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HYDROLOGIC ANALYSIS OF THE MOJAVE RIVER, CALIFORNIA 

USING A MATHEMATICAL MODEL 

By Timothy J. Durbin and William F. Hardt. 

ABSTRACT 

The channel of the Mojave Rive'r in California is normally dry and is 
highly permeable over much of its length, and large quantities of water from 
natural floodflows in the channel infiltrate through the channel bed to the 
underlying ground-water body. From 1930 to 1972 only 18 floods at The Forks 
produced flow at Barstow, 55 miles (88 kilometres) downstream from The Forks. 
Peak discharges at Barstow from these floods ranged from 180 cubic feet per 
second (5 cubic metres per second) in 1967 to 64,300 cubic feet per second 
(1,820 cubic metres per second) in 1938. Total stream infiltration, primarily 
as ground-water recharge, ranged from 3,600 acre-feet (4.40 cubic hectometres) 
in 1935 to 50,400 acre-feet (62.1 cubic hectometres) in 1969 between The Forks 
and Victorville and from about 7,000 acre-feet (8.61 cubic hectometres) in 
1935 to 128,000 acre-feet (158 cubic hectometres) in 1969 between Victorville 
and Barstow. 

The Mojave Water Agency is considering the use of the channel of the 
river to convey water imported from northern California through Silverwood 
Reservoir (5 miles or 8 kilometres upstream from The Forks) downstream to the 
Barstow area. The imported water would be used to replenish aquifers 
underlying the Barstow area. A mathematical model was developed that 
simulates the advance of discharge down the initially dry channel of the 
Mojave River, and the model was used to evaluate the potential of the channel 
to move imported water downstream to Barstow. 

1 
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Results of simulation by modeling indicate that the channel of the Mojave 
River can be used to efficiently convey imported water to Barstow only when 
the absorption capacity of the channel has been reduced by an antecedent 
flood. The volume of imported water that can reach Barstow depends on the 
volume and duration of the antecedent flood, on the volume of imported water 
released trom Silverwood Reservoir, and on the rate at which imported water is 
released. A release of 20,000 acre-feet (24.6 cubic hectometres) of imported 
water may produce at Barstow a maximum volume of imported water of 2,500, 
8,000, 11,000, or 15,000 acre-feet (3.08, 9.86, 13.6, or 18.4 cubic 
hectometres) for a release rate of 500, 750, 1,000, or 2,000 cubic feet per 
second (14.2, 21.2, 28.3, or 56.8 cubic metres per second). 

For planning purposes in evaluating some of the hydraulic effects of 
recharge on the aquifer, a simulation of the aquifer near the Barstow area 
using an electrical analog model showed that a combination of no pumping and a 
yearly recharge of 5,000 acre-feet (6.17 cubic hectometres) for 10 years could 
raise ground-water levels at least 10 feet (3 metres) over an area of about 
10 square miles (25 square kilometres). To obtain the water-level changes due 
to the combined effects of pumping and recharge, the above water-level changes 
should be superimposed on the separate effects of pumping. 

INTRODUCTION 

Part of the Mojave River basin (fig. 1) is an area of southern California 
that is experiencing rapid economic growth, and the demand for ground water by 
the present residential, commercial, and industrial water users significantly 
exceeds the local supply (Hardt, 1971). In an effort to deal with this 
problem, the Mojave Water Agency, which is charged with managing the water 
supply in much of the basin, is planning to import and distribute water from 
northern California and is undertaking intensive management of the ground-
water resources including artificial recharge into the ground-water reservoir. 

Water shortages will intensify in the Barstow area earlier than other 
areas of the basin (Hardt, 1971), and the Mojave Water Agency anticipates the 
need to replenish the aquifers with imported water. Imported water will be 
delivered to the agency at turnouts at various locations along the aqueduct 
that conveys the imported water, including a location adjacent to Silverwood 
Reservoir. The reservoir is located on the West Fork Mojave River about 
60 mi (97 km) upstream from Barstow. This report was prepared to aid the 
Agency in planning and presents the results of a study of the potential use of 
the normally dry channel of the Mojave River to convey the imported water from 
Silverwood Reservoir downstream to Barstow; and the predicted rise in water 
levels due to potential artificial recharge between Hodge and Barstow. 
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Location and General Features of the Study Reach 

The channel of the Mojave River between The Forks, where the river 
debouches from the San Bernardino Mountains, and Barstow is of primary 
interest to the study (fig. 2). This reach of the river--a distance of about 
55 mi (88 km)--crosses the broad alluvial surface of the Mojave River basin 
and is the main source of recharge to the aquifers underlying the basin. Deep 
Creek and the West Fork Mojave River drain the San Bernardino Mountains and 
join at The Forks to form the Mojave River. The Mojave River then flows 
18 mi (29 km) from The Forks to Victorville and then 37 mi (60 km) from 
Victorville to Barstow. 

The sandy channel of the river is highly permeable over much of its 
length, and large quantities of water are lost from the channel because of 
infiltration through the channel bed. For example, from 1931 to 1972 only 
28 percent of the flow that entered the channel at The Forks reached Barstow. 

The channel has a sand bed and is underlain by alluvial deposits that 
consist principally of sand and gravel but include boulders and lenses of silt 
and clay. Ground water occurs in the alluvium about at the level of the 
channel bed in a 15-mi (29-km) reach near Victorville. However, in other 
areas the depth to the water table underlying the channel bed is as much as 
50 ft (15 m). 

The Mojave River channel is entrenched in the alluvial deposits. The 
main channel generally ranges from about 100 to 600 ft (30 to 180 m) in width 
and is sufficiently large to contain most flows. Large floods have caused 
some flooding and damage along the adjacent lowlands. On February 25, 1969, 
the river overflowed its bank about 3 mi (4.8 km) north of Hodge, and some 
flow passed north of the main channel at Barstow (Hardt, 1969, p. 9). 

A study of all discharge measurements that were made from 1930 to 1972 at 
the gaging stations between The Forks and Barstow shows a correlation between 
river width and discharge (fig. 3). The gaging stations at Deep Creek, West 
Fork Mojave River (until 1971), and Victorville are in constricted reaches of 
the river, and the channel width ranges from about 75 to 125 ft (23 to 38 m). 
The channel constriction at Victorville is not part of the upstream 
constriction at the gaging stations at Deep Creek and West Fork Mojave River. 
At Barstow the channel is in a broad part of the valley, and at bankfull stage 
the channel is about 300 ft (91 m) wide. Much of the river channel between 
The Forks and Barstow is not unduly constricted, and widths during bankfull 
stages of 200-300 ft (61-91 m) are common. 

The natural streamflow of the Mojave River has been modified by the 
construction of two dams above the study reach. In 1971 the U.S. Army Corps 
of Engineers completed The Forks Dam, a flood-control structure located below 
the confluence of Deep Creek and the West Fork of the Mojave River. The 
outlet structure is a tunnel about at channel 1,.nel. The tunnel is ungated 
and has a maximum capacity of about 25,000 ft3/s (708 m3/s) at the maximum 
reservoir storage capacity of 300,000 acre-ft (370 hm3). 
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	 7 INTRODUCTION 

In 1972 the California Department of Water Resources completed the Cedar 
Springs Dam and Silverwood Reservoir on the West Fork Mojave River 5 mi (8 km) 
upstream from The Forks Dam. This facility is an integral part of the 
California aqueduct system used for conveying water from northern California. 
It regulates flow to the San Bernardino-Riverside area. Part of the imported 
water that is to be received by the Agency from the State will be released 
into the West Fork Mojave River adjacent to this reservoir. 

The Mojave River basin has been the subject of many geologic and 
hydrologic studies, and detailed descriptions of the geologic and hydrologic 
features of the basin can be found in recent Geological Survey reports by 
Miller (1969) and Hardt (1969, 1971). Other reports are listed in the 
selected references at the end of this report. 

Scope and Methods 

The primary objective of this study was to evaluate the mechanics of flow 
in the Mojave River channel with respect to the ability of the channel to move 
water downstream. Secondary objectives were (a) to estimate the response of 
ground-water levels in the Barstow area to the recharge of imported water and 
(b) to estimate the effects of The Forks Dam on the natural streamflow in the 
Mojave River. Specifically, the scope of the study included the following: 

1. The characteristics of natural flow in the Mojave River were 
analyzed, based on historic records which provide a base for anticipating 
future conditions. 

2. The infiltration losses from historic floods in the reach of the 
river between The Forks and Barstow were estimated. 

3. Water was released under controlled conditions into the channel from 
Silverwood Reservoir in order to study infiltration processes. 

4. A mathematical model that imitates the river system was developed in 
order to simulate the Mojave River. The model was used to establish the 
conditions under which imported water can be efficiently conveyed down the 
Mojave River channel to Barstow. In addition, the model was used to study the 
effect of The Forks Dam on streamflow in the river. 

