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DETE3MINATION OF STORAGE REQUIREMFINTS 
TO MEET SUPPLY -DEMAND RELATIONSHIPS 

Purpose and Scope 

The purpose of this Technical Release is to demonstrate techniques 
and procedures for determining the storage of water for use at a 
later date. 

The increasing demands for surface-water supplies for irrigation, 
recreation, municipal, industrial and urban developments have em- 
phasized the reed for more information and study on the storage of 
water. 

The storage provided depends upon the interrelationship between sup- 
ply, losses, demand and their respective distributions throughout 
the year as well as the economics based upon the cost of storage 
against the benefits from use. It is the intent of this release to 
provide examples using varying intensities of analyses to solve stor- 
age problems and consider some of the important factors. 

Nomenclature and description of terms used in this release are as 
follows : 

Supply - Inflow at proposed site of reservoir. 

Losses - Reservoir seepage and net lake evaporation 
(lake evaporation minus precipitation). 

Water use - The mount of water available at the reservoir 
site. Losses between the reservoir outlet and the 
point of actual beneficial use should be included 
as part of the water use. 

The solution of the storage problem requires the consideration of the 
following factors: 

Legal Aspects of Water Storage. 
The state and local laws governing the storage and use of water trans- 
gress all other considerations and complicate the study of water stor- 
age. It is therefore essential to first determine specifically the 
conditions under which water can be stored and used. This will answer 
the questions of by whom, when, and to a degree, how much water can be 
stored for future use. 



Monthly and annual m o f f  amounts.--The monthly and annual runoff 
values must be determined for a period of time long enough to reflect 
the "long-time " variability of runoff. M:an monthly values should be 
computed and used to determine the monthly percentages of the mean an- 
nual runoff. 

A frequency curve should be developed for the series of annual runoff. 

Distribution of monthly values for any given percent chance annual 
yield is made according to the monthly percentages of the mean annual 
flow. This is not exactly true but f'urnishes reasonable estimates for 
short-cut procedures. 

Mass-flow diagram.--The mass-flow diagram is extremely valuable in the 
study of storage requirements or the determination of the flow which 
could be assured with a given amount of storage. The watershed yield 
data should be corrected for the estimated evaporation and seepage 
losses before constructing the mass-flow diagram. The mass-flow curve 
is the integral of the hydrograph; the abscissa being in units of time 
and the ordinate at any point being the total volume of flow, less esti- 
mated losses, that passed that point since zero time. The time unit is 
days which may be accumulated by months and plotted versus the volume 
unit second-foot-day. The slope of the curve at any point indicates 
the rate of change of volume with respect to time and is thus a rate of 
flow. Since the units are second-fodt days and days, the rate of flow 
becomes cubic feet per second (cfs). Many kinds of data can be studied 
by the mass-diagram technique, but proper conversion units are essential. 
(See NEE-4, Supplement 4, Table 5.2-1). The mass-flow diagram technique 
will not be discussed in detail but is readily available in most hydraulic 
texts. (Page 517, King's Handbook of Rydraulics, 3rd edition). 

Watershed condition.--The drainage area above the reservoir site should 
be examined to determine important hydrologic characteristics such as 
soils, land use and climatic variability. Possible fiture changes in 
land use that may affect runoff should be considered. Other upstream 
changes that wwold influence fiture m-off, such as additional storage, 
irrigation, municipal, domestic and industrial uses should also be con- 
sidered. 

Frequency of supply criteria.--A frequency of total annual supply 
should be selected based on the intended use and the adverse re- 
sults of supply shortages during some years. For irrigation, it 
is common Service practice to use the 80% probability as a minimum 
criteria. This criteria provides, on the average, a complete an- 
nual supply four years in five and would permit a shortage during 



one year in five. There are some irrigated crops that may indicate 
the probability should be raised to 90 or 95% and others where a de- 
sign probability of 70% or less will be adequate to provide an econom- 
ical design. The hydrologist should be certain the water user has a 
corriplete understanding of the probability of supply criteria used. 

Storage. 
Storage, as used here, is net storage and does not include the amount 
required to provide for future sediment accumulation. Net storage does 
include use, reservoir evaporation and seepage. Estimates of sediment 
storage requirements will be fbnished by the geologist. 

