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GLOSSARY 

Alluviation.-The subaerial deposition or formation of 
alluvium or alluvial features at places where stream 
velocity is decreased or streamflow is checked; the 
process of aggradation or of building up of sediments 
by a stream along its course or of covering or filling a 
surface with alluvium. 

AZtithennaL-A term proposed by Antevs (1948, p. 176) for 
a dry post-glacial interval about 7,500 to 4,000 years 
ago during which temperatures were warmer than 
present and precipitation may have been lower. 

Baseflow-The sustained or fair-weather flow of a stream; 
that part of stream discharge that is principally the result 
of ground-water flow into a stream. 

Braidplain.-An alluvial flood plain formed by an anasto- 
mosing or braided stream. 

Directprecipitation.-Precipitation that falls directly onto a 
lake or stream without passing through any land phase 
of the runoff cycle. 

through transpiration of plants and evaporation from 
the soil and surface-water bodies. Also, the volume of 
water lost through evapotranspiration. 

Fluvial.-Pertaining to, produced by, or formed by a river or 
rivers. 

Holocene.-An epoch of the Quaternary period, from the 
end of the Pleistocene, approximately 10,OOO years ago, 
to the present time. When the Quaternary is designated 
as an era, the Holocene is considered to be a period. 

Hydrograph.-A graph showing stage, velocity, flow, or 
other characteristics of ground water or surface water as 
a function of time. 

Injiltration.-The movement of water into soil, sediment, or 
porous rock. 

Injiltration rate.-The rate at which a soil under specific 
conditions can absorb falling rain or melting snow; 
expressed in depth or water per unit time. 

ated zone during and immediately after a storm; water 
that moves as interflow commonly discharges directly 
into a stream or lake. 

Interpolation.-Estimation of the value of a variant based on 
two or more known surrounding values; a method used 
to determine intermediate values between known points 
on a line or curve. Interpolation requires that certain 
assumptions be made about the quantity between two 
known (measured) values. Numerical algorithms used 
to interpolate values include inverse distance squared, 
minimum curvature, theissen polygons, and kriging; 
the latter a statistical technique that has received wide- 
spread attention in the geosciences. 

Evapotranspiration.-Loss of water from a land area 

InterJlow.-The lateral movement of water in the unsatur- 

Isohyet.-A line connecting points of equal precipitation 
drawn as contour lines over land or water on a map. An 
isohyetal map uses these lines to show the distribution 
of prexipitation over an area. 

Kriging.-A statistical interpolation technique using infer- 
ential statistics to establish a regularly-spaced grid of 
surface values from irregularly-spaced sites of known 
quantity (Monmonier, 1982; Delfiner and Delhomme, 
1975). Kriging is said to be the most accurate method 
for determining the distribution of the effective uniform 
depth of precipitation over a drainage basin from a non- 
uniform distribution of rain gages (Abtew and others, 
1993; Fetter, 1988). The method is named for Danie 
Krig, a South African geostatistician. Isohyet maps of 
rainfall distribution over the Southwestern United 
States (this paper) were prepared using kriging applied 
to precipitation data from an array of irregularly spaced 
NOAA weather stations. Precipitation volumes (in 
acre-feet) received by drainage basins for monthly and 
seasonal events were computed from interpolated grid 
using digitized drainage boundaries and a numerical 
integration method known as the Trapezoidal Rule. 

Lacustrine.-Pertaining to, produced by, or formed in a lake 
or lakes; for example, lacustrine sediment. 

Little Ice Age.-A cool, brief interval in an otherwise warm 
interglacial stage; originally used for a mid-Holocene 
event (about 3,000 years ago) in the Yosemite area, 
California (Ivlatthes, 1930); widely used for the 16th- 
and 1 8th-century cool phases. 

period of time in the late Holocene marked by 
decreasing temperatures. 

marked by the re-advancement of mountain glaciers. 
Commonly referred to simply as Neoglacial. 

for example, by seepage to the water table. 

land surfaces toward stream channels; after entering a 
stream channel, overland flow becomes part of the total 
runof€. Overland flow begins when the rate of precipi- 
tation exceeds the infiltration rate of a basin's soil and 
the depression storage is full. 

Medithenna1.-A term used by Antevs (1948, p. 176) for the 

Neoglacialperiod(s).-Those time periods of the Holocene 

0utJow.-Water that flows out of a lake or drainage basin, 

0verZandfiow.-That part of surface runoff flowing over 

Paludal.-Pertaining to, produced by, or formed in a marsh. 
Playa (playa lake; playa lake flat).-A dry, vegetation-free, 

flat at the lowest part of an undrained (or internally 
drained) desert basin in the Southwestern United States - 
that is generally composed of, or underlain by, stratified 
lacustrine clay, silt, sand, and soluble salts. Many playa 
basins in the Southwest contain ephemeral lakes. 

Pluvial.-l?ertaining to, or said of, a geologic episode, 
change, process, deposit, or feature resulting from the 
action or effects of rain. Pertaining to rainy events, 
such as pluvial events, pluvials, or pluvial lakes, or 
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sedimentary deposits, such as pluvial lake deposits 
formed by rain and runoff from ephemeral streams. 

heavy rainfall, such as the late Pleistocene, that is now 
either extinct or existing as a remnant. 

which water accumulates and evaporates, leaving a salt 
deposit. Also, a shallow lake of brackish water occu- 
pying a saltpan. 

Streurnflow (channelflow).-Movement of surface runoff in 
long narrow depressions or troughs bounded by banks 
or valley walls that slope toward the channel. 

Pluvial lake.-A lake formed in a period of exceptionally 

Saltpan.-An undrained shallow natural depression in 

Underjlow.-Water that flows beneath the bed or alluvial 
plain of a surface stream, generally in the same direc- 
tion as, but at a much slower rate than, the surface 
drainage; especially the water that flows under a dry 
stream channel in an arid region. 

Watershed.-The region drained by, or contributing to, a 
stream, lake, or other body of water. The Death Valley 
watershed includes all contributing drainages that flow 
into Death Valley at the lowest elevation of the water- 
shed or streams that are tributaries of drainages that 
flow into Death Valley. 
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Hydrology of Modern and Late Holocene Lakes, 
Death Valley, California 

ByDennis N. Grasso 

Abstract 

Above-normal precipitation and surface- 
water runoff, which have been generally related to 
the cyclic recurrence of the El Nino-Southern 
Oscillation, have produced modem ephemeral 
lakes in the closed-basin Death Valley watershed. 
The principal source of water for these extensive, 
but shallow lakes is the Amargosa River. The 
Amargosa River Basin comprises approximately 
two-thirds of the 8,533-square-mile Death Valley 
watershed, includes large tributary areas in the 
Yucca Mountain site area, and terminates in Death 
Valley. Periodic flooding on the Amargosa River 
has therefore, been dynamically related to the pro- 
duction of lakes at its terminus in Death Valley. 

This study evaluates the regional hydrocli- 
matic relations between precipitation, runoff, and 
lake transgressions in the Death Valley watershed. 
Recorded precipitation, runoff, and spring dis- 
charge data for the region are used in conjunction 
with a closed-basin, lake-water-budget equation to 
assess the relative contributions of water from 
these sources to modern lakes in Death Valley and 
to identify the requisite hydroclimatic changes for 
a late Holocene perennial lake in the valley. 

The results of the study indicate that modem 
hydroclimatic conditions favor only small late- 
winter lakes that quickly desiccate in spring to 
early summer due to high temperature and evapo- 
ration, The existence of winter lakes in 1969 and 
1993 indicates that modern lakes are produced by 
either large-magnitude floods or frequent low- 
magnitude runoff from the watershed. 

223-square-mile, late Holocene perennial lake in 
Death Valley indicate that extreme changes in cli- 
mate and hydrology were necessary to produce 
and maintain this lake. The late Holocene lake, 

Empirical hydroclimatic simulations of a 

which was the size of modern-day Lake Mead 
(about 142,000 acres), could have been produced 
in 12 years and maintained indefinitely by a sus- 
tained 200-percent increase in precipitation, run- 
off, and spring discharge; a four-fold increase in 
the average runoff-to-rainfall ratio of the water- 
shed (from 1.5 to 6.0 percent); and a 50-percent 
reduction in annual lake evaporation. Because 
these conditions would have been extreme for the 
period, a more acceptable combination of 
change, including increased precipitation-runoff, 
decreased evaporation, and a higher water table 
are indicated. 

INTRODUCTION 
As part of the Yucca Mountain Site Characteriza- 

tion Program, an evaluation of the Quaternary regional 
paleoflood hydrology of the potential nuclear-waste 
repository site at Yucca Mountain, Nevada, was 
planned. The objectives of the evaluation were (1) to 
identify the locations and investigate the hydraulic 
characteristics of paleofloods and compare these with 
the locations and characteristics of modern floods, and 
(2) to evaluate the character and severity of past floods 
and debris flows to ascertain the potential future haz- 
ards to the potential repository during the pre-closure 
period (US. Department of Energy, 1988). 

This study addresses the first of these objectives, 
and the second in part, by assessing and comparing the 
sizes, locations, and recurrence rates of modem, 
recorded (1962-83) floods and late Holocene paleo- 
floods for the 8,533-mi2, closed-basin, Death Valley 
watershed with its contributing drainage basins in the 
Yucca Mountain site area. The study focuses on how 
the amounts and distributions of regional precipitation 
are related to ephemeral streamflow and lakes in the 
watershed and whether large-magnitude paleofloods 
occurred more frequently during a late Holocene Zacus- 
trine episode that occurred 2,000 to 5,000 years ago 
(2-5 ka). As a means for investigating the regional 
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precipitation-runoff conditions and hydraulic charac- 
teristics of modem streamflows and paleofloods, the 
regional hydroclimatology of two lacustrine episodes, 
a modem lake episode that occurred in the winter of 
1969 (Hunt, 1975) and a paleolake episode that 
occurred during a Neoglacial period of the late 
Holocene (Hunt, 1966) were analyzed and compared. 
These lake-forming episodes are important to this 
investigation because a direct correspondence can be 
established between regional precipitation-runoff and 
the formation of lakes in the closed-basin Death Valley 
watershed. 

The correspondence of precipitation-runoff and 
lake formation in the Death Valley watershed was most 
recently observed in the winter of 1993 when a large, 
ephemeral lake was produced by above-normal rainfall 
and sustained runoff on the Amargosa River (fig. 1). 
This lake and the recurrence of other short-lived 
lakes in Death Valley during the past three decades 
(1963-93) demonstrate what paleohydrologic condi- 
tions may have been like in the late Holocene when a 
more sizable perennial lake (Hunt, 1966; 1975) occu- 
pied Death Valley. An important difference is that 
these modem winter lakes will quickly desiccate when 
rainfall-runoff cease and high summer temperatures 
and concomitant high rates of lake evaporation return 
to the valley. The winter 1993 lake (fig. 1) was com- 
pletely dry by May 15,1993, whereas Hunt (1975) 
indicated that the larger late Holocene lake may have 
persisted for nearly 100 years. 

Historically, periods of above-normal precipita- 
tion and runoff have been generally correlative 
throughout the Southwestern United States with the 
cyclical recurrence of the El Nino-Southern Oscillation 
(ENSO) (Ropelewski and Halpert, 1986,1989; 
Schonher and Nicholson, 1989; D’ Arrigo and Jacoby, 
1991; Ely and others, 1994; Kahya and Dracup, 1994). 
In the Great Basin, for example, above-normal precip- 
itation has occurred during 12 of 14 ENSO years 
between 1922 and 1983 (Ropelewski and Halpert, 
1986). Increased streamflows related to the ENSO 
(Kahya and Dracup, 1994) have caused widespread 
flooding and the formation of lakes in many of the 
hydrologically closed basins that characterize the 
Southwest deserts. However, unlike the ancestral lakes 
that once filled these same basins during the late 
Pleistocene and late Holocene, these modern ephem- 
eral lakes have been considerably smaller in areal size 
and depth. 

Throughout the late Quaternary, hydrologic con- 
ditions in the deserts of southern Nevada and south- 
eastern California have fluctuated widely in response to 
regional climate change (Smith and Street-Perrott, 
1983; Enzel and others, 1988). In late Holocene, peri- 
ods of increased precipitation have resulted in frequent, 
high-magnitude runoff (Ely and others, 1993) and an 
ensuing rise in the level of closed-basin pluvial lakes 
(Brown and others, 1989). Conversely, intervening 
periods of decreased precipitation have resulted in less 
frequent floods, lake desiccation, and prolonged 
drought. 

In Death Valley, Hunt (1966; 1975) recognized 
that above-normal precipitation produced local flood- 
ing and shallow lakes that have inundated the Death 
Valley saltpan. On the basis of these modem hydrocli- 
matic conditions, he reasoned that past climatic condi- 
tions must have been notably wetter to have produced 
and maintained the large, late Holocene lake that is evi- 
denced by the surficial geologic record of Death Valley. 
One such wetter climatic period that occurred during 
the late Holocene (2-5 ka) caused widespread alluvia- 
tion along the Amargosa River and reportedly pro- 
duced an extensive lake in Death Valley (Hunt, 1975, 
p. 14). Although the lake was shallow and may have 
existed in Death Valley for less than about 100 years 
(Hunt, 1975), this late Holocene lake would have been 
slightly larger than modern-day Lake Mead (about 
142,000 acres) and would have persisted long enough 
to form the Death Valley saltpan and the distinctive 
bathtub ring of shorelines that mark its former extent in 
the valley (fig. 1). 

Problem Statement 

The prior existence of a large, late Holocene 
perennial lake in the closed-basin Death Valley water- 
shed presents an important regional hydroclimatic 
problem. First, what hydrologic changes were neces- 
sary to produce and maintain such a lake in this arid to 
hyperarid watershed. Second, were the regional cli- 
mate changes of the late Holocene of sufficient magni- 
tude to bring about such hydrologic changes. 

Earth, the Death Valley pluya lake flat has a potential 
lake evaporation rate of about 82 in./yr (Meyers, 1962). 
Under these conditions, the 223-mi2 (142,000-acre) 
late Holocene lake would have lost about 
970,000 acre-ft of water annually to evaporation. 

As one of the hottest and most arid places on 
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Figure 1. The winter 1993 lake in Death Valley. This lake was formed by heavy precipitation and 
runoff in January-March 1993. (A) View of lake to west (canoe in lake) from roadway south of 
Badwater, California; (B) view of lake to northwest; (C) view io southwest of mudflat at the high- 
est level of modem ephemeral lakes (the mudflat is not flooded by the 1993 lake). Two shore- 
lines, visible at left center of (C), mark the high-water levels of modem (lower) and late Holocene 
(higher) lakes. A rocky wash slope of the late Holocene lake is visible in the foregrounds of (A) 
and (B). Telescope Peak (11,049 ft) forms the snow-capped skyline on the west side of the valley 
in (A) and (C). (Photographs taken March l,1993.)-Continwed. 
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Thus, to produce and maintain the late Holocene lake 
in Death Valley would have required either (1) a sizable 
increase in the volume of precipitation over the saltpan 
and runoff from the watershed, (2) a substantial 
decrease in temperature to reduce annual lake evapora- 
tion, or (3) a combination of these hydroclimatic 
changes (for example, an increase in the frequency or 
magnitude of precipitation and runoff combined with a 
decrease in temperature and lake evaporation). 

This study assesses the nature of these late 
Holocene changes by evaluating modem (recorded) 
interactions between climate, surface-water runoff, and 
lakes in the Death Valley watershed during the period 
1962-93. From these modem hydroclimatic condi- 
tions, scenarios for the formation and maintenance of a 
late Holocene perennial lake in Death Valley are pre- 
sented. 

Purpose and Scope 

This report presents the results of a regional eval- 
uation and comparison of the modem and paleoflood 
hydrologies of drainage basins comprising the Death 
Valley watershed. The cause-and-effect relations 
between the volume of precipitation and surface-water 
runoff of storms and seasonal events are analyzed, and 
the hydroclimatic parameters of two lake-forming peri- 
ods, the winter of 1969 and the late Holocene, are com- 
pared. The report focuses on recorded precipitation- 
runoff characteristics of storms and floods, flood fre- 
quencies, and regional flood runoff of the Amargosa 
River (1962-83) because this river (1) drains the larg- 
est contributing drainage basin of the Death Valley 
watershed, (2) furnishes large amounts of surface water 
directly to Death Valley during heavy precipitation- 
runoff periods, (3) provides more than two decades of 
flood data for establishing numerical relations between 
precipitation, runoff, and lake-level rises at the termi- 
nus of the river in Death Valley, (4) provides modem 
analog information about the paleohydrology of the 
region, and (5) is fed by upland tributary streams that 
drain second-order drainage basins in and around 
Yucca Mountain, the site of a potential nuclear waste 
repository. 

The hydroclimatology of a modem ephemeral 
lake in Death Valley is assessed and the contributions 
of precipitation, runoff, and spring discharge from indi- 
vidual drainage basins of the Death Valley watershed 
are evaluated using a closed-basin, lake-water-budget 

equation applied to the winter 1969 lake event. Hydro- 
climatic parameters for the winter 1969 lake are pre- 
sented based on recorded and estimated hydrologic and 
climatic data for individual storms and seasonal condi- 
tions. The results of this quantitative modeling effort 
indicate the relative contributions of lake water from 
precipitation, runoff, and ground-water sources in the 
watershed; the limiting effects of lake evaporation; and 
why modem closed-basin lakes in Death Valley are 
ephemeral. 

In the final section of this report, hydroclimatic 
scenarios for a large, late Holocene perennial lake in 
Death Valley are presented. Requisite streamflow con- 
ditions, flood volumes, and temperature and evapora- 
tion factors for the late Holocene lake are based on 
criteria derived from modem hydroclimatic data, onsite 
investigations of unusually wet seasonal conditions in 
the winters of 1992 and 1993,'and on the results of the 
winter 1969 lake-water budget. These modem and 
ancestralfIuviaZ and lacustrine events of the Death 
Valley watershed are important because they indicate 
the range of possible effects that climate change can 
have on the regional surface-water hydrology of desert 
streams that drain the Yucca Mountain site area. 
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DESCRIPTION OF THE STUDY AREA 

The study area consists of the Death Valley 
watershed located in the southern Great Basin section 
of the Basin and Range physiographic province in 
southern Nevada and southeastern California (fig. 2). 
The 8,533-mi2 Death Valley watershedis a closed- 
basin hydrologic system that contains a number of indi- 
vidual drainage basins that drain into and terminate in 
Death Valley at the lowest elevation of the watershed. 
In this report, the term watershed is used to describe the 
entire Death Valley closed-basin hydrologic system, 
and the phrase drainage basin is used to describe any of 
the contributing hydrologic basins that comprise the 
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Figure 2. The Death Valley watershed study area in southern Nevada and southeastern California. 
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watersher The boundaries o he Deai . J e y  water- drain these hydrologic basins terminate in Deal 
Valley. Detailed descriptions of the hydrology and 
water resources of the Death Valley watershed are 
given in Hunt (1966; 1975), Hunt and others (1966), 
Miller (1977), and Bedinger and others (1989). 