5. An existing electric analog ground-water model (Hardt, 1971) was used 
to predict the response of ground-water levels to the recharge of imported 
water at two locations west of Barstow. 
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FLOW CHARACTERISTICS OF THE MOJAVE RIVER 

The flow of the Mojave River is measured at The Forks, Victorville, and 
Barstow. These stations are respectively 18 mi (29 km), 43 mi (69 km), and 
55 mi (88 km) downstream from The Forks. Prior to September 1971, streamflow 
at The Forks was measured by the combined discharge at two gaging stations, 
Deep Creek and West Fork Mojave River. Now, the flow at The Forks is measured

• 

TABLE 1.--Selected floods in the Mojave 

The Forks 
Flow duration Range

Flood Average TotalDate (days) in 
number flowl flowThe Forks Barstow flow1 

(ft3/s) (acre-ft)
(ft /s) 

1 Feb. 7, 1932 - May 14, 1932 98 96 131-7,480 445 86,500 
2 Apr. 8, 1935 - Apr. 21, 1935 14 10 152-1,646 423 11,700 
3 Feb. 6, 1937 - May 28, 1937 112 111 108-6,140 689 153,100 
4 Feb. 27, 1938 - May 18, 1938 81 79 150-19,000 1,170 187,600 
5 Feb. 20, 1941 - May 25, 1941 95 94 130-2,822 703 132,500 
6 Jan. 21, 1943 - May 6, 1943 106 104 129-13,850 675 142,000 

7 Feb. 21, 1944 - May 11, 1944 81 79 138-3,424 425 68,300 
8 Feb. 1, 1945 - May 4, 1945 93 92 69-3,820 286 52,800 
9 Mar. 30, 1946 - Apr. 25, 1946 27 26 89-4,570 540 28,900 

10 Dec. 24, 1946 - Jan. 15, 1947 23 20 81-1,254 306 13,900 
11 Mar. 12, 1952 - May 8, 1952 58 50 215-2,387 495 57,000 
12 Mar. 16, 1958 - Apr. 24, 1958 40 29 357-4,310 1,130 89,500 

13 Feb. 8, 1962 - Feb. 16, 1962 9 1 421-5,490 1,850 33,000 
14 Nov. 22, 1965 - Nov. 30, 1965 9 3 183-7,710 2,300 41,100 
15 Dec. 29, 1965 - Jan. 6, 1966 9 3 221-11,550 2,200 39,200 
16 Dec. 3, 1966 - Dec. 13, 1966 11 3 100-12,860 1,870 40,800 
17 Mar. 10, 1967 - June 6, 1967 89 33 102-1,638 364 64,300 
18 Jan. 20, 1969 - May 11, 1969 112 80 310-24,400 1,460 325,000 

1 Based on daily records. 
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at The Forks Dam. The Hodge station was moved from Wild Crossing (7 mi or 
11 km upstream) in 1970. Streamflow records have been obtained for 43 years 
at The Forks (1930-72), for 42 years at Victorville and Barstow (1931-72), and 
for 5 years at Wild Crossing (1966-70). 

Extreme Discharges 

During 42 years of streamflow record (1931-72), only 18 floods produced 
flow at Barstow (table 1). The volume of flow during these floods ranged from 
11,700 to 325,000 acre-ft (14 to 400 hm3) at The Forks and from 515 to 
147,000 acre-ft (0.6 to 181 hm3) at Barstow. The duration of the floods at 
The Forks ranged from 9 to 112 days, and the duration at Barstow ranged from 
1 to 111 days. For this study, the flow duration was limited to the time of 
cessation of flow at Barstow. Peak discharges during the 18 floods ranged 
from 2,050 ft3/s (58 m3/s) in 1946 to 72,700 ft3/s (2,059 m3/s) in 1938 at The 
Forks and from 180 ft3/s (5 m3/s) in 1967 to 64,300 ft3/s (1,820 m3/s) in 1938 
at Barstow. 

River reaching Barstow (1930-72) 

Victorville Barstow 
Range 

in 
flow' 

(ft3/s) 

Average 
flow' 

(ft3/s) 

Total 
flow 

(acre-ft) 

Range 
in 

flow' 
(ft3/s) 

Average 
flow' 

(ft3/s) 

Total Flood 
flow number 

(acre-ft) 

52-7,840 
65-846 

350 
294 

68,000 
8,160 

0.3-2,410 
3-208 

193 
43 

37,500 
1,180 

1 
2 

44-4,880 
74-16,000 

71-3,060 
74-12,200 

612 
1,040 

640 
535 

136,000 
166,000 
121,000 
113,000 

.1-3,950 
7-18,100 

3-2,000 
6-7,380 

467 
859 
509 
432 

104,000 
138,000 

96,000 
91,000 

3 
4 
5 
6 

56-1,900 
38-1,250 
32-2,220 

45-970 

360 
205 
370 
218 

57,800 
37,800 
19,800 

9,900 

6-1,230 
.4-730 

1.5-1,890 
.8-350 

226 
120 
231 

56 

36,200 
22,100 
12,400 

2,570 

7 
8 

9 
10 

64-1,340 
260-3,960 

374 
905 

43,100 
71,800 

1-481 
4.1-2,500 

108 
253 

12,400 
20,000 

11 
12 

40-1,760 
36-4,180 

152-5,060 
46-6,860 

25-848 

494 
692 

1,290 
989 
227 

8,800 
12,400 
22,900 
21,600 
40,000 

0-369 
7-576 

1-2,460 
0-3,370 

.2-68 

41 
67 

288 
328 

3 

732 
1,200 
5,140 
7,160 

515 

13 
14 
15 
16 
17 

94-21,000 1,230 274,100 5-14,800 660 147,000 18 
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Velocity of the Flood Wave 

The velocity of a crest of the flood wave in the Mojave River channel 
depends on the magnitude of the flood, the channel geometry, the slope of the 
channel, the bed friction, the water temperature, the sediment in transit, and 
the quantity of water that is removed from the flood because of infiltration 
into the permeable bed of the channel. The velocity of the flood wave will 
decrease for the Mojave River if the magnitude of the flood decreases or if 
the quantity of water that is infiltrated increases. The streamflow records 
for the Mojave River indicate that the time of travel of a flood peak between 
The Forks and Victorville ranges from about 3 to 7 hours (table 2) and that 
the velocity of the peak ranges from about 3 to 6 mi/h (5 to 10 km/h). The 
time of travel between Victorville and Barstow has ranged from about 6 to 
22 hours (table 2) and the velocity of the peak in this reach has ranged from 
about 2 to 6 mi/h (3 to 10 km/h). This reduction of the velocity of the fldod 
wave in the lower reach of the channel can be attributed in part to a change 
in the bed slope, and in part to the decrease in magnitude of the flood when 
passing through the upstream reach. 

The rising limb of streamflow hydrographs for the Mojave River usually 
becomes steeper as a flood crest moves downstream. Thus, the lag time between 
the arrival of a flood peak at The Forks and at a point downstream is shorter 
than the lag time between the arrival of first flow at the same points. 

Flow Duration 

Streamflow in most of the study reach of the Mojave River is generally 
intermittent; however, perennial flow does occur at two locations--for about 
1 mi (1.6 km) below The Forks, due to perennial flow in Deep Creek, and in the 
15-mi (29-km) reach in the vicinity of Victorville. This perennial flow is 
due to natural discharge of ground water to the channel. 

Duration curves for daily flow for the Mojave River at Barstow and at 
Victorville (fig. 4) show the effects of perennial streamflow. The curve for 
Barstow is typical of curves for streams in desert regions, in that the 
channel is dry most of the time except during infrequent floods derived from 
the mountains. For example, the curve for Barstow indicates that flow will 
exceed 1 ft3/s (0.03 m3/s) only 5 percent of the time, 100 ft3/s (3 m3/s) about 
4 percent of the time, and 1,000 ft3/s (30 m3/s) less than 0.4 percent of the 
time (fig. 4). Perennial flow at Victorville causes a change in the slope of 
the flow-duration curve at about 60 ft3/s (1.7 m3/s), and the curve indicates 
that flow is almost always greater than 10 ft3/s (0.3 m3/s). 



