the cities having groundwater sources
faced shortage problems as compared with 54
per cent of those using surface-water sources.

There were no problems in the groundwater-
using-communities having deep sandstone sources,
although these are relatively rare in the drought
region. Highest proportionate incidence of ground-
water shortages was in the limestone sources of
supply, but the largest group of groundwater short-
age problems was in communities having wells
drilled into sand-and-gravel formations.

The median depth of wells for the 16 com-
munities using sand-and-gravel sources of supply
was 40 feet. Depths of wells ranged from 28 to
130 feet for these communities, and three-quarters
of the communities had wells 68 feet or less in
depth. Seasonal effects and immediate local re-
charge play a very important part in the operation
of wells as shallow as this.

There were no problems at the surface-water-
using communities having direct intakes, since
these communities are located adjacent to rivers
whose minimum flows are in excess of the com-
munity's requirements. The remaining three cate-
gories (channel dams, side-channel reservoirs,
and impounded reservoirs), all of which use arti-
ficially-produced storage as an essential element
of the supply scheme, showed a very high incidence
of shortages. Of this group, 68 per cent faced
shortages, with the highest incidences of shortage
problems occurring in the side-channel and im-
pounding reservoir supplies. Occurrence of dif-
ficulties with these sources was so general as to
make clear that either (1) the drought was of an
extraordinary severity, and/or (2) the existing
reservoirs were not adequate to meet the needs
of the communities.



Source Capability versus Water Demand. A
study was made of causes of shortages at the
communities that have had difficulties related to
source inadequacies during 1952-55. The history
of each community's water system was reviewed
to determine: (a) the change in pumpage in the
period 1938 to 1953, (b) losses in capacity due to
sedimentation in surface water reservoirs, and to
declines in capacities in groundwater installations
caused by aging of wells, and (c) the adequacy of
the source, as of 1938, to meet the demands that
could have been expected to develop by 1955.

In those groundwater using communities that
experienced shortages, particular attention was
paid to distinguishing between shortages caused
by exhaustion of available groundwater and those
caused simply by declining well capacities, as
indicated by reductions in specific capacities.

The causes of shortages were placed in either
of three categories:

1. Capacity insufficient to meet anticipated de-
mands.

2. Decline in capacity.

3. Unexpectedly large increase in demand.

Table 5 shows some of the experiences with
increases in demands for water in communities
in the drought region. Median increase for the
group of 41 communities was of the order of 100
per cent for the period 1938 to 1953. For classi-
fication of causes of difficulties a 100-per cent in-
crease was therefore arbitrarily chosen as a value
of pumpage increase which might usually have been
anticipated during this period in the drought area.

Where the increase in pumpage exceeded 100 per
cent for the period 1938 to 1953, the cause of short-
age was usually considered to be unexpected increase
indemand. There were two exceptions to this rule,
however. One exception covered those instances
in which designers of new systems had planned for
increases in demand greater than 100 per cent.
In these cases the shortages were attributed to
other causes. The other type of exception dealt
with communities whose water systems had been
in service for several decades prior to 1938.
Some of these appeared to have needed expansion
in 1938 to meet demand increases less than 100
per cent that could be expected by 1953; the cause
of their difficulty was deemed to have been in-
sufficient capacity.

In many instances it was difficult to attribute
the cause of shortage to any single factor. In
several cases all three factors were operative.
In each of these cases a decision was therefore
made on a basis of the judgment of Survey en-
gineers as to which was the determining factor.
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Adequacy of surface water sources as of 1938
was judged on the basis of reasonably-anticipat-
able increases in demand and the draft-storage
criteria presented later in this report. (Figure
40.)

In several instances, such as at Johnston City
andHillsboro, calculations indicated that the reser-
voir design was such that the system should have
been capable of supplying the current community
demands for droughts such as those covered by
Figure 40. The fact that water shortages became
imminent at these communities indicates that the
drought of 1952-55 was more extreme at these loca-
tions than the low-flow periods involved in the
preparation of Figure 40. Inasmuch as shortages
impended at these communities, they were classi-
fied as having capacity insufficient to meet the
drought. Neither Johnston City nor Hillsboro
had to resort to emergency sources of supply,
and at the worst of the drought, the quantities
remaining on hand were sufficient to supply the
communities on a restricted basis for two months
at Johnston City and five months at Hillsboro.

Summary of Causes of Shortages. The ana-
lysis of the data to determine causes of water
supply difficulties is summarized in Table 7.
From this table it is seen that, considering all
the water systems studied, the principal cause
of failure was insufficient capacity, that the sec-
ond most frequent cause was increased demand,
and that declining yield was the least frequent
cause of shortages.

TABLE 7

CAUSES OF WATER SUPPLY DIFFICULTIES.
MUNICIPAL SUPPLIES IN THE DROUGHT REGION

For surface-water-using communities the most
frequent cause of shortage was unexpectedly large
increase in demand, followed by insufficient cap-
acity, and decline in capacity. In many cases two
or more of these causes entered in; where there
was question, the difficulty was attributed to the
easily-measured increase in demand. For ground-
water sources, insufficient capacity came first,
declining capacity was second in importance and
increased demand, third. This difference in the
order of causes of difficulty appears to be due to
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the fact that, in a number of groundwater-using
communities where shortages did occur, peak day
shortages before the drought had shown that the
supplies had no excess capacity, and demands
therefore did not increase. In the case of sur-
face waters, as mentioned previously, there was
frequently no such public awareness. Uses there-
fore tended to increase rapidly at surface-water
source communities.

The second most frequent cause of shortage of
surface supplies was insufficiency of reservoir
capacity. These failures were due primarily to
inadequacies in hydrologic data for safe design of
reservoirs. Least frequent cause of shortage of
surface-water source was decline in capacity (due
to silting). This was the primary cause in only
five communities, and only a contributing factor
in many of the others.

EXTENT AND INTENSITY OF THE DROUGHT

The area within Illinois covered by the drought
was generally within the southern half of the State,
although moisture deficiency conditions extended
northward into Hancock and McDonough Counties,
west of the Illinois River, and north of Champaign
County at times. As precipitation occurred, the
area expanded, contracted, and shifted.

In the following studies, the data used for map-
ping and tabulating are monthly totals. These
monthly totals are available from U. S. Geological
Survey and Weather Bureau publications.

Rainfall Conditions

The drought area can be outlined by mapping
rainfall data for various periods. Rainfall depar-
ture maps were prepared for various periods be-
ginning April 1, 1952, which was chosen as the
beginning date for the drought on a basis of pub-
lished U. S. Weather Bureau Records(14) . From
these records, preliminary values of average pre-
cipitation and departures from normal for Northern,
Central, and Southern divisions of the State were
obtained. March 1952 showed above-normal pre-
cipitation for all three divisions, but below-normal
precipitation occurred in April and May in all three
divisions. Slightly above-normal precipitation was
recorded in June for all three, but below-normal
precipitation occurred in the Northern and Central
districts in July, and for August 1952, precipita-
tion was below normal in both the Southern and
Northern divisions. In the Southern division, where
most of the 1952 water supply difficulties occurred,
rainfall was generally below normal continually for
the remainder of 1952(14). For the rainfall analy-
sis carried on during the drought, 39 of the 183
U. S. Weather Bureau rain gaging stations in Illi-
nois were used. These particular stations were
chosen because regular monthly reports for them
were issued by the U. S. Weather Bureau within
the first week of each month.

Since there are significant geographic variations
in rainfall within the State, as shown in Figure 5,
it seemed desirable to analyze the rainfall data on
the basis of departures from normal precipitation
rather than on the actual amount that occurred.
Rainfall departures may be calculated with monthly
data, using the actual rainfall for the month and
the 45-year normal values published by the Weather
Bureau(4). A departure is the amount by which
the actual amount differs from the normal. De-
parture values may be cumulated to produce total

FIGURE 8. RAINFALL DEPARTURE FROM NORMAL IN
INCHES. April to December 1952.

departure values for any desired period. On the
maps which follow, deficiencies have been indica-
ted by minus signs, and above-normal rainfall has
been indicated by plus signs. Inasmuch as, in
certain parts of the State, above-normal rainfall
occurred, and since the maps show both the ex-
cesses and the below-normal rainfall, they have
been called departure maps, although this report
is primarily concerned with deficiency data.

As the drought extended into 1954, it was rec-
ognized that the effects of rainfall deficiency on



water supplies would not extend in full force much
more than one year. This lack of full cumulative
effect is due to the limiting value of soil moisture
storage, which is of the order of 10 inches(9). As
deficiencies increase toward a value of 10 inches,
water may be withdrawn from soil moisture stor-
age. When the soil moisture deficiency exceeds
approximately 10 inches, transpiration virtually
stops and larger values of deficiency become rela-
tively less meaningful. There are some seasonal
opportunities for replenishment of the soil moisture

FIGURE 9. RAINFALL DEPARTURE FROM NORMAL IN
INCHES. January to December 1953.

but, with respect to soil moisture and overland
flow, there is little hydrologic reason for cumulating
rainfall deficiencies more than one year when they
become much greater than 10 inches. Accordingly
for mapping 1953 conditions, the beginning month
for tabulation was shifted to January 1, 1953 and,
for 1954, the deficiency computations were shifted
to begin with January 1954.

Rainfall Deficiency Patterns. Figure 8 shows
. the rainfall deficiency pattern for the period April
through December 1952; it reveals that the southern
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half of the State had deficiencies of 5 to 10 inches.
Figure 9 shows the rainfall deficiency pattern for
1953, for which the deficiency was 10 to 17 inches
throughout southern Illinois. In addition, an area
in the western part of the State experienced rain-
fall deficiencies of 10 inches or more.