The Amargosa River drains the largest area of 
the Death Valley watershed (table 1). The Amargosa 
River Basin makes up 66.7 percent (5,546 mi2) of the 
Death Valley watershed catchment (8,310-mi2) and 
includes second-order tributary basins (Fortymile 
Wash, Crater Flat, and Mercury Valley) in the Yucca 
Mountain site area. For this study, the Amargosa River 
Basin was divided into upper and lower parts (fig. 2). 
The larger, upper Amargosa River Basin (3,090-mi2), 
is located east-northeast of Death Valley and upstream 
of Tecopa, California, the site of a U.S. Geological 
Survey streamflow-gaging station during water years 
1962-83 and 1992-present (1995). The smaller, lower 
Amargosa River Basin (2,456-mi2) is the remainder of 
the Amargosa River Basin downstream from Tecopa, 
California (fig. 2). 

shed and its major contributing drainage basins are 
shown in figure 2. 

Physiographic Setting 

The geologic and hydrologic diversities of the 
study area are closely related to the geologic, tectonic, 
and geomorphic histories of the Great Basin with its 
many north-south trending fault-block mountains and 
down-dropped intermontane basins (Fenneman, 193 1). 
Throughout the study area, Precambrian igneous and 
metamorphic intrusive (basement) rocks form the cores 
of mountain ranges. These rocks are overlain by thick 
sections of Paleozoic sedimentary strata, Mesozoic and 
Cenozoic intrusive, extrusive, and clastic rock forma- 
tions, and extensive accumulations of alluvial, collu- 
vial, and eolian sediments (Miller, 1977; Bedinger and 
others, 1989). The ranges and intervening valleys in 
the study area are part of the complex horst-and-graben 
structural framework of the Basin and Range. Of the 
many large, down-dropped, structural and topographic 
basins (grabens) that characterize the province, Death 
Valley is the deepest. The floor of Death Valley (the 
Death Valley saltpan) consists of a large, 223-mi2 
saline playa lake flat that is mostly below sea level 
(fig. 2). In the Badwater Basin, at the center of the salt- 
pan, Death Valley has a minimum elevation -282 ft. 
From the mountains bordering the Death Valley salt- 
pan, the Panamint Range to the west and the Amargosa 
Range to the east, coalescing alluvial fans (bajadas) 
stretch into the valley. The most recent Quaternary 
alluvial fan deposits extend out onto the saltpan and 
provide evidence of the ongoing nature of the flood and 
debris flow processes that have formed these fans in 
Death Valley. The highest point in the watershed is 
Telescope Peak at an elevation of 11,049 ft in the 
Panamint Range (fig. 2). Between Telescope Peak and 
Badwater Basin (fig. 2), the maximum relief in the 
Death Valley watershed is 11,331 ft (fig. la). 

Drainage Basins 

The Death Valley watershed contains two pri- 
mary drainage basins, the Amargosa River Basin 
(upper and lower parts) and Salt Creek Basin, and two 
secondary drainage areas of the bajadas that border the 
Death Valley saltpan (fig. 2). All of the streams that 

Table 1. Physical properties of drainage basins comprising 
the Death Valley watershed in southern Nevada and 
southeastern California 

[mi2. square miles: -,not applicable] 

Percentage 
of 

(mi2) (acres) catchment' 
Drainagebasin Area Area 

name 

Upper Amargosa 3,090 1,977,600 37.2 

Lower Amargosa 2,456 1,571,840 29.5 

Salt Creek Basin 1,450 928,000 17.5 

Alluvial fans (east) 534 341.760 - 6.4 
Total catchment 8,310 5,318,400 100.0 

River Basin 

River Basin 

Alluvial fans (west) 780 499,200 9.4 

223 142,720 - Death Valley saltpan - 
Total watershed 8,533 5,461,120 I 

Amargosa River 5,546 3,549,440 66.7 
Basin 

'Percentage of catchment is the surface area of a drainage basin 
relative to the total surface area of the Death Valley watershed catch- 
ment. The Death Valley saltpan is not included in catchment. 

2Amargosa River Basin includes the upper and the lower parts as 
defined in this report and comprises two-thirds (66.7 percent) of the 
total catchment area of the Death Valley watershed. 
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Upper kmargosa River Basin 

The upper Amargosa River Basin includes 
37.2 percent (3,090 mi2) of the Death Valley watershed 
catchment (table 1) and includes four upland tributary 
basins: (1) the Amargosa River headlands upstream 
from Beatty, Nevada; (2) Fortymile Wash and its tribu- 
taries east of Yucca Mountain; (3) Crater Flat and its 
tributaries west of Yucca Mountain; and (4) tributaries 
that drain Mercury Valley (fig. 2). Ephemeral streams 
from these basins flow across extensive alluvial flats 
and converge to flow into the Amargosa River. South- 
southwest of Yucca Mountain, the Amargosa River 
flows southward across a broad desert basin of 
marshes, playa lake flats, and sand dunes in the Amar- 
gosa Desert. Throughout its course in the Amargosa 
Desert, the Amargosa River flows in a broad (braided) 
flood plain about 0.5-mi wide, crosses saline lake 
deposits of Franklin Lake playa, and descends into an 
entrenched channel southwest of Ash Meadows 
(fig. 2). For the remainder of its course to Tecopa, the 
Amargosa River flows in an entrenched channel that 
truncates the toes of Quaternary alluvial fans and cuts 
uplifted lacustrine lake beds of the middle Pleistocene 
(1,900-700 ka) Tecopa Lake between the towns of 
Shoshone and Tecopa, California (Woodburne, 1991). 

Lower Amargosa River Basin 

The lower Amargosa River Basin includes 
29.5 percent (2,456 mi2) of the Death Valley watershed 
catchment (table 1) and is a continuation of the upper 
Amargosa River Basin. The lower Amargosa River 
Basin contains ephemeral streams that flow from 
Greenwater Valley, Shadow and Valjean Valleys, 
Silurian Valley, Long Valley, and local alluvial-fan 
drainage basins from the Avawatz, Granite, and 
Owlshead Mountains and the southern Panamint 
Range (fig. 2). Downstream from Tecopa, California, 
the Amargosa River flows southward past the Dumont 
Dunes and turns sharply west and north before termi- 
nating at the southern end of the Death Valley saltpan. 

Although little water flows from the many con- 
tributing subbasins of the lower Amargosa River 
Basin, Salt Creek (south) in Silurian Valley may have 
been a prior conduit for the Mojave River during a 
pluvial-maximum lake episode in late Pleistocene 
(Smith and Street-Perrott, 1983; Enzel and others, 
1988). Since the desiccation of this late Pleistocene 
lake, however, this surface-water connection between 

the Mojave River and the Death Valley watershed has 
been blocked by a topographic divide north of Silver 
Lake playa at the terminus of the Mojave River near 
Baker, California. Therefore, surface water that flows 
into the Pmargosa River from Silurian Valley is 
derived only from local alluvial-fan runoff from the 
Avawatz Mountains on the west and ephemeral stream- 
flow from Shadow and Valjean Valleys to the southeast. 

A second possible late Pleistocene, surface- 
water conduit is located near the terminus of the lower 
Amargosa River Basin in Death Valley. Here, Wingate 
Wash in Long Valley, which extends eastward to the 
Amargosa River (fig. 2), has been identified as the most 
likely route for late Pleistocene streamflow of the 
Owens River into Death Valley (Smith and Street- 
Perrott, 1983). This connection may have been possi- 
ble during the late Pleistocene when Panamint Lake to 
the west of the Panamint Range filled to the level of 
Windgate Pass and spilled over into Death Valley. 
Subsequent to the demise of Panamint Lake, however, 
Windgate Wash in Long Valley only drains local 
ephemeral runoff from the southern Panamint Range 
and northern Owlshead Mountains. 

The: Amargosa River near its terminus in Death 
Valley flows as a braided stream across a broad alluvial 
flood plain that merges into the Death Valley saltpan 
(fig. 3A). According to Hunt (1966, p. A86), the flood 
plain was deposited ". . . about the time of the Recent 
[late Holocene] lake . . ." in Death Valley (2-5 ka). 
Since that time, the main channel of the Amargosa 
River has become entrenched by as much as 10 ft; 
deflation hollows have formed on the flood plain; aeo- 
lian sheet and dune sands have buried the surface of the 
flood plain in places; and locally derived alluvial fan 
(debris-flow) and slope (colluvial) deposits have accu- 
mulated along the margins of the Amargosa River flood 
plain in Death Valley. 

Salt Creek Basin 

Salt Creek Basin includes 17.5 percent 
(1,450-mi2) of the Death Valley watershed catchment 
(table 1) and drains that part of the watershed north of 
the Death Valley saltpan (fig. 2). The basin comprises 
two subbasin, Death Valley Wash to the north and Emi- 
grant Wash to the west (fig. 2). Ephemeral streams of 
these arid subbasins flow across the low-lying basin 
area of Mesquite Flat (elevation range of about 800 to 
-200 ft) and join Salt Creek (north), which eventually 
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terminates in Cottonball Basin at the northern end of 
the Death Valley saltpan. Mesquite Flat consists of 
Pleistocene lacustrine sediments deposited by Lake 
Manly and Younger, overlying aeolian sand dune and 
alluvial fan deposits. At the lowermost, southern end 
of Mesquite Flat, Salt Creek (north) flows in a poorly 
defined channel from beneath an expansive accumula- 
tion of aeolian sand in the Devil's Cornfield area of 
Death Valley. Farther downstream, near its terminus in 
Cottonball Basin, Salt Creek (north) flows in a narrow, 
steep-sided as a perennial stream issuing from a 
number Of saline warm springs- Hunt (lg66 p- A86) 
reported that Mesquite Flat was not submerged the 
late Holocene lake and that the Devil's Cornfield dune 

in age) because the dunes bury alluvium containing the 

arrow] and Death Valley IV [pottery] occupation arti- 
facts." 

rainfall and snowmelt runoff will percolate into the 
porous alluvium and resurface down-valley as seeps 
and springs. Thus, many of the springs on the west side 
of Death Valley emerge from the toes of fans near the 
periphery ofthe saltpan (Hunt, 1975). 

Death VaUley Saltpan 

The Death Valley saltpan is a 223-mi2, saline, 
playa lake: flat that covers most of the floor of Death 
Valley (table 1, fig. 2). According to Hunt (1966, 
p. A79-A82) the evaporites composing the saltpan 
resulted 

and very probably at the time the Recent [late 

p. A79-A82) anticipated that there was more moisture 
at that time and reported that the evaporites in the 
valley " . . . coincide with the shoreline of that [late 
Holocene] lake." Since the demise of this lake, a bath- 
tub ring off saliferous ground marks the high-water 
level of the late Holocene lake on the surrounding allu- 
vial fans (fig. 3B). The elevation of this feature indi- 
cates that the lake attained a depth of about 30 to 40 ft 
and that post-late Holocene tectonism has tilted the val- 
ley eastward. As aresult of this post-pluvial tectonism, 
the eastern shoreline is about 20 ft lower than the west- 
ern shoreline (Hunt, 1975, P. 15). 

the 6c . . . evaporation of ground water at 
sands post date the lake (that are less than about ka a time when the water table was higher than it is now, 

diagnostic prehistoric " * . * Death n1 Holocene:l lake filled the basin [2-5 ka].M Hunt (1966, 

- Alluvial-Fan Drainage Basins 

The ephemeral streams that drain runoff from the 
large alluvial-fan aprons (bajadas) on opposite sides of 
Death Valley flow directly onto the saltpan (fig. 2). For 
this study, the many drainage basins of these west- and 
east-side bajadas Were combined to form two hydro- 
logic basin areas: Alluvial fans (west) and Alluvial 
fans (east). The cumulative areas of these west- and 
east-side alluvial fan drainage basins are 780 and 

age basins are generally steep and short, especially on 
the more tectonically active east side, and streamflow 
generally occurs only during heavy rainfall. On the 
west side of Death Valley, runoff from the higher 
Panamint Range also occurs as a result of spring snow- 
melt; and floods can result when warm late-winter and 
spring rains accelerate snowmelt. During severe 
storms, surface water and debris flows can travel the 
entire distance from fan head to toe, and coarse allu- 
vium will be brought to rest unconformably on the Val- 
ley floor. This unique stratigraphic relation of 
underlying lacustrine sediment and overlying alluvial 
deposits attests to the recent hydrologic changes (from 
lake to ephemeral streamflow) that have occurred in 
Death Valley during the latter half of the Holocene. For 
many of the larger alluvial-fan drainages, less intense 

The color change that characterizes the bathtub 
534 mi2 '1. The stream Of these drain- ring in the valley is caused by light, unvarnished gravel 

and saline evaporite deposits that formed as the late 
Holocene lake repeatedly dried along its margin. 
Below this level, the gravel composing the toes of the 
alluvial fans is washed clean within the shore zone of 
the former lake (fig. 1A). Above this level, the gravel 
is heavily coated with desert varnish. Additional evi- 
dence for the existence of a late Holocene lake in 
Death Valley is provided by erosional wave-cut shore- 
lines (fig. :1B) and a distinctive slope change above and 
below the former shore zone. The downvalley slopes 
of alluvial fans above the shore zone range from about 
2 to 6 degrees, whereas downvalley slopes of less than 
one degree occur on the alluvial fans that have been 
reworked by wave activity below the relic shore zone 
(Hunt, 1966, p. A82). 
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Climate 

The climate of the study area ranges from hyper- 
arid at the lowest elevations of the watershed in Death 
Valley to alpine at the highest elevations in the Pana- 
mint Range. For much of the Death Valley watershed, 
arid to semiarid conditions prevail. Annual precipita- 
tion in Death Valley averages just 2.3 in. annually and 
is less than 8 in. for most of the watershed. Storms that 
bring relief from these hot, dry conditions in the water- 
shed come from four distinct source areas (fig. 4). In 
late fall to early spring (November-April), referred to 
hereafter as the winter season, cold cyclonic fronts 
from the Northern Pacific Ocean move southeastward 
across the study area when the Great Basin High, a 
thermally induced and generally stagnant high- 
pressure system, dissipates (Benson and Thompson, 
1987). These slow-moving, winter storm fronts 

produce much of the region’s annual precipitation and 
have the potential for prolonged, moderate- to high- 
intensity rainfall and flooding. During the summer sea- 
son (May to October in this report), precipitation over 
the study area is produced by convective thunderstorms 
that are spawn by the northward movement of warm 
moist air and hurricanes from the Gulf of California 
and, less frequently, by the northwestward movement 
of moisture from the Gulf of Mexico. These monsoon 
thunderstorms and tropical storms generally occur 
from July to August and from late August to September 
(fig. 4), and have the potential for disastrous flash 
floods in the watershed. The largest summer floods on 
the Amargosa River (1962-83), for example, were the 
result of a large, monsoon thunderstorm in August 
1983 and storms from Hurricane Kathleen (Sept. 6-10, 
1976) and Hurricane Liza (Sept. 25-0ct. 1,1976) that 
brought intense rains and flooding to the deserts of the 

Cyclonic Eastern April-June P a 8  Fronts 

October-November 

/ 
Gulf of California 
Tropical Storms 
August-September 

Gulf of Mexico \ 
Monsoon Storms 

JUly-AUgUst 

Figure 4. The predominant path of storms and the approximate period of their effect 
during an average year for the Death Valley watershed study area. 
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Southwestern United States as they came ashore from 
the Gulf of California (National Oceanic and Atmo- 
spheric Administration, 1976). In terms of runoff, the 
August 1983 storm produced the largest volume of run- 
off and Hurricanes Kathleen and Liza produced the 
third and seventh largest volumes of runoff recorded 
for the Amargosa River at Tecopa, 1962-83. A peak 
discharge of 10,600 ft3/s was recorded for the Amar- 
gosa River at Tecopa on August 18,1983, as a result of 
the August 1983 storm, and peak discharges of 725, 
1,060, and 2,600 ft3/s were recorded on September 11, 
September 26, and October 2,1976, as a result of the 
storms produced by Hurricanes Kathleen and Liza. 

A fourth source of moisture for the watershed is 
the Eastern Pacific Ocean (fig. 4). Precipitation from 
these Eastern Pacific cyclonic fronts, known as Great 
Basin Lows or Tonopah Lows, generally occurs during 
the transition months (April-June and October- 
November) between winter and summer seasons but is 
usually quite meager because of the rain shadow effect 
of the Sierra Nevada and other prominent north- 
trending mountains west of Death Valley. Infrequently, 
however, large slow-moving tropical or subtropical 
warm fronts from the Eastern Pacific Ocean will track 
along this same path in the winter and deliver heavy 

7,000 

6,000 

1,000 

0 

rains to the region. One such storm occurred in late 
February 1969 and produced the second largest flood 
runoff recorded on the Amargosa River at Tecopa, 
1962-83. 'I'his late-winter storm enveloped the deserts 
of southern California and Nevada with steady, moder- 
ate- to strong-intensity rains that produced severe 
floods and one of the largest lakes on record this cen- 
tury in Death Valley. The heaviest rains in the Death 
Valley watershed occurred during February 24-26, and 
a peak discharge of 5,000 ft?/s was recorded on the 
Amargosa River at Tecopa on February 25,1969. One 
month earlier, a similar tropical storm from the Eastern 
Pacific Ocean moved across coastal southern Califor- 
nia and caused widespread flooding and mud slides 
(National Oceanic and Atmospheric Administration, 
1969). This storm went generally north of the Death 
Valley watershed effecting only the northernmost 
upper Amargosa River Basin. 

The annual distribution of precipitation over the 
Death Valley watershed is exemplified by the 1962-83 
hydrologic record of the Amargosa River at Tecopa, 
California. The maximum monthly runoff record of 
the Amargosa River (1962-83) indicates that a bimodal 
distribution has existed with noticeable breaks between 
winter and summer seasons in May-July and October- 
November (fig. 5). For the 22-yr period, the highest 

MAXIMUM MONTHLY RUNOFF 1983 

AVERAGE MONTHLY RUNOFF 

NOV DEC JAN FEB MAR APR MAY JUNE JULY AUG SEPT OCT 

Figure 5. Maximum and average monthly runoff and the year that the niaximum monthly runoff occurred from the 
upper Amargosa River Basin, as recorded on the Amargosa River at Tecopa, California, 1962-83. In this report, the 
winter season is November-April, and the summer season is May-October. 
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monthly runoff occurred in August and September as 
the result of the August 1983 monsoon thunderstorm 
and the September 1976 tropical hurricanes. In winter, 
maximum monthly runoff has been generally lower 
than for summer months, however, because of the more 
frequent and prolonged nature of the slow-moving win- 
ter storms in the area, cumulative winter runoff has 
been generally higher than summer runoff. This sea- 
sonal distinction is important because ephemeral lakes 
that have formed in the closed-basin Death Valley 
watershed have reportedly been produced by pro- 
longed, above-normal runoff from frequent storms 
during a single winter season. 