	

 

	 

 

  

      

 

 

 

   

 

 

  

   

   

   

	

  

  

  

  

			 	 	 	

11 

-100 

FLOW CHARACTERISTICS OF THE MOJAVE RIVER 

10,000 1 

N 

1000 

O MOJAVE RIVER AT VICTORVILLE OND 

CD 

CID 
100 

1900-05, 1931-68 
SEC 

LLJ 
CL. S PER 

La..1 E 

CD 1 
TR 
ME 
IC 

CUB 

IN 

CD LAJ1 0 CD 
oc CC 
CC 

Not 

Co.) CD 
CI)

O 
CI 

--- OA 

[-MOJAVE RIVER AT BARSTOW 
1931-68 

1 

1 

1 "'`-- 0.01 

1 

0.1 
0.01 0.1 1 10 50 90 99 

PERCENTAGE OF TIME FLOW IS EQUALED OR EXCEEDED 
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12 HYDROLOGIC ANALYSIS, MOJAVE RIVER, CALIF., USING MATHEMATICAL MODEL 

TABLE 2.--Time of travel of 

[Source data: Butler, Reid, and 

The Forks 

Flood Date of Deep Creek West Fork Mojave River 
Estimated 
composite 

number flood peak Clock Maximum Clock Maximum time of 
time dis- time dis- peak at 

of peak charge of peak charge these two 
(hours) (ft3/s) (hours) (ft3/s) stations 

1 Feb. 9, 1932 0100 7,900 0000 8,500 0030 
2 Apr. 8- 9, 1935 1300 2,760 1400 1,280 1330 
3 Feb. 14-15, 1937 0100 6,800 -- 0100 
4 Mar. 2- 3, 1938 46,600 26,100 --
5 Feb. 20-21, 1941 2200 4,600 1300 1,860 2200 

Mar. 1, 1941 0300 1,750 0030 1,615 0200 
Mar. 14, 1941 0800 1,540 0700 1,420 0730 
Apr. 5, 1941 0300 2,280 0100 1,130 0300 

6 Jan. 23, 1943 0500 19,000 0200 23,000 0200 
7 Feb. 22-23, 1944 -- -- 1630 6,600 1630 
8 Feb. 2- 3, 1945 1300 6,350 1400 2,350 1300 
9 Mar. 30-31, 1946 1600 5,300 1330 6,600 1330 

10 Dec. 26-28, 1946 -- -- -- --
11 Mar. 15-16, 1952 1920 2,620 1810 6,780 1810 
12 Mar. 16-17, 1958 0800 5,750 0630 1,300 0800 

Apr. 3, 1958 1000 12,400 1000 10,200 1000 

13 Feb. 11-12, 1962 2100 7,040 1930 3,750 2000 
14 Nov. 22-23, 1965 2030 21,700 2030 8,420 2030 
15 Dec. 29-30, 1965 1930 20,800 1700 21,200 1815 
16 Dec. 6- 7, 1966 1830 15,400 2000 6,320 1900 
17 Mar. 22, 1967 0415 488 0400 1,290 0400 
18 Jan. 21, 1969 0945 10,400 1000 5,820 1000 

Jan. 25, 1969 1145 23,000 1200 13,200 1145 
Feb. 25, 1969 1100 17,600 0900 20,000 0900 



	

	
	
	
	

	
	
	
	

	
	 	
	 	
	

 

 
 

 

 

 

13FLOW CHARACTERISTICS OF THE MOJAVE RIVER 

selected flood peaks (1932-69) 

Berwick, 1966; and unpublished records] 

Victorville Barstow 

Peak lag time Peak lag time 
Clock Maximum Clock Maximum The Forks- Victorville- Flood 
time dis- time dis- Victorville Barstow number 

of peak charge of peak charge (hours) (hours) 
(hours) (ft3/s) (hours) (ft3/s) 

0400 12,500 1700 8,300 3% 13 1 
1900 2,200 1400 500 z 19 2 
0800 8,880 0300 6,000 7 19 3 
1930 70,600 0200 64,300 7% 4 
0300 4,480 1430 2,390 5 2 5 
0800 2,460 1700 1,920 6 9 
1400 2,440 2200 2,430 6%z 8 
0900 2,890 1800 2,490 9 

0730 32,000 1500 26,000 512 7% 6 
2030 6,900 0530 2,300 9 7 
1830 5,500 1300 1,750 5% 18% 8 
1800 8,000 1345 3,000 2 19% 9 

-- -- 10 
2220 3,690 1030 960 44'to 12Y6 11 
1430 1,680 1300 100 61/2 22% 12 
1330 15,900 2230 9,140 31/2 ' 9 

0000 3,860 1000 1,200 4 10 13 
0100 17,100 1100 3,180 4%2 10 14 
2215 32,800 0700 8,970 8% 15 
2300 17,900 0500 9,870 4 6 16 
1130 1,060 2200 348 7% 10% 17 
1400 6,800 2300 1,300 4 9 18 
1500 33,800 0000 29,000 31/4 9 
1200 34,500 1900 30,000 3 7 
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STREAMFLOW DEPLETION BY INFILTRATION 

The Mojave River is a losing stream from The Forks to Barstow. The 
volume of water infiltrating primarily is a function of the length of time 
that the channel contains water, the permeability of the channel bed, and the 
total area of the channel that is wetted. Flood discharge does not always 
reach Barstow, and the wetted area of the channel depends on both the width 
of the channel that is wetted and the distance that flow advances down the 
channel. Other factors, such as the time interval during which each point 
on the channel is wetted and the prior accumulation of infiltrated water, 
also influence the quantity of water that is infiltrated into the channel bed. 

The absorption capacity of the Mojave River channel is defined as the 
ability to receive infiltrated water and is the volume of water that would 
infiltrate into the bed were there flow in the channel at all times. The 
absorption capacity depends on the history of flow events; in general, the 
absorption capacity increases as the time interval between floods increases. 
The absorption capacity of the channel will increase up to a certain amount 
as the channel dries and ground water drains away from the channel. 
Thereafter, the absorption capacity increases only asymptotically, no matter 
what the time interval between floods might be, except for the qualification 
that if the water table were to drop because of pumpage, the absorption 
capacity could continue to increase. 

The absorption capacity of the Mojave River channel is limited by the 
space within the interstices of the material underlying the channel and 
nearby areas that can be occupied by infiltrating water. The availability of 
this space depends on the porosity and vertical hydraulic conductivity of the 
material, the depth to the water table, the quantity and distribution of water 
held within the unsaturated zone, and the rate at which ground water can move 
laterally away from the channel. Some of these factors relate to the physical 
properties of the system, and others relate to the frequency and area of 
channel wetting. The relative importance of these factors with respect to the 
amount of infiltration from a flood depends on the magnitude of the flood and 
the shape and duration of a flood wave. 

The 18 floods between 1930-72 that produced flow at Barstow were analyzed 
for their recharge effect on the ground-water body. The uL,2/ease in flow 
between gaging stations was assumed to have been recharged to the water table. 
This assumption is reasonable, in that the depth to water beneath the river is 
very shallow, allowing a short travel time to the water table. Also, most of 
the floods are in the winter when evaporation from the water surface and 
transpiration by plants are minimal. The results are shown in table 3 and 
figures 5 and 6. In the reach of the Mojave River between The Forks and 
Victorville, the infiltration was assumed to be principally ground-water 
recharge and ranged from about 3,600 acre-ft (4.40 hm3) for the 1935 flood, 
or 30 percent of the inflow, to about 50,400 acre-ft (62 hm3) for the 1969 
flood, or 15 percent of the inflow. In the re1:_n of the river between 
Victorville and Barstow, the infiltration ranged from about 7,000 acre-ft 
(8.61 hm3) for the 1935 flood, or 85 percent of the inflow to this reach, to 
about 128,000 acre-ft (158 hm3) for the 1969 flood, or 46 percent of the 

inflow. 



 

  

TABLE 3. --Infiltration characteristics of selected floods 

(in acre-feet) 

Average infiltration perTotal infiltration Average infiltration/day lFlood day per mileDate The Forks to Victorville The Forks to Victorvillenumber The Forks to VictorvilleVictorville to Barstow Victorville to Barstow Victorville2 to Barstow3 

1 Feb. 7, 1932 May 14, 1932 18,500 30,500 188 311 17.1 11.1 
2 Apr. 8, 1935 Apr. 21, 1935 3,600 6,980 256 498 23.2 17.9 
3 Feb. 6, 1937 May 28, 1937 17,200 32,100 153 288 13.9 10.3 
4 Feb. 27, 1938 May 18, 1938 21,300 28,300 262 349 23.8 12.5 
5 Feb. 20, 1941 May 25, 1941 11,800 24,600 125 260 11.3 9.3 
6 Jan. 21, 1943 May 6, 1943 29,500 21,600 278 204 25.1 7.3 

7 Feb. 21, 1944 May 11, 1944 10,500 21,500 129 266 11.7 9.5 
8 Feb. 1, 1945 May 4, 1945 15,000 15,700 161 169 14.7 6.0 
9 Mar. 30, 1946 Apr. 25, 1946 9,060 7,400 337 276 30.5 9.9 

10 Dec. 24, 1946 Jan. 15, 1947 4,000 7,400 175 321 15.9 11.5 
11 Mar. 12, 1952 May 8, 1952 13,900 30,700 240 528 21.8 18.8 
12 Mar. 16, 1958 Apr. 24, 1958 17,600 51,800 462 1,290 40.3 46.2 

13 Feb. 8, 1962 Feb. 16, 1962 24,200 8,100 2,610 899 237 32.1 
14 Nov. 22, 1965 Nov. 30, 1965 28,700 11,200 3,190 1,240 290 44.2 
15 Dec. 29, 1965 Jan. 6, 1966 . 16,300 17,800 1,810 1,980 165 70.6 
16 Dec. 3, 1966 Dec. 13, 1966 19,300 14,400 1,750 1,310 159 46.8 
17 Mar. 10, 1967 June 6, 1967 24,300 39,500 272 444 24.6 15.9 
18 Jan. 20, 1969 May 11, 1969 50,400 128,000 450 1,140 40.9 40.6 