Survey of reservoir site.--A survey of the reservoir site is made to 
determine elevation, rurface area and capacity relationships. The re- 
quired capacity must provide storage for sediment, use, losses and 
flood water. Specific site conditions, suxh as spillway location, 
nay place limitations on the available storage. 

Demand. 

Potential annual demand.--An estimate of the potential annual demand 
consisting of use, reservoir evaporation and seepage will have to be 
made. The use value should reflect all losses associated with the 
transit of water from the reservoir to the point of use and the actual 
efficiency of use to show the demand at the reservoir. This informa- 
tion is normally provided by the irrigation engineer or other engineers 
concerned with the water use requirement. The potential annual demand 
value is then compared with the annual runoff values. The average an- 
nual runoff is the average maximum amount that could be supplied through 
"carry-over" storage. Reservoir evaporation and seepage losses would 
reduce this maximum amount. The average potential demand may be larger 
than the average annual runoff. In this case it is known that demand 
cannot be satisfied and lower amounts will have to be considered. The 
potential demand may be less than the minimum year of record. In this 
case the annual supply is adequate but the seasonal distribution of 
supply and demand are important items. 

Distribution of demand during year.--This distribution will normally 
be furnished to the hydrologist by other engineers concerned with the 
intended use of the water supply. The monthly demand should be de- 
termined.in units of percent of total annual demand. The actual month- 
ly demand may be determined by the product of the monthly percent and 
the selected total annual demand. Determining the monthly demand in 
percent will facilitate the computations of actual monthly demand when 
several values of total annual demand are being considered. The demand 



distribution should be compared with the average monthly runoff dis- 
tribution. If the runoff distribution is predominantly during one 
period of the year the comparison will be of assistance in estimating 
storage required to provide a given supply. For example, in many 
areas a very high percent of the annual runoff occurs during the winter 
and spring seasons. If the water use is for irrigation during July, 
August and September, it will be necessary to store an amount nearly 
equal to total demand plus reservoir losses due to evaporation and 
seepage. 

Reservoir losses.--All possible reservoir losses must be considered. 
The principal losses are generally evaporation and seepage. A geol- 
ogist should be requested to furnish estimated rates of permeability 
and/or transmissability. The hydrologist will determine seepage 
losses using monthly values of ~urface area and the associated per- 
meability and/or trensmissability rates. 

Evaporation losses may be estimated on a monthly basis if past evapor- 
ation and precipi~ation records are available. Evaporation, like many 
climatic elements, is a variable. The past record should be long enough 
to reflect the long-time variability of net evaporation. 

Adequate evaporation data will not be available for many reservoir 
locations. Where this is the case, it is suggested that evaporation 
estimates should be made on an annual, seasonal or monthly basis us- 
ing the Weather Bureau Publication, Technical Paper No. 77, Evapora- 
tion Maps for the United States, or ES-1016, NEH-4. 

If average annual evaporation, precipitation and water surface area 
are used in estimating annual evaporation losses these estimates will 
be too low during the years of above normal net evaporation. The 
standard deviation of evaporation is available in Technical Paper No. 
37. This value may be added to the average value to obtain an evapor- 
ation that represents conditions during the years of higher losses. 

The average surface area may be determined from the storage-surface 
area relationship and the mean storage. If there is a definite change 
in storage during the seasons, the evaporation and seepage losses may 
be computed separately for the May-October period and the November- 
April period. Evaporation data on the two periods are obtained from 
Technical Paper No. 37. In this case, a different average surface 
area is used for each period. 

Example 

The construction of a storage reservoir on Council Creek near Still- 
water, Oklahoma has been proposed. The purpose of the storage is to 
provide irrigation water during the summer months. The area to be 
irrigated is loc~.ted downstream from the reservoir site. 



Legal Aspects of Water Storage. 
In the following example, water appropriation rights authorize the 
storage of the total runoff that occurs from October 1 through May 
31 of any year. An amount equivalent to the runoff that occurs from 
June 1 to September 30 must be released from the reservoir as it occurs. 