The precipitation pattern for 1954 was similar
to those of the previous years in that deficiencies
again appeared in the southern half of Illinois
(Figure 10). The greatest deficiency reported was

FIGURE 10. RAINFALL DEPARTURE FROM NORMAL IN
INCHES. January to December 1954.

at Windsor, Shelby County (14 inches), and defi-
ciencies were relatively small in the area south of
Route 50, which runs from East St. Louis across
the state to Lawrenceville. There was only slight
deficiency in the Randolph-Perry County area.
Above-normal rainfall occurred in a large part of
northern Illinois, especially in the Chicago region,
where the excess was largely due to the storm of
October 1954(15).

Figure 11 is a graph of the rainfall trends
during the period 1952-55, showing the cumulative
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departures from normal rainfall for each of five
stations. Three of these stations, Quincy, Taylor-
ville, and Urbana, are in the northern part of the
drought zone, while the Centralia and East St. Louis
stations represent more nearly the central part of
the drought zone. From this figure it will be seen
that there was an improvement in conditions at
Quincy commencing about the middle of 1954. This
was followed later in 1954 by a rapid improvement
in conditions at Centralia. A less marked improve-
ment took place at East St. Louis later in 1954.
The slopes of the cumulative departure curves for
Taylorville and Urbana reduced during 1954, but
no marked recovery was indicated by the data.

FIGURE 11. CUMULATIVE RAINFALL DEPARTURES FOR
1952 to 1955.

Runoff Conditions

Early in 1954 arrangements were made with the
U. S. Geological Survey to expedite reporting of
current runoff data from certain key stream-gaging
stations in the southern half of Illinois. These
data were combined with earlier runoff data to
produce cumulative 12-month maps of runoff con-
ditions, prepared each month until precipitation re-
lieved the situation in the fall of 1954. The in-
formation reported by the U. S. Geological Survey
consisted of provisional runoff values that are
subject to revision when computation for publication
is completed. These provisional data have, however,

been used throughout this report for the entire
period commencing in October 1953. Data prior
to that date were final and not subject to revision.
The watersheds for the 15 stations used are shown
in Figure 12.

FIGURE 12. DRAINAGE AREAS USED IN STREAMFLOW
MAPPING

1. LaMoine River at Ripley
2. No. Fork Mauvaise Terre Ck. near Jacksonville
3. Salt Ck. at Greenview
4. Sangamon River at Monticello
5. Embarrass River at Ste. Marie
6. Kaskaskia River at Shelbyville
7. So. Fork Sangamon River at Kincaid
8. Macoupin Ck. near Kane
9. Shoal Ck. near Breese

10. Kaskaskia River at New Athens
11. Little Wabash River at Wilcox
12. Skillet Fork at Wayne City
13. Little Wabash River at Carrhi
14. Big Muddy River at Plumfield
15. Cache River at Forman

There is some overlapping of the information
supplied from these stations. Shoal Creek at Breese



and the Kaskaskia River at Shelby ville are both tri-
butary to the area measured by the Kaskaskia River
gage at New Athens. Little Wabash River at Wil-
cox and Skillet Fork at Wayne City are both sub-
divisions of the drainage area of the Little Wabash
above Carmi.

An additional factor to take into account in con-
sidering the runoff data was the substantial pump-
age of groundwater into the Kaskaskia River near
Bondville. In mapping the runoff, correction was
made by subtracting the groundwater pumpage at
Bondville (minus losses due to industrial use at

TABLE 8

COMPUTATION OF MOST EXTREME LOW-FLOW PERIOD
OF 12 MONTHS DURATION (1953-54 DATA)

Tuscola) from the discharge at both Shelbyville
and New Athens. In order to make the data more
representative for sub-areas-, such as the Kaskaskia
drainage basin below Shelbyville, the weighted
effects of runoff at Shelbyville and at Shoal Creek
at Breese were subtracted, so that the runoff for
the Kaskaskia River basin exclusive of these two
drainage areas could be computed. Similar cor-
rections were made for the Little Wabash River
basin. While it would have been desirable to make
adjustment for sewage discharge into the various
streams, this was not done. On certain streams
such correction could be a significant factor dur-
ing extreme low-flow periods.
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For mapping the runoff, the data (expressing
discharge in inches) were entered in the center
of the appropriate drainage areas. Contours were
then drawn (Figures 13-18) on the basis that each
runoff value represented the mean of the area,
and that discharge within a gaged area was not
necessarily geographically uniform. For example,
streamflow for the 12 months through July 1954
for the Embarrass River at Ste. Marie was 0.39
inches. By comparison of Figures 14 and 12 it
may be seen that several contours cross the drain-

FIGURE 13. RUNOFF IN INCHES - 6 MONTHS ENDING
JANUARY 1954.

age area of the Embarrass. In drawing the con-
tours it was attempted to locate them so that the
mean runoff for the drainage area would be 0.39
inches. It appeared from the data available that
runoff was less than 0.2 inches in part of the basin
and more than 0.6 inches in another part.

Periods of Lowest Streamflow. For each map
used in charting the progress of the drought, 12-
month sliding totals of runoff from all of the 15
areas were prepared. Subsequently one map was
drawn for each of the 6, 12, 18, 24, 30 and 36-
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month duration periods. The particular low-flow
period for each of these durations was selected
by averaging, by calendar months, the sliding to-
tals for these gaging stations, except that the
Sangamon River at Monticello, Cache River at
Forman, Salt Creek at Greenview, and La Moine
River at Ripley were excluded as being outside
the principal area of drought.

Table 8 illustrates the method of computation
of the most extreme of the low-flow periods of 12

FIGURE 14. RUNOFF IN INCHES - 12 MONTHS ENDING
JULY 1954.

months' duration. It will be seen from this table
that the lowest average of the 11 stations occurred
for the 12 months ending with July 1954,

Estimates of runoff computed from impounding
reservoir records at Springfield, Waverly, Staunton,
Nashville, DuQuoin, Carbondale, West Frankfort,
Johnston City, McLeansboro, Norris City, Eldorado,
Mattoon, and Oakland were also used in drawing
the maps so far as the available data permitted
the making of estimates. For the most part, these
did not contribute usable data because of the lack

of periodic readings of reservoir levels during
1953 and earlier. Qualitative guidance in the prep-
aration of the contour maps was obtained, however,
from observations made on the reservoirs during
each month.

Figure 13 shows the streamflow pattern for the
6-month period during which the average of the
runoff at the 11 stations considered to be within
the drought area was the lowest in 1952-55. This
6-month period terminated January 31, 1954. Fig-

FIGURE 15. RUNOFF IN INCHES - 18 MONTHS ENDING
DECEMBER 1954.

ure 14 shows the runoff picture for the lowest 12
months, which ended July 31, 1954. Figure 15
shows the total runoff for the 18 months ending
December 31, 1954, the lowest 18 months' period
found. Figures 16, 17, and 18 show respectively
the lowest 24, 30 and 36 months' totals found. No
runoff data later than May 1955 were available at
the time these maps were prepared.

These maps depict the streamflow patterns for
periods in which low runoff occurred over large
areas within the current drought. In several cases,



values as low as those indicated on the maps oc-
curred over considerable areas during other periods.
For example, for the 12-month period ending June
30, 1954, run-off in Pike, Scott, Greene, and in the
southern portions of Morgan, Sangamon and the
north part of Macoupin counties was 0.20 inches
or less. Runoff during this period for Mauvaise
Terre Creek at Jacksonville was 0.11 inches. A
few anomalous values were obtained from reser-
voir records, as for example at Mattoon, where
runoff in 1954 was less than evapotranspiration

FIGURE 16. RUNOFF IN INCHES - 24 MONTHS ENDING
DECEMBER 1954.

along the waterways and in the reservoir bottom.
During this period Mattoon was unable to pump
any water from its lake, and relied upon ground-
water sources.

For the purposes of this report, the maps have
been prepared on the assumption that unit runoff is
independent of drainage basin area. This may be
incorrect, but the relationship between these two
factors has not been established(16), and requires
extensive additional study. It would seem reason-
able to expect smaller low-flow values from a
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small basin than from a large one. A study to
evaluate this effect is of importance for safe and
economical design of water works.

Drought Frequency Studies

Streamflow records in Illinois extending back
prior to 1915 are available for Little Wabash River
at Wilcox, Embarrass River at Ste. Marie, Big
Muddy River at Plumfield, Kaskaskia River at Van-
dalia, Sangamon River at Riverton, Sangamon River
at Monticello, Spoon River at Seville, and Pec atonic a

FIGURE 17. RUNOFF IN INCHES - 30 MONTHS ENDING.
DECEMBER 1954.

River at Freeport. Four of these stations began
operating in 1908 or 1909, but all of them were in-
terrupted in 1912-14. In addition, records are
available beginning in 1921 for LaMoine River at
Ripley and Macoupin Creek near Kane (although the
records for 1934 to 1939 were estimated for the
latter), and similar data are available for Mack-
inaw River near Green Valley. These records
were examined and, because of manpower limita-
tions, it was decided to limit runoff frequency stu-
dies to five long-record stations in or near the
drought region.
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Period of Record. The period chosen for use
was the longest for which records were available
in the area and generally covered the 41 years,
1914 to 1955. Some of the streamflow data were
available beginning in 1908, and some did not be-
gin until as late as 1921. The specific periods
used for the determinations of frequency are given
elsewhere, but there may be question as to whether
the period 1914to 1955 was a representative sample
in time.

FIGURE 18. RUNOFF IN INCHES - 36 MONTHS ENDING
APRIL 1955.

