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PREFACE

 

The Desert Winds Project was established in 1979 to obtain high-resolution
meteorological data and related surface geological and vegetation data for natural (that is,
uncultivated) desert sites where wind is or has been a major erosive or depositional force.
The vulnerability of undisturbed arid and semiarid lands to erosion by wind has been diffi-
cult to establish due to the general absence of data from deserts on climatological parame-
ters, especially wind speed and direction. The objectives of the project were twofold: (1)
to provide detailed field measurements needed to carry out quantitative studies of wind as
an agent of surface geologic change and (2) to establish a baseline for defining the normal
range of climatic conditions that can be expected to occur on a decadal time scale in areas
considered representative of the major American deserts. The long-term goal for acquiring
and analyzing Desert Winds Project data is to use them to help recognize climate change,
as distinct from normal variations, and to address problems of land resource degradation
by wind, whether resulting from climatic variation (aridification) or human activities
(desertification) or both.

Throughout a period of 12 years, five instrumented field sites were established in
Arizona, New Mexico, and California in areas that represent the five major desert regions
of the North American Desert. (1) The Gold Spring Geomet (geological and meteorologi-
cal) station, at the eastern edge of the Great Basin Desert in northeastern Arizona, was the
first constructed in 1979; it lies on the Moenkopi Plateau within the Navajo Indian Reser-
vation. This site is continental steppe and receives moisture both from Pacific-derived win-
ter storms and from the summer Arizona monsoon from the south. (2) The Desert Wells
site in west-central Arizona represents the lower Sonoran Desert life zone and was con-
structed in 1981. This site primarily receives moisture during the summer monsoon sea-
son. The area around this site is subject to intense dust storms that regularly disrupt traffic
on nearby State and Interstate highways. (3) The Yuma Geomet station in southwestern
Arizona, established in 1982, represents the Lower Colorado Valley subdivision of the
Sonoran Desert, the most arid part of North America and one of the most active in terms of
sand movement. The Yuma area is a transitional zone between the wetter parts of the
Sonoran Desert to the east, which are under the influence of the summer monsoon, and the
Mojave Desert to the west, which mainly receives moisture in the winter. (4) The Jornada
site was established in 1986 to represent the northern part of the Chihuahuan Desert in
south-central New Mexico. This site is the least arid of the five Geomet stations; it receives
moisture mainly during the summer monsoon and also during winter storms. The Geomet
station is located in the Jornada Experimental Range, a study site established by the U.S.
Department of Agriculture more than 50 years ago in recognition of the ongoing desertifi-
cation of the area; the desert grassland of this area has been progressively invaded and
replaced by mesquite duneland, which is useless for grazing. (5) The last Geomet site,
Owens Lake, was constructed in 1992 on a playa in the northern edge of the Mojave
Desert in east-central California. This region is in the rain shadow of the Sierra Nevada
and receives moisture mostly in the winter and spring. It was in operation for only 6 years,
but provided highly valuable information on the conditions that control the extremely
large dust storms that originate from the artificially desiccated bed of Owens Lake; this
lake bed is presently the single largest source of fine dust in North America.
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The eight chapters in this volume describe the settings (chap. A) and operation
(chap. H) of the five Geomet stations maintained by the Desert Winds Project and
summarize eolian-related research conducted to date at and around these stations. This
research includes: studies of the sand-moving effectiveness of winds during storms at Gold
Spring, Yuma, and Jornada (chap. B); wind erosion susceptibility of different ground-
surface types at Desert Wells (chap. C); occurrences of dust storms at Yuma related to
meteorological conditions (chap. D); the effectiveness of different types of vegetation that
mediate wind erosion (chap. E); the usefulness of satellite (Landsat) remote sensing to
detect climatic variations related to vegetation changes (chap. F); and a study of the
amount and composition of dust deposited regionally in southern Nevada and California
compared to that near the major dust source of Owens Lake (chap. G). These studies fulfill
some of the research goals envisioned in the original plan of the Desert Winds Project, but
there are many other potential scientific uses of the sites and their data. 

The Desert Winds Project ended in 1997 after 18 years of operation, but data
collection continues at four of the sites (Owens Lake site was dismantled in 1997). The
operation of the stations and the collection, storage, and public release of the data will
continue for an indefinite period of time by the Desert Research Institute (DRI), Reno,
Nev., under the terms of a Memorandum of Understanding between DRI and the U.S.
Geological Survey (USGS). We hope that this arrangement will permit further research and
exploration by other scientists and public agencies utilizing the priceless data collected at
the Geomet stations.
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INTRODUCTION

 

Arid and semiarid climates prevail over most of western
North America, in a zone that covers about 2,000,000 km

 

2

 

from southern Canada to central Mexico (MacMahon, 1979).
This “North American Desert” is subdivided by degree of
aridity and temperature and by seasonality of precipitation
(fig. 1; Meigs, 1953). Some researchers define the deserts by
differences in vegetation and animal inhabitants, others by
topography (barriers to precipitation). The boundaries of the
deserts thus vary and are somewhat arbitrary, as are different
authors’ definitions of aridity. Unlike the true deserts of
Africa and Asia, however, where no rain may fall for 12 con-
secutive months or more, all the North American deserts
have definite rainy seasons that differ among the subdivi-
sions.

The Sonoran, Mojave, and Chihuahuan subdivisions of
the North American Desert (fig. 1) are subtropical, warm-
temperate deserts lying at elevations mostly lower than 1,000
m above sea level, whereas the Great Basin is a higher lati-
tude, cold-temperate desert lying at elevations more than
1,000 m above sea level in the rain shadow of the Sierra
Nevada. The areas selected for study by the Desert Winds
Project (McCauley and others, 1984, and fig. 1) form a rough
climatic transect from the Chihuahuan Desert, which
receives most of its precipitation from summer convective
storms (Arizona summer monsoon of Bryson and Lowry,
1955), westward to the Sonoran Desert, which receives rain-
fall biseasonally both from the summer monsoon and from
winter Pacific frontal storms, to the Mojave Desert and Great
Basin, where winter storms predominate and summer rainfall
is sparse. The areas also represent a wide range of aridity and
temperature.

About 5 percent of the North American deserts are
extremely arid, receiving less than 100 mm annual precipita-
tion (MacMahon, 1979); about half the rest are arid (less than
about 200 mm precipitation) or semiarid (less than about 400
mm precipitation). As a consequence, most of the region
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U.S. Geological Survey (retired), 189 Wilson Canyon Rd.,
Sedona, AZ 86336.

 

west of long 100

 

°

 

W., within the United States (fig. 2),
receives too little precipitation to support agriculture without
irrigation, as recognized more than a century ago by Powell
(1879). The desert grasslands and scrublands typical of the
U.S. deserts are therefore used primarily as rangeland and for
irrigated farming. Some contain urban centers, such as Las
Vegas, Albuquerque, Tucson, and Phoenix; typically, these
desert cities depend on pumped ground water or on imported
surface water from distant perennial sources, such as the Col-
orado River.

Not only is most of the Western United States dry (fig.
1), it is surfaced largely with fine-grained sediment in alluvial
and valley floor deposits. Some has been reworked by wind
and redistributed in sand dunes, sand sheets, and dust blan-
kets during the Quaternary (fig. 2). Much of the eolian (wind-
blown) material has since been fixed in place by soil
development and vegetation, but many sandy areas remain
chronically vulnerable to reactivation—they are precondi-
tioned to blow with the wind, given a return to greater aridity
or removal of native vegetation or other disturbance of the
natural surface. Where such conditions prevail, wind erosion
can be a major agent of surface change. Pimentel and others
(1976) estimate (conservatively) that wind erosion removes
as much as about 1 billion metric tons of sediment and soil
each year from farm fields in the United States. Less well
known is the vulnerability of dry or disturbed rangeland to
wind erosion. Wind erosion of rangeland is a global problem,
exacerbated by population growth in the semiarid lands that
border many of the world’s core deserts. A result of popula-
tion pressure is desertification: the degradation and loss of
biological productivity, which may be due to climate change
or human activity or both. Desertification has been likened to
a skin disease that breaks out in vulnerable areas subject to
stress (United Nations, 

 

in

 

 Sheridan, 1981). Parts of the U.S.
deserts, including two sites examined by the Desert Winds
Project (Gold Spring, Arizona, and Jornada, New Mexico)
are in extremely desertified rangeland (Dregne, 1986).

Windblown sand not only destroys soils and vegetation,
but its impact (by bouncing in saltation) on dry, fine-grained
surfaces also generates dust palls, as described by Gillette
(1986). Airborne dust may affect the global radiation budget,
possibly even having feedback effects on climate (Idso and
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Brazel, 1978; Idso, 1981). Wind erosion produces almost
immediate signals of environmental changes in the form of
deflating surfaces, dust emission, and migrating sand dunes,
and wind-eroded materials provide evidence of past episodes

of aridity in the paleoclimatic records of dunes and of dust
infiltrated into ice, lake and marine sediments, and soils. The
recognition of widespread eolian components in marine
sediments, in glacial ice, and in soils worldwide (Yaalon and

 

Figure 1.

 

United States portion of the North American Desert: range of aridity (from Meigs, 1953; MacMahon, 1979) and major
subdivisions (from Sheridan, 1981, and others). Numbers refer to locations of Geomet sites: 1, Gold Spring; 2, Desert Wells; 3, Yuma; 4,
Jornada; 5, Owens Lake.
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Ganor, 1975; Thompson and Mosely-Thompson, 1981;
Janacek and Rea, 1983, and many others) coincided with the
perception, based on satellite tracking of dust storms, that
wind is capable of transcontinental and even global transport
(Jackson and others, 1973; Gillette, 1981; Péwé, 1981).

The absence of hard data on wind erosion (outside of
cultivated areas) was brought home by the eolian events that
followed severe droughts in 1975 and 1976 in North Africa
and in the Western United States. In 1977 both regions were
subjected to unusually destructive wind storms accompanied
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Figure 2.

 

General distribution of fine-grained surficial sediment of eolian and mixed (eolian-alluvial-colluvial) origin in the Western
United States (adapted from Hunt, 1986).
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by blowing dust on a continental scale (McCauley and oth-
ers, 1981; Wilshire and others, 1981). Because wind was
long thought to be only a minor agent for the erosion, trans-
port, and deposition of sediment, particularly in the United
States, the long-range transport of an estimated 1,000,000
metric tons of sediment from the Texas-New Mexico-
Colorado region to the Atlantic Ocean during a single wind-
storm (Windom and Chamberlain, 1978) came as a surprise
to many investigators. At about the same time, Earth-orbiting
satellites such as Landsat provided the global database nec-
essary for mapping large-scale eolian sand bodies in deserts
(Breed and others, 1979), and the Mariner 9 and Viking
missions revealed evidence of extensive wind-erosion
features on the planet Mars (McCauley, 1973; Carr, 1981).
These events sparked new interest in desert surface processes
and awareness of the need to reassess the effectiveness of
wind as a geologic agent capable of expressing and reinforc-
ing global change.

 

THE DESERT WINDS PROJECT

 

BACKGROUND AND PURPOSE

 

The erosional effectiveness of wind is known to vary
rapidly with changes in land-surface climatology (precipita-
tion, wind speed and direction, soil moisture, vegetation) and
with human activity (farming, grazing, construction, war).
But, despite years of study of erosion and sediment transport
by running water, only recently have many geologists begun
to define the basic geologic and climatic controls on wind
erosion under natural conditions typical of rangeland (for
example, outside of farm fields). Some studies that helped to
define rates of erosion, transportation, and deposition of air-
borne sediment, past and present, were collected in a volume
on desert dust by Péwé (1981); the first regional information
on modern rates of dust deposition in the American South-
west is reported by Reheis and Kihl (1995). More such quan-
titative data are needed for inclusion in global climate
models, for forecasting adverse effects of wind erosion on
vulnerable land surfaces, for detecting and assessing varia-
tions in eolian activity that may be early warning signals of
climate change, and for calibrating paleoclimatic reconstruc-
tions.

The Desert Winds Project represents a limited attempt
to address this problem. The acquisition of quantitative data
on wind erosion under actual field conditions, in real time,
has until recently been very difficult. Reliable equipment,
capable of surviving long-term monitoring in the abrasive
environments where eolian processes are most active, has not
been readily available. Most early geologic studies of wind
erosion necessarily relied on brief field observations supple-
mented by analyses of proxy data, such as sedimentary
structures in sand dunes (McKee, 1957, 1966) and wind

tunnel experiments such as those by D. Gillette and his
colleagues (Gillette, 1978; Gillette and others, 1980, 1982)
and by Musick and others (1996). These efforts led to better
understanding of the physics of wind erosion, but rates of
sediment transport by wind on natural (uncultivated) desert
surfaces, typically characterized by uneven topography,
variable precipitation and temperature, and different types of
vegetation and surface sediment, have rarely been investi-
gated except for short intervals that do not adequately repre-
sent the natural climatic variability of such areas.

Long-term field-modeling of wind erosion at desert
sites became practical with the advent, in the late 1970’s, of
automated equipment (data-collection platforms, DCP’s)
that allow remote monitoring of surface geological and mete-
orological (“Geomet”) conditions round-the-clock in locali-
ties that are widely separated and difficult to access.
Automated sensors on these platforms could be uniformly
designed and calibrated to permit comparison of measure-
ments among sites. Previous researchers have lamented the
general absence of data on climatological parameters in
deserts, especially on wind speed and direction, which are
generally measured only at airports located on the margins of
desert areas (Landsberg, 1986, and many others). The con-
ceptual basis for establishing a network of automated
Geomet stations on natural sites representative of the major
U.S. deserts and brief descriptions of the early project work
were presented by McCauley and others (1984). Later
upgrades of the DCP’s, which included the deployment of
electronic sand-flux sensors (SENSIT’s), are described by
Tigges and others (chap. H, this volume). The SENSIT’s
(Stockton and Gillette, 1990) are particularly important to
studies of wind erosion as a geologic process because these
experimental piezoelectric devices are able to detect and
record automatically the movement of sand in saltation
(bouncing along the surface) during windstorms and are able
to relay these signals to the DCP’s while the other sensors
measure wind speed and direction, precipitation, and other
climatological conditions. Helm and Breed (chap. B, this
volume) report preliminary results of field measurement of
the movement of sand by wind under monitored climatic
conditions, using data from SENSIT’s deployed at the
Geomet stations.

 

SCOPE OF THE PROJECT

 

FIELD SITES

 

Field sites for the Desert Winds Project (table 1)
were chosen to represent terrains typical of the major
subdivisions of the North American Desert in the West-
ern United States. Beginning in 1979, in the following
order, sites for Geomet studies were selected in the Great
Basin, Sonoran, Chihuahuan, and Mojave Deserts. Terrain
types at the Geomet sites include high plateau, piedmont
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slope, lowland basin, and playa. Selection of specific
localities was influenced by the need to assure security
for the arrays of electronic equipment deployed at each
station and to allow access for maintenance and for field
studies, including repeat photography, of the surficial
geology and vegetation. Brief general descriptions of
each site follow. These descriptions include the
geographic, climatic, and geologic setting of each site
(including a site map where appropriate), surface charac-
teristics, and station histories. Detailed descriptions of the
geometeorological data are given by Helm and Breed
(chap. B, this volume). The research conducted in and
around each site and reported in this volume is discussed
in a later section.

 

GOLD SPRING

 

The Great Basin Desert (fig. 1) is the largest of the
North American deserts; it consists of many internally
drained basins that extend southward from eastern Washing-
ton and Oregon and southern Idaho across most of Utah and
Nevada (where the Great Basin meets the northern Mojave
Desert) into Arizona. Because the Desert Winds Project was
initially designed to operate entirely within Arizona, the
Gold Spring locality (fig. 3) was selected to represent that
small part of the Great Basin Desert that extends into north-
eastern Arizona. The Geomet station (fig. 4

 

A

 

) sits on the
surface of the Moenkopi Plateau on the Navajo Indian
Reservation. 

 

Table 1.

 

Field sites of the Desert Winds Project.

 

[Climate data from Geomet station records. See Helm and Breed, chap. B, this volume for detailed Geomet data and analysis for Gold Spring, Yuma, and Jornada sites. m.s.l.,
mean sea level; temp., temperature; max., maximum; min., minimum; precip., precipitation; leaders (--) indicate no data]

 

Location Geomorphic Latitude/ Elevation Mean annual temp. Mean annual precip. Period of
and date of Desert setting longitude (m above (max. temp./ (max. precip./ record summarized

start of operations m.s.l.) min. temp.) min. precip.) for this report

 

GOLD SPRING GEOMET STATION

 

Northeast Great Basin Plateau 35

 

°

 

46

 

′

 

42

 

″

 

N./ 1,667 12

 

°

 

C 142.5 mm

Arizona 111

 

°

 

3

 

′

 

21

 

″

 

W. (38.2

 

°

 

C, 1989/ (186.2 mm, 1988/ 1980–1992

10/27/1979 –25.3

 

°

 

C, 1982) 87.4 mm, 1991)

 

DESERT WELLS GEOMET STATION

 

West-central Sonoran Dry wash 33

 

°

 

42

 

′

 

8

 

″

 

N./ 344 21

 

°

 

C 128 mm 1982–1992

Arizona (axial valley) 113

 

°

 

48

 

′

 

40

 

″

 

W. (--/ (--/

1/1/1981 --) --)

 

YUMA GEOMET STATION

 

Southwest Sonoran Site 1: 32

 

°

 

27

 

′

 

30

 

″

 

N./ 135 21.4

 

°

 

C 128.3 mm 1982–1987

Arizona alluvial fan 114

 

°

 

23

 

′

 

25

 

″

 

W. (46.9

 

°

 

C, 1985/ (--/

2/1/1982 –2.9

 

°

 

C, 1983) --)

Site 2: 32

 

°

 

31

 

′

 

50

 

″

 

N./ 82.3 23.2

 

°

 

C 51.9 mm 1989–1992

fluvial terrace 114

 

°

 

30

 

′

 

45

 

″

 

W. (51

 

°

 

C, 1990/ (103.6 mm, 1992/

–7

 

°

 

C, 1990) 21.8 mm, 1989)

 

JORNADA GEOMET STATION

 

South-central Chihuahuan Alluvial 32

 

°

 

34

 

′

 

45

 

″

 

N./ 1,323 15.3

 

°

 

C 233 mm 1987–1992

New Mexico plain 106

 

°

 

46

 

′

 

35

 

″

 

W. (44

 

°

 

C, 1989/ (254.2 mm, 1992/

9/18/1986 –20

 

°

 

C, 1987) 197.9 mm, 1989)

 

OWENS LAKE GEOMET STATION

 

East-central Mojave Playa 36

 

°

 

21

 

′

 

20

 

″

 

N./ 1,187.2 -- 125 mm 1992

California 117

 

°

 

56

 

′

 

35

 

″

 

W. (43

 

°

 

C, 1992/ (--/

5/19/1992 –17

 

°

 

C, 1992) --)
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The geologic setting of the Gold Spring station (fig. 3)
is representative of much of the plateau and canyon country
in the southern part of the Colorado Plateau physiographic
province. The Moenkopi Plateau is underlain by sedimentary
rocks (mostly sandstones) of Mesozoic age that dip very gen-
tly (1

 

°

 

 to 2

 

°

 

) to the northeast (Billingsley, 1987a). The
Geomet site lies 2 km northeast of 158-m-high cliffs that
mark the edge of the Moenkopi Plateau and that topographi-
cally separate the upland from the badlands east of the Little
Colorado River (fig. 3). Total relief from the top of the pla-
teau to the river flood plain is about 300 m. The cliff edge has
been intricately dissected by episodic (seasonal) fluvial run-
off and sapping into many reentrants. One of the most prom-
inent reentrants is occupied by Gold Spring. Wind erosion
has modified the reentrants to U-shaped amphitheaters in
which parts of the exposed bedrock have been streamlined
into yardangs (Breed and others, 1984).

The surface of the Moenkopi Plateau is a sand plain (fig.
4

 

B

 

) developed on an unconsolidated eolian sand sheet that is
crossed by subparallel sand ridges (linear dunes), which
extend northeastward from the cliff edge. Ages of the dunes
range from Pleistocene or older to late Holocene (Breed and

Breed, 1979; Breed and others, 1984; Billingsley, 1987a,
1987b; Stokes and Breed, 1993), suggesting that the area has
undergone repeated eolian transport and reworking of sand
deposits throughout the Quaternary. Deposition of the linear
dunes on the Moenkopi Plateau originated when sand grains
blown northeastward from the Little Colorado River valley
reached that elevation (via saltation up climbing dunes (sand
ramps): Breed and Breed, 1979; Billingsley, 1987b). The
sand ramps have since been eroded from the cliff head, and
the upwind ends of the dunes have been stripped from the
edge of the plateau by deflation. In the absence of climbing
dunes, windblown sand can no longer reach the top of the
Moenkopi Plateau, but the sand already there is subject to
episodic eolian reworking and redeposition.

The Geomet station is on a slight rise on the sand plain
in an interdune corridor (fig. 4

 

B

 

). Local topographic relief
within the 2.9 km

 

2

 

 (1 mi

 

2

 

) area mapped in detail around the
Gold Spring station (fig. 5) is less than 3 m. A geologic map
encompassing five 7

 

1

 

/

 

2

 

-minute quadrangles in the vicinity of
the Gold Spring station shows details of the dunes and other
surficial units in relation to the regional geology (Billingsley,
1987a).

   

N

BLACK
MESA

MOENKOPI PLATEAU

WARD TERRACE

Geomet
Station

(cloud)

Moenko
pi Wash

To
h

ac
hi

W
as

hLittle Colorado River

Tuba
City

 

Figure 3.

