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Abstract 

The extraction of paleohydrological and paleoclimatological information from a modem hydrological system, shown to 
represent unique and extreme hydroclimatological conditions, is illustrated by an example from the Mojave River drainage 
basin in southern California. The Mojave River allows only the most extreme floods to reach its terminal basin in the Silver 
Lake playa and to form ephemeral lakes. All the other floods are lost by transmission into the alluvial aquifer along its 200 
km channel. This filtering out of regular floods by the river provides an essential tool in establishing a physical link between 
atmospheric and hydrologic conditions. We demonstrate such a link between anomalous, present-day atmospheric circulation 
patterns over the North Pacific Ocean, extreme storms in southern California that produced the heaviest precipitation on 
record, the largest floods of record in the Mojave River watershed, and ephemeral lakes in its terminal playa. This physical 
link determines the possible cause of the formations of perennial, short-duration, shallow lakes in Silver Lake playa during 
the late Holocene and dharacterizes the hydroclimatic conditions that prevailed during these lacustrine episodes. Hydrologi- 
cal simulations of this river and its filtering character demonstrate that these lakes could have formed only if the most 
extreme modem storms and floods were more frequent in at least an order of magnitude during specific time episodes. We 
conclude that such extn:me hydroclimatic conditions occurred more frequent in past episodes during which the Holocene 
lakes formed. In turn, this conclusion indicates that the cause of these storms and floods, i.e. the anomalous atmospheric 
circulation pattern, must have been more frequent. This research outlines a way to extract information on Holocene climates 
in hydrologic settings that demonstrate a unique cause and effect relationship. 0 1997 Elsevier Science B.V. 
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1. Introduction patterns in local and regional lake-level fluctuations 

Paleohydrology of lakes provides insights into 
paleoclimatic conditions through the identification of 

(Bradley, 1985). It is also a useful tool in connecting 
observed geomorphic responses and regional paleo- 
climatic conditions of similar temporal resolution. 

* Corresponding author. Tel.: +972 (2) 658-4210; Fax: +972 
(2) 566-2581; E-mail: yem:el@vms.huji.ac.il 

Accurate paleoclimate reconstructions based upon 
lake-level fluctuations require a clear relationship 
between the climatic conditions and at least one of 
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the components of the lacustrine hydrological cycle. 
A physical link must be established between the 
cause (the climatic conditions), and the response of 
the hydrological system, through paleoclimatic pa- 
rameters (such as temperature, evaporation, precipi- 
tation, runoff, snow melt) that can be reliably in- 
ferred from sediments (Anderson, 1986; Wohl and 
Enzel, 1995; Baker et al., 1995). The common infer- 
ence of the paleoclimate from paleohydrology is 
usually the most problematic stage. 

Evidence for the occurrence of shallow, short- 
duration, middle to late Holocene lakes in the termi- 
nal playas of the Mojave River in southern Califor- 
nia (Fig. 1) is presented. Then we analyze and model 
the hydrology of the river and the plays/lake and 
reveal the anomalous synoptic climatology which 
causes regional extreme storms. These analyses di- 
rect us to the essential physical link between the 
observed geomorphic and geologic data, fluvial and 
lacustrine hydrological processes, and the possible 
climatic forcing conditions. Through the analyses 
and understanding of basin and regional hydroclima- 
tology we determine the nature of the hydroclimatic 
change that must have occurred in the region to 
produce these lakes and geomorphic responses in a 
wide range of environments in the region. This 
methodology extracts climatic data from extreme 
events and can be used elsewhere, especially in 

THE MOJAVE RIVER DRAINAGE BASIN 

Fig. 1. Map showing the Mojave River drainage basin and average 
annual rainfall in cm (modified from Enzel, 1990, 1992). B = 
Town of Baker, California. Deep Creek (DC) and West Fork 
Mojave River (WF) form the headwaters of the river, joining at 
The Forks. 

hydrologic systems which are sensitive to unique 
hydroclimatology (see also Enzel et al., 1989; Ely et 
al., 1993a). 

2. Regional setting and climatic conditions 

The Mojave River heads on the northern flanks of 
the San Bernardino Mountains in southern California 
(Fig. 1). During large floods, the river flows from 
the headwaters about 200 km downstream without 
additional tributaries, across the Mojave Desert to 
Silver Lake playa (Fig. l), the latest Pleistocene to 
present-day terminus (Wells et al., 1989; Enzel et al., 
1992). The climatic conditions of the region consist 
of relatively hot, dry summers and a winter precipita- 
tion maximum with a weak but distinct secondary 
rainfall maximum from local summer storms in the 
area downstream of Barstow (Fig. 1; Enzel, 1990). 
The precipitation in the headwaters exceeds 1000 
mm/year but, 90% of the watershed area draining 
into Silver Lake playa (total of 9500 km*) typically 
receives 150 mm/year or less. The playa area itself 
receives about 75 mm rainfall per year (Fig. 1; 
Enzel, 1990). The lack of rainfall in the lower por- 
tion of the watershed is associated with very high 
temperatures and potential lake evaporation rates 
(> 2000 mm/year; Blaney, 1957). These hot, dry 
conditions form one of the most arid environments in 
North America. 

In these terminal playas, the remnants of the 
Pleistocene and early Holocene Lake Mojave 
(Thompson, 1921, 1929; Antevs, 1937; Muessig et 
al., 1957; Ore and Warren, 1971; Wells et al., 1987, 
1989) we identified middle and late Holocene lakes 
as well as historical ephemeral lakes, which lasted 
for various durations and had various depths. Under- 
standing the hydrological processes of each of these 
different types of lakes assists us in interpreting the 
paleohydrology and paleoclimatology of the region. 

3. Holocene lakes 

Two types of geological evidence support the 
existence of late Holocene lake stands in the hyper- 
arid Silver Lake playa (Fig. 2). One type is preserved 
in the stratigraphy of the shore environment and is 
most complete at the northern end of the playa (Fig. 
3), and the other type is in lacustrine deposits from 
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drilled cores and a pit near the southern end of the 
playa (Fig. 4). We cannot provide direct evidence 
that these shore and lacustrine sediments were de- 
posited by the same l,ake stand. 

3.1. Holocene beach (complex 

A sequence of five beach ridges exists at the 
northern edge of Silver Lake playa (Ore and Warren, 
1971; Wells et al., 1989; Enzel et al., 1992; Figs. 2 
and 3). The highest three beach ridges (morphostrati- 
graphic units BR-I, ELR-II, and BR-III in Fig. 3) all 
exhibit a well-developed stone pavement overlying 
an early to middle Holocene eolian unit which is 
approximately 1 m thick (Wells et al., 1987, 1989; 
Enzel et al., 1992; McFadden et al., 1992). Radiocar- 
bon dates on shells ( 14nadonta califomesis) from the 

northern beach complex (Fig. 3) (Ore and Warren, 
1971; Wells et al., 1989; Enzel et al., 1992) become 
progressively older with increasing height and dis- 
tance from the playa. The upper three ridges contain 
shells dated from 13,640 + 120 yr B.P. (Beta-264561 
to 10,330 f 120 yr B.P. (Beta-21200). 