1 See table 1 for time duration. 
2Seven mi perennial flow--assume 11 mi of dry channel for infiltration. 
3Eight mi perennial flow--assume 29 mi of dry channel for infiltration. 
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Figures 5 and 6 graphically show relations between inflow and stream 
infiltration for two reaches of the river--from The Forks to Victorville, 
and from Victorville to Barstow. These relations reflect the wide range in 
stream infiltration derived from similar inflow rates. The data from table 3 
show greatly increased infiltration rates after 1958, which can be correlated 
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17 STREAMFLOW DEPLETION BY INFILTRATION 

with the extended dry period since 1947 (Hardt, 1971, p. 14), and lower water 
levels due to increased pumpage and hence, more storage capacity. These 
conditions allow more water to infiltrate into the ground than during previous 
floods when water levels were high and sediments were moist above the water 
table. 
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EFFECTS OF THE RIVER SYSTEM ON A CONTROLLED RELEASE 

During the latter part of the construction period of the Cedar Springs 
Dam, the natural runoff from the San Bernardino Mountains was collected above 
the dam while water was filling the dead-storage portion of the reservoir, and 
so did not flow on downstream in the West Fork Mojave River. Upon completion of 
the dam in 1972 the Mojave Water Agency requested release of the accumulated 
3,100 acre-ft (3.8 hm3) of runoff at a rate high enough to move water downstream 
as far as possible but low enough to avoid flood damage. The release date chosen 
was in November, prior to the flood season. At this time the river channel normally 
is extremely dry, and the maximum seepage rates occur. Because hydrologic data 
from the controlled release would be helpful in understanding the flow regimen of 
the Mojave River and in developing a mathematical model of the river, the Geological 
Survey made plans to measure the controlled flow many times at several sites. 

On November 14, 1972, at 1300 hours, water was released from Cedar 
Springs Dam at a rate of 200 ft3/s (5.7 m3/s) and increased at half-hour 
increments to 500, 1,000, and 1,500 ft3/s (14, 28, and 42 m3/s). The flow 

as then maintained at a rate of 1,950 ft3/s (55 m3/s) for 181/2 hours. 
uring the release the water moved downstream only 16 mi (26 km) from Cedar 

Springs Dam before the flow ceased because of seepage into the sand channel. 
The discharge was measured at five sites (fig. 2), and the pertinent results 
are tabulated in table 4. The release was stopped at 0900 hours, November 15, 
and the riverflow dried up downstream from The Forks Dam within 7 hours. 

Infiltration losses were small between Cedar Springs Dam and The Forks 
Dam. The loss of only 400 acre-ft (0.5 hm 3) was due to (1) lack of storage 
space above the shallow water table, (2) low permeability of the material in 
the river channel, and (3) a river-channel gradient steeper than downstream. 
Some of the infiltrated water reappeared in the channel from bank storage, and 
surface flow of about 5 ft3/s (0.14 m3/s) was maintained at site 2 for several 
days after the release ended. About 2,100 acre-ft (2.6 hm 3) or 67 percent of 
the released water infiltrated into the 5-mi (8-km) reach downstream from The 
Forks Dam to site 4 (Rock Springs Road). This reach of the river channel is 
extremely sandy and is very permeable. Downstream from site 4, the remaining 
600 acre-ft (0.7 hm 3) of water percolated into the channel--this amount 
appears to be well below the channel's potential to absorb water. 

The wetted area of the river channel was determined from field mapping 
during the release of the water and from aerial photographs of the river taken 
5 days after the release. The width of the flow ranged from 100 to 600 ft 
(30.5 to 183 m) and averaged 200-300 ft (61-91 m). This information and the 
quantity of water lost between sites permitted the determination of an 
infiltration rate for specific reaches of the river. For example, the 
infiltration rate for the short time of the release was 3 to 6 ft (0.9 to 
1.8 m) per day between Cedar Springs and The Forks Dam, and 10 to 15 ft (3.0 
to 4.5 m) per day between The Forks Dam and site 4, 



	
	

	
	
	

		
		
		

	 	
	 	

	

	  

	

	   

	  

	  

 
Table 4.--Mojave River controlled release from Cedar Springs Dam, November 14-15, 1972 

Between sites Average velocity
Distance Total

Total Adjusted
downstream Total time of

Peak quantity time for From
Site Description of from Cedar quantity Infiltration River- flow

discharge of water flow to Cedar Between
No. measuring site Springs of water rate in channel past

(ft3/s) past site arrive Springs sites
dam lost or channel gradient site

(acre-ft) (hours) dam (ft/s)
(mi) recharged (acre-ft/mi) (ft/mi) (hours) (ft/s)

(acre-ft) 

Site 1 Bridge of Hwy. 173 near 
Cedar Springs Dam. 

<0.1 1,950 3,100 

300 67 31 

0 20 

4.4 

Site 2 Culvert near Lake 
Arrowhead Road. 

4.5 1,950 2,800 

100 83 21 

11/2 23'/2 4.4 

4.1 

Site 3 Tunnel outlet at 
Mojave Forks dam. 

5.9 1,750 2,700 

2,100 420 20 
2 23'/2 4.3 

1.1 

Site 4 Rock Springs Road River 
Crossing (east of 
Hesperia). 

10.9 825 600 

600 140 19 

83/4 171/4 1.8 

.4 

Site 5 Bear Valley Road Bridge 
Crossing (east of Victor 
Valley College). 

15.2 10 <2 

<2 

23% 23/4 .96 

.6 

End of controlled release flow 16.0 251/4 0 .92 

SUMMARY: 
1. Water-realese schedule Nov. 14, 1972: 1300-1330 hours, 200 ft3/s; 1330-1350 hours, 500 ft3/s; 1350-1410 hours, 1,000 ft3/s; 1410-1430 hours, 1,500 ft3/s; 

1430-0900 hours (Nov. 15, 1972), 1,950 ft3/s. Effective time of travel was computed to begin about 1400 hours and is adjusted time used in time and travel 
calculations. 

2. Total quantity of water released in 20 hours, 3,100 acre-ft (approximately 1 billion gal). 
3. Average velocity of water front to reach maximum distance, 0.93 ft/s. 
4. Silverwood Lake level declined about 5 ft during test. 
5. Mojave River channel extremely dry. 
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The infiltration rate in the 10-mi (16-km) reach below The Forks Dam is 
high and probably should not be considered as a representative long-term 
value. For example, recharge studies of Wilson Creek recharge pit near 
Yucaipa (10 mi or 16 km east of San Bernardino) showed initial high 
infiltration rates of 17 ft (5 m) per day, decreasing to 9 ft (2.7 m) per day 
after 26 days of recharge (Moreland, 1970, p. 33). Also, in an environment 
similar to the Mojave River basin, a recharge pit adjacent to the Whitewater 
River near Palm Springs showed infiltration rates of 4 to 24 ft (1.2 to 
7.3 m) per day based on three separate tests totaling 151 days. The 
infiltration rates ranged from 7 to 19 ft (2.1 to 5.8 m) per day for the 
initial 8 days, decreasing to about 5 ft (1.5 m) per day after the 38th day 
(Tyley, 1973, p. 18). These tests cannot be compared directly with 
infiltration rates in a stream, but together with the 18 floods in the Mojave 
River (table 3) do indicate much lower long-term infiltration rates than were 
determined from the controlled release of nearly 1 day. 

SIMULATION OF FLOW IN THE MOJAVE RIVER USING A MATHEMATICAL MODEL 

A mathematical model was developed (see appendix) that simulates the 
advance of discharge down the initially dry channel of the Mojave River. It 
represents an attempt to simulate physical conditions in the channel by 
deterministic mathematical descriptions that are based largely on the physical 
laws governing open-channel hydraulics and flow through a porous media. The 
input to the model consists of streamflow data at The Forks, either measured 
or synthetic, and the output from the model simulates the resulting discharge 
at any point along the channel. 

The model was used to study the conditions by which it is possible to 
efficiently convey imported water down the Mojave River channel from 
Silverwood Reservoir to Barstow. It was also used to study the impact of 
The Forks Dam on the streamflow in the river. 

Limitations of the Model 

Streamflow in the Mojave River is affected by complex interactions 
between a ground-water body, discharge in the channel, and infiltration 
through the bed of the channel to the ground-water body. The model is 
designed to simulate these interactions, and a computer algorithm was 
developed that preserves the essential features of the prototype. The model 
describes explicitly the discharge in the channel and the infiltration out 
of the channel. However, the interaction between the infiltration rate and 
the ground-water body is treated only implicitly through the form of an 
infiltration equation. 
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The model is a lumped-parameter model. Physical measures that in reality 
have spatial and temporal variability are considered herein to be invariant, 
and the parameters used in the model represent the average properties of the 
actual physical system. Thus, the geometrical properties of the channel and, 
although the permeability of alluvial channels is known to change with 
discharge, streamflow velocity, and other factors (written commun., 
D. E. Burkham, 1973), the physical properties of the channel bed that affect 
infiltration are considered to be spatially and temporally uniform. 