MODERN SURFACE-WATER 
HYDROLOGY 

The periodic existence of modem ephemeral 
lakes in Death Valley and the prior existence of a large, 
perennial lake in Death Valley during the late Holocene 
(Hunt, 1966; 1975) presents an important regional 
hydroclimatic problem. First, while the late Holocene 
lake may have been supported, in part, by a higher 
ground-water table (for example, Hunt, 1966, p. A82; 
Winograd and Szabo, 1985, p. l), modem ephemeral 
lakes in Death Valley are produced chiefly by surface- 
water runoff and directprecipitation. Second, because 
no external sources of surface water have been avail- 
able since the late Pleistocene, the water for both types 
of lakes must have come from sources acting within the 
confines of the Death Valley watershed. 

A regional precipitation-runoff analysis of the 
Death Valley watershed was conducted to evaluate the 
contributions of lake water from climatic and hydro- 
logic sources within the Death Valley watershed. Pre- 
cipitation and streamflow data of the upper Amargosa 
River Basin were analyzed to establish the quantity of 
surface-water runoff contributed by this basin to mod- 
ern lakes in Death Valley and to estimate the potential 
quantities of surface-water runoff that may be contrib- 
uted by ungaged drainage basins in the watershed. 
These hydroclimatic parameters were then used to 
evaluate the hydrologic budget of the watershed during 
the winter 1969 lake period and to estimate the regional 
hydroclimatic changes needed to produce and maintain 
a perennial lake in Death Valley during the late 
Holocene. 

Precipitation-Runoff Relations 

Precipitation-runoff analyses of individual 
storms and seasonal conditions were based on daily, 
monthly, and seasonal precipitation amounts recorded 
at National Oceanic and Atmospheric Administration 
(NOAA) and Nevada Test Site ( N T S )  weather stations 
in southern Nevada and southeastern California; and on 
peak and daily mean discharge streamflow data for the 
Amargosa River at Tecopa, California (1962-83), and 
Beatty, Nevada (1963-68). Daily streamflow data for 
the Amargosa River were retrieved from the U.S. Geo- 
logical Survey's Water Data and Storage Retrieval 
Information System (WATSTORE). Although the 
Amargosa River streamflow record at Tecopa ended 
with the destruction of the gaging station' by a severe 
flood on August 18,1983, the 22 years (1962-83) of 
data provide a relatively long and useful record of mod- 
ern surface-water runoff. A comparison of these 
streamflow data with recorded regional precipitation 
data for the upper Amargosa River Basin establishes 
precipitation-runoff relations for this part of the Death 
Valley watershed. 

Storm and seasonal precipitation-runoff relations 
were assessed using estimated precipitation volumes 
over the upper Amargosa River Basin and cumulative, 
daily mean-streamflow volumes recorded for the same 
period on the Amargosa River at Tecopa, California. A 
computer simulation model, kriging, was used to inter- 
polate the distribution and estimate the volume of pre- 
cipitation from monthly and seasonal periods over the 
upper Amargosa River Basin and other drainage basins 
of the Death Valley watershed (fig. 2) from selected 
NOAA and NTS weather stations (fig. 6; table 2). 
Although kriging offers an effective method for mea- 
suring the distribution and uniform depth of rainfall 
over a drainage basin from irregularly spaced weather 
stations (Fetter, 1988; Abtew and others, 1993), this 
geostatistical method does not directly account for 
variations in rainfall that may be caused by the oro- 
graphic effect of mountains or to unusually large rain- 
fall amounts that may fall over a single weather station 
during a small, localized thunderstorm or cloud burst 
(Michaud and Sorooshian, 1994). Also,the scarcity of 
weather stations in this arid region (fig. 6) required 
interpolation over large distances, and thus increased 

The gaging station at Tecopa, California, was eventually 
reinstalled by the U.S. Geological Survey, Nevada, but not until 
late 1991 (Tom Kane, personal commun., 1993). 
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Figure 6. The locations of National Oceanic and Atmospheric Administration and Nevada Test Site 
weather stations in Nevada and California that were used to interpolate the monthly and seasonal 
distributions of precipitation over the Death Valley watershed. (See table 2 for letter codes.) 
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Table 2. Weather stations in southern Nevada and southeastern California used for precipitation mapping 
and analysis of the Death Valley watershed 

[Annual rainfall is average for period of record indicated; deg, degrees; min, minutes; ft, feet; in.. inches] 

Period of Figure 6 Station Annual 
Station name Map Latitude Longitude elevation rainfall record 

code (deg min) (deg m i )  (W (in.) 

Amargosa Farms 
Beatty 
Boulder City 
Desert National Wildlife Range 
Goldfield 
Las Vegas Airport 
Logandale 
Nevada Test Site (4JA) 
Nevada Test Site (Desert Rock) 
Pahranagat 
Pahrump 
Searchlight 
Silverpeak 
Sunrise Manor 
Tonopah 

Baker 
Barstow Fire Station 
Blythe 
Daggett Airport 
Death Valley 
Eagle Mtn 
Haiwee 
Inyokern 
Inyokern (China Lake) 
Iron Mtn 
Mitchell Caverns 
Mojave 
Mountain Pass 
Needles Airport 
Palm Springs 
Randsburg 
Shoshone 
Trona 
'Ibentynine Palms 
Wildrose Ranger Station 

AMR 
BTY 
BDC 
DWR 
GLD 
LVS 
LGD 
4JA 
DRX 
PRG 
PAH 
SRL 
SIL 
SUN 
TPH 

BAK 
BAR 
BLY 
DAG 
DVL 
EMT 
HWE 
INY 
CLK 
IMT 
MLC 
MOJ 
MTP 
NDL 
PSG 
RAN 
SHO 
TRN 
TPM 
WRO 

Southern Nevada 
36 34 N 
3700N 
35 59 N 
36 26 N 
37 42 N 
36 05 N 
36 34 N 
36 47 N 
36 37 N 
37 16N 
36 12N 
35 28 N 
3740N 
36 12N 
3804N 

116 28 W 
116 43 W 
11451 W 
115 22 w 
117 14 W 
115 10 w 
114 28 W 
116 17 W 
116 01 W 
115 07 W 
115 59 w 
114 55 W 
117 35 W 
115 05 w 
117 05 W 

Southeastern California 
35 16N 
34 54 N 
33 37 N 
34 52 N 
36 28 N 
33 48 N 
36 08 N 
35 39 N 
3541 N 
34 08 N 
34 56 N 
35 03 N 
35 28 N 
34 46 N 
33 50 N 
35 22 N 
35 58 N 
35 46 N 
34 08 N 
36 16N 

11604W 
117 01 W 
114 36 W 
116 47 W 
116 52 W 
115 27 W 
117 57 W 
117 49 W 
117 41 W 
115 08 w 
115 32 W 
118 10 w 
115 32 W 
114 37 W 
116 30 W 
117 39 W 
116 16 W 
117 23 W 
116 02 W 
117 11 W 

2,450 
3,550 
2,525 
2,920 
5,690 
2,162 
1,320 
3,422 
3,298 
3,400 
2,670 
3,540 
4,263 
1,820 
5,426 

940 
2,320 

268 
1,922 
-194 
973 

3,825 
2,440 
2,220 

922 
4,350 
2,735 
4,730 

914 
425 

3,570 
1,570 
1,695 
1,975 
4,100 

4.66 
4.03 
5.71 
4.33 
6.50 
4.17 
5.31 
4.52 
6.45 
6.62 
4.79 
7.53 
4.71 
4.48 
5.35 

4.03 
4.30 
3.78 
3.99 
2.32 
3.63 
6.70 
3.94 
3.13 
3.47 
9.90 
5.34 
8.61 
4.66 
5.62 
5.94 
4.77 
3.73 
4.12 
7.05 

1965-93 
1948-72 
1931-93 
1948-93 
1948-93 
1949-93 
1968-92 
1962-92 
1979-91 
1964-93 
1948-93 
1948-93 

1961-89 
1954-93 

1967-93 

1971-90 
1913-80 
1931-93 
1948-93 
1961-93 
1948-93 
1948-93 
1948-93 
1948-78 
1948-93 
1958-93 
1948-93 
1955-93 
1948-93 
1927-93 
1948-93 
1972-93 
1948-93 
1948-93 
1969-93 
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the potential for estimation error. For these reasons, the 
areal distributions and volumes of precipitation that are 
given in this report for individual storms and monthly 
and seasonal periods should be considered as estimates 
of the actual rainfall amounts that were received by 
basins of the Death Valley watershed. 

Amargosa River Basin exemplifies the hydroclimatol- 
ogy of ephemeral streamflow in the Death Valley 
watershed. The temporal (1962-83) trends of seasonal 
precipitation over the upper Amargosa River Basin and 
seasonal runoff of the Amargosa River at Tecopa 
(figs. 7 and 8) indicate that (1) winters are generally 
wetter than summers, (2) there is a close correspon- 
dence between seasonal precipitation and runoff, and 
(3) above-normal precipitation and runoff have gener- 
ally occurred during ENSO years. For southeastern 
California, Schonher and Nicholson (1989, p. 1263) 
indicated that 7 to 8 of the 10 wettest years (1951-78 
and 1982-83) were ENSO years, and that the probabil- 

The precipitation-runoff record of the upper 

1,600,000 

a 8 1,400,000 
a U 

1,200,000 

1,000,000 

800,000 

600,000 

400,000 

200,000 

0 

ity of dry conditions occurring during an ENSO year 
were from 0 to 18 percent. The ENSO years identified 
by Schonber and Nicholson (1989, p. 1260) include 
those years classified as ENSO years by at least two 
authors (1951-52,1953-54,1957-58,19634,1965- 

and 1982-83). The ENSO years that occurred between 
1962 and 1983 are shown in figures 7 and 8 with ENSO 
years (1965,1969,1972,1976 and 1982) identified by 
Ropelewski and Halpert (1986). For the Death Valley 
watershed, a period of above-normal winter precipita- 
tion-runoff, centered on the winter of 1969, coincides 
with the 196849 and 1969-70 ENSO years identified 
by Schonher and Nicholson (1989) and the 1969 ENSO 
year identified by Ropelewski and Halpert (1986) 
(figs. 7 and 8). The effects of ENSO on the Death 
Valley watershed were recently observed by the author 
in 1992 and 1993 when an unusually persistent El Nino 
induced frequent and prolonged winter rains, flooding, 
and the formation of late winter, ephemeral lakes in 

66,196849,1969-70,1972-73,197677,1977-78, 

WINTER PRECIPIT'ATION 
SUMMER PRECIPIT'ATION - ENSO (Ropelewski and Halpert, 1986) - ENSO (Schonher and Nicholson, 1989) 

- - - - - - - 

Figure 7. Estimated cumulative precipitation during winter (November-April) and summer (May-October) seasons over the 
upper Amargosa River Basin, 1962-83, and the occurrences of El Nino-Southern Oscillation (as identified by Ropelewski and 
Halpert, 1986; Schonher and Nicholson.1989). 
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Figure 8. Seasonal runoff during winter (November-April) and summer (May-October) seasons from the upper 
Amargosa River Basin, as recorded on the Amargosa River at Tecopa, California, 1962-83, and the occurrences of 
El Nino-Southern Oscillation (as identified by Ropelewski and Halpert, 1986; Schonher and Nicholson,l989). 

Death Valley during both years. The 1993 lake in 
Death Valley is shown in figure 1. 

in figures 7 and 8, the seasonal precipitation-runoff 
record of the upper Amargosa River Basin indicates 
some important hydroclimatic conditions of ephemeral 
streamflow in the watershed. A comparison of the esti- 
mated volume of precipitation over the upper Amar- 
gosa River Basin and the volume of runoff recorded on 
the Amargosa River at Tecopa during the winter and 
summer seasons (fig. 9) indicates that winter storms 
tend to produce larger precipitation amounts than sum- 
mer storms, but that larger runoff volumes and floods 
may be produced by summer storms of less total rain- 
fall. For rainfall volumes greater than about 
400,000 acre-ft over the basin, summer runoff has been 
higher than winter runoff, whereas winter storms that 
produce less than about 400,000 acre-ft of rainfall have 
generally yielded larger runoff volumes on the 
Amargosa River than summer storms of the same 

In addition to the ENSO-related trends illustrated 

magnitude (fig. 9). These precipitation-runoff relations 
may be caused by (1) seasonal differences in the inten- 
sity and regional extent of winter versus summer 
storms, (2) seasonal differences in evapotranspiration, 
and (3) seasonal differences in the infiltration rate and 
water-holding capacity of the basin's surface material. 
The slopes of the seasonal curves shown in figure 9 
also indicate that summer storms over the basin tend to 
produce more variable runoff then winter storms, prob- 
ably due to the more localized nature of a typical sum- 
mer thunderstorm, although other related factors, such 
as storm duration, rainfall intensity, injiltration, and 
evapotranspiration are undoubtedly involved. The 
higher runoff-to-rainfall ratio of winter versus summer 
storms of less than about 400,000 acre-ft of rainfall, for 
example, suggests that the characteristically low 
evapotranspiration rate of the cooler winter season may 
be a less dominant factor in controlling runoff than 
during the hot, dry summer season. 
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Figure 9. Seasonal precipitation runoff and linear trends for winter (November-April) and summer (May-October) season 
storms over the upper Amargosa River Basin, 1962-83. 

Storms and Floods 

Ephemeral streams of the Death Valley water- 
shed flow only in response to moderate to heavy pre- 
cipitation that can occur in isolated areas or over large 
segments of the watershed. During low-intensity 
storms (for example, storms that produce less than 
about 0.50-0.75 in. of rainfall on average over the 
upper Amargosa River Basin), little or no runoff will 
occur on the Amargosa River at Tecopa due to high 
evapotranspiration and infiltration rates in the basin. 
On the other hand, high-intensity storms that produce 
more than about 1 in. of rainfall on average over the 
basin can produce substantial runoff and flash floods. 

over the upper Amargosa River Basin produced mea- 
surable runoff and flooding on the Amargosa River at 
Tecopa. Of the 10 largest runoff-volume floods 
recorded at Tecopa, 5 were caused by winter 
(December-February) storms, 2 were caused by sum- 
mer (August) thunderstorms, and 3 were caused by 

Between 1962 and 1983, a number of storms 

late-summer (September) tropical hurricanes (table 3). 
A discussion of the three largest storms (table 3) will 
help to characterize the types of seasonal storms that 
have produced the largest floods and surface-water run- 
off in the Death Valley watershed. 

The :largest flood on record for the watershed, in 
terms of both storm runoff and peak discharge (table 3), 
occurred in the summer on August 18,1983. On this 
date, a flood having a peak discharge of 10,600 ft3/s 
moved down the Amargosa River and destroyed the 
gaging station at Tecopa. This flood was caused by an 
intense, slow-moving storm that came into the area 
from the south after 3 days of unusually wet weather 
that was triggered by large amounts of atmospheric 
moisture from tropical storms to the south and south- 
east (National Oceanic and Atmospheric Administra- 
tion, 1983). Within amatter of hours, beginning late on 
August 17 (fig. lo), heavy rains over the upper Amar- 
gosa River Basin quickly overcame the infiltration rate 
and capacity of the basin's surface material and a large 
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Table 3. Ten largest storm runoff periods recorded for the Amargosa River at Tecopa, 
California, 1962-83, ranked in order of decreasing volume 

[acre-ft, acre-feet; ft3/s, cubic feet per second] 

Storm runoff period Peak discharge 
Discharge 

(f?/S) 
Date Duration Volume 

(daw) (acre-ft) Start date End date 
- _ _  ~. 

Aug. 15,1983 Sept. 9,1983 25 6,322 Aug. 18, 1983 10,600 
Feb. 24,1969 
Sept. 9,1976 
Aug. 16,1977 
Dec. 8,1965 
Feb. 23,1983 
Sept. 30, 1976 
Sept. 23, 1976 
Feb. 12,1980 
Jan. 17.1969 

March 8, 1969 
Sept. 19,1976 
Aug. 25,1977 
Dec. 24,1965 
March 16,1983 
Oct. 10,1976 
Sept. 30, 1976 
March 1,1980 
Feb. 4. 1969 

12 
10 
9 

16 
21 
10 
7 

18 
18 

3,878 
3,716 
3,374 
3,307 
3,273 
2,283 
1,719 
1,675 
1.468 

Feb. 26,1969 
Sept. 11,1976 
Aug. 17,1977 
Dec. 11,1965 
March 3,1983 
Oct. 2,1976 
Sept. 26,1976 
Feb. 17,1980 
Jan. 25.1969 

5,000 
725 

1,680 
2,419 
1,260 
2,600 
1,060 

686 
1,705 

3.50 1,600 
0 PRECIPITATION (4JA) 
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Figure 10. Hydrograph of the Amargosa River, August 12-30, 1983, showing daily rainfall at Nevada Test Site weather 
station 4JA, in inches, and daily mean discharge at Tecopa, California, in cubic feet per second. 
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flood swept down the Amargosa River. The upper 
Amargosa River Basin received from 3 to 5 in. of rain 
from the storm during the week of August 14-20, 
1983; an amount that was more than 2 in. above normal 
for the period. The heaviest rainfall from the storm 
occurred in the vicinity of the Nevada Test Site near 
weather station 4JA and along the south face of the 
Providence and New York Mountains near Mitchell 
Caverns (MLC), southeast of Baker (BAK), California 
(figs. 6 and 11). August 1983 rainfall totals recorded at 
NOAA weather stations Amargosa Desert (AMR), 
Shoshone (SHO), and Death Valley (DVL) were 
respectively 4.0 in., 2.3 in., and 1.1 in.; amounts that 
were 3.4 in., 1.8 in., and 1.0 in. above normal for the 
month (figs. 6 and 11). 

An important hydrologic characteristic of the 
August 1983 storm was its intense rains. The storm 
produced the largest runoff (6,320 acre-ft), the largest 
peak discharge (10,600 ft3/s), and the largest runoff- 
to-rainfall ratio (about 1.3 percent) of all the storm- 
runoff periods recorded between 1962 and 1983 on the 
Amargosa River at Tecopa, California (table 4). On the 
basis of the Amargosa River flood record at Tecopa, 
this storm has a recurrence interval of 23 years. 

The second largest flood on record for the 
watershed, in terms of both runoff and peak discharge 
(table 3), occurred in winter on February 26,1969. 
This flood was caused by two slow-moving Pacific 
Ocean storm fronts that moved into the area from the 
southwest and west. Unlike the more intense storm 
that produced the August 1983 flood, the 1969 flood 
was caused by prolonged, steady rainfall that started on 
February 18 and intensified on February 24 and 25 
(fig. 12). The heaviest rains over the upper Amargosa 
River Basin occurred on February 24,1969, near NTS 
weather station 4JA (figs. 6 and 13). This 11.5-year- 
recurrence-interval flood had a peak discharge of 
5,000 f$/s on February 26 and a total runoff volume 
from the upper Amargosa River Basin of 3,878 acre-ft 
(table 4). Although heavy rains fell over most of the 
Death Valley watershed (fig. 13), the upper Amargosa 
River Basin received the greatest total rainfall in the 
watershed (an estimated 2.5-3.5 in.) because of its 
position relative to the southwest-to-northeast and 
west-to-east tracks of the two storm fronts and its dis- 
tance from the rainshadow of the Panamint Range west 
of Death Valley (fig. 2). For the 2-month period shown 
in figure 13, the heaviest rains (more than 5.0 in.) fell 
over the Mojave Desert west-southwest of the study 

area near NOAA weather stations at Randsburg (RAN) 
and Wildrose Ranger Station (WRO), California 
(figs. 6 and 13). 

