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Abstract: A small, natural watershed has been instrumented for measurement of the 
hydrologic factors necessary for the calculation of consumptive use from an annual 
hydrologic balance. The 42.6-acre woodland grass watershed in Placer County, California, 
is at an elevation of 500 feet with an average annual rainfall of about 25 inches. Rainfall 
and runoff are measured with continuous recording devices. Twenty-four observation wells 
are sounded weekly to provide data for calculation of changes in groundwater storage and 
groundwater outflow. The groundwater components of the hydrologic balance, which are 
usually not available, provide a considerable insight to the redistribution of rainfall on an 
experimental watershed. Results from three years of record indicate the value of this 
method of determining water use by native vegetation. 

1. Introduction 

It  is the aim of  this paper  to ampl i fy  the impor t ance  o f  deta i led  measure-  

ments  o f  the componen t s  o f  the g roundwate r  cycle on exper imenta l  water-  

sheds. In addi t ion ,  the impor tance  of  including the g roundwate r  componen t s  

in calculat ing the hydro logic  balance  for  the runoff  cycle o f  an exper imenta l  

wa te rshed  will be demons t ra ted .  

An  exper imenta l  watershed  is a na tura l  dra inage  basin where a physical  

hydro logis t  can measure  the occurrence o f  water  in space and t ime. Fur ther -  

more ,  the exper imenta l  watershed can be subjected to var ia t ions  in the 

vegeta t ion to permi t  de te rmina t ion  of  the effects of  vegetat ion on the t iming, 

quant i ty ,  and  qual i ty  of  water  yield. 

A hydrologic  balance is a systematic  account ing  of  physical  hydrologic  

measurements  to check on the accuracy o f  input  and  ou tpu t  measurements  

or  to solve for an unmeasured  quant i ty .  Such a balance is not  normal ly  

ca lcula ted  for the comple te  hydrologic  cycle, which includes movemen t  o f  

water  f rom the oceans to  l and  masses and  back to the oceans. Rather ,  

hydrologic  balances  are  usually ca lcula ted  for one o f  the subcycles within 

the hydro log ic  cycle according  to the general  equa t ion :  

Inpu t  = Ou tpu t  + Change  in Storage.  
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The hydrologic balance for the runoff cycle, which includes the occurrence 
of precipitation on land mass drainage units and the subsequent discharge, 
is pictured in Fig. 1. The input to the runoff cycle is precipitation and the 
output is divided among surface outflow, groundwater outflow, and evapo- 
transpiration. As water passes through the runoff cycle, storage occurs on 
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Fig. 1. Block diagram of  the runoff" cycle. 

the land surface, in the stream channel, in the soil moisture zone, and in tile 
groundwater zone. Changes in storage occur rapidly in the surface locations 
and slowly in the latter two zones. 

Referring to Fig. 1, the two sub-cycles may be termed the soil moisture 
cycle, having an input of infiltration and outputs of interflow, deep perco- 
lation, and evapotranspiration; and the groundwater cycle, having an input 
of deep percolation and outputs of groundwater outflow, baseflow, and 
evapotranspiration. 

In some situations it is doubtful that groundwater recharge will occur 
frequently enough to introduce serious errors in a hydrologic balance neg- 
lecting the groundwater cycle. In other situations, particularly that of high 
average rainfall and shallow soil, groundwater recharge will occur annually. 
For these situations the importance of the groundwater cycle will depend on 
the relative magnitude of precipitation, soil moisture storage capacity, and 
groundwater storage and outflow characteristics. 

In general, the passage of water through the soil moisture and ground- 
water cycles lags far behind the surface runoff produced by a given storm. 
Oftentimes, these cycles have seasonal inputs and outputs depending largely 
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on the seasonal distribution of precipitation and evapotranspiration. Because 
of the length of time water is stored in these cycles, there is an opportunity 
to increase water storage and water yields by manipulating their evapo- 
transpirational outputs. This, of  course, is accomplished by management of  
watershed vegetation. 

2. Basic principles 

For  a small, natural watershed, a hydrologic balance equation can be 
written as follows: 

P = I +_ A S M S  + R O  +_ A G W S t o r  + G W O u t  + E - T  (t) 

where 

P = Precipitation 
I =  Interception Loss 

A S M S =  Change in Soil Moisture Storage 
R O  = Surface Runoff 

A G W  Stor=  Change in Groundwater  Storage 
G W Out = Groundwater  Outflow 

E - T =  Use of Water by Evaporation and Transpiration 
In the balance equation, the terms can be evaluated as follows: 

P -  Measured directly. 