Rainfall data were available from 1906 at four
of the five stations studied. A determination of
frequency of low-rainfall periods by methods de-
scribed below for Springfield, Quincy, Olney, Mt.
Vernon, and Urbana, indicated that the values of
rainfall for the 48-year period 1906-54 checked
within 4 per cent those for a 40-year period of
1914-54 for 20-to 40-year frequencies.

The longest rainfall record available in the area
was that for St. Louis, Missouri, which extends
from 1837 to the present. Frequency determination
based on 12- and 24-month low rainfall periods for

the St. Louis gage indicated that the period 1914-54.
generally gave values of rainfall 5 to 10 per cent
lower than those for corresponding recurrence in-
tervals for the period 1837 to 1954. Accordingly
an attempt was made to check the St. Louis rain-
fall record against other long-time records by
double-mass correlations. The nearest stations
having records of comparable length were those
for Cincinnati and Portsmouth, Ohio. Double-mass
correlations of these stations against the St. Louis
record, and against each other, indicated changes
in slope attributable to the St. Louis record in the
years 1845 and 1860, and the data indicate that the
rainfall values recorded for St. Louis between these
years may have been as much as 20 per cent too
high. It was felt that it would be necessary to
make an investigation of locational factors at all
three stations, with special attention paid to changes
in the St. Louis gage at about 1845 and 1860. Ad-
justment of high values for St. Louis would have
brought the frequency determinations for the period
1837-1954 into closer comparison with the period
1914-54. Since it was not possible to study the
representativeness of the period more completely
without study of the histories of the St. Louis,
Cincinnati, and Portsmouth gages, it was decided
to treat the data available as though the period of
record from 1906 to 1955 was a representative
period.

Computing Sliding Totals. Stations chosen from
intensive drought-frequency study were Big Muddy
River at Plumfield, LaMoine River at Ripley, Little
Wabash at Wilcox, Macoupin Creek at Kane, and
Sangamon River at Monticello. These five gave
reasonably good geographic coverage of the drought
area and had periods of record of 34 to 45 years
(See Table 4). Published runoff data are available
for all of these stations from their inception to
September 30, 1953. Provisional data were used
for the period October 1, 1953 through May 1955.
From these data, recorded as inches of runoff per
month, sliding totals were computed for periods
of 6, 12, 18, 24, 30, 36, 48, and 60-month dura-
tion for each of the five streams.

Rainfall data from five United States Weather
BureauCooperative rain-gaging stations were sim-
ilarly tabulated and sliding totals prepared for the
12- and 24-month periods. The rainfall stations
used for the study were: Effingham, Mount Vernon,
Olney, Springfield, and St. Louis. All but Effingham
were for the period 1906-1955. The Effingham data
were for 1918-55. In addition to the 12- and 24-
month totals, 6, 18, 30 and 36-month totals were
prepared from the St. Louis data.

In the preparation of this study, thought was given
to the propriety of arraying all of the n-month
totals of runoff, for determination of frequency.
It appeared to the writers that this would be sub-
ject to possible error since many of the extreme
values are related to each other. It was concluded



that each drought or low-flow period is a separate
event, properly characterized by the lowest n-month
total, and that the inclusion in the array of other
totals occurring within the most extreme "n" months
would produce misleading probability determina-
tions. This does not agree with the approach taken
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ing these selections was designed to eliminate depen-
dence between values used. The procedure was as
follows: First, the lowest value for the entire
period of record was determined by scanning, and
marked. Adjacent values prior to and following
the chosen value were then "lined out" for a num-

Table 9

12-MONTHS RUNNING TOTALS OF RUNOFF IN INCHES

Little Wabash River At Wilcox, Illinois

by others, notably Thompson(43) . To carry the writ-
ers ' conclusion in this regard into effect, particular
pains were taken to establish procedures thatwould
make each extreme value independent of all others.

From each table of sliding totals, the lowest
values were selected. The procedure used in mak-

ber of months equal to the duration period under
study, less one month. This procedure manually
cancelled these values from further consideration.
The nextlowest value was then determined by scan-
ning, and adjacent values similarly excluded. This
procedure was continued until a number of values
approximately equal to one-half of the period of
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record divided by the duration period (expressed
in years) was obtained. Choice of this number of
values was arbitrary, and yielded sufficient terms
to define the frequency curves satisfactorily. The
values thus selected were then arrayed in order
of magnitude.

The procedure used is illustrated in Table 9,
which shows the 12-month sliding totals for the
Little Wabash River at Wilcox for the period 1914-
1954. Inspection of the data in Table 9 revealed
that the 12-month period of lowest flow occurred
for the period ending with July 1954. Accordingly

FIGURE 19. FREQUENCY OF LOW FLOW OF VARIOUS
DURATIONS. Big Muddy at Plumfield.

the 11 values preceding and succeeding this month
were ruled out as shown and the critical value
was marked with the rank number " 1 " . Next-
lowest value in the table was found to occur in
June 1934, and a similar procedure of exclusion
was followed. This procedure was repeated until
values exceeding the mean streamflow were reached.
In the earlier stages of the work, it was attempted
to commence at one end of the table and work
toward the other, but it was found that this re-
sulted occasionally in the choice of less extreme
values and allowed some subjective error. There-
fore the procedure of choosing successively the
most extreme remaining values was adopted.

After the manual computation and arraying
described above was completed, monthly runoff
values on key-punch cards became available. The
use of the key-punch cards for this operation
greatly speeded the work, but was subject to
some limitations. For the conduct of the opera-
tion by punch cards, it was found most convenient
to program the sorting operation so that it pro-
duced a deck of cards containing the sliding totals
for the duration period under study. These were
then arrayed in order of magnitude by machine
sorting, the rank numbers were punched on the
cards, the cards then re-sorted into chronologic
order, and a printed tabulation of the sliding totals

FIGURE 20. FREQUENCY OF LOW FLOWS OF VARIOUS
DURATIONS. LaMoine River at Ripley.

and rank numbers was prepared. No mechanical
method for screening the values for independence
was found, and it was necessary to choose values
by inspection. For the determination of rank
numbers out of each series of nearly 500 values,
only the most extreme 100 values were arrayed
and rank numbers printed. This procedure re-
duced the scanning required.

Plotting Positions. Study was given to the
determination of plotting position. Methods have
been proposed by Allen Hazen(17) , E. J. Gumbel(18),
C.S. Jarvis, et al(19) and others. The "California"
method(20) was used as being the simplest and



apparently as meritorious as any of the others. 
With this method, the recurrence interval (R) is 
expressed as follows: 

in which T is the length of record in years, and m 
is the rank number of the event when the events 
are arrayed in order of magnitude. For a 40-year 
record, the extreme event therefore would have a 
recurrence interval of 40 years, the second event 
- 20 years, the third - 13.33 years, etc. 

FIGURE 21. FREQUENCY OF LOW FLOWS OF VARIOUS 
DURATIONS. Little Wabash at Wilcox. 

Stating the recurrence interval in years does not 
imply that an event having a recurrence interval 
of "R" years willhappen every "R" years. It means 
instead that, in a period of time of length "n" 
much longer than "R", such an event would be 

low steamflow having a recurrence interval of 
100 years would be expected to be equalled or 
exceeded (in duration) 10 times in 1000 years. 
Obviously any estimates of recurrence interval 
values that are greater than the length of the 
period of record are extrapolated and must be 
regarded as approximations. 
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In the last few years advanced methods for 
analysis of probability of extreme events have 
been developed. Chow(21) has observed that, in 
many cases, hydrologic data follow a log-prob-
ability law, under which the logarithms of hydrol-
ogic events are found to correlate well against 
frequency parameters. Gumbel has also made 
use of the logarithms of hydrologic events in 
studying drought probabilities(22) . Gumbel had 
not, however used a general definition of drought. 
He considered a drought to be the day of minimum 
discharge for a stream. Apart from the work of 
Hazen(17) (23), little published work is known in 
the field of low-flow duration. 

FIGURE 22. FREQUENCY OF LOW FLOW OF VARIOUS 
DURATION. Macoupin Creek at Kane. 

Graphic Determination of Frequency and Duration 
of Low Flows. Preliminary graphical analyses 
were made by several different methods. The 
hydrologic data were plotted on arithmetic ex-
treme-probability paper, and showed pronounced 
curvature. Curvilinear relationships were also 
noted in semi-logarithmic and logarithmic plots. 
Good approximations of straight lines appeared 
to occur when the extreme-probability paper de-
signed by Gumbel was used in conjunction with 
logarithms of hydrologic data. The data for the 
five stream-gaging stations analyzed in this study 
are shown on extreme probability-logarithmic 
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graphs in Figures 19 to 23. Each figure shows
the data for six of the eight duration times con-
sidered. The 48- and 60-month data were omitted
from these graphs but are presented in a subse-
quent figure.

Close examination of the data in Figures 19-23
indicates that, for any given recurrence interval,
there are noticeable differences between runoff
values for the 5 basins which may be related to
drainage area, climatic differences, groundwater
conditions, or other hydrologic data.

FIGURE 23. FREQUENCY OF LOW FLOW OF VARIOUS
DURATIONS. Sangamon River at Monticello.

Families of curves for the various duration
periods were drawn by eye in Figures 19-23.
Since no systematic curvature was indicated by
the data, all were drawn as straight lines. It
will be noted that the curves for 12, 24, and 36
months appear to form a reasonable series for
each station, but that the curves for 6, 18, and
30 months do not seem to correspond to such a
series. Instead of drawing all the curves in each

figure as members of one family, it was assumed,
in drawing Figures 19 to 23, that the curves for
6, 18, and 30 months could comprise a separate
series from the remaining curves, since the 6,
18, and 30 months' curves cover fractional parts
of the annual hydrologic cycles. The appearance
of these separate families of curves deserves fur-
ther study; it is not considered that the data con-
clusively establish the presence of systematic
differences, however seasonal variances suggest
that such differences might be expected.