 

High-altitude (U-2) photograph showing setting of Gold Spring Geomet site.
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MONITORING SURFACE CHANGES IN DESERT AREAS

 

The average (modal) grain size of the surficial sediment
at the station is 0.104 mm (very fine sand). The sand sheet is
partly mantled by a lag gravel of angular chert fragments as
large as about 3 cm in diameter, let down or washed in by
erosion from local bedrock outcrops. The soils developed in
the eolian sand cover of this area are fine-grained sandy
loams. A trench in the sand sheet in an interdune corridor
near the Geomet station showed 1.1 m of eolian sand bearing
a soil with a weak argillic horizon and a stage-II calcic
horizon, underlain by gravelly alluvium (B. Musick, Univer-
sity of New Mexico, written commun., 1993).

Vegetation at the Gold Spring site is typical Great Basin
plains grassland, surrounded on the rest of the Moenkopi
Plateau by Great Basin desertscrub (Hendricks, 1985). The
vegetation community in the interdune corridor near the
Geomet station is dominated by broom snakeweed and
galleta, a bush grass that grows as individual tufts; nearby
dune crests are dominated by

 

 

 

Mormon tea and by sandhill
muhly, a grass that grows in mats. Most other vegetation
around the Geomet station consists of yucca, black grama,
and needle-and-thread grass (B. Musick, University of New
Mexico, written commun., 1993).

 

A

B

 

Figure 4.

 

A

 

, Ground-level photograph of Gold Spring Geomet station. 

 

B

 

, Low-altitude aerial
photograph of Gold Spring area showing linear dunes and desertscrub vegetation on sand plain.
Arrow points to Geomet station.
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Figure 5.

 

Detailed map of surficial geology of Gold Spring Geomet site (G. Billingsley, written commun., 1981).
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MONITORING SURFACE CHANGES IN DESERT AREAS

 

The Gold Spring area is arid steppe (Hendricks, 1985),
hot in summer and cold in winter (table 1), and is used only
for grazing cattle, horses, and sheep. Winter snows arrive
with large-scale frontal storms that move in from the north-
ern Pacific Ocean, typically accompanied by strong winds.
Because no special equipment is installed to measure snow-
fall, the precipitation gauge at Gold Spring probably under-
estimates the winter moisture. Summer rains arrive in July
with the Arizona summer monsoon (Bryson and Lowry
1955; Hales, 1974). Occasionally, in late summer or early
fall, the area receives rain from incursions of tropical mois-
ture driven by hurricanes off the west coast of Mexico; these
downpours produce flashy runoff and alluviation in the nor-
mally dry washes in northeastern Arizona (Hereford, 1989).
Rain that falls on the sandy surface of the Moenkopi Plateau
is quickly absorbed and produces little runoff there except
into clay pans in deflation hollows in the sand cover.
Between the biseasonal snows and rains, spring and fall sea-
sons are dry. (Table 2 defines the seasons used in this volume
and compares this definition with those of other authors.)

The first Geomet station installed at Gold Spring was a
basic type (Tigges and others, chap. H, this volume),
equipped with a data collection platform (DCP) with auto-
mated sensors to record and transmit observations of a small
set of near-surface phenomena: average and peak-gust wind
speeds, wind direction, precipitation, relative humidity,
barometric pressure, air temperature, and soil temperature.

The Gold Spring site was retrofitted to “superstation” status
in 1990, when it was provided with additional sensors,
including a SENSIT (detailed information on the station
equipment and operation is provided by Tigges and others,
chap. H, this volume). The Geomet station (fig. 4

 

A

 

) now
consists of a free-standing tower that supports a solar power
system, a data-collection platform with a radio transmitter,
and 19 sensors that sample 22 land surface climatology
parameters. Geometeorological (but not sand flux) data
acquired from 1979 to 1992 are available on CD-ROM and
on the Internet at http://wwwflag.wr.usgs.gov and http://
geochange.er.usgs.gov/pub/deserts/OFR_95-78 (Helm and
others, 1995).

Field studies at and around the Gold Spring site have
focused mainly on the history of the nearby dunes and cli-
matic implications (Breed and Breed, 1979; Breed and oth-
ers, 1984; Billingsley, 1987b; Stokes and Breed, 1993).
Based on plant cover characteristics, B. Musick (University
of New Mexico, written commun., 1993) estimates a thresh-
old friction velocity of 82 cm/s—that is, he predicts a higher
susceptibility to wind erosion for sand on the crests of the
linear dunes at Gold Spring than for sediment in the inter-
dune corridors and at the Geomet station, which he estimates
have threshold friction velocities of 108 cm/s and 113 cm/s,
respectively. Most of the linear dunes on the Moenkopi Pla-
teau are presently inactive, but at least one that has lost much
of its vegetation cover is active, developing and changing

 

Table 2.

 

Seasons of the year, as defined by a sampling of researchers in the American
West.

 

Researchers Fall Winter Spring Summer

 

Helm and Breed; Baudat October 1 ------ January 31 February 1– June 1–

and Breed; Musick                                                                             May 31          September 30

(this volume)

Murray (1959)                            September 16–   December 1–         April 1–             July 1–

                               November 30       March 31            June 30         September 15

Changery (1983); Bryson           September 1–     December 1–        March 1–           June 1–

and Hare (1974);                         November 30     February 28           May 31           August 31

Reitan (1974)

Tang and Reiter (1984)               September 1–     November 1–        April 1–             June 1–

                                                           October 31          March 31              May 31            August 

31

Brazel and Nickling                                               November 1–                                  June 1–

(1987)                                                                       April 30                                   September 30

Betancourt (1988);                      September 1–     November 1–         May 1–              July 1–
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slipface orientations with seasonal changes of wind direction
(Breed and others, 1984). Several pulses of dune sand reacti-
vation on the plateau have been dated by the optically stimu-
lated luminescence method; the ages (approximately 400,
2,000–3,000, and 4,700 years ago) suggest that the dunes
have episodically been more active during the late Holocene
than at present (Stokes and Breed, 1993). Preliminary analy-
ses of the experimental sand-flux data from the Gold Spring
Geomet site are presented by Helm and Breed (chap. B, this
volume).

 

DESERT WELLS

 

The Sonoran Desert (fig. 1) is the most varied part of the
North American Desert. The Desert Wells station was
intended to represent the semiarid Arizona Upland subdivi-
sion of the Sonoran Desert, where the vegetation includes
subtrees (very large shrubs with single bases: MacMahon,
1979) such as paloverde, and cacti such as saguaro (Van
Devender, 1990). Instead, for security reasons, the Geomet
station was placed at a lower elevation on the bajada west of
Vicksburg (fig. 6), where the vegetation is desertscrub typi-
cal of the Lower Sonoran life zone (Lower Colorado Valley
subdivision) and the climate is arid warm temperate (table 1).

The Desert Wells site (fig. 6) is about 160 km west of
Phoenix in west-central Arizona (fig. 1). The Geomet station
(fig. 7

 

A

 

) lies in an axial valley on bare, limy hardpan (cal-
crete) exposed in the floor of the usually dry Bouse Wash and
is surrounded by abandoned farmland and rangeland. Bouse
Wash runs between broad alluvial fans that mantle the pied-
mont slopes of low mountain ranges (fig. 7

 

B

 

). The distal ends
of the fans and the central part of the basin are surfaced with
sediment of late Pleistocene to Holocene age, which include
grussy sand, silt, clay, and local gravel, reworked from the
dissected piedmonts (Demsey, 1988). To the north and west
of the station are low barchanoid (transverse) dunes without
slipfaces and sand drifts (patches of mobile sand sheet) (figs.
7

 

C

 

, 8). The distribution of these features is shown on a
detailed surficial map (fig. 8). Vegetation is sparse and con-
sists mostly of creosotebush, bursage, mesquite, and occa-
sional bunch grasses that are concentrated on the eolian sand
deposits (both drifts and dunes). 

Loose sand on the hardpan surface of the Geomet site at
Desert Wells is mostly medium size, poorly sorted, angular,
and highly abrasive. It is replenished episodically by occa-
sional runoff across the site (fig. 7

 

D

 

). Soils on the eolian sed-
iments are minimally developed sandy loams. The nearby
routes of U.S. 60 and Interstate 10 (fig. 6) are subject to noto-
rious dust storms generated by wind erosion of the barren
surfaces in this area.

Geometeorological data at Desert Wells were recorded
intermittently in 1981 and then continuously from January
1982. A basic array of sensors regularly samples, records,
and transmits data on eight near-surface climatological

parameters (Tigges and others, chap. H, this volume). This
station was not of as much interest to the scientists at Fort
Belvoir, who provided much of the instrumentation and
related research for this project, as was the station at Yuma
(also in the Sonoran Desert), and therefore the Desert Wells
station was not upgraded to superstation status until rela-
tively late in its operational history (Tigges and others, chap.
H, this volume). Early attempts to collect airborne sediment
during windstorms resulted in destruction of PVC-pipe
catchers by the abrasive sand in saltation and indicated that
the electronic sand-flux sensors deployed at ground level at
the other Geomet sites would likely not survive at Desert
Wells. For this reason, no SENSIT was deployed there before
1995. Although no detailed experiments were carried out by
USGS researchers, S. Wolfe (now at the Geological Survey
of Canada), obtained detailed field measurements of sedi-
ment transport using a dense array of anemometers deployed
temporarily at nearby field sites on five different types of
desert surfaces. A detailed description of results of his exper-
iments is presented by Wolfe and Helm (chap. C, this vol-
ume). Geometeorological data, including sand-flux data,
acquired from 1981 to 1986 are available on CD-ROM
(Helm and others, 1998) and are available on the Internet at
http://geochange.er.usgs.gov.

 

YUMA

 

A Geomet site in the Yuma desert (fig. 9) was selected
to represent the Lower Colorado Valley subdivision of the
Sonoran Desert (fig. 1), the most arid part of North America
(Henning and Flohn, 1977; Cole, 1986; Hall and others,
1988).

The Yuma desert occupies the southernmost part of a
broad topographic and structural basin along the border of
the United States with Mexico (fig. 9). The Yuma desert is
bounded on the west by the irrigated Yuma Valley of the
Lower Colorado River and on the north by the irrigated
South Gila Valley. Farther west, in California and Mexico,
lies a rift valley (the Salton Trough) that contains the Alg-
odones Dunes and, off the map (fig. 9) to the south, the delta
of the modern Colorado River where it empties into the head
of the Gulf of California. Diagonally across the Yuma desert
(and nearly across the Geomet site) lies the Algodones fault
zone, which is the eastern edge of the rift valley (Olmsted
and others, 1973; Aiken and others, 1980). To the east lie the
piedmont slopes and alluvial fans of the Gila Mountains.
These mountains consist of Precambrian crystalline rocks
that are mostly granitic but include other plutonic, volcanic,
and metamorphic rocks (Wilson, 1933; Olmsted and others,
1973).

Most of southwestern Arizona has been structurally
stable since the Pliocene (Morrison, 1985), allowing
backwearing of the northwest-trending mountains formed
by normal faulting during the Tertiary and filling of the
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downdropped structural basins between them with thou-
sands of meters of Tertiary sediments. This consolidated
basin fill is overlain by Pleistocene alluvium deposited by
the ancestral Colorado and Gila Rivers and by Holocene
alluvium of the modern rivers and washes (Eberly and
Stanley, 1978; Johnson and Miller, 1980; Peirce, 1984).
The basin beneath the Fortuna Plain (fig. 9) may contain as
much as 5,000 m of Tertiary basin fill (Olmsted and oth-
ers, 1973); the ancestral Colorado River sediments are as
thick as 330 m about 20 km south of Yuma (Johnson and

Miller, 1980). As a result of erosion of the mountains and
deposition in the basins, the topography of southwestern
Arizona now consists of only about 10 percent mountains
and 90 percent plains (Bull, 1984).

The Yuma desert Geomet station (location 2 on fig. 9;
fig. 10) is on Upper Mesa about 1 km east of the very gen-
tle slope of Yuma Mesa, a Colorado River terrace of mid-
dle Pleistocene age (Morrison, 1983). An unconsolidated
sand sheet about 1 m thick covers the surface around the
Geomet station (fig. 10). Only minimal soil is developed
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Figure 6.

 

Part of Landsat thematic mapper image showing setting of the Desert Wells Geomet station (Landsat TM image 40142-17384,
5 December 1982).
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on the sand sheet, but beneath it, a stage III to IV calcic
soil horizon (Gile and others, 1965) a meter or more thick
has developed in the gravelly alluvium that forms the sur-
face in much of the Yuma desert and underlies the eolian
cover sands. Lag gravel covers much of the surface of the
Fortuna Plain in the eastern part of the desert, and well-
developed desert pavements have formed on the alluvial
fan surfaces there and on Gila Mesa (fig. 9). The granitic
grus that covers much of Upper Mesa and the Fortuna
Plain is light toned on the satellite image (fig. 9), but the
desert pavement and lag gravel derived from other rock
types are typically darkened by heavy coatings of desert
varnish. Morrison (1983) assigns a Pleistocene age to the
alluvial fans. At present, runoff from the modern washes
rarely, if ever, reaches as far west as Yuma Mesa, and the
dominant agent of surface change in the central, southern,
and western parts of the Yuma desert is wind.

Because of the uniformity of the surface at this
locality, unlike the Gold Spring and Desert Wells sites, no
detailed surficial map was made. Because the station is in
a restricted (military) area, no low-altitude aerial photo-
graphs could be obtained. Repeat ground photography
(fig. 10

 

B

 

 in Helm and Breed, chap. B, this volume, and
fig. 7 in MacKinnon and others, 1990) shows that the
loose sand is frequently mobilized by wind and rearranged
into ripples and small lee dunes behind bushes. Many
patches of mobile eolian sand are at the Geomet site and
farther south and east on Yuma Mesa as well as on Upper
Mesa and the Fortuna Plain (fig. 9). The largest accumula-
tion of active dunes is in the Fortuna Dunes along the
border with Mexico. These dunes may supply sand to the
northern and western parts of the Gran Desierto sand sea
of northern Sonora, as suggested by Blount and Lancaster
(1990).

 

A

B

C

D

 

Figure 7.

 

Characteristics of Desert Wells Geomet site. 

 

A

 

, Ground view of Geomet station; 

 

B

 

, Low-altitude aerial photograph showing
Geomet site on alluvial plain of Bouse Wash (station is circled); 

 

C

 

, surface of dunes at Geomet site; 

 

D

 

, rare runoff in channel at Geomet
station, January 19, 1988.
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Figure 8. Detailed map of surficial geology of Desert Wells Geomet site (G. Billingsley, written commun., 1981).
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Ninety-four samples of airborne sediment collected in
field dust catchers (Fryrear and others, 1991; Tigges and
others, chap. H, this volume) at the Geomet site were pet-
rographically analyzed by P. Luttrell (Tallpines Environ-
mental Consulting, Flagstaff, Ariz., written commun.,
1990). The sediment ranges in grain size from silt to very
coarse sand; grains are typically subrounded and moder-
ately sorted. Compositionally, most grains are quartz (95
percent); other components include feldspar (>1 percent),
fragments of igneous rock, both plutonic and volcanic (<5
percent), and traces of accessory minerals that include
phlogopite, most likely derived from metamorphic rocks of
the Gila Mountains. Luttrell (Tallpines Environmental Con-
sulting, Flagstaff, Ariz., written commun., 1990) points out
that the composition of the sediment presently being
transported on Yuma Mesa is very different from that of

sediment in the Algodones Dunes, a 75-km-long field of
actively migrating bodies of eolian sand (Smith, 1978;
Sweet and others, 1988) that lies upwind to the northwest
in the Salton Trough (fig. 9). As reported by Merriam
(1964), the Algodones Dunes contain foraminifera shells
derived from sources (the Mancos Shale of Cretaceous age)
far upstream in the Upper Colorado River Basin;
presumably the shells and other components that suggest a
Colorado River origin were blown by wind from river
deposits to the Algodones Dunes. Recent work by Muhs
and others (1995) indicates that the sand in the Algodones
Dunes came from ancient lake sediment derived from the
Colorado River. In contrast, the eolian sand in the Yuma
Mesa area is probably derived locally from Holocene allu-
vium washed down from the Gila Mountains by ephemeral
drainages.
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The perennial vegetation at the Yuma site is very sparse,
subtropical xeric scrub (fig. 10A). To the east on Upper Mesa
are stands of ocotillo and mesquite, and other trees inhabit the
dry washes. Vegetation in the Lower Colorado River Valley
has undergone marked changes associated with changes in
temperature and precipitation regimes during the Holocene;
the modern subtropical vegetation community was estab-
lished only about 4,000 years ago (Van Devender, 1990). At
the Geomet station, perennial vegetation is mostly creosote-

bush and white bursage with big galleta grass, but annual
plants also appear after rain (fig. 10B). Musick (chap. D, this
volume) reports on the observed changes in vegetation along
transects at the present Geomet site near Yuma Mesa. Vege-
tation growth is strongly dependent on the antecedent (previ-
ous year’s) rainfall and thereby mediates the strong
association of antecedent rainfall with the production of dust,
by wind erosion, as reported for southern Arizona by Brazel
and others (1986) and by Brazel and Nickling (1986, 1987).

A

B

Figure 10. Yuma Geomet station. A, Sand sheet with ripples and lee dunes; B, same view after rain,
with newly grown annual plants, eolian features obliterated.
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The Yuma desert is hot as well as extremely arid
(thermic arid: Hendricks, 1985). It lies entirely within the 75
mm precipitation isohyet of the U.S. Weather Bureau Map of
Normal Annual Precipitation (U.S. Weather Bureau, 1960).
Using the Budyko aridity index (a ratio of radiational energy
to the energy required for evaporation of the mean annual
precipitation: Henning and Flohn, 1977; Fitzpatrick, 1979),
the Salton Trough, including the Yuma desert, is assigned a
value of 10. This value means that the average annual precip-
itation (table 1) must be multiplied by 10 in order for col-
lected runoff to occur (that is, streamflow in usually dry
washes) (by comparison, Death Valley has a value of 7 and
the Western Desert of Egypt a value of 200). The Yuma area
“probably has been a core North American desert for much
of the Quaternary” (Cole, 1986).

At present, the Yuma area represents a transitional cli-
matic zone between the wetter parts of the Sonoran Desert to
the east and the Mojave Desert to the west. In the desert to
the east, most precipitation comes in thunderstorms of the
summer monsoon from the south and east; in areas to the
west, most moisture comes from frontal storms in winter,
from the north and west. Occasionally, in late summer or
early fall, moist tropical air is driven into the Yuma area by
hurricanes off the west coast of Mexico; these storms bring
rare soaking rains. Late spring (April–June) is generally dry.

A major difference is apparent between mean annual
precipitation values (table 1) recorded at site 1, on the For-
tuna Plain, and at site 2, near Yuma Mesa (fig. 9). This dif-
ference probably reflects the influence of unusually heavy
rainfall during the El Niño years 1983 and 1984 (Keen,
1987), when site 1 received more than 200 mm of annual
rainfall. It also reflects the well-known spatial variability of
rainfall in the Sonoran Desert (Ezcurra and Rodrigues,
1986).

The move from site 1 to site 2 was required by military
authorities. The Yuma desert is used as a missile and gunnery
training range by the U.S. Air Force and is managed by the
Marine Corps Air Station at Yuma. In 1988, changes in the
bombing and strafing patterns of military aircraft flying over
the original Geomet site on the Fortuna Plain made it neces-
sary to move the station to a safer site near Yuma Mesa,
about 13 km to the west-northwest (site 2 on fig. 9). Although
the surface characteristics of the two sites differ (the surface
at the first site is an alluvial plain with a lag of pea gravel; the
surface at the second site is about 1-m-thick eolian sand sheet
on a fluvial terrace), the surficial geologic units at both sites
are classified in a highly general way and in the same cate-
gory by Morrison (1983) as “alluvium of early to middle
Pleistocene [age], with some overlying eolian sand of middle
Pleistocene to Holocene age, on gently sloping Pliocene to
middle Pleistocene mesa and piedmont surfaces, with soil
development that ranges from nil to strong.”

Following the move to a safer site, a SENSIT was
installed at the Geomet site near Yuma Mesa in May 1988, as
the station was upgraded to superstation status (described by

Tigges and others, chap. H, this volume). Several different
research efforts were carried out in and around the station.
Helm (1991) and Helm and Breed (chap. B, this volume)
report preliminary results of Yuma sand-flux studies using
SENSIT and climatic data. Musick (chap. D, this volume)
compares the sheltering effect of the sparser vegetation at
Yuma with that at Jornada. Baudat and Breed (chap. E, this
volume) report results of efforts to identify types of wind-
storms associated with blowing sand and the presence of dust
in the Yuma area, using Geomet data in concert with synoptic
weather data and observations of visibility and cloud cover
by military observers at the Marine Corps Air Station at
Yuma. Crowley and Bowers (chap. F, this volume) report
variations in surface properties indicated by changes on ret-
rospective Landsat multispectral (MSS) images between
1980 and 1988, including the years 1982–1986 when the
Geomet station was at its original location on the Fortuna
Plain (site 1 on fig. 9).

JORNADA

The Jornada Geomet site (fig. 11) was selected to repre-
sent the northern part of the Chihuahuan Desert in south-cen-
tral New Mexico (fig. 1). The Jornada Geomet station (fig.
12) is on the U.S. Department of Agriculture/Agricultural
Research Service (USDA/ARS) Jornada Experimental
Range (JER), about 37 km northeast of Las Cruces, N. Mex.
The station lies on the sandy surface of a plain bounded on
the east by the Organ and San Andres Mountains and on the
west by the Doña Ana Mountains and Robledo Hills. Farther
to the west is the valley of the Rio Grande River, entrenched
100 m below the elevation of the Jornada Del Muerto Plain.