I - S i n c e  interception loss is due to the vegetation, this term may 

A S M S -  

R O -  

A G W Stor - 
G W O u t -  

Cons. U s e -  
Therefore 

be combined with evapotranspiration in a Consumptive Use 
term. 
Not measured directly, but can be eliminated by assuming the 
same soil moisture storage at the beginning and end of each 
water year. 
Measured directly. 
Measured directly. 
Estimated directly, but the estimate does not contain contri- 
bution to base flow which is included in RO.  

Determined by the balance of the other terms. 
one may write for an annual hydrologic balance: 

P = Cons. Use + R O  ++_ d G W S t o r  + G W O u t  (2) 
o r  

Cons. Use = P - R O  + A G W  S tor  - G W O u t  

The use of eq. (3) implies the following assumptions: 
(a) there is no surface inflow to the watershed, 
(b) there is no subsurface inflow to the watershed and 
(c) there is no surface storage within the watershed. 

(3) 
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The solution of the equation for Consumptive Use places all errors of  
measurement in this unmeasured term. 

Precipitation on a watershed can be measured in a standard rain gage or 
in a weighing-recording rain gage. Care must be exercised in the selection of 
sites and exposures for rain gages and in the establishment of  rain gage 
networks to measure the areal variation of precipitation. 

The surface runoff from a watershed is determined from a recording of 
water stage versus time in a gaging structure. The streamflow is computed 
from a stage discharge relationship and summations of runoff are made for 
the duration of surface flows. 

Change in groundwater storage is calculated from eq. (4). 

AGW Storage = AAhSy (4) 
where 

A = Area 
Ah = Change of G W Elevation 
Sy = Specific Yield 

In eq. (4), the terms A x Ah give the volume of rock which has been re- 
charged or dewatered during the period for which a balance is being calcu- 

lated. The value of this volume can be determined in two ways. In the first 
method, a map showing lines of  equal change of groundwater storage is 
prepared and the volume is calculated by multiplying the planimetered area 
enclosed by a given line by the average change in elevation within that area. 
This method requires that a new map of lines of equal change in elevation 
be prepared for each period for which a balance is calculated. 

The second method uses Thiessen polygons formed by the intersection of 
the perpendicular bisectors of the lines joining adjacent wells. The area of 
each polygon tiraes the change in groundwater elevation in the well at the 
center of  the polygon gives the volume of recharged or dewatered rock. The 
total volume for the watershed is computed by summing the volumes for 
each of the polygons. In this method an additional refinement can be added 
by including a specific yield for each polygon. Just as in the determination 
of average precipitation, the polygon method for computing groundwater 
storage changes requires a sufficiently dense network of wells to permit areal 
differences in groundwater storage characteristics to be properly weighted 
in the total. 

Groundwater  outflow from the watershed can be estimated from a two- 
dimensional seepage equation such as eq. (5). 

GV¢ Outflow = Ah Nf KD (5) 
Nd 
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where 

Ah = Total potential drop 
Nt = Number  of  flow channels 
Na = Number  of equipotential drops 
K =  Permeability 
D = Saturated thickness 

The determination of the terms of eq. (5) requires a detailed hydrogeologic 
study of the groundwater outflow area of  the watershed. The permeability 
should be determined from field pumping tests. The interpretation of the 
results of such tests has many interesting ramifications which have been dis- 
cussed elsewhere by Lewis and Burgyl). 

The terms Ah x NdN d are determined from a map of water table contours 
and the associated groundwater flow lines. 

The saturated thickness D must be determined from a detailed hydrogeo- 

logic exploration of the groundwater outflow area. This depth D must be 
adjusted for water table fluctuations and for local geologic variations. Often- 
times a weathered zone of considerable thickness underlies the stream channel 
of  a watershed but the porosity of  the material decreases as distance from the 
stream increases. In addition, it has been observed that the thickness of  the 
highly porous zone may decrease as distance from the stream channel in- 
creases. 

Because of the geologic variations in saturated thickness and permeability, 
a three-dimensional flow net adjusted for the variations in saturated thickness 
and then adjusted for variations in permeability is needed to accurately 
depict the normal groundwater outflow from a watershed. 