The lowest two beach ridges lack the early to 
middle Holocene eolian mantle (McFadden et al., 
1992). Pelecypod shells from the near-shore equiva- 
lent of the older beach ridges underneath BR IV and 
BR V provide a maximum age for the two lowest 
beach ridges and a minimum age of about 9300 yr 
B.P. for the earliest Holocene lake (Enzel et al., 
1992; McFadden et al., 1992). 

Beach features covered by the eolian unit are 
older than lower beach features which lack this unit. 
The source for the eolian sediments was the playa 
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Fig. 2. Selected late Quaternary shoreline features surrounding Silver Lake playa, location of drill holes, and soil and topographic profiles 
discussed in text. 
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itself (Wells et al., 1987), and implies that the eolian 
event occurred after about 8500 yr B.P., when the 
lake dried (Ore and Warren, 1971; Wells et al., 1987, 
1989). Thus, the two lower beach ridges formed after 
the middle Holocene eolian event that covered the 
upper three beach ridges with sandy deposits. Mc- 
Fadden et al. (1992) concluded that the soils on these 
lower two beach ridges are middle to late Holocene 
in age. These age estimations of the BR IV and BR 
V morphostratigraphic units were the first indication 
of lake stands, in the Silver Lake playa that postdate 
8000 yr B.P. 

3.2. Evidence from the playa / lake environment 

Two 6.4 m cores @IL-M and SIL-N) were drilled 
in the southern end of Silver Lake playa 1 m apart. A 
pit was dug to a depth of 1.6 m about 10 m away 
from the cores. All are marked as site SIL-M in Fig. 
2. The composite lithology and the interpreted depo- 
sitional environments are presented in Fig. 4. Wells 
et al. (1989) summarized the sedimentologic charac- 
teristics of the upper 2 m recovered from the cores 
and exposed at the pit. 

BR BR 
V N 

NMSIL-5 NMSU-4 

The deposits recovered from site SIL-M are di- 
vided into three zones (Fig. 4). Zones 1 and 2 
correspond to earlier phases of the lake and Zone 3, 
which is the main interest of this study, comprises 
the upper half of the cores. In addition to massive, 
oxidized brown silt, sand, and clay playa deposits, 
Zone 3 contains a few beds with tens to hundreds of 
very fine, millimeter-scale, laminated couplets. The 
couplets differ slightly from bed to bed. The sedi- 
mentologic characteristics indicate a shallow lacus- 
trine depositional environment with estimated water 
depth of only a few meters. Five such thin lacustrine 
sequences occur within the upper 2.2 m of the cores. 
The uppermost one and the third one from the top 
(Fig. 4) contain Phacotus (J.P. Bradbury, pers. com- 
mun., 1988), which supports the lacustrine origin of 
these type of deposits; the other sequences were not 
analyzed. The thickness and sedimentologic charac- 
teristics of the deposits indicate that several Holocene 
lacustrine episodes in Silver Lake playa lasted from 
several years to decades. It is impossible to deter- 
mine the precise duration of these episodes. For 
comparison, modem ephemeral lakes in Silver Lake 
playa that lasted up to 18 months (see below) were 
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Fig. 3. Schematic cross section illustrating the topography, soil-geomorphic relations, and position of radiocarbon dates in the northern 
beach complex (see Fig. 2) in Silver Lake playa. Nh4SIL = location of soil pits (McFadden et al., 1992) on top of beach ridges 
(morphostratigraphic units BR-I to BR-V). Present-day playa elevation is 275.5 m (modified from Enzel et al., 1992). 
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not able to produce enough lacustrine deposits to be 
preserved in the sedimentologic record. These de- 
posits were incorporated into the homogeneous, 
shrinking-and-swelling playa deposits within a very 
short time since their deposition and left no indica- 
tion about the occurrence of the ephemeral lakes. 
Therefore, we think that thicker deposits which sur- 
vived the processes of the playa that are able to 
destroy the primary sedimentary structure represent 
longer duration of lake stands. 

Organic matter in the bulk samples from the two 
uppermost lacustrine deposits are dated to 390 f 90 
yr B.P. (Beta-256341 and 3620 f 70 yr B.P. (Beta- 
25341 and ETH-3989). These dates probably repre- 
sent the mean ages of the deposition of these units 
and are essentially idlentical to the dates presented by 
Drover (1978) from the Cronese Lake playas, two 
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Fig. 4. Composite lithology and depositional environments of 
sediments recovered in cores SIL-M and S&N. Note the enlarge- 
ment A and B of the complexes of the two youngest lake 
deposits. 

small terminal playas which receive naturally di- 
verted water from the Mojave River (Fig. 1). The 
lake episode at about 3620 + 70 yr B.P. was appar- 
ently of longer duration than any of the other 
Holocene lake stands. 

3.3. Geometry of the Holocene lakes 

We emphasize that the lakes that occupied the 
basin during these episodes were much shallower 
and shorter lived than the earlier, Late Pleistocene to 
early Holocene phases of Lake Mojave. This conclu- 
sion is based on detailed study of the thickness and 
other characteristics of the Late Pleistocene and the 
Holocene lacustrine deposits and sedimentation dur- 
ing and since Lake Mojave (Wells et al., 1989). The 
large reduction in volume/area ratio between Lake 
Mojave conditions and the late Holocene lakes in- 
creases the sensitivity of the more recent lakes to 
evaporation (Fig. 5; Enzel, 1990, 1992; Enzel et al., 
1992). The smaller the ratio, the larger the evapora- 
tive area relative to the volume. The late Holocene 
curves (Fig. 5) indicate that at a water-surface eleva- 
tion of about 282 m, a one- to two-meter increase in 
elevation causes a doubling of the lake surface area 
and thus increases the water volume that can be 
evaporated. This geometric buffering on the water 
accumulation may have prohibited the Holocene lakes 
from rising above the observed elevations of the 
Holocene beach ridges (below 284 m; Fig. 5). Field 
observations indicate that overflow at the north end 
of Silver Lake playa (Fig. 2) did not occur during the 
middle to late Holocene and support the idea that the 
geometric configuration of the lake basin limits the 
amplitude of the minor lake-level fluctuations during 
the Holocene in Silver Lake playa. The inability of 
the Holocene lakes to overcome such a small geo- 
metric control implies that the formation of the 
Holocene lakes in Silver Lake playa reflects the 
minimum change needed to fill the earlier, larger and 
deeper pluvial Lake Mojave. 

What could have caused these shallow lakes in 
the Mojave River terminus only a few centuries ago 
and even a few thousands years ago when the as- 
sumption can be made that the physiography is not 
much different than that of the present-day? This 
question is emphasized when the present-day arid 
climatic conditions at the terminal playa are consid- 
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ered. What is the magnitude of change in the Mojave 
River hydrology and regional climatology needed to 
produce the late Holocene lakes? In the next part we 
characterize the present-day hydrology of the basin 
and later we use it as a basis for hydrologic model- 
ing in an effort to answer these questions. 