The geologic setting of the Jornada area (summarized
by Hawley and others, 1969; Hawley and Kottlowski, 1969)
is a north-trending, aggraded basin of internal drainage
whose surface forms the Jornada Del Muerto Plain. The Jor-
nada Basin is one of a series of linked, en echelon structural
basins formed within the Rio Grande rift by block faulting
during the middle Tertiary. In the Jornada area, the basin is
filled to a depth of about 300 m with consolidated basin fill
(clay, sand, and gravel) deposited as alluvial fan and fluvial
sediments of the Santa Fe Group of Miocene to middle Pleis-
tocene age. The uppermost unit of the Santa Fe Group is the
Camp Rice Formation, which consists mostly of fluvial sed-
iments deposited by the ancestral Rio Grande prior to about
0.6 Ma. After 0.6 Ma, the modern river cut into the basin fill
in several successive stages that produced a sequence of geo-
morphic surfaces (Ruhe, 1967), which step up topographi-
cally from the Rio Grande Valley to the piedmont slopes of
the bounding mountains. The entrenchment left the surface
of the Jornada del Muerto as a closed basin of internal drain-
age, high above the present river valley and not graded to the
modern Rio Grande.
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Much of the bolson plain is overlain by unconsolidated
Organ alluvium of Holocene age, a unit that includes occa-
sional lacustrine and eolian deposits and is “seldom more
than 4.5 m thick” (Hawley and others, 1969). The specially
processed Landsat thematic mapper image (fig. 11) suggests
a much broader pattern of eolian deposition than is shown on
the conventional geologic map (Seager and others, 1987).
On the Landsat image, false colors represent the spectral
reflectance of the upper few microns of the land surface,

such that, although a surface material may be only millime-
ters thick, its composition may dominate the spectral
response. The distribution of surface materials shown as
bright pink in figure 11 corresponds only partly to the
distribution of eolian deposits shown on the map. It is much
more extensive and continuous, suggesting that the image
may illustrate blanketing of the desert surface by a thin
veneer of eolian dust. Such a phenomenon has been
recognized in the Safsaf area of the Egyptian Sahara, where
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similar Landsat color patterns (fig. 9 in Davis and others,
1993) are interpreted as the spectral signature of hematite-
rich, fine-grained particles (eolian dust) on the desert surface.
At Jornada, as in other desert areas, windblown dust may
infiltrate loose, permeable sediment on the surface and con-
tribute to the development of soil. The potential addition of
various components to soils by windblown dust has been
described by Gile and others (1965), Yaalon and Ganor
(1975), Colman (1982), McFadden and Weldon (1987),
Reheis and others (1995), and many others.

Because of the uniformity of the surface at this locality,
as at Yuma, no detailed surficial geologic map was made of
the Geomet site. The surface at the Geomet site consists of
sandy loam developed in a Holocene sand sheet about 0.5 m
thick. At several localities the Holocene sand cover has been
deflated, exposing calcrete (stage IV of Gile, 1967) that
developed in the underlying Pleistocene basin fill. The soils
of this agricultural region have been well mapped, but soils
around the Geomet station are not so well studied as those
several kilometers to the south, which were examined in
detail by the Desert Project of the U.S. Soil Conservation
Service from 1957 to 1972 (Gile and others, 1981).

The northern Chihuahuan Desert is mesic, warm, and
semiarid (table 1); it is the least arid of the areas included in
the Desert Winds Project. Precipitation comes mostly from
the Arizona summer monsoon in July, August, and Septem-
ber, but also from winter moisture from Pacific frontal
storms.

The Jornada area has been a focus of desert studies
related to rangeland management for more than half a

century, and recently it has been identified (Dregne, 1986) as
one of the four most desertified places in the United States
(the Gold Spring area in northeastern Arizona, described
above, is another). The concern at the Jornada Experimental
Range rises from the observations, by many biologists and
ecologists, that the desert grassland of southern New Mexico
has been progressively invaded and replaced by mesquite
duneland, which is useless for grazing and therefore has a
much reduced economic value (Buffington and Herbel,
1965).

Present-day vegetation on the Jornada Experimental
Range is a mosaic of desert grasslands (fig. 13A) dominated
by black grama, and desert dunelands dominated by mes-
quite (Musick, chap. D, this volume). Each mesquite bush
typically accumulates windblown sand around its base,
forming a coppice dune. In areas to the northeast of the
Geomet site, coppice dunes reach heights of 2 to 3 m above
the surface of the sand plain, forming an irregular, hum-
mocky topography (fig. 13B). The Geomet station (fig. 12)
lies in the ecotone where mesquite has progressively dis-
placed grassland. One of the vegetation transects on which
changes have been monitored by USDA-ARS scientists
since 1935 traverses the area north of the station (Hennessy
and others, 1983). Gibbens and others (1983) report that the
frequency of black grama grass on that transect dropped
from 27.2 percent (relatively abundant) in 1935 to half that
in 1950, then dropped to 0.9 percent in 1955, and to zero in
1980. As mesquite replaces grass, coppice dunes develop
and produce a hummocky topography in place of flat grass-
lands. The change in topography is exacerbated by wind

Figure 12. Ground-level photograph of Jornada Geomet station.
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erosion with distance downwind across the Jornada plain
(fig. 13).

The Jornada station was deployed in cooperation with
the U.S. Army Topographic Engineering Center, Fort
Belvoir, Va., which provided many of the sensors neces-
sary for their remote monitoring of ground surface changes

associated with the Geomet-monitored climatic conditions
(Krusinger, 1988). Because of the long history of moni-
tored vegetational changes at the Jornada Experimental Sta-
tion, the Desert Winds Project studies at Jornada have
focused largely on identifying vegetation characteristics
that influence the erosivity of measured winds. A report by

A

B

Figure 13. Changes in surface characteristics exacerbated by wind erosion are illustrated by differ-
ences in topography and vegetation from an upwind area (A) to the downwind area (B). Localities
shown in A and B also indicated on figure 11. A, Grassland at Jornada; B, Dunelands at Jornada.



DESERT WINDS: MONITORING WIND-RELATED SURFACE PROCESSES20

Musick (chap. D, this volume) is one of several on the
subject of vegetation cover at Jornada and its influence on
wind erosion (Musick and Gillette, 1990; Musick and
others, 1995, 1996, 1998).

OWENS LAKE

The Mojave Desert (fig. 1), which lies mostly in
southern California, is transitional in climate, topography,
and vegetation between the Sonoran Desert to the south

and east, and the Great Basin Desert to the north and east.
Owens Valley, Panamint Valley, and Death Valley of east-
central California are included in the Mojave Desert
because the desertscrub vegetation in those valleys is more
closely allied to that of the southern California region than
to that of the Great Basin Desert in Nevada and Utah
(Bailey, 1995). The Owens (dry) Lake Geomet site (fig.
14) was selected to represent one type of terrain—pla-
yas—common in the Mojave Desert, although the site is at
the northwesternmost limit of the Mojave, and Owens
Lake is dry primarily because its water has been exported
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to Los Angeles. The Owens Lake site replaced the original
Mojave playa site at Red Lake, Ariz., which was vandal-
ized shortly after a Geomet station was deployed there.
The Owens Lake Geomet station (fig. 15) is deployed on
the dry lake bed about 2.5 km north of Dirty Socks Spring
(fig. 14). The site is accessible only when the lake bed
around the station is dry, by a single raised roadway of
packed salt and gravel guarded by locked gates.

Owens Lake occupies the southern part of the Owens
Valley, a narrow (30 km wide) structural basin between the
Sierra Nevada, which rise to more than 4,000 m elevation to
the west, and the White and Inyo Mountains, which rise to
more than 3,000 m elevation to the east. The complex graben
that underlies Owens Valley marks the western boundary of
the Basin and Range physiographic province and is part of an
active tectonic zone marked by recent volcanism and earth-
quakes (Bierman and others, 1991). The valley is partly
filled with alluvial, lacustrine, and colluvial sediment and
volcanic deposits of Tertiary and Quaternary age.

Owens Lake is an artificial rather than a naturally
occurring playa, for its desiccation was accelerated by diver-
sion of water from the Owens River system to urban use via
the Los Angeles Aqueduct, beginning in 1912. Prior to
diversion, Owens Lake was about 10 m deep and covered
270 km2. During Quaternary pluvial periods (times of
increased effective moisture), Owens Lake was one of a
chain of lakes that, during times of maximum runoff,
extended from Mono Lake (which still holds water) down-
stream as far as Lake Manly in Death Valley (Smith, 1984).

Because the Owens Valley lies in the rain shadow of the
Sierra Nevada range, it is an arid area where precipitation
(table 1) falls mostly in winter and spring. The lake surface
is commonly sticky and impassable after rainstorms. No

vegetation grows on the lakebed, but the margins of the lake,
which are perennially wetted by springs and local runoff,
support saltgrass and saltbush scrub (Cahill and others, 1994,
table XVb). Because vegetation is absent around the Geomet
station, no vegetation transects were established for this site.

For more than half a century since diversion of its
water, Owens (dry) Lake has been a notorious source of nox-
ious dust, probably the most prolific source of very fine,
health-threatening aerosolic dust particles in the United
States (Reinking and others, 1975; Cahill and others, 1996).
So pervasive is the unusually fine dust blown from the lake-
bed that it is known locally (for a community east of the lake)
as “Keeler fog” (Cahill and others, 1996). Because produc-
tion of dust is the most important consequence of wind ero-
sion at this locality, the primary role of the Geomet station at
Owens Lake is to obtain field data on the local climatic con-
ditions that control the generation of dust from the surface of
the lake bed and to provide long-term data relevant to studies
reported by Reheis (chap. G, this volume) of the transporta-
tion and deposition of dust in soils at localities downwind.
Based on satellite tracking, dust generated from Owens Lake
is reported to travel more than 250 km downwind to the
south, rising to heights of more than 1,300 m above the
ground and covering nearly 10,000 km2 (Reinking and oth-
ers, 1975). On the other hand, Reheis (1997, and chap. G,
this volume) reports that the input of Owens Lake dust to
soils to the south diminishes beyond about 50 km distance
downwind.

The lakebed surface of crusted salt, silt, and clay is
impacted by sand grains blown from dunes near Dirty Socks
Spring (fig. 14) and from another dune field near Swansea
during windstorms from the north, west, and south (Cahill
and others, 1996). The mechanism by which saltating

Figure 15. Ground-level photograph of Owens (dry) Lake Geomet station.
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(bouncing) sand grains generate dust from vulnerable
surfaces is described by Gillette (1981, 1986).

At Owens Lake, the Geomet station became fully oper-
ational in May 1992, with a full set of superstation sensors
supplied by the National Oceanic and Atmospheric Admin-
istration (NOAA, Air Resources Laboratory, Boulder, Colo.)
and by the U.S. Army Topographic Engineering Center, Fort
Belvoir, Va. (equipment and operations are described by Tig-
ges and others, chap. H, this volume). The generation of dust
under Geomet-monitored conditions of wind speed, wind
direction, and precipitation has been recorded by an array of
three additional SENSIT’s emplaced north of the Geomet
station by Gillette and others (1997) to supplement the data
on sand flux from the SENSIT at the Geomet station. Addi-
tional meteorological information for their study was con-
tributed from instruments located in towns around the
lakeshore, but the erosivity of wind, recorded on site by the
Geomet station, commonly differed significantly from that of
winds recorded outside the lakebed. Cahill and others (1996)
conclude that “on-lakebed studies are essential for quantita-
tive prediction of dust events.”

RESEARCH ASSOCIATED WITH 
GEOMET SITES

Research is conducted in or around the Geomet sites by
geologists, biologists, physicists, and other scientists, several
of whom work independently of, but in collaboration with,
the Desert Winds Project of the U.S. Geological Survey.
These independent studies fill some gaps in the research pro-
gram envisioned in the original project plan, but not all
potential scientific uses of the sites and their geometeorolog-
ical data have been realized. Many shortages and changes in
personnel and modifications in the technology for remote
monitoring have occurred since 1979, with consequent
changes in project research priorities. In addition, periods of
record vary with the length of time that Geomet stations were
operational (3 times longer at Gold Spring, for example, than
at Owens Lake). Inevitably, unequal attention was given to
various research goals among the sites. For example, vegeta-
tion monitoring and repeat photography were carried out
more consistently at some sites, such as Yuma and Jornada,
than at others, whereas surficial geologic mapping was done
only at Gold Spring and Desert Wells, where diverse surface
materials and topography warranted the effort. Researchers
with specific scientific objectives tend to concentrate their
efforts at one site or another that has attributes most applica-
ble to a particular research problem (for example, the prob-
lems of dust generation and transport is addressed mainly by
scientists at the Owens Lake site). Research that compares
and contrasts the effects of measured winds on ground sur-
faces at more than one desert site, a primary goal of the

project, has been limited to the efforts of Helm and Breed
(chap. B, this volume) and of Musick (chap. D, this volume).

In chapter B of this volume, Helm and Breed report the
sand-moving effectiveness of winds recorded during partic-
ular storms associated with different seasons at Gold Spring,
Yuma, and Jornada in 1991 and 1992. Though preliminary,
their analysis represents an attempt to characterize the
vulnerability of natural surfaces to wind erosion under
climatic conditions monitored over a relatively long period
of record. Results of a similar but short-term study of the
movement of sand by measured winds at field sites around
the Desert Wells Geomet site are reported by Wolfe and
Helm in chapter C of this volume. Their results indicate that
the vegetation cover at most of the sites, including rangeland,
abandoned farmland, and desert scrubland, is not sufficient
to protect these surfaces from erosion by strong winds.

In chapter E of this volume, Baudat and Breed report on
the occurrences of dust observed at Yuma Marine Corps Air
Station in association with particular types of storms (shown
on daily U.S. Weather Service maps), during periods when
sand-moving winds were recorded at the Yuma desert
Geomet site. Their analysis, built on the work of Nickling
and Brazel (1984), Brazel and others (1986), and of Brazel
and Nickling (1986, 1987), suggests that blowing dust occurs
year-round in Yuma in a fairly predictable pattern associated
with several different types of weather patterns. Large inter-
annual variations in the frequency of dust-producing events
at Yuma are, as recognized earlier, related to antecedent pre-
cipitation. In particular, changes in the frequency of sand-
flux events may mark the duration of effects of El Niño on
vegetation, and thereby on surface vulnerability to wind ero-
sion.

A key aspect of the capacity of wind erosion to modify
land surfaces is the sheltering effect of vegetation. Vegeta-
tion acts as roughness elements that mediate the erosivity of
wind, as described by Gillette and Stockton (1989) and
Musick and Gillette (1990). In chapter D of this volume,
Musick reports the results of his studies of vegetation
changes at Yuma and Jornada in 1988 and 1987, respec-
tively, to 1992. Although limited to these two sites, his obser-
vations reported in this volume and in related papers (cited
above) are significant because they represent plant/wind
interactions in both the most arid (Yuma) and least arid (Jor-
nada) parts of the North American Desert (figs. 1, 2). Key
goals of Musick’s work have been to identify threshold val-
ues for amounts of vegetation cover that can protect natural
surfaces from wind erosion under given sets of climatic con-
ditions and to identify the structural characteristics of plants
that influence wind erosivity. Recently, he has shown that
airborne synthetic aperture radar (AIRSAR) of the Jornada
site can be used to discriminate woody shrubs, such as the
invasive mesquite, from grasslands by remote sensing
(Musick and others, 1998), thus demonstrating a new
technique for monitoring vegetation change.



23MONITORING SURFACE CHANGES IN DESERT AREAS

Vegetation also serves as a proxy indicator for historic
changes in land surfaces related to climate variations. In
chapter F of this volume, Crowley and Bowers relate sur-
face (primarily vegetation) changes observed on Landsat
images of the Yuma desert to variations in rainfall. This
effort was only minimally successful because an insuffi-
cient number of Landsat scenes were available for analysis
(that is, the twice-yearly observations of surface characteris-
tics were too widely spaced over the time period) and
because the rainfall data were from a point source (the
Geomet station) in a region where rainfall is notorious for
its spatial variability. In general, the usefulness of retrospec-
tive satellite imaging for long-term monitoring of surface
changes in desert areas depends on the availability of satel-
lite data obtained with sufficient frequency to track changes,
as well as the availability of detailed climatic data from a
closely spaced network of ground stations. Both require-
ments entail expensive investments not likely to be applied
to U.S. desert regions where land values are low.

A second, less conventional type of remote sensing of
land surface changes depends on data from automated instru-
ments mounted on ground stations. Various remote sensors
that record incoming and outgoing (reflected or emitted)
solar energy in the visible to infrared parts of the spectrum
(described by Tigges and others, chap. H, this volume) were
placed at the Geomet sites at Yuma, Jornada, and Gold
Spring. These instruments were provided by the U.S. Army
Topographic Engineering Center (TEC) at Fort Belvoir, Va.,
which operates a station similar to the USGS Geomet sta-
tions but in a humid environment. Since 1986, TEC has
joined in the operations, maintenance, and refurbishing of
Geomet stations by the Desert Winds Project in order to
obtain data for comparison between their humid site (Vir-
ginia) and the USGS’ extremely arid (Yuma), arid (Gold
Spring), and semiarid (Jornada) sites, and at Owens Lake.
They use the radiation data to study changes in the radiomet-
ric temperatures of surface features, including vegetation,
under specific climatic conditions recorded by other Geomet
sensors. Recognizing climate-related changes in the back-
ground temperatures in different environments is critical to
solving problems of target detection, camouflage, cover and
concealment, and other aspects of military operations. A
sample of the data from these sensors is provided by Tigges
and others (chap. H, this volume), and a preliminary techni-
cal report has been published (Krusinger, 1988).

The generation of dust from the Owens (dry) Lake
Geomet site and the transport of dust to soils in downwind
areas are described by Reheis (1997) and in chapter G of this
volume. In 1991, she placed seven dust traps at localities in
and near Owens Lake, including one on the lakebed near the
Geomet station (fig. 15) north of Dirty Socks Spring. Three
dust traps are placed southward along a 50-km transect in
southern Owens Valley, two are north of the lake (one on
each side of the valley), and another is on a slope of the
White Mountains high above the valley. Reheis (1997 and

chap. G, this volume) reports that 3 years of data show
“abnormally high” rates of dust deposition downwind from
Owens Lake, which are “one to two orders of magnitude
greater than regional average rates,” with the highest rates in
winter. Her documentation of the input of windblown dust
into desert soils is a significant contribution to a growing
body of evidence that many components of desert soils are
supplied mostly by the incorporation of windblown dust
(Yaalon and Ganor, 1975; Gile and others, 1981; Chadwick
and Davis, 1990; Slate and others, 1991; Reheis and others,
1995).

Chapter H of this volume, by Tigges and others,
describes the operations and maintenance of the Geomet sta-
tions and the various automated sensors deployed there.

The Desert Winds Project has brought new understand-
ing of the climatic variability from desert to desert and
within each area over relatively short periods of time. Helm
and Breed (chap. B, this volume) show that the percent dura-
tion of effective (sand-moving) winds varies with the type
and seasonality of storms (summer thunderstorms, fall/win-
ter frontal storms) from site to site. Dramatic changes in land
surface sediments and vegetation have been observed (figs.
10A, 10B, 13A, 13B; Helm and Breed, chap. B, this volume,
fig. 3; Musick, chap. D, this volume, fig. 3) in relation to cli-
matic conditions that have varied from drought to the unusu-
ally heavy rainfalls associated with El Niño events. The
extreme variability of climatic conditions represented by the
Geomet records is significant because the repeated changes
from dry to wet and back again makes such transitional areas
particularly vulnerable to wind erosion, as surfaces respond
to changing climate with attempts by geologic processes to
restore equilibrium.

SUMMARY AND CONCLUSIONS

The Desert Winds Project has produced a database of
climatic records for desert sites that represent the major sub-
divisions of the North American Desert. Periods of record
range from 18 years (Gold Spring station) to 5 years (Owens
Lake station). Unlike records from most ordinary weather
stations, the Geomet records include measurements of wind
speeds and directions obtained as frequently as 10 times per
hour, and measurements of solar energy reflected and emit-
ted from selected desert surfaces. These data, as well as the
records of other parameters (precipitation, humidity, baro-
metric pressure, soil temperature, sand flux, and so on: Tig-
ges and others, chap. H, this volume) are being prepared for
release on CD-ROM, as have some of the data for the Gold
Spring station (Helm and others, 1995) and the data for the
Desert Wells station (Helm and others, 1998).

The addition of experimental sand-flux sensors (Tigges
and others, chap. H, this volume) to the array of automated
Geomet instruments has made feasible the remote detection
of eolian sand transport under known conditions of wind
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speeds and durations, of rainfall, air and soil temperatures,
and other parameters over much longer periods of time than
previously possible. Parts of the records for stations at Yuma,
Gold Spring, and Jornada have been analyzed by Helm and
Breed (chap. B, this volume), and similar records for Owens
Lake have been analyzed by Gillette and others (1997).

Shortcomings of the Desert Wind Project are related to
the uneven applications of research efforts at the various
Geomet sites, largely due to changes in research goals,
resources, and priorities. Early efforts were concentrated at
Gold Spring, which is most accessible from project head-
quarters in Flagstaff, Ariz., and at Yuma and Jornada, where
P. Helm, B. Musick, and U.S. Army Topographic Engineer-
ing Center scientists applied most of their efforts. Studies at
Desert Wells were carried out mainly by S. Wolfe, while
studies at Owens Lake began much later in the project and
have been carried out primarily by M. Reheis along with D.
Gillette and his associates. As a result, original goals such as
systematic monitoring of changes in vegetation and surface
sediment distribution (dunes, sand sheets, gravel spreads,
and so on) by measurements along permanent transects and
by repeat photography at camera stations established at each
site (for example, as mapped on figs. 5 and 8) have been met
only unevenly.

Despite these shortcomings, the Desert Winds Project
has managed to obtain an unparalled database for climate
variation and associated wind erosion in type localities in the
North American Desert. This database provides baseline
information for detecting future changes related to human
activity and (or) climate variation. The baseline data on
climatic variability are critical to future interpretations of
climate change.
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ABSTRACT

 

Long-term data from automated instruments and field
measurements at three geometeorological (Geomet) stations
(Gold Spring and Yuma in Arizona, and Jornada in New
Mexico) provide a new basis on which to assess sediment
transport for natural desert areas. The susceptibility of each
instrumented site to sediment transport is characterized by its
surface grain size, threshold wind speed, drift potential, pre-
cipitation frequency, and vegetation cover (lateral cover).
The first four parameters define the potential for sand move-
ment, whereas actual (monitored) eolian activity additionally
corresponds to vegetation cover. The potential for sediment
transport is moderately high at the Gold Spring site and low
at the Yuma and Jornada sites; yet, for the period of record,
Yuma was the most active sand-moving site, whereas Jor-
nada and Gold Spring showed less activity, possibly due to
denser vegetation cover at these two sites.