3. Placer County watersheds 

Three experimental watersheds are operated in Placer County, California. 
These watersheds have areas of 47, 42.6, and 12 acres. They are located 
approximately 10 miles northeast of  Lincoln, California, near 39 ° North 
Latitude and range in elevation from 400 to 800 feet. 

The climate of  these watersheds is typical of  the Mediterranean climate 
which prevails in most of  California, having an average annual rainfall of 
25 inches occurring between the months of  October and May and at least 
4 months without precipitation during the summer. 

The vegetation on these watersheds is composed of woodland and wood- 
land grass types. Oak trees predominate in the landscape cover and annual 
grasses occur in the clear spaces between the oaks. There is an understory 
of poison oak which occurs with the trees over the entire area. 
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The shallow residual soils on these watersheds are clay loams and loams 
from 15 to 30 inches deep. Unweathered parent material occurs in the third 
foot of  the profile, which is otherwise undeveloped. 

Underlying the shallow soil mantle on these watersheds is a zone of highly 
weathered rock from 3 to 5 feet deep. Below this highly weathered zone is 
fractured and jointed metamorphosed sedimentary and igneous rock. This 
rock contains two open joint systems and vertical foliations which are open 

Fig. 2. 

Sec. 17,18 T. 13N, R.7E l 
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Placer County Watershed B Groundwater Contour Map, April 13, 1961. 

at depths of  50 feet. Diamond drill cores recovered during the drilling of 
observation wells on the Placer County watersheds are photographically 
logged and analyzed. Evidence of iron staining or mineral deposition or 
dissolution on the fractures and joints in these cores is used to identify those 
joints which are open to the seepage and storage of water. Other joints and 
fractures in the cores appear to have opened only when internal stresses were 
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relieved by the penetration of the core barrel. The freshly opened joints show 
fresh crystals on the joint plane but the iron-stained joints show very few 
crystal faces. 

The open joints in the cores appear to be of supercapillary size. Some have 
widths of 0.01 feet. The frequency of joint occurrence and the width of the 
joint openings generally decrease as depth increases. Values of the specific 
yield for the groundwater storage zone in the fractured and jointed rock are 

Fig. 3. 

Sec. 17,18 T. 13N, R7E | 
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Placer County Watershed B Decrease in Groundwater Elevation, April ! 3, ]961 
to October 17, 1961. 

estimated from the number of open joints occurring and the estimated physi- 
cal dimensions of these joints. 

Fig. 2 is a topographic map with the boundary of the 42.6-acre Placer 
County Watershed B drawn in. Also shown in Fig. 2 are the 24 groundwater 
observation wells in and around watershed B and the groundwater contours 
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for April, 1961. From groundwater contour maps such as Fig. 2, it has been 
determined that the assumption of no subsurface inflow to this watershed is 
valid. It can be further seen in Fig. 2 that the groundwater outflow will occur 
at the lowest elevation in the watershed in the area where the stream flow 
is gaged. 

Fig. 3 shows lines of equal change of groundwater elevation plotted on 
Placer County Watershed B. From these lines, using planimetered areas and 
average ordinates, the volume of groundwater storage change can be calcu- 
lated. As has been pointed out earlier, the polygon method can also be used 
to obtain this volume. Volumes of groundwater storage change for several 
half-year cycles of recharge and discharge were computed using both the 
polygon method and the change in groundwater contour method. Results 
from both methods are not significantly different. The polygon method is 
now used to reduce the time needed for calculation. 

4. Changes in groundwater storage 

The weekly elevations of the groundwater table in 24 wells provide data 
on which to base calculations of the change in groundwater storage. The 
change in groundwater storage is evaluated by first calculating the change in 
groundwater elevation from the beginning to the end of the time period. The 
volume of material which has been dewatered or recharged is calculated 
using the polygon method described earlier, and the change in groundwater 
storage is equal to the volume of  material which has been dewatered or re- 
charged times the specific yield of the material as shown in Table 1. 

Time Period 

TABLE 1 

Changes in Groundwater Storage for Watershed B 

Volume Volume Depth 
Occurrence of Rock S.v of Water of Water 

(acre-f t) (acre-f t) (in.) 