Storage capacity, area1 extent, and depth of the 
late Holocene lake are needed for paleohydrological 

calculations (see below) and they are derived from 
the geologic and geomorphologic evidence (Enzel et 
al., 1992; Enzel, 1992). The lacustrine and beach 
deposits from Silver Lake playa, which were dis- 
cussed above, provide information on the possible 
minimum and maximum depths of the late Holocene 
lake (Enzel, 1992). The volume of water stored was 
estimated by determining the boundary conditions 
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Fig. 5. Lake elevation (m) versus lake volume (km31 and lake surface area (km’) during the youngest, latest Holocene lake and the earliest 
phase (approximately 22,000 yr B.P.; Wells et al., 1989) of pluvial Lake Mojave. A relatively small volume is needed to bring the lake to 
elevation of 282 m during the youngest lake stand. Increases in volume and surface area are not associated with a substantial change in 
water-surface elevation between 282 and 284 m, making the youngest configuration of the lake very sensitive to evaporation at that range of 
elevation. The present-day overflow spillway is at an elevation of 285.5 m but probably was not reached during the middle and late 
Holocene. 
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for the depth of the lake and using the constructed 
area-volume-elevauon curves (Fig. 5). 

4. The basin hydrology and historical lakes 

4.1. The hydrologic record 

Annual discharge records (Fig. 6) demonstrate 
that a large amount of water is lost along the Mojave 
River and that signifjcant flow reaches Afton Canyon 
(Fig. 1) only during those years with large discharge 
at The Forks. A similar pattern is evident from 
seasonal and single flood hydrographs (Fig. 7). It is 
also evident from the data that the extreme ‘wettest’ 
seasons in the record, such as the winters of 1969 
and 1978 (Figs. 6 and 71, are comprised of distinct 
individual heavy storms and extreme floods. Hydro- 
logical and historical. records indicate that significant 
stream flow is recorded in the Afton station only 
during extreme floods, and this flow has reached 
Silver Lake playa and produced ephemeral lakes 
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Fig. 6. Annual discharge in downstream direction (from top to 
bottom): The Forks (19135-1985)-the combined discharge of 
Deep Creek and West F’ork (Fig. 1); Lower Narrows near Vic- 
torville (1903-1904 and 1929-1985); Barstow (1930-1985); 
Afton (1930-1931 and 1!>52-1985). 

during only 8 years between 1894 and 1990 (Table 
1, Figs. 8 and 9; Enzel, 1990). Virtually all of the 
discharge in these events originated in the headwa- 
ters, and most of it was lost through infiltration along 
the river bed (e.g., Fig. 7; Hardt, 1969; Buono and 
Lang, 1980; Mojave Water Agency, 1982; Enzel et 
al., 1989; Enzel, 1990). The floods that reached the 
playa and produced ephemeral lakes were the result 
of very large storms (Fig. 10). Several of the rainfall 
amounts and intensities recorded in these storms 
were (a) the largest recorded in California, (b) lasted 
up to two days, and (c) occurred only during the 
winter (Fig. 11). The same storms produced an order 
of magnitude less rainfall in most of the area down- 
stream of the Forks. It seems that only flood events 
with high peak discharge at The Forks are able to 
exceed the loss by infiltration along the river and to 
reach Afton Canyon. Larger floods in The Forks 
(> 500 m3 s-‘; Table 1; Enzel et al., 1989) are 
needed to continue furtber downstream and to reach 
Silver Lake playa. The filtering of small and medium 
floods and reaching of only the largest floods to the 
playa, tbe ‘recorder’ of rare events, suggest a mecha- 
nism which explains the cause of a past lake in the 
terminal basin. 

From a hydrologic modeling point of view the 
configuration of the separated headwaters, channel, 
and terminus portions allows for the relatively sim- 
ple simulation of the Mojave River hydrological 
system (Fig. 12). The availability of detailed hydro- 
logic and historical records of rainfall, stream flow, 
lake-building floods, and ephemeral lakes makes it 
possible to quantify this hydrologic system. 

4.2. The underlying concepts of the simulation 

Three major components are used in the simula- 
tion of the Mojave River hydrological system (Fig. 
12): (a) the source of the floods, consisting of Deep 
Creek and the West Fork at the headwaters of the 
Mojave River; (b) the long channel of the Mojave 
River downstream of The Forks, where discharge is 
lost by infiltration and there is no addition of tribu- 
taries; and (c) the sink, which under modem and late 
Holocene conditions consists of the Silver Lake 
playa. 

Storm precipitation over the headwaters is trans- 
formed in the simulation into a flood hydrograph at 
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The Forks. The flood is routed along the Mojave 
River channel, through Victorville and Barstow, to 
Afton (Enzel, 1990, 1992). Daily and hourly precipi- 
tation data (e.g., Fig. 10) of the largest storms in the 
Mojave River headwaters were analyzed to construct 
a 24-h unit hydrograph (e.g., Bedient and Huber, 
1988) at The Forks. A 24-h unit hydrograph was 
selected because all available rainfall and stream 
flow data of the storms that reached the playas show 
a common duration of 12-36 h (Fig. 11). 

The storm hydrographs at the Afton gauging sta- 
tion were used to estimate the discharge input into 

the playa. The volume of water in the Silver Lake 
playa during historical lakes is the only available 
data related to flood waters downstream of Afton. 
The volumes of the historical lakes are estimated 
from the known depth and constructed curves of 
volume and surface area versus elevation (Fig. 5) 
and are used to estimate the discharge loss between 
Afton Canyon and Silver Lake playa (Enzel, 1990). 

The procedure for the water balance of the lake 
was modified for this specific hydrological basin 
from a computerized procedure written by M.T. 
Gerety (R.Y. Anderson, written commun., 1989). 

MOJAVE RIVER - AVERAGE DAILY DISCHAFS 

DECEhrSER JANUARY fEBRUA!4Y MARCH AFRIL 
B 

Fig. 7. (A) Storm hydrographs for the January 24-27, 1969 flood as recorded in four locations along the Mojave River (see Fig. 1). (B) 
Average daily discharge during December-April 1968-1969 (upper) and 1977-1978 (lower) for Victorville (solid line) and Afton (dashed 
line) in response to daily precipitation (solid bars) in the San Bernardino Mountains (modified from Buono and Lang, 1980). 
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Headwaters and lower basin monthly precipitation and magnitude and discharge of Mojave River floods associated with documented 
historical lakes in Silver Lake playa a 

Date Peak discharge b Average daily flow ’ Precipitation d Lake 

(m3 s- ‘) (m3 s-l 1 A (cm) B (cm) depth ’ (m) duration (months) 

31/12/1909 

18/01/1916 

21/12/1922 

03/03/1938 

25/01/1969 

25/02/1969 

03/03/1978 

17/02/1980 

02/03/1983 

1745 (F) 
1073 (D) 

- 1010 (F) 
65 I (D) 

880 (F) 

- lOtI (A) 
1821 (B) 
2060 (F) 
1320 (D) 

510 (A) 
8413 (B) 

1025 (F) 
65 I (D) 

500 (A) 

- loo0 (D) 

39.5 (A) 
293 (B)? 
7QZ (D) 

19.4 (D) 

51.8 (D) 

23.9 (D) 

55.6 (B) 

42.8 (D) 

9.8 (A) 
21.2 (B) 

33.1 (D) 

20.0 (A) 
36.4 (B) 
33.4 (D) 

11.8 (A) 
14.2 (B) 
43.6 (D) 

93 (A)? 3.9 (A)? 
323 (B) 45.0 (B) 
464 (D) 47.7 (D) 

15:2 (A) 5.6 (A) 
348 (B) 35.8 (B) 
470 (D) 29.5 (D) 

46.9 >l >6 

127.7 2.5-3.2 18 

77.9 

73.7 

2 

2.7-3.2 

? 