Relations of measured wind speeds and directions, mea-
sured amounts of short-term antecedent precipitation, and
movement of sand in saltation (detected by sand-flux sen-
sors) for seasonal storms at each site indicate the complex
nature of weather and land surface response. Storm
sandroses based on Geomet data illustrate the relative
amount of wind energy, effective wind direction, and result-
ant net potential sand movement and direction associated
with each recorded storm. These empirical examples docu-
ment the effects of different types of storms on sand move-
ment on natural surfaces. Spring sand-moving storms had
frontal storm characteristics: strong initial winds that taper
off as the storm dies down, constant wind directions, and
long durations. These storms only produced sand movement
in the initial phase. Summer storms were classic thunder-
storms with swift, powerful downdrafts and turbulent wind
speeds and directions. Sand moved throughout the duration
of these thunderstorms, except when rain fell. The fall/winter
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storms were frontal storms associated with upper-level, low-
pressure troughs. These storms had a pulsating character with
wind speeds that rose above and dropped below threshold
wind speed, some quite dramatically, throughout their dura-
tion. The pulsating character of the winds of low-pressure-
trough storms produced intermittent sand movement through-
out the duration of these storms.

Precipitation occurred within 10 days before all but one
sand-moving storm, confirming the minor effect of short-
term antecedent precipitation on the vulnerability of these
sites to sediment transport. The consequence of long-term
antecedent precipitation (rainfall during previous seasons) is
reflected in the inhibiting effect of vegetation cover on sedi-
ment transport during subsequent seasons.

 

INTRODUCTION

 

Field data on the land surface and near-surface atmo-
spheric conditions at five desert sites have been acquired by
automated instruments deployed at geometeorological
(Geomet) stations (Breed, chap. A, this volume; Tigges and
others, chap. H, this volume). At all but one of these sites
(Desert Wells, near Vicksburg, Ariz.), an automated sand-
flux sensor (SENSIT: Stockton and Gillette, 1990) was added
to the sensor array, and this experimental instrument has pro-
vided field data on the actual (as opposed to potential) move-
ment of sand by the Geomet-recorded winds under monitored
conditions of precipitation and vegetation cover. This paper
reports the methodology, the baseline geometeorology, and
preliminary observations of experimental field measurements
of the movement of sediment by wind on natural arid and
semiarid surfaces. Geometeorologic characterization and pre-
liminary sand-moving storm observations are reported for the
Gold Spring and Yuma sites (Arizona) and for the Jornada
site (New Mexico). The geometeorologic characterization for
the Desert Wells site (Arizona) is reported by Wolfe and
Helm (chap. C, this volume); data are as yet insufficient for
analysis of the Owens Lake (California) site.
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SEDIMENT TRANSPORT 
PARAMETERS

 

INSTRUMENTATION

 

On each Geomet wind tower (described in detail by Tig-
ges and others, chap. H, this volume), an anemometer at a
height of 6.1 m measures wind speeds that are averaged
every 6 minutes. A wind vane at the top of each data collec-
tion platform (DCP) tower (also 6.1 m high) records wind
directions simultaneously with the wind-speed measure-
ments. A tipping bucket rain gauge sits on a small platform
on each DCP tower at a height of 2 m. The cumulative pre-
cipitation is logged every 12 minutes. The air-temperature
sensor (a thermistor) is encased in a radiation shield and is
mounted 1.2 m above the ground surface. Instantaneous air-
temperature readings are recorded every 12 minutes.

Measured wind speeds and directions and measured
amounts and frequencies of precipitation used with the
record of sand-flux events detected by the SENSIT
(described below and by Tigges and others, chap. H, this vol-
ume) provide the essential support for our field-based studies
of sediment transport on natural surfaces. The SENSIT is an
automated sand-flux sensor (Stockton and Gillette, 1990)
that contains a piezoelectric crystal, which records the
impacts of saltating sand grains as electronic pulses. These
pulses signal the onset and record the duration of saltation
(wind-driven bouncing of sand). Because the SENSIT is an
experimental instrument that has been developed over more
than 5 years of project work, different models produced by
manufacturer’s redesign of the instrument have been
deployed at the Geomet sites; as a consequence, comparisons
of the SENSIT records from site to site must compensate for
these sensor differences, particularly in heights above the
ground. At both the Gold Spring and the Jornada sites, the
crystal height is 5.5 cm; but the crystal height at the Yuma
site is 15 cm. The Yuma SENSIT is the oldest model still in
use and has not been replaced with the newer, shorter model
because of the need to maintain continuity of the long and
substantial data set recorded with the 15-cm-high SENSIT.
As a consequence, in order to be recorded by the SENSIT,
sand grains at the Yuma site must saltate to more than twice
the height of the sand grains that saltate at the Gold Spring or
Jornada site.

 

METHODS

 

Using field measurements and Geomet data, the sedi-
ment transport parameters that characterize each desert site
are surface grain size, threshold wind speed (Bagnold, 1941),
drift potential (Fryberger and Dean, 1979), precipitation
frequency, and vegetation cover (Musick, chap. D, this

volume). In this paper, threshold wind speed (

 

V

 

t

 

) is defined
as the horizontal wind speed, measured at 6.1 m, required to
initiate saltation on a flat, dry, unvegetated surface of mixed
grain size. The equations of Bagnold (1941, p.101) are cho-
sen for calculations because they contain only one variable,
surface grain size, which is easily measured. The fluid
threshold gradient or threshold friction velocity (

 

V

 

*t

 

), which
represents the minimum drag on the predominant surface
grain size at which air can begin to move grains by direct
fluid pressure, varies as the square root of the grain size, as
follows: 

where

 

A

 

 is a constant based on fluid medium (for air, 

 

A

 

=0.1),

 

σ

 

 is the density of quartz (2.65 g/cm

 

2

 

),

 

ρ

 

 is the density of air (1.22

 

×

 

10–

 

3

 

 g/cm

 

3

 

),

 

g

 

 is the acceleration of gravity (980.665 cm/s

 

2

 

), and

 

d

 

 is the predominant (modal) grain-size diameter, in
centimeters, for each site.

The surface grain size (

 

d

 

), the singular key variable, is
determined by sampling surficial sediment at each site. Mean
grain size is used in wind tunnel studies (Bagnold, 1941;
Zingg, 1953; Belly, 1964), but empirical evidence led Bag-
nold (1941) to suggest that the mode is a better statistical
expression for natural, mixed-grain surfaces. Continuing
research (Gillette and others, 1980) indicates that mode,
rather than mean, controls the value of the threshold friction
velocity (

 

V

 

*t

 

) in natural areas, although the complex surfaces
of natural areas are likely to produce a range of threshold
friction velocities (Chepil, 1945; Nickling, 1988; Fryrear and
others, 1991) rather than a constant value. For example, a
minimum 

 

V

 

*t

 

 would move the smaller grains on the surface
whereas progressively higher 

 

V

 

*t

 

 would be needed for each
larger grain size in the mix. In this report, a first-order thresh-
old friction velocity value is calculated using the modal grain
size for each site.

To determine the modal grain-size diameter, the area
around the SENSIT is sampled by running a flat piece of
cardboard along the surface at a depth of 2 cm. In the labora-
tory, a standard 500 grams derived from this bulk sample is
sieved and weighed to obtain amounts of sediment in each
grain-size category (Folk, 1964). The mode is the grain-size
category containing the greatest weight (largest amount) of
the sample material. Where the sample weights are bimodal
or multimodal, a mean value between or among modes is
selected.

The threshold friction velocity value (

 

V

 

*t

 

), based on the
modal grain size at each site, is then used to calculate the
horizontal threshold wind speed (

 

V

 

t

 

), at the anemometer
height (

 

z

 

) of 6.1 m above the surface, using the Bagnold
logarithmic wind profile equation:

 

V

 

∗

 

t A

 

σ ρ

 

–

 

ρ

 

------------

 

gd
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where

 

V

 

t

 

(

 

z

 

) is the threshold wind speed measured at 6.1 m
height,

 

V

 

*t

 

 is the fluid threshold gradient (threshold friction
velocity),

 

z

 

 = 6.1 m, and 

 

z

 

0

 

 is the roughness height (

 

d

 

/30), based on predominant
(modal) grain-size diameter.

Threshold wind speed (

 

V

 

t

 

) then becomes the comparison
standard for each site that defines the wind speed needed to
move the predominant grain size if the site were flat, unveg-
etated, and completely dry.

The measure of the effective (potential sand-moving)
winds summed for recorded winds from all directions at a
given location is the drift potential (Fryberger and Dean,
1979). In Fryberger and Dean’s approach, all wind speeds
greater than the established threshold wind speed for a stan-
dard grain size of quartz sand (0.25 mm) are considered
sand-moving winds, and surfaces of sediment transport are
assumed to be of uniform grain size, dry, and bare. Fryberger
and Dean modified the Lettau-Lettau (1978) equation, an
updated version of the Bagnold sand-flux equation, in order
to use the frequency of the occurrence of winds in speed
groups recorded hourly by standard World Meteorological
Organization (WMO) weather stations. Fryberger and
Dean’s method allowed them to characterize most sand
deserts of the world in terms of their potential sand move-
ment by wind and to compare them on a global scale using
standard numerical values (vector units or VU). Sandroses
(fig. 1) are the graphical representation of the wind energy
from each of the 16 wind-direction categories plus the result-
ant amount and direction of potential sand drift. The Fry-
berger and Dean sandroses, therefore, represent the potential
amount and upwind direction of the wind force as well as the
resultant net potential amount and downwind direction of the
sand movement over the period of record.

For this project, each Geomet site sandrose is evaluated,
and drift potential at each site in VU is calculated using the
sum of the arms of the sandrose. The Geomet sandroses are
constructed using the mean frequency of measured wind
speeds above the site-specific threshold wind speed over the
period of Geomet record. The drift potential value is then
used to categorize the type of wind environment, as com-
pared to other world desert sites, and to quantify the potential
vulnerability of each site to the wind. Each site sandrose
describes the overall directional power and variability of the
wind and the potential net effect of the wind activity on the
surface material. For comparison with the actual effective-
ness of wind during storms that produce SENSIT-recorded

sand movement, storm sandroses are also derived (see figs.
4

 

B–

 

12

 

B

 

).
A measure of precipitation, when evaluated as a sedi-

ment transport parameter, needs to define the effectiveness
of rainfall to decrease sand movement by stabilizing the sur-
face through crusting or vegetation growth. Although mean
annual rainfall or normal annual rainfall is the usual method
of characterizing precipitation at any location, a frequency
distribution of precipitation amounts may be a more mean-
ingful description of the effect rainfall has on the surface and
the vegetation. Given a mean annual rainfall of 150 mm, a
desert in which most of the total yearly amount occurs during
a 2-month period will differ in character from a desert in
which the same amount is distributed equally in all months.
Two frequency distributions of precipitation for each site are
graphed: monthly (fig. 2) and daily (see fig. 14). Each graph
of precipitation frequency shows, for the period of record at
each site, the mean number of months or days per year hav-
ing a total rainfall within each precipitation range. The
monthly precipitation frequency is useful for evaluation of
the general character of a site (Chepil, 1958), whereas the
daily precipitation frequency gives a more detailed view of
the relations between rainfall and individual seasonal storms.
The calculations of precipitation frequencies are based on
recorded field data from each site.

Vegetation cover is represented by numerical values
that describe relative amounts of the surface covered by
plants versus bare ground; these values are derived from
periodic measurements, using vegetation transects, of plant
frequency, size, and shape at the Geomet sites (Musick,
chap. D, this volume). Lateral cover (

 

L

 

c

 

: Marshall, 1971) is
a measure of the ratio of frontal silhouette area to the ground
area occupied by the plants. Musick and Gillette’s (1990)
analysis of changes in 

 

L

 

c

 

 at the Yuma and Jornada Geomet
sites confirms that protection of natural surfaces against sand
movement by wind increases with increased value of lateral
cover. The lateral cover values for the sites thus provide a
rough index of vulnerability of each site to eolian activity.

 

CHARACTERISTICS OF THE
GEOMET SITES

 

GOLD SPRING, ARIZONA

 

The Gold Spring Geomet site is in the high, seasonally
cool Great Basin Desert, at an altitude of 1,667 m. The
station is on shallow subsurface bedrock (mostly sandstone)
mantled with an eolian sand sheet, in an interdune corridor
between two linear dunes. The land is historically a part of
the Navajo/Hopi Indian Joint Use Area, and a Navajo family
living nearby grazes cattle, some sheep, and horses. Vegeta-
tion consists almost entirely of grasses and bushes; the four

Vt z( ) 5.75V∗t
z
z0

----log=
0

 

(2)
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N

YUMA
1989-1992

DP = 31
RDP = 2
RDP/DP = 0.06

N

DP = 355
RDP = 212
RDP/DP = 0.60

Scaling factor = 19

1980-1992
GOLD SPRING

N

DP = 24
RDP = 19 
RDP/DP = 0.79

1987-1992
JORNADA

A

Scaling factor = 1B

Scaling factor = 2C

 

major species are broom snakeweed, galleta, yucca, and
needle-and-thread grass (H.B. Musick, University of New
Mexico, written commun., 1992). Black grama is also
present in lesser quantities and is heavily grazed. The
Geomet site is fenced with barbed wire to protect the
equipment from livestock.

The Gold Spring Geomet station began operations in
October 1979, and the Gold Spring data available for this
study cover a 13-year period, 1980–1992, which is a signifi-
cant record for the establishment of long-term means (table
1) and other geometeorological calculations. The mean
annual wind speed is 3.7 m/s, and the drift potential evalu-
ated for the site is 355 VU. This VU value places the site in
the upper range of the intermediate wind-energy environ-
ment of deserts worldwide as defined by Fryberger and Dean
(1979). The Geomet site sandrose (fig. 1) indicates that the
resultant drift direction is to the east-northeast, which shows
the effect of strong prevailing southwesterly winds. The
mean annual precipitation is 143 mm, and the monthly pre-
cipitation frequency (fig. 2) indicates that, during 8 months
of an average year, the site receives a precipitation total of
less than 13 mm; whereas during 1 month (usually July or

August), it receives a rainfall amount greater than 38.3 mm,
and during 1 month (usually June), it receives no precipita-
tion at all.

The modal surface grain diameter of 0.104 mm (very
fine sand) yields a threshold wind speed of 5.3 m/s (11.9
mph). This small modal grain size forces the threshold fric-
tion velocity, and thus the threshold wind speed, close to the
minimum of the Bagnold threshold curve (Bagnold, 1941, p.
88). Smaller and larger grain sizes require higher threshold
wind speeds to begin saltation. The lateral cover value of the
vegetation in 1991 was 0.41 (H.B. Musick, University of
New Mexico, written commun., 1992).

The Gold Spring site has powerful winds, fine surface
grain sizes, and a very low threshold wind-speed value, all of
which produce a great potential for sand movement. Rains
come mostly in small increments—a pattern common to all
the arid and semiarid Geomet sites—which minimizes the
effect of the total yearly precipitation on the surface and the
vegetation. A few soaking rains do occur, and this site
receives snow that sometimes remains on the ground for
days. Gold Spring presently has a relatively high value for
lateral cover, which suggests that the vegetation density and

 

Figure 1.

 

Geomet site sandroses. The sandrose is a circular
histogram showing mean magnitude and upwind direction of the
wind field at 

 

A

 

, Gold Spring; 

 

B

 

, Yuma; and 

 

C

 

, Jornada for the site
period of record. The lengths of the arms are proportional to poten-
tial amount of sand drift from the upwind direction. The length of
the resultant arm (arrow) is proportional to potential net amount of
sand moved toward the downwind direction. The lengths of the
arms are derived using a weighting equation (Fryberger and Dean,
1979) that applies only to wind speeds above threshold wind speed
at each site. The scaling factor is a linear reduction value used to
scale the sandrose to the plotting area. DP, drift potential (sand-
moving capability of the wind from all directions); RDP, resultant
drift potential (net sand-moving capability toward resultant direc-
tion); RDP/DP, an index of directional variability of the wind field
(1.00 = no variability).
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spacing characteristics provide some protection of the
ground surface from sand movement.

 

YUMA, ARIZONA

 

Although a basic Geomet station has recorded
conditions in the Yuma desert since June 1981, the
equipment was moved to a new site, 9.5 miles west-north-
west from the first locality, and upgraded to a superstation,
including installation of a SENSIT sand-flux sensor (Tigges
and others, chap. H, this volume) in May 1988. The two
Yuma sites, although both within the lower Colorado River
valley section of the Sonoran Desert, have different meteo-
rological and surface characteristics. Because the equipment

at the new site includes the sand-flux sensor, which is essen-
tial to detect and record actual saltation events, the geomete-
orological descriptions in this paper are based on data from
the new site only. This Yuma Geomet site is at 75 m altitude
in the lower Sonoran Desert, the most arid region of the
United States (Henning and Flohn, 1977). The Geomet sta-
tion is located on a sand sheet on a virtually flat, intermont-
ane plain, known locally as the Yuma desert, south and east
of the Colorado River (Breed, chap. A, this volume). Access
is restricted, as the site is on part of the aerial gunnery range
of the Barry M. Goldwater Air Force Range (administered
by the U.S. Marine Corps Air Station in Yuma). The vegeta-
tion at the Geomet site is sparse; the three major species are
white bursage, big galleta, and creosotebush (Musick and
Gillette, 1990; Musick, chap. D, this volume). An annual
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Figure 2.

 

Monthly precipitation frequency distributions show-
ing mean number of months per year with total rainfall in each
precipitation range for the period of record at 

 

A

 

, Gold Spring; 

 

B

 

,
Yuma; and 

 

C

 

, Jornada.
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grass (schismus barbatus) grows abundantly when fall/winter
rains are heavy. The Yuma Geomet site is not fenced because
no livestock graze in the area.

Although the superstation was erected in May 1988,
problems with the power system throughout the summer
severely reduced the data set for that year, such that the
period of record for calculation of annual means starts in
1989. This short period of record (4 years) reduces the
significance of the site long-term means, but monitoring at
this site continues and is expected to improve the values. The
4-year means for precipitation, air temperature, and wind
speed for the Yuma site are listed in table 1. Mean annual air
temperature of 23.2

 

°

 

C and mean annual precipitation of 52
mm demonstrate the aridity of the region.

The threshold wind speed (at a height of 6.1 m), based
on a predominant (modal) surface grain size of 0.280 mm
(medium sand), is 8.2 m/s (18.3 mph). The drift potential for
the Yuma site is 31 VU, a low wind-energy environment
compared to deserts worldwide (Fryberger and Dean, 1979).
The resultant drift direction (fig. 1) is to the south-southeast,
but the site sandrose shows diametrically opposed modes
(northwest and southeast quadrants) that neutralize the mag-
nitude of the resultant (net) potential sand drift and produce
a reversing yearly resultant drift direction. The Yuma site
rarely has significant, saturating rains (fig. 2). For 11 months
a year, on average, rain falls in monthly amounts less than 13
mm; for 5 of those 11 months, no rain falls at all. The vege-
tation cover at Yuma is generally sparse but highly variable
from year to year, corresponding closely to a wide range of
fall/winter precipitation totals. The lateral cover value in
1988 was 0.24, and in 1990, 0.14. By 1992, the value
returned to 0.23 (Musick, chap. D, this volume).

Although the Yuma Geomet site has a low drift poten-
tial and a relatively high threshold wind speed, the aridity of
the area allows considerable sand-moving activity. When

vegetation cover, especially grasses, is sparse, each wind
storm having speeds above threshold can move surface sedi-
ment for an extended period of time, and the winds that come
from opposing directions, depending on the season, move the
sand back and forth over the sand sheet. Yuma has extreme
fluctuations in amount of total yearly precipitation (Ezcurra
and Rodrigues, 1986), which produce variable seasonal veg-
etation growth. During the 11-year period of observations at
both Yuma Geomet sites, the desert surface has fluctuated
twice between sparsely vegetated sand sheet with leafless
creosotebush and grassland with fully leafed shrubs (fig. 3).
Some of the surface changes evident on Landsat images are
documented by Crowley and Bowers (chap. F, this volume).
Such temporal shifts of climatic and land-surface character-
istics give the Yuma site a highly variable potential for eolian
activity.

 

JORNADA, NEW MEXICO

 

The Jornada Geomet site, on the Jornada Experimental
Range north of Las Cruces, N. Mex., is located on a virtually
flat, intermontane valley floor in the northern Chihuahuan
Desert at an altitude of 1,323 m. The vegetation is presently
abundant and varied; the three major species are mesquite,
snakeweed, and dropseed (Musick and Gillette, 1990;
Musick, chap. D, this volume). The U.S. Department of Agri-
culture–Agricultural Research Service (USDA-ARS) uses
the range to experiment with different grazing methods,
mainly for cattle but also for sheep and other animals. The
Geomet site at Jornada is not grazed as often as the site at
Gold Spring, but even limited grazing requires that the equip-
ment be fenced.

The Jornada Geomet station has operated since Septem-
ber 1986; a 6-year (1987–1992) period of record provides

 

Table 1.

 

Mean, minimum, and maximum meteorological parameters at the Geomet
sites.