10-21-60 to 4-13-61 
4-13-61 to 10- 3-61 

10- 3-61 to 4- 2-62 
4- 2-62 to 10- 1-62 

1960-61 Hydrologic Year 

Recharge 228.4 0.024 5.48 1.54 
Use & Outflow 319.6 0.024 7.67 2.16 

1961-62 Hydrologic Year 

Recharge 693.0 0.024 16.63 4.68 
Use & Outflow 548.8 0.024 13.17 3.71 

1962-63 Hydrologic Year 

10- 1-62 to 4-22-63 Recharge 975.2 0.024 23.41 6.59 
4-22-63 to 10- i-63 Use & Outflow 839.6 0.024 20.15 5.67 
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In order to estimate the specific yield for Watershed B, it is assumed that 
an average of 2.4 joints per vertical foot is representative for the entire 
watershed and that these joints have an average opening of 0.01 foot. Thus, 
the open space in the fractured rock amounts to 0.024 cubic feet per cubic 
foot of rock. Since little is known about the water retention ability of the 
jointed rock, the specific yield is assumed to be equal to the void space in 
the rock. Thus, the specific yield is 2.4%. In preparing this estimate, the 
frequency of the joints assumed is believed to be a conservative estimate, 
and the size of the joint openings is believed to be a high estimate. Con- 
sidering the presence of more porous material near the stream channel, it 
appears that this estimating procedure yields a reasonable value of specific 
yield. 

5. Groundwater outflow 

Groundwater contour maps for Placer County Watershed B have con- 
sistently shown that the groundwater contours have a shape very similar to 
that of the topographic contours. It has been concluded that the groundwater 
basin underlying Watershed B coincides with the surface watershed unit and 

Fig. 4. 
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Plan of groundwater outflow gaging wells, Placer County Watersheds, showing 
the groundwater elevations and flow net for April 22, 1963. 
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tha t  the subsurface outf low from Wate r shed  B general ly  fol lows the pa th  o f  

the surface runoff.  Under  these condi t ions ,  the subsurface outf low f rom 

Wate r shed  B can be es t imated from g roundwate r  e levat ion da ta  ob ta ined  

from a ne twork  o f  wells across the s t ream channel  near  the gaging s tat ion 

and  a knowledge  o f  the permeabi l i ty  o f  the f rac tured  rock.  

Fig. 4 shows the p lan  o f  the outf low gaging wells a t  the confluence o f  the 

channels  o f  Placer Coun ty  Watersheds  A and B. The  two stream channels  

are indica ted  and the wells are identif ied by small circles with a small number  

and letter beside them. The g roundwa te r  elevations of  Apr i l  22, 1963, are 

noted next to the well numbers .  The g roundwa te r  equipotent ia l  lines con- 

s t ruc ted  from these g roundwate r  e levat ions are shown. A ne twork  o f  curvi- 

l inear  o r thogona l  squares has been const ructed  on the de termined equipo-  

tent ial  lines to p roduce  an app rox ima te  two-d imens iona l  g roundwa te r  flow 

net. This app rox ima te  flow net, d rawn from measured  values o f  potent ia l ,  

reflects var ia t ions  in the pe rmeabi l i ty  and sa tura ted  thickness.  

The  g roundwate r  outf low es t imat ion  p rocedure  involves calcula t ion of  the 

g roundwa te r  flow in each channel  o f  the o r thogona l  flow net as shown in 

Table  2. 

The  g roundwate r  outf low of  1022 cubic feet per  day  ca lcula ted  in Table  2 

for Apr i l  22, 1963, represents  the max imum outflow rate, since g ro tmdwate r  

levels at this t ime are at the high for  the season. Da ta  from addi t iona l  

pumping  tests will provide  more  accurate  values of  permeabi l i ty  for use in 

TABLE 2 

Groundwater Outflow from Watershed B, April 22, 1963 

Nf 
Q : Z K d h  D 

Na 

where 

Q :- total groundwater outflow, ft. 3 per day 
K - coefficient of permeability, ft. per day 

z~h -- total potential drop, ft. 
Nr = number of flow channels 
Nd = number of equipotential drops 
D -- saturated thickness, ft. 