18 

87.3 3.0 

76.5 3.0 2.2-2.5 ‘ 

70.1 2.6 <l 

61.6 4.6 <l 

34.8 6.6 <l 

< 12 

>2 

>2 

-3 

22/01/1862 g - 4100 (F) 
xx/12/1867 g - 2210 (F) 
07/03/1884 g - 1130 (F) 
23/02/1891 g - 2120 (F) 

a See Welts et al. (1989) and Enzel(1990) for sources of data. 
b A = Afton, B = Barstow, F = The Forks, D = Deep Creek (see Fig. 1). 
’ Discharge during the m~anth of lake-producing flood. 
d Precipitation during month of lake-producing flood, A = either at Lake Arrowhead or at Squirrel Inn No. 2, two stations at the Mojave 
River headwaters with R2 = 0.96 and average annual precipitation of 109.1 cm; B = at Baker station with average annual of 7.8 cm (see 
Fig. 1). 
e Not all observations were made relative to the topographically lowest point. 
f The lake is the outcome of both the January and the February floods. 
g A possible lake. No evitdence except the relatively large peak discharge. 



The calculations are based upon the hydrological 
balance of the lake (e.g., Smith and Anderson, 1982; 
Smith and Street-Perrott, 1983; Bradley, 1985; Allen 
and Anderson, 1993; Wohl and Enzel, 1995), which 
in this study, as the result of the specific character- 
istics of the Mojave River, also includes an input of 
flood discharge. 

Local runoff from rainfall around the playa does 
not usually reach the playa; when it does, the water 
evaporates within a day. This and other supportive 
evidence listed by Enzel (1990) imply only a small 
percentage of the rainfall over the area draining 
directly into the playa. In the simulation, a value of 
up to 2% of the rainfall over the lower Mojave River 
watershed is used as the local runoff input to the 
playa. Even when a larger percentage of runoff is 
used with twice the modern precipitation, the local 
runoff is a relatively insignificant input when com- 
pared with the precipitation in the headwaters and 
the resulting flood discharge of the Mojave River. 

The rainfall data for Baker, California (75 mm/year), 
at the southern end of Silver Lake playa (Fig. 1, 
Table 1) are taken to represent the local rainfall 
although Baker is situated at a low elevation relative 
to the entire lower Mojave River basin. The local 
precipitation was separated into winter and summer 
seasons (Enzel, 1990). Similar values for the annual, 
winter, and summer rainfall are used for the direct 
rainfall on the plays/lake itself. This rainfall will 
evaporate when it falls on a simulated dry playa and 
will contribute to the depth of an existing lake. 

Little is known about the subsurface components 
of the hydrological balance. Blaney (1957) con- 
cluded that during the formation of the 1938 
ephemeral lake (the largest in the historical record) 
in Silver Lake playa; however, all of the loss was 
from evaporation and not through infiltration into the 
playa bed. Furthermore, the lake dried out at a rate 
similar to other modem evaporation rates (after cor- 
rection for pan evaporation) in the Mojave Desert, 

Fig. 8. The lake of January 1916 covered Silver Lake playa, Silver Lake town, and the T&T railroad. In the reference to this photograph, 
Myrick (1963) noted that this was the second time the railroad was flooded in this playa since its construction in 1906; the other year was 
1910. The two photographs were taken about six months apart and the water depth is different. (WC. Hendrick Collection.) 
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indicating no additional water input to or output 
from the playa. This and other evidence reviewed by 
Enzel (1990) indicate that the subsurface compo- 
nents are not necessary for the simulation of a 
short-duration shalllow lake. The simulation pre- 
sented here is, therefore, not applicable for the Late 
Pleistocene hydrologic conditions. The measure- 
ments by Blaney (1957) of the 1938 lake provide an 
unusually rare type of evaporation data, and are 
valuable in any watar-balance calculation. Incremen- 
tal reductions in lalke evaporation, starting with his 
measured values of 1400 mm for summer and 630 
mm for winter (Blaney, 19571, were used in this 
simulation. 

4.3. Simulation results and present-day flood fre- 
quency 

In the simulation, the storm precipitation input to 
the headwaters is transformed into a flood hydro- 
graph and routed to the terminal playas. During each 
winter season, a few storms, each with a different 
duration and intensity, can be simulated. The com- 
bined discharge from all of these floods is the water 
input to the lake/plays. The water balance is calcu- 
lated for the terminal lake. If water is left in the lake 
at the end of the summer, subsequent floods during 
the following winter will increase the depth and areal 
extent of the lake. In turn, this will increase the 
evaporative area and the area for direct rainfall. A 
lake which after 5 to 10 years reaches a depth 
between the minimum and maximum bounds previ- 

Fig. 9. The Silver Lake playa flooded after tbe March 1938 flood. The water backfilled into the nortbem portion of Soda Lake playa but did 
not reach to tbe prehistorical shorelines (photo by Spence Air Photos, courtesy of Department of Geography, University of California, Los 
Angeles). 
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Fig. 10. Isohyetal maps 
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(precipitation expressed in cm) for 1969 and 1978 storms in the Mojave River headwaters (see Fig. 1). 

ously discussed indicates a combination of hydro- 
logic conditions under which the late Holocene lake 
could have formed. 