FIGURE 24. LOW FLOW FREQUENCY DATA CONSOLIDATED
ON BASIS OF FLOWIN INCHES.

It should be evident that, in a record of 30 to
45 years' duration, very few low-flow periods of
three-to-five year duration will occur. Because of
this, it is felt that the estimates of recurrence in-
terval for low-flow periods of three years or more,
are not altogether dependable. In some cases
frequency curves had to be based on very few
values. The situation is somewhat improved by
consolidating the data from five stations on one
graph, as in Figure 24 but it still appears pos-
sible that the straight lines drawn may not accu-
rately represent probable frequencies over a very
long period. If the period of record were in ex-



cess of 100 years, more reliance might be placed
on these determinations.

Graphs were made of the runoff in inches versus
recurrence interval for each duration period, com-
bining the data from the five stations. These
showed some scatter of the data (See Figure 24).

FIGURE 25. LOW-FLOW FREQUENCY DATA, CONSOLIDATED
ON BASIS OF PER CENT OF AVERAGE FLOW.

6- and 12-Month Duration.

Seeking a better way of coordinating the data
from the various stations, plottings were made
of the per cent of average discharge rate versus
recurrence interval. Average rate data are given
in Table 4. These graphs showed better correla-
tions of the data, especially for the more-numer-
ous less-extreme events, than were obtained when
the absolute amounts of runoffs were used. These
unified plottings are shown in Figures 25-28.
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Close inspection of the data in Figures 25-28
indicates that there may be significant differences
in slopes of the lines for each particular station.
For example, the slope of the 12-month curve
(Fig. 25) which might be drawn for the Sangamon
River appears to be smaller than that which might
be drawn for Macoupin Creek. The differences
between these lines may be due to sampling errors
or they may be due to hydrologic differences be-
tween the areas gaged which cause differences in
variability and in relative runoff between streams.

FIGURE 26. LOW-FLOW FREQUENCY DATA, CONSOLIDATED
ON BASIS OF PER CENT OF AVERAGE FLOW.

18- and 24-Month Duration.

This topic deserves further study, but for the
present (since the concordance of the data appears
good) generalized estimates prepared on the basis
of curves such as those shown in Figure 25 ap-
pear to produce serviceable values.

Because of possible significant differences in
variability of flows from place to place, the cau-
tion is repeated that studies at any particular lo-
cation should be founded on data from the immediate
vicinity of the proposed development.
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In order to verify further the consistency of
the data obtained, a graph of the relationship be-
tween runoff (expressed in per cent of the annual
streamflow) and the duration of the low-flow per-
iod was prepared, with a separate line for each
of the following recurrence interval values: 4, 10,
20, 40 and 100 years. On this graph (Figure 29),
using values from the lines sketched through the
consolidated data in Figures 25 to 28, smooth
curves through the various values were possible.
In the initial preparation of the work drawing for

FIGURE 27. LOW-FLOW FREQUENCY DATA, CONSOLIDATED
ON BASIS OF PER CENT OF AVERAGE FLOW.

30- and 36-Month Duration.

Figure 29, some discrepancies in plotting positions
for the long-duration low-flow period (30 to 60
months) were noted. By drawing smooth curves
on Figure 29, and adjusting the lines shown in
Figures 25 to 28, consistent results, in good ac-
cord with the basic data, were obtained in the
placing of the lines in Figures 25 to 28.

When the data for the five stream-gaging sta-
tions were consolidated in Figure 29 the tendency
toward appearance of separate families of curves
seemed to be lost. Seasonal variances might have

been expected to cause the curves for various re-
currence intervals in Figure 29 to be undulatory
in accordance with the annual cycle. There was

. some indication of such behavior, but it is thought
to be partially obscured by the fact that the dura-
tion periods chosen for study were in multiples of
half-years. It is believed that study of low-flow
duration periods of all lengths that are multiples
of a quarter of a year or of one month, would re-
veal the effect of seasonal variations. Further-
more it is reasonable to expect that low-flow per-

FIGURE 28. LOW-FLOW FREQUENCY DATA, CONSOLIDATED
ON BASIS OF PER CENT OF AVERAGE FLOW.

48- and 60-Month Duration.

iods having durations slightly shorter than integ-
ral multiples of years, might indicate more adverse
values than are shown in Figure 29. This would
follow from the observation that the majority of
periods of extreme low flow tend to commence in
late spring. It appears that study along these lines
is desirable, and might be expected to indicate
departures from the results brought out by the
present study.

Figure 29 includes an asymptote, which should be
approached by the curves characterizing the data.
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FIGURE 29. GENERALIZED RELATION BETWEEN DURATION AND FREQUENCY
OF PERIODS OF LOW STREAMFLOW, SOUTHERN ILLINOIS.



30

This curve was constructed on the assumption that
six months' flow would be 50 per cent of the annual
average, that two years' flow would be 200 per cent
of the average, etc. Some consideration was given
to the points at which the curves for various re-
currence intervals should approach the asymptote.
It would appear that, in Figure 29, the 4-year re-
currence interval curve should approach or join the
asymptotic line at a value having an order of mag-
nitude of approximately two years. The data bear
this out. It would further appear that a 10-year
recurrence interval curve should approach or inter-

FIGURE 30. FREQUENCY OF PERIODS OF LOW PRECIPITA-
TION, ST. LOUIS, MISSOURI.

sect the asymptote at a value having an order of
magnitude of approximately five years' duration.
The data are in fair agreement with this concept.

It appeared that it might have been desirable
to calculate streamflow values in per cent of
median flow rather than in per cent of mean flow
in order to enable more complete consideration
of the data in Figure 29. However, analysis of
the data showed the mean and median flows to
agree quite well with the exception of those for

six months duration, so the computations based
on averages were retained.

In this report the approach used in working up
the data on probability of low-flow periods of var-
ious durations has been empirical. Theoretical
bases are available which indicate that relation-
ships between frequencies for the periods of various
lengths can be determined mathematically rather
than empirically. A method for this has been sug-
gested by Alexander(24) which makes use of the
coefficient of variation for each stream, together
with the mean flow for the stream. That there

FIGURE 31. LOW RAINFALL FREQUENCY DATA CONSOLI-
DATED ON BASIS OF PER CENT OF NORMAL.

may be these differences is suggested by recent
work of Mitchell (25) on floods in Illinois.

The mathematical approach might make use of
conventional probability methods for determination
of the recurrence interval (reciprocal probability)
at which curves, such as those in Figure 25, in-
tersect the value of mean flow. The slopes of the
lines should be related to the coefficient of varia-
tion of the stream under study.

The problem is complicated by the persistent
seasonal cyclic variance of both streamflow and
rainfall so that simple solutions may possibly be



found only for integral multiples of years. Others
have dealt with this(17), (26) by separating the sta-
tistical approach into two components: annual stor-
age and monthly storage. The former takes care
of year-to-year variations and the latter is intended
to take into account the seasonal variations. The
desirability of this separation, may be questioned
and there are reasons to believe that it will be
necessary to consider annual and monthly storage
together in some fashion, for they seem to be re-
lated. In this study, for example, extraordinary
seasonal deviations from normal were observed
during 1952-55. These seem to have been the re-
sult of the unusually low annual flows, rather than
independent phenomena.

FIGURE 12. GENERALIZED RELATION BETWEEN DURATION
AND FREQUENCY OF PERIODS OF LOW RAINFALL

(SOUTHERN ILLINOIS).

To return to the possible application of a mathe-
matical approach, Alexander's presentation indicates
(24) that there should be a theoretical fixed relation
betweenthe probability of occurrence of a one-year
drought and those for droughts of other lengths.
Assume for example a location for which the recur-
rence interval is 50 years (probability 0.02) for
streamflow of one inch or less in 12 months.
Flows lower than one inch could be considered
"failures" and higher ones "successes." It would
appear possible to calculate the probability of oc-
currence of flows equal to or smaller than one
inch in 2, 3, or "n" successive years from Alex-
ander's, presentation.
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Frequency of Periods of Low Rainfall. A method
similar to that used for streamflow data was used
for unifying the data from the five rain-gaging sta-
tions, in which the per cent of normal rainfall was
plotted against recurrence interval. Again the result
was better than when absolute rainfall amounts were
used. The data are shown in Figures 30 and 31.

As has been mentioned above, values of totals
for 12- and 24-month duration periods were com-
puted for the five rain-gaging stations, but 6, 18, 30,
and 36 month totals were computed only for St.

FIGURE 33. PER CENT OF NORMAL RUNOFF, 6 Months
Ending January 1954.

Louis. Average annual rainfall at St. Louis is 37.02
inches. These data have been brought together in
Figure 32 (which is similar in construction to Fig-
ure 29) in which representative consolidated curves
for the five-station rainfall average have been con-
structed for all periods from six months to 36
months.

The difference in slopes of curves noted for
runoff do not seem present in the rainfall frequen-
cy consolidated curves.
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It should be remembered that the data for the
rain-gaging stations are point observations, while
those for the stream-gaging stations are measure-
ments that integrate the occurrence of runoff from
the areas gaged.

Recurrence Interval of 1952-55 Drought

The data available for the 1952-55 drought en-
able estimation of the severity of the drought on
a basis of rainfall and streamflow. The maps in

FIGURE 34. PER CENT OF NORMAL RUNOFF, 12 Months
Ending December 1954.