The channel is assumed to have a rectangular cross section of constant 
width, the wetted perimeter of the cross section is assumed to equal the 
channel width, and the channel is assumed to have a uniform bed slope. The 
cross section of the Mojave River channel is approximately rectangular for 
rates of discharge that range from about 300 to 20,000 ft3/s (8 to 565 m3/s) 
(fig. 3) and, although the width of the channel varies from point 'to point, 
there is no apparent trend in the variations in channel width. The bed slope 
of the channel is not strictly uniform, being somewhat steeper in the reach 
above Victorville (about 23 ft/mi or 4.4 m/km) than in the reach below 
Victorville (about 16 ft/mi or 3.0 m/km). 

The model simulates infiltration at specified points, and, if time is 
reckoned from the moment of the initial wetting of the channel bed at a given 
point, the variation of the infiltration rate with time is assumed to be 
identical at all locations along the channel. In reality, even if 
commensurate time references are considered, the functional relation between 
the infiltration rate and time changes from point to point because of the 
geologic and hydrologic heterogeneity of the actual physical system. As a 
result, the parameters of the model that identify point infiltration 
represent only the average characteristics of the prototype. 

Calibration of the Model 

A fixed set of mathematical equations are used in the model. These 
equations were fitted to the Mojave River by selecting the proper set of 
numerical values for four critical parameters (table 5) within the 
mathematical equations. Values for these parameters were selected by a 
trial-and-error calibration that required streamflow data from concurrent 
floods at each of The Forks, Victorville, Wild Crossing, and Barstow. 
Streamflow data obtained at The Forks were used as input for the model, and 
the simulated streamflow at Victorville, Wild Crossing, and Barstow was then 
compared to the measured streamflow at these stations. Adjustments then were 
made to one or more of the parameter values in order to better reproduce the 
measured streamflow at Victorville, Wild Crossing, and Barstow. These 
adjustments were continued, by repeated trials, until the model reproduced the 
measured flows to an acceptable degree. 
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TABLE 5.--Model parameters and their application to the modeling process 

Parameter Value Applicationl 

K 135 Time coefficient in infiltration equation 
in ft2/s1-a. 

a .95 Exponent of time in infiltration equation 
(dimensionless). 

.0015 Asymptotic infiltration rate as time 
value approaches infinity, in ft2/s. 

6.0 Coefficient in stage-discharge relation 
in ft/s. 

1See appendix for more detailed description of parameter applications. 

The model was calibrated to two floods (table 6), but the model does not 
reproduce completely the observed behavior of the Mojave River. The model 
generally overestimates observed discharges that are greater than 5,000 ft3/s 
(142 m3/s) by about 40 percent and underestimates observed discharges that 
are less than 100 ft3/s (2.8 m3/s) by about 20 percent (fig. 7). The 
differences between measured and simulated discharge, for measured discharges 
of 100 to 5,000 ft3/s (2.8 to 142 m3/s), appear to be randomly distributed 
with respect to magnitude, sign, and time. However, in general, the total 
flood volumes are overestimated by as much as 30 percent. 

TABLE 6.--Measured and simulated streamflow 

Streamflow volume
Period

Station Measured Simulated
identifier) 

(acre-ft) (acre-ft) 

Mojave River at The Forks, A 323,000 
near Hesperia2 B 40,600 

Mojave River at Lower A 273,000 273,000 
Narrows, near Victorville B 21,400 30,700 

Mojave River at Wild A 226,000 232,000 
Crossing, near Helendale B 13,100 18,400 

Mojave River at Barstow A 146,000 196,000 
B 7,100 7,000 

1Period A is January 20 to May 10, 1969, and period B is 
December 3-12, 1966. 

2Combined discharge of Deep Creek near Hesperia and West Forks Mojave 
River near Hesperia. 
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FIGURE 7.--Measured inflow hydrograph at The Forks and corresponding 
measured and simulated hydrographs at Barstow. 
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Although part of the differences between the measured and simulated 
discharge can be traced to error in the measured streamflow data (the 
standard deviation of errors in the streamflow records at Victorville, Wild 
Crossing, and Barstow may he as large as 20 percent of the recorded flows), 
these deviations can be attributed primarily to the lack of complete model 
equivalence to the actual physical system. The lack of model equivalence 
is most apparent in the assumption that the wetted perimeter of the channel 
cross section is a constant value for all rates of discharge. The wetted 
perimeter is approximately constant for a. large range of discharge, but for 
discharges less than 300 ft3/s (8 m3/s) the actual wetted perimeter is smaller 
than the assumed constant value, and for discharges greater than 20,000 ft3/s 
(566 m3/s) the wetted perimeter is larger than the assumed constant value. 
Inasmuch as the infiltration rate per unit length of channel is correlated 
positively with, the wetted perimeter, infiltration may be either 
underestimated or overestimated when the discharge is either very high or 
very low. 

Conveyance of Imported Water to Barstow in the Mojave River Channel 

The Mojave Water Agency, under one management plan, anticipates that it 
could release 20,000 acre-ft (25 hm3). of imported water annually from 
Silverwood Reservoir into the channel of the Mojave River, and, to meet the 
requirements of the Agency, at least part of this water must reach Barstow. 
However, if the antecedent absorption capacity of the channel is at the 
maximum level, both the model results and the analysis of the historic 
streamflow data indicate that a release of 20,000 acre-ft (25 hm3) of water 
at release rates from Silverwood Reservoir that will not endanger life or 
property probably will not produce flow at Barstow. Two historic floods 
(floods 2 and 10 of table 1) with flow volumes of less than 20,000 acre-ft 
(25 hm 3) have produced flow at Barstow, but in each instance the antecedent 
absorption capacity of the channel was not at the maximum level. In light 
of this, the model was used to investigate the possibility of releasing 
imported water from Silverwood Reservoir when the absorption capacity of 
the channel had been reduced by a previous flood. 

The volume of imported water that will reach Barstow, if released after 
a flood, depends on (1) the volume of imported water that is released from 
Silverwood Reservoir, which, in this study, is assumed to be 20,000 acre-ft 
(25 hm 3), (2) the rate at which imported water is released from Silverwood 
Reservoir, (3) the volume of the flood at The Forks, (4) the duration of the 
flood at The Forks, and (5) the absorption capacity of the channel antecedent 
to the flood. However, in this study the influence of variations in the 
antecedent absorption capacity of the channel on the volume of imported water 
that will reach Barstow was disregarded, and the channel was assumed to be at 
the maximum absorption capacity (for given ground-water levels) prior to the 
flood. This assumption is supported to some degree by the fact that the 
channel is usually dry during May through Novembcz (except for previously 
described areas of perennial flow), and by the end of this period the channel 
probably has obtained the maximum absorption capacity. In addition, although 
several floodflows may pass The Forks in a given year, usually not more than 
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one flood produces flow at Barstow (table 1), and small floods that occur 
prior to a flood that produces flow at Barstow usually affect the absorption 
capacity of the channel only between The Forks and Victorville. The model was 
calibrated to the floods of 1967 and 1969, and the values of the model 
parameters reflect the antecedent absorption capacity of the channel (and 
consequently ground-water levels) prior to these floods. After calibration, 
the use of the model for predictive purposes tacitly assumes that similar 
antecedent conditions prevail. 

In order to examine the variables affecting the volume of imported water 
that will reach Barstow, a hypothetical input hydrograph was designed to 
represent streamflow at The Forks. The hydrograph (fig. 8) consists of a 
triangle, which represents a flood, and a rectangle, which represents the 
release of 20,000 acre-ft (25 hm 3) of imported water from Silverwood 
Reservoir. About 100 model runs were made by assigning various values to the 
flood volume, the flood duration, and the release rate. 

The relations shown in figure 9 were derived from data that were 
synthesized using the hypothetical hydrograph as input to the model. The 
relations show a threshold value, a sloping segment, and a near-horizontal 
segment. For a flood volume less than the threshold value, no released flow 
and no floodflow will reach Barstow. For a flood volume along the sloping 
segment of the relations, the volume of released flow that reaches Barstow 
varies with the flood volume; however, none of the floodflow water reaches 
Barstow. For a flood volume along the near-horizontal segment of the 
relations, floodflow reaches Barstow, and the volume of released flow that 
reaches Barstow approaches a maximum value that is dependent only on the 
release rate. 
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FIGURE 8.--Hypothetical input hydrograph representing 
streamflow at The Forks. 
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The break in the slope of the curves in figure 9 occurs for a flood 
volume at The Forks that represents a flood that will wet the entire length of 
the channel of the Mojave River between The Forks and Barstow. A flood with a 
volume of water less than the value at the break in slope will not wet the 
entire channel. In general, the length of the segment of dry channel 
decreases with floods of larger total volume at The Forks. The dry channel 
that remains between the furthest downstream advance of the flood and Barstow 
may infiltrate all or part of any imported water that is released into the 
channel subsequent to the flood. Furthermore, for a given release of water 
from Silverwood Reservoir, the volume of imported water that reaches Barstow 
approaches a maximum value when an antecedent flood leaves no segment of the 
channel above Barstow dry. 