The simulated conditions included (in different 
runs): (a> one to five storms per year with storm 
precipitation incrementally increased over the head- 
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Fig. 11. Maximum precipitation recorded in southern California hydrographic regions (U, W, X, Y, and 2 in inset map) over time intervals 
from 0.5 h to 10 days (240 h). The specific markers are: dash, the maximum precipitation recorded anywhere in California; solid circle, 
when the maximum precipitation event in region Y occurred in the Santa Ana headwaters (the Santa Ana River shares a waterdivide with 
the headwaters of the Mojave River); triangle, when the maximum precipitation event in region W occurred in the Mojave River 
headwaters. Regions are drainage provinces as defined by Department of Water Resources (198Oa,b). U = Los Angeles, W = South 
Lahontan (southern Great Basin), X = Colorado River and Salton Sea, Y = Santa Ana, 2 = San Diego. All maximum values for rainfall 
duration above 3 h in the Great Basin are from the Mojave River headwaters. All the data points for time intervals greater than 6 h from 
regions W and Y are from the high elevations of San Bernardino Mountains and occurred during the winters of 1969, 1938, 1916, and 1891. 
Based on data from Visher (1941); Department of Water Resources (1976, 1980a,b, 1981); Goodridge (1986). 
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waters; (b) winter and summer evaporation sepa- 
rately and incrementally reduced to 50% of the 
modem values; and (c) winter and summer precipita- 
tion incrementally increased over the playa region up 
to 200 mm/year ( >> 200% of modem values), which 
is probably a lar,ge overestimation for the late 
Holocene rainfall. ‘The results indicate that even if 
the modem precipitation is doubled, the contribution 
from the direct rainfall and the runoff from the local 
rainfall to the formation of a lake are insignificant 
relative to the input from the Mojave River floods. 
When the cumulative flood discharge input produced 
a lake that exceeded the known maximum elevation 
of the beach ridges, the incremental increases of 
precipitation over the headwaters stopped. The depths 
of the Holocene lakes were such that even at the 
maximum, they would have dried out after 2 to 4 
years of no flood input. 

The results presented in Fig. 13 are of the simula- 
tion of the most simple combinations and include (a) 
one flood per year with the discharge increasing as 
the simulated rainfall over the headwaters was in- 
creased, (b) 100% to 50% of the modem evaporation 
from the lake, and (c) 25% increase above modem 
rainfall over the lower Mojave River watershed. 
Results of simulations of two and three events per 
year with a similar range of local precipitation and 
evaporation are tabulated in Enzel (1990, appendix 

M). The geometric body in Fig. 13 envelopes all the 
combinations of the simulated hydrological condi- 
tions listed above under which a perennial lake 
within the geological and physical boundary condi- 
tions of the late Holocene lake would form. Changes 
in the simulated hydrological conditions will only 
slightly shift the surfaces of the geometric body. 

The combinations of hydrologic conditions pre- 
sented in Fig. 13 show that a large discharge from 
the Mojave River into the playa is a prerequisite for 
the formation of the lake, and that no lake would 
form solely from a reduction in evaporation. The 
minimum input of discharge needed annually to form 
and maintain even the shallowest lake is about 40 X 
lo6 m3. This discharge is equal to or greater than the 
total measured or estimated annual discharge 
recorded in the Afton station during most of the 
years with the largest floods; e.g., 1969 (two large 
floods), and 1978 (one large and three smaller 
floods). In the historical and systematic hydrological 
record, only the lakes formed by the March, 1938 
flood (Hardt, 1969) and probably the January, 1916 
flood were large enough to overcome the annual 
evaporation (Fig. 13) and persist for more than one 
year (Table 11, both in reality and in a two-year 
simulation. The two 1969 floods together did not 
produce a large enough volume of water to survive 
the summer evaporation (Fig. 13). 

!SOURCE AREA MOJAVE RIVER SINK/LAKE 

P 
CHANNEL 

Afton 

I I 

Schematic Flood ‘Hydrographs 
, 

Fig. 12. Schematic diagram of the simulation model of the Mojave River hydrological system. L = discharge loss by infiitration along the 
Mojave River channel, E = evaporation, P = precipitation, R = local runoff. 0 and U represent the subsurface water output and input, 
respectively. The shaded portion of each hydrograph represents the discharge that reached a downstream reach after the losses (dashed and 
curved lines). From Enzel(1992). 
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The simulation results indicate that three to four 
floods per year with discharges similar to one of the 
1969 floods are needed to produce a late Holocene 
lake which would stabilize within the observed range 
of depth. Smaller flows are not able to reach the 
playa. These results suggest that to produce a peren- 
nial lake during the late Holocene, a flood discharge 
of the magnitude of the two largest floods in the 
systematic hydrologic record must occur almost ev- 
ery year. A reduction in evaporation would not 
produce a lake in Silver Lake playa, and it only 
slightly shifts the boundaries of the zone that marks 
the possible combinations in Fig. 13. If the evapora- 
tion rate used in the simulation for either the winter 

or the summer is too low and if a lake already exists, 
a very slight increase in the flood discharge input 
will result in a lake that overtops the known maxi- 
mum elevation. This implies that either floods much 
larger than the 1938 flood rarely occurred or that 
50% reduction in evaporation during the lake 
episodes of the late Holocene is a large overestima- 
tion, or both. A reduction of 50% in the annual 
evaporation is greater than any value suggested even 
for the Late Pleistocene in the southwestern United 
States (e.g., a list by Smith and Street-Perrott, 1983). 
An annual discharge that is too great (> 175 X lo6 
m3> produces a lake too deep for the geological 
evidence under all evaporation rates used, and indi- 

Fig. 13. Three-dimensional representation of the combination (dots) of hydrological conditions for the formation of a perennial lake in the 
simulation using one flood per year, a constant +25% increase in rainfall over the lower Mojave River watershed, and incremental 
increases in storm rainfall over the headwaters to determine the discharges (lo6 m3) into the Silver Lake playa, and incremental and 
independent decreases in summer and winter evaporation rates (cm). The zone delineated by the dark solid lines in the middle of the 
diagram represents the hydroclimatic conditions that could have produced the late Holocene lake with the observed geological boundaries. 
Winter and summer evaporation rates were simulated within the range of 100% and 50% of modem evaporation (modem value from 
Blaney, 1957 are marked by thick arrows). 1938 = the conditions for the 1938 flood and lake-the largest modem gaged flood and a 
historical lake; 1969 = the total discharge of the January and February 1969 floods. 
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cates a possible upper bound to the floods during the 
late Holocene. Combinations of hydrological condi- 
tions marked in the upper, left, and back portion of 
the geometric body in Fig. 13 are, therefore, the 
most probable. 

Flood frequency analyses performed on the an- 
nual series of peak discharges at two gaging stations 
along the Mojave River (R.H. Webb, written com- 
mun., 1989) indicate that the recurrence intervals of 
the 1969 and 1938 floods are > 30 years at Barstow 
and > 18 years on the West Fork (Enzel, 1992). 
Floods with smaller magnitudes than either the 1938 
or the 1969 floods and that reached the terminal 
playas during the modem record have recurrence 
intervals greater than 8 years at all of the Mojave 
River gaging stations analyzed (Enzel, 1990). The 
simulation results which were presented earlier indi- 
cate a recurrence interval of 0.25 to 2 years for 
floods of this magnitude to produce and maintain the 
late Holocene lakes. This emphasizes that different 
hydroclimatic conditions prevailed in the Mojave 
River watershed during the formation of the late 
Holocene lakes. 

The simulation of the Mojave River watershed 
hydrology indicates that only a persistent repetition 
of floods with the magnitude of the largest modem 
floods over a period of several years can form even a 
shallow lake in Silver Lake playa. Increased summer 
precipitation and reduced winter and/or summer 
evaporation could have played only a marginal role 
in the formation of these lakes. We conclude that the 
hydrologic processes that control the Mojave River 
indicate the nature of the change needed. A step 
further will lead to the conclusion that Holocene 
hydroclimatic conditions are characterized by an in- 
creased number of heavy storms and flooding during 
short episodes. As during historical times the effects 
of such storms cannot be limited to the Mojave River 
alone, but must be recorded in other basins and 
environments in southern California, in the Mojave 
Desert, and perhaps even outside of these regions. 