An important hydrologic characteristic of the 
February-March 1969 winter storms is that while these 
storms produced the second largest runoff and peak 
discharge flood (tables 3 and 4), surface-water runoff 
was only 0.8 percent of precipitation (that is, slightly 
more than half that of the more intense August 1983 
storm). The dissimilarity in rainfall distribution 
(figs. 11 and 13) and runoff-to-rainfall ratio of these 
two largest storm-runoff periods on the Amargosa 
River (August 1983 and February-March 1969) further 
demonstrates the inherent seasonal nature of summer 
versus winter precipitation-runoff conditions for the 
Death Valley watershed as previously shown in 
figure 9. 

The third largest storm-runoff period on record 
for the Amiugosa River at Tecopa (table 3) occurred in 
late summer, September 9-19,1976, as a result of mod- 
erate-to-heavy rainfall from Hurricane Kathleen. This 
slow-moving tropical storm moved into the study area 
from the south-southwest across northern Baja Califor- 
nia (fig. 14) and produced heavy, widespread rains and 
flash floods in southeastern California and southern 
Nevada (National Oceanic and Atmospheric Adminis- 
tration, 1976; Smith, 1986). After a week of measur- 
able rainfall over the upper Amargosa River Basin, that 
began on September 4, a flood moved down the 
Amargosa River and reached a peak discharge of 
725 ft3/s on September 11 at Tecopa, California 
(fig. 15). Although this flood had a relatively low peak 
discharge, total runoff on the Amargosa River from 
Hurricane Kathleen was 3,720 acre-ft, the third largest 
runoff volume recorded at Tecopa (table 3). 

two short-lived streamflow events occurred in late 
September and early October 1976 in response to 
Hurricane Idza (fig. 15). Although the storms spawn 
by Hurricane Liza produced floods on the Amargosa 
River having peak discharges of 1,060 and 2,600 ft3/s 
on September 26 and October 2,1976, the volumes of 
streamflow runoff from these storms was notably lower 
than that produced by Hurricane Kathleen (table 3). 
This relation further shows that the highest peak- 
discharge streamflows on the Amargosa River are pro- 
duced by intense, short-duration summer thunder- 
storms (for example, the August 1983 storm) and cloud 
bursts, whereas the largest surface-water runoff is 

Following the passage of Hurricane Kathleen, 
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Figure 11. The distribution of August 1983 precipitation over the Death Valley watershed in 
southern Nevada and southeastern California. Figure 6 shows the location of N O M  and NTS 
weather stations used for contouring. 
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Table 4. Peak discharge, daily mean discharge, streamflow duration and discharge volume, and the partial-duration series, flood-frequency-analysis parameters 
for 68 streamflow events of the Amargosa River at Tecopa, California, 1962-83 

[Wy, water year; ft3/s, cubic feet per second; R, rank, the magnitude of the event in order of decreasing size; RI, recurrence interval; acre-ft, acre-feet; e, estimate; *, maximum recorded; max, maximum; 
min, minimum; --, not applicable or no data] 

Water Peak discharge' Dally mean discharge Streamflow duration and discharge volume2 
year Date Wy3 R 1314 Wy3 (ft3/s) R ~ 1 4  Startdate Enddate Days W? (acre-ft) R R14 

1962 26-Sept-62 62e 310 19 1.21 *62 72 24 0.96 25-Sept-62 4-Oct-62 9 *62 205 29 0.79 
1963 

1964 

1965 

1966 

1967 

1968 

1969 

1970 

1971 
1972 
1973 

1974 
1975 

1976 

10-Feb-63 
21 -Sept-63 

10-Apr-65 
27-July-64 

18-July-65 
23-NOV-65 
11-Dec-65 
3 1 -Dec-65 
5-Sept-67 
14-Feb-68 

25-Jan-69 
6-Feb-69 
26-Feb-69 
18-June-69 

23-Feb-70 

3-Aug-68 

20-JUlj49 

16-Aug-70 
30-NOV-70 
18-Sept-72 

18-Apr-73 
8-Jan-74 
9-Mar-74 

11-Sept-75 
1 1 -Feb-76 
7-May-76 
11-Sept-76 
26-Sept-76 

3-Oct-72 

24-July-74 

63e 
e 

64e 
e 

65e 
e 

66e 
e 

67e 
e 

68e 
e 
e 

*69 
e 
e 

70e 
e 

71e 
*72 
*73 _ _  

e __  
*74 
*75 _ _  

__  
*76 __  

719 12 1.92 *63 167 13 1.77 
306 20 1.15 -- 71 25 0.92 
34 63 0.37 *64 8 65 0.35 
86 45 0.51 -- 20 48 0.48 

301 22 1.05 *65 70 26 0.88 
448 14 1.64 -- 104 18 1.28 

2,419 4 5.75 "66 562 7 3.29 
435 15 1.53 -- 101 20 1.15 
90 42 0.55 *67 . 21 46 0.50 

121 38 0.61 __ 28 41 0.56 
254 24 0.96 *68 59 29 0.79 

1,705 6 3.83 -- 396 10 2.30 
366 16 1.44 -- 85 22 1.05 

5,000 2 11.50 *69 1,500 1 23.00 
194 31 0.74 -- 45 34 0.68 
151 33 0.70 -- 35 3: 3.62 
207 28 0.82 *70 48 32 0.72 
108 39 0.59 -- 25 43 0.53 
31 64 0.36 *71 7 66 0.35 

146 34 0.68 *72 16 53 0.43 
2,000 5 4.60 *73e 465 8 2.88 

132 37 0.62 e 31 40 0.58 
43 62 0.37 -- 10 63 0.37 
21 67 0.34 -- 11 62 0.37 
53 59 0.39 *74 18 52 0.44 
24 65 0.35 *75 10 64 0.36 

303 21 1.10 -- 205 11 2.09 
22 66 0.35 -- 5 67 0.34 

725 11 2.09 *76 665 5 4.60 
1.060 10 2.30 - 576 6 3.83 

9-Feb-63 
17-Sept-63 
26-July-64 
31-Mar-65 
17-July-65 
21-NOV-65 
8-Dec-65 
28-Dec-65 
4-Sept-67 
8-Feb-68 
2-Aug-68 
17-Jan-69 
5-Feb-69 
24-Feb-69 
15-June-69 

20-Feb-70 
lS-Fily-6S 

15-Aug-70 
28-NOV-70 
17-Sept-72 

-- 
__ 

4-Jan-74 
7-Mar-74 
23-July-74 
10-Sept-75 
5-Feb-76 
6-May-76 
9-Sept-76 
23-Sept-76 

23-Feb-63 
27-Sept-63 

18-Apr-65 

6-Dec-65 
24-Dec-65 
15-Jan-66 
10-Sept-67 
23-Feb-68 

4-Feb-69 
16-Feb-69 

31-July-64 

21-July-65 

9-Aug-68 

8-Mar-69 
22-June-69 
24-FQl-69 
28-Feb-70 

3-Dec-70 
22-Sept-72 

18-Aug-70 

__ 
-- 

12-Jan-74 
11-Mar-74 
26-July-74 
15-S ept-75 
20-Feb-76 
12-May-76 
19-Sept-76 
30-Sept-76 

14 -- 
10 *63 
5 *64 

18 *65 
4 

15 -- 
16 *66 
18 -- 
6 *67 

15 _ _  
7 *68 

18 -- 
11 _ _  
12 *69 
7 -- 
c J -- 
8 *70 
3 -- 
5 *7 1 
5 *72 
-- -- 
-- _ _  
8 -- 
4 _ _  
3 *74 
5 *75 

15 -- 
6 -- 

10 *76 
7 *77 

591 20 1.15 
613 17 1.35 
26 63 0.37 

163 33 0.70 
148 34 0.68 
594 19 1.21 

3,307 5 4.60 
607 18 1.28 
91 40 0.58 

277 23 1.00 
333 22 1.05 

1,468 10 2.30 
251 25 0.92 

2 11.50 
138 35 0.66 

41 0.56 
253 24 0.96 
50 52 0.44 
22 64 0.36 
82 44 0.52 

3,878 

ni 71 

_ _  -- -- 
-- -- -- 
50 53 0.43 
34 61 0.38 
38 56 0.41 
51 51 0.45 

1,180 12 1.92 
16 65 0.35 

3,716 3 7.67 
1,719 8 2.88 
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Table 4. Peak discharge, daily mean discharge, streamflow duration and discharge volume, and the partial-duration series, flood-frequency-analysis parameters 
for 68 streamflow events of the Amargosa River at Tecopa, California, 1962-83--Continued 

1978 

1979 

1980 

1981 

1982 

3-Jan-77 
2-Mar-77 
8-May-77 

28-Dec-77 
5-Jan-78 
10-Jan-78 
19-Jan-78 
10-Feb-78 
4-Mar-78 
2-Apr-78 
16-Apr-78 
16-Jan-79 
21-Mar-79 
11-Jan-80 
29-Jan-80 
17-Feb-80 
3-Mar-80 
4-May-80 

30-Jan-81 

6-Sept-8 1 
21-Jan-82 
12-Feb-82 
15-Mar-82 
12-Apr-82 
12-Sept-82 

23-Dec-82 
29-Jan-83 

17-Aug-77 

1-July-80 

12-Aug-81 

30-NOV-82 

47 
16 
96 

1,680 
163 
56 
52 

197 
321 
364 
207 
65 
69 
54 
69 

261 
686 
133 
138 
224 
86 

21 1 
1,170 

65 
56 

202 
97 
61 
88 
86 
82 

3 
61 
68 
41 
7 

32 
57 
60 
30 
18 
17 
27 
53 
50 
58 
51 
23 
13 
36 
35 
25 
44 
26 
9 

54 
56 
29 
40 
55 
43 
46 
47 

Water Peak discharge’ Dally mean discharge Streamflow duration and discharge volume2 
year Date Wy3 (ft%) R RI4 Wy” (ft3/s) R RI4 Start date End date Days W? (acre-ft) R R14 

1977 2-Oct-76 *77 2,600 7.67 *77 757 3 7.67 30-Sept-76 10-Oct-76 10 
0.38 
0.34 
0.56 
3.29 
0.72 
0.40 
0.38 
0.77 
1.28 
1.35 
0.85 
0.43 
0.46 
0.40 
0.45 
1 .oo 
1.77 
0.64 
0.66 
0.92 
0.52 
0.88 
2.56 
0.43 
0.41 
0.79 
0.58 
0.42 
0.53 
0.50 
0.49 

11 
5 

48 
697 
67 
13 
12 

102 
145 
130 
140 
15 
16 
22 
16 

109 
172 
52 
32 
32 
20 
60 
90 
15 
13 
83 
40 
24 
37 
50 
19 

61 
68 
33 
4 

27 
59 
60 
19 
14 
16 
15 
56 
54 
45 
55 
17 
12 
30 
39 
38 
47 
28 
21 
57 
58 
23 
35 
44 
36 
31 
49 

0.38 
0.34 
0.70 
5.75 
0.85 
0.39 
0.38 
1.21 
1.64 
1.44 
1.53 
0.41 
0.43 
0.51 
0.42 
1.35 
1.92 
0.77 
0.59 
0.61 
0.49 
0.82 
1.10 
0.40 
0.40 
1 .oo 
0.66 
0.52 
0.64 
0.74 
0.47 

2-Jan-77 
1-Ma-77 
7-May-77 

25-Dec-77 
3-Jan-78 
8-Jan-78 
13-Jan-78 
8-Feb-78 
28-Feb-78 

15-Apr-78 
15-Jan-79 

16-Aug-77 

30-Ma-78 

18-Ma-79 
8-Jan-80 
28-Jan-80 
12-Feb-80 
2-Ma-80 
2-May-80 
30-June-80 
28-Jan-81 

5-Sept-8 1 
20-Jan-82 
11-Feb-82 

11-Apr-82 
11-Sept-82 

21-Dec-82 
21-Jan-83 

1 1 -Aug-8 1 

13-Ma-82 

29-NOV-82 

9-Jan-77 
5-Ma-77 
15-May-77 
25-Aug-77 
2-Jan-78 
8-Jan-78 
13-Jan-78 
28-Jan-78 
19-Feb-78 

8-Apr-78 
19-Apr-78 
21-Jan-79 

14-Jan-80 
9-Feb-80 

14-Ma-78 

26-MU-79 

1-Ma-80 
17-Ma40 
8-May-80 

4-Feb-8 1 

8-Sept-81 
23-Jan-82 
15-Feb-82 

15-Apr-82 
16-Sept-82 
4-Dec-82 
26-Dec-82 
2-Feb-83 

4-July-80 

16-Aug-81 

20-Ma-82 

7 
4 
8 
9 
8 
5 
5 

15 
11 
14 
9 
4 
6 
8 
6 

12 
18 
15 
6 
4 
7 
5 
3 
3 
4 
7 
4 
5 
5 
5 

12 

2,283 
41 
13 

173 
3,374 

249 
41 
35 

916 
1,169 
1,464 

741 
36 
77 
87 
56 

361 
1,675 

814 
106 
81 
54 

137 
206 
35 
30 

224 
90 
67 

122 
136 
188 

7 
55 
66 
32 
4 

26 
54 
60 
14 
13 
11 
16 
58 
46 
43 
49 
21 
9 

15 
39 
45 
50 
36 
28 
59 
62 
27 
42 
47 
38 
37 
31 

3.29 
0.42 
0.35 
0.72 
5.75 
0.88 
0.43 
0.38 
1.64 
1.77 
2.09 
1.44 
0.40 
0.50 
0.53 
0.47 
1.10 
2.56 
1.53 
0.59 
0.51 
0.46 
0.64 
0.82 
0.39 
0.37 
0.85 
0.55 
0.49 
0.61 
0.62 
0.74 
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Table 4. Peak discharge, daily mean discharge, streamflow duration and discharge volume, and the partial-duration series, flood-frequency-analysis parameters 
for 68 streamflow events of the Amargosa River at Tecopa, California, 1962-83-Continued I 

Y 

8 In 
Y 

% Water Peak  discharge’ Daily mean discharge Streamflow duration and discharge volume2 

e 77 49 0.47 -- 18 50 0.46 2-Feb-83 15-Feb-83 13 -- 195 30 0.77 3 1982 8-Feb-83 
6 3.83 3-Mar-83 -- 1,260 8 2.88 -- 448 9 2.56 23-Feb-83 16-Mar-83 21 -- 3,273 rn 

n 
5 24-Mar-83 -- 80 48 0.48 _ _  27 42 0.55 23-Mar-83 28-Mar-83 5 _ _  66 48 0.48 

7-Aug-83 -- 65 52 0.44 -- 18 51 0.45 6-Aug-83 9-Aug-83 3 -- 36 57 0.40 ii; 

1983 18-Aug-83 *83 10,600 1 23.00 *83 1,280 2 11.50 15-Aug-83 9-Sept-83 25 *83 6,322 1 23.00 
?I 
a (D Statistical summary 
5 Max 18-Aug-83 -- 10,600 68 23 -- 1,280 68 23 -- __ 25 -- 6,322 66 23 

16 1 0 -- 5 1 0 -- __ 4 -- 13 1 0 (D Min 2-Mar-77 __ 
‘Peak-discharge data from the U.S. Geological Survey, San Diego, California. Daily mean discharge, streamflow duration, and discharge volume compiled from the US. Geological Survey’s 

2 Water Data and Storage Retrieval Information System (WATSTORE) data base. All recognizable streamflow events for water years 1962-83 (22 years) are listed. 
2Discharge volume computed from daily mean discharge data as follows: (daily mean discharge, in ft3/s, x 1.98, for each day of streamflow) - (base flow for period, in acre-ft) = discharge $ volume (in acre-ft) for the streamflow event. Base flow for each streamflow event was derived from daily mean discharge data for periods before and after the start and end dates of the streamflow 

5 event, converted to acre-ft/d, and summed for the duration of the event. 
!? 3Wy (water year) columns list, by asterisk and year (for example, *83), which runoff event was the maximum recorded peak discharge, daily mean discharge, and streamflow discharge volume 

event for that water year. Events marked with “e” have estimated peak-discharge values based on linear statistics that relate recorded daily mean discharge and peak discharge for water years 1972-83. 
5 4Recurrence interval (RI) = (n + l)/rank (R); where n = 22 (years) and rank is the magnitude of discharge in decreasing order. The largest flood, having a recurrence interval of 23 years, occurred 

on August 18,1983, and destroyed the gaging station at Tecopa, California. The second largest flood, having a recurrence interval of 11.5 years, occurred in the winter on February 26,1969. 

year Date wy3 R ~ 1 4  wy3 (f13/9) R 1314 Startdate E n d d a t e  Days W p  (acre-fl) R R14 
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Figure 12. Hydrograph of the Amargosa River, February 17-March 7, 1969, showing daily rainfall at Nevada Test Site 
weather station dlA, in inches, and daily mean discharge at Tecopa, California, in cubic feet per second. 

produced by moderate, slow-moving winter fronts such 
as the February-March 1969 storms, and by slow- 
moving, late-summer tropical storms such as Humcane 
Kathleen. 

Flood Frequency 

Flood frequency analyses were conducted on 
peak discharges, daily mean discharges, and storm- 
runoff volumes recorded for the Amargosa River at 
Tecopa, California, 1962-83. These analyses were 
conducted to (1) determine the recurrence intervals of 
floods, (2) extend the modem flood record of the 
Amargosa River, and (3) establish parameters for esti- 
mating the discharges and runoff volumes of different 
recurrence-interval floods from ungaged drainage 
basins in the Death Valley watershed. Flood frequency 
analyses were performed following methods outlined 
by Benson (1962; 1964), Cruff and Rank (1965), 
Dalrymple (1970), Thomas (1987), and the Hydrology 
Subcommittee (1982). 