Figures 13 to 18 show the distribution of run-
off during extreme low periods. Since better cor-
relation of the frequency data was obtained using
"per cent of normal" as the basis of comparison
than by using absolute runoff data, runoff maps
for the extreme low periods were prepared show-
ing these values in per cent of normal. These
maps were constructed by an overlay procedure
using Figure 6 and Figures 13-18 as the bases.
The maps are presented as Figures 33 to 38 and
no allowance was made for seasonal variations.

The areas within contours and within the Illinois
boundaries were planimetered. For purposes of
analysis these data were plotted to produce runoff
distribution curves from which values of runoff
could be taken for areas of various sizes. (Figure
39.)

The consolidated streamflow frequency curves
(Figures 25-28) are for drainage basins whose
areas range from 550 to 1310 square miles, with
a median value of 930 square miles. The fre-
quency curves for the rainfall data (Figure 31)

FIGURE 35. PER CENT OF NORMAL RUNOFF, 18 Months
Ending December 1954.

are for point measurements. Accordingly, to
estimate the return frequency of the 1952-55
drought, it is necessary to use two different bases
for entering the frequency curves. For the runoff
frequency estimation, the value of runoff for a
drainage area of 1000 square miles was taken off
the curves in Figure 39. These, and the recur-
rence interval values for the 1000 square mile
areas of lowest flow are given in Table 10.



Attention is called to the fact that 30-month
streamflow was less than that for 24 months,
when both were expressed as per cent of normal.
This was not true of the actual amounts in inches.
This reversal of order is believed due to season-
al effects which are discussed elsewhere in this
report. Note that the 36-month period chosen was
for the period ending April 1955. The 36-month
totals rose in May, declined in June and rose
again in July 1955, all hovering close to the April
minimum. It was therefore not certain that the
3-year period ending with May 1955 was the lowest

FIGURE 36. PER CENT OF NORMAL RUNOFF, 24 Months
Ending December 1954.

during the recent drought, but complete data for
August were not available at this writing.

For estimation of recurrence interval of the
rainfall data, lowest point values for stations in
the vicinity of the area of lowest streamflow were
determined. In working these out, sliding totals
for the individual rain-gaging stations in the area
were prepared for 12- and 24-month periods. The
lowest 12-month rainfall value found was for
Grafton, 16.48 inches which gave 43.7 per cent of
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normal for the period ending July 1954. The lowest
24-month rainfall value found was for the period
ending July 1954 at Grafton, where the rainfall
for the two-year period was 39.80 inches or 52.7
per cent of normal. Using these rainfall values,
and entering the curves in Figure 31, recurrence
intervals for the 12- and 24-month periods of low
rainfall were found to be 63 and 87 years respec-
tively.

FIGURE 37. PER CENT OF NORMAL RUNOFF, 30 Months
Ending December 1954.

Earlier trials of the determination of point
rainfall values by the are a-distribution graph meth-
od used for runoff had indicated that this method
yielded recurrence interval values approximately
half those obtained when the lowest point observa-
tion in the area of low rainfall was used. The
use of the lowest point rainfall values obtained
gave recurrence interval values that checked close-
ly with those obtained for streamflow by the area-
distribution graph method for 1000 square miles.

On the basis of point rainfall data for the
period 1906-54 and streamflow data for 1914-54,
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the drought of 1952-55 appears to have been of
a severity that would occur on the average of
once in 60 to 100 years. On the basis of stream-
flow, the 3-year period ending June 1955 appears
to have been a more unusual event than the worst
periods of a two year or less duration occurring
during the period. Estimates of recurrence in-
terval based on streamflow ranged from 75 to
more than 100 years.

Median value of the estimates of frequency
of the 1952-55 drought gave a recurrence inter-
val of 83 years.

FIGURE 38. PER CENT OF NORMAL RUNOFF, 36 Months
Ending April 1955.

FIGURE 39. AREAL DISTRIBUTION OF RUNOFF IN DROUGHT
ZONE IN ILLINOIS. 1952-1955.

TABLE 10

RECURRENCE INTERVALS OF PERIODS OF
LOWEST STREAMFLOW OF VARIOUS DURATIONS

DURING 1952-1955

SOUTHERN ILLINOIS
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ESTIMATING IMPOUNDING-RESERVOIR STORAGE

INTRODUCTION

Earlier in this report it was brought out that
the greatest incidence of shortages of water oc-
curred in communities relying on impounding
reservoir sources and that, while unexpected in-
creases in demand for water accounted for more
shortages than any other cause, many of the diffi-
culties were attributable to the inadequacy of
impounding reservoirs. These findings suggest
the desirability of a review of existing practice
in design of impoundments in relation to the low-
flow frequency data in the preceding section. The
low-flow frequency and duration data presented
furnish a basis for design of future impound-
ments.

For municipal or industrial water supply, the
controlling considerations in deciding on reser-
voir capacity are adequacy of supply and cost.
While the economics of determining reservoir
size is not within the scope of this report, econom-
ic considerations confront the designer at a num-
ber of points.

The engineer, in evaluating reservoir sources
of supply, examines the possible available sites
in the vicinity that he believes might be practi-
cable in relation to estimated demand. These
will include those locations at which dams (with
appurtenances such as spillways) could be built
at reasonable cost. This consideration usually
requires a narrow section of valley such that
the length of dam is not excessive. It also favors
the choice of the smaller drainage areas above
the dam-site in order to minimize the size of
spillway. The engineer will also prefer deep,
steep-walled valleys, since they minimize evap-
oration losses and land-acquisition costs. Deep
reservoirs also yield cooler water than shallow
ones. Sites at higher elevations will be preferred
to those of lower ones in order to minimize pump-
ing costs. Sites closer to the point of use will be
preferred to those more remote, in order to mini-
mize length of conduit from the source to the point
of use. The influence of distance from point of
use to source has in recent years been subject
to some noteworthy exceptions in which existing
natural waterways were used to convey the water
from the source to the point of use. Thus, the
cost of constructing a pipeline is saved. However,
the use of natural waterways is accompanied by
loss of water due to seepage through the channel
bottom, through evaporation, and use by riparian
vegetation. These losses may range from negli-
gible values to more than 50 per cent of the
total ( 2 7 ) ( 2 8 ) , depending on local conditions.

Economic considerations for various sites being
equal or nearly equal, the engineer then evaluates

more precisely the adequacy of each available
source. He estimates the amount of water that
will be required per unit of time, and establishes
a minimum drainage area.

Review of Methods for Calculating Storage

It is desirable to build a reservoir on a water-
shed of the maximum feasible area in order to
obtain adequate runoff, and on the smallest feas-
ible area to minimize silt damage. It is there-
fore of critical importance to determine a suitable
drainage area for which an economical reservoir
site is available.

The early surface water reservoirs built for
public water supply in Illinois are reported to have
been designed on the basis of New England runoff
data. This practice probably developed out of
the classic studies of Allen Hazen(17) which were
published in 1914. Hazen analyzed the desirability
of storage provision for water supply from the
point of view of low-flow frequency, using data
primarily from the New England states. Addi-
tional information from other parts of the country
was brought together by Hazen in a subsequent
publication(23). The methods used by Hazen, while
comprehending nearly all the important factors,
are complex, and do not seem to have been adapted
for use in Illinois design practice.

Instead of working out suitable applications of
Hazen's method, designers in Illinois seem to have
followed the practice of using rainfall data and
applying runoff factors to these for estimation of
streamflow. The files of the Water Survey contain
a number of engineering reports on reservoir de-
sign prepared prior to 1930 for which it was assum-
ed that minimum runoff would be of the order of
10 per cent of the annual rainfall.

As a greater number of Illinois stream-gaging
records became available, data from extreme low-
flow periods began to be used for design. Synthetic
mass curves were sometimes prepared for design
purposes, by transposition and adjustment of these
records. This latter procedure remained popular
until 1950, when W. D. Mitchell made an extensive
analysis of streamflow records in Illinois through
1945 by means of residual mass curves, and des-
cribed improved techniques for determining storage
requirements for various draft rates(7).

It might seem possible to obtain a yield from
an impounding reservoir equal to the mean runoff
from the watershed. In actual practice, since
yields must be attained by use of reservoir con-
struction, losses due to seepage and evaporation
occur, and these range from a small fraction of
the use to an amount exceeding the use, depend-
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ing upon reservoir surface area and underground
conditions at the reservoir.

In addition, much larger reservoirs would be
required for use of a high proportion of the stream-
flow than have generally been built. Mitchell's data
for the Little Wabash River at Wilcox for the
period 1939 to 1942, indicates that there would be
no spillage for a period of 21 months if a reser-
voir were built to utilize 40 per cent of the aver-
age discharge, and that this period would extend
to 36 months if it were desired to use 60 per
cent of the mean streamflow. These times make
no allowance for evaporative or seepage losses,
except to the extent that such losses have been
included in the draft rates. In Midwest engineer-
ing practice, consideration has seldom been given
to drawdown periods exceeding three years, al-
though in other parts of the world longer periods
of drawdown are expected(29) (30)

The storage requirements indicated by Mitchell's
study vary with the demand (draft rate) on the
reservoir. To determine this relationship for the
southern half of Illinois, averages of the unit stor-
age requirements which he worked out for eight
drainage areas have been calculated. These were
for the Sangamon River at Monticello, South Fork
of the Sangamon River at Kincaid, LaMoine River
at Ripley, Macoupin Creek at Kane, Big Muddy
River at Plumfield, Embarrass River at Ste. Marie,
Little Wabash River at Wilcox, and Skillet Fork
at Wayne City. From Mitchell's draft-storage
curves for these basins, the storage ratio in
million gallons per square mile was determined
for each basin for draft ratios (Draft ratio is
ratio of demand to average discharge, and may
conveniently be expressed in per cent) of 30, 40,
50 and 60 per cent. The means of these data
were determined and are represented by the curve
in Figure 40.