5. Other evidence from the region 

Evidence for mo:re ‘wet’ conditions which were 
synchronous with the two most recent lakes in the 
Mojave River basin were identified by other re- 

searchers. Furthermore, the evidence does not con- 
tradict our inference that more frequent events with 
the magnitude of the modem extremes formed the 
average wetter conditions. Several observations sup- 
port such characteristics of the paleoclimatic condi- 
tions. 

In addition to evidence from glaciated areas in the 
western United States (e.g., Burke and Birkeland, 
1983; Grove, 19881, the episode around 3620 + 70 
yr B.P. is reported also to affect non-glacial environ- 
ments in the southwestern deserts of the United 
States. A 150-m lowering of the woodland boundary 
(Spaulding, 1985) and the only significant recharge 
into the groundwater aquifer since about 9000 yr 
B.P. (Benson and Klieforth, 1989) occurred in south- 
western Nevada between 4000 and 3000 yr B.P. A 
10-m deep lake probably occurred in Death Valley 
sometime between 4000 and 2000 yr B.P. (Hunt, 
1975), and less arid conditions prevailed in Lucerne 
Valley in the western Mojave Desert sometime be- 
tween 4300 and 1600 yr B.P (King, 1976). 

Mehringer and Warren (1976) dated peat deposits 
and dune stabilization at 4000 to 3600 yr B.P. in Ash 
Meadows in the Amargosa Desert in southwestern 
Nevada. The dates of the peat deposits and dune 
stabilization correlates very well (Fig. 14) with the 
Silver Lake lacustrine episodes. More recently, Win- 
tle et al. (1994) and Lancaster (1997) presents a 
chronology of variation in the stability of the Kelso 
Dunes, which are located only 25 km southeast of 
Soda Lake playa. It is hypothesized that the sand 
comprising these dunes is derived from the Mojave 
River (Sharp, 1966). The timing of the dune stabi- 
lization here is also in good agreement with the 
chronology of the lacustrine episodes in Silver Lake 
playa. In Searles Lake, an age of 3520 + 190 yr B.P. 
was obtained from wood within deposits of a saline 
lake that rose about 45 m above the present-day 
playa (Smith, 1979). Other evidence from non-gla- 
cial environments for moister climatic conditions in 
the southwestern United States during that period 
includes: (a) a tree-line shift in the White Mountains 
of California between 3500 and 2500 yr B.P. 
(LaMarche, 1974); (b) a higher lake level in Mono 
Lake at about 3500 yr B.P. (Lajoie and Robinson, 
1982 in Forester, 1987) with a high stand approxi- 
mately 3770 calibrated yr B.P. @tine, 1990); (c) 
increased debris flow activity in the San Gabriel 
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Fig. 14. Schematic representation of peat and dune deposits and the ages, Ash Meadow, Carson Slough, Nevada. Modified from Mehringer 
and Warren (1976). Remarkable agreement between the ages of the peat deposits and the ages of the lacustrine events in Silver Lake. 

Mountains between 5000 and 3500 yr B.P. (R. Wel- 
don, written commun., 1990); (d) a lacustral event in 
the Wilcox Playa in southeastern Arizona, sometime 
around 4000 to 3000 yr B.P. (Waters, 1989;, and (e) 
a brief period of fresh water evident from pollen 
assemblages in San Joaquin Marsh in Newport Bay, 
southern California (Davis, 1992). Wetter conditions 
also dominated the San Juan Basin in northwestern 
New Mexico (Wells et al., 1990). 

Evidence from such diverse environments of wet- 
ter and stormier climatic conditions in the southwest- 
em United States at 4000-3000 yr ago implies a 
change in the main features of the atmospheric circu- 
lation patterns. These patterns had to increase the 
moisture transported into the region and to produce 
heavy precipitation, compared to the present. Based 
on quantitative analysis of radiolaria in varved sedi- 
ments in the Santa Barbara Basin, Pisias (1978) 
demonstrated increased winter sea-surface tempera- 
tures (SST) off the shore of southern and central 
California during the time of the wet climatic episode 
observed in the above continental records, implying 
different oceanic circulation in the eastern North 
Pacific. During modem times, such increased SST 
temperatures are associated with large precipitation 
events in southern California (Namias, 1980). Winter 

storms that affect southern California also affect 
other regions in the southwestern United States (Ely 
et al., 1993a). The clustering of paleofloods during 
such episodes is reported by Ely et al. (1993b) and 
Ely (1997). Thus, past climatic conditions that in- 
creased winter sea-surface temperatures off the shore 
of California may have also caused the observed 
wetter conditions in the southwestern United States. 

Analyses of tree-ring data from southern and cen- 
tral California (e.g., Schulman, 1947; Michaelsen 
and Haston, 1988) indicate that more frequent wet 
conditions occurred in the late 1500s and early 1600s 
at the same time that the youngest lake was main- 
tained in Silver Lake basin. Further, when the 390 f 
90 yr B.P. date is calibrated and plotted on tree-ring 
chronologies from southern and central California, it 
is centered at the largest positive anomaly in the 
tree-ring width (Enzel, 1990; Graumlich, 1993). The 
high-frequency, high-magnitude annual precipitation 
and stream flows that Schulman (1947) and 
Michaelsen and Haston (1988) interpreted for that 
period in southern California support the inference of 
increased frequency of the high-magnitude runoff 
events during the youngest lake stand in Silver Lake 
playa. Reconstructions of North Pacific sea-level 
pressure from tree-ring chronologies (Fritts et al., 
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Fig. 15. Composite North Pacific sea-level pressure (A) and anomaly (B) for the eight months with lake-building events. A = location of 
the San Bernardino Mountains. The arrow shows the anomalous component of the mean wind direction that results from the anomalous 
sea-level pressure. The enhanced southwesterly wind advects moist warm Pacific air over the San Bernardino Mountains and the negative 
pressure anomalies indicate the necessary vorticity for extreme precipitation events (from Enzel et al., 1989). 

1979) show that the early 1600s had a high fre- 
quency of North Pacific sea-level pressure patterns 
that were similar to the 1978 winter sea-level pres- 
sure pattern. The winter of 1978 was one of the 
wettest in the instrumented record and produced 
some of the largest recorded floods in central and 
southern California and Arizona. Based on regional 
paleoflood records, Ely and Baker (1990) and Ely et 
al. (1993b) concluded that rivers in central Arizona 
and southern Utah experienced large floods between 
1400 and 1600 A.D. At present, large floods on 
some of these rivers occur primarily during the 
winter (Ely et al., 1993a). 

