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ELEMENTS OF RIVER FORECASTING 

Marshall M. Richards 
Joseph A. Strahl 

INTR<DUCTION 
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The flow of a river fluctuates through a considerable range on an 
annual basis. It is characterized by rises, due to runoff from rainfall 
and snowmelt, followed by gradually receding flow. Flood forecasts are 
prtmarily concerned with predicting the time and height of stages caused 
by peak flows. Forecasts are also made for the stages expected at various 
times during the period of rising and falling stream levels. In recent 
years, the trend )as been toward more detailed forecasts of continuous 
flow. Water supply forecasts predict the total flow for an entire water 
year. These forecasts are feasible in mountainous areas where water is 
stored in snowpacks during the winter and released into the streams when 
snowmelt occurs. 

This paper is chiefly concerned with forecasting storm hydrographs 
with emphasis on the crests. There are three major steps to forecasting 
the rise that results from a rainstorm or period of heavy snowmelt: 

1. Estimating the volume of water that will run directly off 
the land surface into the strea.m. This step utilizes the 
rainfall-runoff relation and computation of rate of snow
melt. 

2. Forecasting the distribution of this volume of water with 
time as it passes a forecast point. The unitgraph is 
usually used for this purpose. 

3. Forecasting the change in shape of the floodwave as it 
moves downstream. This is known as streamflow routing. 

A simple treatment of these steps is provided in "Elements of River 
Forecasting," as an introduction into the problems of developing river 
forecast procedures and applying these procedures to the preparation of 
forecasts. 



VALUE OF FORECASTING STORM RUNOFF 

The development of reliable procedures for the esttmation of runoff 
that will result from storm rainfall has made possible an adequate system 
of river forecasting. Runoff is defined as the water, derived from precipi
tation, that ultimately reaches stream channels. 

Extension of Warning Ttmes 

Before adequate procedures were developed for estimating runoff from 
storm rainfall, the river forecaster could not issue specific forecasts for 
stations in the hea~aters. It was necessary to receive reports of crest 
stages at these stations before forecasts could be made for stations farther 
downstream, often a considerable ttme after the storm had ended. Runoff 
estimates now make it possible to prepare flood warnings for all stations 
while a storm is progressing. Thus, forecasts can be made for more stations 
and longer warning ttmes are possible for downstream stations. 

In small headwater areas subject to flash floods, the crest of a flood 
may occur after the end of a flood-producing rain. In such a situation, 
warnings are possible only when based directly on rainfall and estimates of 
resultant runoff. In such situations, procedures are required which short-· 
cut the normal forecast procedures and produce warnings in a minimum of 
time. The Weather Bureau furnishes a forecast procedure to a local repre
sentative in the community so that he can gather rainfall information and 
issue a forecast with a minimum ttMe delay. Radar operators alert the 
representative when heavy rainfall areas are noted and may aid in the evalua-
tion of the areal distribution of the rainfall. , 

For large drainage areas, time is available to use more refined 
. procedures. This is particularly true for general rains of relatively uni
form distribution in time and area. More accurate forecasts can usually 
be made with sufficient warning to make possible the evacuation of people 
and property before the flood strikes. In many situations, the warning time 
may be days or even weeks. Even at points well downstream on a major river 
system, however, there can be situations where floods may occur within a few 
hours after the end of heavy rains. When the river stage has become high 
and nearly stationary, it is possible that a heavy rain in the portion of 
the drainage area fmmediately above a forecast point will cause a rapid rise 
to critical stages. In this situation the ability to estimate runoff is 
required to provide the needed forecasts. 

More Efficient Operation of Water-control Structures 

Up to this point, the discussion has been limited to river forecasting 
on uncontrolled streams, where the purpose is to issue warnings to affected 
interests in the flood plaino River forecasts are of equal importance for 
the efficient operation of any water-control structure or water management 
program. 

··' 
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A few water-control structures are self-regulating, that is, they 
have fixed openings and require no manual operations. For such structures, 
river forecasts have the same significance as in uncontrolled streams, 
serving as warnings to those affected. Most water-control structures, 
however, require varying degrees of manual control. For example, most levee 
systems have many openings which must be closed as rivers rise. If these 
closures are not made in time, the levee will not serve its intended purpose. 
Ttmely river forecasts are needed to give as much time as possible for mak
ing these closures. Conversely, river forecasts may indicate that the river 
will stop rising before reaching stages requiring closures and much work can 
be avoided. 

Efficient operation of a dam with movable gages is highly dependent 
upon accurate forecasts of inflow into the reservoir. It is also necessary 
to have forecasts of river conditions downstream in order to mdnimize the 
effect of releases from the dam at critical points. This is particularly 
true for multi-purpose dams which are intended for many uses such as flood 
control, generation of power, irrigation, navigation, and pollution abate
ment. Flood control is most effective when the reservofr is kept nearly 
empty while most other uses are best served.by storing as much water as 
possible. Such conflicting interests create operational problems which can 
be handled effectively only with reliable forecasts of inflow. 

RUNOFF 

In order to understand the problems involved in the development of 
runoff relations,it is first desirable to examine the factors that affect 
runoff--that part of the hydrologic cycle from the incidence of precipita
tion upon the land area to its subsequent discharge through stream channels 
or its direct return to the atmosphere through the process of evaporation 
or transpiration. 

Discussion of Specific Processes Involved 

Interception--When rain begins after a period of dry weather, much of 
the initial fall is stored temporarily on the vegetal cover as interception. 
Interception storage capacity is normally satisfied early in any storm. 
After that, interception practically ceases except for storage capacity that 
is recovered through evaporation from the wetted surfaces of the foliage. 
Interception is probably a significant percentage of the annual rainfall in 
most areas since it involves a large percentage of rain from a number of 
small storms. For large storms where runoff ·forecasts are most important, 
however, interception is relatively unimportant. Estimates of its value 
in well-developed forested areas are about 0.10 inch per storm. Its effect 
varies with basin cover and season in areas outside the tropics. 

Depression storage--Also involved from the beginning of rain is 
depression storage. This is water temporarily stored in surface depressions 
which vary widely in area and depth. Whenever rainfall intensity exceeds 
the infiltration capacity,these depressions begin to fill. As the depres-
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sions are filled, inflow into them must be balanced by outflow, infiltra
tion, and evaporation. Small depressions fill rapidly after which overland 
flow begins, some of which ends up in larger depressions while some reaches 
stream channels~ This process continues, with larger and larger depres
sions filling as the storm continues, resulting in more and more overflow 
reaching the streams. Between storms, water held in depressions is either 
absorbed by the soil-through infiltration or evaporated into the atmosphere~ 
Measurement of depression storage is as difficult and impracticable as the 
measurement of interception~ Depressions of appreciable area, relative to 
the size of the drainage basin, should be excluded from the storm analysis. 
Common practice is for depression storage to be included with interception 
and treated as an initial loss with respect to storm runoff. Depression 
storage is a basin characteristic subject to change with terracing, level
ing or other contouring. In most basins it probably continues to be a 
small factor all through the storm periodo 

Infiltration, percolation, and soil-moisture storage--Infiltration is 
the passage of water through the soil surface into the soil and percolation 
is the movement of water within the soilo These two phenomena should be 
considered together, since infiltration cannot continue to take place 
unless percolation has allowed water that infiltrated earlier to move out 
of the surface layer of the soil. 

Once water has entered the ground, gravity tends to pull it downward, 
following paths of least resistance toward the groundwater tableo Capil
lary forces work against this, however, tending to divert this water into 
storage in capillary pore spaceso When the soil is dry, this diversion by 
capillary action is quite large. There is, of course, a limit to the 
capillary pore space in the soil and it is a function of soil types and 
conditions. This limit affects the amount of water the soil will retain 
against the force of gravity. It is usually referred to as the field 
capacity. During a storm the capillary forces tending to divert water 
from its path of least resistance become progressively smaller. The rate 
at which water passing through the soil surface can be disposed of decreases 
and the end result is that the rate of infiltration decreases as a storm 
progresses. This also explains the reduced rates of infiltr~tion in 
storms when all or part of the capillary pores have been filled during 
previous storms. 

Infiltration rates tend to be highest for loose, sandy soils and low
est for tight, clay soils. However, the sandy soils have much less field 
capacity than the clay soils. Quite obviously the soil types predominant 
in an area will have a great effect on runoff as will the initial moisture 
content of the soil. 

The effect of various ground covers on infiltration and percolation 
is difficult to determine with any accuracy. Evaluation is complicated by 
the fact that ground cover affects interception as well as infiltration 
and runoff in several ways. The root system of vegetation makes soils 
more pervious, that is, the water can enter and flow through the soil more 
easily. Foliage shields the surface from the direct impact of raindrops 
and this reduces packing of the soil surface, which is an important factor,. 



particularly in high intensity rainfall. Ground cover also retards water 
flow across the soil surface and thus gives the water more time to infiltrate 
the soil. 

Relative Time Variations of Elements Throughout the Period of Runoff 

The phenomena discussed above, plus many others, are involved in 
estimating runoff amounts. A description of the relative time variations of 
pertinent runoff factors during a large storm of uniform intensity which 
falls on an initially rather dry basin is necessary. 

At the onset of precipitation the only portion which will run off is 
that which falls directly into the river. This is a function of the area 
of the water surface of the stream and is usually a fairly small percentage 
of the total area. Though small, it is an element that continues throughout 
the storm, increasing as the river rises and spreads out. 

Interception is another element that comes into play early in the storm. 
Its value is at its highest at the beginning, particularly during summer with 
dense ground cover. Its total effect is quite small in large storms and is of 
little consequence. Intercepted precipitation is usually returned to the 
atmosphere by evaporation. 

Loss to depression storage begins early in the storm and decreases in 
effect as the storm progresses and small depressions are filled. It usually 
continues to have some effect throughout the storm, but this can vary greatly 
with slope and other factors. While usually treated as a loss, some of the 
water eventually infiltrates into the soil and may run off. The rest is 
returned to the atmosphere through evaporation. 

As a general rule, the largest part of the precipitation that does not 
end up as runoff is taken to satisfy the soil-moisture deficiency. Its 
effect is greatest at the beginning of the storm. In general this deficiency 
must be nearly satisfied before appreciable surface runoff occurs, but it 
does continue to have considerable effect throughou~ the storm due to the 
relatively slow downward movement of water through the soil profile. In the 
case of very intense storms, soil-moisture deficiency becomes less important, 
since the infiltration rate is usually the limiting factor in this situation. 

Water which infiltrates the soil surface, but which is not retained as 
soil-moisture, must either move laterally and enter the stream as interflow 
or move down to the groundwater table. If the water table is deep enough, 
groundwater flow from it may not contribute to streamflow until well after 
the time under study, if ever. There is a great deal of disagreement as to 
the relative importance of interflow, and it is difficult to determine what 
percent of runoff it represents. 

Surface runoff starts very slowly, gradually increases, and late in 
a long storm its rate may be nearly the same as that of the rainfall. If 
snowmelt is involved, runoff may well exceed precipitation. As indicated 
above, its value relative to interflow is open to question. For most 
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forecasting procedures it is not too important to determine the boundaries 
between interflow and surface flow on the one hand and base flow on the other. 
In this paper, hydrographs will be divided into 2 components: base flow and 
direct runoff or surface flow. 