The data given in Figure 40 are based on the
worst conditions that occurred during the periods
of record on the eight basins included in the study.
The curve therefore represents requirements for
an indeterminate return frequency, probably in ex-
cess of 20 years, since the records involved in
the study ranged from 16 to 34 years in length.
The curve gives no information on low-flow dura-
tion, but most of the values from which it was
determined were for two- to three-year low-flow
periods, especially at the higher draft rates.
Richard Hazen has pointed out(31) that it would
be desirable to construct such curves on a basis
of low-flow frequency, but hitherto data in the
Midwest have been insufficient to permit this. In-
asmuch as Figure 40 does not include considera-
tion of the 1952-55 drought, it should be con-
sidered only as a general guide, and storage
requirements exceeding those indicated in the
curve may occur. The curve does illustrate the
necessity for sharply increasing storage capac-
ity as the draft rate is increased.

A simplified version of the Allen Hazen ap-
proach to storage computations, published re-
cently(32), explains the allowance for siltation
losses, which was not treated in the earlier publi-
cation by Hazen. The handling of runoff data was
the same as that of Hazen, in that annual defi-
ciencies were computed, and these were subse-
quently arrayed to determine the frequency of

FIGURE 40. DRAFT-STORAGE CURVE FOR SOUTHERN
ILLINOIS BASED ON AVERAGE OF 8 GAGING STATIONS.

occurrence of annual storage requirements. Small-
wood and his colleagues improved on the Hazen
approach by using the mass-curve technique, which
gives values extending beyond the end of the water
year or calendar year. Hazen's method of deter-
mination was arithmetic rather than graphic and
started from the same month each year in making
computations. There is question whether these
approaches obtain "independent" values. It is con-



ceivable that several values from within one par-
ticular low-flow period might be obtained, par-
ticularly under the arithmetic method used by
Hazen. The incidence of dependent values could
have a profound effect on frequency determinations.

Suggested Design Criteria

In the preceding section, the available procedures
and methods for estimating capacity of impounding
reservoirs were discussed. It was pointed out that
the method most readily available made use of the
most extreme periods on record, and computed the
storage requirements for these periods(7). This
procedure does not tell us the natural risk which
the reservoir is prepared to meet; it merely states
that the reservoir can meet a situation as adverse
as was. experienced during a certain recorded
period. It would obviously be desirable to know
the probability of occurrence of the "design drought."
An analysis of storage requirements that includes
the frequency of occurrence of low flows of various
durations as a consideration has therefore been
made.

This analysis makes use of the unified data on
low-flow duration and frequency described in a
preceding section, which led to development of a
method similar in some respects to that orig-
inally used by Hazen(17) in which storage volume
requirements, expressed in per cent of average
annual discharge, are related to draft rate in per
cent of average flow rate.

Stated in general terms, the method developed
involves calculation, for fixed low-flow frequencies,
of the quantities of water that will be withdrawn
from storage at various draft rates for various
duration periods. For each given low-flow fre-
quency and draft rate, one value of duration will
prove to cause the maximum withdrawal from
storage. These maxima may then be used to
establish a separate graphic relation between
storage required and draft rate for each low-flow
frequency. The critical values of duration may
also be used to establish the relation between
draft rate, storage provided, low-flow frequency,
and duration of recession in the reservoir..

For calculating storage required, confusion
is avoided by expressing the data in units of
streaimflow. From Table 4 it was determined
that the mean discharge in the region studied was
10.0 inches per year. Draft rates were then ex-
pressed in inches, with five inches per year corres-
ponding to a 50 per cent draft rate, etc. A draft
rate of five inches per year for a two year period
would constitute a total draft of 10 inches. From
the total draft was s u b t r a c t e d the value of
runoff for the corresponding duration period, ob-
tained from Figure 29 (converted to inches), to
yield the volume of flow in inches that must be
provided from the reservoir for a given low-flow
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frequency. Multiplying these values by 10 gave
the volume of storage in per cent of mean annual
discharge. These data on quantity of storage re-
quired for each low-flow duration period, draft
rate and low-flow frequency were then plotted in
residual mass diagram form, as illustrated in
Figure 41, a separate drawing being prepared
for each recurrence interval.

The shapes of the curves in Figure 41 and in
those for other recurrence intervals were quite
similar, although maxima were not always attain-
ed within the 60-month period studied. It appears
that, in order to work the data out with full pre-
cision, it would be desirable to obtain data for
low-flow periods longer than 5 years. The curves

FIGURE 41. RESIDUAL MASS DIAGRAM OF STORAGE
REQUIRED FOR PERIODS OF LOW FLOW OCCURRING.

ONCE IN 20 YEARS.

in Figure 41 show that for a given draft rate the
amount of water withdrawn from storage increased
to a maximum as the duration of the low flow in-
creased. As duration further increased storage
required subsequently declined. It is evident from
Figure 41 that, for a 20-year recurrence inter-
val, the duration of the period during which total
streamflow is less than 10 per cent of the mean
flow is about six months but that, for the same
recurrence interval, the duration of the period
in which the total flow is less than 90 per cent
of the mean flow is approximately 44 months.
Increases in streamflow after these duration
times account for the subsequent decline of the
residual-mass curves.
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FIGURE 42. STORAGE REQUIRED FOR MAINTENANCE OF
VARIOUS DRAFT RATES DURING LOW-FLOW PERIODS

OF VARIOUS RECURRENCE INTERVALS AND DURATIONS.



In Figure 41, the location of the apex of each
curve determines the amount and time of maximum
drawdown in the reservoir. Values for larger
periods of duration represent the recovery phase.
Computation of these curves to duration periods
exceeding 5 years in length could enable deter-
mination of the total time of drawdown. The
maximal values from Figure 41 and from similar
graphs for other recurrence intervals were con-
solidated in Figure 42 which gives generalized
values, for any draft rate of 90 per cent or less
and recurrence interval of 100 years or less, of
the amount of storage necessary and the dura-
tion of the critical low-flow period in the southern
half of Illinois.

In Figure 42, those portions of the graph that
are based on interpolated values from the low-flow
frequency curves are shown as solid lines, while
those parts that are extrapolated beyond the period
of record are shown as dashed lines. The heavier
lines in Figure 42 show the quantity of storage re-
quired to sustain various draft rates, while the
lighter lines show the duration of the low-flow
period that would produce the maximum drawdown
in a reservoir of stated capacity at given rates
and recurrence intervals.

To illustrate the use of Figure 42, consider
the case in which it is desired, at a given site,
to develop 60 per cent of the average discharge
with assurance that the supply will not fail, on
the average, more often than once in 20 years.
Figure 42 shows that the necessary volume of
storage would be equal to 74 per cent of the mean
annual discharge, and that the period during which
water levels would decline in such a reservoir
under the 20-year low-flow condition would be
about 26 months. If, on the other hand, it is
desired to develop 60 per cent of the mean dis-
charge of the stream in such a way that the sup-
ply would be exhausted only once in 100 years,
the volume of storage required would be 158 per
cent of the mean annual discharge, and the dura-
tion of recession of reservoir levels would be
approximately 50 months.

To the storage requirement estimates made
in this fashion must be added adjustments for
loss in storage due to future sedimentation. Al-
lowances for losses due to evaporation would be
subtracted from draft rates to determine net
yields.

Figure 42 may also be used to evaluate exist-
ing reservoirs. In computing draft rate, the effect
of evaporation should be added to the withdrawal.
The total, divided by the mean discharge at the
site (which may be estimated by use of Figure 6)
equals the draft rate. This figure may be used
as one value for entering Figure 42. The total
volume of storage in the reservoir, divided by
the mean annual discharge, gives the storage fig-
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ure, which is the other value needed for entering
the graph. From the point on the graph located
by these two values, the capability of the reser-
voir in meeting demands may be interpolated in
terms of low-flow frequency which the reservoir
can safely meet. The duration of the recession
may also be determined in the same fashion.
Assume, for example, a reservoir which is cap-
able of storing one year's normal streamflow.
Assume that the draft rate from the reservoir is
50 per cent of the average annual flow. From
Figure 42 it may be seen that this reservoir would
be capable of maintaining the assumed draft rate
for the kind of low-flow period that occurs once
in 67 years, and that such a low-flow period could
have a duration of approximately 3-1/2 years.

Figure 42 may also be used to evaluate the
usefulness of water conservation measures. For
example, assume a situation . in which the draft
rate is 60 per cent and the storage volume is
100 per cent of the mean annual discharge. Such
a reservoir-water shed combination would be estim-
ated from Figure 42 to be capable of meeting a
low-flow period of a magnitude that would occur
once in 35 years. If means could be found to re-
duce the draft rate to 50 per cent, the reservoir
could be made capable of meeting a low-flow
period having a 67-year recurrence interval. To
attain a substantial reduction in draft rate re-
quires a considerable reduction in pumpage, for
the demands of evaporation continue, unreduced.
Inasmuch as the desirability of such a conserva-
tion measure could become apparent at the end of
18 months of drawdown, which is approximately
half of the anticipated total period of reces-
sion, a reduction in pumpage of approximately
double the amount estimated would be necessary
to achieve the average reduction required. In
many communities, such reduction is possible
through eliminating leakage, unaccounted-for water,
limiting free public use, and through applying
restrictions. It therefore appears possible, under
certain circumstances, to substantially extend the
usefulness of a reservoir through conversation
measures. Chief among these measures should
be the initiation of continuing leak detection and
elimination programs.