 

Site Gold Spring Yuma Jornada
Period of record 1980–1992 1989–1992 1987–1992

 

Temperature

Mean annual 12.0

 

°

 

C 23.2

 

°

 

C 15.3

 

°

 

C
Maximum (year) 38.2

 

°

 

C (1989) 51.0

 

°

 

C (1990) 44.0

 

°

 

C (1989)
Minimum (year) –25.3

 

°

 

C (1982) –7.0

 

°

 

C (1990) –20.0

 

°

 

C (1987)

Precipitation

Mean annual 142.5 mm 51.9 mm 233.1 mm
Maximum annual (year) 186.2 mm (1983) 103.6 mm (1992) 265.2 mm (1992)
Minimum annual (year) 87.4 mm (1991) 21.8 mm (1989) 197.9 mm (1989)

Wind speed

Mean annual 3.7 m/s 2.9 m/s 2.7 m/s
Maximum peak gust (year) 30.4 m/s (1984) 27.9 m/s (1989) 29.8 m/s (1991)
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data for the means (table 1) calculated for this site. The 6-
year mean annual precipitation of 233 mm presently pro-
vides sufficient moisture for vegetation growth. The monthly
precipitation frequency (fig. 2) shows that, for an average
year, only 7 months have precipitation amounts less than 13
mm; precipitation is absent during 1 of these 7 months (typ-
ically June). However, during 1 month a year, more than 32
mm of rain falls, and for almost 2 months a year, on average,
precipitation amounts are greater than 38 mm. Snow falls
occasionally at Jornada, but it melts quickly.

The drift potential calculated for the Jornada site is 24
VU, indicating a low wind-energy environment compared
with deserts worldwide (Fryberger and Dean, 1979). The site
sandrose (fig. 1) displays a strong west to southwest wind
directional regime, and, therefore, the resultant drift direc-
tion is to the east-northeast. The predominant (modal) sur-
face grain size at Jornada is 0.351 mm (medium sand) from
which a threshold velocity (at 6.1 m height) of 9.0 m/s (20.1
mph) is calculated. The lateral cover in 1992 was 0.42
(Musick, chap. D, this volume).

The high frequency of present-day precipitation at
Jornada, with amounts greater than 13 mm during 5 months
of the year, encourages significant plant growth, which in

turn discourages sand movement. The low wind-energy
environment and the high threshold wind speed (based on a
relatively large surface modal grain size) also limit the
potential for eolian activity. Historically, however, this area
has experienced severe wind erosion that has produced large
coppice dunes less than a mile from the Geomet site (Breed,
chap. A, this volume). Therefore, the Jornada site may dem-
onstrate a temporal variability of surface vulnerability to
sediment transport, where each phase lasts a decade or more.

 

FIELD-BASED ANALYSIS OF 
SEDIMENT TRANSPORT

 

METHODS

 

In order to study the relations of recorded winds to
actual sand movement, storms accompanied by winds that
moved sand during each season at each of three Geomet sites
(Gold Spring, Yuma, and Jornada) were selected for prelim-
inary analysis. The criteria for selecting the sample storms

 

A

B

C

D

 

Figure 3.

 

Vegetation changes at the Yuma Geomet sites as shown by repeat photography. 

 

A

 

, Original site (1982) after drought; 

 

B

 

, original
site (1984) after 2 years of heavy rains during El Niño years; 

 

C

 

, present site (1991) after drought; 

 

D

 

, present site (1992) during an El Niño
year.
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are threefold: the site, the season, and the detected movement
of sand. For this paper, three seasons are defined based on
synoptic storm types of the southwestern deserts (Brazel and
Nickling, 1986) and the effect of seasonal precipitation on
vegetation growth (Crosswhite and Crosswhite, 1982; Bow-
ers, 1987). The spring season, February through May, corre-
sponds to the probable occurrence of large frontal storm
systems that roll across the Southwest, some of which, in late
spring, are occasionally associated with upper-level, low-
pressure troughs. The summer, June through September, cor-
responds to convective activity that produces thunderstorms.
The fall/winter season corresponds to the revival of frontal
activity, which usually is associated with upper-level or cut-
off, low-pressure troughs. The fall/winter season also is the
time when precipitation (rain or snow) provides the stimulus
or lack of stimulus for plant germination, which produces
spring growth (Musick, chap. D, this volume). The spring

vegetation growth is an indicator of biomass, the main inhib-
itor of sand movement, for an area (Brazel and others, 1986;
Lougeay and others, 1987; MacKinnon and others, 1990).

For each storm chosen, the full day of 6-minute average
wind speeds, measured at a height of 6.1 m, and the corre-
sponding peak electric pulse from the SENSIT recorded in
the 6-minute period are graphed on the same time axis (figs.
4

 

A–

 

12

 

A

 

). The pulse from the SENSIT is not fully calibrated
and, therefore, is an undefined quantity, aside from its crucial
role of providing automatic signals that detect the onset, and
mark the duration, of saltation under Geomet-measured wind
conditions. The pulses are known to be related to the impact
of sand grains and to have both mass and velocity compo-
nents, such that the magnitude of the pulse does not solely
reflect the amount of sand moved; to some unknown extent,
it also reflects the strength of the wind. The SENSIT values
on the graph of each storm, then, represent times when sand

     

N

SANDROSE          SPRING  STORM

0

5

10

15

20

25

SPRING  STORM

PR
E

C
IP

IT
A

T
IO

N
,  

IN
  M

IL
L

IM
E

T
E

R
S

ANTECEDENT    PRECIPITATION

29 03 08 13 18 23

JANUARY FEBRUARY

0 200 400 600 800 1000 1200 1400 1600 1800 2000 2200 2400
0

2

4

6

8

10

12

14

16

0.00

0.25

0.50

0.75

1.00

TIME

PE
A

K
 SE

N
SIT

W
IN

D
 S

P
E

E
D

,  
IN

 M
E

T
E

R
S 

PE
R

 S
E

C
O

N
D

PEAK SENSITINITIAL WIND SPEED  (V i)
THRESHOLD WIND SPEED  (V t)

• •

A

B

C

 

Figure 4.

 

Spring storm data at Gold Spring for February 23, 1992. 

 

A

 

, Seasonal storm with 6-minute average wind speeds measured at a
height of 6.1 m and corresponding 6-minute peak SENSIT value (sand-movement indicator) for a 24-hour period. Initial wind speed (

 

V

 

i

 

) is
the 6-minute average wind speed recorded with the first SENSIT-recorded sand movement; threshold wind speed (

 

Vt) is the calculated (Bag-
nold, 1941) threshold wind speed at 6.1 m for a flat, bare, dry surface consisting of modal grain-size surface sand for each Geomet site. B,
Storm sandrose indicates potential amount (length of arms) and upwind direction of sand movement produced by storm winds above Vt.
Resultant (arrow) arm shows net potential amount of sand movement toward downwind direction. C, Antecedent precipitation shows rainfall
totals for each day in the 30-day period before the seasonal storm.
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is moving but does not represent the amount moved. Also,
only one SENSIT is connected to the data collection plat-
form at each Geomet site; therefore, the spatial variability of
saltation at the SENSIT area and of saltation at other areas
around the Geomet station is unknown. This preliminary
analysis is based on the temporal information of sand move-
ment and associated wind speeds, wind directions, and pre-
cipitation.

The storm sandroses (figs. 4B–12B) are evaluated using
actual Geomet-measured wind data above threshold wind
speed for each site to show the relative amount of wind
energy, wind direction, and resultant net potential sand
movement and direction in a given storm. The antecedent
precipitation graphs (figs. 4C–12C) show the amount of
daily precipitation received at the Geomet site during the 30-
day period preceding each storm. 

As a companion to the storm graphs, table 2 lists basic
information about each storm, such as duration, wind speeds
and directions associated with the storm, and storm type.

Initial wind speed (Vi) is the recorded 6-minute average wind
speed at which sand actually began to move for each storm,
whereas threshold wind speed (Vt) is the calculated standard
wind speed at which sand should begin to saltate under ideal
conditions of a dry, bare, and flat surface. Storm direction in
table 2 is the wind direction defined by each storm sandrose
(figs. 4B–12B) and represents the prevailing direction from
which the storm winds above threshold blew. Rain accompa-
nying the storm, if any, is recorded in the “miscellaneous”
column (table 2).

STORMS AT GOLD SPRING

A spring storm on February 23, 1992 (fig. 4A), was a
post-frontal storm with strong winds out of the north. The
storm duration of 15.2 hours was the longest of all the storms
presented and thus produced the greatest drift potential, as
shown in the length of the arms of the storm sandrose. At

Table 2. Summary information on selected seasonal storms at each Geomet site.

[Storm duration, amount of time the wind speed was above the site threshold wind speed. (Times when wind speeds drop below threshold during a storm, as in the fluctuating
storms, are not included in the storm duration total.) Sand movement duration,amount of time of SENSIT-recorded sand movement. Percent time, percent of storm duration dur-
ing which sand moved. Vt, threshold wind speed for the site. Vi, initial sand-moving wind speed of the storm. Mean (sd), mean and standard deviation of winds that produced
sand movement. Storm direction, dominant wind direction associated with wind speeds above site threshold wind speed. Storm type, synoptic storm type based on Brazel and
Nickling (1986). Sand-moving wind speeds < Vt, number of wind speed values associated with SENSIT-recorded sand movement that were less than the site threshold wind
speed. Rain (direction), direction of the wind when rain began to fall]

Geomet site Storm Sand movement Vt Vi Mean of Storm Storm Sand-moving Miscellaneous
duration Duration Percent sand-moving direction type wind speeds

        Season (mo/yr) (hours) (hours) time (m/s) (m/s) winds (sd) < Vt

Gold Spring

Spring (2/92) 15.2 1.3 8.6 5.3 11.5 12.3 (0.81) N Post-front 0

Summer (8/92) 1.1 0.5 45.5 5.3 5.2 9.8 (2.68) ENE T-storm 1

Fall/winter (11/91)11.8 1.0 8.5 5.3 12.6 13.0 (1.06) WSW Pre-front 0 Cut-off low-

pressure trough.

Yuma

Spring (3/91) 4.7 2.5 53.2 8.2 7.9 11.1 (1.33) NW Post-front 1

Summer (9/91) 0.7 0.4 57.1 8.2 8.2 12.1 (2.88) E T-storm 0 Rain (ENE).

Fall/winter (10/91) 4.0 3.5 87.5 8.2 8.7 9.0 (0.82) NNW Post-front 6 Low-pressure 

trough.

Jornada

Spring (4/92)

   A 6.1 1.9 31.1 9.0 8.8 10.9 (0.87) WSW/W Pre-front 1

   B 1.2 1.1 91.7 9.0 11.3 10.7 (1.58) N Front 1

   Total 7.3 3.0 41.1 9.0 8.8 10.8 (1.16) WSW/W Front 2 Rain (NNW).

Summer (8/92) 0.6 0.4 66.7 9.0 8.3 11.7 (2.54) NE T-storm 1 Rain (E).

Fall/winter (11/91)10.1 4.2 41.6 9.0 7.4 10.1 (1.36) SSW Front 6 Low-pressure

trough.
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Gold Spring, with a low threshold wind speed (5.3 m/s) and
relatively high wind energy, most storms tend to be of long
duration and tend to have large potential for sand movement.
Most of the energy in the spring storm was produced by wind
speeds greater than threshold (Vt) but less than the initial
wind speed (Vi) of 11.5 m/s. The mean wind speed associated
with sand movement was 12.3 m/s, with little variation about
the mean (0.81), a pattern that indicates constant, strong
winds. As the wind speeds tapered off from the initial wind
speed, sand movement stopped, although the wind speeds
remained well above threshold for hours. The northerly
direction of the storm (fig. 4B) is in contrast to the site
sandrose (fig. 1), which shows the long-term directions of
potentially effective winds and has a very small northerly
component.

A summer storm on August 1, 1992 (fig. 5A), showed
a pattern typical of the three thunderstorms presented: low
initial wind speeds compared to subsequent high speeds;
high effectiveness, with sand movement during most, if not
all, of the duration of the storm; variable wind directions;
and rainfall at the end of the storm. The initial wind speed
of this thunderstorm was 5.2 m/s; the average of all wind

speeds that produced sand movement was 9.8 m/s, almost
twice the initial wind speed. Sand moved for 46 percent of
the storm’s duration, but then abruptly stopped without
apparent reason; no measurable rain (greater than 0.25 mm)
fell that might have caused cessation. The variable wind
directions were from the north, northeast, and east-north-
east, with east-northeast being the major direction of the
storm (fig. 5B). East-northeast is not a dominant direction
of potential sand-moving winds at Gold Spring, as indicated
by the site sandrose.

A fall/winter storm of November 17, 1991 (fig. 6A), dis-
played a series of winds pulsating above and below the site
threshold. This pre-frontal storm was associated with an
upper-level, cut-off low-pressure trough. The duration of this
storm—that is, the amount of time the wind was above
threshold, even if not continuous—was 11.8 hours; again,
this storm was long and had most wind speeds between
threshold and initial wind speed, and had sand movement
associated mostly with winds above initial wind speed. The
winds in this storm, however, had a different character than
the spring storm. The major winds and the sand movement in
the spring storm occurred at the beginning of the storm, when
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Figure 5. Summer storm data at Gold Spring for August 1, 1992. See figure 4 caption for explanation.
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wind speeds were above the initial wind speed, whereas the
fall/winter storm showed pulses of wind above initial wind
speed throughout the storm. The net result of the pulsating
winds in the fall/winter storm was that the last pulse moved
the sand with lesser winds than the first pulse. The high ini-
tial wind speed (12.6 m/s) and the mean value of sand-mov-
ing winds (13.0 m/s) defined a very powerful storm. The
directions of the storm were from the west and west-south-
west (fig. 6B), which correspond to the prevailing directions
of potentially effective winds at the site as shown in the site
sandrose.

STORMS AT YUMA

A spring storm on March 11, 1991 (fig. 7A), was a
post-frontal storm similar to the spring storm at Gold
Spring but shorter in duration (4.7 hours). The initial wind
speed (Vi) associated with the storm (7.9 m/s) and threshold
wind speed (Vt) for the site (8.2 m/s) agreed closely in
value. Sand movement was greatest at the beginning and
then ceased, although the decreasing winds remained above

initial wind speed and threshold for slightly more than 1
hour. Sand movement began with a low initial wind speed
of 7.9 m/s, but the average of the wind speeds producing
sand movement was significantly higher, at 11.1 m/s. The
direction of the storm was from the northwest (fig. 7B), a
dominant direction of storms in this area, as shown in the
site sandrose (fig. 2).

A summer storm on September 2, 1991 (fig. 8A), dem-
onstrated the sand-moving activity produced by a haboob
(Idso and others, 1972; McCauley and others, 1984, fig. 13).
A large pulse of sand movement occurred but was termi-
nated abruptly by the ensuing rain, which totaled only 1.78
mm. Sand moved during the entire time that the wind was
above initial wind speed, except when the rain fell. The ini-
tial wind speed (Vi) was 8.2 m/s, whereas the average speed
of the sand-moving winds was 12.1 m/s, the highest average
wind speed of the three storms described for Yuma. At the
beginning of the storm, the winds were from the southeast,
then from the east-southeast, and finally from the east. The
wind direction during the 18-minute rainy phase was from
the east-northeast, which shows a directional progression of
the thunderstorm cell, in this instance from south to north.
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Figure 6. Fall/winter storm data at Gold Spring for November 17, 1991. See figure 4 caption for explanation.
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The dominant direction of the storm winds was from the east
(fig. 8B), a common direction for thunderstorms in this area
(Brazel and Nickling, 1986).

A fall/winter storm on October 30, 1991 (fig. 9A),
was a post-frontal storm associated with an upper-level,
low-pressure trough. This storm was characterized by
pulses of winds that produced sand movement 88 percent
of the storm time. Sand moved throughout each pulse
above threshold wind speed, including the final, some-
what weaker, pulse of the series. The initial wind speed
(Vi) of 8.7 m/s was in the same range as other initial wind
speeds at Yuma, but the mean of sand-moving winds, a
low 9.0 m/s, signaled relatively weak storm winds. This
fall/winter storm was very effective at moving sand with
inferior winds. The storm winds oscillated between north
and north-northwest, two directions defined by the Yuma
sandrose as dominant for the site.

STORMS AT JORNADA

A spring storm on April 18, 1992 (fig. 10A), showed a
complex pattern. The pre-frontal first phase (A, table 2)

produced bidirectional winds from the west-southwest and
west (fig. 10B), two of the dominant directions of potentially
effective winds for the Jornada site (fig. 1). Wind speeds
then dropped below threshold for 78 minutes, only to rise
again much stronger than before as the full force of the front
was felt at the site. The frontal phase (B, table 2) brought
north and north-northwest winds (insignificant potentially
effective directions for the site). This highly efficient second
phase of the storm lasted 1.2 hours and produced sand
movement 92 percent (1.1 hours) of that time. The winds
dropped again, and the rain arrived 1 hour later. For one 6-
minute period while rain fell, the wind speed jumped above
threshold. At the end of this storm, 4.57 mm of rain had
fallen. The initial wind speed of the storm (Vi) and its first
phase was 8.8 m/s, matching the threshold wind speed (Vt)
for the site (9.0 m/s). The second-phase initial wind speed
was 11.3 m/s, well above the initial wind speed associated
with the first phase and threshold wind speed, but the
averages of sand-moving winds for both phases were virtu-
ally equivalent (10.9 m/s and 10.7 m/s, respectively).

A summer storm of August 19, 1992 (fig. 11A), was an
evening (20:32 m.s.t.) thunderstorm. The initial wind speed
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Figure 7. Spring storm data at Yuma for March 11, 1991. See figure 4 caption for explanation.



43INSTRUMENTED FIELD STUDIES OF SEDIMENT TRANSPORT BY WIND

(Vi) associated with the onset of saltation was 8.3 m/s,
whereas the high subsequent winds averaged 11.7 m/s. Sand
moved throughout the storm until rain fell. The multidirec-
tional nature (fig. 11B) of this thunderstorm began with winds
and initial sand movement from the east-northeast; the winds
shifted, blowing from the northeast for 18 minutes; then the
rain arrived and the wind direction returned to east. Rain con-
tinued until 01:00 m.s.t. and total precipitation was 4.32 mm.
The northeasterly wind direction of this storm is not a
dominant direction for this site, based on the site sandrose.

A fall/winter storm on November 28–29, 1991 (fig.
12A), started at 15:20 m.s.t. and continued in a pulsating
manner throughout the night until 14:08 m.s.t. the next after-
noon. The storm front associated with an upper-level low
produced a pre-frontal first day and post-frontal second day,
with most sand movement taking place in the pre-frontal
stage. The winds on the first day were from the south-south-
west and southwest, and the winds on the second day shifted
to west-southwest and west (fig. 12B). All these directions,
except south-southwest (the direction of the first-phase and
more powerful winds) are major directions of the site
sandrose. The sand moved at the beginning and end of the

storm in a manner comparable to that of the other storms that
showed this fluctuating pattern. The low initial wind speed
of 7.4 m/s was similar to the Vi during the other two Jornada
storms, all of which had initial wind speeds below threshold
for the site. The average of sand-moving winds, 10.1 m/s,
was consistent with the mean effective winds of other
Jornada storms.

EFFECTS OF PRECIPITATION

ROLE OF SHORT-TERM ANTECEDENT
PRECIPITATION

Studies of the role of soil moisture in wind erosion
generally rely on measurements of antecedent precipitation,
a meteorological parameter that is much more readily
available than continuous field measurements of soil
moisture, which are rarely taken and are notoriously unreli-
able for desert soils (Baker, 1990). To develop a climatic
erosivity factor that quantifies the effects of soil moisture in
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Figure 8. Summer storm data at Yuma for September 2, 1991. See figure 4 caption for explanation.
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their predictions of wind erosion on farm fields of the
subhumid American Midwest, U.S. Department of Agricul-
ture researchers (Chepil and others, 1962) used the Thorn-
thwaite (1931) PE ratio, a dryness index based on monthly
precipitation (P) and evaporation (E) amounts. In the Chepil
climatic equation, however, P/E ratios are not valid for
monthly rainfall amounts less than 13 mm—a common
occurrence in arid and semiarid regions (fig. 2). Skidmore
(1986) and the Food and Agriculture Organization (1979)
modified the equation by eliminating the soil moisture
influence for conditions when monthly precipitation is less
than 13 mm, thus substantiating that wind speed alone dom-
inates the climatic erosivity factor for most months in arid
and semiarid regions.

The sand surfaces of arid and semiarid lands dry
quickly after rain, especially if the wind is blowing. Studies
that have attempted to relate short-term antecedent precipi-
tation to frequencies of dust storms in southern Arizona
(Brazel and others, 1986; MacKinnon and others, 1990)
indicate that short-term antecedent rainfall (less than a
season’s accumulation) most likely does not hinder the gen-
eration of dust storms, which are phenomena initiated by
saltation of sand. An empirical example of a Yuma storm

shows that a storm that started with rain can end with sand
blowing (fig. 13), although the wetted surface probably
required a higher initial wind speed (11 m/s) to begin salta-
tion than the initial wind speed (8 m/s) of the Yuma spring
storm 10 days later, when the subsurface was drier.

The main mechanism by which short-term antecedent
precipitation may affect movement of surface material is
crusting, particularly in areas where soils contain significant
amounts of clay (Chepil, 1958; Gillette and others, 1980,
1982; Zobeck, 1991). Such crusts must first be broken
down in order for surface grains to be available for salta-
tion. Sandy surfaces at the three Geomet sites discussed in
this report have so little clay content (less than 2 percent)
that surface-stabilizing crusts do not form, or, as at Gold
Spring, they are very weak.