A partial-duration-series analysis of flood fre- 
quency was conducted on Amargosa River stream- 
flows with peak discharges greater than 100 ft3/s and 
combined with long-term, peak-discharge estimates 
from two regional log-Pearson type III analyses, one 
based on Amargosa River streamflow data (this report) 
and the other based on 12 long-term sites judged to be 
“. . . representative of data for the mevada] Test Site in 
general and the Fortymile Wash study area in particu- 
lar” (Squires and Young, 1984, p. 16). This compari- 
son was possible because a strong correlation exists 
between discharge and drainage basin areas for streams 
with similar physiography, hydrology, and catchment 
size in the United States (Benson, 1964, Hedman, 
1970; Thompson and Benson, 1970; Hedman and 
Osterkamp, 1982), and because statistical formulas that 
relate discharge to drainage basin area can be used to 
estimate long-term flood discharge rates (Crippen and 
Bue, 1977; Waananen and Crippen, 1977; Squires and 
Young, 1984). The regional log-Pearson type 111 anal- 
ysis of Amargosa River discharge data, applied directly 
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Figure 13. The distribution of February-March 1969 precipitation over the Death Valley watershed 
in southern Nevada and southeastern California. Figure 6 shows the location of NOAA and NTS 
weather stations used for contouring. 
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Figure 15. Hydrograph of the Amargosa River, September l-October 15, '1976, showing daily rainfall at Nevada Test Site 
weather station 4JA, in inches, and daily mean discharge at Tecopa, California, in cubic feet per second. 

to annual peak discharges greater than 100 ft3/s, 
afforded a means of extending the Amargosa River 
flood record. This regional analysis method is identical 
to the standard log-Pearson type III method, except that 
it uses a regionalized skew coefficient prepared by the 
U.S. Geological Survey (Hydrology Subcommittee, 
1982, fig. 14-1). The generalized skew coefficient for 
the Death Valley watershed ranges from 0.0 on the east 
to 0.1 on the west. For this analysis, a skew coefficient 
of 0.0 was chosen to compute the peak discharge rates 
of long recurrence-interval floods because the skew 
coefficient that was computed using the Amargosa 
River data was nearer to 0.0 (0.009) than to 0.1. 

Recorded and estimated peak discharges of 
streamflows with recurrence intervals of 1 to 500 years 
are shown in figure 16 for the Amargosa River at 
Tecopa, California. Peak discharges with recurrence 
intervals of 1 to 23 years were determined directly from 
streamflow data recorded at Tecopa, 1962-83. Longer 
recurrence intervals were estimated using two, log- 
Pearson type III analyses for the area. The regional 

log-Pearson type III analysis of the Amargosa River 
(this report) indicates that peak discharges of 11,706; 
18,647; 28,555; and 47,858 ft3/s are possible from the 
50-, loo-, 200-, and 500-year floods (fig. 16). These 
values are considerably lower than those computed for 
the upper Amargosa River Basin using Squires' and 
Young's (1.984) equations for the 100- and 500-year 
floods (fig. 16). Squires' and Young's (1984) equations 
(Qloo= 482 x A0565 and am= 2,200 x AO571, where A is 
drainage basin area, in square miles) give estimated 
peak discharges for the Amargosa River at Tecopa of 
45,179 and 216,353 ft3/s for the 100- and 500-year 
floods. Although these values are within the limits of 
the regional maximum flood computed for the upper 
Amargosa River Basin, they are undoubtedly less reli- 
able than the regional log-Pearson type I11 estimates 
based directly on Amargosa River streamflow data 
(this report) because Squires' and Young's (1984) 
equations were derived for drainage basins of less than 
470 mi2 in size. 
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Figure 16. Peak discharge and recurrence interval of recorded and estimated streamflows greater than 100 cubic feet per 
second for the Amargosa River at Tecopa, California. 

Local and Regional Maximum Floods 

A comparison of local and regional maximum 
floods that occurred in and around the study area was 
made to evaluate the size of the probable maximum 
flood from drainage basins of the Death Valley water- 
shed. Streamflow data for regional floods of unusually 
large magnitude in Arizona, California, Nevada, New 
Mexico, and Utah (Crippen and Bue, 1977, p. 15) give 
a maximum boundary (envelope) curve for the regional 
maximum flood. Streamflow data for local floods of 
drainages in and around the upper Amargosa River 
Basin and Nevada Test Site (Squires and Young, 1984; 
Bullard, 1992) give a somewhat lower boundary 
(envelope) curve for the local maximum flood (fig. 17). 
These curves, which relate peak discharge to drainage- 
basin area, are based on recorded flood data from dif- 
ferent-size drainages in the Southwestern United States 
without regard to the recurrence interval, and thus, 
larger magnitude floods may occur in the future. 

The maximum flood potential of drainage basins 
in the Death Valley watershed probably is somewhere 
between the two curves shown in figure 17, and may 
actually be limited by the probable maximum rainfall 
for the area (Enzel and others, 1993). In a regional 
analysis of floods, Crippen (1979; 1982) developed a 
general equation for estimating the maximum flood for 
desert streams in Death Valley and the Basin and Range 
Province. The equation that was developed by Crippen 
(1979) and reported in Bowers (1990, p. 7) for the 
Death Valley area, is: Q,, = 66,000 x A1am9x 2 - 1 3 '  

(where, Q,, is the maximum estimated flood dis- 
charge, in cubic feet per second; A is drainage-basin 
area, in square miles; and Z = AoJ+ 5) The computed 
peak discharges of the maximum estimated flood (Q,,J 
from drainage basins of the Death Valley watershed are 
shown on figure 17 compared to the magnitudes of 
local and regional maximum floods. The Qme equation 
gives the following maximum estimated discharges: 
1,048,400 ft3/s for the upper Amargosa River Basin; 
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Figure 17. Envelope curves of the potential local and regional maximum floods from different-size drainage basins in the 
Southwestem United States. 

952,700 ft3/s for the lower Amargosa River Basin; 
760,500 ft3/s for Salt Creek Basin; and 576,000 and 
482,100 ft?/s for west and east side alluvial fan drain- 
age basins. The maximum estimated flood (Q,J for 
these basins falls within the regional and local enve- 
lope curves shown on figure 17 and approximates the 
higher five-State regional maximum flood defined by 
Crippen and Bue (1977, p. 15) for the Southwestern 
United States. 

Flood-Runoff Volumes 

Flood runoff from a drainage basin is dynami- 
cally related to drainage basin size (Thomas and 
Benson, 1970) and to storm duration and intensity, 
which control the amount of precipitation received by 
the basin (Enzel and others, 1993). In addition to these 
dominant controls, flood runoff is governed by such 
drainage basin characteristics as the infiltration rate and 

capacity of a basin's surface material and evapotranspi- 
ration; a factor that changes relative to variations in cli- 
mate and vegetation type and cover throughout a basin. 
Because these interrelated factors would have been 
difficult to accurately quantify for each basin of the 
8,3 10-mi2 Death Valley watershed catchment (table l), 
the power equation (y = cxb) was used to develop a gen- 
eral numeric relation between peak discharge and run- 
off for the watershed based on recorded streamflow 
data of the Amargosa River. 

The relations between peak discharge, in ft3/s, 
and runoff, in acre-ft, for 34 streamflow periods 
(19 winter and 15 summer) on the Amargosa River at 
Tecopa, Cidifornia, are shown in figure 18. These lin- 
ear, power-series curves have R2 (coefficient of deter- 
mination) values of 0.84 (winter), 0.83 (summer), and 
0.79 (all storms) and effectively account for inherent 
seasonal differences in precipitation, rainfall intensity, 
and duration, and for variations in infiltration and 
evapotranspiration within the upper Amargosa River 
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Figure 18. Linear relations of recorded runoff to peak discharge for 34 streamflow periods of the Amargosa River at Tecopa, 
California. 1968-83. 

Basin. The all storms curve has the lowest correlation 
coefficient because it must accommodate the seasonal 
precipitation-runoff variability that exists between 
winter and summer storms over the basin (fig. 9). The 
winter and summer curves have similar correlation 
coefficients, but the steeper slope of the winter curve 
(fig. 18) indicates that for a given peak-discharge flood, 
runoff tends to be higher for winter storms than sum- 
mer storms; a factor that is undoubtedly related to the 
inherent nature of winter storms, which tend to be less 
intense and of longer duration than summer storms. 

Although the numerical relations shown in 
figure 18 only approximate the regional runoff charac- 
teristics of the upper Amargosa River Basin, they can 
be used to evaluate the potential volume of runoff for 
long-recurrence-interval floods on the Amargosa River 
(for example, the 25- and 50-year floods) and to esti- 
mate the volume of runoff from nearby, ungaged drain- 
age basins of the Death Valley watershed. Together, 
these estimates provide a measure of the potential, 

cumulative runoff from the watershed for different 
recurrence-interval storms and floods. The cumulative 
runoff from the watershed is important because this 
runoff could ultimately produce a lake in Death Valley. 

The runoff volumes for different-size floods 
from drainage basins of the Death Valley watershed are 
listed in table 5. Peak discharges on the Amargosa 
River are listed for floods that have recurrence intervals 
of 1.20 to 500 years and for the maximum estimated 
flood (Q,J. The peak discharges of floods having 
recurrence intervals less than 25 years are based on the 
log-Pearson type III analysis of streamflow data 
recorded on the Amargosa River at Tecopa, 1962-83 
(this report). The peak discharges of floods having 
recurrence intervals of 25,50,200, and 500 years are 
an average of the two, log-Pearson curves shown in 
figure 16. The maximum estimated flood (Q,& for the 
Amargosa River was computed using the formula 
given in the previous section. 
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Table 5. Estimated peak discharge, runoff volume, and unit area runoff for different-size floods on the Amargosa River at Tecopa, California, and the estimated 
runoff volume from drainage basins of the Death Valley watershed 

tn 
Y 

[Qm, maximum estimated discharge; ft3/s, cubic feet per second; acre-ft, acre-feet; acre-fr/mi*, acre-feet per square mile] 

Estimated peak discharge, runoff volume, and unit area runoff for different 
recurrence-Interval floods and the Qme flood on the Amargosa River 

Recurrence interval (years) 

5 
m a n QIlW 

$ 
g Amargosa River - 1.20 22x3 5 - 10 - 25 3 100 200 - 500 

~ _ _ _ _ _ _  
(D 

b Peak discharge (f13/s) 420 1,050 2,400 5,000 12,000 17,900 31,900 59,300 131,400 1,048,000 
Estimated runoff volume (acre-ft) 580 1,440 3,260 6,770 16,100 24,000 42,600 79,000 174,000 1,370,000 a 
Estimated unit area runoff (acre-ft/mi2) 0.19 0.47 1.1 2.2 5.2 7.8 13.8 25.6 56.3 443 c 

X 
ID In 

Estimated runoff volume, in acre-feet, for different recurrence-interval floods 
and the Q,, flood from drainage basins of the Death Valley watershed 

Recurrence interval (years) 
2 5 

2 
u Death Valley watershed 1.20 22x3 5 IQ 25 3 m rn m 

Upper Amargosa River Basin 
Lower Amargosa River Basin 
Salt Creek Basin 
Aiiuviai fans (westj 
Alluvial fans (east) 

580 
470 
280 

m 
- -.. 
13u 

1.440 
1.150 
680 
370 
m 

3,260 
2,700 
1,600 
860 
m 

6,770 16,100 24,000 
5,400 12,770 19,160 
3,190 7,540 11,310 

6,080 1,ILU 4,060 
m2J.N rn 
- r r -  

42,600 
33,890 
20,010 
10,760 
m 

79,000 
62,870 
37,120 
i4,970 
w 

174,000 
138,270 
8 1,640 
43,410 
3Qa!xQ 

1,370,000 
1,088,010 
642,350 
345,540 
236.560 

Cumulative runoff for the watershed 1,580 3,890 . 9,010 18,250 43,250 64,720 114,630 212,630 467,880 3,682,460 
(acre-Et) 



The volume of runoff for each Amargosa River 
flood was computed using the all storms linear equa- 
tion (y = 1.43 x OeW) shown in figure 18, and the unit 
area runoff, in acre-feet per square mile, was calculated 
for the upper Amargosa River Basin (table 5). The vol- 
ume of runoff for different recurrence-interval floods 
and the Q,, flood was then estimated for other, 
ungaged drainage basins of the Death Valley watershed 
by multiplying basin area, in square miles, by the unit 
area runoff estimated for the upper Amargosa River 
Basin. Drainage basin runoff and the cumulative run- 
off of the watershed for these different recurrence- 
interval floods are shown in table 5. It should 6e noted 
that the runoff volumes listed in table 5 afford only esti- 
mates of the potential cumulative volume of runoff 
from the watershed, because they were computed indi- 
rectly from recorded runoff of the Amargosa River at 
Tecopa, California. Other drainage basins in the water- 
shed may have different hydrologic characteristics, and 
thus different runoff potential. 

The result of these flood-volume computations 
was the estimated cumulative runoff of the Death 
Valley watershed catchment for different recurrence- 
interval storms. Although these computations only 
approximate the flood runoff potential of the catch- 
ment, they indicate that a flood with a recurrence inter- 
val between 25 and 50 years could produce a lake 
similar in size to the winter 1969 lake in Death Valley, 
a lake Hunt (1975) estimated to contain about 
50,000 acre-feet of water, without the addition of water 
from direct precipitation or ground-water sources. The 
streamflow record of the Amargosa River, however, 
indicates that ephemeral lakes in Death Valley are not 
produced by a single large-magnitude flood, but rather 
by frequent, above-normal winter streamflows, and 
that without water from direct precipitation and 
ground-water-discharging springs in the area, these 
lakes could not form under the modem hydroclimatic 
regime of the watershed. For example, cumulative 
streamflow runoff from the watershed for the winter 
1969 lake was estimated to be only about 50 percent of 
the total volume of the winter 1969 lake in Death 
Valley, and this volume of runoff included the 
11.5-year-recurrence-interval flood on the Amargosa 
River in late February 1969. 

HYDROCLIMATOLOGY OF DEATH 
VALLEY LAKES 

Shallow ephemeral lakes can form in Death 
Valley as a result of frequent and prolonged winter to 
late-spring precipitation and runoff. During an average 
year, the Death Valley saltpan is dry because of low 
annual precipitation-runoff, intense heat, and high 
potential lake evaporation of about 82 in. annually 
(Meyers, 1962; Hunt and others, 1966). Periodically, 
however, above-normal streamflow from the watershed 
will inundate the saltpan to form a shallow lake. These 
ephemeral lakes commonly form in late winter 
(February-March) when streamflow from the water- 
shed and direct precipitation onto the playa and 
expanding lake surface are high and evaporation is low. 
Between 1962 and 1983, periods of high winter runoff 
on the Amargosa River and the formation of ephemeral 
lakes in Death Valley have generally coincided with the 
occurrence of the ENSO. These events were particu- 
larly correlative in the winters of 1966,1969, 1973, 
1978, and 1983 (figs. 7 and 8). Since the destruction of 
the gaging station at Tecopa in August 1983, ephemeral 
lakes have also formed in Death Valley during moder- 
ate to strong ENSO events in the winters of 1984,1992, 
and 1993. The 1993 lake (fig. l), for example, was 
formed by a series of slow-moving storms that pro- 
duced frequent, above-normal rainfall over the water- 
shed and above-normal streamflows on the Amargosa 
River. This fluvial-lacustrine relation indicates that 
cumulative streamflow from the Death Valley water- 
shed catchment and direct precipitation onto the Death 
Valley saltpan are periodically sufficient to produce a 
lake of considerable size in Death Valley. Furthermore, 
the relation between rainfall-runoff and lake formation 
in Death Valley indicates the existence of a hydrocli- 
matic balance between the size (or volume) of the 
ephemeral lake and the volume of surface-water from 
the closed-basin watershed. The prior existence of a 
large, late Holocene perennial lake in Death Valley 
therefore suggests that a different hydroclimatic 
regime may have dominated the region in late 
Holocene. 

Regional Late Holocene Climate Change 

Variations in climate during the late Holocene 
affected hydrologic change in glacial and nonglacial 
areas of western North America. Cool, moist Neogla- 
cia1 climates caused alpine glacier advancements 
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(Porter and Denton, 1967; Denton and Porter, 1970; 
Miller, 1973; Andrews and others, 1975; Burke and 
Birkeland, 1983; Grove, 1988); altitudinal reductions 
in treeline (LaMarche, 1974; Brubaker and Cook, 
1983); closed-basin lake transgressions (Smith, 1979; 
Lajoie and Robinson, 1982; Enzel and others 1989; 
Waters, 1989; Stine, 1990; Benson and others, 1991; 
Enzel and others, 1992; Vance and others, 1992); the 
formation of peat bogs in desert basins (Mehringer and 
Warren, 1976); and increased floods and debris flows 
(Weldon, 1990; Ely and others, 1993). Conversely, 
intervening periods of warmer and drier climate 
reversed these trends. Researchers (for example, 
LaMarche, 1974; Benson and others 1991) generally 
agree that cooler and wetter conditions prevailed 
between about 4.0 to 3.0 ka, 1.8 to 1.0 ka, and 0.7 to 
0.1 ka, whereas warmer and drier conditions similar to 
those of today (1995) prevailed about 2.0 ka, 1.0 ka, 
and after 0.1 ka. 

hydrologic evidence for two prominent and wide- 
spread late Holocene climatic periods in the Western 
United States are listed in tables 6 and 7. The effects of 
these regional, Neoglacial periods are primarily evi- 
denced by glacial landforms, sediments, and soils from 
high-altitude alpine (glacial) locations, and by closed- 
basin lacustrine features and various kinds of geobo- 
tanical evidence from low-altitude desert (nonglacial) 
locations. In nonglacial desert areas of the Southwest- 
ern United States, two prominent periods of cooler and 
wetter climate have been well documented for an early 
Neoglacial period that occurred about 4.0 to 3.0 ka 
(table 6) and a late Neoglacial period that occurred 
about 0.7 to 0.1 ka (table 7). 

Antevs (1948) first recognized that a single late 
Holocene period of cool and moist glacial climates (the 
Medithermal) occurred in the Western United States 
about 4.5 ka to the present (1995) following a hotter 
and drier climate period (the Altithemal), which 
occurred about 7.5 to 4.5 ka. Since 1948, several 
researchers have more clearly defined the environmen- 
tal response and timing of these late Holocene climatic 
periods. Richmond (1965) reported that two glacia- 
tions, Temple Lake and Gannett Peak Stades, occurred 
in the Rocky Mountains followed the Altithermal. 
These glaciations are recorded by deposits of the 
Temple Lake A and B advances (3.1-1.8 ka and 
1.8-1.05 ka) and by the Gannett Peak advance (0.8- 
0.1 ka). Porter and Denton (1967) reported evidence 
for at least three Neoglacial advances (early, intermedi- 

Various reports of geologic, botanical, and 

ate, and late) from widespread alpine locations 
throughout much of Western North America. Although 
Neoglacial advances have been dated to as early as 
5.26 ka in the Cascade Mountains of Washington and 
4.77 ka in the Crows Nest Mountains of southeastern 
British Columbia, Canada, the bulk of evidence indi- 
cates that late Holocene glaciation began about 4.5 to 
4.0 ka. For example, Benedict (1973) reported that an 
early Neoglacial advance, Triple Lakes Glaciation, 
occurred in the Colorado Front Range between about 
4.5 and 3.0 ka, and that this advance was followed by a 
warm and clry soil-forming period (3.0-1.85 ka) and by 
two late Holocene glaciations, Audubon and Arapaho 
Peak Glaciations (1.85-1.0 ka and 0.3-0.1 ka). Farther 
west in the Sierra Nevada, three post-altithermal gla- 
cial advances also occurred during the late Holocene. 
The earliest, the Recess Peak Glaciation, was dated to 
about 3.0 ka. This glacial advance was followed by an 
unnamed glaciation about 1.1 ka and by the Matthes 
Glaciation (Little Ice Age) about 0.35 to 0.30 ka 
(Burke and. Birkeland, 1983). 

matic periods in the Western United States are impor- 
tant to the ]?aleohydrology of the Death Valley 
watershed because of the widespread effects they had 
on landscape-forming processes in nonglacial, desert 
locations. ]For example, fluvial and eolian stratigraphic 
sequences in nonglacial areas of the West indicate that 
at least three Neoglacial climatic periods occurred after 
4.5 ka (Haynes, 1967; Andrews and others, 1975; 
Gaylord, 1982). Similarly, lacustrine sediments and 
landforms in the Great Basin indicate the prior occur- 
rences of two or three lake-forming events related to 
climate changes that occurred shortly after 4.8 ka 
(Benson and others, 1991; Enzel and others, 1992). 