Supply. 
The drainage area at the reservoir site is 71 square miles (19,&0 acres). 
A recording stream gage is located imediately below the structure site. 
Records are available from April 1934 through 1958. Analysis of the 
slopes of mass runoff curves for surrounding stations indicates this 
period to be representative of the long-term average. 

A non-recording precipitation gage with records from 1931 to 1958 is 
located at Stillwater, Oklahoma. Pan evaporation and wind records are 
available from 1943 through 1957 at Stillwater. A first order Weatlner 
Bureau Station record is available at Oklahoma City, Oklahoma where all 
the climatalogical factors are recorded that are necessary in the detem- 
ination of evaporation f r m  reservoirs. (Tables 9-1 and 9-5, Chapter 9, 
NEH-4). 

I?onthly and annual runoff amounts.--The monthly and annual xw~off amounts 
for October through May for water years 1933 through 1958 were determined 
from the records. This period of time reflects the "long-time" varia- 
bility of rmoff. 

Watershed cond.ition.--Future changes in land use and climate should not 
3e significant. Additional demands for use are not foreseen during life 
expeczancy of the project. 

Frequency of supply criteria.--A frequency curve was developed for run- 
off from October through May for water years 1935 through 1958. The 
80% probability from this curve was used as the minimum supply. (Figure 1) 

The distribution of the 80$ supply was made according to the percentage 
distribution of the mean monthly values of October through May for the 
period of record, 1935 through 1958. 

Storage. 
A survey of the reservoir site provided information for the preparation 
of Elevation-Surface Area and Elevation-Storage curves.(~i@re 2) The 
geologist estimated the sedimentation rate to be 0.2 ac.ft./sq.mi./yr. 
With a life expectancy of 53 years and a drainage srea of 31 square 
miles, the required storage for the sediment pool is 510 acre-feet. 
The invert of the intake is set at elevation of the top of the sedi- 
ment pool. The principal spillway crest is set at the indicated maxi- 
mum required storage and the emergency spillway crest at elevation dic- 

. 

tated by design criteria. Flood water is detained between the crest 
of the principal spillway and the emergency spillway crest. 
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Demand. 
The est imate of t'ne p o t e n t i a l  annual demand consisted of making e s t i -  
mates of the  n e t  lake evaporation and rese rvo i r  seepage losses  plus 
the  intended use by months. Net lake evaporation was computed by sub- 
t r a c t i n g  mean monthly p rec ip i t a t ion  at  S t i l l w a t e r  from the  mean monthly 
lake evaporation a s  taken from ES-1016, NEH-4. The mean monthly use r e -  
quirements f o r  the proposed projec t  a r e  shown i n  l i n e  8 of Table 1. 

Example of Water Storage Requirements. 
A water budget equation can be wr i t t en  a s  follows: Watershed y i e l d  - 

a t  point  of s torage plus p rec ip i t a t ion  on rese rvo i r  minus dead storage, 
required re leases ,  evaporation, t r aasp i ra t ion ,  and seepage equal  the  
amount avai lable  f o r  use. When any of these  items a r e  small they may 
be on i t t ed  f o r  s impl ic i ty .  

Approximation using annual values.--For approximations, it i s  possible 
t o  use annual values developed *om regional iza t ions  of spec i f i c  data. 
This involves tine use of isograms of =nual runoff and evaporation. 
U. S. Geological Survey Circular  52, p l a t e  1, presents  t h e  d i s t r i b u -  
t i o n  o f  everage annual runoff i n  t h e  United S ta tes ,  however, these 
values need t o  be adjusted f o r  areas under one hundred square miles. 
The Hydrologic Services Division of the U.S. Weather Bureau has r e -  
leased Technical Paper No. 37 which shows the  d i s t r i b u t i o n  of average 
annual evaporation i n  the  United S ta tes .  With a map study of the  pro- 
posed s i t e  and est imates of annual losses  based upon the  bes t  knowledge 
avai lable ,  a reasonable water buaget can be determined by applying the  
water budget formula. This w i l l  be an approximate answer t o  the  ques- 
t i o n  of whether o r  not ,  on the  average, the  annual s torage ava i l ab le  
f o r  use w i l l  meet the  estimated needs. In  most cases,  however, we a r e  
concerned with adequacy of the  seasonal d i s t r i b u t i o n .  The use of av- 
erage annual values w i l l  no t  adequately answer t h i s  question but  it 
w i l l  i nd ica te  f e a s i b i l i t y  and whether we a r e  j u s t i f i e d  i n  making a 
more d e t a i l e d  shag-. 