Short-term antecedent precipitation is plotted for the
illustrated sandstorms at the three Geomet sites (figs.
4C–12C). In four cases, rain fell within 5 days before the
storm, and in eight cases, rain fell within 10 days before the
storm. Only the fall/winter sand-moving storm at Jornada
was preceded by a dry period of more than 10 days. For
those four storms with antecedent precipitation within 5
days, daily rainfall amounts were less than 13 mm, the
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Figure 9. Fall/winter storm data at Yuma for October 30, 1991. See figure 4 caption for explanation.
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precipitation range within which most daily desert rains
occur, as shown in the daily precipitation frequency graphs
for each site (fig. 14). In the Gold Spring fall/winter storm,
a 2-day precipitation total of 10.9 mm fell within 1 day of
the sandstorm, and the Yuma fall/winter storm was pre-
ceded by 3.6 mm of rain within 2 days. Both of these
storms, with fluctuating wind patterns, produced sand
movement throughout the storms. Sand movement activity
increased as the Gold Spring storm progressed, possibly
showing the drying effect of the wind on the surface; the
Yuma storm was a powerful sand-mover with relatively
weak winds. These storms provide empirical examples of
the limits of short-term antecedent precipitation as an inhib-
itor of saltation on sandy surfaces.

ROLE OF LONG-TERM ANTECEDENT
PRECIPITATION

A more important role for eolian processes can be
ascribed to soil moisture provided by long-term antecedent
precipitation, rainfall that occurred in previous seasons (Bra-
zel and others, 1986; MacKinnon and others, 1990). Fall/
winter moisture, in particular, appears to be crucial for estab-

lishing the germination and growth of spring vegetation
(Musick, chap. D, this volume). At the Yuma Geomet site,
for example, precipitation totals were meager (less than 13
mm) for the fall/winter seasons of 1988 through 1990, which
resulted in a decrease of lateral cover from 0.24 to 0.14. Then
during the fall/winter of 1991, 22 mm of rain fell, which pro-
duced an abundant growth that returned the lateral cover
value to 0.23 in the spring of 1992. The spring vegetation,
especially the grass schismus, effectively stopped the move-
ment of sand. No storms at Yuma in 1992 were chosen for
preliminary analysis because no significant sand movement
occurred during the entire year. Thus, the effects of
precipitation during a prior season on present conditions for
saltation are closely related to the types and amounts of
vegetation cover that flourished or dwindled in response to
the previous season’s contribution to soil moisture.

DISCUSSION

The graphical analyses of the seasonal storms at each
Geomet site show the influence of synoptic weather systems
on the vegetated land surface and the corresponding
response of the sediments on these desert surfaces to
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meteorological forces. The spring storms (figs. 4A, 7A, 10A)
show frontal storm characteristics: strong initial winds that
tapered off as the storm died down, constant westerly wind
directions ranging from the south to the north (Brazel and
Nickling, 1986), and long durations, with winds above
threshold for hours. Because of long durations and relatively
high wind speeds, these spring frontal storms, both pre-fron-
tal and post-frontal, have the potential to move large amounts
of sand, especially later in the spring if the initial burst of
spring vegetation growth has died back. Yet, during all three
spring storms (Gold Spring, Yuma, and the first phase of Jor-
nada (fig. 10A)), the sand movement ceased before the winds
dropped below the site threshold (Vt), and in two of the
storms, Yuma and Jornada, the sand movement ceased
before the winds dropped below the initial wind speeds (Vi)
for each storm. Wind tunnel studies (Bagnold, 1941) and
research on unvegetated agricultural fields (D.W. Fryrear,
USDA-ARS, oral commun., 1993) show that, once sand
begins to saltate, the movement can be sustained by lower
wind speeds. None of the three spring storms showed this
phenomenon; in fact, these storms showed the opposite
behavior, with sand movement ceasing with high as well as
with decreasing wind speeds. The threshold wind speed (Vt),
as a defined standard wind speed needed to initiate saltation

if the site surface were bare and dry, should be lower than the
initial wind speed (Vi), the wind speed that initiated saltation
on a vegetated surface (Musick and Gillette, 1990). How-
ever, only at Gold Spring, a highly vegetated site (Lc=0.41),
was the initial wind speed higher than the threshold. The
Yuma site was poorly vegetated (Lc=0.14) during the spring
storm because of recent drought conditions, which provides
a possible explanation for the low initial wind speed; but the
Jornada site, with high lateral cover (Lc=0.42), also had a low
initial wind speed for the first phase of the spring storm.

Furthermore, the Jornada spring storm (fig. 10A), which
was similar to an unusually severe, dust-producing 1977
storm in the Clovis, N. Mex., area (McCauley and others,
1981, fig. 11) can be considered as two storms: the first phase
provided the most wind energy and the second phase pro-
duced a short-term, dramatic assault on the surface from a
different wind direction. Sand moved during most of the pre-
frontal first phase of the storm, and the wind direction of this
phase was from the west and west-southwest. Because most
of the wind energy was produced by this phase, the resultant
(net) potential sand-moving winds, as defined by the storm
sandrose (fig. 10B), were from the west (moving sand toward
the east). Later, the front itself moved through the area, and
thereby produced the second-phase activity, with associated
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Figure 11. Summer storm data at Jornada for August 19, 1992. See figure 4 caption for explanation.
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sand-moving winds from the north. The amount of sand
moved separately by each phase of the storm is unknown;
but each phase was effective at moving sand, and the storm
sandrose may not adequately show the actual sand-moving
influence of the north winds on the net sand flow. Frontal
storms are a relatively simple, synoptic storm type; however,
the graphs of the frontal storms at each site suggest that the
interaction among the wind, vegetation, and sand surface
was more complex.

The summer storms described above have the classic
signatures of thunderstorms—swift, powerful downdrafts
and turbulent wind speeds and directions. These storms are
of short duration, generally less than 1 hour (Brazel and
Nickling, 1986), but because of their power, they produce
sand movement. Two of the storms, at Yuma and Jornada
(figs. 8A, 11A), produced rain, and those same two storms
also produced sand movement each time the wind speed rose
above threshold until the rain finally stopped the movement.
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Figure 12. Fall/winter storm data at Jornada for November 28–29, 1991. See figure 4 caption for explanation.
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Wind directions during these two storms were
multidirectional, with the Yuma storm demonstrating the
progression of the thunderstorm cell through the Geomet site
and the Jornada storm showing turbulent directions that con-
tinually shifted throughout the storm. The Gold Spring
storm (fig. 5A) was less powerful than the other two with no
rain, a more constant direction, and less time of SENSIT-
recorded sand movement. Sand movement there stopped
while storm winds continued at speeds above both threshold
and initial wind speed of the storm. For all three summer
storms, the initial wind speed was the same as the threshold
wind speed despite the presence or absence of vegetation at
each site.

The fall/winter storms had a pulsating character, with
wind speeds that rose above and dropped below initial wind
speed, some quite dramatically, throughout their duration. In
all of these storms, the wind direction also pulsated between
two adjacent directions. These fall/winter pulsating storms
were frontal storms associated with upper-level, low-

pressure troughs—one of which, at Gold Spring (fig. 6A), was
a cut-off low. Such pulsating winds might produce more sand
movement than winds from a constant direction by episodi-
cally shifting in speed and direction throughout the storm. For
example, at Yuma (fig. 9A) sand moved 88 percent of the time
in the fall/winter storm compared with 53 percent of the time
in the spring storm (table 2), although the fall/winter storm
had only half the wind energy (as shown in the storm san-
droses) of the spring storm; because of the drought conditions
during that year, vegetation cover was constant throughout
both seasons. The pulsating character of the storms also may
help explain sand movement associated with wind speeds less
than threshold during the two storms at Yuma and Jornada
(table 2). The fluctuating wind speeds and directions may
destabilize the surface enough to expose grains to the wind
field that could be easily moved by lower wind speeds.

In the Southwest, spring is generally considered the
windy season, because the large frontal storms that move
through the region at this time of year produce so much wind
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Figure 14. Daily precipitation frequency distributions showing mean number of days per year with total rainfall in each precipitation range
for the period of record at A, Gold Spring; B, Yuma; and C, Jornada.

energy. The summer generally is considered the dust season,
because the thunderstorms associated with the Arizona
monsoon produce haboobs that move great quantities of
dust, particularly in the Phoenix area (Brazel and Nickling,
1986). Fall/winter storms have not received as much atten-
tion as the other two seasonal storm types, and yet examples
of substantial sand movement by winds associated with
upper-level lows in the fall/winter season at the Geomet sites
suggest that the effect of these low-pressure troughs on the
land surface may be greater than previously recognized.

SUMMARY

The three Geomet sites (Gold Spring, Yuma, and
Jornada) in the arid and semiarid deserts of the Southwest
United States have different eolian characteristics. The
interactions among the land surface, synoptic wind regime,
vegetation, and precipitation patterns create unique
environments for potential sediment transport. The
movement of sediment in these desert areas produces dust
storms, erosion and deposition of soils, and destruction of
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vegetation. The storms described in this paper demonstrate
the variety of wind regimes and surface responses that are
observed by monitoring actual sand-moving events in natu-
ral areas. Key data provided by automated sensors include
wind speed, wind direction, precipitation, and sediment
transport, which is recorded concurrently with wind speed
by the SENSIT. The threshold wind speed (Vt), calculated
using the surface grain size, and the local wind field define
the potential for sand movement, which differs from the
actual eolian transport at each site. The synoptic storm
types produce distinctive surface wind regimes that seem to
have characteristic effects on the land surface. Short-term
antecedent precipitation (rainfall received during the
present season) has a limited effect on surface stabilization,
whereas long-term antecedent precipitation (rainfall
received during a previous season) affects the surface vul-
nerability to sediment transport by supporting or thwarting
vegetation growth in the following season. 

Yet, relations between vegetation cover and the onset of
saltation remain uncertain. More study of SENSIT-recorded
sandstorms, complete calibration of the SENSIT such that
amounts of material moved can also be measured, employ-
ment of multiple SENSIT instruments to better define spatial
variability, and analysis of potential sand-moving storms that
do not produce saltation are needed to provide greater under-
standing of the natural (actual) relations among atmospheric
conditions, vegetation cover, and the land surface response.
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ABSTRACT

 

The USGS Desert Winds Project established a Geomet
station near Desert Wells, Arizona, in the arid northern part
of the Sonoran Desert. Geometeorological data measured at
this site have produced an 11-year record (1982–1992) upon
which long-term means have been established. The area is hot
and dry with a mean air temperature of 21

 

°

 

C and a mean
annual precipitation of 128 mm. Most of the precipitation
comes in monthly amounts of less than 13 mm, but down-
pours occur that can produce surface sheet flow or flash
flooding in gullies and washes. Although the area has a rela-
tively low wind-energy environment as compared to other
world deserts, it is raked by severe dust storms (haboobs) that
disrupt soil surfaces and deflate great quantities of material,
causing erosion and property damage. Wind direction is vari-
able with strong northwest/southeast prevailing winds and
frequent winds of lesser influence from the southwest.

A 3-month experiment around the Desert Wells Geomet
station using data from portable instruments, including a
wind tunnel, quantified wind erosion susceptibility on vari-
ous soil surfaces of the region. Study sites on three types of
soil surfaces were investigated: (1) natural sandy loam soils
that are loosely to poorly crusted and generally easily erod-
ible (3 sites), (2) natural silty clay loam soils on which estab-
lished crusts reduce the availability of surface-erodible
material needed for saltation (2 sites), and (3) a silty loam soil
on abandoned farmland that no longer bears the characteris-
tics of a natural surface (1 site). Of the three sandy loam sites,
only the dune site proved highly susceptible to wind erosion,
having both a low threshold of erosion and a significant
amount of loose erodible material. The other two sandy sites
are partly protected, one by a gravel lag and the other by a
mixed vegetation canopy with moderately high lateral cover,
such that the wind erosion thresholds at both sites increase to
nonerodible levels. The two sites with silty clay loam soils
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differ in wind erosion susceptibility. One site with vegetation
and a hard algal crust is considered nonerodible because of its
high wind erosion threshold and lack of loose material; but
the other, a playa without vegetation, has a low wind erosion
threshold but little loose available surface material. However,
the playa becomes highly susceptible to wind erosion if the
surface is disturbed. The silty loam of the abandoned farm-
land has the lowest wind erosion threshold but also has insuf-
ficient loose erodible material to be susceptible to deflation
except when the surface is disturbed. If disturbed, this site
would be the most susceptible to wind erosion.

 

INTRODUCTION

 

This paper documents a field study of wind erosion
conducted between March and July of 1992 in collaboration
with the Desert Winds Project at the Desert Wells Geomet
site (Helm and Breed, chap. B, this volume; Tigges and oth-
ers, chap. H, this volume), approximately 160 km west of
Phoenix near Vicksburg, Ariz. (fig. 1). The study area, like
much of western Arizona, consists of abandoned farmland,
rangeland, and natural desert surfaces that are sparsely vege-
tated and have undergone varying degrees of disturbance;
many such areas are known sources for dust emissions
(Hyers and Marcus, 1981). As stated by Gillette (1986b),
“the driving force for dust production is the motion of sand-
sized particles.” The purpose of this study is to assess wind
erosion susceptibility in the Desert Wells region and to doc-
ument near-surface atmospheric conditions under which
wind erosion thresholds are exceeded. Field data to support
this study were obtained from a portable, detailed
instrument array and from the USGS Desert Wells Geomet
station.

In this experiment, the approach to assessing suscepti-
bility to wind erosion was to determine wind erosion thresh-
olds of various types of surfaces in the Desert Wells area
and to measure the amount of loose particles available for
transport when that threshold is reached. This loose erodible
sediment becomes an important factor in the production of
dust storms during large wind erosion events (haboobs and
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thunderstorms). Baseline wind erosion thresholds are
defined by the shear stress needed to move loose, dry parti-
cles (Bagnold, 1941). Wind erosion thresholds are modified
by vegetation, which affects the wind field at and near the
surface. The availability of loose erodible sediment is fur-
ther decreased by surface crusting; whereas surface distur-
bances such as grazing, farming, and offroad vehicle
activity increase the amount of loose sediment available.

 

DESERT WELLS FIELD AREA

 

REGIONAL DESCRIPTION

 

The Desert Wells area (fig. 1 and fig. 6 of Breed, chap.
A, this volume) occupies part of a broad alluvial valley, the
Ranegras Plain, in the Sonoran Desert section of the Basin
and Range physiographic province in western Arizona.

 

Figure 1.

 

Index map of Desert Wells area showing field sites.
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Desert Wells is named (informally) for an abandoned settle-
ment that lies along Arizona State Route 60 about halfway
between Salome and Quartzite. The Ranegras Plain is
drained by Bouse Wash, an ephemeral tributary to the Colo-
rado River (at Parker) that occupies a normally dry axial
channel filled with clay, silt, and sand. Near Desert Wells,
the Ranegras Plain is bounded by the Little Harquahala
Mountains and Granite Wash Mountains to the east and by
the Bear Hills and New Water Mountains to the west. Exten-
sive pediments, mantled with broad alluvial fans that formed
during the middle or late Pleistocene (Demsey, 1988),
extend several kilometers from these ranges into the basin.
The distal ends of the fans and the central part of the basin
are surfaced by late Pleistocene to Holocene sediments,
which include grussy sand, silt, and clay, with local gravels
reworked from the debris mantles on the dissected pied-
monts (Demsey, 1988). These latest Quaternary sediments
fill the washes, cover the alluvial plains and playas, and form
the sand dunes and sand sheets near the Geomet site (figs. 1,
2). Soils in these latest Quaternary sediments are only mini-
mally developed. Soils in the region in general belong to the
Torriorthent, Calciorthid, or Camborthid groups; the best
developed profiles in the higher elevation areas contain cam-
bic horizons over stage-I to -II calcic horizons (Demsey,
1988).

 

GEOMET SITE

 

A geometeorological (Geomet) station of basic type
(Tigges and others, chap. H, this volume) was established by
the USGS Desert Winds Project (McCauley and others,
1984) in January 1981 at a site on rangeland near Desert
Wells (fig. 1). The station is at lat 33

 

°

 

42

 

′

 

08

 

″

 

N. and long
113

 

°

 

48

 

′

 

40

 

″

 

W., at an altitude of 344 m, on an alluvial plain
surfaced by sediment of late Holocene age (Demsey, 1988).
The surface of this broad intermontane basin slopes gently
westward toward Bouse Wash and is slightly dissected by
ephemeral gullies. Repeat photography from 1981 to the
present documents occasional runoff at the site. Numerous
small, barren playas dot the plain around the station. The
Ranegras Plain marks the northeast margin of the Colorado
River subdivision of the Sonoran Desert; hills that rise to ele-
vations of 500 m or more to the east mark the southwest mar-
gin of the less arid Arizona Upland subdivision (Van
Devender, 1990). On the Ranegras Plain, vegetation is
sparse and consists mostly of creosotebush, bursage, mes-
quite, and occasional bunch grasses that are concentrated in
areas of eolian sand drifts and dunes.

A small dune field and irregular eolian sand sheet
deposits overlie the alluvial surface around the Geomet sta-
tion (fig. 2; figs. 7, 8 of Breed, chap. A, this volume). The
dunes are small barchanoid-type (transverse) ridges or
mounds 0.3 to 1 m high. They lack slipfaces and are highly
bioturbated by rodents. Both the dunes and sand sheets have
some vegetation cover, unlike the surrounding hardpan and

playa surfaces. The sand is mostly medium size, poorly
sorted, and angular to subangular in shape. Though mostly
quartz, it contains about 15 percent dark lithic fragments
(including garnet schist), as well as abundant feldspar grains
(G. Billingsley, oral commun., 1981). These characteristics
indicate that the eolian sand is derived from sediment
washed into the basin from sources in the nearby mountains.
Although soil development in the eolian sand is minimal,
soil type can be considered a sandy loam.

 

GENERAL CLIMATIC CONDITIONS

 

Geometeorological data have been recorded at the
Desert Wells site intermittently in 1981 and continuously
from January 1982 (Tigges and others, chap. H, this vol-
ume). Data from 1981 to 1986 are available on CD-ROM
(Helm and others, 1998) and on the Internet at http://
geochange.er.usgs.gov. An array of sensors is deployed on
the Geomet station measuring meteorological parameters at
6-minute intervals. Wind speed, peak gust, and wind direc-
tion sensors are mounted on the mast at 6.1 m above the
ground surface. Air-temperature, humidity, and precipitation
sensors are mounted at a 2-m height, and a barometric-pres-
sure sensor rests in the enclosure containing the data collec-
tion platform (DCP) at a height of 1.5 m. Soil temperature
has been measured over the years at depths of 50 mm to 150
mm.

Threshold wind speed (

 

u

 

t

 

), the horizontal wind speed
(measured at a 6.1-m height) that initiates sand movement on
a bare, dry surface of mixed grain size (Bagnold, 1941; Helm
and Breed, chap. B, this volume), is a sediment-transport
parameter calculated from Bagnold equations and defines
the standard wind speed used in Geomet site comparisons.
Calculations for threshold wind speed depend on a single
variable, mode of the surface grain sizes. The threshold shear
velocity (

 

u

 

 

 

) represents the minimum drag on the predom-
inant surface grain size (mode) at which air can begin to

 

Figure 2.

 

Dune site 1 near Geomet has bursage and creosotebush
on loose sandy loam soil.

 

*



 

DESERT WINDS: MONITORING WIND-RELATED SURFACE PROCESSES

 

58

move those grains by direct fluid pressure. The shear veloc-
ity, in turn, provides the scaling factor needed to translate the
minimum drag on the surface to the associated threshold
wind speed value at the 6.1-m height of the anemometer at
the Geomet sites.

Because the Geomet site is in an ephemeral wash on a
hardpan surface and is adjacent to dunes and accumulated
alluvium as well as desert pavement surfaces, the evaluation
of a single modal grain size on which to base a calculation of
site threshold wind speed is difficult. In 1981, moving sedi-
ment was trapped at the Geomet site in two sets of vertical
PVC pipes with screened sections open to the wind. Two
traps had open sections that extended from 0.06 m above
ground level to a height of 0.30 m, and the other two had
open sections between heights of 0.30 m to 0.60 m above the
surface. Samples collected in these traps were analyzed for
grain size distribution. By using a mean of the modal grain
sizes captured in the lower level trap (0.06 to 0.30 m in
height), a surface grain size can be established that represents
the material moved by wind near the ground. This modal
grain size is 0.30 mm, medium sand. The threshold wind
speed calculated using this grain size is 8.4 m/s (at 6.1 m).

The drift potential, a measure of the potential capacity
for sand movement based on the percentage of time that
winds blow above threshold wind speed, is 43 VU (vector
units). This value indicates that Desert Wells has a low wind-
energy environment relative to that of major world deserts
(Fryberger and Dean, 1979). However, samples of airborne
sediment collected from the two upper level traps on August
6, 1981, included small pebbles (as large as 4.69 mm) and
granules. The coarse grain sizes obtained from the samplers
at these heights indicate airborne movement of particles in a
saltation curtain well above the ground. Two days after these
samples were collected, peak gust winds of nearly 144 km/h
were recorded during passage of a storm through the Desert
Wells area (McCauley and others, 1984). Severe wind abra-
sion destroyed the screens on the traps by late August, and
the PVC pipe samplers were abandoned. The sampler results,
though limited, suggest that high-speed winds in the area
blow with great competence. Because sand-moving winds
are infrequent, however, their annual capacity for sediment
movement (drift potential) is relatively low.

The site sandrose, a circular histogram showing the
direction and magnitude of the potential sand-moving winds
(wind speeds greater than site threshold wind speed) using
actual Geomet data (fig. 3), shows the variability of the wind
field at Desert Wells. The resultant (arrow) shows the influ-
ence of strong northwesterly and southeasterly prevailing
winds that blow through the area plus the lesser influence of
winds from the southwest, which together produce a poten-
tial net sand-movement direction toward the east. The mean
annual precipitation for the site, based on Geomet data for
1982–1992, is 128 mm. The precipitation frequency (fig. 4)
verifies the arid nature of the site: 73 percent of the monthly
rainfall occurs in amounts less than 13 mm, the minimum

rainfall amount needed to produce a soil water content suffi-
cient to reduce wind erosion (Chepil and others, 1962). In
only one month during a year, on average, rain falls in
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Figure 3.