Flow Channel 
Number 

1,2,3 
4,5 
6, 7, 8,9, i0, 11 

Total 

z/h 
Nd N~ K O Q 

5 3 0.08 70 84 
5 2 1.1 70 770 
5 6 0.08 70 168 

1022 ftZ/day 
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o u t f l o w  e s t i m a t i o n  ca lcu la t ions .  F u r t h e r  r e f i n e m e n t  o f  g r o u n d w a t e r  o u t f l o w  

e s t i m a t e s  w o u l d  be  poss ib l e  if a prec ise  va lue  o f  t he  s a t u r a t e d  t h i cknes s  c o u l d  

be  d e t e r m i n e d  fo r  each  f low c h a n n e l .  O n e  poss ib l e  w a y  to  d e t e r m i n e  th is  is 

by  m e a n s  o f  an in tens ive  su rvey  us ing a p o r t a b l e  r e f r a c t i o n  s e i s m o g r a p h .  

TABLE 3 

Runoff Cycle 

Placer County Watershed B 

(Direction of Accretion or Disposition) 

Cons. G W 
Component P A S M S  RO AG W Stor. 

Use Outflow 

Month 1960-61 

October 0 -/- 0 0 0 F 

November + + -b + ~' + 
December + + + -- + 
January 4- -I- + + + 1.54 + 
February + -I- -4- + [ + 

March F - F -- + ~, -I 

April + + -- 0 ~ + 
May + -t- -- 0 [ + 
June 0 -I- -- 0 ] + 
July 0 -I- 0 0 -- 2.16 -F 
August 0 + 0 0 ] + 
September 0 -F 0 0 ] -F 
October 0 -F 0 0 + + 

Net Totals (inches) 19.73 Cons. Use 0 0.11 -- 0.62 0.75 

1961-62 

October + + 0 0 0 + 
November + + + 0 0 + 
December 4- -F -F + 0 + 
January + + + + 0 + 

February + + + ~ i' + 
March + + -- + + 4.68 + 
April + 4- -- 0 ~ + 

May + + -- 0 I' -F 
June 0 + -- 0 I + 
July 0 + 0 0 I + 
August 0 + 0 0 -- 3.71 + 
September 0 /- 0 0 I + 
October 0 q- 0 0 ~, + 

Net Totals (inches) 25.06 Cons. Use 0 3.30 + 0.97 0.75 
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Cons. G W 
P A S M S  RO A G W  Stor. 

Use Outflow 

1962-63 

October t q t ! ~" 
November I ] + -J t I 
December f i- k + t 4 
January 0 k 0 0 4 6.59 + 
February + ] r 4- ] !- 
March + + -- ! ] p- 
April -F + - -f 1 

May I -k -- k ~ i- 
June 0 I -- f I '~" 
July 0 + 0 0 -- 5.67 _L 
August 0 -~ 0 0 ] -! 
September 0 t- 0 0 1 F 

Net Totals (inches) 34.41 Cons. Use 0 5.67 + 0.92 1.98 

6. Hydrologic balances 

6.1. ANNUAL 

TO visua l ize  the  ac t iv i ty  in the  r u n o f f  cycle d u r i n g  each  m o n t h ,  T a b l e  3 

has  been  p r e p a r e d  based  on the  da t a  for  the  1960-61, 1961-62, and 1962-63 

seasons .  F o r  each  m o n t h  an  en t ry  has  been  l is ted unde r  each  o f  the  m a j o r  

c o m p o n e n t s .  A ze ro  indica tes  no  change ,  whi le  a plus indica tes  a pos i t ive  

acc re t i on  o r  d i spos i t ion  and  a minus  indica tes  a nega t ive  acc re t ion  o r  dis- 

pos i t ion .  T h e  last  l ine o f  T a b l e  3 lists the  ne t  to ta l s  o f  each  c o m p o n e n t  for  

the  th ree  h y d r o l o g i c  years.  

T a b l e  4 s u m m a r i z e s  the  h y d r o l o g i c  ba lances  fo r  th ree  consecu t ive  hydro.- 

log ic  years.  These  ba l ances  list the  t e rms  as ind ica ted  in eq. (3). In the  

1960-61 h y d r o l o g i c  year ,  w h i c h  inc ludes  the  t ime  f r o m  O c t o b e r  1960 t h r o u g h  

TABLE 4 

Hydrologic Balances 

Placer Watershed B 

Year P RO AGWStor. GWOut  Cons. Use 

60-61 19.73 0.11 -- 0.62 
61-62 25.06 3.30 f 0.97 
62-63 34.41 5.67 ! 0.92 

0.75 19.49 
0.75 20.04 
1.98 25.84 
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September 1961, the groundwater storage change for the entire year shows 
a net decrease in groundwater storage of 0.62 inches. This is typical of  the 
response expected for a rainfall deficient year and is analogous to the situ- 
ation which occurs in low elevation valleys in years of low rainfall when 
pumping wells for water supply causes a lowering in the water table over 
the entire area. The change in groundwater storage, being a negative quantity, 
is algebraically added to the precipitation figure in calculating the con- 
sumptive use of 19.49 inches from eq. (3). 