Reservoir Sedimentation

Reservoir sedimentation is a factor that was
not taken into account in the design of many of
the early impounding reservoir supplies in Illinois.
This was due to complete lack of data on sedimenta-
tion. As a result, many of the older reservoirs
in the state have lost storage capacity at surpris-
ingly high rates. These losses of capacity have
frequently deprived municipalities of necessary
storage space, and thus contributed to supply
shortages.
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In estimating the watershed area desirable for
a reservoir project, the engineer must have two
opposing considerations in mind: (1) obtaining
sufficient runoff to serve the community's needs,
and (2) minimizing the drainage area so as to se-
cure the least sediment damage to the reservoir.
While the sediment that reaches a reservoir in-
creases as the drainage area is increased, as
shown in other studies(33) this relationship is not
one of direct proportion.

For estimating sediment damage rates, it is
convenient to use the capacity-watershed (C/W)
ratio, which is expressed in acre-feet per square
mile. A small C/W ratio usually indicates little
space for storage of sediment in respect to sedi-
ment yield, and a large ratio indicates great
space for storage. Accordingly, reservoirs with
low C/W ratios accumulate sediment more rapid-
ly (percentagewise) than those with high ratios.
To a small extent this is offset by the effect of



"trap efficiency"(34). Reservoirs with C/W ratios
below 20 may not halt the majority of the sedi-
ment that reaches them.

The data collected from sedimentation surveys
in Illinois have been summarized in Figure 43
using a scheme suggested by L. C. Gottschalk(35).
This graph may be entered with the value of water-
shed area that is under consideration. Proceeding
vertically along that value to the appropriate C/W
value, the rate of capacity loss due to sedimentation
may be estimated in per cent per year. A prelim-
inary analysis of the data on sedimentation for 20
impounding reservoirs in Illinois showed the median
departure from these estimates to be less than 50
per cent. Greater departures may occasionally
occur, as is shown in the original publication of
the data(33).

Studies now in progress by the State Water
Survey in cooperation with the University of Illinois
Agricultural Experiment Station, and the Agricul-
tural Research Service and the Soil Conservation
Service of the U. S. Department of Agriculture
indicate that rates of sedimentation in reservoirs
are dependent on a large number of factors, among
which are rainfall intensities and frequencies, soil
characteristics, land use, nature of drainage net-
work, slopes, farming practices, drainage area,
and reservoir storage capacity. Until these studies
are more complete, it is not possible to give a
summary statement of the effect of each factor,
but present data have enabled estimation of the re-
lationship of rates of sedimentation in reservoirs
on the basis of the drainage area and reservoir
storage capacity.

The effects of sedimentation losses on cap-
abilities of reservoirs are less simple than they
would appear. One would expect to compute the
reservoir storage requirements for a chosen life
of reservoir, an estimated future demand, and a
particular low-flow frequency. To the storage
required to meet these parameters, would be added
the storage space necessary to provide for sedi-
mentation.

Under such a program, the reservoir would be
adequate to meet all conditions until the end of
the chosen life. However, because of the initial
provision of sediment storage space and because
of the lack of immediate attainment of the antici-
pated demand, the reservoir would, from the time
of construction until immediately prior to the end
of its life, have excess capacity. In effect, this
system of design adds a factor of safety which
is present but diminishing until, at the end of the
life of the reservoir, the factor of safety is unity.

There is reason to believe that the loss of
storage capacity in reservoirs owing to sedimen-
tation occurs in a step-wise fashion, with major
increments of sediment entering the reservoir
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during infrequent periods of very high runoff.
For design purposes, lacking information on in-
cidence of future periods of major runoff, it is
necessary to assume that the rate of sedimenta-
tion will be annually uniform.

As a result of the above considerations, it
would appear desirable (a) to design the reser-
voir for a chosen life, and for certain other chosen
parameters, and then (b) to review the situation
of the reservoir with regard to sediment damage
and changes in demand after approximately one-
half the estimated life span of the reservoir.
Such a practice would permit advance planning
to take care of unusual situations such as accel-
erated erosion, unexpected increases in demand,
or changes in streamflow characteristics.

Evaporative Losses

An additional factor that must be evaluated
in reservoir design is the loss of water through
evaporation. Evaporation losses may be said
to consist of "gross evaporation" which is the
total loss of water from the water surface to the
atmosphere, and "net evaporative loss" which is
the gross evaporation minus the rainfall on the
water surface.

Gross Evaporation. Data on evaporative losses
from standard Weather Bureau Class A pans in
Illinois have been published(36) These data yield
values on rates of evaporation only for the warm-
er months, and further work has therefore been

TABLE 11

EVAPORATION RATES AT CARBONDALE AND URBANA
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done through the development of an evaporimeter,
which records losses of water during the colder
months(37). Combining these two sets of data,
evaporation values by months can be obtained
throughout the year. Table 11 presents the mea-
surements at Urbana and Carbondale for the peri-
od April 1 to September 30 for the Class A pans,
and October 1 to March 31 for the evaporimeters.
The pan data are for the period 1947-54, and the
evaporimeter data are for 1953-55. For purposes
of comparison, values computed by Meyer(38) have
also been tabulated for the same locations. The
values taken from Meyer are average values for
evaporation from lakes, while the pan measure-
ments give values that are higher than actually
occur from lakes. It is customary to reduce pan
measurement values by 30 per cent in applying
them to lakes ( 3 9 ) ( 4 0 ) . Evaporation data for
Springfield were not used because they do not
appear concordant with those for other nearby
stations.

It may be seen from Table 11 that there are
large seasonal variations in evaporation rates.
Inspection of the data and. comparison with Figure
7 indicate that these maximum rates of evapora-
tion coincide with the annual periods of minimum
streamflow. The Illinois data are not sufficient
to determine annual variations in gross evapora-
tion. It therefore appears advisable to estimate
gross evaporation by a conservative method in or-
der to take into account the possible occurrence
of. high gross evaporation rates during years of
extremely low streamflow. This method will, of

FIGURE 44. CUMULATIVE EVAPORATION AT VANDALIA.

course, be subject to considerable refinement as
evaporation data are improved.

A mass curve presentation of evaporation rate
data, assuming equal monthly rates of evaporation
for each of several successive years has been
prepared, as shown in Figure 44. This curve is
based on evaporation from lakes estimated by
Meyer's method for the vicinity of Vandalia, which
is approximately in the center of the area covered
by this report. From this curve it may be seen
that the most critical duration periods for evap-
oration losses are 6, 18, and 30 months. For the
intervening periods, less rigorous values of evap-
oration would apply. It is believed desirable to
ignore these less rigorous values in order to make
allowance for variations in evaporation rates that
may occur from year to year, and which may occur
during a period of extreme flow. Accordingly,
the dashed line in Figure 44 has been constructed
to define evaporation losses for various duration
periods.

Evaporation data for Carbondale, Quincy, Spring-
field, Urbana and Vandalia estimated from the maps
of Meyer were studied. In each case it was clear
that the maximum six months' evaporation occurred
in the period from April through October. For
estimating the most extreme values of evaporation
that might be obtained during any duration period,
the following formula yields conservative results;

TABLE 12

ESTIMATED GROSS EVAPORATION RATES



Area Exposed to Evaporation. A review of
the literature indicates that no simple but com-
prehensive method has been published for taking
into account evaporative losses from reservoirs
prior to the detailed computation of losses for
each particular proposed project. At the time
that Allen Hazen published his original studies
on storage to be provided in impounding reser-
vo i r s ( 7 ) , allowances for evaporation were dis-
cussed by Marsh and others(41). Hazen had
estimated that evaporation losses should be cal-
culated on a reservoir surface area which was
90 per cent of the area of the reservoir when
full. Marsh suggested using the water area corre-
sponding to a storage of two-thirds of the maxi-
mum quantity stored. Cory(42), suggested that
evaporation should be considered as one part of
the total draft, just as net draft is the other
part. Cory did not suggest any method for accom-
plishing this, however.

Hazen found no way of accomplishing Cory's
suggestion of including evaporation in the draft,
owing to the variability in reservoir character-
istics and in net evaporation losses from one
location to another.

In the discussion of the Hazen paper the topic
of relation of water area to land area is also
analyzed. Several of the discussers point out
that, when the lake has a very large surface area
in comparison to the total watershed area, a re-
duction in estimated runoff is necessary in order
to compensate for the reduction in available land
surface. This is to some extent offset by gains
due to rainfall on the lake surface, but where
evaporation exceeds annual precipitation, a net
loss may be obtained by making the lake larger.
This influence has been ignored in these studies
as being a minor one.

FIGURE 45. AREA AND CAPACITY CHARACTERISTICS.
Johnston City Reservoir.
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It is expected that, during the design low-flow
period, a reservoir will recede (at the design
draft rate) from spillway level to a completely
empty state at the end of the low-flow period.
For purposes of simplification it may be assumed
that, except at the end of the low-flow period,
inflow into the reservoir will be immaterial, and
that withdrawals of water from the reservoir will
take place at a uniform rate during the entire
period of recession. Thus the rate of removal
of water from storage will be uniform with respect
to time.

Figure 45 shows a typical set of area-depth
and depth-capacity curves for a water supply res-
ervoir. From such a pair of curves an "area-
capacity" curve may be constructed. Area-capac-
ity curves have been constructed for 15 municipal
water supply reservoirs in Illinois which were sur-
veyed in 1954 for which area-depth and depth-
capacity curves were prepared. Areas and capac-

TABLE 13

CHARACTERISTICS OF RESERVOIRS SURVEYED IN 1954

ities have been expressed in per cent of the values
obtained when the reservoirs were full. The
reservoirs used for this determination and their
characteristics are listed in Table 13. The results
are summarized in Figure 46.