The paleolake work by Enzel and others (1992) 
in the Silver-Soda Lake Basin at the terminus of the 
Mojave River in southeastern California is particularly 
relevant to the Death Valley watershed in that evidence 
is well documented for perennial lakes in the basin dur- 
ing two late Holocene periods centered at 3.6 and 
0.39 ka (tables 6 and 7). The existence of these pale- 
olakes, which may have lasted for several decades, 
indicates that floods comparable in size to the largest in 
the modem flood record of the Mojave River may have 
occurred annually (Enzel, 1992, p. 11). The close 
proximity of the Silver-Soda Lake Basin in the Mojave 
Desert, south of the Death Valley watershed, indicates 
that similar lacustral events also may have occurred in 
the Death Valley watershed during these late Holocene 

The nature and timing of these Neoglacial cli- 
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Table 6. Regional lacustrine, hydrologic, and biogeographic evidence of early Neoglacial climate change in nonglacial areas 
of the Western United States 

[ka, kilo-annum, thousands of years before present (B.P., 1950), unless otherwise indicated; -, approximate; ft, feet] 

Period Description of change Reference 
- 3.6 ka A shallow perennial lake occupied the Silver Lake Basin at the terminus of the Enzel and others (1989; 1992) 

5.0-2.0 ka 

- 3.5 ka 

- 4.8-2.7 ka 

- 3.77 ka 

- 4.0-3.0 ka 

4.4-1.0 ka 

4.0-3.5 ka 

5.0-3.5 ka 

4.3-1.6 ka 

4.0-3.6 ka 

4.0-3.0 ka 

3.5-2.0 ka 

Mojave River for several decades about 3,620 & 70 radiocarbon years ago (dates 
from lake and shore deposits). The lake was produced by an increase in the fre- 
quency of winter storms in the Southwestern United States. 

A perennial lake may have occupied the Death Valley saltpan, California, for several 
decades during this period. The lake was about 40 to 50 ft deep. 

A saline lake rose to about 148 ft above the present playa in the Searles Lake Basin, 
California. A date of 3,520 years B.P. was obtained from wood buried within 
lacustrine deposits from the lake basin. 

Highstand of Walker Lake, California. Lacustrine sediments record a high lake level 
for the period following shallow (possibly desiccated) lake conditions of 5.3 to 
4.8 ka. Highstands also occurred at 1.25 ka and after 0.3 ka. 

time of this lake-level highstand. Five peaks in lake size also occurred from 1.6 to 
0.2 ka. 

A lacustral event occurred in the Wilcox Playa Basin in southeastern Arizona during 
this period. 

Alberta Lakes, North Dakota. Lacustrine deposits record rising water levels and 
declining salinity (4.4-2.6 ka) and a prolonged period of high water, low salinity, 
and rare droughts (2.6-1.0 ka). 

A notable recharge of the ground-water aquifer in southwestern Nevada occurred 
during this period. It was the only such recharge detected since about 9 ka. 

Increased debris-flow activity occurred in the San Gabriel Mountains, southern 
California, during this period. 

Notably less arid conditions prevailed in Lucerne Valley in the western Mojave 
Desert, California, during this period. 

Peat bogs formed in the Ash Meadows area of the upper Amargosa River Basin 
(Amargosa Desert) in southern Nevada. 

The woodland boundary of southwestern Nevada was about 492 ft lower during this 
period, indicating moister conditions for the region. 

A significant decrease in tree-line elevation occurred in the White Mountains of 
eastern California during this ueriod. 

Highstand of Mono Lake, California. A calibrated date records the approximate 

Hunt (1966; 1975) 

Smith (1979) 

Benson and others (1991) 

Stine (1990) 

Waters (1989) 

Vance and others (1992) 

Benson and Klieforth (1989) 

Weldon (1990) 

King (1976) 

Mehringer and Warren (1976) 

Spaulding (1985) 

LaMarche (1974) 

periods. This and other widespread evidence of 
Neoglacial climate change in the region about 3.6 ka 
also supports Hunt’s (1966; 1975) hypothesis for a 
short-lived (less than 100 years) perennial lake in 
Death Valley from about 5.0 to 2.0 ka. 

Modern Lakes 

Although the Death Valley watershed once 
received surface water from the Mojave River to the 
south (Yehoudan Enzel, Hebrew University of 
Jerusalem, Israel, oral commun., 1992) and possibly 
from the Owens River to the west (Smith and Street- 
Perrott, 1983), such inflow was only possible during 
the late Pleistocene (about 25-15 ka) when terminal 

lakes of these rivers, Lake Mojave in the Silver-Soda 
Lake Basin and Panamint Lake in Panamint Valley, 
overtopped their basin thresholds and spilled into 
Death Valley (fig. 19). Since the demise of these lakes 
about 15 ka, these surface-water linkages between 
basins have not been possible. A modern water budget 
of a closed-basin lake in the Death Valley watershed 
was therefore needed as an analog to determine the 
requisite hydroclimatic measures for a large, late 
Holocene lake in Death Valley. 

Water Budget for Closed-Basin Lakes 

The modem hydroclimatic record of the closed- 
basin Death Valley watershed indicates that lakes are 
formed predominately by winter to early-spring runoff 
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Table 7. Regional lacustrine, hydrologic, and biogeographic evidence of late Neoglacial climate change in nonglacial areas 
of the Western United States 

kilo-annum, thousands of years before present (B.P., 1950). unless otherwise indicated, -, approximate; late Neoglacial refers to the Little Ice Age, 
a glacial period that occurred approximately 0.5 to 0.1 ka] 

Period Description of change Reference 
0.39 ka A shallow perennial lake occupied Silver Lake Basin at the terminus of the Enzel and others 

0.5-0.3 ka 

0.6-0.1 ka 

-0.55-0.35 ka 

-0.4-0.3 ka 

-0.52-0.10 ka 

0.515-0.155 ka 

0.4-0.3 ka 

Late Neoglacial 

Mojave h e r  in southeastem California for several decades about 390 & 90 
radiocarbon years ago (dates from lake and shore deposits). The lake was pro- 
duced by an increase in the frequency of winter storms in the Southwestern 
United States. 

'Avo lake-level highstands, separated by a lowstand, occurfed in the Mono Lake 
Basin of eastern California from 500 to 300 calibrated radiocarbon years B.P. 
(1450-1650). 

Alberta Lakes, North Dakota. A return to high-water conditions occurred follow- 
ing low-water standscaused by the droughts of the Medieval Warm Period 
(0.95-0.65 ka). 

Large floods occurred in central Arizona and southern Utah. The floods may have 
been related to a high frequency of North Pacific sea-level pressure patterns 
that occurred during the early 1600's. 

Frequent rains and associated high-magnitude streamflows occurred in southern 
and central California during Little Ice Age advances in the Sierra Nevada. 
The events are determined from tree-ring chronologies. The largest, positive 
tree-ring-width anomaly coincides with the late Holocene Silver Lake trans- 
gression in southern California, a period Enzel and others (1992) infer to be the 
result of high-frequency runoff on the Mojave River. 

Tree-ring records from moisture-sensitive coniferous sites in New Mexico and 
southern Colorado indicate above-noma1 wetness coincident with El Nino- 
Southern Oscillation events during this time. Wet periods occurred 1429-40, 
1487-98.1609-23, and 183549. Decadal-scale droughts occurred about 0.73, 
0.36,0.17, and 0.05 ka. 

Desert, California, during this period. 

period. Peat bogs were dated to about 1550. 

this time in response to late Neoglacial climate fluctuations. 

A downward shift in vegetation communities occurred in the northern Mojave 

Episodes of marsh growth occurred in Panamint Valley, California, during this 

Tree-line changes in the White Mountains of eastern California occurred during 

(1989; 1992) 

Stine (1990) 

Vance and others (1992) 

Fritts and others (1979); 
Ely and Baker (1990) 

Schulman (1947); 
Michaelsen and 
Haston (1988) 

DArrigo and 
Jacoby (1991) 

Cole and Webb (1985) 

Mehringer and 
Warren (1976) 

LaMarche (1 974) 

and direct precipitation, and that lake desiccation 
occurs in late spring to early summer when runoff 
ceases and evaporation rapidly increases. Because the 
rate of lake evaporation increases linearly compared to 
the surface area of a lake (Brakenridge, 1978), and 
because modem lakes in Death Valley reach their max- 
imum size in late winter to early spring as temperature 
and evaporation begin to rapidly increase (fig. 20), sea- 
sonal changes in evaporation will effectively control 
the size and longevity of a closed-basin lake in Death 
Valley. 

From these conditions, a lake-water-budget 
equation for closed-basin lakes in Death Valley can be 
developed. First, the equation must account for the for- 
mation of a modem lake, R + P = L (where R is the 

cumulative volume of runoff from the watershed catch- 
ment, P is the volume of direct precipitation, and Lis 
lake volume). Second, the equation must account for 
lake desiccation (or longevity), L = E (where lake vol- 
ume, L, is consumed by evaporation, E, over a particu- 
lar period of time). Combining these equations gives 
the simple closed-basin, lake-water-budget equation, 
R + P = E .  

equations used by Enzel(l992); Brakenridge (1978), 
Snyder and Langbein (1962), and Broecker and Orr 
(1958) to evaluate the hydroclimatology of late Quater- 
nary, closed-basin lakes in the Western United States. 
From Snyder and Langbein's (1962) study of the requi- 
site precipitation runoff for a perennial, late Pleistocene 
lake in Spring Valley, Nevada, they concluded that the 

This lake-water-budget equation is similar to the 
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Figure 19. Late Pleistocene freshwater lakes and rivers in the southern Great Basin and Mojave Desert areas 
of Nevada and California. The proposed drainage routes that may have once connected the lake basins are 
shown (modified from Oakeshott, 1971, fig. 17-13, p. 323). 

HYDROCUMATOLOGY OF DEATH VALLEY LAKES 37 



140 

r- 
W 120 
I 
Z 
W 
0: 
I 

v) 
W 
W 
U 

{ 80 

i5 100 

z 
Wi 
U 
3 60 z 
W 
Q 

5 
3 

8 20 

I- 40 

I 
I- 
Z 

0 

0 TEMPERATURE 
EVAPORATION 

Jan Feb Mar Apr May June July Aug Sep  Oct Nov Dec 

25 

20 

3 
I 
I- 
Z 
0 r 

5 

0 

Figure 20. Monthly evaporation and average monthly temperature recorded in Death Valley, 1990. 

average water loss from a lake basin must equal the 
combined runoff to the lake from its tributary (catch- 
ment) area. Similarly, Brakenridge (1978, p. 33) 
reported that, ". . . this [water-budget] equation must 
always be satisfied if the basins are hydrologically 
closed, and if lake and groundwater levels are stable." 
The equations used by these researchers were similar in 
that they assumed that input from, or output to, the 
water table did not occur or, as Brakenridge (1978, 
p. 33) contends, that the water table was in a state of 
quasi-equilibrium. However, if input from and output 
to the water table are included, the lake-water-budget 
.equation becomes, R + P + U = E + 0 (where 
underjlow, U, accounts for such ground-water inputs as 
interjlow and baseflow; and outJlow, 0, accounts for 
water losses by seepage to the water table). 

simulate lacustrine conditions in the Death Valley 
watershed, was adopted from Enzel(l992). In his 
evaluation of the hydroclimatic conditions of modem 
ephemeral and late Holocene perennial lakes in the 
Silver-Soda Lake Basin, Enzel(l992) separated runoff 
into two input components, flood runoff (F) from the 

A final modification of this equation, as used to 

predominant contributing drainage basin, the Mojave 
River, and local runoff from tributary basins that drain 
directly into the lake basin. 

The input and output components of the lake- 
water-budget equation for the Death Valley watershed 
are shown schematically in figure 21. This equation 
(F + R + P + U = E + 0) is based on the hydrologic 
balance of a lake (Smith and Anderson, 1982; Smith 
and Street-Penott, 1983; Bradley, 1985), and accounts 
for such lake-water inputs as runoff from the upper and 
lower Amargosa River Basins 0, runoff from Salt 
Creek Basin and west and east alluvial fans (R), direct 
precipitation that falls onto the saltpan or lake surface 
(P), and underflow from ground-water sources (U). 
The equation is balanced by the lake-water outputs, 
lake evaporation (E) and outflow by seepage to the 
water table (0). Although seepage to the water table 
(0) is shown as a possible output route for lake water 
in figure 21, outflow from the lake to the water table 
was not included in the closed-basin lake simulations 
of Death Valley lakes because (1) the modem Death 
Valley saltpan has been shown to be a ground-water 
discharging playa (Hunt, 1966), (2) the water table 
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beneath the saltpan may have been at a higher elevation 
(dashed line), and therefore, a larger contributor of lake 
water during the late Holocene (Hunt, 1966; 1975; 
Winograd and Szabo, 1985), and (3) evaporation from 
the surface of closed-basin lakes in Death Valley is a 
dominant mechanism for lake-water losses (table 8). 
Outflow to the water table from the catchment is also 
not included in the closed-basin, lake-water-budget 
equation because the methods used to compute surface- 
water runoff from contributing drainage basins of the 
Death Valley watershed catchment (F and R) accounts 
for these losses. 

Application of the Lake-Water-Budget Equation 

Application of the lake-water-budget equation to 
the Death Valley watershed indicates that a shallow, 
ephemeral lake can be produced under the modem 
hydroclimatic regime of the area, but that a perennial 
lake can not be maintained. For example, if cumulative 
runoff (F + R) from the watershed was 1,000 ft?/s 

(about 2,000 acre-ft/d), it would take 25 days of sus- 
tained runoff to produce a lake having the volume of 
the winter 1969 lake, which was estimated by Hunt 
(1975, p. 15) to contain about 50,000 acre-ft of water. 
Additionally, if one-half of this volume was produced 
by direct precipitation (for example, 2 in. of rainfall 
over the 223-mi’ saltpan for a total of 23,787 acre-ft), 
this same lake could form in less than 2 weeks. The 
problem is that an unusually large amount of water 
would be needed to maintain this hypothetical lake as a 
perennial lake and considering the potential 82 in. of 
annual lake evaporation in the valley (table 8). Under 
these conditions, a perennial lake the size of the winter 
1969 lake, which was estimated by Hunt (1975, p. 15) 
to have a surface area of about 51,200 acres, could 
potentially lose about 6.8 ft (350,000 acre-ft) of water 
to evaporation annually, about seven times its volume. 
For this reason, the modem hydroclimatology of the 
Death Valley watershed does not promote the existence 
of a perennial lake in the valley. 

@ Perennial, ground-water-discharging lake in 

@ Closed-basin lake in Death Valley, California 

Eadwater Basin, Death Valley, California 
Lake-water- budget equation 

F + R + P + U = E + O  

Figure 21. Diagrammatic sketch of the Death Valley watershed showing input and output sources of lake water. Letters 
refer to the lake-water-budget equation: E, lake evaporation; F, flood runoff; 0, outflow to the unsaturated and saturated 
zones; P, direct precipitation; R, local runoff; U, underflow as interflow and base flow. The modem water table is repre- 
sented by the solid horizontal line, and the late Holocene water table is represented by a dashed line. 
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Table 8. Annual evaporation from ephemeral and perennial lakes and reservoirs in south- 
eastern California and southern Nevada 

Annual evaporation 
(Inches) Location Reference Period of record 

California 

Death Valley Hunt and others (1966) 1961-63 '74.7-89.6 
Death Valley Meyers (1962) 1946-55 282.0-86.0 

Salton Sea Meyers (1962) 1946-55 280.0 
Salton Sea Hughes (1967) 1961-62 91.6 

Lake Mead Meyers (1962) 1946-55 282.0 
Havasu Lake Meyers (1962) 1946-55 286.0 
Lake Mohave Meyers (1962) 1946-55 *84.0 

Silver Lake Blaney (1957) 1938-39 379.9 

Nevada 

'Hunt and others (1966) measured monthly and annual evaporation rates in Death Valley from 
May 1958 to April 1961. Their uncorrected annual evaporation rate of 149.23 inches was adjusted using two 
panevaporation coefficients: 0.50, derived by Hughes (1967) for the Salton Sea, California; and 0.60. report- 
ed by Meyers (1962). Average monthly evaporation in Death Valley ranges from 3.21 inches in January to 
22.14 inches in August. 

'Meyers (1962) used Class A panevaporation measurements and applied panevaporation coefficients 
to determine the regional evaporation rates of 17 Western States, 1946-55. Pan coefficients were computed 
using measured lake and pan evaporation rates. Meyers' map (1962. pl. 3) shows an average annual lake evap  
oration of 82 to 86 inches for much of southeastern California. 

3Blaney (1957), using field evaporation pans, measured monthly and annual lakeevaporation rates for 
an ephemeral lake that inundated the Silver Lake playa for 18 months in 1938-39. 

4Hughes (1967) used four different methods to derive evaporation rates for the Salton Sea. Califomia. 
The annual evaporation rate reported in this table was derived using tho mass-transfer approach for 1962. The 
three other methods produce annual evaporation rates of 71.11 inches (energy budget), 70.29 inches (water 
budget), and 143.81 inches (uncorrected Class A pan). An annual pan coefficient of 0.50 (that is, the ratio of 
evaporation from the Salton Sea to pan evaporation) was derived based on the results of the energy-budget 
and water-budget methods'for the period of record (1961-62). 

Water Budget of the Winter 1969 Lake 

The largest reported modem lake to inundate the 
Death Valley saltpan formed in the winter of 1969 fol- 
lowing the second largest magnitude flood recorded on 
the Amargosa River at Tecopa, California, 1962-83 
(table 3). In late February 1969, the Amargosa River 
discharged into Death Valley at a rate of about 750 f$/s 
(1,500 acre-ft/d) (Hunt, 1975, p. 15) andreachedapeak 
discharge of 5,000 ft?/s on February 26 at Tecopa 
(table 4). This storm, and other regionwide winter 
storms in late January, February, and early March 
produced a shallow lake that covered about 80 mi2 
(51,200 acres) of the Death Valley saltpan (Hunt, 1975, 
p. 15). 