In the 1961-62 hydrologic year, groundwater storage shows a net increase 
of  0.97 inches. This quantity represents a positive addition to the ground- 
water storage taken from the total precipitation for that year and the con- 
sumptive use calculation from eq. (3) yields a value of 20.04 inches which is 
very close to the value for the preceding year. It must be pointed out here 
that the difference in sign of the groundwater storage terms for these two 
years would cause a difference in the total consumptive use o f  approximately 
1.5 inches if these terms were not included. 

In the 1962-63 year, a net increase of 0.92 inches occurred in the ground- 
water storage. The groundwater outflow for this year was considerably 
higher than the two previous years due to tile high levels of groundwater 
which were built up during the recharge portion of the hydrologic year. In 
fact, the groundwater levels for this hydrologic year were the highest in the 
three years. The consumptive use of  25.85 inches calculated for this year was 
higher than the values of  the two previous years. This was partially due to 
the fact that 12 inches of the rainfall occurred in mid-October and were 
followed by a month of practically no rainfall. This permitted higher than 
normal consumptive use during October and November. Also, data from 
other watersheds have generally shown that consumptive use or total losses 
are usually highest in the years of highest rainfall. 

Table 5 lists the rainfall redistribution for Placer County Watershed B for 
the three hydrologic years which were described in Tables 3 and 4 and dis- 
cussed in the previous paragraphs. The tabulation is broken down as follows: 

TABLL 5 

Rainfal l  Redis t r ibut ion  

Placer Wate r shed  B 

Year  P 

60-61 19.73 
61-62 25.05 
62-63 34.41 

% RO ~ Use G W Recharge  G W U i O 

0.5 98.78 1.54 2.16 
13.1 79.96 4.68 3.7 l 
16.5 75.09 6.59 5.67 
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percent of  the rainfall occurring as runoff, tile percent occurring as con- 
sumptive use, the total amount  of  groundwater recharge during the rainy 
season, and the total amount  of groundwater use and outflow occurring 
during the spring and summer months. In Table 5 it can be seen that as the 
amount  of  rainfall increased, the percent of runoff increased, and the percent 
of consumptive use decreased. However, the important information in 
Table 5 is the depth of water which was recharged to the saturated zone 
and then subsequently used directly f rom that zone or discharged as base 
flow in the stream or subsurface outflow from the watershed. In 1960-61, 
which was a below normal rainfall year, it is seen that 1.54 inches were 
added to the groundwater system and 2.16 inches were used or discharged 
from the system. For 1961--62, these amounts are 4.68 inches and 3.71 inches 
and for 1962-63 an above normal rainfall year, the amounts are 6.59 and 
5.67 inches. These data indicate the importance of the groundwater portion 
of the runoff cycle in buffering the rainfall-runoff response of the watershed 
and in controlling the timing of the water yield from the watershed. 

6.2. SHORT TERM 

The use of shorter term balances requires evaluation of changes in soil 
moisture storage. This can be accomplished by periodic soil moisture de- 
terminations using gravimetric, electrical, or neutron-scattering methods. 
Short term balances on weekly, monthly, or stormlength time periods can 

be used to determine the disposal or redistribution of precipitation in the 
soil moisture cycle. A hydrologic balance for a three-week period in January 
and February of 1964 is presented in Table 6 to demonstrate the inclusion 
of soil moisture changes in the balance. 

The data of  Table 6 demonstrate the calculation of Consumptive Use from 
the hydrologic balance. The end of the balance period was selected at the 
time when groundwater levels had ceased to rise. An estimate of the Con- 
sumptive Use for the same period is the sum of the estimated interception 
losses and estimated evapotranspiration. As shown in Table 6, the difference 
between calculated and estimated values of Consumptive Use is 0.69 inches. 
Thus the hydrologic balance accounts for the disposal of 5.19 inches o1" 
precipitation with 13~ error. The possible errors in AGWS, GW Outflow, 
and 4 SMS may account for the 13~o discrepancy. However, another possible 
cause for this discrepancy is an increase in storage in the unsaturated zone 
in the fractured rock. This zone is 5 to 80 feet thick within the watershed. 