A comparison of the relations shown in figure 9 suggests that (for a 
given release rate and flood volume) the volume of released flow that reaches 
Barstow can decline with an increase in the duration of the antecedent flood. 
As an example, given a release rate of 2,000 ft3/s (56.6 m3/s) and a flood 
volume of 40,000 acre-ft (49 hm3), 9,000 acre-ft (11 hm3) of released water 
will reach Barstow if the duration of the flood is 30 days, and 2,000 acre-ft 
(2.5 hm3) of released water will reach Barstow if the duration of the flood 
is 60 days. This result can be explained as follows: The volume of water 
that infiltrates into the channel bed is partly controlled by the area of the 
channel that is wetted (that is, the distance that a flood advances down the 
channel) and the length of time that water remains in the channel. Although 
a flood with a shorter duration may wet a greater area of the channel (that 
is, advance farther downstream), a flood with a longer duration may actually 
result in the greater infiltration of water if the increased duration is 
proportionally larger than the increased wetted area. This last statement 
seems to be true for the Mojave River channel between The Forks and Barstow. 

The release of 20,000 acre-ft (25 hm3) of imported water into the channel 
of the Mojave River was simulated for release rates of 500 ft3/s (14.2 m3/s) 
during a 20-day release period, 750 ft3/s (21.2 m3/s) during a 13-day release 
period, 1,000 ft3/s (28.4 m3/s) during a 10-day release period, and 
2,000 ft3/s (56.8 m3/s) during a 5-day release period. As shown in figure 9, 
the maximum volume of released water that reached Barstow for these release 
rates was about 2,500, 8,000, 11,000, and 15,000 acre-ft (3.08, 9.86, 13.6, 
and 18.4 hm3). 

The release of imported water into the channel of the Mojave River was 
not simulated for release rates greater than 2,000 ft3/s (56.8 m3/s) because 
the model used in the study does not account for the attenuation effect of 
channel storage on a release having a short duration and high-release rate. 
Channel storage causes a general reduction in peak discharge in the 
downstream direction, independent of the reduction due to infiltration. This 
influence of channel storage becomes more important as the duration of flow is 
shortened. Release rates greater than 2,000 ft3/s (56.8 m3/s) are probably 
not being considered by the Mojave Water Agency because of potential flood 
damage. The controlled release from Silverwood Reservoir in November 1972 
was kept less than 2,000 ft3/s for this reason. However, because of the 
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attenuation effect, the volume of released water that would reach Barstow, 
given a release rate greater than 2,000 ft3/s (56.8 m3/s), probably would not 
be much greater than the volume produced at a release rate of 2,000 ft3/s 
(56.8 m3/s). This latter statement represents *a tentative conclusion, which 
can be verified only with the aid of more sophisticated analytical techniques 
than were used in this study. 

The channel of the Mojave River can be used practically to convey water 
from Silverwood Reservoir downstream to Barstow only when the channel has been 
wetted by a natural flood. The success of the scheme in any given year depends 
on the occurrence of a flood within a specified range of duration and volume. 
Because the occurrence of a flood is random in character and generally cannot 
be predicted, the possible success of the scheme is discussed in terms of the 
probability of the occurrence of the desired flood. 

The probability of obtaining in a given year the possible maximum volume 
of released water at Barstow is equal to the probability of the occurrence in a 
given year of a flood that produces flow at Barstow, that is, a flood with a 
volume (at The Forks) greater than the volume represented by the break in slope 
in the curves in figure 9. Based on the streamflow records for the Mojave 
River, the probability of the occurrence of this flood in a given year is 
40 percent. The probability of obtaining in a given year no flow at Barstow 
owing to the release of imported water into the channel is equal to the 
probability of the occurrence in a given year of a flood with a volume (at 
The Forks) smaller than the threshold volume on the curves in figure 9. The 
probability of the occurrence of this flood in a given year is also 40 percent. 
The probability of obtaining in any given year a volume of released water at 
Barstow that is less than the possible maximum volume but greater than. zero is 
equal to the probability of the occurrence of a flood with a volume (at The 
Forks) smaller than the volume represented by the break in slope in the curves 
in figure 9 but larger than the threshold volume on these curves. The 
probability of the occurrence of this flood in a given year is 20 percent. 

Effects of The Forks Dam on Streamflow 

The channel of the Mojave River can be used to convey imported water to 
Barstow only when the absorption capacity of the channel has been reduced by an 
antecedent flood. The volume of imported water that can reach Barstow depends 
partly on the volume and duration of the flood. However, construction of The 
Forks Dam at the head of the Mojave River channel was completed in 1971, and 
the dam will produce changes in the timing of flood inflow to the channel. The 
model provides a technique for making a quantitative study of the influence of 
The Forks Dam on the volume and duration of a flood at locations downstream 
from the dam. 
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The possible effect of The Forks Dam on streamflow in the Mojave River 
was investigated as follows: First, historic streamflow data at The Forks 
was used as input data for the model, and the streamflow response at Barstow 
was noted. Second, the same historic streamflow data was then routed through 
The Forks Dam reservoir using a method of storage routing described by 
Linsley, Kohler, and Paulhus (1958, p. 224-227). Outlet-capacity and 
reservoir-storage data, which were required for the method, were obtained 
from the U.S. Army Corps of Engineers (1973). The computed outflow from the 
reservoir was then used as input data for the model. The simulated 
streamflow at Barstow using computed reservoir outflow was compared to the 
simulated streamflow without the reservoir. Simulated streamflow data for 
both cases were compared in order to reduce the effect of bias in the model on 
the comparison. 

Two historic floods were studied. The first flood occurred 
December 3-12, 1966, and had a total volume of 40,600 acre-ft (50 hm3) at The 
Forks. The second flood occurred January 20-29, 1969, and had a total volume 
of 101,000 acre-ft (125 hm3) at The Forks. The 1966 flood represents a small 
flood, with reference to the range of flood magnitudes for the Mojave River 
that produce flow at Barstow, and the 1969 flood represents a large flood. 
Results of simulation (summarized in figures 10 and 11 and table 7) suggest 
that the dam has little effect on the total volume of streamflow at Barstow. 
The dam does have an effect on the distribution of flow with time at both 
The Forks and Barstow: Peak discharge is reduced, and the flood hydrograph 
is broadened. However, only the crest area of the hydrograph is affected 
by attenuation, and the total duration of a flood is changed only slightly 
(figs. 10 and 11). 

TABLE 7.--Simulated effects of The Forks Dam on streamflow at Barstow 

Station Period 
identifier' 

Streamflow volume 
Without dam With dam 

(acre-f t) (acre-f t) 

Measured streamflow for Mojave River 101,000 101,000 
at The Forks, near Hesperia2 40,600 40,600 

Simulated streamflow for Mojave A 64,800 64,800 
River at Barstow B 7,000 7,000 

'Period A is January 20-29, 1969, and period B is December 3-12, 1966. 
2Combined discharge of Deep Creek near Hesperia and West Fork Mojave 

River near Hesperia. 
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FIGURE 11.--Simulated hydrographs showing the effects of The Forks 
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PREDICTED AQUIFER RESPONSE TO RECHARGE USING ELECTRIC ANALOG MODEL 

The Mojave Water Agency is studying several ways to supply water to the 
Barstow area. One plan is to construct recharge pits in the Mojave River 
between Hodge and Barstow, using floods or imported water to replenish the 
aquifer. To predict the effects of this plan, an electric analog model (Hardt, 
1971) was programed for 20 years of recharge. Two separate plans were devised 
that consisted of recharging 5,000 acre-ft (6 hm3) per year in a 4-month 
period (for example, January to April) at two different sites. Site 1 was 
chosen to primarily replenish the Hinkley Valley area, and site 2 was chosen to 
replenish the Lenwood-Barstow area. 

The results of the model study delineated the area-of a rise in water 
level after 10 years of cyclic recharge in the Hinkley Valley-Barstow area 
(fig. 12). At each site, the yearly recharge was divided equally between 
two model nodes (2,000 ft or 610 m apart) which represent a line source of 
recharge of about 4,000 ft (1,220 m) in the Mojave River channel. All outside 
stresses, such as pumping, were omitted from the model in order to observe the 
potential areal limits of the effects of recharge. The model also assumes that 
all recharge water reaches the water table. If both recharge plans were put in 
operation simultaneously, the amount of water-level rise should be added where 
the two recharge cones or mounds overlap. In addition, to obtain the water-
level changes due to the combined effects of pumping and recharge, the above 
water-level changes should be superimposed on the separate effects of pumping. 
The water-level changes due to pumping are described by Hardt (1971, p. 66-69). 