POSSIBLE METHODS OF CORRELATING STORM RUNOFF TO RAINFALL 

Due to the many physical processes which affect runoff, as discussed 
on page 3, and the complexities of even a small natural basin, any sort 
of a direct physical or analytic approach to the problem of forecasting 
runoff is not practical. Even if a modern computer could handle the problem, 
it would probably be physically impossible - and certainly economically 
impractical - to make the measurements required. As a result, the usual solu-. 
tion is to analyze storms covering a wide range of conditions for the drainagg_, 
area above a point for which forecasts are desired. Rainfall and runoff for 
these storms are evaluated and procedures developed to correlate them. 

The complexity of the correlation of runoff to rainfall makes the use 
of a graphical approach to the problem desirable. Each element of data 
retains its identity throughout the analysis. The analyst can develop a 
forecast procedure which is analogous to the processes which occur in nature, 
and avoid the work of deriving complex equations involving coefficients and 
exponents. 

Graphical Solutions 

Direct correlation of runoff to rainfall 

A simple plotting of storm rainfall against resultant runoff cannot be 
expected to yield a usable product, but does indicate the nature of the 
problem. (Fig. 1) . 

Addition of a third variable 

The amount of runoff resulting from a given rainfall in a given basin 
depends upon many things - such as vegetal cover, soil characteristics, 
initial moisture deficiencies, and storm characteristics such as areal dis
tribution and intensity of the storm. 

Vegetal cover and soil characteristics in a specific basin usually 
remain relatively constant year after year, so that the basic data for such 
basins reflect the effect of these parameters. An important exception might 
occur when a large forest fire removes a great portion of the vegetal cover 
from a basin. Storm characteristics are different with each storm but they 
can be reasonably well-determined with an adequate network of precipitation 
stations. 

A more serious problem is an adequate and practical means of evaluating 
moisture deficiency in the study basin as it exists at the beginning of each 
storm event. This must be done in such a way that the evaluation can be used 
objectively in the forecast procedure. It is possible to make reasonably 
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reliable eValuations of soil moisture at certain points in the basin, but 
the necessary integration over a sizeable area introduces tremendous problems 
due to the infinite number and variety of soil profiles and surface conditions 
encountered in even a small drainage area. In addition, any quantitative 
method would necessarily have to consider the depression and interception 
storage above the surface of the soil. 

A more practical solution to this problem is the use of some other 
measurable factor as an index to the initial soil moisture conditions. 

Since the direct correlation of runoff to rainfall is quite poor, 
forecasters began to look for some variable - or variables - to improve it. 
An early approach was the use of a qualitative evaluation of soil conditions 
by the forecaster as shown in Figure 2. This places a premium on the judge
ment of the forecaster and makes it difficult to evaluate past data. 

One of the first measurable variables introduced in the correlation of 
runoff to rainfall was the number of days since the last significant rain. 
This could hardly be objective since it was difficult to know how large the 
last rain had to be before assuming it to be significant. Other attempts to 
find an adequate index to soil moisture conditions, taking into account such 
factors as the season of the year, are described in the following sections. 

Use of multi-variable coaxial relation 

The relatively crude attempts mentioned above led gradually to more 
sophisticated means for correlating runoff to rainfall. One of the important 
steps was the type shown in Figure 8.. This made practical the introduction 
of additional variables which were needed to adequately handle the problem. 

The selection of parameters for use in a multi-variable graphical 
technique is most important. Rainfall is the major factor and the problem 
of its evaluation is discussed in some detail on page 9. 

Runoff is the factor required in making river forecasts and its 
evaluation is discussed on p age 9. Basin recharge is defined as that 
portion of the storm rainfall that is required to satisfy the demands of 
interception, depression storage, and soil-moisture. It is the difference 
between rainfall and runoff and is often referred to as "loss." Actually 
it is that part of the storm rainfall that replenished the moisture supply 
in the basin; hence, rechargeo 

This manual describes a method of predicting runoff from precipitation 
through the use of an index which takes into account antecedent precipita
tion, season of the year, and storm duration. 

The index to soil moisture deficiency currently used in practically 
all forecasting operations of the United States Weather Bureau is an 
antecedent precipitation index which can be expressed by the equation 

(1) 
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where bt is a constant and Pi is the basin precipitation which occurred 
i days oefore the storm under consideration. Such an equation is incon
venient for day-to-day use in river forecasting. A more stable form of 
this equation results if it is assumed that b decreases with time before 
the storm being consi~ered according to a logarithmic recession. During 
times of no precipitation: 

(2) 

Where Io is the initial value of the antecedent precipitation index (API), 
It is the reduced value t days later, and k is a recession factor, letting 
t equal unity. 

{3) 

The API for any day is equal to that of the day before multiplied by a 
factor of k. When rain occurs on any; day, the amount is added to the index 
as illustrated in Figure 6. The value of k should be a function of 
physiographic, climatic, and vegetative characteristics of the basin and 
the actual evapotranspiration. Normally, k is assumed to be a constant 
somewhere between·0.85 and 0.95, with 0.90 the most commonly used value. 
When k=0.90 is used, the computation of the API value today is simply a 
matter of subtracting 10% from the API value for yesterday and adding the 
amount of any precipitation that may have occurred during the past 24 hours. 

The antecedent precipitation index described above gives weight to 
precipitation falling over a period of about one month, with recent values 
having much effect- and earlier rains less. Its ease of calculation and 
independence of personal judgment factors make it an attractive index, and 
it is an index that is widely used w-ith rather good results. 

The recession coefficient (k) used in computing the antecedent 
precipitation index essentially represents the process of drying out the 
basin. The drying rate will vary with season and an additional factor 
to account for this and other seasonal variations is needed. This is 
done by introducing the time of the year of the storm as a variable. 
This assumes that climatic factors affecting runoff conditions will vary 
the same way every year. This is not always the case and many ways of 
adjusting this variable have been suggested. Some of these are discussed 
on page 18 .. 

This gives us rainfall, antecedent precipitation index and time of 
year to use in a correlation with runoff. The duration of the storm can 
also be added as a variable in the correlation. Evaluation of duration is 
sometimes a problem and means of computing it will be discussed on page 14. 
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COLLECTION OF BASIC DATA FOR DEVELOPMENT OF RUNOFF RELATION 

The preceding section provided a general discussion of factors to be . 
considered and possible methods of approaching the rainfall-runoff problem. 
Page 14 discusses graphical correlation procedure in more specific terms. 
Before the correlation can be accomplished, the collection of basic data 
must be considered. The initial phase of developing a forecast procedure 
for a basin involves selecting specific past storms for the study and the 
evaluation of rainfall, runoff, antecedent conditions and duration for 
each of the storms selected. If this information is not available for 
the basin requiring a forecast procedure, it may be necessary to synthe
size a procedure from those procedures used in nearby similar basins. 

Requirements for the Basin to be Studied 

. In small basins, concentration times are normally shorter and the 
problem of relating streamflow to the storm which caused it is-considerably 
simpler than for larger basins. In a large basin, direct runoff from one 
storm may still be appreciable at the time a subsequent storm occurs, mak
ing it difficult to assign runoff to the rainfall that caused it. In 
addition, a small basin should have less areal variations in rainfall, 
making estimates of basin precipitation simpler. Small basins, however, 
may reflect changes in land use which would not be so significant if a 
larger area were being studied. It is necessary to have a record of 
streamflow measurements before a basin can be studied and, in some areas, 
these records may be lacking for small tributary streams. No specific 
rules can be set down on the proper size for a basin to use in a runoff 
study, but in general basins having drainage areas of from 100 to 2,000 or 
more square miles can be used if data limitations vs. forecast requirements 
make it desirable. When sufficient data are available, it is the usual 
practice to develop rainfall-runoff procedures to forecast headwater points 
and then to use the routing techniques described on page 25 to make 
forecasts for points farther downstream. 

It is desirable to have at least ten years of streamflow and precipi
tation records for the basin to be studied and to have 50 to 100 storms 
covering a wide range of conditions available for study. This ideal is 
not always attained and it is necessary to work with whatever records are 
available. In computerized studies, the number of storms can be increased 
with little additional effort except that data must be prepared for analysis. 

Selection of Storms to be Studied 

After preliminary evaluation of available data, the next step is to 
select the individual storms to be studied. As wide a range of conditions 
as possible should be represented by the storms selected and it is 
necessary to use precipitation as well as streamflow records to select 
the storms to study. Storms with significant rainfall but little runoff 
should be considered as well as those which produce appreciable runoff 
in order to avoid a bias in the resultant procedures. 
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Storms with very uneven areal distribution of precipitation should 
be used with care since it is difficult to estimate average precipitation. 
Complex hydrographs resulting from long, sporadic rainfall should also be 
avoided since it becomes impossible to determine accurately the runoff to 
be attributed to a given rainfall. 

Evaluation of Variables Required 

Once the past storms have been selected for study, it remains to 
evaluate each of the variables selected for use in the correlation of each 
of the storms. It is important that this step be taken with as much care 
as possible, since errors in the basic data, particularly for the few-of
a-kind storms (such as very large ones),may cause considerable bias in the 
resultant relation. It is particularly important to use the same rules in 
evaluating variables in development as will be used later in applying the 
procedure to forecasting. This will tend to minimize any bias that might 
result from a specific analysis. It is also necessary to be consistent 
throughout the analysis for similar reasons. 

Average Basin Precipitation 

The first problem is to determine the average basin storm precipitation. 

A basic rule is to be careful to include only the rainfall which 
actually produced the runoff to which it is to be related. Small amounts 
of precipitation falling after the hydrograph has started to recede should 
be included only if they appear to have occurred in time to contribute to 
storm runoff. In addition, small amounts of precipitation falling before 
the main storm should be excluded and these amounts included in antecedent 
precipitation computations. Long, complex storms should be subdivided if 
possible. Average basin rainfall for a specific storm p~riod can be 
estimated in several ways. The arithmetic mean of the amounts measured 
in the basin is the simplest method. This gives good results in reason
ably flat country if rain gages are uniformly distributed and the 
individual gage catches do not vary widely from the mean. 

A more complex means of estimating mean basin precipitation is the 
Thiessen! network. Thiessen polygons are formed by perpendicular bisectors 
of lines connecting stations. This system provides for the weighting of 
the precipitation value for each gage in or near the basin. The stations 
for which rainfall reports are available are plotted on a map (see Fig. 3) 
and polygons drawn around each station. The sides of these polygons are the 
boundaries of the effective area attributed to each station. The area of 
each polygon is evaluated and then expressed as a percentage of the total 
area. For a given storm event the weighted average basin precipitation 
is determined by multiplying each station precipitation by its assigned 
percentage of area ann totalling. This system in general will produce 
more accurate results than a simple arithmetic mean, but it does have 
limitations. One disadvantage is that any change in the gage network 
requires a revision of the station weights. If a gage value is missing 

1 A. H. Thiessen: "Precipitation for Large Areas;" Monthly Weather Review; 
U. S. Weather Bureau; Vol. 39; pp. 1082-1084; July, 1911. 
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only occasionally, it is the usual practice to estimate its value for 
use in the computation. This method assumes linear variation of precipi
tation between stations and assigns each polygon of area to the nearest 
station. It makes no allowance for orographic effects. 

The isohyetal method is the most accurate means for estimating 
average precipitation when properly handled. Precipitation amounts at 
individual stations are plotted on a map of the basin (Fig. 3). The 
analyst then·draws lines of equal precipitation called isohyets. The areas 
between successive isohyets are measured and expressed as a fractional 
part of the total basin area. This fraction is then multiplied by the 
average precipitation between these isohyets, usually used as the average 
of the two isohyetal values. The total of these products is the estimated 
average basin precipitation. 