Approximation using probabi l i ty  of annual supply and estimated losses.--  
The 80% probab i l i ty  of supply (810m) was taken from the  frequency 
curve i n  Figure 1 and d i s t r i b u t e d  by months according t o  the  accumu- 
l a t e d  mean monthly values i n  Table 1. The accumulated 80$ supply f o r  
October through May i s  shown i n  Figure 3 .  

A t r ia l -and-error  procedure was used t o  est imate the  demand consis t ing  
of n e t  r e se rvo i r  e v a p ~ r a t i o n ~ s e e p a g e  and use.  An est imate of the  ac- 
cumulated mean monthly storage was made by subt rac t ing  t h e  accumulated 
mean monthly use from zhe accumulated mean monthly 80% probab i l i ty  of 
supply ( l i n e  15, Table 1). With t h i s  estimated storage and i t s  as-  
socia ted  elevation,  surface a rea  and Figures 2 and 4 the r e se rvo i r  
e-raporation and seepage were computed. The accumulated demand should 
be equal  t o  o r  l e s s  than the  supply o r  a new tr ial  must be made a f t e r  
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decreasing the use. The example shown in Table 1 and Figvre 3 il- 
lustrates how the use had to be reduced so the demand would not ex- 
ceed the supply. The original proposal of use (1498 AC) exceeded 
the supply (810 AF) without considering losses, therefore, the use 
had to be reduced. 

The results of using the 80$ probability of annual supply and esti- 
mated losses were checked by the water budget analysis using observed 
data. During water-short years of 1950 and 1951 the required storage 
estirnate of &6 acre-feet was sufficient to satisfy the indicated use 
but this was far below the proposed use of 1498 acre-feet. 

Approxination u-sing carry-over storage.--The original proposal was to 
provide 1498 acre-feet of use distributed by months as shown in line 
8, Table 1. It has been shown the 80% probability of supply would 
not supply the proposed use hut with carry-over storage, it might. 
A procedure for the estination of required carry-over storage follows 
with the results shown in Figure 5. 

1. Plot accumulated runoff for a critical low flow period. 

2. Superimpose the accumulated use curve on the mass runoff diagram 
with tine ordinates coinciding and the use line tangent to the 
mass curve at starting time. The use curve must intersect the 
mass runoff curve. The time period between the tangent and the 
intersection represents the time carry-over storage will be needed. 
The maximum ordinate value between the accumulated runoff and the 
accumulated use represents the maximum needed storage without con- 
sideration of storage needed to satisfy reservoir evaporation and 
seepage losses. This storage value is used as the mean storage 
val~~e to determine mean surface elevation from which estimates 
can be made of the reservoir evaporation and seepage losses. 

3. Au accumulated demand curve is developed by summing the values 
of use, reservoir evaporation and seepage losses. 

4. The accumulated demand curve is superimposed on theacmlated 
mass curve in a similar manner to the use curve. The maximum 
ordinate between the accumulated runoff curve and the accvmulatefi 
demand curve is the required carry-over storage. 

The results of this analysis were checked by the water budget approach 
and found to more than adequately provide the needed storage for water- 
short years 1949 through 1951. 

Water budget analysis.--The water budget computation is a trial-and-error 
procedure. One must estimate the average monthly water budget from which 
the average monthly elevation can be obtained. This is then compared with 
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t h e  computed average monthly water sv-rlace e levat ion .  This should be 
i n  agreement; i f  not ,  a  new es t imate  of e levat ion  should be made and 
t h e  computed e levat ion  reca lcula ted .  