Figure 12 is based on model-generated water levels at the end of a 
recharge period and before the head was dissipated away from the input nodes. 
The maximum stress on the model is at the recharge nodes where water levels 
rose 25-50 ft (7.5-15 m) after 10 years of recharge. The assumed lack of 
pumping during the recharge period, the point distribution of model recharge, 
and the time of measurements of simulated water levels due to recharge, all 
tend to overemphasize the response. The actual depth to water beneath the 
assumed recharge sites (1973) is about 25-30 ft (7.5-9 m) below land surface. 
Near the assumed recharge pits, simulated water levels may rise above the 
land surface. If this occurred, the water on the land surface would move 
downstream only a short distance before percolating into the channel bottom, 
where water levels are below the land surface. Depending on the recharge site 
selected, the model indicates water levels would rise 25 ft (7.6 m) or more 
over an area of 2 to 3 mi2 (5.2 to 7.8 km2) and would rise 10 ft (3.0 m) or 
more over an area of 10 mi2 (25 km2). 

Hydrographs of simulated water levels at selected model nodes were chosen 
to show a section through the recharge sites (fig. 13). Each hydrograph shows 
the cyclic effect of recharge during a 20-year period. As expected, the 
aquifer response is greatest at the recharge node. The hydrographs show the 
rapid rise in head during the 4 months of recharge and the equally rapid 
decline of head during the 8 months of no rechame. The upward trend of the 
bottom part of the cyclic curve after each year of recharge indicates the net 
positive effect of recharge on the aquifer. 
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CONCLUSIONS 

On the basis of the study findings, the following conclusions may be 
drawn: 

1. If the absorption capacity of the channel is reduced by the 
occurrence of a flood prior to release of imported water, the channel of the 
Mojave River can be more efficiently used to convey imported water from 
Silverwood Reservoir downstream to the Barstow area. The volume of imported 
water that reaches Barstow depends largely on the volume and duration of the 
prior flood and on the rate at which imported water is released from Silverwood 
Reservoir. A release of 20,000 acre-ft (25 hm3) at 1,000 ft3/s (28 m3/s) may 
produce as much as 11,000 acre-ft (13.6 hm 3) of flow at Barstow. A release 
rate of 500 ft3/s (14.2 m3/s) may produce as little as 2,500 acre-ft 
(3.08 hm 3). Given an increasingly larger flood antecedent to the release of 
imported water, the maximum volume of imported water that can reach Barstow is 
limited largely by the rate at which water is released from Silverwood 
Reservoir. 

2. The recharge of 5,000 acre-ft (6.17 hm3) of water for 10 years to the 
aquifer underlying the Barstow area would cause water levels to rise as much as 
30 ft (9.2 m) at the recharge sites--the present depth to the water table. 
Depending on the recharge site selected, the model indicates water levels would 
rise 25 ft (7.6 m) or more over an area of 2 to 3 mil (5.2 to 7.8 km2) and 
would rise 10 ft (3.0 m) or more over an area of about 10 mil (25 km2). 

3. The Forks Dam reduces the flood peak but increases the width of the 
flood hydrograph. However, according to the model results, the dam has little 
effect on the streamflow volume and the total flood duration. 
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APPENDIX 

DERIVATION OF A MATHEMATICAL MODEL OF FLOW IN THE MOJAVE RIVER 

A mathematical model of the hydraulic behavior of the Mojave River 
channel was derived by combining the law of conservation of mass, an equation 
describing a relation between discharge and the cross-sectional area of flow, 
and an equation describing the loss of water from the channel due to 
infiltration into the channel bed (fig. Al). The phenomenon described by this 
model is similar to border irrigation in irrigation hydraulics, which has been 
described by previous investigators (Lewis and Milne, 1938; Philip and 
Farrell, 1964; Fok and Bishop, 1965; Chen, 1965; Wilke and Smerden, 1965; Hart 
and others, 1968; Kincaid, 1970; Singh and Chauhan, 1972; and Smith, 1972a). 
In most instances, these investigators described the response of the prototype 
using a nonlinear kinematic wave component and an infiltration equation that 
was based, at least partly, on a theoretical solution of the equation that 
describes the flow of water through porous media. The model derived herein 
consists of an infiltration equation, similar to those used by previous 
investigators, that is used in conjunction with a linear kinematic wave 
component. 

Discharge profile 
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FIGURE Al.--Definition sketch for a model of the Mojave River. 
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A kinematic wave is described mathematically by an equation of continuity 
and by a single-valued stage-discharge relation (Lighthill and Whitham, 1955). 
The kinematic wave maintains the mass balance for the wave propagation. 
However, the description is based on the assumption that the momentum balance 
for the wave propagation can be disregarded. A nonlinear kinematic wave uses a 
nonlinear stage-discharge relation, and a linear wave uses a linear 
stage-discharge relation. 

THE GOVERNING EQUATIONS 

Channel Equations 

The movement of a flood wave in an open channel can be described by a 
system of two simultaneous partial differential equations (Chow, 1959, 
p. 525-553). The first equation, the continuity equation, can be expressed as 

jcEa 144. ` 9x at f(x,t) = ° (1) 

where 
Q is the local discharge (L3T 1) 
A is the cross-sectional area of flow (L2) 

f(x,t) is the local lateral outflow (L2T 1) 
x is the distance along the channel (L) 
t is the time (T). 

The second equation, the dynamic equation, can be expressed as 

_11+ y _ 
f(x t) + - S - S = 0 (2)ax g ax gA ' g Dt 0 f 

where 
y is the water depth (L) 

V = Q/A is the local velocity (LT 1) 
So is the channel-bed slope (L0) 
Sf is the friction slope (L0) 

g is acceleration due to gravity (LT-2) 

and the other variables remain as before. 

Considering the movement of a flood wave in an initially dry channel with 
a permeable bed, the quantity f(x,t) is a dependent variable with a local value 
that is assumed herein to depend only on the time that has elapsed since the 
initial passing of the advancing wetting front in the channel. The solution to 
the problem of a flood wave in a channel with a permeable bed must be obtained 
by solving the system of simultaneous equations rimprised of equations 1 and 2 
and an appropriate infiltration equation. 
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Howel/er, due to the nonlinearity of these equations, analytic solutions 
cannot be obtained for generalized initial and generalized boundary 
conditions, and alternative methods of solution must be used. For this study, 
a solution was facilitated by using a linear kinematic approximation: The 
continuity equation was maintained but the dynamic equation was replaced with 
a discharge relation in which the local discharge is given by the linear 
function 

Q= a.A (3) 

where a is a constant (LT-1). 

The important criterion for judging the validity of the linear kinematic 
approximation is whether or not the approximation leads to an acceptable model 
of the hydraulic behavior of the Mojave River. The linear kinematic 
approximation was introduced in order to reduce to a manageable level the 
mathematical complexity of the model. Fortunately, for floods in steep 
channels (slopes of 10 ft/mi or 1.89 m/km or more) that are greatly affected 
by lateral inflows or lateral outflows, the solution domain of the complete 
equations (eqs. 1 and 2) is dominated by the continuity equation (eq. 2), 
and acceptable results can be obtained from an otherwise invalid 
representation of the dynamic equation (eq. 1) (Lighthill and Whitham, 1955). 

The linear kinematic approximation was tested by comparing a solution 
obtained from the complete equations (eqs. 1 and 2) with a solution obtained 
from the linear kinematic approximation (eqs. 1 and 3). However, a solution 
to the complete equations was not available for the boundary condition of 
lateral outflow, which has the dominant influence on flow in the Mojave River. 
In order to compare the results obtained from the two solutions, the 
comparison was made instead for the boundary condition of lateral inflow, for 
which a solution to the complete equations was available. 

Figure. A2 shows computed outflow hydrographs that were obtained from a 
solution of the complete equations and a solution of the linear kinematic 
approximation. The hydrographs represent the outflow resulting from the 
application of a lateral inflow to a wide rectangular channel. The lateral 
inflow hydrograph was sinusoidal in shape, with a base of 12 hours and a peak 
discharge of 0.0015 ft2/s (0.00014 m2/s). In addition, the channel had the 
following characteristics: 

Length = 10,000 ft (3,048 m) 
Slope = 10 ft/mi (1.89 m/km) 
Chezy's friction coefficient = 50 ft 2/s (27.6 m 2/s) 
Base discharge = 5 ft3/s (0.14 m3/s) 

As indicated in figure A2, the linear kinematic approximation produced an 
outflow hydrograph with a higher translational velocity and higher peak 
discharge than the hydrograph obtained from the solution of the complete 
equations. However, the differences between these hydrographs were assumed, 
for this study, to be within acceptable limits of accuracy. 



	

	42 HYDROLOGIC ANALYSIS, MOJAVE RIVER, CALIF., USING MATHEMATICAL MODEL 

20 

—0.6 

UJ 
CD LaJ 
CC CD 

Cr 
m ` . 2 -1
CD 
C/3 

Linear kinematic approximation 

Complete equations (Bravo and others, 1910, 

p.76) 

0 
5 10 15 20 

TIME, IN HOURS 

FIGURE A2.--Computed outflow hydrographs derived from solution of 
the linear kinematic approximation and the complete equations. 
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Infiltration Equation 

The point infiltration rate through the channel bed was described by the 
relation 

r(x,t) = k'T—a + (4) 

where 
f'(x,t) is the local infiltration rate (LT-1) 

T = t - tw(x) is the elapsed time since the initial wetting of the channel 
bed (T) 

tw(x) is the time of the initial wetting of the channel bed (T) 
k' is an empirical coefficient (LTa-1) 

a is an empirical exponent (L0) 
fl is asymptotic infiltration rate as T 00 (LT-1). 