The accuracy of this method depends on the skill with which the 
isohyets are drawn. The use of linear interpolation between stations 
would result in approximately the same results as the use of the Thiessen 
network. The analyst should, however, make use of his knawledge of oro
graphic effects in the basin and storm morphology. In basins with decided 
orographic effects, average monthly or seasonal basin precipitation pat
terns can be used with judgment to assist in drawing isohyets. One 
particular advantage of the isohyetal map is that all available knowledge 
and reports can be utilized. It also gives a useful display which points 
out centers of concentration which may affect the forecast. 

Runoff 

Discharge measurement information is usually available along with 
records of river stage at a point being studied. The amount of runoff 
attributed to a given storm must be determined by the analysis of the 
hydrograph. The stage of the river is the basic measurement, but a plot
ting of discharge against time (hydrograph) is required in order to analyze 
amounts of runoff. To accomplish this requires that the station be rated 
using discharge measurements at the point being studied. This information 
provides values of flow that have been measured at various stage heights. 
It must be used to convert stage to discharge when working with recorded 
data and vice versa when making forecasts. It can be converted into a 
rating curve such as shown in Figure 4 and into a rating table such as is 
shown in Table ·3. On many streams, ratings change from time to time, due 
to such factors as shifting controls or scour of the stream bed. Care 
should be taken to use the rating that was effective at the time for the 
storm being studied. The most current rating curve or table should be 
used for forecast purposes. Ratings can be extended beyond the highest 
flood of record by using one of the methods described in hydrology text
books. Extensions beyond known data should be clearly marked as 
approximations OJ 
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Hydrograph Separation 

For facility in forecasting, runoff is usually assumed to fall into 
two classes - (1) direct runoff, and (2) base or groundwater flow. The 
division of a storm hydrograph into its groundwater and direct runoff 
components is referred to as hydrograph separation. There obviously is 
no way of distinguishing between groundwater and direct flow in a stream 
at any time and the definition of these two components is rather arbitrary. 
As a result the method of separation is not as important as consistency 
throughout development and in operational application. 

One method of hydrograph separation involves the use of a constant 
time base called "n." N is the time, in days or hours, between the crest 
of the hydrograph and the point on the falling limb of the hydrograph when 
surface runoff becomes zero and the baseflow is the only component left 
in the hydrograph. N should be determined for a particular basin by 
inspecting several of its storm hydrographs. A line similar to ABC in 
Figure 5 ·should be drawn on each of the hydrographs in such a way that a 
reasonable rise in baseflow after the crest is indicated. The line segment 
AB is a continuation of the recessing that was occurring before runoff 
started. · Line segment BC represents a reasonable rise in the baseflow. 
The line BG in Figure 5 would indicate an unrealistic rise in baseflow. 
After the separations are made on each of the several hydrographs, an 
average n value should be determined; and this value of n is then used to 
separate all hydrographs studied in the development of rainfall-runoff 
relations and unit hydrographs for that basin. Chapter 7 in "Hydrology 
for Engineers" by Linsley, Kohler, and Paulhus describes more refined 
methods of hydrograph separation. 

The area bounded by the storm hydrograph and the line of separation 
(ABC in Fig. 5), is considered to be the direct runoff for the storm. 
Since the vertical scale of a hydrograph is in cubic feet per time and 
the horizontal scale is time, this area represents a volume of water. 
On such a graph, it is convenient to use a unit of volume called "day
second-foot" (dsf). One dsf is the volume of water involved in a flow 
of one cubic foot per second (cfs) throughout 24 hours or a volume of 
86,400 cubic feet. A unit area on the hydrograph will represent a certain 
volume in thousand dsf. The total area of direct runoff for a storm is 
multiplied by the volume per unit area to provide the volume of the storm 
runoff in thousands of dsf. 

In order to convert this volume into a depth of runoff from the 
basin, it is necessary to know the area of the basin in square miles. 
One inch of runoff from one square mile produces a volume of 26.9 dsf. 
Therefore: 

Storm Runoff (inches) = Storm Runoff (dsf) 
_26.9 x drainage area (mi2) 

;; 
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The direct runoff converted to inches of depth over the basin is 
then used in developing the rainfall-runoff relation and in developi~g ~. 
unitgraph, which will be explained later. 

At times it may be important to use total runoff, direct and ground
water, in the forecasting procedure. To evaluate total storm runoff, it 
is necessary to compute the volume of flow for a period beginning and 
ending with identical discharges, provided initial flow is all groundwater. 
The total flow from time E to time F in Figure 5 would represent total 
runoff. 

Antecedent Precipitation Index (API) 

As was indicated on p a g e 6~ a convenient means of approximating 
soil ·moisture is the use of an antecedent precipitation index such as the 
equaaion 

(4) 

where It is today's index, Io is yesterday's index, and k is a constant 
which varies with the basin characteristics. Rain which occurs during 
the intervening 24 hours P is added to the current index. The calculation 
for a 10-day period is shown in Figure 6. 

The value of k must be determined by trial and error. Since this 
involves considerable work, it is customary to assume k=0.90 as a first 
approximation. No second approximation is usually undertaken unless there 
is a clear indication that this results in giving antecedent precipitation 
improper weighting. The use of a k of 0.90 is obviously convenient since 
the equation can then be expressed as: 

I 1 = I 0 - (0.1) I 0 + P 

and this is an extremely easy computation. 

(5) 

The value of the API is normally computed for the entire period of 
record that is to be analyzed. It is necessary, however, to start the 
index somewhere, and theoretically the value for any day depends on the 
precipitation for an indefinite period beforehand. Satisfactory results 
can be obtained by assuming an initial API value of 1.00 inches about two 
months before the first storm to be considered. 

There remains the problem of whether this computation should be made 
for individual stations or for the average precipitation over a basin. 
This can be done either way, but it is very,often done by individual sta
tions in areas where the areal distribution of precipitation is quite 
variable. The problem of determining the mean value of the antecedent 
precipitation index can then be handlei by the same procedure as was dis
eussed ·for· determining mean basin precipitation. This is not usually 
a critical computation and it is the usual practice to use a simple 
weighting procedure or to plot individual values on a map and make estimates 
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by inspection of the values for desired areas. 

Since this is a process of accumulation, it is necessary to compute 
this index only at stations with reasonably complete records. Missing 
precipitation data should always be estimated before carrying the com
putation forward. 

Storm Duration 

Storm duration can be defined for short, uniform storms, but becomes 
quite complicated for long, drawn-out storms. One approach, when six
hourly precipitation amounts are available currently, is to take the sum 
of all six-hourly periods with .20 inch or more precipitation plus half 
the sum of intervening periods with less than .20 inches. This approach 
assumes that when .20 inch or more occurs in six hours, the effective 
duration is six hours; when less than .20 inch occurs, the effective 
duration is 3 hours. An example of this computation is shown in Table 1. 

Season of Year 

A convenient means of defining season is the use of the week of the 
year in which the storm begins. This is facilitated by the use of Table 2. 
A storm beginning on May 9 would be in the 19th week of the year. 

COAX~ GRAPHICA):, CORRElATION 1\NALYS IS 
2 

In the previous discussion, reasons were advanced for the selection 
of five variables to be included in the correlation - storm runoff, antece
dent precipitation index, season or week of year, storm duration, and storm 
rainfall. Several numerical methods of correlation analysis have been 
programmed for solution on computers. The speed with which computations 
can be done makes practical the investigation of more parameters and many 
combinations of parameters. Thus, the best possible analysis of the 
available data can be determined and new conceptual approaches can be tried 
rapidly. It is advisable, however, for the student to start with graphical 
analysis in order to gain more complete understanding of each step in the 
problem. Too much of the interrelation between parameters is masked by 
the computer so that real understanding is difficult. Figure 7 shows the 
graphical correla~with storm runoff with week number as the intermediate 
variable. In chart B, computed values of storm runoff from chart A are 
correlated with storm duration to obtain a new computed value of storm 
runoff. This new value is further modified, in chart C, by correlation with 
storm precipitation to get the best computation of storm runoff that can 
be forecast with the five variables. Finally, in chart D, the computed 
values are plotted versus the observed values to show the reliability of 
the procedure. If use of the five variables could make perfect forecasts, 
-~-~~--~~~rms woul~ ~lot on the 45 ° line in chart D. The quadrant a.~!"_C!!\g_~e.!!!: __ -~ 

~. K. Linsley, H. A. Kohler and J. L. Paulhus, "Hydrology for Engineers" 
or "Applied Hydrology", McGraw-Hill, 1958 and 1949, respectively. 
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used in Figure 7 is preferred because it avoids the possibility of fore
casting either negative runoff or runoff in excess of rainfall. Also, in 
actual forecast use, chart A is needed only once at the beginning of each 
sto~. 

Derivation of Initial Curves 

17 is helpful to tabulate all the storm data before starting the 
analys1.s. The computed API for the day prior to each storm is used. week 
number and duration values are found in the manner explained on page 14. 

Graphical correlation can be started as soon as the tabulation is 
completed. Scales, such as are used in Figure 7, should be entered on a 
blank sheet of graph paper for each of the four quadrants A, B, C, and D. 
As a first approximation, chart B can be drawn with parallel 45° lines 
spaced about .25 inches apart per 24 hours of duration. Since the general 
shape of chart C is consistent from basin to basin, duplicate the lines 
in Figure 7-c to get an approximate relation which can be modified later. 
Proceed with developing the rainfall-runoff relation in the following 
manner: 

·1. For each storm, find the point in chart C which is defined by 
the storm's rainfall and runoff. 

2. Trace this runoff value back through chart B to chart A. Plot 
a point on chart A corresponding to ·that runoff value and the API value 
for the pertinent storm. Label the point with week number. 

3. Repeat steps 1 and 2 for each storm. 
4. Draw lines that best fit the plotted data in chart A. 

Refinement by Successive Approximation 

Chart C can now be refined by using the newly drawn lines on chart A 
while performing the following steps: 

1. Enter A with API and week number. 
2. Proceed through B with duration. 
3. Forecast the runoff and plot a·new point in chart C with rainfall 

label. 
4. Repeat l thru 3 for all storms. 
5. Adjust the lines in chart C to fit the newly plotted data. 

Chart B spacing can be refined at any time by entering the chart 
sequence from both ends, plotting new points and drawing new lines. 

Chart A can now be refined by using the revised chart C to repeat 
the steps first used in preparing chart A. 

This whole cut-and -try procedure can be reiterated as often as 
is required to define an accurate relationship. Chart D should be 
completed after each refinement so that the improvement can be evaluated. 
If a point is persistently anomalous on chart D, the original computation 
of all five variables for the storm should be checked for errors. 
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Examination of Figure 7 will show that the errors of the points 
with little runoff are considerably magnified when routed back through 
the chart sequence as described for the development of the second
approximation curvese Therefore, if this approach is used, it will be 
found that the curves can be ·more readily determined if low-runoff points 
are omitted in the original plotting. 

Problems in Application 

The runoff relation described above is derived on the basis of 
data for entire storms. In operational forecasting it is necessary to 
estimate runoff increments throughout the storm for application of the 
unit hydrograph or any other approach to the distribution of runoff. 
Mechanically this is accomplished by computing runoff for the accumulated 
rainfall for time increments required by the unit hydrograph, and obtain
ing runoff increments by the subtraction of successive total values. 
Since the relation was developed on data from entire storms, there is 
some question as to the validity of its use for forecasts of incremental 
runoff. With sufficient data, however, there should be storms whose 
totals approximate the subtotals from large~ storms, and the relation 
works reasonably well for determining time distribution as well as total 
volume of runoff.-

Earlier, it was suggested that storms with uneven areal distribution 
of rainfall should not be used in developing the forecasting procedure. 
It can be demonstrated that a storm with uniform areal distribution of 
rainfall will produce less runoff than a storm having the same average 
precipitation but with extremely uneven distribution. One solution is 
to compute runoff -for each precipitation station rather than using th.e 
basin average. Runoff can then be averaged for the basin using the 
same procedure as described for rainfall. The same solution is also 
suggested when antecedent conditions vary widely throughout the basin. 