 

Desert Wells site sandrose. The sandrose is a circular
histogram showing mean magnitude and upwind direction of the
wind field for the period of record (Helm and Breed, chap. B, this
volume). DP, drift potential (sand-moving capability of the wind
from all directions); RDP, resultant drift potential (net sand-mov-
ing capability toward the resultant direction); RDP/DP, an index
of directional variability of the wind field (1.00 = no variability).
The scaling factor is a linear reduction value used to scale the
sandrose to the plotting area.
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Figure 4.

 

Monthly precipitation frequency distribution showing
mean number of months per year with total rainfall in each
precipitation range for the period of record at Desert Wells.
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amounts greater than 38 mm, potentially wetting the ground
sufficiently to produce runoff in the gullies and washes. The
mean annual air temperature is 21

 

°

 

C.
To summarize, Desert Wells is an area of extremes:

long dry periods punctuated by downpours and flash flood-
ing; extended periods of time with low wind energy inter-
rupted by convective storms with tornadic wind shears that
produce huge, rolling dust clouds; varied ground surfaces
that differ in texture, character, and vulnerability to wind
erosion within a few meters of each other; and vegetation
growth patterns that range from none to mixed vegetation
types that partially protect the surfaces from wind erosion.

 

THE 1992 EXPERIMENT

 

PREVIOUS WORK

 

A wind erosion threshold is marked by the airborne
transport of soil particles across a surface, primarily by
saltation and suspension. Erosion thresholds have been
measured effectively in field localities by placing open-
floored wind tunnels over bare ground surfaces (Nickling
and Gillies, 1989; Gillette, 1978). By using a series of Pitot
tubes or other wind speed sensors, wind speed profiles near
the ground surface may be determined. In general, it is
possible to fit the mean wind speed (

 

u

 

) versus height (

 

z

 

) to
the function for aerodynamically rough flow (Priestley,
1959):

where

 

u

 

 

 

is the shear velocity,

 

z

 

0

 

 is the aerodynamic roughness length of the surface,
and

 

k

 

 is von Karman’s constant (0.4).

The threshold shear velocity of a bare surface (

 

u

 

S

 

) is
determined from wind speed profiles at which continuous
movement of sediment across a surface is first observed in
the portable wind tunnel, marking the wind erosion thresh-
old for that bare surface with resident surface grain size dis-
tribution. Erodibility (susceptibility) is a function of the
wind erosion threshold.

Erodibility is also a function of the amount and
distribution of loose erodible material on the soil surface.
The susceptibility of a surface to wind erosion is highly
sensitive to the grain size distribution of the loose soil,
particularly to the percentage of dry soil particles with
grain sizes less than 0.84 mm in diameter (Woodruff and
Siddoway, 1965). In general, this value represents the

fraction of surface soil material that is equivalent to coarse
sand (0.25

 

Φ

 

) or finer and, therefore, transportable by wind
in saltation and suspension. Larger soil particles and
aggregates are considered nonerodible by most wind
events. Recently, vacuum systems have been used to collect
loose erodible material, and the weight of surface material
with grain sizes less than 0.84 mm is evaluated on a mass
per area basis as an indicator of the soil erodibility (Zobeck,
1989).

Finally, vegetation reduces the shear stress at ground
level by extracting momentum from the atmosphere above
the surface, thereby increasing the shear velocity needed to
set surface material into motion (wind erosion threshold).
The protection provided by vegetation may be considered a
function of the vegetation height, width, spacing, porosity,
and distribution. To date, the most useful parameter for
characterizing vegetation cover in this context is the lateral
cover (

 

L

 

c

 

), defined as the ratio of total frontal-silhouette
area of roughness elements to the total surface area
(Marshall, 1971; Musick and Gillette, 1990; Musick, chap.
D, this volume):

where

 

D

 

 is the number of elements per unit area, and 

 

S

 

 is the mean frontal-silhouette area per element.

The mean frontal-silhouette area is defined as:

where

 

h

 

i

 

 is the element height, 

 

d

 

i

 

 is the element diameter, and 

 

N

 

 is the number of elements measured.

Following Musick and Gillette (1990) and Musick (chap. D,
this volume), a solid cylinder shape was used as the model of
element shape.

A vertical array of anemometers mounted above the
vegetation canopy allows measurements of shear velocity
(

 

u

 

*

 

and aerodynamic roughness length of the surface (

 

z

 

0

 

).
In this way, the sheltering effects of vegetation can be
assessed by the magnitude of the aerodynamic roughness
length value and threshold shear velocity with vegetation
(

 

u

 

tR

 

). The ratio (

 

R

 

t

 

) of the threshold shear velocity of an
erodible surface (

 

u

 

*tS

 

) to that of the same surface with non-
erodible elements (vegetation) present (

 

u

 

* tR

 

) has been
modeled by Raupach and others (1993) using the relation:
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where

 

m

 

 is a parameter accounting for the differences between
average surface shear stress and maximum surface
shear stress at any one point,

 

σ

 

 is the basal-to-frontal area ratio of the roughness
elements, and

 

β

 

 is the ratio of the drag coefficient of an isolated
roughness element on the surface to the drag
coefficient of the surface itself.

Raupach and others (1993) suggest that, for potentially erod-
ible shrub-vegetated surfaces, the coefficients 

 

β

 

, 

 

σ

 

, and 

 

m

 

 are
approximately 90, 1, and 0.5, respectively.

 

FIELD METHODS

 

For this study, six field site locations (table 1) within a
5 km radius of the Geomet station (dune site 1; fig. 2) were
selected in order to include the whole range of vegetation
and soil cover in the Desert Wells area; they consist of range-
land (sites 3 and 5; figs. 5, 6), abandoned farmland (site 2;
fig. 7), desert pavement (site 4; fig. 8), and a playa surface
(site 6; fig. 9). A sample plot 40 m by 60 m was surveyed at
each site, inside which wind profiles, surface sediment, and
vegetation characteristics were determined. Because of the
very sparse vegetation at the abandoned farmland site, a
larger area of 300 m by 300 m was surveyed. The degree of
sheltering afforded by vegetation at each site was determined
through measurements of vegetation type, height, width, and
distribution. All vegetation having heights greater than 0.15
m was surveyed within the 40 m by 60 m plots. In cases
where the surface cover represented a mix of vegetation, the
total lateral cover (

 

L

 

c

 

) was determined by summing the fron-
tal-silhouette area per element of each vegetation type
(Musick and Gillette, 1990; Musick, chap. D, this volume).

Near-surface atmospheric data, including wind speed,
wind direction, and air temperature were recorded at 5-sec-
ond intervals over 15-minute periods at the six sites. Seven

anemometers, two wind-direction sensors, and five tempera-
ture sensors were attached to a 10-m tower and measured
time-averaged velocity profiles at each site. Wind-profile
data collected included the average wind speed at 1.5, 2.5,
3.5, 4.5, 5.5, 7.5, and 10.0 m above the surface, as well as
maximum and minimum wind speeds and wind direction at
1.5 and 10.0 m. In all, more than 6,000 profiles were
collected, comprising approximately 600 to 1,000 profiles at
each site. Wind profile parameters, including shear velocity
(

 

u

 

*

 

) and aerodynamic roughness length (

 

z

 

0

 

), were deter-
mined using only those wind profiles in which the minimum
wind speed at a height of 1.5 m exceeded 1.5 m/s. This
restriction eliminated periods in which winds may have
stopped during the 15-minute period, and thereby removed
unwanted calm periods and isolated gust events. The remain-
ing profiles were fitted to equation 1, and profiles that met
the condition of having a coefficient of determination (r
squared) greater than 0.90 were used for computation of
shear stress and aerodynamic roughness length. A total of
1,210 profiles met the preceding conditions (approximately
20 percent of the profiles collected), and the average r-
squared fit to equation 1 was 0.97. Because the lower portion
of the profiles was logarithmic for high wind-speed episodes,
the remaining profiles were not corrected for atmospheric
stability.

Baseline wind erosion thresholds (

 

u

 

*tS

 

) were deter-
mined using a portable wind tunnel similar to that described
by Nickling and Gillies (1989). The wind tunnel is a noncir-
culating, sucking type that measures 1.0 m wide, 0.75 m
high, and 12.0 m long. The working section is situated 10.0
m back from the intake to allow for development of a bound-
ary layer of sufficient thickness. Six Pitot tubes ranging in
height from 10 to 160 mm above the ground surface were
used to determine near-surface wind-speed profiles. Thresh-
old shear velocities were determined for the condition when
surface soil sediment was first mobilized.

Soil surfaces were analyzed for soil texture, degree of
surface crusting, aggregates, and amount of loose erodible
material. A qualitative ranking procedure for evaluating

 

Table 1.

 

  Soil texture description.

 

[Abnd., Aabandoned; pvmnt, pavement]

Site Setting Soil Particle classification (percent) Comments
number texture Gravel Sand Silt Clay <0.84 mm

 

1 Dune (Geomet) Sandy loam 4.7 59.0 26.0 10.3 84.2 Loose to very soft
crust, 5.0 mm thick.

2 Abnd. farmland Silty loam 0.9 12.8 62.9 23.4 97.5 Moderately hard crust,
10 mm thick.

3 Rangeland Silty clay 0.0 7.3 64.7 28.0 99.7 Hard, curled algal/clay
loam crust, 5.0 mm thick.

4 Desert pavement Sandy loam 22.5 55.1 10.0 12.4 68.2 Loose desert pvmnt.
5 Rangeland Sandy loam 5.3 66.5 1.3 16.9 87.2 Loose to soft crust,

5.0 mm thick.
6 Playa Silty clay 0.0 8.2 52.9 38.9 100.0 Hard, curled algal/clay

loam crust, 5.0 mm thick.
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crustal hardness (pushing a finger into the surface crust) was
used to evaluate the force of fracturing surface crusts.
Crustal thickness was determined by sectioning the soil and
measuring the crusted surface that separated from the under-
lying loose soil. Surface sediment samples were collected at
each site from five plots, each 0.25 m by 0.25 m. Particle size
analysis using sieve and pipette methods was performed on
each sample to determine texture of the surficial sediment.
Soil surfaces were inspected for the degree of surface crust-
ing or development of protective gravel lags. The amount of
loose erodible material was determined by vacuuming 0.10
m2 plots of the surface soil; the mass of soil material col-
lected in this way represents the amount of loose soil mate-
rial. The amount of loose material susceptible to wind
erosion was determined on the basis of percentage of dry soil
with grain sizes less than 0.84 mm in diameter (Zobeck,
1989), obtained by hand-sieving soil samples through a 0.84-
mm mesh.

Figure 5. Rangeland site 3 has creosotebush on algal-crusted
silty clay loam soil.

Figure 6. Rangeland site 5 has bursage and creosotebush on soft
sandy loam soil.

Figure 7. Abandoned farmland site 2 has mesquite on crusted
silty loam soil.

Figure 8. Desert pavement site 4 has creosotebush on sandy loam
soil.

Figure 9. Playa site 6 has algal-crusted silty clay loam soil and no
vegetation.
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EXPERIMENT SITE CHARACTERISTICS

SURFACE SOIL TEXTURE

Weak soils in the Desert Wells area have developed on
late Pleistocene to Holocene fan or stream alluvium (Dem-
sey, 1988) and are generally medium to moderately coarse
textured loams (table 1). They vary with respect to the sedi-
mentary characteristics of their alluvial or eolian parent
material and their thickness over bedrock.

Much of the surface at the Geomet station (dune site 1,
fig. 1) has been deflated to a hardpan overlain by a thin,
patchy lag of very coarse, loose sand and granules; soil accu-
mulations are limited to sandy loams in the dunes and drifts
of eolian sand, which overlie the hardpan (fig. 2). Surface
sediment both there and at rangeland site 5 (fig. 6) is sandy
loam with loose surface particles and soft crusts. In contrast,
the silty surfaces (sites 2, 3, and 6; figs. 7, 5, 9) generally
have moderate to hard crusts. The surface crust on rangeland
site 3 and on the playa (site 6) is hard, curled, polygonally
shaped clay that is generally 5.0 mm thick. Crusting on these
sites has been aided by algal growth induced by periodic sur-
face flooding. Field observations indicate that fibrous strands
of surface algae act to bind the crust, making it less suscepti-
ble to breakage and wind erosion.

The surface crust is weaker on the abandoned farmland
(site 2), and there is no curling of the crust. Previous culti-
vation on the farmland had disturbed the soil, destroying
any possible preexisting surface crust. Furthermore,
although the site has not been cultivated in the last 10 years,
no indication of regrowth of algae exists. The installation of
ditches during cultivation has probably routed drainage
around the abandoned farmland sufficiently to prevent
annual surface flooding on the site. Consequently, though
algal crusts occur on perennially flooded soils near the
abandoned farmland, they are absent on the site itself. The
surface sediment on desert pavement (site 4) is a coarse-
textured sandy loam on alluvium in a dry wash; the surface
material is not crusted, as much of the fine-textured sedi-
ment is protected by a gravel lag.

LOOSE ERODIBLE MATERIAL

Soil erodibility is largely a function of the amount and
distribution of loose erodible surface material, which is
readily transportable by wind and which typically acts as an
abrader on crusted surfaces to initiate transport of additional
particles into saltation and suspension (Gillette, 1986b). For
each site, the total of loose surface material collected from
vacuum samples, expressed in metric tons per hectare (t/ha),
and the amount of loose erodible material, which is based on
the proportion of loose surface material with grain size diam-
eters less than 0.84 mm, are shown in table 2. A relatively

large amount of erodible material is available on the sandy
loam surface at site 1, where the surface sediment (dune
sand) is loose to softly crusted. In contrast, the crusted soils
(sites 2, 3, and 6) have comparatively little loose erodible
material, although the abandoned farmland contains consid-
erably more than the other crusted sites. Site 4 (desert pave-
ment) has the most loose erodible material, although much of
this is protected by a gravel lag. A moderate amount of mate-
rial is also available on rangeland site 5, which is similar in
texture to the dune sand at site 1, but with a stronger crust.
Thus, though the soils in the Desert Wells region typically
contain a high proportion of sediment with grain sizes less
than 0.84 mm in diameter, most of the fine-grained material
is aggregated or crusted, thereby reducing the amount of
loose erodible material. Lag gravels also shelter loose erod-
ible material from being entrained.

A comparison of the percent of particles with diame-
ters less than 0.84 mm (tables 1, 2) gives an indication of
the amount of loose available material that would be
present if the soil surfaces were disturbed. Disturbance of
the soil surface generally breaks down soil aggregates and
crust, thereby producing more loose erodible material. For
example, most of the soil material at rangeland site 3 and
playa site 6 is composed of potentially erodible material
(particles less than 0.84 mm; table 1), but surface crusting
allows only a small amount of this material to be readily
available to erosion (table 2). Disturbance of surface crusts
at these sites would result in most, if not all, of the surface
material becoming erodible. Disturbance of the other sites
would increase the soil erodibility to a lesser extent because
of the greater percentage of nonerodible-sized particles
(grain sizes > 0.84 mm). In all cases, however, the amount
of material that is erodible would be increased by surface
disturbance. Furthermore, surface disturbance at desert
pavement site 4 would produce the least amount of addi-
tional erodible material, but the disturbance of the
protective gravel lag at this site would likely result in
considerably more deflation than at present.

VEGETATION COVER

Vegetation in the region is sparse with densities typi-
cally less than 30 percent (table 3). Within the study area, the

Table 2.  Loose erodible material.

[t/ha, metric tons per hectare; Abnd., Abandoned; frmlnd, farmland;
pvmnt., pavement]

Site Loose surface Grain size Loose erodible
material (t/ha) <0.84 mm (%) material (t/ha)

1 Dune 5.064 64.6 3.853
2 Abnd. frmlnd. 0.221 97.0 0.214
3 Rangeland 0.417 14.7 0.061
4 Desert pvmnt. 13.225 38.8 5.130
5 Rangeland 1.197 46.9 0.561
6 Playa 0.108 15.2 0.016
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vegetation is predominately creosotebush (Larrea triden-
tata), white bursage (Ambrosia dumosa), and velvet mes-
quite (Prosopis juliflora var. velutina). Several perennial
bunch grasses and other herbaceous plants may also cover a
significant proportion of the ground surface, especially
where shrub vegetation is absent. Sites selected for study
generally had an exposed soil surface dominated by shrub
vegetation.

Mean height and width of vegetation cover at each site
(table 3) were determined by averaging measurements taken
on all plants more than 0.15 m tall. Two measurements of
width, perpendicular to each other, were taken on each plant.
The percent cover represents the ground area covered by
vegetation as viewed from above and was determined from
the sum of the plan view area of each plant, using the mean
width of each plant as the plant diameter. The lateral cover
(Lc) was calculated according to equation 2, using the mean
frontal-silhouette area per element as calculated from equa-
tion 3. The total number of vegetation elements (> 0.15 m
high) per plot area ranged from as few as 22 at the abandoned
farmland site 2 to 595 at rangeland site 5.

Velvet mesquite shrubs were the largest elements sur-
veyed in the area, averaging about 1.20 m tall (table 3); these
plants tended to stand alone on the abandoned farmland site
2. Creosotebush and white bursage were mixed at the dune
site 1 and rangeland site 5, with creosotebush elements dom-
inating at site 5 and bursage dominating at site 1. Creosote-
bush averaged 0.83 m high at rangeland site 3 and 1.06 m at
desert pavement site 4; white bursage generally averaged
0.32 m high. With the exception of the bare playa surface,
the abandoned farmland was the most sparsely vegetated;
mesquite elements there covered 0.04 percent of the 90,000
m2 area surveyed. The percent vegetation cover at the

undisturbed sites was much greater than at the abandoned
farmland site 2, ranging from 8.5 percent at rangeland site 3
to 26.3 percent at rangeland site 5. The sites with a mix of
creosotebush and bursage (sites 1 and 5) also tended to have
greater densities of vegetation cover because bursage
partially fills the spaces between the creosotebush.

The lateral cover (Lc) at rangeland site 5 is similar to
that of the Jornada, New Mexico, and Yuma, Arizona,
Geomet sites (Lc equal to 0.28 and 0.17, respectively) exam-
ined in 1989 by Musick and Gillette (1990) and Musick
(chap. D, this volume); lateral cover at dune site 1 is lower
than these three sites. All four of these desert areas are char-
acterized by a mix of vegetation types in which intervening
spaces between larger elements are partly filled by smaller
elements. Low lateral cover at abandoned farmland site 2,
rangeland site 3, and desert pavement site 4 show expected
densities for sites with single vegetation types. The lowest
lateral cover value, on abandoned farmland site 2, verifies
the sparse nature of the vegetation, although this locality
contains the largest vegetation elements.

Aerodynamic roughness length (z0) generally increases
with lateral cover, indicating that a more abundant vegeta-
tion canopy increases momentum extraction from the
atmosphere. The vegetation cover provides a momentum
sink that increases aerodynamic drag and reduces surface
shear stress. In this respect, sites with vegetation that
effectively reduce surface shear stress are those with a mix
of vegetation cover including creosotebush and bursage,
such as dune site 1 and rangeland site 5. The abandoned
farmland site 2, with sparse (creosotebush) vegetation, and
the playa site 6, with no vegetation, have aerodynamic
roughness length values less than 10 mm and consequently
higher shear stress at the surface.

Table 3.  Summary of vegetation description and aerodynamic roughness length.

[See text for definitions of Lc and z0]

Vegetation Description Aerodynamic
Site Type Mean Mean Percent Lateral roughness length,

height width cover cover z0, with vegetation

(m) (m) (Lc) (mm)

1 Dune Bursage/ 0.44 0.75 13.50 0.094 72
creosotebush

2 Abandoned Mesquite 1.20 1.32 0.04 0.000039* 4
   farmland
3 Rangeland Creosotebush 0.83 1.10 8.54 0.072 54
4 Desert Creosotebush 1.06 1.22 10.30 0.078 68
   pavement
5 Rangeland Creosotebush/ 0.78 1.06 26.30 0.23 83

bursage
6 Playa None -- -- -- -- 6

*Value does not include percent cover by grass.
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RESULTS

WIND EROSION THRESHOLDS FOR BARE SURFACES

Wind erosion thresholds of bare soil surfaces (u*tS) at
each site were determined using the open-floored portable
wind tunnel. Tunnel sections were assembled without dis-
turbing the test surface. At desert pavement site 4, the wind
tunnel and trailer could not be transported onto the site
because of soft ground. Problems with soft sediments were
also encountered at dune site 1 and rangeland site 5. In
these cases, the wind tunnel was set up on similar surfaces
as close to the surveyed area as possible.

Threshold shear velocity of bare soil (u*tS) was deter-
mined from the wind tunnel tests (table 4). Based on these
thresholds, surfaces may be ranked by threshold values for
wind erosion in the following manner: the abandoned
farmland site 2, with a poorly developed silty loam crust,
and dune site 1, with a loose sandy loam surface, have the
lowest wind erosion thresholds (0.2 m/s); the algal-crusted,
silty clay loam surfaces (sites 3 and 6) have intermediate
thresholds of 0.4 to 0.5 m/s, as does the sandy loam surface
with an undisturbed crust (site 5); the alluvial desert pave-
ment site 4 has the highest wind erosion threshold, esti-
mated as approximately 0.7 m/s.