Other indicatiorrs of the climatic patterns during 
that period that supported Holocene lakes include: 
(a) moraines in the Sierra Nevada from the early 
1600s (Curry, 1971; Burke and Birkeland, 1983); (b) 

tree-line fluctuation in the White Mountains of east- 
em California (LaMarche, 1974); (c) episodes of 
marsh growth in Panamint Valley from 1550 to 1650 
A.D. and peat in Ash Meadows at _ 1550 A.D. 
(Fig. 14; Mehringer and Warren, 1976); (d) in- 
creased human occupation in Cronese Lake playas 
(Drover, 1978); (e) two high stands separated by a 
low stand in Mono Lake between about 500 and 300 
calibrated yr B.P. (about 1450-1650 A.D.; Stine, 
1990); and (f) a downward shift in vegetational 
communities between 1435 and 1795 A.D. in the 
northern Mojave Desert (Cole and Webb, 1985). 

With the limitations of the age-dating techniques 
used, these observations indicate concurrent snow 
accumulation in the Sierra Nevada of central Califor- 
nia, high precipitation and stream flow in southern 
California, and high lake stands in the Mojave River 
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basin sometime around 1600 A.D. Historical, lake- 
producing floods in the Mojave River watershed are 
also associated with concurrent similar phenomena 
during a single season (Enzel, 1990; Enzel et al., 
1990). 

6. Synoptic climatology of the lake-building floods 

To characterize the climate associated with the 
late Holocene lake stands we have analyzed the 
synoptic climatology associated with the eight most 
intense storms and the lake-building floods (Table 1) 
as well as the synoptic climatology associated with 
the 29 floods which passed Afton Canyon up to 1987 
(Enzel, 1990, appendix N). These two criteria for 
defining large floods were used for selecting the 
group of floods to which sea level pressure (SLP) 
and 700 mbar height composite anomaly maps were 
produced. This is part of a set of methods to extract 
connections between various characterization of river 
flow and patterns of atmospheric circulation 
(Hirschboeck, 1985, 1988; Cayan and Peterson, 
1989). Because extreme floods are rare, the statisti- 
cal significance of such analysis is reduced. The 
anomalous climatic patterns, however, are extracted. 
This methodology directs us to the specific atmo- 
spheric circulation pattern that is responsible for 
large floods in a specific drainage basin/region and 
to the larger-scale necessary climatic conditions. 

specific month to determine the monthly sea-level 
pressure anomaly. Although the actual flooding oc- 
curred on specific days with more intense sea-level 
pressure features than was produced from the monthly 
mean, several of the floods were associated with a 
persistent succession of storms that conform to a 
particular pattern. The monthly patterns of sea-level 
pressure provide an overall indication of the large- 
scale pattern that produced the particular storm or 
storm sequence. 

During months when lakes formed, the eastern 
North Pacific subtropical high weakened, giving way 
to anomalously low pressure along the west coast. 
The anomalous low represents a southeastward shift 
of the central North Pacific winter low, with vigor- 
ous storms penetrating the west coast of the United 
States much further south than normal. These storms 
produced the heavy precipitation observed in the San 
Bernardino Mountains. 

The composite pattern of sea-level pressure (Fig. 
15) shows a tendency for a ‘split’ Aleutian Low with 
higher-than-normal sea-level pressure in the Aleu- 
tians and anomalously low sea-level pressure over 
Kamchatka. The blocking high pressure in the east- 
em Aleutian region during this type of event is also 
borne out by inspection of daily maps. This synoptic 
pattern has been diagnosed as a potent flood-produc- 
ing condition in California (U.S. Weather Bureau, 
1962). The Mojave River flood and lake events are 
symptoms of this very same pattern. 

To overcome the filtering mechanism of the river The strong negative anomaly of -6 mbar at 
and to form a lake in the lower part of its watershed 4O”N, 13O”W (Fig. 15) represents 1.5 to 3.0 standard 
requires a vigorous storm, which is unusual for deviations from the long-term monthly mean (de- 
southern California but a characteristic borne out in pending on the specific winter month during which 
every case examined. The mean meteorological pat- the flood has occurred). Other studies of winter and 
tern associated with these storms and lakes is con- monthly average precipitation and storm flow have 
structed to identify distinct characteristics in the shown this condition to favor heavy precipitation and 
climatology of these unusual storms. Composite stream flow in California and Arizona (Namias, 1980; 
monthly values of sea-level pressure and the sea-level Hirschboeck, 1985; Kline and Bloom, 1987; Cayan 
pressure anomalies over the North Pacific and west- and Peterson, 1989). The composite sea-level pres- 
em North America are calculated for the months sure and sea-level pressure anomaly of the 29 months 
which included the eight lake events listed in Table 1 with floods that passed Afton Canyon show similar 
(Fig. 15). Values of sea-level pressure are employed atmospheric circulation patterns (Fig. 16). The de- 
because of availability over a Northern Hemisphere tected anomaly is centered further away from the 
grid since 1899 (Trenberth and Paolino, 1980). The shore than the anomaly associated with the eight 
values of sea-level pressure for each month with a lake-building events. One underlying observation is 
lake event are subtracted from the long-term mean common to both cases: a major shift in the North 
sea-level pressure (1947-1972; Namias, 1975) of the Pacific pressure system to the south and east during 
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Fig. 16. Same as Fig. 15 but for the 29 months with Mojave River floods that reached Afton Canyon. 

all floods that reach Afton Canyon. It seems that the 
g-cases group represents the extreme conditions 
within the larger, 29cases group. 

Upper-air data cover even smaller numbers of 
lake-producing floods, a problem which is common 
to any study of extreme hydroclimatic phenomena 
(Hirschboeck, 1987, 1988; Ely et al., 1993a,b; Ely, 
1997). Such data are limited to only four of the eight 
events. Fig. 17 shows the daily 700 mbar height 
anomaly associated with these four events. The 
monthly anomaly in the SLP mirror the anomaly 
observed in the uppe.r-air data. This indicates that the 
atmospheric circulation is so anomalous that it is 
evident even in the lmonthly data. This is similar to 
the conclusion of Ely et al. (1993a). 

Individual maps of 500- and 700-mbar height, 
satellite images, and previous studies (e.g., Wagner, 
1969; Namias, 1980) for the months of the floods in 
the winters of 1969., 1978, 1980, and 1983, reveal 
two common patterns. The most frequent pattern 

featured an unusually deep trough or cut-off low 
pressure offshore from California, and a blocking 
high pressure in the Gulf of Alaska with a southerly 
displaced storm track entering California. In some of 
these cases, moisture and strong winds of these 
storms were assisted by the activity of the subtropi- 
cal jet. This was indicated during the 1969 storm 
(Bonner et al., 1971). A second pattern that emerged 
was a sequence of storms imbedded in strong 
southerly-displaced westerlies that spanned the entire 
eastern North Pacific. This pattern occurred during 
the 1980 and 1983 events. Inspection of the high 
clouds on satellite images indicates that most of the 
moisture is of subtropical origin and the atmospheric 
circulation is directing it into southern California in 
general and to the San Bernardino Mountains in 
particular. During such interactions between the sub- 
tropics and the mid-latitude atmospheric circulation, 
the subtropical jet was in a more northern position 
(Enzel et al., 1990). Similar interaction was observed 
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Fig. 17. Composite anomaly map of daily 700-mbar height values (in m) associated with the four lake-producing floods of 1969, 1978, 
1980, and 1983. Hatched and stippled areas, respectively, mark the negative and positive zones where the difference from the mean is 
significantly greater than zero at the 90% level (see also Ely et al., 1993a). 

for the largest winter floods and stream flow vol- 
umes in the southwestern United States and was 
associated with a negative Southern Oscillation In- 
dex (Cayan and Peterson, 1989; Ely et al., 1993a). 
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Fig. 18. Composite and range of North Pacific 700-mbar zonal 
wind velocity profiles (m/s) for 33 months of January (dots). 
Modified from Namias et al. (1988). Dashed line = the same for 
the eight years with the lowest persistence of January SST anoma- 
lies; solid line = the same for the eight years with highest persis- 
tence of January SST anomalies. The shift to the south of the 
maximum zonal wind occurs during years of high SST persis- 
tency, to the latitude of the Mojave River headwaters. 