It would be desirable to have a runoff relation in which it made 
no difference whether runoff was computed for an entire storm.or the 
storm was broken into several increments and the runoff computed inde
pendently for each increment. The runoff procedure described here will 
not do this, primarily because it includes an initial loss which cannot 
be entirely compensated for by revision of the antecedent precipitation 
index. As a result there are times during a long, drawn-out storm when 
the problem arises as to whether the storm should be broken after a 
short break in the rainfall and a new runoff computation started using 
new antecedent conditions. Whenever there is a significant break in 
rainfall, handling the storm as one continuous event will result in a 
forecast of too much runoff. If the break is of less than two days' 
duration, treating it as two storms will probably produce forecasts of 
too little runoff. One solution is to compute runoff,treating it as 
one storm and then as two separate storms. The results are then weighted 
according to the length of the break in rainfall, assuming that a two
day break will give full effect to treating the event as two storms. In 
general, it is common practice to break the storm whenever a 24-hour 
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break in rainfall occurs in order to keep the computations from becoming 
too unwieldy. 

When no records are available, about the only way to obtain a 
relation is to apply a procedure developed for an area assumed to have 
similar hydrologic characteristics. If a limited amount of data is 
available, it is also necessary to start with the procedure for a similar 
area, making only minor adjustments if they are required. Actually this 
procedure is usually followed even where adequate data are available 
since it is much simpler to modify an existing procedure that is reasonably 
appropriate than to develop an entirely new relation. When using a coaxial 
correlation, it may be practical to use the same rainfall quadrant (chart C 
in Fig. 7) for several basins, letting the season curves account for the 
differences in hydrologic characteristics from one area to the other. 

Possibilities for Refinement of the Coaxial Graphical Correlation 

The coaxial graphical correlation of rainfall to runoff,using 
antecedent precipitation index, season and duration as variables has proven 
to bea~ery practical and reasonably accurate means of estimating runoff. 
It has certain deficiences, however, which should be recognized. Some of 
these deficiences will be discussed and possible improvements suggested. 

Use of Recharge in Place of Rainfall 

The use of rainfall in computing an index to soil-moisture conditions, 
such as the antecedent precipitation index, has a recognizable flaw. That 
portion of the rainfall that runs off,leaves the basin rather quickly and 
has nothing to do with the moisture conditions of the basin. It is 
actually the recharge, percipitation less runoff, that effects the basin 
and it should be used to evaluate soil-moisture conditions. This involves 
a great deal of additional work in the use of the procedure, since the 
evaluation of total runoff cannot be made with absolute accuracy until 
most of the storm hydrograph is available. As a result, recharge is 
rarely used in place of precipitation for evaluating soil-moisture 
conditions. 

Variation of Recession Coefficient 

It is obvious that the rate of drying in a basin varies from one 
season to another. The use of a constant value of k in computing the 
antecedent precipitation index is, therefore,not entirely realistic. It 
might be better to vary this coefficient with··season, making the value 
of k smaller in hot weather than in cold to reflect the faster drying 
conditions. This would be of particular importance if recharge were 
used in place of precipitation in computing the index. This adds addi
tional complications in the development of the procedure and is not 
generally considered practical. 
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Use of Dual Recession Coefficients 

Another possible solution would be the use of two values of k in 
separate API calculations. One value of k is made rather low, say 
k=0.75 to 0.85, to represent rather short-range antecedent conditions. 
The second value of k is made quite high, k=0.93 to 0.99, and reflects 
long-term variations in antecedent conditions. The use of the two-value 
API helps to correct deficiency of the relation for dry conditions. 

ALTERNATE METHODS FOR ESTIMATING RUNOFF 

The graphical correlation described on page 14 has proven an 
extremely useful and reliable forecast tool. There are, however, several 
other approaches with particular advantages for certain situations. A 
few of the more well-known methods are discussed here. 

Use of Index Basins 

Another system of predicting runoff is to take advantage of the 
short time of concentration in a small basin. The runoff from the small 
index basin is evaluated as soon as enough of the hydrograph is available. 
The data thus obtained can then be used to aid in forecasting for larger 
areas nearby which are slower in reaching their peaks. Often the crest 
stage of the index basin is correlated directly to basin runoff, thus 
enabling an estimate to be made as soon as the crest is observed at the 
index station. Since, in even a small basin, there is some lag between 
the end of heavy rain and the crest stage, this wastes valuable time that 
can be saved by estimating runoff directly from rainfall. In addition, 
there is also the problem of extrapolation of results in the index basin 
to fit the conditions in the area for which forecasts ara desired. 
Adjustments can be made for differences in antecedent conditions, as well 
as storm precipitation, but they are usually of a subjective nature. 

This procedure is to be recommended, however, in conjunction with 
conventional rainfall-runoff relations. Forecasts of runoff for the index 
basin can be compared to observed runoff and this information used to 
modify the runoff estimates for surrounding areas when necessary. 

Initial Base· Flow as an Index to Rainfall-Runoff 

In humid areas where streams do not often go dry, groundwater 
discharge at the beginning of a storm is often used as an index to initial 
basin conditions. An example of such a relation is shown in Figure 9 •. 
This discharge reflects conditions throughout the entire area. Recent 
rains, particularly several small ones, can alter basin moisture deficien
cies without appreciably affecting streamflow. This could be handled by 
adding a variable of weighted precipitation for the past several days. 

In some areas it is found necessary to vary this relationship with 
season. A common method is to develop a relation for summer and another 
for winter. This leads to the inevitable problem of storm events that 
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occur between seasons. The usual solution is to make an estimate of 
runoff using each curve and then interpolate between these results. 

The use of initial groundwater discharge as an index to runoff 
conditions is usually limited to small basins with rapid times of con
centration. In larger areas during a rainy season one rise on the 
hydrograph tends to build on the last, making any satisfactory determina
tion of initial groundwater discharge quite difficult. The usual approach 
is to determine initial groundwater discharge values for small index 
basins and apply them to other nearby areas having similar hydrologic 
characteristics. 

Infiltration Approach 

Many hydrologists consider the application of the infiltration 
theory to be the rational approach to the problem of estimating storm 
runoff. It is a rather direct approach and for studies of small, homogenous 
areas·the method can often be used to advantage. 

The infiltration capacity, fp, was defined by Horton3 as the maximum 
rate at which a given soil in a given condition can absorb rain as it 
falls. The value of fp, starting at a maximum of.f0 , is found to decrease 
rapidly at first and then approach some minimum fc. The value of fc 
would depend upon the permeability of the subsoil. Horton suggested that 
the relation of fp to the duration of rainfall tr can be expressed by 
the equation: 

f = f + (f - f )e-Ktr 
p c 0 c 

(6) 

where K is a positive constant and e is the Naperian base. While this 
equation was developed empirically, it can be derived by assuming the 
processes that reduce f~ from f 0 to fc are exhaustive. Some of the 
physical processes caus1ng the reduction are increasing channel length 
and decreasing permeability with depth, packing of the surface by rain
fall, clogging soil pores by fine particles washing into them by the 
rain, swelling of colloids in the soil and breaking down the crumb colloids 
in the soil and a breaking down of the crumb structure of the soil. It 
is assumed that the infiltration capacity is equal to the observed infiltra
tion rate f. only when rainfall intensity i equals or exceeds f • 

1 p 

The application of the infiltration approach to estimating runoff 
is quite direct. The surface runoff is that portion of the rainfall from 
a specific storm which is not disposed of by interception, depression 
storage, evapotranspiration during the storm, and infiltration. If all 
of these losses but infiltration are either very small or can be reasonably 
evaluated,the problem then becomes one of evaluating infiltration. 
Assuming Horton's equation is valid, that the values of f 0 , fc, K, and tr 
------.....~- ~- -------------------~----- · ____ --- -------- --------------- --- -- - --- ---- - . . ____________ ....... ____ _ 

3 
R.E. Borton and R. van Vliet, "Determination of Areal Average 
Infiltration capacity from Rainfall and Runoff Data", U.S Department of 
Agriculture, Soil Conservation Service. 1940 (mimeo) 
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are known~ and that rainfall intensity is always greater than infiltration 
capacity f - the solution is shown in Figure 10. 

p 

This approach is often app~ied in small homogenous areas for use in 
the design of hydraulic structures. Soil profile characteristics over 
even a small basin are so variable that use of a single infiltration curve 
is difficult. Areal variations in storm rainfali over a basin make 
analysis a time consuming and, at times, almost impossible job unless an 
extremely dense network of recording rain gages is available. In addition 
there is the complicating fact that this handles only the surface runoff 
portion of the storm runoff. Since interflow is generally regarded to 
be a significant percentage of direct runoff, it must also be estimated 
and added in preparing river forecasts. These difficulties in the appli
cation of the infiltration theory have resultedin the development of 
various less rigorous applications of the theory. 

Use of indices in solution - The f-index4 has been defined as the 
rate of rainfall above which the rainfall volume equals runoff volume. 
The area below the ··value in Figure 11 represents basin recharge and is 
a combination of infiltration, interception, ~d depression storage. 

A slightly more complicated version is the use of the W-index which 
is the average infiltration rate during the period in which rainfall rate 
is greater than the capacity rate and can be e.xpressed as 

W=F/t=(P-Q-S)/t (7) 

where F is total infiltration, t is the time during which the rainfall 
rate exceeds the infiltration rate, P is the precipitation during time 
t, Q is surface runoff and S is surface retention.. The W-index is about 
the same as the ~index less the average surface retention. 

In a specific past storm it is quite easy to derive the value of 
either the ~ or the W-index from rainfall data and discharge records. 
The application of either·of these. indices to forecasting runoff. requires 
that the index itself be forecast. Since these indices vary in a manner 
comparable to runoff,there is very little advantage to this approach in 
operation forecasting. In addition, the use of a constant rate tends to 
overestimate runoff early in the storm and underestimate it late in the 
storm. It should be noted, however, that this approach is of considerable 
value for design studies for situations where a minimum infiltration rate 
may be assumed. 

Possibilities of Soil-Moisture Accounting 

Soil-moisture deficiency is probably the most important factor 
involved in the relationship between rainfall and runoff. A practical 
means of estimating initial soil-moisture deficiencies for an area would 

4 H. L. Cook, "The Infiltration Approach to the Calculation of Surface 
Runoff," Trans •. Am. Geophys. Union, Vol. 27, pp. 726-747, October, 1946. 
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provide a very useful variable for inclusion in a procedure for corre
lating storm rainfall to resultant runoff. Instruments for measuring 
soil-moisture for a specific soil profile have become reasonably practical, 
but the wide variety of soil profiles and moisture conditions existing in 
even a small basin make point measurements of soil-moisture of questionable 
value for use in a rainfall-runoff relation. 

A more promis i ng approach is the use of some sort of areal accounting 
technique which results in soil-moisture values more appropriate to the 
entire area. In such an approach precipitation is the inflow, and total 
runoff leaving the area by way of the. stream channels plus evapotranspira
tion into the atmosphere from soil and plant surfaces throughout the area 
make up the outflow. 