The solid line in Figure 46 represents the
arithmetic mean of area values determined for
capacity values of 20, 40, 60 and 80 per cent of
full capacity. The dashed lines in the figure
were drawn through the extreme values obtained
from the 15 reservoirs used. The departures (of
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area) from the mean curve were small except in
the case of the area for 80 per cent of capacity,
for which one value (67 per cent) for one of the
lakes fell well outside the envelope curve. It will
be noted by inspection of the curves in Figure 46
that departures from the mean curve generally
did not exceed 10 percentage points. This con-
cordance of the data indicates that there is a
general similarity in the geometry of reservoir
sites in the areas studied, and that it is there-
fore reasonable to use the mean curve for pur-
poses of estimating the effective area exposed to
evaporative action.

The area under the solid curve in Figure 46,
divided by 100, will equal the mean surface area
with respect to time when draft from the reser-
voir is continuous and uniform. The mean value
of this area was found to be 64.4 per cent of the
surface area with water level at spillway crest.
The 15 cases studied indicate that values ranging
from 55 to 70 per cent may occur. This method
of approach makes no allowance for changes in
surface area produced by sedimentation with time.

It is concluded that, for southern Illinois water
supply reservoirs, it would be reasonable to apply
evaporation estimates to an area which is 64 per
cent of the design surface area of the reservoir.

The surface area of a reservoir is equal to
the volume divided by its average depth. Table 3
gives data on the average depth of 40 impound-
ing reservoirs for municipal water supplies in

FIGURE 46. AREA-CAPACITY RELATIONSHIPS FOR
ILLINOIS RESERVOIRS. 1954 Area-Depth Curves.

Illinois. These figures were obtained by divid-
ing the original total capacity of the reservoir
by the original surface area. It was noted that
the median of the average depths of these reser-
voirs is 8.7 feet, and that the extreme values
are 4 feet and 20 feet.

While most of the reservoirs studied were
small, detailed examination of the data for the

two larger ones (DuQuoin and Staunton) showed
them to be in close agreement with the average
curve given in Figure 46. Additional data on
characteristics of r e s e r v o i r s in Illinois were
assembled in Table 14, covering the largest reser-
voirs in the State. Area and capacity-depth curves
are not available for all of these reservoirs, but
the data given indicate that their average depths
are not greatly different from those of the small-
er reservoirs shown in Table 13. The average
depths of the larger reservoirs are greater than
those of the smaller ones. In estimating average
depth for a reservoir, it would therefore be de-
sirable to proceed on the basis that the average
depth of a reservoir storing more than one billion
gallons could very well be of the order of 15 feet,
while the average depth for reservoirs storing
500 million gallons or less might be 10 feet or
less.

TABLE 14

CHARACTERISTICS OF LARGE IMPOUNDING RESERVOIRS
IN ILLINOIS

Average depth data may be used for making
preliminary estimates of reservoir surface areas.
For the region studied, it would appear desirable
to calculate such areas for average depths of 5
to 20 feet. Data covering this range of average
depth would take into account variances in topo-
graphy from place to place. At some locations



reservoirs with small average depths may be nec-
essary, and at others, greater average depths may
be attained. These variations depend on the topo-
graphy and on dam height. Inasmuch as this
study indicates a need for more storage than has
hitherto been provided, average depths of 10 feet
or more may be expected in future reservoirs.

To sum up, the evaporative losses may be
seen to be a function of the average depth of
reservoirs. When the storage volume is known,
use of an average depth figure enables estimation
of the surface area of the reservoir. To this
may be applied the factor 0.644. To the result-
ing reduced area value, may be applied net evap-
orative loss rates (discussed below). As will be
pointed out, this process can be combined with the
process of estimating storage for any stated draft
rate.

Net Evaporative Rates. In order to obtain net
evaporation rate values, appropriate values for rain-
fall on the water surface must be subtracted from
the values of gross evaporation. Such rainfall
values, for various duration periods and for various
frequencies of occurrence have been prepared and
are given elsewhere (Figure 32). It would be con-
venient if it should turn out that, throughout a
given region, net evaporative loss rates were
uniform. Studies were made of calculated net
evaporative l o s s r a t e s at Quincy, Springfield,
Urbana, Vandalia, and Carbondale. These studies
indicated that the evaporation and precipitation
patterns in the southern half of Illinois are suf-
ficiently different that net evaporative loss values
are not uniform throughout central and southern
Illinois. Departures of as much as 20 per cent
from a mean curve were noted, but the mean for
each of five different dry-weather frequency periods
tested was quite well represented by the data for
the region of Vandalia. The Vandalia values for
net evaporative loss appeared to check those for
the other locations within five per cent for dura-
tion periods up to two years, and the more severe
errors occurred for the 2 1/2 and 3-year duration
periods.

The computed results for the vicinity of Vandalia
are shown in Figure 47, which gives the net loss
due to evaporation for dry periods of various
durations and frequencies.

Net Yield of Reservoirs

In the preceding material on reservoir cap-
abilities, storage requirements have been related
to the draft rate on the reservoir. The draft rate
is the total withdrawal from the reservoir, and
includes (a) water supply requirements, (b) evap-
orative losses and (c) seepage losses. Noinforma-
tion is available for determination of seepage
losses quantitatively at this time. Attempts to
secure evaluations of seepage loss have indicated
that this quantity, with properly constructed dams,
is negligible.
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It would obviously be desirable to be able to
estimate net yield of reservoirs by taking into
account evaporative losses as well as water supply
requirements. This may be done by estimating
the lake surface areas exposed to evaporation,
and applying appropriate evaporation rates to the
area values. Draft rates are then reduced by the
amount of the evaporative loss (which may be
expressed in per cent of mean flow rate and
called the evaporative draft rate) to obtain "net
yield" values.

In calculating draft rates, consideration should
be given to the demand during the low-flow dura-
tion period that is expected to control the reser-
voir design. For low-flow periods in excess of
one year, it would seem proper to use the aver-

FIGURE 47. ESTIMATED NET EVAPORATIVE LOSSES FOR
PERIODS OF LOW RAINFALL OF VARIOUS

FREQUENCIES AND DURATIONS.

age annual water requirement from the lake plus
net evaporative loss to estimate draft. For those
situations in which short low-flow duration periods
are expected to control or in which unusual varia-
tions in demand are expected, it may be desirable
to use (a) a draft rate based upon summertime
pumping rates plus summertime evaporation losses
or (b) a draft rate based on other special local
conditions. Inasmuch as those situations in which
short-term low-flow periods may control will prob-
ably be avoided through the desire to reduce sedi-
ment damage, in general the average annual with-
drawal rate may be used.

For the calculation of net yield, it is nec-
essary to make correction for evaporative losses
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for fixed duration periods. Accordingly, from
Figure 42, values of storage and draft rate (ex-
pressed in per cent of mean annual flow) were
tabulated for 1, 2, 3, 4 and 5-year duration per-
iods for 4, 10, 20, 40 and 100-year recurrence
intervals.

For the computations of net yield that follow,
mean annual streamflow in the area was taken
as 10 inches per year. Storage volume values
were converted into acre-feet. These values -
divided by an assumed average depth for the reser-
voir of 10 feet - yielded reservoir surface area

FIGURE 48. NET EVAPORATIVE DRAFT FROM RESERVOIRS.

values in acres. Each of these was reduced to
64.4 per cent of its value in accordance with the
findings above. Appropriate values for net evap-
orative loss obtained from Figure 47 were then
applied to obtain the evaporative drafts for each
of the surface area values. These were then
expressed in per cent of mean flow, producing
values of the "net evaporative draft rate", which
may be defined as the ratio, expressed as a per
cent of the net evaporative loss rate to the mean
discharge rate for the site under consideration.
Actually this process does not require considera-

tion of the mean streamflow, and the same net
evaporative draft rate values, expressed in per
cent of mean flow, are obtained regardless of
the streamflow assumed.

It was found that, for the location studied,
there appears to be an approximate general re-
lationship between storage volume and the net
evaporative draft rate from the reservoir. The
data establishing this relationship are shown in
Figure 48 for a 10-foot average depth of reser-
voir. For any other average depth, these values
may be increased or reduced in inverse propor-
tion to the average depth. The adjusted values
of net evaporative draft rate may then be sub-
tracted from the draft rate values obtained from
Figure 42 to obtain values of "net yield" in per
cent of mean streamflow.

The values given in Figure 48 are for the
vicinity of Vandalia and, while they are prob-
ably fairly trustworthy throughout southern Ill-
inois, should not be relied on for design compu-
tations elsewhere, without checking them against
local data. The correlation between storage vol-
ume and net evaporative draft should also be
checked before application to other locations.

From Figure 48 it will be noted that, except
for very high storage volumes, the net evaporative
draft rate is relatively small. In no case does it
reach 20 per cent of the mean discharge rate.
The most serious effects of the net evaporative
draft rate will be felt in those situations which
require high storage values, especially when par-
ticularly shallow lakes are necessary.

To complete the portrayal of effects of net
evaporative losses, Figure 49 has been prepared.
It shows the relationship between net yield and
storage required, assuming an average depth of
10 feet. For any particular site, a different re-
lationship would hold, since average depth would
vary with reservoir capacity.

Limitation of Method

Although the results obtained in this study have
been generalized, it is believed that they will yield
satisfactory approximations for preliminary evalu-
ation of reservoirs in the southern half of Illinois.
The results obtained should not be regarded as
a final basis for design of any specific reservoir.
For design, there is no substitute for thoughtful,
intensive analysis of hydrologic records collected
in the vicinity of the proposed project. The de-
signer may find the methods used in preparing
this study helpful in analysis of local records
for design.
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FIGURE 49. NET YIELD OF RESERVOIRS HAVING 10-FOOT
AVERAGE DEPTH, Southern Illinois.





FIGURE 50. ORIENTATION MAP OF ILLINOIS.
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