WIND EROSION THRESHOLDS FOR
VEGETATED SURFACES

By extracting wind momentum above the ground
suface, vegetation cover increases the shear velocity
required to initiate transport of soil particles at the surface.
Threshold shear velocity ratios (Rt) were determined using
equation 4 with suggested coefficients and lateral cover
(Lc) values determined in table 3. As stated earlier, a cylin-
drical model was used in estimating Lc and was also used
for approximating σ (basal-to-frontal area ratio) in equation
4. Using the cylindrical model, the range in σ values for
creosotebush and mesquite shrubs is between 0.86 and 1.17
and is well approximated by 1.0. For mixed vegetation
such as that encountered by Musick and Gillette (1990),
Raupach and others (1993) show that Rt is well represented
with values of 90, 1, and 0.5 for β, σ, and m, respectively,
even though smaller elements such as bursage may be
approximated as hemispheres with a σ value of 2. Thresh-
old shear velocities for vegetated surfaces (u*tR) were then
determined in the following manner:

Values of Rt and u*tR are shown in table 4. Threshold
shear velocities of vegetated surfaces (u*tR) provide a basis
for a new ranking of wind erosion thresholds. As a result of

the very sparse vegetation cover on the abandoned farmland,
that site has the lowest wind erosion threshold with no signif-
icant change in the threshold due to vegetation. In contrast,
the wind erosion threshold at dune site 1 increased by a factor
of two as a result of vegetation and has a slightly higher
threshold than the playa surface (site 6). All remaining sur-
faces (sites 3, 4, and 5) have high wind erosion thresholds,
ranging from 1.0 to 1.5 m/s as a function of the vegetation
cover.

DISCUSSION

WIND EROSION SUSCEPTIBILITY

Gillette (1986a) noted that surfaces with threshold shear
velocities much greater than 1.0 m/s may be considered non-
erodible, except possibly for the most powerful wind events.
In all cases in the Desert Wells area, threshold shear veloci-
ties for bare soil surfaces (u*tS) determined by portable wind
tunnel measurements are well below this value, and there-
fore, wind erosion can potentially occur on any of them. Veg-
etation on a bare surface removes momentum from the wind,
thus requiring larger threshold shear velocities to produce
continuous sand movement on the surface below the vegeta-
tion canopy. Threshold shear velocities evaluated for vege-
tated surfaces (u*tR) are greater than 1 m/s at three of the
sites (3, 4, 5), thus transforming potentially erodible sites into
nonerodible sites. Rangeland site 5, with the largest lateral
cover consisting of mixed vegetation, needs a wind force of
three times the bare-soil wind erosion threshold in order to
initiate saltation on the surface. A threshold shear velocity of
1.56 m/s makes this site the least susceptible to wind erosion
for the majority of wind events. A wind erosion threshold at
rangeland site 3, with a creosotebush density of only 8.5 per-
cent and low lateral cover of 0.072, increases from 0.5 m/s to
1.1 m/s, which shows that a relatively small amount of

Table 4.  Threshold shear velocities for bare and vegetated
surfaces.

[See text for definitions of u*tS , Rt , and u*tR ]

Threshold Threshold Threshold
Site shear velocity shear velocity shear velocity

(bare soil) ratio (vegetation)
u*tS (m/s) (Rt) u*tR (m/s)

1 Dune 0.21 0.45 0.47
2 Abandoned 0.20 0.99 0.20
   farmland
3 Rangeland 0.52 0.49 1.06
4 Desert 0.70* 0.48 1.46
   pavement
5 Rangeland 0.50 0.32 1.56
6 Playa 0.44 1.00 0.44

*Estimate based on threshold velocities for gravel-covered 
surfaces by Gillette and others (1980).
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vegetation cover can increase erosion thresholds by a factor
of two or more. The dearth of loose erodible material caused
by the algal/clay crusted surface further protects this natural
site from wind erosion. Desert pavement site 4, with vegeta-
tion cover that doubles the threshold of erosion to 1.5 m/s
and a gravel lag surface that prevents the large amount of
loose erodible material from being entrained, ceases to be
classified as susceptible.

Because of little or no vegetation cover on the aban-
doned farmland site 2 and playa site 6 surfaces, threshold
shear velocities (u*tR) are considerably below 1 m/s, and
the two bare sites may be considered potentially suscepti-
ble to wind erosion. However, lack of loose erodible mate-
rial on playa site 6 means that when the wind erosion
threshold is reached, there is no loose material to move.
The lack of loose erodible material on the abandoned farm-
land site 2, much of which is bound into the soft silty crust,
also makes this site less susceptible to wind erosion. Large
wind events at both sites could cause the breakup of protec-
tive crusts, thus releasing a significant amount of erodible
material to the wind. Both sites are more susceptible to
wind erosion following other surface disturbances that
destroy soil aggregates and crusts, and thereby increase the
amount of available loose material, most of which have
diameters less than 0.84 mm. 

The surface most susceptible to wind erosion is dune
site 1, near the Geomet station, with a threshold shear
velocity (u*tR) of less than 0.5 m/s and a comparatively
large amount of loose erodible material (dune sand)
exposed at the surface. The mixed vegetation cover at this
site (Lc=0.09) is sufficient to double the threshold of ero-
sion; nevertheless, this doubling still produces a low wind
erosion threshold. In addition, the availability of a rela-
tively large amount of loose erodible material (3.9 t/ha)
means that material is set into motion by most wind events.
This surface is also likely to be resupplied with loose mate-
rial from unconsolidated alluvium in Bouse Wash that is
episodically blown into the area and added to the eolian
deposits.

EVALUATION OF TWO WIND EVENTS AT 
DESERT WELLS

This section details atmospheric conditions under
which soil erosion thresholds were exceeded. Two exam-
ples of high wind events produced by different storm sys-
tems, recorded by the Geomet station near dune site 1 and
witnessed by the senior author, are described in detail. The
first event was the passage of a squall line that mobilized
the surface sand and thus produced an intense, haboob-type
dust storm (Idso and others, 1972). The second event was a
thunderstorm that, because of associated rainfall, did not
result in significant eolian transport. However, strong wind

shears associated with the thunderstorm resulted in
considerable property damage in the area. Shear velocities
were calculated from equation 1 using mean wind speed
measurements (u) at the Geomet station and an aerody-
namic roughness length of 72 mm (table 3) established ear-
lier from the detailed anemometer array.

HABOOB (MAY 23, 1992)

The meteorological conditions for May 23, 1992 (fig.
10), when a haboob-type dust storm passed through the
area from the southeast, show the local effects of a larger
scale advancing squall line from the southeast. The passing
of the storm was marked by an abrupt drop in air tempera-
ture of 7°C and simultaneous rise in relative humidity from
23 percent at 16:00 hours to 52 percent at 18:00 hours. The
barometric pressure began to drop at 12:00 hours and to
rise again at 18:15 hours, as the brunt of the storm hit the
area.

As there was no precipitation associated with the
passage of the May 1992 event, the soil surface remained
dry. Figure 10 includes the calculated shear velocities at the
Geomet station as well as the wind erosion threshold for the
bare soil (u*tS , determined from wind tunnel tests) and the
threshold of the vegetated surface (u*tR , calculated from
equation 5). Vegetation cover near the Geomet site results in
a doubling of threshold shear velocity from 0.21 m/s to 0.47
m/s (table 4). Consequently, the period in which winds were
above the wind erosion threshold decreases from 73 percent
of the time if the surface were bare to 19 percent with the
vegetation cover.

The winds were generally from the west-northwest
prior to the storm. Wind directions were variable between
16:00 and 18:00 hours and squalls that produced dust were
seen moving across the site after 16:00 hours. These squalls
were associated with unsettled weather, as evidenced by
abrupt changes in air temperature and relative humidity at
18:00 hours. In general, the squalls mobilized sediment in
open spaces where the vegetation cover was patchy. As
shown in figure 11, the advancing haboob was marked by a
dust cloud that extended several hundred feet into the air,
forming a parabolic front in cross section. With the onset of
the wind storm, the entire soil surface was mobilized. Visi-
bility at eye level was reduced to less than 1 km at the haboob
front but increased to more than 5 km thereafter. The winds
shifted direction at 18:21 hours, blowing consistently from
the east-southeast for more than an hour. During the event,
mean wind speeds exceeded the site calculated threshold
wind speed of 8.4 m/s, while peak gusts exceeded 19 m/s.
Based on the shear velocities calculated from Geomet-
recorded data during the main force of the storm, all but two
sites (desert pavement site 4 and rangeland site 5) could have
been active during this storm.
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THUNDERSTORM (JULY 10, 1992)

The meteorological conditions for July 10, 1992, when
a thunderstorm passed through the Geomet area, are shown
in figure 12. Unlike the event of May 23, this event was
accompanied by 11.4 mm of rainfall in less than half an hour.
The associated rainfall may have increased the threshold
shear velocity to such a high value that the surface was never
completely mobilized. As Belly (1964) and other researchers
have shown, a relatively small amount of moisture on the soil
surface can significantly increase the wind erosion threshold,
although the condition tends to be temporary on sandy desert
surfaces that dry out quickly (Helm and Breed, chap. B, this
volume).

The storm was of short duration, as indicated by the
slight increase in barometric pressure that accompanied the
rainfall, but its intensity is obvious in the air temperature
and humidity records. Air temperature reached a maximum
of 37°C prior to the event but dropped rapidly to 23°C
during the storm. The shear velocity at the Geomet station
reached 1.5 m/s during the storm, and the peak gust reached
27 m/s. On the basis of the peak gust, the maximum shear
velocity at the station likely exceeded 2.5 m/s.

The thunderstorm advanced over the Geomet station at
approximately 12:30 hours on July 10 (fig. 13). The intense
wind shear is indicated by the strongly concave profile of
the storm cloud. During the storm, intense localized wind
shears destroyed several structures within 3 km of the
Geomet station. A mobile home (fig. 14) was dragged
approximately 30 m from its initial position. Subsequently,
the external structure of the home, together with all fixtures
and furniture, was torn from the platform. Debris from the
home was strewn across the ground for a distance of
approximately 750 m. Accounts of the event suggest no
associated funnel cloud. The location of greatest damage
was confined to an area of about 1 km2. Given these
circumstances, the strong wind shear was most likely asso-
ciated with down drafts from the convective cell. That such
storms, with severe destructive wind shears but no funnel
cloud, are repeated events at Desert Wells can be concluded
from comparison of this storm with those reported on July
10, 1981, and on August 8, 1981, by former residents in the
Desert Wells area and recorded by the Geomet station
(McCauley and others, 1984, p. 14–18). Although these
summer thunderstorms often are closely accompanied by
precipitation, the threshold shear velocities were high
enough to move material at all six sites before the rain fell.

SUMMARY

The Desert Wells area is in an arid region with a rel-
atively low wind-energy environment but a potentially

Figure 10. Atmospheric data for May 23, 1992, indicating
haboob event.

Figure 11. Advance of dust cloud from haboob on May 23, 1992.
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high vulnerability to wind erosion. The area is known for
its severe storms with mean shear velocities exceeding 1.5
m/s, velocities capable of mobilizing all the soil surfaces
and producing large-scale dust storms. Wind erosion sus-
ceptibility is dependent upon bare-soil wind erosion
thresholds, modifying effects of vegetation on thresholds,
and the availability of erodible particles once threshold is
exceeded. Soils in the region are weakly developed in
alluvium and eolian sand, with most surficial material
having grain sizes less than 0.84 mm. Soils with this tex-
ture are easily deflated by the wind, as shown by low

bare-soil wind erosion thresholds. Some vegetation, how-
ever, as demonstrated on a rangeland site, can increase
wind erosion thresholds to levels such that surfaces are
virtually nonerodible under most wind events. On the
other hand, sparse vegetation on abandoned farmland may
be inadequate to prevent deflation of soil. The natural
dune surface at the Geomet site is highly susceptible to
wind erosion, despite the vegetation cover, because of a
low bare-soil wind erosion threshold and loose, erodible,
sandy soil. In addition, the present vegetation, crusts, or
gravel lag sufficiently protect the playa, desert pavement,
and one rangeland area from wind erosion, except during
extreme events. Nevertheless, where this natural protec-
tion is absent or is removed, erodibility is increased to
those characteristic of bare surfaces, and these areas
become extremely susceptible to wind erosion.
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Snakeweed declined both in population density and in
frontal area per plant, but the decrease in density was the
more important factor in the decrease of snakeweed lateral
cover (fig. 9). Rapid declines in local snakeweed populations
are frequently observed but poorly understood; separating
the effects of drought, insect-induced mortality, and natural
senescence of even-aged stands has been difficult (Pieper
and McDaniel, 1989). A widespread decline of snakeweed in
New Mexico in 1989 has been attributed to exceptionally low
early-summer rainfall in that year (McDaniel, 1989; Torell
and others, 1989). The response of lateral cover to an episode
of high snakeweed mortality is likely to be delayed and
spread over subsequent years, because the semi-woody plant
bodies persist as aerodynamic roughness elements after
death. In 1989, the Jornada site was sampled in late spring
(May), when living plants could be expected to show new
growth and thereby be distinguishable from dead plants;
approximately one-third of snakeweed individuals appeared
to be dead at that time.

The decline in dropseed lateral cover from 1987 to 1990
can be attributed largely to a decrease in plant size, but the
high lateral cover in 1992 resulted primarily from an increase
in population density (fig. 10). The increase in density actu-
ally began earlier than shown in figure 10. In 1990 we
observed many very small dropseed seedlings that were
reported to have germinated after a heavy rain in July 1990
(R.P. Gibbens, USDA-ARS, oral commun., 1990). These
seedlings were not sampled in 1990 because our primary goal
was the determination of lateral cover, and these seedlings
were so small that they were judged to make an insignificant
contribution to dropseed lateral cover. The increase in
dropseed population density recorded in 1992 probably
reflects survival and growth of many of the seedlings which
emerged in summer 1990.

YUMA GEOMET SITE

From 1988 through 1992, perennial vertically projected
cover at the Yuma site was comprised of roughly equal
amounts of creosotebush, white bursage, and big galleta (fig.
11). Creosotebush and white bursage cover were nearly con-
stant, but big galleta cover decreased slightly from 1989
through 1992. Herbaceous cover was much more variable
than at the Jornada site, varying from nearly absent in 1990
to approximately equaling the perennial cover in 1992.
Visual observations and site photographs (see fig. 3) from
1990–1992 indicate that herbaceous cover was negligible
throughout the summer and fall of 1991. The large amount of
herbaceous cover present in spring 1992 resulted from the
exceptionally wet late fall and winter of 1991–1992 (fig. 12),
which was an El Niño phase of the El Niño–Southern
Oscillation (ENSO) climatic cycle.

Total lateral cover decreased continuously through the
dry years of 1988–1990 and then increased in 1992 to near

the 1988 value, largely as a result of the growth of herba-
ceous plants beginning in winter of 1991–1992 (fig. 13).
Because perennial lateral cover decreased continuously from
1988 to 1992, and herbaceous lateral cover was negligible
until after the onset of cool-season rains in fall 1991, lateral
cover would be expected to have fallen to its lowest level in
late summer or early fall of 1991.

Most of the decrease in perennial lateral cover over the
sampled period can be attributed to a marked decrease in big
galleta, which had decreased in 1992 to only about one-
fourth of its 1988 lateral cover value. Changes in lateral
cover of creosotebush and bursage were smaller in both abso-
lute amount and relative to their 1988 values. Since both dead
and live tissues contribute to lateral cover, species differ-
ences in lateral-cover trends during the dry period of 1988 to
1991 may reflect not only differences in drought-induced
mortality but also differences in the mechanical strength and
thus the persistence of dead stems and individuals. Differ-
ences in persistence after death are difficult to measure in
species such as big galleta and bursage where death is pre-
ceded by a period of drought-induced dormancy and the tran-
sition is not distinguishable by external appearance. Relative
to bursage, big galleta appears to be more vulnerable to
mechanical disaggregation after death because the primary
stems arising from the root crown are long (often 1 m) and
relatively flexible. In contrast, the bursage plant bodies are
compact and stiff, comprised of a tangle of interlocking short
branches.

Potential impacts of the vegetation changes on
susceptibility of sediment to wind transport may be
examined by predicting effects on wind thresholds for soil
movement. Using a relation derived from results of wind-
tunnel experiments (Raupach and others, 1993), the
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Figure 11. Changes in vertically projected cover at Yuma
Geomet site, 1988–1992, as measured by line intercept. Category
“Other” is primarily herbaceous plants.
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measured values of lateral and vertically projected cover
were first used to calculate the threshold friction velocity of
the vegetated surface relative to the threshold the same soil
surface would have if bare. Predicted vegetated-surface
thresholds for the Yuma site (fig. 14) were then calculated
assuming the soil surface was dry, with a bare-surface
threshold friction velocity of 28 cm s–1 as determined for
this site by Musick and Gillette (1990). The strong influence
of lateral cover on wind threshold seen in wind-tunnel
experiments and incorporated into the predictive relation

(Raupach and others, 1993) is evident in the similarity of
trends in predicted threshold to those of lateral cover:
decreasing from 1988 to 1990 (and presumably through
summer 1991) and then markedly increasing in 1992. The
predicted range in threshold friction velocities is substantial
(about 30 cm s–1), but potential effects on mass flux of
sediment would depend on other variables, including the
frequency of strong winds and of moist soil surface
conditions. It should be noted that even when vegetative
protection was at its predicted minimum in 1991, the
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threshold friction velocity of 63 cm s–1 was substantially
greater than for bare soil (28 cm s–1). Measured wind and
sand flux data for this site are examined by Helm and Breed
(chap. B, this volume).

DISCUSSION

PATTERNS OF TEMPORAL VARIATION IN 
SHELTERING BY VEGETATION

The limited scope of the data set (annual sampling for
5–6 years at two sites) is insufficient for conclusive general-
izations regarding temporal variation, but some tentative
hypotheses may be advanced.

At both sites, total lateral cover was comprised of con-
tributions by both slowly varying components and more rap-
idly varying components. Interannual variability tended to
be related to growth form: least for woody shrubs, interme-
diate for perennial bunch grasses, and greatest for ephemeral
herbaceous plants.

At the Yuma site, where all three growth forms made
significant contributions to the total, the resulting patterns
might be viewed as follows: The more stable components
provide a slowly varying baseline level of protection; super-
imposed on this baseline level are occasional sharp increases
in protection resulting from vigorous emergence and growth
of ephemeral plants in wet years, perhaps followed by 1–2
years of declining protection as the dead ephemerals are
removed by physical and biological processes. Variation in

the ephemeral component might therefore account for much
of the interannual variation in eolian sediment transport over
periods of a decade or so. The more stable perennial compo-
nents may be less important than ephemerals in accounting
for interannual variability in wind erosion, but they may
strongly influence long-term mean levels of wind erosion
because they determine the level of vegetative sheltering dur-
ing the often long periods when ephemerals are sparse or
lacking.

Indirect methods for estimating or predicting vegetative
sheltering are needed when detailed, in situ measurement is
impossible, as in the problem of evaluating impacts of past
and future climatic fluctuations. Climatic indices of eolian
activity (e.g., dust storms, dune mobility) often include mea-
sures of moisture availability (e.g., precipitation-to-poten-
tial-evapotranspiration ratio, antecedent precipitation) that
serve largely as surrogate measures of the protective influ-
ence of vegetation (Ash and Wasson, 1983; Lancaster, 1988;
Brazel, 1989; MacKinnon and others, 1990; Muhs and Maat,
1993). Explicit consideration of the growth-form composi-
tion of vegetation and of the differences among growth forms
may be useful in development of these indices. For example,
accounting for all the variation in sheltering provided by a
mixture of slowly and rapidly responding components might
require a composite index including factors for both long-
term (>1 yr) and short-term (<1 yr) antecedent moisture.
Modeling of ephemeral responses could be made more
detailed by accounting for effects of seasonal timing and
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quantity of individual rainfall events, factors which have
been shown to influence ephemeral response strongly
(Beatley, 1974). In predicting effects of climatic change, it
should be recognized that some or all of the more stable
perennial components of vegetative sheltering could be
eliminated from the system by extreme events or if a climatic
threshold were crossed.

Remote sensing provides an indirect method for
estimating vegetative protection over large areas. Explicit
consideration of growth form composition might also be
useful in selecting appropriate remote-sensing strategies. In
a system where ephemerals are responsible for all the varia-
tion in sheltering, peak green biomass could be detected
and measured by means of spectral indices such as visible/
near-infrared contrast (Lougeay and others, 1987); a decay
function would be necessary to estimate the decreasing pro-
tection provided by dead ephemerals. Green vegetation
indices would be less successful in estimating protection by
woody shrubs and perennial grasses, which often lack
green leaves for extended periods. Promising new
approaches include reflectance measures based on relations
between shrub crown structure and shadowing of the
surface (Franklin and Turner, 1992) and active microwave
remote sensing (Musick and others, 1995, 1998).

The methods used for in situ measurement of vegetation
structure in this study do not require special equipment, but
are tedious and labor intensive. Development of methods for
near-ground remote sensing of the relevant structural
variables would greatly facilitate rapid and efficient field
measurement of vegetative sheltering.

SUMMARY

On vegetated land surfaces, the structure and amount of
vegetation may substantially influence sediment transport by
wind. Wind-tunnel experiments are useful in determining the
structural variables relevant to vegetative sheltering of erod-
ible surfaces and in deriving predictive relations for the
influence of vegetation. Monitoring of vegetation at the
Geomet sites is designed, in part, to provide data for quanti-
tative testing of the predictive relations derived from wind-
tunnel studies. In addition, repeated quantitative measure-
ments help in understanding how the natural variability in
geomorphic processes such as wind erosion is affected by
interannual variability in the vegetation.

Conventional measures of vegetation amount, such as
vertically projected canopy cover, do not account for aspects
of canopy structure relevant to aerodynamic sheltering of the
soil surface. Vegetation sampling at the Jornada and Yuma
Geomet sites has been designed primarily to measure lateral
cover, a structural variable shown by wind-tunnel experi-
ments to be strongly related to vegetative sheltering against
wind erosion. Line intersect sampling provides an efficient
sampling scheme for measurement of lateral cover.

Annual or biennial measurements of lateral cover over
periods of 6 years (Jornada) and 5 years (Yuma) show
changes in total lateral cover and in the relative contributions
of different species to the total, which in some cases can be
correlated with trends in rainfall. The changes in lateral
cover, especially at Yuma, are likely to have resulted in
significant changes in susceptibility of the surface to soil
movement by wind.

The growth-form composition of vegetation may
influence patterns of temporal variation in sheltering against
wind erosion and has implications for development and
interpretation of indirect measures of sheltering by
vegetation.
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