Equation 4, which is a modification of the Kostiakov equation (Kostiakov, 
1932), was first proposed by Smith (1972b) and was successfully used by him to 
describe flow over an initially dry permeable plane (Smith, 1972a). A similar 
infiltration equation was used by Philip and Farrell (1964) to describe the 
same phenomenon. 

The lateral outflow from the channel is related to the point infiltration 
rate by the expression 

f(x,t) = pf(x,t) = + pf1 (5) 

where p is the wetted perimeter of the cross-sectional area of flow (L). 
Equation 5 can be restated in the form 

f(x,t) = kT—a + fcc, (6) 

where 
k = pk' (7) 

and 
3°- = pfco (8) 

The channel is assumed to be prismatic an& to have a wide rectangular 
cross section, and p is assumed to have a constant value. Although the 
permeability of alluvial channels is known to change with discharge, 
streamflow velocity, and other factors (written commun., D. E. Burkham, 1973), 
the parameters k, f., and a also are assumed to have constant values. 

The general behavior of equation 6 is shown in figure A3. The 
infiltration rate is highest during the initial imbibition of moisture. 
However, as infiltrating water penetrates below the channel, the infiltration 
rate rapidly declines. Ideally the infiltration rate eventually approaches 
a steady-state value that is dependent on the vertical hydraulic conductivity 
of the geologic material underlying the channel and the rate at which ground 
water can move laterally away from the channel. 
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FIGURE A3.--General behavior of the infiltration equation. 

SOLUTION OF THE GOVERNING EQUATIONS BY THE METHOD OF CHARACTERISTICS 

Equations 1, 3, and 6 form the governing equation for a linear kinematic 
model of the advance of discharge down the initially dry channel of the Mojave 
River. The governing equations were solved by the method of characteristics. 
The basic rationale underlying the use of charar.teristics is that by an 
appropriate choice of coordinates the original system of partial differential 
equations can be replaced by a system of ordinary differential equations 
(Ames, 1965). As an example, a linear kinematic wave (Chow, 1959, p. 537) 
in a channel with an impermeable bed will travel through a reach without 
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change in shape or velocity. To a stationary observer of the passage of the 
wave, stage and discharge vary both with distance from the observer and, at a 
fixed distance from the observer, with time. However, to an observer moving 
with the wave, stage and discharge do not vary, at a fixed distance from the 
observer, with time. In the latter case, the observer moves along a 
characteristic path, and the description of the solitary wave is greatly 
Simplified. The essence of the characteristic method is to find the location 
of the characteristic paths and then to integrate the transformed governing 
equations along the characteristic to obtain a solution. 

Determination of the Characteristic Equation 

Stage and discharge discontinuities propagate along characteristics 
(Jeffrey and Taniuti, 1964, p. 100-110), and possible discontinuities may 
occur in the four partial derivatives of the dependent variables avat, avax, 
I4 / a t, and Wax. This fact may be used to locate the characteristics (Ames, 
1965, p. 418). The first step in locating the characteristics is to find four 
equations' containing the four partial derivatives of the dependent variables. 
The first equation can be obtained from equation 1 rewritten as 

.21 
ax -at = (x't) (9) 

The second equation can be obtained by differentiating equation 3 

_ .0 (10)at a at 
The third and fourth equations can be obtained from the definition of a total 
differential (Thomas, 1960, p. 689) 

dx + at dt = dQ (11) 

and 

a4 
---ax + a4 dt = dA (12)
Dx Dt 

Equations 9 through 12 can be expressed in matrix form as 

1 0 0 1 aA/at f (x ,t) • 

-cx 0 1 0 aA/ax 0 
(13) 

0 0 dt dx awat dA 

_dt dx 0 0 DC2/ 3x dQ 
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If the determinate of the matrix of coefficients in equation 13 is equal 
to zero, then the partial derivatives of the dependent variables are not 
determined uniquely, and possible discontinuities may occur in the partial 
derivatives (Ames, 1965, p. 418). Equating to zero the determinate of the 
matrix of coefficients (eq. 13), the characteristic equation is obtained as 

dx a (14)
dt 

which can be integrated to yield the characteristics 

x = at + constant (15) 

Equation 15 is a family of parallel lines with slope 1/a in the x-t plane, 
where a represents the celerity of the wave propagation along the 
characteristic. 

Determination of the Invariant Equation 

The invariants of the solution (the description of the behavior of the 
wave along a characteristic) can be obtained as follows: The matrix of 
coefficients (eq. 13) is singular along a characteristic, and if any bounded 
values are to exist for the partial derivatives of the dependent variables, the 
vector of right-hand sides (eq. 13) must be compatible with this singularity 
(Ames, 1965, p. 421). The determinate formed by substituting the vector of 
right-hand sides for any column of the matrix of coefficients must also vanish. 
Upon equating this determinate to zero, the invariant equation is 

dA = - fc.c, (16) 

or, since from equation 3 

dA _ dQ 
(17)

a dt dt 
then 

dQ _ 
af(x, t) (18)

dt 

Equation 18 applies along the characteristics defined by equation 15. 
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Construction of the Solution 

The characteristic solution can be constructed on the x-t plane as it is 
shown in figure A4. Construction of the characteristic proceeds from the 
upstream boundary, where discharge is specified, to the wetting front. In the 
region to the right of the locus of the wetting front advance (fig. A4), 
discharge in the channel equals zero. 

F(X15,t6)

Q > 0 
E ( , t5 ) 

B(x 2, t 2)4e00 

.0' e(5 
A(xl ,t 1 ) •°. 

%%4 

G(x 5 , t7) 

Q=0 

D(x2 t4)
•S'S:\ C) 

'AC1 

C(x1 t3) 

x, DISTANCE 

FIGURE A4.--Sketch for the construction of the solution of the 
wetting front advance by the method of characteristics. 
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Two cases in the solution for new points on the x-t plane arise: One for 
the extension of the characteristic behind and independent of the advancing 
wetting front, and another for the location of the intersection of a 
characteristic and the advancing wetting front. 

Consider the first case: We seek the discharge Q2 at point B(x2,t2) in 

figure A4. Let the known discharge at point A(xl,t1) be Q 1. Also, let the 

locus of the wetting front advance pass through points C(xl ,t3) and D(x 2,t4) 
such that 

t3 < tl 
and 

tLf < t2 

The locus of the wetting front advance is assumed to be represented by a 
straight line between points C(x l ,t 3) and D(x2,t4). The invariant equation 
(eq. 18) 

= - af(x,t)dt 

can be integrated to yield 

t2Q2 
(19)

dQ = - f(x,t)dt 

fQi 

or, upon substitution of equation 6 for f(x,t) in equation 19 

t2 

Q2 - Q1 = - a (kT-a + fjdt (20) 

ti 

where T is the elapsed time since the initial passing of the wetting front 
(fig. A4). The integral in equation 20 can be evaluated to yield the relation 
for Q2 

l'a 1-
)(T2 - T1 (21)Q2 = Q1 - a(t2 - t1)f. 

1-a T2 - T1 
/-

where 
T1 = t1 - t3 (22) 

and 
(23)T2 = t2 t4 

Consider the second case: We seek the intersection at point F(x6,t6) in 
figure A4 of the locus of the wetting front advance with the extension of the 
characteristic passing through point E(x5,t5). T,t the known discharge at 
point E(x5,t5) be Q5. Also let the locus of the wetting front advance pass 
through point G(x5 ,t7) and be represented by a straight line between point 
G(x5,t7) and F(x6,t6). The advance of the wetting front down the channel 
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is well approximated in many cases as a shock wave or flow discontinuity 
(Smith, 1972a). However, if the advance of the wetting front represents only 
a small part of the solution domain of equations 1 and 3, the advance of the 
wetting front probably can be approximated as a smooth wave, without 
introducing significant error into the overall solution. This hypothesis, 
though untested, has been accepted for this study. Thus, at point F(x6,t6) 
the discharge Q6 necessarily vanishes, and equation 21 can be written as 

Q5
t6 = t5 (24) 

(fc° lka T 5—a 

where 
T5 = t5 - t7 (25) 

The distance to the locus of the wetting front advance, x6, at time t6 can be 
determined from equation 15 such that 

(t6 - t5) (26)x6 = X5 ± 
a 

Equations 21, 24, and 26 are the basic components of a linear kinematic 
model of the advance of discharge down the initially dry channel of the Mojave 
River. The general behavior of the model is shown in figure A5. 
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FIGURE A5.--Hydrographs showing general behavior of the model. 
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