The means of estimating the mean precipitation over the area is the 
usual problem of deriving spatial averages frOm point values. Runoff 
from the area can be deter~ined from streamflow records. Here, the prob
lem becomes one of matching flow to the particular storm which caused it 
and is discussed on page 9. The difference between rainfall and runoff 
is the water that remains in the area and is often referred to as 
recharge (R). 

The third element, evapotranspiration, is the most difficult to 
evaluate. Most soil-moisture accounting techniques are based on the 
premise that actual evapotranspiration is either equivalent to the poten
tial evapotranspiration rate (E) or bears a simple relation to potential 
evapotranspiration and soil-moisture deficiency. 

A simple form of soil-moisture accounting is one in which the soil
profile is considered to have one capacity (S) over the entire area. Soil
moisture deficiency (d) is then determined by the equation: 

dt+l = dt - R + E 

where dt is the soil-moisture deficiency at time t and dt+l the value 
one time period later. R is the recharge and E the evapotranspiration 
which occurs between time t and t+l. The deficiency is allowed to vary 
between the limits of zero and s. It is possible to simpli~y this form 
of soil-moisture accounting by assuming the threshold approach. This 
assumes that all precipitation (P) is recharge (R) until the soil-moisture 
deficiency (S) is satisfied. After saturation is reached all the remain
ing precipitation is assumed to be runoff (Qs)• This eliminates the need 
for observed runoff values and permits soil-moisture computations to be 
made for any des'ired point or area. 

A single value for soil-moisture capacity is not realistic, since 
even in small areas, there are differences in soil profiles and root 
structures which result in widely varying soil-moisture capacities. One 
solution is to assume the basin is made up of a range of soil-moisture 
capacities from sl to Sn• The threshold co.ncept is applied to each of 
these assumed soi -moisture capacities in turn and for every rainfall 
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event a runoff value is computed (Ql to Qn). Observed runoff for each 
storm event (Q) is then correlated to the computed runoff values using 
the equation: 

where a and b1 to bn are constants that can be determined using multiple 
correlation techniques. In the term aP in this equation P represents 
precipitation and aP is included to allow for areas characteristically 
having total runoff. Water falling on river or lake surfaces or on 
impervious areas adjacent to a stream channel would fall in this category. 

This approach can be modified in many ways. One possibility is to 
make the smallest capacity (S1) variable with season. Another would be 
to vary the constants a and b1 to bn with season. 

In this form, soil-moisture accounting makes no allowance for 
rainfall intensity. A proposed solution is the establishment of maximum 
hourly rates, assuming that any rainfall above this maximum rate would 
run off directly and would not be treated as part of the storm rainfall. 
Determination of this max~ hourly rate would be undertaken after rain
fall-runoff relations were developed in order to explain forecast 
deviations for storms having high hourly rates. 

DEVELOPMENT OF UNIT HYDROGRAPHS 

After a satisfactory method of estimating runoff has been determined, 
it is necessary to know how the volume of water will be distributed in 
the hydrograph that will result at the forecast point. Runoff from the 
area near the forecast point will arrive soon after it occurs, while 
runoff from progressively more distant areas will have progressively 
longer travel time. Runoff from the uppermost portions of the drainage 
basin will arrive after the flood crest has passed. The crest itself 
will be caused by runoff from an area near the center of the basin that 
consists of many points with nearly simultaneous travel times. It can 
readily be seen that runoff from a long, narrow basin will produce a 
different hydrograph than the same amount of runoff would produce from a 
fan-shaped basin. Other factors such as the slope of the terrain will 
affect the time of concentration. 

A common method of predicting the streamflow hydrograph after the 
runoff has been computed is through the use of the unit hydrograph. It 
is necessary to develop a unit hydrograph that will be tailored to fit 
uniquely each basin for which a forecast procedure is required. The 
following discussion will describe one of the methods of unit hydrograph 
development that can be accomplished manually. 

The unit hydrograph is defined as the hydrograph of one inch of 
direct runoff from a storm of specified duration. For a storm of the 
same duration but with a different amount of runoff, the hydrograph of 
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direct ruhoff can be expected to have the same time base as the unitgraph. 
The ratio of the ordinates of flow for this hydrograph to the unit 
hydrograph ordinates will be equal to the runoff amount 
of the hydrograph in inches. The duration assigned to a storm used to 
develop a unit hydrograph should be the duration of runoff producing rain
fall. The runoff duration can be determined by inspection of the hydrograph, 
and of the mass curve, which will be, explained later. 

Storm Selection 

Storms selected for the development of a unit hydrograph should 
preferably c.ontain at least .75 inch of runoff. The first step is to plot 
a discharge hydrograph for each storm using the stage hydrograph and con
verting stage readings to discharge in cubic feet per second (cfs) with 
the use of the rating curve. The Base Flow Separation line is then drawn 
so that the direct runoff can be computed as is explained on page 9. The 
ordinates used to determine the surface flow at specified periods should 
be spaced closely enough together so that their total value will be very 
close to the actual volume of the hydrograph used to represent the sur
face flow. The ordinate values in the unitgraph development illustration 
of Table 4 were taken 12 hours apart from Figure 12. Rises on small 
streams caused by short periods or runoff will be much sharper and have a 
considerably shorter time base. In that case, the ordinate spacing would 
also have to be shorter. Base flow in Table 4 was subtracted from the 
total flow in order to obtain the ordinates of direct runoff. The con
version of volume to inches of runoff necessarily took into account the 
fact that the ordinates were spaced 12 hours apart so that sum of ordinates 
must be divided by 2 to obtain dsf. 

In addition to the volume requirements of storms selected, they should 
also be simple storms of reasonably uniform intensity and with the period 
of runoff near the desired unit duration time. A minor rise on the 
recession can be separated from the main storm, as is done in Figure 12. 
This should not be done if such a rise is caused by late inflow from a 
tributary, rather than from a short period of rainfall that occurred 
considerably after the period of precipitation being used in computations. 

Mass Curves 

The mass· curve should be plotted on the same sheet that is used for 
the storm hydrograph being studied. The method of plotting the mass curve 
in Figure 12 is optional and was used in this case to separate the mass 
curve and hydrograph to avoid confusion. If ~ata are available from a 
recording rain gage, the amounts taken at 2-hour intervals should be 
accumulated and plotted on the depth versus time scale. If only longer 
time interval readings are available, they will have to be accumulated 
and adjusted to fit all information that is known with regard to begin
nings, endings or changes in rate of rainfall. Observer's notes are good 
sources for this type of information. If mass curves for several reporting 
stations are plotted on one chart, an average curve for the basin should be 
drawn. 
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The duration of a storm is measured from the time the hydrograph 
begins to rise above base flow until storm rainfall ends (See Fig. 12). 

Development 

At this stage all the basic data has been reduced to a form that is 
convenient for the final development of the unit hydrograph. River stage 
readings have been converted to discharge and plotted on graph paper (See 
Fig.. 12). The base flow separation has been made and the duration time 
has been determined from the mass curve. The total volume of. direct run
off has been found by measuring the area between the base flow separation 
line and the hydrograph and this volume has been converted to inches. of 
runoff from the basin. 

Now the ordinate values of the direct runoff in cfs should each be 
divided by the total direct runoff in inches. Computations based on 
Figure 12 are shown in Table 4. 

The results are the ordinates of the desired unitgraph. The duration 
time is 12 hours and the unit amount is one inch as required by the 
definition ·of a unitgraph.. A unit hydrograph derived from a single storm 
may be in error, so it is desirable to average the unit hydrographs derived 
from several storms of the same duration. However, this averaging process 
should be done graphically since an arithmetic average of concurrent co
ordinates will yield an average peak lower than many of the individual 
peaks. All of the derived unit hydrographs should be plotted on one sheet 
of paper. Then an average peak should be visually selected with due 
consideration to both the height of the peak and the timing of it. The 
average unit hydrograph is then sketched to conform to the general shape 
of the other graphs passing through the point selected for the average 
peak. It should be adjusted so that its ordinates represent a volume equal 
to 1 inch of runoff. 

Unitgraph Conversion 

It is sometimes desirable to change the duration time of the unit 
hydrograph. For example, one may have developed the unit hydrograph from 
an ideal storm, during which the runoff lasted only 12 hours. If ·a 24-hour 
hydrograph is desired, one would add together the unitgraphs for two 12-
hour periods after lagging the second one by 12 hours. To illustrate we 
will convert the 12-hour unit hydrograph developed in Table 4 to a 24-hour 
unit hydrograph in the following manner: 
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.2 1.1 

1.3. 4.7 

7.2 
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The resulting sums are the ordinates of a hydrograph for 2 inches of 
runoff occurring over a 24-hour time period. In order to convert this into 
a unit hydrograph with a duration time of 24 hours, divide each of the 
ordinates by 2 so that a volume equal to one inch of runoff is restored. 

The S curve shown in Figure 9-7 of "Hydrology for Engineers" by 
Linsley, Kohler, and Paulhus is used to convert unit hydrographs to shorter 
durations when this is desirable. 

STREAMFLOW ROUTING 

It is necessary to forecast points on streams which are downstream 
from the headwater forecast points or from reservoirs. In some cases 
lead time is short and forecasts must be made from forecasts of upstream 
flow at a headwater point. At points f~ther downstream, it is usually 
necessary to issue a preliminary crest forecast from upstream forecasts, 
but the final forecast is usually based on observed upstream crests. 

A flood wave changes shape as it moves downstream. The rising side 
of the wave is steeper than the recession side, and hence moves faster. 
This effect plus channel storage and other factors causes the wave to 
flatten out as it proceeds downstream. The degree of flattening and the 
shape of the hydrograph are determined by relatively stable channel 
characteristics. Thus the relationship of hydrograph shape at some point 
to hydrograph shape downstream from this point can be determined by 
analysis of past floods. Forecasting the changing shape of the wave is 
known as flood or stream flow routing. 

Crest Stage Relations 

A method of determining whether stage relations will provide good 
forecasts is to plot on graph paper upstream versus downstream crest 
stage data from numerous storms of record. If the points fall on or very 
near a smooth curve, it is very likely that this crest relation is a 
reliable forecast tool (See Fig. 13). Simultaneous stages during periods 
of low steady flow can be used for the lower end of the curve. For higher 
storm flows only the crests at each point should be used. The travel time 
of the crest from the upper gage to the lower should be entered for each 
point on the graph so that one can see if this time varies with stage 
height. If the first plotting shows an unacceptable scatter of points, 
it may be possible to introduce another parameter (such as the crest on a 
large representative tributary) into a more complex stage relation. It 
is necessary to be alert for changes such as channel improvement or new 
reservoirs which may have changed the relation. As the complexity increases 
there is more incentive to use a routing technique. 

Crest stage relations are used almost entirely to obtain forecasts 
at points intermediate to key forecast points and provide a crest and time 
of crest. Forecasts of the entire hydrograph are usually made at key 
forecast points with the use of streamflow routing , which is described 
next. 
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Routing 

Routing techniques are described in the literature. A graphical 
method that is adequate in most forecast situations is described here in 
order to convey some basic knowledge of the problem. This method deals 
with the time lag that inflow at the upstream point(s) experiences before 
it becomes outflow at the downstream point. It also deals with the storage 
(K) that occurs within the reach between forecast points. Thus, this 
graphical method makes use of two factors called K and Lag. 

K is a storage coefficient which, when it is multiplied times the 
change in outflow (dO) with the change in time (dt) gives the change in 
storage (dS) with change in time (dt). The formula reads: 

K:dO = dS 
dt dt 

dS · 1 . fl . fl I 0 dt ~s e~ua to 1.n ow m1.nus out ow or - • 
rewr1.tten as: 

Hence, the formula can be 

dO 
K:dt = I-0 or 

L is the lag time. It is found as follows: 
1. Plot the inflow and outflow hydrographs in Figure 14a. 
2. Note the time difference in hours between A and B which is L. 