Evidence suggests (Namias et al., 1988) that the 
ocean surface boundary conditions may have played 
a role in the development of these storms. Namias et 
al. (1988) divided 33 years of SST records in the 
eastern North Pacific into three groups according to 
the persistency of the winter SST anomalies. Three 
of the winters with lake-building floods (the winters 
of 1969, 1978, and 1980) were included in their 
analyses. All of these three winters were included in 
the group of persistent high seasonal SST anomaly. 
During these years with high SST persistency, the 
maximum zonal winds along the eastern North Pa- 
cific were further south than the normal position and 
were located over the latitude of the Mojave River 
(Fig. 18). This IS perhaps not a necessary condition, 
but such winter SST anomaly patterns can increase 
the frequency of extreme storm episodes in southern 
California in general and in the San Bernardino 
Mountains in particular. Indications of similar ele- 
vated winter SST characterized the area offshore 
California in the past (Pisias, 1978) during the time 
periods of the Holocene lakes in Silver Lake playa 
(Enzel et al., 1992). 

7. Summary 

The physical link between modem anomalous 
atmospheric circulation patterns over the North Pa- 
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cific Ocean, extreme storms in southern California, 
the largest floods of record in the Mojave River, and 
lake stands in the Mojave River terminal playas is 
demonstrated by analyzing the hydrologic and cli- 
matic data. 

The Mojave River filters out small to medium 
floods from the lake record by discharge losses 
through infiltration into the alluvial aquifer and al- 
lows only the large floods to pass Afton and the 
largest floods to real:h the terminal playa. Storms 
that produced the 1arg:e floods lasted one to two days 
and the precipitation intensities in the headwaters of 
the river were extremely high relative to the Califor- 
nia records. These extreme precipitation events re- 
sulted from the orographic effect of the San 
Bernardino Mountains on storms from the west and 
southwest that direct moisture from the subtropical 
Pacific Ocean into southern California. 

During 8 years in the 20th century, storms were 
vigorous enough to produce large floods that were 
able to overcome the filtering-by-infiltration mecha- 
nism of the river. These floods reached the terminal 
playa and produced the eight documented lakes. The 
vigorous storms occurred in response to extremely 
southerly displacement of both the winter storm ac- 
tivity and the Polar jet over the eastern North Pacific, 
directing subtropical moisture into southern Califor- 
nia. Analyses of SLB for the eight months with 
lake-building floods revealed: (a> that the eastern 
North Pacific subtrop:ical high weakened, giving way 
to an anomalously low-pressure system along the 
west coast of the United States; (b) a shift to the east 
and south of the central North Pacific winter low; 
and (c) a tendency for a ‘split’ Aleutian Low with 
higher-than-normal SLP in the Aleutian and an 
anomalously low SLP over Kamchatka. The histori- 
cal lake-building storms and floods are relatively 
rare; however, they control the daily to decadal 
hydrological records of the Mojave River hydrologic 
system and probably indicate a different subgroup of 
extreme events within the data. 

Simulations of late Holocene lakes recorded in 
sediments in and around Silver Lake playa are car- 
ried out based on the present-day hydrology of both 
the Mojave River and its terminal playas and also on 
geological boundary conditions. The geological 
boundary conditions are based on the elevation of 
middle to late Holocene beach ridges surrounding 

the Silver Lake playa and the late Holocene lake 
deposits recovered from drilled cores in this playa. 
This geological evidence provides the information 
needed to construct the geometry of the Holocene 
lakes. The results of this simulation reveal that the 
two largest floods in the systematic record, which 
presently have recurrence intervals > 18 years, have 
to occur each year in order to build a perennial lake 
in the terminal playa. The necessary increase in the 
number of floods relative to the present is found to 
be insensitive to reduction in evaporation. The two 
youngest Holocene lake episodes that occurred 390 
f 90 and 3620 f 70 yr B.P. are synchronous with 
evidence from various environments in southern Cal- 
ifornia and nearby areas, all of which support the 
existence of such anomalous stormy and wet hydro- 
climatic conditions during these episodes. The under- 
standing of the modem hydrology and the simulation 
results imply: (a) that during these periods the mois- 
ture input into the Mojave River headwaters was 
much greater than the present input; and (b) that this 
moisture was transformed into large floods that were 
able to reach the terminal playas to produce a peren- 
nial lake. This, in turn, implies that high-frequency, 
high-intensity storms occurred in southern Califor- 
nia, southern Nevada and Arizona during these late 
Holocene episodes. Atmospheric circulation patterns 
over the North Pacific, similar to the modem anoma- 
lous ones, were very frequent and may have per- 
sisted during the winter season in order to cause 
these storms and thus the perennial Holocene lakes. 

From this study it is further concluded that mod- 
em extreme climatic and hydrologic conditions that 
influence hydrological systems can serve as useful 
analogues for earlier periods that experienced differ- 
ent hydroclimatic events than the present. This type 
of study can also provide information about the 
response of regional hydrological systems to scenar- 
ios of future climatic change. 

7.1. Epilogue 

During the winter of 1992-1993, a vigorous storm 
affected southern California and central Arizona. It 
was the result of atmospheric circulation anomalies 
similar to those documented above and produced 
floods in both regions. Several of these floods were 
described as the largest in the historical record or 
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Fig. 19. Photograph of the ephemeral lake which was formed in Silver Lake playa following an extreme storm during the winter of 
1992-1993. 

even as the floods of the century. The storm and 
flood in the Mojave River produced an ephemeral 
lake in Silver Lake playa (Fig. 19). It is the ninth 
lake documented in this playa since the 1890s. This 
flood is even more impressive than most of the 
earlier events because by now the river is heavily 
regulated to reduce the amount of water reaching 
below Afton Canyon and to increase recharge into 
the alluvial aquifer in the upstream reaches. This 
hydroclimatic event, which has followed the se- 
quence of the specific anomalous atmospheric circu- 
lation pattern and caused a lake-building flood in the 
Mojave River, supports our inferences about the 
conditions that must have had to occur in the basin 
to produce the perennial lakes. 
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