The lake-water-budget equation was applied to 
the winter 1969 lake to assess the regional relations 
between the lake-water inputs and outputs operating 
within the Death Valley watershed and to verify that 
this equation can accurately account for the formation 
and desiccation of a closed-basin lake in Death Valley. 
Recorded :runoff data for the upper Amargosa River 
Basin and the estimated volume of precipitation over 
each drainage basin of the wateished (fig. 22) were 
used to establish surface-water input parameters for the 
simulation. These precipitation-runoff parameters 
established: (1) the volume of runoff and a runoff-to- 
rainfall ratio for the upper Amargosa River Basin, 
(2) the estimated volume of runoff contributed by 
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Figure 22. The distribution of winter 1969 precipitation over the Death Valley watershed in SOUthern Nevaaa ana 
southeastern California. Figure 6 shows the location of N O M  and NTS weather stations used for contouring. 
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ungaged drainage basins in the watershed, and (3) the 
estimated volume of direct precipitation that may have 
been contributed to the winter 1969 lake. The cumula- 
tive contributions of surface water from runoff (F + R), 
precipitation (P), and underflow (U) from major spring 
discharge areas in the watershed were then compared 
with the volume of the winter 1969 lake (L) to deter- 
mine whether this lake could have been produced by 
these watershed sources (that is, whether the lake- 
water-budget equation, F + R + P + U = L, would bal- 
ance). Finally, the effects of lake evaporation (E) were 
evaluated to identify the longevity of the lake (that is, 
whether the volume of the lake could be consumed by 
evaporation, L = E, within the reported length of time). 

The results of the winter 1969 lake-water-budget 
simulation are given in table 9. The simulation indi- 
cates that this lake was produced by a combination of 
flood runoff from the Amargosa River (F), local runoff 
from Salt Creek Basin and alluvial-fan drainage basins 
(R), direct precipitation (P), and underflow (U) from 
major spring discharge areas along the Amargosa River 
(Uc,) and in Death Valley (UJ. Most importantly, the 
simulation indicates that no single source of water was 
responsible for the winter 1969 lake, but that above- 
normal, precipitation-runoff from slow-moving storms 
over the watershed, sustained discharge from springs, 
and low winter evaporation were, together, effective in 
producing the lake. 

As expected, the upper Amargosa River Basin 
contributed the largest runoff volume despite its rela- 
tively low runoff-to-rainfall ratio because of its large 
catchment size and location in the wettest part of the 
watershed (fig. 22). A runoff-to-rainfall ratio (runoff 
percent) of 0.8 percent was derived for the upper Ama- 
rgosa River Basin using the estimated volume of pre- 
cipitation received by the basin (rounded to the nearest 
1,000 acre-ft) and the volume of runoff recorded at 
Tecopa, California. Runoff volumes for other ungaged 
basins of the Death Valley watershed were derived 
using interpolated rainfall volumes over their respec- 
tive drainage basins (fig. 22) and estimated runoff-to- 
rainfall ratios. Ratios of 1.0,1.5, and 2.0 percent were 
used for the lower Amargosa River Basin, Salt Creek 
Basin, and alluvial fan drainage basins (table 9). The 
estimated runoff-to-rainfall ratios used in these compu- 
tations were based on onsite investigations, the results 
of precipitation-runoff analyses of storms over the 
upper Amargosa River Basin (this report), and the 
results of runoff investigations of arid drainage basins 

in the Sahara Desert by Schick (1988, p. 193-194). In 
general, runoff values of 2 percent or less are relatively 
low compared to reported runoff-to-rainfall ratios of 
more than 5 percent for different magnitude storms, 
and 40 to 75 percent for drainages underlain by late 
Holocene alluvium in desert areas (Schick, 1988, 
p. 194). One explanation for this low runoff-to-rainfall 
ratio of the upper Amargosa River Basin (0.8 percent) 
is that, for more than one-half of its distance to Tecopa, 
the Amargosa River flows within a broad, braided 
stream channel across an expansive flat-lying area 
underlain by permeable, late Quaternary alluvium, 
eolian sands, and lacustrine deposits in the Amargosa 
Desert, where evaporation and seepage can consume 
vast amounts of surface water. Variations that do occur 
in the runoff-to-rainfall ratio of the basin were found to 
be related to storm intensity and magnitude. For exam- 
ple, the highest runoff-to-rainfall ratios (1.3 and 
1.8 percent) were produced by late-summer thunder- 
storms in August 1983 and by storms related to the 
passage of Hurricanes Kathleen and Liza in September 
and October 1976. These storms produced some of the 
largest recorded floods on the Amargosa River 
(table 3). 

An unexpected result of the winter 1969 lake 
simulation was the potential volume of water from 
direct precipitation (P) and underflow (U). For the sim- 
ulation, 50 percent of the interpolated volume of pre- 
cipitation over the saltpan and 3 months (90 days) of 
sustained spring discharge were used to assess the 
potential contributions of surface water from these 
sources. Although the volume of rainfall over the salt- 
pan can be estimated, the volume of water that may 
have been lost to evaporation prior to it reaching the 
lake is unknown. Also, because there is no accurate 
measure for accounting for the contribution of ground 
water from springs in the watershed, recorded daily 
discharge measurements from the largest perennially 
flowing springs in the upper and lower Amargosa River 
Basins (Bedinger and others, 1989, pl. 5) and in Death 
Valley (Hunt and others, 1966, table 25, p. B38) were 
used to account for these ground-water sources. The 
contribution of water from these source areas was 67 
and 36 acre-ft/d for a total contribution of 6,020 and 
3,220 acre-ft for the 3-month period (table 9). When 
compared to the 1,500 acre-ft/d runoff on the Amar- 
gosa River in February 1969, these spring discharge 
measurements seem meager, but the continuously 
flowing springs may have contributed more than 
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Table 9. Lake-water budget and hydroclimatic parameters of the winter 1969 lake in Death Valley, California 

[mi2, square mile; acre-ft, acre-feet; in.. inches; acre-ft/mi2, acre-feet per square mile; F, runoff on the Amargosa River at Tecopa. California; R. runoff from 
Salt Creek Basin and alluvial fan drainage basins; P, direct precipitation; &and U,, interflow and baseflow from spring discharge areas; E, lake 
evaporation; -. not applicable] 

Area Precipitation Runoff Parameters 
Location Unit area Equation symbol 

(mi2) (acre4  (in.) (acre-ft) Percent (acre- and amount 
fUmi2, (acreft) 

Precipitation-runoff relations 
Upper Amargosa River Basin 
Lower Amargosa River Basin 

Salt Creek Basin 
Alluvial fans (west) 
Alluvial fans (east) 
Death Vaiiey catchment 

Death Valley saltpan 

Amargosa River 
Death Valley 

Maximum potential lake evap- 
oration (April-May 1969) 

3,090 
2,456 

1,450 
780 
- 534 

'8,310 

223 

-- 
-- 

80 

840,000 5.1 6,720 0.8 2.2 
617,000 4.7 6,170 1 .o 2.5 F 12,890 

350,000 4.5 5,250 1.5 3.6 
176,000 4.2 3,520 2.0 4.5 
107.000 3.8 2.140 2.0 4.0 R 10.910 

2,090,000 24.7 23,800 31.1 9.9 F + R  23,800 

41,000 3.5 - - - P 20,500 

--- -- 6,020 -- - Ucf 6,020 
--- -- 3,220 -- 

53,540 

- E 8o.200 

Direct precipitation' 

Spring discharge6 

- u w t  3.220 
Totals lake-water inputs (F + R + P + LJ) = 

Lake evaporation' 
-- - - - 

Me-water-budget deficit [(F + R + P + U) -E] = -26,660 
ITotal area of the Death Valley watershed catchment, excluding the Death Valley saltpan. 
2Precipitation in inches over the Death Valley watershed catchment was computed as: precipitation (acre-ft)/area (acres) x 12. 
'Percent runoff (that is, the volume of runoff as a percentage of total precipitation over the Death Valley catchment) was computed as: runoff 

(acre-ft)/precipitation (acre-ft) x 100. This computation accounts for the volume of precipitation that was lost to evaporation, transpiration by plants, and 
seepage to the unsaturated and saturated zones of the water table. 

4Average runoff per unit area for the Death Valley watershed catchment was computed as: runoff (acre-ft)/area (mi2). 
SAmount of precipitation that fell directly on the Death Valley saltpan and the winter 1969 lake as it increased in size (surface area). Fifty percent 

of this rainfall is estimated to have been contributed to the winter 1969 lake. 
%Jnderflow as interflow (Ucf) was tabulated from reported measurements made by Bedinger and others (1989. plate 5) along the Amargosa River 

in the Amargosa Valley (Ash Meadows) area, Shoshone and Tecopa areas, and along the lower Amargosa River in southern Nevada and southeastern 
California. Underflow as base flow (U,) was tabulated from reported measurements made in Death Valley, California. by Hunt and others (1966, 
table 25, p. B38) at major spring discharge areas surrounding the Death Valley saltpan (east side of Cottonball Basin-Furnace Creek Wash areas; west 
sides of Badwater and Middle Basins; west side of Cottonball Basin, Salt Creek, and Cottonball Marsh; and east sides of Badwater and Middle Basins). 
Discharge rates given are for 3 months (January-March) based on average daily flow measurements. Although many of the springs in Death Valley con- 
tribute water to the saltpan as interflow (&), all of the spring-discharging water in Death Valley was tabulated as base flow (LJ,) because of the close 
proximity of the springs to the Death Valley saltpan. Only the largest perennial springs with recorded discharge rates were used. 

'ILake evaporation is based on a lake of 80 square miles (51,200 acres) in size and is the estimated amount of water (in acre-feet) that could have 
potentially evaporated during April and May, after the lake was formed. The total, 2-month, potential evaporation for the period was 31.3 inches, based 
on Class A pan measurements made by Hunt (1966). A pan coefficient of 0.6 was used to derive the 18.8 inches of lake evaporation used in the compu- 
tation, This is a maximum value because, as the lake evaporated, its surface area would have decreased in size. thus decreasing the amount of evaporation. 
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15 percent of the total volume of water contained by the 
winter 1969 lake (table 9). 

formed in Death Valley, the winter 1969 lake was short- 
lived. The simulation indicates that evaporation could 
have decreased the volume of the 80-mi2 lake by 
more than 80,000 acre-ft in just 2 months (April and 
May) resulting in a lake-water-budget deficit of 
-26,660 acre-ft for the winter 1969 lake-forming event 
(table 9). Although the simulation is consistent with 
the demise of the winter 1993 lake, which was 
observed by the author to decline to the level of small 
disconnected ponds in just 5 weeks, the actual rate of 
evaporation from the winter 1969 lake could not be 
accurately computed because as the lake dried, its sur- 
face area diminished and the rate of evaporation also 
diminished. Moreover, because ephemeral lakes in 
Death Valley dissolve salts (for example, sodium chlo- 
ride) that are abundantly present on the surface of the 
Death Valley saltpan (Hunt and others, 1966), these 
lakes become increasingly saline as they diminish in 
volume and will eventually become saturated brines. 
The net result of this rapid increase in salinity is 
decreased evaporation. Harbeck (1955) reported that, 
in saturated brines dominated by sodium and potas- 
sium, evaporation rates were decreased by 60 to 
80 percent compared to the evaporation rates of fresh- 
water lakes. In support of this finding, Hunt (1975, 
fig. 7, p. 17) reports that standing water of the winter 
1969 lake lasted well into the summer, despite the high 
rate of evaporation in Death Valley. 

Like other modem ephemeral lakes that have 

Late Holocene Lakes 

Hunt (1966, p. A82; 1975, p. 15) reported the 
prior existence of a large perennial lake in Death Valley 
between about 2 and 5 ka (1 A.D. to 3,000 B.C.). The 
minimum age of this lake was determined from human 
artifacts of the prehistoric Death Valley IV (pottery) 
occupation (about 1,000 A.D.) and Death Valley I11 
(pre-pottery, bow-and-mow) occupation (about 
1 A.D.) that were recovered from sand dunes that bury 
parts of the paleolake bed west of Badwater Basin in 
Death Valley, California. From remnant shorelines of 
this lake in Death Valley, Hunt (1975, p. 15) estimated 
that the late Holocene lake was 10 times as deep as the 
winter 1969 lake, that it covered at least 4 times as 
much surface area, and that its desiccation resulted in 
the formation of the Death Valley saltpan (fig. 2). On 

the basis of this lacustrine evidence, Hunt (1975) rea- 
soned that the volume of water contained by the late 
Holocene lake must have been about 40 times more 
than the volume contained by the winter 1969 lake, or 
about 2,000,000 acre-ft. Hunt (1966, p. A82) also rec- 
ognized that, subsequent to the desiccation of the late 
Holocene lake, tectonism has tilted the floor of Death 
Valley eastward so that the remnant shorelines of the 
lake are about 20 ft lower on the east side of the valley 
(at an elevation of about -260 ft) than they are on the 
west side of the valley (at an elevation of about -240 ft) 
near Badwater Basin (fig. 2). 

Regional Hydroclimatic Conditions 

The formation of the late Holocene lake in 
Death Valley during a single winter season would have 
required nearly a 40-fold increase in the volume of pre- 
cipitation, runoff, and spring discharge from the water- 
shed when compared to the winter 1969 lake event, or 
about forty consecutive storms the size of the February 
1969 storm, which produced the 11.5-year recurrence- 
interval flood on the Amargosa River at Tecopa, 
California (table 4). Because these hypothetical condi- 
tions would have been extreme for the period, different 
combinations of increased precipitation, runoff, and 
spring discharge were combined with decreased lake 
evaporation to simulate the hydroclimatology of a late 
Holocene perennial lake in Death Valley. The simula- 
tions assessed likely changes in climate and hydrology 
relative to the winter 1969 lake event within the range 
of conditions presented for the region during late 
Holocene Neoglacial periods (tables 6 and 7) and late 
Pleistocene pluvial periods (Snyder and Langbein, 
1962; Mifflin and Wheat, 1979; Smith and Street- 
Perrott, 1083). 

Evidence for late Holocene hydroclimatic 
change has been presented for nonglacial locations 
throughout the western United States (tables 6 and 7). 
This evidence indicates that cool, wet climatic condi- 
tions persisted during distinct time periods after about 
4.8 ka and that, during at least two periods of less than 
about 100 years in the early Neoglacial(4-3 ka) and in 
the late Neoglacial (0.7-0.1 ka), climatic conditions 
may have been favorable for a perennial lake in Death 
Valley. For these late Holocene pluvial periods, Enzel 
(1992) reported that storms and floods with magnitudes 
comparable to the largest storms and floods of the mod- 
ern record occurred more frequently (almost annually) 
on the Mojave River, and that these hydroclimatic 
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conditions resulted in the formation and maintenance 
of perennial lakes for periods of less than about 100 
years in the Silver-Soda Lake Basin at the terminus of 
the Mojave River. When compared to the modem 
flood record of the Mojave River, these floods have 
recurrence intervals longer than 18 years. The almost 
annual occurrence of these large floods during high 
lake-level stillstands at 3.6 and 0.39 ka (tables 6 and 7) 
indicates that a different hydroclimatic regime domi- 
nated the region for at least short intervals of less than 
about a century during the late Holocene (McFadden 
and others, 1988; Brown and others, 1989; Enzel and 
others, 1989; Enzel, 1992; Enzel and others, 1992). 

In the late Pleistocene, similar, but more intense, 
pluvial Iake-forming conditions also have been well 
documented for the region. For example, between 25 
and 15 ka, large pluvial lakes formed in closed basins 
throughout much of the Great Basin in response to 
cooler temperatures, increased precipitation-runoff, 
and decreased evaporation (Smith and Street-Perrott, 
1983). Although the magnitude of these changes is 
uncertain, lake studies in Nevada, New Mexico, 
Oregon, and Texas indicate that annual temperature 
was 5.4 to 18.9"F colder, evaporation was 10 to 
45 percent less, and that more precipitation was 
received by the hydrologic catchments of these lake 
basins when compared to modern hydroclimatic condi- 
tions during the late-Twentieth Century (Smith and 
Street-Perrott, 1983, table 10-1, p. 195). For southern 
Nevada, Mifflin and Wheat (1979) proposed that the 
late Pleistocene lakes south of about 37 degrees north 
latitude were paludal or playa lakes rather than pluvial 
lakes. However, this proposal contradicts the work of 
Snyder and Langbein (1962, p. 2392-2394) who 
reported that a 335-mi2 pluvial lake could have been 
supported during the late Pleistocene in the Spring 
Valley of southern Nevada by an 8-in. increase (that is, 
about a 70- to 100-percent increase) in precipitation, 
a 33-percent increase in runoff, and a 30-percent 
decrease in evaporation (that is, from about 44 to 31 in. 
annually, which they felt was obtainable by a 13°F 
decrease in summer temperature). 

These late Quaternary pluvial events in the Great 
Basin are important for two reasons. First, they show 
that Iakes have been produced in closed-basin locations 
throughout the region (fig. 19) as a result of increased 
precipitation and runoff and decreased temperature and 
evaporation. Second, they provide general boundary 
conditions for evaluating the hydroclimatology of a 
late Holocene perennial lake in Death Valley. 

Hydroclimatic Simulations for a Late Holocene 
Perennial Lake 

The formation of a late Holocene perennial lake 
in Death Valley would have required some combina- 
tion of sustained, regional hydroclimatic change, such 
as an increase in precipitation, runoff, or spring dis- 
charge and a concomitant decrease in lake evaporation. 
For example, the lake could have been produced by a 
30- to 404 rise in the water table beneath the Death 
Valley saltpan, thus raising the level of the ground- 
water-discharging pond at Badwater to the level of the 
late Holocene lake (fig. 21). Wetter conditions and a 
higher water table were proposed by Hunt (1966, 
p. A82) to account for the late Holocene lake in Death 
Valley. Also, Winograd and Szabo (1985, p. 7) indi- 
cated that the water table in the south-central Great 
Basin has declined due to tectonism, climatic 
change, and erosion at a regional rate of about 
0.07 ft/l,OOO years in the Ash Meadows area during the 
past 510,000 years and at rates an order of magnitude 
higher (about 0.7-2.0 ft/l,OOO years) during the Qua- 
ternary in the Furnace Creek Wash area of east-central 
Death Valley. However, even at the maximum rate of 
decline, which is subject to considerable speculation 
for the late Holocene (2-5 ka), the watertable in Death 
Valley would only have been about 4 to 10 ft above its 
present (1995) level at Badwater Basin (that is, only 
about one-tenth to one-quarter the maximum depth of 
the late Holocene lake). Furthermore, this gound- 
water-fed lake in Death Valley would still have been 
subjected to intense summer evaporation without a 
decrease in temperature. Although the existence of 
such water table conditions should not be ruled out, 
other regional hydroclimatic factors that have been 
documented for the period (tables 6 and 7) may have 
been instrumental in producing the late Holocene lake 
in Death Valley. 

changes required to produce the late Holocene lake in 
Death Valley, different combinations of change relative 
to the winter 1969 lake period were used as input and 
output values for the closed-basin, lake-water-budget 
equation. The numerical simulations tested were: 
(1) Increases in runoff resulting from increases in 
precipitation and concomitant increases in the average 
runoff-to-rainfall ratio (percent runoff) for the 
watershed, (2) increases in direct precipitation, 
(3) increases in spring discharge, and (4) decreases in 
lake evaporation. Except for the ground-water inputs 

To assess the magnitude of the hydroclimatic 
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that may have resulted from simulated increases in 
spring discharge, no accounting was made for a higher 
late Holocene water table or for potential output losses 
due to seepage from the lake to the water table. 

for a late Holocene perennial lake in Death Valley are 
listed in table 10. Simulations and lake-water budgets 
are presented for increases in runoff (F + R) resulting 
from increases in precipitation of 10 to 200 percent and 
increases in the average runoff-to-rainfall ratio (per- 
cent runoff) for the watershed of 2 to 6 percent (com- 
pared to 1.1 percent for the winter 1969 lake period); 
increases in direct precipitation (P) of 10 to 200 per- 
cent; increases in spring discharge of 10 to 200 per- 
cent; and decreases in annual lake evaporation of 10 to 
50 percent (table 10). Increases in precipitation-runoff, 
direct precipitation, and spring discharge were calcu- 
lated relative to the winter 1969 lake period (table 9). 
Decreases in lake evaporation were calculated relative 
to measurements made by Meyers (1962) and Hunt and 
others (1966) for Death Valley (table 8). An annual 
lake evaporation of 82 in. was used for the lake-water 
budgets listed in table 10. 