The lag is used in this type of stream flow routing because the peak 
of the outflow hydrograph must fall on the receding limb of the inflow 
hydrograph as shown in Figure 14b. 

To find K, ;lag the inflow hydrograph L hours as is shown in Figure 14b. 
The following steps, illustrated in Figure 14c, define K as a function of 
outflow at points along the outflow curve: 

1. Select point A on the rising side of the inflow hydrograph. 
2. Draw a vertical line downward through point A to a point, B, 

on the outflow hydrograph 
3. Draw a horizontal line through point A to the right. 
4. From point B, draw a line tangent to the outflow hydrograph, 

upward until it hits the horizontal line at a point, c. 
5. The time in hours from A to C is the value of K for the 

value of outflow at point B. 
6. A similar construction can be performed for several points on 

rising and falling limbs. 

After computing K for several points along the outflow hydrograph, 
one can construct a curve to show how K varies with outflow as has been 
done in Figure 14d. In order to find values for the L curve in Figure 14d1 

one must look at several historic floods of different magnitudes. Along 
some reaches L may be constant for all inflows: K and L curves should be 
convenient to or plotted on hydrographs that will be used as forecast 
work sheets. 
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After K and L have been established for a reach, inflow values and 
the initial outflow value are the only information that is needed to 
forecast the outflow hydrograph. It may be necessary to combine inflows 
from several tributaries or reservoirs into one common inflow before 
proceeding. The following example of routing is shown in Figure 15a: 

1. The inflow should be lagged L hours and plotted on hydrograph 
paper. (Forecast inflow can also be lagged and plotted if 
needed for timely forecasts, but it should be clearly marked 
as such and revis.ed as observed values become available.) 

2. A point is plotted K hours from Iz with the same flow value.* 
3. A straight edge from this point to 01 gives the slope at Oz. 
4. A ·short segment of the outflow hydrograph should be drawn at 

time Oz. 
5. This procedure is repeated as often as necessary to adequately 

describe the outflow hydrograph. 
6. The lagged inflow and graphically derived outflow for an 

entire storm is shown in Figure 15b. 

OPERATIONAL PROBLEMS IN RIVER FORECASTING 

Collection of Basic Data 

Successful operation of a river forecasting service can be made 
possible only by the availability of adequate basic data. This includes 
the historical data required for the development of forecast procedures 
and a basic network of current reporting stations to support forecasting 
operations. The need for historical data in the development of rainfall
runoff relations was covered on page 9 and this discussion will be con
fined to operational requirements. 

Network Design 

Preparation of timely and accurate river forecasts requires timely 
and accurate information about hydrologic conditions in the drainage areas 
involved. This includes enough rainfall reports to adequately define the 
areal precipitation pattern and enough hourly or six-hourly information 
to make a reasonable time distribution of the rainfall. The density of 
rainfall reports required to evaluate the areal pattern will vary with the 
type of precipitation which produces floods. Areas subject to thunder
storm type precipitation require a greater density than those with 
relatively uniform precipitation patterns. A distance of ZO-Z5 miles 
between rain gages is usually satisfactory for all but thunderstorms. 
For thunderstorms it is almost impossible to maintain a network dense 
enough to adequately define the areal precipitation pattern. Radar offers 
a means for dealing with high intensity storms covering a small area. 
Radar information can be used with observed rainfall information to con
struct isohyetal patterns of great value in estimating mean basin precipi
tation.. 

*If K is variable, it is necessary to cut and try. The segment plotted 
should be at aa outflow corresponding to K value used. 
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In areas where there are no observers or reliable communications 
facilities, it may be necessary to use automatic equipment to obtain 
reports. Gages are now available that automatically measure precipita
tion or river stage and transmit it by radio to the collection point. 
This equipment can b~ programmed to report at regular time intervals, 
using built-in timing devices. Another solution is to construct the 
equipment to report whenever an activating signal is sent from the col
lection point, but this requires both a sending and receiving radio set 
at each gage. 

The river gage network required is dictated primarily by the area 
for which forecasts are needed and where records are available for use 
in the development of procedures. Streamflow records are often lacking 
for same locations that require river forecasts. When this is the case 
it may be necessary to prepare the basic forecast for a nearby rated 
station and use an auxiliary relation to forecast for the location in 
question. 

Reporting Procedures 

Hydrologic data is of no use in forecasting unless it is collected 
regularly and reaches the forecaster promptly. 

(1) Rainfall reports - It is the usual practice to have a few 
rainfall observers report. daily. These reports form a basic network which 
is supplemented by additional data during rainy periods. These added 
reports are obtained whenever some predetermined criterion occurs. This 
criterion may be a fixed amount of rain in a given time interval and may 
vary with the season of the year. 

Once the reporting criterion has been reached, the observer reports 
at regular intervals until the storm is over~ It is desirable to have 
the observer report one period of no rain at the end of the storm before 
terminating his report to verify that the storm has ended. 

The interval at which the observer reports rainfall is a function 
of the time of concentration of the area involved and how critical the 
flood problem is. In most cases, reports are required at six hour 
intervals - morning, noon, and evening. It is usually not practical to 
attempt to collect reports during the night unless flood emergency is 
particularly critical. In some downstream areas, twelve-hour reports 
are adequate and in some cases reports can be collected once a day. An 
area subject to flash flooding will probably require a specially designed 
network with some means of getting data more often, sometimes as frequently 
as once an hour. 

(2) River reports - River observers are instructed to report on the 
same basis as rainfall observers. A few key stations should report every 
day. The remainder of the network is usually set up to start reporting 
whenever the stage reaches a specified value and to continue to report 
at a predetermined interval until the stage goes below the specified 
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.value. Here, too, it is desirable to have the observer make one report 
after the stage falls below the specified criterion value. 

The reporting interval is determined in the same way as was described 
for rainfall observers. 

Observed discharge data from dams along the river are usually 
furnished by the agency operating the structure along with anticipated 
changes in discharge. Close coordination is required because a decision 
on how to operate the dam depends upon forecasts of inflow into the 
reservoir. 

In the case of both rainfall and river observers, it is the usual 
practice to require them to make daily readings even though they are 
below reporting criteria and to mail these daea to the river forecast 
office. This will enable them to keep tract of current river and ante
cedent precipitation conditions. 

(3) Other hydrologic information - Additional, more specialized 
data may be required at certain times and places such as depth of frost 
in the soil, soil moisture, evaporation, wind, and temperature. Such 
data are usually obtained from the most convenient source with special 
arrangements to fit each case. 

(4) Rainfall data at night - It was mentioned earlier that it is 
difficult to obtain rainfall reports with any regularity at night. In 
areas where dangerous flood conditions can develop during the night, it 
is often necessary to make special arrangements to obtain a skeleton 
network of rainfall reports at any time. Utility plants, police stations, 
fire stations, or other stations which work around the clock are possible 
sources of this information. Remote reading gages may be used to facili
tate this. These gages have their collectors mounted on the roof. A 
tube leads from the collector down to a measuring tube located at some 
convenient spot in the building, making it easy for an observer to obtain 
readings whenever they are requested. One problem is to be sure the gage 
is emptied regularly. It is best to have the gage read daily at a certain 
hour and emptied only then. 

Methods of Preparing Forecasts 

The steps taken to prepare a river forecast are illustrated here 
by a simple example. A hypothetical river basin is shown in Figure 16 
in which river forecasts are required for Stations A and B. Unit hydro
graphs5 are utilized for the distribution of runoff and the K and L routing 
technique is used. 

5 L. K. Sherman, "Streamflow from Rainfall by the Unit-graph Method," 
Eng. News-Record, Vol. 108, pp. 501-505, 1932. 
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It is assumed that a storm began at about 7:00 pm on May 17 and that 
a forecast is being prepared on the basis of rainfall reported up to 7:00 am 
on May 19e 

The computation of runoff is shown in Table 5. The antecedent 
precipitation index (API) for 7:00 am May 17 is used. This is the value 
for the first day of the storm but it does not include any storm rainfall. 
The week of the year is determined by the date of the beginning of the 
storm, May 17, which falls in week 20 (Table 2). The average rainfall 
amounts above Station A and between Stations A and B for 12-hour increments 
are entered in line 5 and 14. (The same rainfall-runoff relation is used 
for each basin in this example. In actual practice, separate relations 
should be developed and used for each basin.) 

Dashed lines on the runoff relation (Fig. 8) indicate the computation 
of runoff for the area above Station A for 7:00 am on May 18 as follows: 

1. Enter the relation with the API (2.65). 
2. Move left to the week of the year (20), down to storm duration 

(12). 
3. Move to the right to storm precipitation (1.02}. 
4. Move up to obtain storm runoff (.38). 
5. This process is repeated at the end of each 12-hour period 

using precipitation accumulated to that time. 
6. The 12-hour increments of runoff (Table 5, lines 9 & 18) are 

determined by subtracting the previous storm runoff total 
from the storm runoff total at the time in question and are 
entered in linesl and 11 of the forecast sheet (Table 6). 

7. The 12-hour runoff increments are converted to discharge 
using the 12-hour unit hydrograph for Station A (Table 7). 

8. Each 12-hour ordinate of the unit hydrograph is obtained 
for the first runoff increment (.38 .inch) by interpolation 
and entered in line 2 of Table 6, with the first value in the 
same column as the runoff increment (this is the ending time 
of the 12-hour period when the runoff occurred). 

9. This process is repeated on lines 3 and 4 for the other 
increments of runoff and the total for each time entered 
in line 6. 

10. Baseflow (line 7) includes all flow from events preceding 
the storm. 

11. The "computed" forecast, the sum of total runoff (line 6) 
and baseflow (line 7), is entered on line 8. 

12. These values are plotted (as crosses) on the hydrograph (Fig. 17). 

This "computed" forecast is the unadjusted result of the forecast 
procedures, and the forecaster must then draw an "adjusted11 forecast 
reconciling the"computed" forecast with available observed data. The 
"adjusted" forecast is shown as a solid line when based on observed 
values and as a dashed line in the forecast period.. The "adjusted" 
values are entered in line 9 for routing to Station B. 
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The final step in preparing the forecast is the conversion of fore
cast discharge to stage using the rating curves (Fig. 18). The forecast 
for Station A could be given as "crest of 23 ft. at 11 pm on May 19" or 
as "crest of 23 to 24 ft. near midnight. 11 Giving a specific figure, such 
as· 23 ft. may give the impression to the recipient of the forecast that 
is likely to vary within 1/10 foot, which may not be the case. 

The "adjusted" flows for Station A (line 9) are routed·to Station B 
using the K and L method by proceeding through the steps listed at the 
end of section, "Streamflow Routing." The values L = 4 and K.= 16 were 
used in this example. A dotted line in Figure 19 is used to indicate 
this forecast. 

The forecast of flow from the local area is made in the same manner 
as for Station A using the unitgraph in Table 8. The "computed" forecast 
is the sum of the routed value (line 10, Table 6), the total runoff 
(line 16, andi:he baseflow (line 17). These values are plotted on the 
hydr<;>graph and "adjusted" on the basis of observed data (Fig. 19). Convert 
to stage with Figure 18. 

The forecast for Station B might be given as "crest of 36 ft. at 
2 am on May 20" or as "crest of 35 to 36 ft. early on May 20." It is a 
good practice to maintain a record of these forecasts on a tabulation 
sheet such as Table 9 in order to minimize the chance of errors in 
transmitting the forecast to the user. 