The basic  water budget equation can be m i t t e n  a s  follows: 

where 
U = water ava i l ab le  l o r  use - ac re  f e e t  

S = water s torage above the  in take  e levat ion  - acre  f e e t  

I = inflow - watershed y i e l d  - ac re  f e e t  

E = evaporation - acre  f e e t  

E = seepage out  of r e se rvo i r  - ac re  f e e t  
s  

Qs = spi l lway discharge - ac re  f e e t  

R = requi red  r e se rvo i r  r e l e a s e  - acre  f e e t  

The geologis t  provided a geologic cross-sect ion through the  r e se rvo i r  
s i t e  with log-borings ind ica t ing  the  type of ma te r i a l s  present  and 
t h e i r  permeabil i ty r a t e s .  These r a t e s  were associa ted  with stratum 
e levat ions  and appear i n  Col. 3 of Table 2.  0 
Table 2 f o r  r e se rvo i r  seepage los ses  was prepared a s  follows: 

Col. a Elevation ( f t . )  N e a  Sea Level datum 

@) Surface Area ( a c r e s )  ( ~ i g u r e  2 )  

@ Increnenta l  sur face  a r e a  ( a c r e s ) .  Difference i n  surface 
a r e a  associa ted  with the  e levat ion  i n  question and the  
previous e levat ion .  

@ Storage ( ac .  f t .  ) . Tota l  s torage  associa ted  with eleva-  
t i o n  i n  question. 

@ Seepage l o s s  ( cu . f t . / sq . f t . / day  times number of days i n  
month = ( f t . /mo. ) .  

The assumptions f o r  t h i s  example a r e  a s  follows: 

1. Seepage i n t o  the  ground occurs i n  t h i s  p a r t i c u l a r  
r e se rvo i r  s i t e .  

2. The laws of seepage apply. 



i 
Table 2. Reservoir Seepage Losses 

0 0 0 0 0 @ 8 
Surface ASurface Seepage Z Monthly 

Elevation Area Area Storage Rate A Seepage Seepage 
(ft.MSL) (ac.) (ac.) (ac.ft.) (ft./mo.) (ac.ft./mo. ) (ac.ft. ) 



3 .  Hydraulic gradient  developed i s  assumed 
t o  be one t o  one o r  one hundred percent.  

4 .  Seepage l o s s  equilibrium e x i s t s .  

It i s  expected t h a t  laboratory t e s t s  of undisturbed 
samples f o r  the  r e se rvo i r  s i t e  and the  borrow area  
w i l l  be avai lable  f o r  making the  est imate of seepage 
loss .  

Lj. The s i t e  cons i s t s  of unifom. material .  

Col. @ Tncrernental seepage l o s s  (ac.ft . /mo.) @ = Q x Q 

Exenple : Elevation 846 

Col. a Sunmazion seepage l o s s  ( a c . f t . )  

This i s  t i e  accumulation of incremental seepage losses .  

Exmple: Elevation 848 

Figo-re 4 i s  p lo t t ed  from i t e m @ a n d a o f  Table 2. 

Water judget corr.pil-latio~s were prepared a s  i l l u s t r a t e d  i n  Table 5 .  
An explanation of the column headings and t h e  method of computing 
t c e  da ta  i n  each column i s  discussed: 

@ Month 

@ Runoff ( a c . f t .  1 t o t a l  watershed y i e l d  from recording s t r eav  
gage record a t  s i t e .  

@ Est iva ted  average water surface e levat ion  f o r  the  aonth ( f t . ) .  
An est imate i s  2ade of t h e  water bvdget a s  follows: 

Surmation f o r  month i n  ues t ion  ( 2 )  @ ( p e v i o u s  month +@ - 
@ - @ = & storage a t  end of current  month 

Determine stage associa ted  with t h e  average of @ 
(previous rant") and @ current  month storage.  This e s t i -  
mated s tage  @ i s  then used f o r  computing a c t u a l  values. 

0 Water surface a r e a  i n  r e se rvo i r  ( a c . )  f o r  s tage  i n  @. (From 
stage-area curve f o r  t h e  r e s e r v o i r ) .  
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Col. @ Evaporation on average water surface area in reservoir (ft.). 

Pan evaporation for station at Stillwater was fragmentary, 
necessitating correlation with first order station at Okla- 
homa City. 

Steps used in arriving at 1,ake evaporation at Stillwater, Oklahoma: 
From climatological factors at Oklahoma City, Oklahoma. Monthly pan 
and lake evaporations for Oklahoma City were computed using climato- 
logical factors with wind adjustments and Figures 9-2 and 9-3, Chapter 
9, NEH-4. Procedure for making wind adjustments is given on page 9-15 
with results shown in Table 9-5, Chapter 9, NEH-4. 