The simulations and lake-water budgets listed 
in table 10 indicate that large-scale hydroclimatic 
changes were needed to produce and maintain a late 
Holocene perennial lake in Death Valley. Discounting 
the effects of lake evaporation, for example, the 
lake-water-budget simulations indicate that the 
2,000,000-acre-ft late Holocene lake could have been 
produced in 4 years by a sustained 200-percent 
increase in precipitation-runoff over the Death Valley 
watershed (that is, an average winter rainfall of about 
13.4 in. compared to 4.5 in. in the winter of 1969); an 
increase in the average runoff-to-rainfall ratio (percent 
runoff) for the watershed from 1.1 percent in 1969 to 
6.0 percent in late Holocene; and a 200-percent 
increase in spring discharge (table 10). Together, these 
increases would have yielded about 526,760 acre-ft of 
water (F + R + P + U) during a single winter season 
(table 10) or 2,107,040 acre-ft in four years (that is, 
slightly more than the estimated volume of the late 
Holocene lake). However, when the effects of lake 
evaporation are considered, it becomes apparent that 
the late Holocene perennial lake could not have been 
maintained in Death Valley without at least a 
50-percent decrease in evaporation because with even 
a 40-percent decrease in evaporation, lake evaporation 
still could have potentially consumed about 

The results of these hydroclimatic simulations 

585,000 acre-ft of water annually from the 223-mi’ late 
Holocene lake (table 10). 

The effects of a sustained 200-percent increase in 
lake-water inputs (F + R + P + U), compared to the win- 
ter of 1969, and a sustained 40-percent decrease in 
annual evaporation Q for a 35-year period are shown 
in figure 23 (solid line). This time-series computation 
of the hydroclimatic parameters presented in table 10 
indicates that alate Holocene perennial lake could have 
grown rapidly to about 180 mi’, but that it would not 
have surpassed about 200 mi’in surface area even after 
35 years. Similarly, only small perennial lakes (about 
120 and 1/10 mi’) could have been produced in Death 
Valley by a 100-percent increase in lake-water inputs 
and 40- and 50-percent decreases in annual lake evap- 
oration (fig. 23). Only when annual lake evaporation 
was decreased from 40 percent (49.8 in.) to 50 percent 
(41.0 in.) could the 223-mi’ late Holocene perennial 
lake be produced by a 200-percent increase in lake- 
water inputs. This simulation indicates that these 
hydroclimatic conditions could have produced the late 
Holocene perennial lake in about 12 years and main- 
tained it indefinitely (fig. 23). It should be noted, how- 
ever, that the estimated amounts of lake water lost to 
evaporation in these simulations are maximum 
amounts because no accounting was made for the 
incremental decreases in lake evaporation that would 
have resulted from the incremental decreases in lake 
size as desiccation progressed, or for the effects of 
increased salinity as the lake’s volume was diminished. 

The hydroclimatic simulations listed in table 10 
and shown in figure 23 indicate that a sustained ten- 
fold increase in cumulative lake water inputs 
(F + R + F + U), from 53,540 acre-ft in the winter of 
1969 to 526,760 acre-ft in late Holocene, were needed 
to produce the late Holocene lake in Death Valley, and 
that a sustained 50-percent decrease in lake evapora- 
tion, from 82 to 41 in. annually, were needed to main- 
tain this lake at the maximum late Holocene level. In 
terms of flood runoff, the upper Amargosa River Basin 
would need to produce about 151,000 acre-ft of runoff 
compared to the 6,720 acre-ft that it produced in the 
winter of 1969 (table 10). To produce this volume of 
runoff, large-magnitude floods comparable in size to 
the modem 100-year recurrence-interval flood, which 
was estimated to produce about 42,600-acre-ft of run- 
off on the Amargosa River at Tecopa (table 5), would 
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Table 10. Hydroclimatic simulations and lake-water budgets for a late Holocene lake in Death Valley compared to the 
winter 1969 lake 
[mi*, square mile; acre-ft, acre-feet; F. Rood runoff; R. local runoff; P, direct precipitation; U. underflow; E. lake evaporation; -, not applicable] 

Area j w"i&.$%'g''; Late Holocene perennial lake 
(mi2) i lake . Volumes (acre-ft) Location 

Percentage increases in precipitation 

10 25 50 100 200 

Upper Amargosa River Basin 
Lower Amargosa River Basin 
Salt Creek Basin 
Alluvial fans (west) 
Alluvial fans (east) 
Subtotal for watershed (F+R) 

Area of winter 1969 lake 
Area of late Holocene lake 
Subtotal for watershed 
(F+R+P) 

~~~~~~ 

Average runoff-to-rainfall ratio (percent runoff) for the watershed 
~ ~ ~ . . . .  . 

2 3 4 5 6 
... ...... .. 

3,090 6,720 I 18,500 31,500 50,400 84,000 151,000 
2,456 6,170 13,600 23,100 37,000 61,700 111,000 
1,450 ' S2250 7,700 13,100 21,000 35,000 63,000 

780 3,520 : 3,870 6,600 10,600 17,600 31,700 
S '  mi 2.350 4.010 6.420 10.700 19.3OQ 

8,310 . I . .. .. . 2!,8*?0 i 46,020 78,310 125,420 209,000 376,000 

P2 
Percentage increases in precipitation 

10 25 50 100 200 
8o . .. .... 2050q . ._ -- I I -_ I ... .... .. . ... ... 

223 I 45.100 51,300 61.500 82.000 123.000 
; '64,300'' 91,120 129,610 186,920 291,000 499,000 

SPRING DISCHARGE (In 3 

Percentage increases in discharge 

Amargosa Valley 
Death Valley 
Total for watershed 
(F+R+P+U) 

10 25 50 100 200 
6,020 ' 6,620 7,530 9,030 12,000 18,100 
3.220. 3.540 4.030 4.830 6.440 9.660 

53,540 i 101,280 141,170 200,780 309,440 526,760 
. . . . . . . . 
LAKE EVAPORATION (E) 4 

Percentage decreases in evaporation 

Area of winter 1969 lake 
Area of late Holocene lake 

10 20 30 40 50 
80 30.20Q ' I I - I I 

.* .  
223 I 878.000 780.000 683.000 585.000 488.000 

LAKEWATER BUDGET 5 

(acre-ft) 
[(F+R+P+U) - E] .-26,660 ' .' -776,720 -638,830 -482,220 -275360 38,760 

. .  

Increases in runoff for the late Holocene lake simulations are listed as a function of both increases in precipitation (10 to 200 percent) and 
increases in the average runoff-to-rainfall ratio (percent runoff) for the watershed (2 to 6 percent). The average runoff-terainfall ratio (percent run- 
off) for the watershed was 1.1 percent during the winter 1969 lake period (table 9). 

Direct precipitation is the amount ofwater contributed to thd 223-mi2 late Holocene lake from the atmosphere. Increases (10 to 200 percent) 
were computed relative to the amount of precipitation (in inches) that was estimated to have fallen on the saltpan during the winter 1969 lake period. 

Increases in spring discharge (10 to 200 percent) were computed relative to the cumulative totals used for the winter 1969 lake-water budget. 
"Decreases in lake evaporation (10 to 50 percent) were made for 223-mi2 late Holocene lake using an annual evaporation rate of 82 in. (Mey- 

"Lake-water budgets listed for the different late Holocene lake simulations are annual amounts. The winter 1969 lake-water budget is a sea- 
ers, 1962; Hunt and others, 1966). These are maximum annual amounts (in acre-ft) for the 223-mi2 lake. 

sonal amount. A negative water budget indicates that a perennial lake could not have been maintained in Death Valley. 
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Figure 23. Different Combinations of increased lake-water inputs (precipitation, runoff, and spring discharge) and 
decreased lake evaporation required to produce and maintain a late Holocene perennial lake in Death Valley. 

have to occur three to four times per year from every 
drainage basin of the Death Valley watershed. 

Another possibility is that the late Holocene lake 
formed as a result of more frequent winter storms and 
prolonged low-magnitude runoff from drainage basins 
of the Death Valley watershed. For example, Enzel 
(1992, p. 18) indicated that the late Holocene lake that 
inundated the nearby Silver Lake playa about 3.6 ka 
was produced by frequent winter floods at a time when 
the average annual flood on the Mojave River was 
comparable in size to the modem 18-year recurrence- 
interval flood. Furthermore, Ely and others (1993, 
p. 410) indicated that floods associated with moist 
climatic conditions and frequent El Nino events were 
most numerous between 4.8 and 3.6 ka, around 1 ka, 
and after 0.5 ka in the Southwestern United States. For 
Death Valley, the 25-year recurrence-interval flood was 
estimated to yield about 43,250 acre-ft of runoff from 
the watershed (table 5). Therefore, to produce the 

376,000 acre-ft of runoff, which was estimated by the 
200 percent increase in precipitation and the 6 percent 
runoff-to-rainfall ratio for the watershed (table lo), 
would require nearly nine floods per year comparable 
in size to the modem 25-year recurrence-interval flood 
from drainage basins of the Death Valley watershed. 
For the Amargosa River, the 25-year flood was esti- 
mated by the results of the regional log-Pearson 
Q p e  111 analysis to have a peak discharge of about 
12,000 ft3/s at Tecopa, California (table 3, a flood 
slightly larger than the August 1983 flood that 
destroyed the gaging station at Tecopa (table 4). 

The: frequency and magnitude of late Holocene 
paleofloods in the Death Valley watershed may have 
been less for the lake-forming process if the water table 
beneath the Death Valley saltpan was at a higher eleva- 
tion, even 10 ft higher, than during the winter of 1969. 
A higher water table would have effectively decreased 
the volume of precipitation and runoff needed to 
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produce the late Holocene lake in Death Valley, bring- 
ing the frequency and magnitude of floods closer to 
what Enzel(l992) indicated for the late Holocene lake 
that inundated the Silver Lake basin at the terminus of 
the Mojave River. Thus, a combination of a higher, late 
Holocene water table in Death Valley, as proposed by 
Hunt (1966) and suggested by Winograd and Szabo 
(1985), and more frequent large-magnitude floods that 
may have been related to moist climatic conditions and 
frequent El Nino events between 4.8 and 3.6 ka in the 
region, as indicated by Enzel(l992) and Ely and others 
(1993), may have been sufficient to produce and main- 
tain the late Holocene perennial lake in Death Valley. 

Another possibility is that the climatic regime of 
the late Holocene did not support a perennial lake in 
Death Valley, but rather a series of large ephemeral 
lakes or short-lived perennial lakes that may have filled 
the valley for one or more years to the level of the late 
Holocene shorelines. Hydroclimatic conditions for 
these lakes may have been similar to those that formed 
the winter 1969 lake, although of considerably 
increased magnitude. Support for this hypothesis is 
provided by preliminary sedimentary evidence from 
the upper stratigraphy of a deep (about 1,600-ft) sedi- 
ment core that was completed near the center of 
Badwater Basin in May 1993. The upper-most stratig- 
raphy from this core indicated that a succession of 
short-lived, playa lakes inundated the Death Valley 
saltpan during the Holocene (no absolute chronological 
indicators were identified to subdivide the Holocene), 
rather than a single, longer-lived perennial lake 
(Steve Lund, University of Southern California, per- 
sonal commun., 1993). The recurrence of deep-water 
ephemeral or short-lived perennial lakes in Death 
Valley during the Holocene would account for the bath- 
tub ring of elevated paleolake shorelines seen in the 
valley today (fig. l), and furthermore, would indicate 
that large-magnitude floods occurred more frequently 
within the Death Valley watershed during the late 
Holocene. 

SUMMARY AND CONCLUSIONS 

The closed-basin Death Valley watershed has 
been the site of large, shallow lakes during the Quater- 
nary. In the late Holocene (2-5 ka) and during the 
modem period of record (1962-83 and 1992-1995), 
these lakes have formed in response to hydrologic 
changes within the closed-basin watershed. Modem 
lakes have formed during years of above-normal pre- 

cipitation and runoff, which have been generally 
related to the cyclic recurrence of the ENSO. From 
recorded precipitation, runoff, and spring discharge 
data for the winter 1969 lake-forming period in the 
Death Valley watershed, a closed-basin, lake-water- 
budget equation was developed. The equation relates 
the volume of lake-water inputs (precipitation, runoff, 
and spring discharge) to the estimated volume of the 
lake, and the subsequent demise of the lake to the 
potential volume of water that may have evaporated 
from its surface during spring and early summer. 
Parameters from this analog model of a modem lake- 
forming period in the watershed were then used to 
assess the requisite hydroclimatology of a late 
Holocene perennial lake in the Death Valley watershed. 

This study of the modem and late Holocene 
hydrology of the closed-basin Death Valley watershed 
evaluates the interactions b e ~ e e n  climate and surface- 
water runoff, assesses the magnitude.and recurrence 
intervals of floods, and presents hydroclimatic simula- 
tions for a large, late Holocene perennial lake in 
Death Valley. Hydrologic parameters for the severity 
and recurrence rates of floods on the Amargosa River, 
(the largest drainage in the watershed), are presented, 
and estimates of the magnitude of flood runoff from 
ungaged drainage basins in the watershed are made. 
On the basis of recorded hydroclimatic conditions for a 
modem lake period in the winter of 1969, the likely 
hydrologic consequences of late Holocene climate 
changes, which have been reported on from the region, 
were identified for the 8,533-mi’ Death Valley water- 
shed. 

Modem climatic and hydrologic data of the 
watershed indicate that above-normal precipitation and 
surface-water runoff are dynamically and cyclically 
related to lake transgressions in Death Valley. In wet 
years, which have been generally correlative with the 
ENSO, closed-basin lakes form in Death Valley as a 
result of increased winter precipitation-runoff and sus- 
tained spring discharge. The formation of modem 
lakes furnishes information about the nature and type 
of change that were required to produce a large peren- 
nial lake in Death Valley during the late Holocene 
(2-5 ka). 

Rainfall-runoff parameters for a modem ephem- 
eral lake in the winter of 1969 were developed using a 
closed-basin, lake-water-budget equation. Hydrocli- 
matic conditions for the winters of 1969 and 1993, 
which were both exceptionally wet ENSO periods in 
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the Southwestern United Sites, inaicate that modem 
lakes form in late winter and quickly evaporate in 
spring to early summer. From these conditions, a lake- 
water-budget simulation for the winter 1969 lake in 
Death Valley was prepared. The simulation estab- 
lished: (1) The volumes of precipitation that fell over 
each drainage basin of the Death Valley watershed 
catchment and the Death Valley saltpan; (2) the 
recorded and estimated volumes of runoff from the 
upper Amargosa River Basin and ungaged drainage 
basins in the watershed; (3) the estimated volume of 
water from spring discharge areas along the Amargosa 
River and in Death Valley; and (4) the volume of lake 
water that can be potentially lost to evaporation. 

The lake-water-budget simulation of the winter 
1969 lake indicated that modem hydroclimatic condi- 
tions favor only the periodic existence of short-lived 
shallow lakes in Death Valley, and that these lakes form 
by a combination of above-normal streamflow from the 
Death Valley watershed catchment, precipitation that 
falls directly onto the saltpan and growing lake surface, 
and sustained spring discharge, which may contribute 
about 15 percent of the lake water. Hydroclimatic sim- 
ulations for a late Holocene perennial lake in Death 
Valley indicated that this lake could have formed by a 
sustained 200-percent increase in precipitation, runoff, 
and spring discharge compared to the winter 1969 lake 
event, and by a 50-percent decrease in lake evapora- 
tion. Under these conditions, the 223-mi2 late 
Holocene lake, which may have contained about 
2,000,000 acre-ft of water, could have been produced 
in about 12 years and sustained indefinitely. 

Although it was estimated that the required 
annual runoff from the Death Valley watershed may 
have been about 376,000 acre-ft for the late Holocene 
lake, the frequency and magnitude of paleofloods in the 
watershed remains uncertain. For example, the late 
Holocene lake could have been produced in a single 
winter season by nine successive 25-year recurrence- 
interval floods from all of the drainage basins in the 
watershed, but such conditions are extreme. A second 
possibility is that unusually cool and wet climatic con- 
ditions, similar in intensity to the pluvial climatic con- 
ditions of the late Pleistocene, may have occurred 
during short periods of less than about 100 years in late 
Holocene, although evidence for such changes in cli- 
mate has not been documented for the region. A third 
possibility is that the paleolake formed as a combined 
result of a slightly high water table, a more moderate 

. 

increase in precipitation, runoff and spring discharge, 
and a modest decrease in evaporation. Favorable con- 
ditions for such changes have been documented for two 
periods of less than about 100 years during an early 
Neoglacial period (4-3 ka) and a late Neoglacial 
(0.7-0.1 ka) period; and paleoflood evidence has been 
presented for many late Holocene floods associated 
with moist climates and frequent El Nino events during 
three, late Holocene periods (4.8-3.6 ka, about 1 ka, 
and after 0.5 ka) in the Southwestern United States. 

hydroclimatic changes for a late Holocene perennial 
lake in Death Valley remain uncertain, this study pre- 
sents hydroclimatic scenarios for the production and 
maintenance of this lake and raises important questions 
regarding the frequency and magnitude of past floods 
and their chronological relationship to late Holocene 
regional climate change. Future work is needed to 
(1) identify the nature and timing of late Holocene 
paleolake:; in Death Valley from the lacustrine sedi- 
mentary record of the Death Valley saltpan, (2) locate 
and evaluate reliable, late Holocene paleoflood data for 
the Amargosa River, (3) obtain quantitative runoff data 
of ungaged drainage basins in the watershed to further 
refine the numerical parameters of the closed-basin, 
lake-water-budget equation, and (4) conelate the late 
Holocene paleoflood hydrology of the Death Valley 
watershed, and especially the Amargosa River, with 
chronologically relevant paleoflood data documented 
for the Southwestern United States. This future 
research would help to refine the paleoflood hydrology 
of the region and provide further data for evaluating the 
hydrologic effects of regional climate changes in the 
Yucca Mountain site area. 

While the nature and timing of the requisite 
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