Short term balances of this sort with added refinement of  the measure- 
ments in the groundwater and soil moisture cycles can account for the re- 
distribution of rainfall on a continuous time incremented basis. 
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TABLE 6 

Hydrologic Balance for Watershed B 
From 1-13-64 to 2-4-64 

Consumptive Use -~ Precip. -- RO ± A G W S  ± A S M S  -- GWOut 
Precip. = 5.19 inches 

RO = 0.84 inches 
A G W S  = + 1.85 inches 
A S M S  = @ 0.61 inches 

GWOut -- 0.11 inches 
Consumptive Use -- 5.19 -- 0.84 -- 1.85 -- 0.61 -- 0.11 -- 1.78 inches 
Precip. occurred between 1-13 and 1-22 
Interception loss estimated for the storm l0 ~/o of Precip. 
Interception Losses (est.) ~- 0.10 × 5.19 ~ 0.52 inches 
Pan Evaporation 0.57 inches 
Evapotranspiration estimate - Pan Evaporation 0.57 inches 
Estimated Error in Consumptive Use - Computed - Estimated 
Estimated Consumptive Use ~ Interception Losses + Evapotranspiration 

- -  0.52 ± 0.57 
1.09 inches 

Error in Consumptive Use = 1.78 -- 1.09 
= 0.69 inches 

0.69 
Percent Error in Accounting for Disposition of Precip. = × 100 - 13.3 

5.19 

7 .  D i s c u s s i o n  

The data presented for Placer County  Watershed B clearly demonst ra te  

the necessity for considering the groundwater  por t ion of  the hydrologic  cycle 

in exper imental  watershed studies. The  magni tudes  of  g roundwater  recharge 

and groundwater  use and o u t f o w  which were presented show the impor tance  

of  increased unders tanding that  can be gained from considerat ion of  the 

complete  hydrologic  cycle. 

Remova l  of  deep-rooted  vegetat ion from experimental  watersheds is 

certain to influence the groundwater  por t ion o f  the hydrologic  cycle z). 

The hydrologic  balance for both  short  and long t ime periods can be a 

valuable  tool  for assessing the effects o f  watershed t reatments  on rainfall 

redistr ibution and on the t iming and quant i ty  o f  water  yields. Balances may 

also be calculated for any of  the sub-cycles of  the runoff  cycle. 

Fo r  example,  the determinat ion  o f  the E T  output  from the groundwater  

cycle may be made f rom a groundwater  cycle balance. To solve for Use one 

may write the fol lowing equat ion,  referring to Fig. 1. 

(U  + O) = Use + Outflow + Baseflow 

Use = (U  + O) - Outf low - Baseflow 
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The term (U+O) is the total decrease in groundwater storage as indicated 

in Table 5. The groundwater outflow can be determined as discussed previ- 
ously and the baseflow can be determined from streamflow records by sepa- 
ration of hydrograph components.  This approach provides an indirect means 
of quantitatively assessing the influence of deep-rooted vegetation on the 
groundwater portion of the hydrologic cycle. Such assessments can be made 
before and after watershed treatments to aid in fully evaluating treatment 
effects. 

8. Conclusion 

Depending on the relative thicknesses of  the soil and weathered zone and 
the fractured rock zone, watershed management for increased water yield 
may be broadly classed into two categories. These are I) soil moisture 
management,  2) groundwater management. These categories are necessarily 
exclusive of surface runoff management, wh ich -  while it is directly influenced 
by the watershed vegetation - does not contain that water which may be 
yielded due to a reduction in transpirational use by vegetation. Careful 
inventories of  the transmission and storage characteristics of  the soil mois- 
ture and groundwater zones are needed to determine which category of 
watershed management will be in effect when a vegetation conversion is 
applied to a given watershed. 

Potential water production by watershed management must be predicted 
quantitatively so that watershed management projects can be evaluated as 
economic alternatives in resources planning. The effÉciency of water pro- 
duction by watershed management should be evaluated by some means. The 
following definition is proposed: 

Increased water yield 
Efficiency = Evapotranspiratio/areduction'  

Such considerations cannot be made without careful assessment of both 
the soil moisture and groundwater cycles in experimental watershed research. 
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