A correlation equation was written between the "computed pan evaporation 
at Oklahoma City" and the "measured monthly pan evaporation at Stillwater, 
Oklahoma." (Tables 9-3 and 9-5, Chapter 9, NEH-4). 

Y = 0.4 + 1.17 X 
where 

X represents computed pan evaporation, using adjusted 
wind for Oklahoma City, Oklahoma, 

Y represents measured monthly pan evaporation at Still- 
water, Oklahoma. 

The next assumption was that the pan-lake evaporation relationship at 
Oklahoma City would be a reasonable estimate of the pan-lake evapora- 
tion relationship at Stillwater, Oklahoma. 

Monthly lake evaporation at Stillwater was computed by multiplying 
the computed monthly lake evaporation at Oklahoma City by the ratio 
of the observed monthly pan evaporation at Stillwater to the computed 
monthly pan evaporation at Oklahoma City. 

where 
EQs represents the computed monthly lake evaporation at Stillwater. 

Pas represents the observed monthly pan evaporation at Stillwater. 
F represents the compu.ted monthly pan evaporation at Oklahoma City. 
OC 

EQo represents the computed monthly lake evaporation at Oklahoma City. 

Col. a Evaporation from average water surface area (ac.ft.) 



L Col. @ Tota l  seepage using average monthly water surface e levat ion .  

Example: November 199 

Estimated average monthly water surface e levat ion  860.0 (MSL). 
From stage-seepage l o s s  curve ( ~ i g u r e  4) the  t o t a l  seepage 
equals 17.0 ( a c . f t . )  

@) Reservoir r e l ease  (ac .  f t .  ) re leased t o  meet p r i o r  appropria- 
t i o n s  o r  maintain low flows. In  t h i s  example a l l  runoff t h a t  
occurs from June 1 through September 30 must be passed throufh  
the  r e se rvo i r  without deplet ion.  

@ Spillway discharge computed f o r  the  month ( a c . f t . )  computed 
from mean s tage  over c r e s t  of spillway and hydraulics  of the  
spillway. 

@ Gross water needed f o r  month ( a c . f t . ) .  This information w i l l  
be provided by the  use r  o r  h i s  agents.  

@ Storage a t  end of month ( a c . f t . ) .  Current month (@ = summa- 
t i o n  of the  previous month's s torage a t  end of month @ + @ 
- - -  -0. 

@ Water s torage e levat ion  a t  end of month from stage- 
s torage curve with storage a t  end of month 

@ Computed average storage f o r  the  month ( a c . f t . )  . Computed 
a s  average of previous end of month storage and current  end 
of month storage.  

@ Elevation f o r  the  average month s torage  ( f t . )  MSL s tage  ( f t . )  
MSL associa ted  with average monthly s torage  (ac . f t . )  

The water budget ana lys i s  f o r  the  period March 1949 through June 1951 
indica ted  t h a t  carry-over s torage of 3050 ac re  f e e t  provided f o r  a l l  
t h e  necessary requirements. I n  J u l y  of 1954 and 1956, 5050 ac re  f e e t  
of s torage was no t  s u f f i c i e n t  t o  provide f o r  t h e  demand. The determin- 
a t ion  whether the  storage i s  adequate, inadequate o r  excessive i s  a 
judgment decision based upon t h i s  kind of ana lys i s  and t h e  nature of 
t h e  intended use. I n  t h i s  example, i f  t h e  use were water supply, f i r e  
protec t ion ,  o r  recrea t ion ,  the  storage might not  be considered adequ-ate. 
The storage could be considered adequate f o r  i r r i g a t i o n ,  l ives tock water 
o r  orchard spray water where periods of low supply can be to le ra ted .  

Water s to red  below t h e  e levat ion  of  sediment pool cannot be used, how- 
ever, i f  deplet ion has lowered the water l e v e l  t o  the  e levat ion  of the  
sedinent  pool, evaporation and seepage w i l l  continue t o  deplete t h i s  
s torage and the  storage would have t o  be replaced before water would 
be avai lable  f o r  benef i c i a l  use.  
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