Computing R:unoff From Melting Snow 

The estimation of runoff is sometimes complicated by snowmelt. When 
heavy rain occurs on a relatively light snow cover, the water equivalent 
of the snow is added to the rainfall and the total used in computing run
off. This assumes the snow will be completely melted, during the rain. 

When rain falls on deeper snow packs the problem becomes much more 
complicated. Part of the snow may melt and become a part of the total 
runoff. Part of the rain may be absorbed and retained by the snow pack 
so that this rain does not contribute to runoff. In mountainous areas 
this situation is harder to define if the freezing level is changing 
during the storm. Much more research and instrumentation is needed before 
completely objective forecasts can be made under such conditions. 

Another problem arises when runoff is primarily. a result of the 
snowmelt alone. Snowmelt rates depend upon many meteorological elements 
such as temperature, humidity, wind and radiation. In addition th~ albedo 
of snow on the ground and water equivalent of snow must be considered. This 
is a complicated problem which cannot be treated thoroughly here. A 
common solution is to compute melt by multiplying the average of the degree
days above 32°F for the area by a factor which usually varies from .OS to 
.15 inch with .10 inch probably the most commonly used value. This degree
day factor is often correlated with calendar date or accumulated degree
days as is shown in Figure 20. This obviously does not take into account 
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many of the factors influencing melt, but does produce usable estimates 
of runoff. Further refinements require observations of meteorological 
elements such as humidity, radiation and wind that are usually not avail
able in the area requiring forecasts. It should be noted that the relation 
shown in Figure 20 estimates snowmelt as such, and it is necessary to use 
a rainfall-runoff relation to compute runoff for use in forecasting. 

Flash Flood Warning Procedures 

At points where there is a very short time between the end of heavy 
rain and the peak stage, it is often necessary to use special short cut 
procedures in place of the conventional approach described earlier in this 
section. Table 10 shows a type of procedure commonly used. 
These tables were based on a conventional rainfall-runoff relation and 
unit hydrograph. The table is intended for use by a flood warning repre
sentative in the city subject to flash flooding. The "index" is given 
to the representative regularly and represents current runoff conditions 
in the areao 

Warning procedures can take many forms~ depending upon available 
data for development and many other factors. In general the procedures 
will be used by a warning representative with a limited knowledge of 
hydrology. Simplicity is more important than extreme accuracy. 

For example, a local flash-flood representative has been given a 
Runoff Index of 4 by the river forecasting office. At 4 pm, rainfall 
observers report rainfall of 4.30 inches in the preceding 6 hours. The 
duration is 6 hours so the left side of Table 10 applies as follows: 

1. Move down the runoff index column to the current value (4). 
2. Move to the left and interpolate between 3.85 inches (21 ft.) 

and 4.60 inches (24ft.). 
3. This gives a forecast of a crest stage of 22.8 ft. The 

table indicates the crest for a 6-hour rain will occur 7 
hours after the end of heavy rain - at 11 pm. 

4. The forecast issued might read - "crest stage of 22 t·o 23 ft. 
late this evening ... 
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Table 1. -- Computation of storm duration 

Date 4 4 4 5 5 5 
Hour 12 18 24 6 12 18 
6-hour Rainfall in Inches .62 .40 .14 .24 .09 .22 
Estimated Storm Duration in 

Hours 6 12 15 21 24 30 

(Table 1 is referred to on Page 14.) 

Table 2. •- week number 

Week Week 
Date No.· Date No. 

Jan. 1- 7 . ....... 1 July 2- 8 . ....... 27 
8-14 .......... 2 9-15 . ....... 28 

15-21 . . . . . . . . 3 16-22 ........ 29 
22-28 ........ 4 23-29 . ....... 30 
29- 4 . . . . . . . . 5 30- 5 ........ 31 

Feb. 5-11 . ....... 6' ·Aug. 6-12 . ....... 32 
12-18 ........ 7 13-19 . ........ 33 
19-25 ........ 8 20-26 . ....... 34 
26- 4 . . . . . . . . . 9" 27- 2 ......... 35 

Mar. 5-11 . . . . . . . . 10 Sept. 3- 9 . ....... 36 
12-18 ........ 11 10-16 . ....... 37 
19-25 ...... •'. 12 17-23 . ....... 38 
26- 1 . . . . . . . . 13 24-30 ........ 39 

Apr. 2- 8 . . . . . . . . 14 Oct. 1- 7 ........ 40 
9-15 . . . . . . . . 15 8-14 ........ 41 

16-22 . . . . . . . . 16 15-21 ........ 42 
23-29 . . . . . . . . 17 22-28 ........ 43 
30- 6 . . . . . .. . . 18 29- 4 ........ 44 

May 7-13 . . . . . . . . 19 Nov. 5-11 ........ 45 
14-20 . . . . . . . . 20 12-18 ........ 46 
21-27 . . . . . . . . 21 19-25 ........ 47 
28- 3 . . . . . . . . 22 26- 2 ........ 48 

June 4-10 . . . . . . . . 23 Dec. 3- 9 ........ 49 
11-17 . . . . . . . . 24 10-16 ........ 50 
18-24 . . . . . . . . 25 17-23 ........ 51 
25- 1 . . . . . . . . 26 24-31 ........ 52 

(Table 2 is referred to on Pages 14 and 30.) 
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Table 3. -- Rating table 

Stage .o .1 .2 .3 .4 .5 .6 .7 .8 .9 

cfs 
DISCHARGE lOOO 

4 .8 .9 1.0 1.2 1.3 1.4 1.5 1.6 1.8 1.9 

5 2.0 2.2 2.4 2.6 2.8 3.0 3.1 3.3 3.5 3.7 

6 3.9 4.1 4.3 4 .. 6 4.8 5.0 5.2 5.4 5.7 5.9 

7 6.1 6.4 6.6 6.7 7.2 7.5 7.7 8.0 8.3 8.5 

8 8.8 9.1 9.4 9.6 9.9 10.2 10.5 10.8 11.0 11.3 

9 11.6 11.9 12.2 12.5 12.8 13.1 13.4 13.7 14.0 14.3 

10 14.6 14.9 15.3 15.6 16.0 16.3 16.6 17.0 17.3 17.7 

11 18.0 18.4 18.8 19.1 19.5 19.9 20.3 20.7 21.0 21.4 

12 21.8 22.2 22.7 23.1 23.6 24.0 24.4 24.9 25.3 25.8 

13 26.2 26.6 27.1 27.5 28.0 28.4 28.8 29.3 29.7 30.2 

14 30.6 31.1 31.6 32.2 32.7 33.2 33.7 34.2 34.8 35.3 

15 35.8 36.3 36.8 37.3 37.8 38.4 38.9 39.4 39.9 40.4 

16 40.9 41.5 42.0 42.6 43.1 43.7 44.2 44.8 45.3 45.9 

17 46.4 47.0 47.6 48.2 48.8 49.4 49.9 50.5 51.1 51.7 

18 52.3 52.9 53.5 54.1 54.7 55.4 56.0 56.6 57.2 57.8 

19 58.4 *59.1 59.9 60.6 61.4 62.1 62.8 63.6 64.3 65.1 

* BEGINNING OF EXTRAPOLATED DATA 

20 65.8 66.6 67.5 68.3 69.2 70.0 70.8 71.7 72.5 73.4 

21 74.2 75.0 75.8 76.5 77.3 78.1 78.9 79.7 80.4 81.2 

22 82.0 83.7 85.4 87.1 88.8 90.5 92.2 93.9 95.6 97.3 

23 99.0 

(Table 3 is referred to on Page 11.) 



Table 4. -- Unitgraph development (see Fig. 12) 

A. DATE _L 

B. TIME 12 00 

c. TarAL FLOW ORDINATE {1000 cfs) 2.7 5.8 

D. BASE FLOW ORDINATE (1000 cfs) 2.0 2.0 

E. DIRECT RUNOFF ORDINATE (1000 cfs) .7 3.8 

1 square mile= 27,878,400 ft.2 

for 1 inch depth 27,878,400. = 2,323,200 f.t.3 
over 1 square mile 12 

1 cu. ft. X 86,400 sec. = 86,400 ft3 = 1 ds£ 
sec. day 

2,323,200 
86400 

= 26.9 dsf 

4 

12 00 

14.3 27.0 

2.0 2.0 

12.3 25.0 

Therefore 1 inch of runoff from 1 square mile produces 26.9 dsf. 

IN THIS STORM SUM OF 12-HOUR ORDINATES = 74,500 cfs 

74500 = 37,250 dsf 

37,250 dsf Storm runoff = 2 = 3.46 inches 
26.9x400 mi 

5 

12 

23.0 

2.8 

20.2 

6 

00 12 

12.4 9.1 

4.0 5.3 

8.4 3.8 

DERIVED UNITGRAPH ORDINATES (each direct runoff ordinate was divided by total storm runoff) 
.2 1.1 3.6 7.2 5.8 2.4 1.1 

(Table 4 is referred to on Pages 23 and 24) 

_]_ 

00 

6.7 

6.4 

.3 

.1 VJ 
\Jl 



Table 5. -- Computation of storm runoff 
VJ 

Date 16 17 18 19 0'\ 
Month ................. May ••••• Year ••• Hour 7a 7E 7a 7e 7a 7e 7a 7p 

1 0.9 of ~esterda~'s API •••••••••• 2.95 2.65 

2 Precieitation in east 24 hours •• 0 0 
tU . 3 API for today •••••••••••••• 2.95 2.6.5 
Q,) 
$-1 

4 Week of ~ear ••••.••••••.••• << 20 
Q,) Q,) 
bO:> 
C\1 0 

5 12 hour precie increment (in.) •• 1.02 .67 1-.71 
c,.c 

"@ < 6 Total storm erecipitation (in.). 1.02 1.69 3,40 
$-1 

Durations (hours) ••••••••••• Q 7 12 24 36 

8 Total storm runoff Cin.) •••••••• .38 .76 1.90 

9 12 hour runoff increments (in.). .38 .38 1.14 

10 0.9 of ~esterda~'s API •••••••••• 3.56 3,20 

11 Precieitation in east 24 hours •• 0 0 
C\11:Q 12 API for toda~··•••••••••••• 3~S6 3~.20 Q)"'O 

~ ~ 13 ~-leek of ~ear .•••••••••••••• 20 
~< 14 12 hour precie increments (in.). .91 .sa 1.7~ 
tU c c Q,) 

15 Total storm erecieitation (in.). .91 1,49 3.20 ·~ Q,) 
C\1 ~ 
$-1 ~ 

16 Duration (hours) •••••••••• 12 24 36 Q Q,) 
I:Q 

17 Total storm runoff (in.) .••••••• .36 .64 1.86 

18 12 hour runoff increments (in.). • 36 .28 . 1.22 

(Table 5 is referred to on Page 30.) 



Table 6. -- Forecast Computation sheet 

ll_ 18 19 20 21 22 23 
STATION A 7a 1E.,_ 7a 7p 7a 7P 7a 7p 7a 7p 7a 7p 7a 7p 

1 Fest 12-hr RO(in.) .38 .38 1.14 
2 Distribution of RO (1000 cfs) .7 1.5 1.9 1.3 .8 .4 .2 .1 

3 "" .7 1.5 1.9 1.3 .8 .4 .2 .1 

4 "" 2.1 4.6 5.6 ' 4.0 2.4 1.3 .7 .2 .1 

*5 Ill I 

6 Total (line 2+3+4) .7 2.2 5.5 7.8 7.7 5.2 3.0 1.6 .8 .2 .1 

7 Base flow 1.2 1.1 1.0 .9 .8 .8 .9 1.0 1.2 1.4 1.5 1.5 1.5 
8 "Computed" Fest (1000cfs)1.2 1.1 1.7 3.1 6.3 8.6 8.6 6.2 4.2 3.0 2.3 1.7 1.6 

(line 6+7) 
9 "Adjusted" Fest (1000cfs)1.2 1.1 1.8 3.6 7.5 10.4 9.7 7.1 4.5 3.0 2.3 1.7 1.6 

10 A routed to B 4.0 3.0 2.5 2.5 4.1 6.4 8.4 8.3 7.3 5.5 4.2 3.1 2.5 
.· ~· 

STATION B 

11 Fest 12-hr RO(in.) .36 .28 1.22 
12 Distribution of RO (1000 cfs) 1.4 2.4 2.3 1.3 .6 .2 
13 1111 1.1 1.9 1.8 1.0 .5 .2 
14 lilt 4.9 8.2 7.9 4.4 2.1 .7 .1 

*15 fill 

16 Total (line 12+13+14) 1.4 3.5 9.1 11.3 9.5 5.1 2.3 .7 .1 
17 Base. flow .9 .8 .8 .7 .7 .7 .9 1.1 1.3 1.4 1.5 1.5 1.5 
18 "Computed" Fest (1000cfs)4. 9 3.8 4.7 6.7 13.9 18.4 18.6 14.5 10.9 7.6 5.8 4.6 4.0 

(line 10+16+17) 
19 "Adjusted" Fest (1000cfs)4. 9 3.8 4.4 6.4 13.0 17.3 17.6 14.0 10.5 7.6 5.8 4.6 4.0 

* Lines 5 and 15 are reserved for the next forecast period. 
c.,.) 

"' (Table 6 is referred to on Page 30 and 31) 
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Table 7. -- Station A 12~hour unitgraph 

Flow (1000 cfs) at end of: 

Hours: 12 24 36 48 60 72 84 96 108 

Runoff 

.OS .1 .2 .2 .2 .1 .1 

.10 .2 .4 .s .4 .2 .1 .1 

.1S .3 .6 .8 .s .3 .2 .1 

.20 .4 .8 1.0 .6 .4 .2 .1 

.25 .s 1.0 1.2 .9 .5 .3 .2 .1 

.30 .6 1.2 1.S 1.1 .6 .3 .• 2 .1 

.3S .7 1.4 1.7 1.2 .7 .4 .2 .1 

.40 .8 1.6 2.0 1.4 .8 .4 .2 .1 

.4S .9 1.8 2.2 1.6 .9 .s .3 .1 

.so 1.0 2.0 2.5 1.8 1.0 .6 .3 .1 .1 

.55 1.1 2.2 2.7 2.0 1.1 .7 .3 .1 .1 

.60 1.1 2.4 2.9 2.1 1.3 .7 .4 .1 .1 

.65 1.2 2.6 3.2 2.3 1.4 .7 .4 .1 .1 

.70 1.3 2.8 .3.4 2.5 1.5 .8 .4 .1 .1 

.75 1.4 3.0 3.7 2.6 1.6 .8 .s .2 .1 

.80 1.5 3.2 3.9 2.8 1.7 .9 .5 .2 .1 

.85 1.6 3.4 4.2 3.0 1.8 .9 .5 .2 .1 

.90 1.7 3.6 4.4 3.2 1.9 1.0 .5 .2 .1 

.9S 1.8 3.8 4. 7 3.3 2.0 1.0 .6 .2 .1 

1.00 1 .. 9 4.0 4.9 3.5 2.1 1.1 .6 .2 .1 

1.25 2.4 5.0 6.1 4.4 2.6 1.3 .8 .3 .1 

1.50 2.9 6.0 7.4 5.3 3.2 1.7 .9 .3 .2 

1.7S 3.3 7.0 8.6 6.1 3.7 1.9 1.1 .4 .2 
~ 

2.00 3.8 8.0 9.8 7.0 4.2 2.2 1.2 .4 .2 

3.00 5.7 12.0 14.7 10.5 6.3 3.3 1.8 .6 .3 

(Table 7 is referred to on Page 30.) 
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Table 8. -- Station B local area 12-hour unitgraph 

Flow (1000 cfs) at end of: 

Hours: 12 24 36 48 60 72 84 

Runoff 

.OS .2 .3 .3 .2 .1 

.10 .4 .• 7 .7 .4 .2 .1 

.15 .6 1.0 1.0 .5 .3 .1 

.20 .8 1.3 1.3 .7 .3 .1 

.25 1.0 1.7 1.6 .9 .4 .2 

.30 1.2 2.0 2.0 1.1 .s .2 

.35 1.4 2.3 2.3 1.3 .6 .2 

.40 1.6 2.7 2.6 1.4 .7 .2 

.45 1.8 3.0 2.9 1.6 .8 .3 

.so 2.0 3.4 3.2 1.8 .8 .3 .1 

.55 2.2 3.7 3.6 2.0 .9 .3 .1 

.60 2.4 4.0 3.9 2.2 1.0 .4 .1 

.65 2.6 4.4 4.2 2.3 1.1· .4 .1 

• 70 2.8 4. 7 4.6 2.5 1.2 .4 .1 

• 75 3.0 5.0 4.8 2.7 1.3 .5 .1 

.so 3.2 5.4 5.2 2.9 1.4 .s .1 

.85 3.4 5.7 5.5 3.1 1.4 .5 .1 

.90 3.6 6.0 5.9 3.2 1.5 .s .1 

.95 3.8 6.4 6.2 3.4 1.6 .6 .1 

1.00 4.0 6.7 6.5 3.6 1.7 .6 .1 

1.25 s.o 8.4 8.1 4.5 2.1 .8 .1 

1.50 6.0 10.1 9.8 5.4 2.6 .9 .2 

~ 1.75 7.0 11.7 11.4 6.3 3.0 1.1 .2 

2"00 8.0 13.4 13.0 7.2 3.4 1.2 .2 

3.00 12.0 20.1 19.5 10.8 5.1 1.8 .3 

(Table 8 is referred to on Page 31.) 



Table 9 -- Forecast record sheet 

Time Latest stage Based on 
Forecast forecast available when precip 

Point Forecast issued fest prepared up to 
. Crest JI.our Date By Hour Date By Stage Hour Date Hour Date 

1 Station A 23 11 pm 19 MR 9 am 19 MR 21.5 7 am 19 7 am 19 

2 Station B . 36 2 am 20 MR. 9 am 19 MR 31.4. 7 am 19 7 am 19 

3 

(Table 9 is referred to on Page ·31.) 

Table 10. -- Flash-flood warning procedure 

Duration of heavy '-3< 

rain -- 6 hours ~ 
"'d 

Time to crest after end Q 
•.-f 

of heavy rain -- 7 hours. 4-1 
4-1 ,_ 0 . Crest stage in ft. Q 

~ ~ ·.-f ..._, 18 21 24 27 
~ 2.80 3.40 l~-.15 4.75 1 0 

•.-f 2.95 3.55 4.30 5.00 2 
+J 
ctS 3.10 3.70 4.45 5.20 3 +J 
•.-f 3.25 3.85 4.60 5.40 4 
~ .,.., 3.40 4.00 4.75 5.60 5 
CJ 
(!) 3.55 4.15 ·5.oo 5.80 6 1-l 
p.. 

* Provided by the responsible river forecast office. 

(Table 10 is referred to on page 32.) 

;.-

18 
3.30 
3.45 
3.60 
3.75 
3.90 
4.05 

Duration of heavy 
rain -- 12 hours 

Time to crest after end 
of heavy rain -- 5 hours 

Crest stage in fto 

21 24 
4.00 4.50 
4.15 4.70 
4.30 4.90 
4.45 5.10 
4.60 5.30 
4.75 5.50 

Remarks 

27 
5.40 
5.60 
5.80 
6.00 
6.20 
6.40 

+:--
0 
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.. 

1 ~.~' 1.6 2.0 2.4 2.~ 3.2 3.6 . 4.0 
STOI!M RAINFALL IN INCHES 

o~ .8 .4 

FIGURE 1.--Rainfall-Runof'f' re1ation f'or White Oak Bayou at 
Houston, Texas • 
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0 
- STORM-RAINFALL IN INCHES 

FIGURE 2.--Rainfall-Runof'f' re1ation using soil condition as 
a parameter. 

( ti,g. 1 is referred to on Page 6) 
(Fig. 2 is referred to on Page 7) 
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I i .. 58 

.so 

.,..·~. 

.62 
• 

.86 
• 

1.06 
• 

.58 + .62 + 1.64 = .95 IN. 
3 

ARITHMETIC MEAN 

OBSERVED POLYGON PERCENT 
PRECIPITATION AREA TOTAL 

(IN.) AREA 

.36 2 

.58 77 24 

.62 132 40 

.79 4 1 

1.64 112 34 

327 100 

THIESSEN METHOD 

WEIGHTED 
PRECIP. 

(IN.) 

0 

.14 

.25 

.01 

.56 

.961N. 

I SOH YET AREA PERCENT AVE. WEIGHTED 
LIMITS ENCLOSED TOTAL PRECIP. PRECIP. 

AREA (IN.) (IN.) 

> 1.6 19 6 1.64 .10 

1.2 - 1.6 60 18 1.40 .25 

.8 - 1.2 87 27 1.00 .27 

.4- .8 139 42 .60 25 

< .4 22 7 .36 .03 

327 100 .90 IN. 

ISOHYETAL METHOD 

FIGURE 3.--Areal averaging of precipitation. 

(Fig. 3 is referred to on Pages 10 and 11) 
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----·----· 

70 80 '90 

~ 
\).1 



.. 44 -

t 
w 
<..? 
~· 
~: 

:r: 
u 
en 
0 

DAYS!_.._ 

FIGURE 5·--HYdrograph analysis 

(Fig. 5 is referred to on Pages 12 and 13) 
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1 2 3 4 5' 6 7 8 9 10 
DAYS ........ 

DATE ....... 1 2 3 4 5 6 7 8 9 10 
0.9 OF YESTERDAY'S API .50 .45 .51 .46 .41 .52 .69 .62 .56i .50 

PRECIPITATION IN PAST 24 HRS.: 0 .12 0 0 .f7 .25 d 0 -0 0 
API FOR TODAY .50 .57 .51 .46; .58 .77 .69' .62 .56 .so 

FIGURE 6.--Cbnputation and plotting of Antecedent 
Precipitation Index (API) 

(Fig. 6 is referred to on Pages 8, 13, and 15) 
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/~~ / I I 
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FIGURE B.--Operational Runoff Relation for the MOnocacy River 
at Jug Bridge, lti.. 

_(Fig. 8 is referred to on Pages 7 and 30) 
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Figure 9.--Runoff relation 
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discharge as a parameter. 

(Referred to on Page 18) 

Figure lO.--Application of 
infiltration capacity 
curve. 

_(Referred to on Page 20) 

Figure ll.--Application of 
~ Inde3: in estimating
runoff. 

(Referred to on Page 20) 
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(Fig. 14 is referred to on Page 26) 
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(Fig. 15 is referred to on Page 27) 
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FIGURE 16.--BasiD map 

(Fig. 16 is referred to on Page 29) 
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(Fig. 17 is referred to on Page 30) 
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{Fig. 18 is referred to on Page 31) 
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FIGtJRE 19.--Forecast Hydro graph 

(Fig. 19 is referred to on Page 3l.) 
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