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Abstract

Windblown dust is a significant component of atmospheric PM (particulate matter) in arid regions

worldwide, with adverse effects on human health and visibility. In the future, windblown-dust

emissions are likely to increase if water tables drop as a result of climatic or anthropogenic changes.

To manage this hazard, air-quality managers need quantitative models that predict the impact of

climatic and anthropogenic change on dust emissions. To meet this need, we constructed a process-

based numerical model that includes Richards’ equation for vertical moisture flow in the unsaturated

zone, Chepil’s model for the effect of surface soil moisture on threshold wind speed, and the saltation

equation, which also predicts the rate of dust emission from the surface to within a multiplicative

factor. This model is solved analytically for a Weibull distribution of wind speeds under steady-state

moisture conditions, providing a single predictive equation for the long-term average saltation flux

based on local meteorological and hydrological parameters. The model equations are used to predict

the increase in saltation flux and dust emissions resulting from the dessication of a wet playa by

climatic change, stream diversion, or groundwater withdrawal. The model is calibrated using CLIM-

MET station data collected near Soda (dry) Lake, California. The model results identify a critical

range of water-table depths between 3 and 10m (depending on hydrological parameters) in which

small increases in water-table depth cause large, nonlinear increases in windblown-dust emissions.

For water tables deeper than 10m, dust emissions are close to their maximum value and are largely

independent of water-table depth. This analysis highlights the importance of preserving the

hydrological balance of wet playas in order to minimize windblown-dust emissions. Future climatic

changes may also influence dust emissions through changes in the mean or variability of wind speeds.
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For representative model parameters, 10% increases in the mean and variability of wind speeds, for

example, are predicted to increase dust emissions by 80% and 20% within this model framework.

r 2005 Elsevier Ltd. All rights reserved.
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1. Introduction

Particulate matter (PM) is a significant human health hazard capable of causing long-
term respiratory ailments and even sudden death (Vedal, 1997; Samet et al., 2000).
Windblown dust is a significant component of PM, especially at its highest and most
dangerous levels (Claiborne et al., 2000). Windblown dust also impacts visibility,
contributing to vehicle accidents and a loss of scenic quality. Air-quality managers in
the western US are now developing source-emission protocols to manage PM
concentrations up to 50 years into the future (Watson, 2002). Few quantitative models,
however, are currently available to predict the impacts of climatic and anthropogenic
changes on future windblown-dust emissions.

Windblown dust is a hazard in many areas worldwide, but to motivate this discussion we
consider the western US in particular. Most major population centers in the western US
have been designated serious nonattainment areas for PM standards (US EPA, 2004). The
western US is a dust-hazard hotspot for several reasons. First, population growth is among
the highest in the nation (Liverman and Meredith, 2002). Urban growth, especially sprawl,
puts more people at risk for dust-related health problems and generates more disturbed
land to act as windblown-dust sources. Second, the low vegetation cover and fine-grained
texture of many western US playas cause especially high rates of dust emission. Owens
(dry) Lake, for example, has the highest long-term dust flux of any area in the US. Dust
from Owens Lake is a regional problem, with transport distances of up to 400 km (Reheis
et al., 2002). Owens Lake became a primary regional dust source starting only in 1913 with
the diversion of water to metropolitan Los Angeles. Shallow water tables in many western
US playas mitigate their dust-production potential. In the future, however, climate change,
stream diversion, and/or groundwater withdrawal could eliminate this mitigating
influence, creating many new dust sources comparable to Owens Lake.

Previous studies have identified wind speed and soil moisture as important controlling
factors of windblown-dust activity. Soil moisture is rarely measured directly, but precipitation
totals for periods between 2 months and 2 years prior to dust events are correlated with dust
event frequency (e.g., Brazel and Nickling, 1987; Littmann, 1991; Yu et al., 1993; Bach et al.,
1996; Holcombe et al., 1997; Lancaster and Helm, 2000; Okin and Reheis, 2002). Empirical
relationships between dust events and climate have been found to be inaccurate for prediction
unless soil moisture is explicitly modeled (McTainsh et al., 1998).

Soil moisture affects dust emissions in two primary ways: first, as a direct influence on
threshold wind speed through its effects on soil cohesion, and second, as an indirect
control through its effect on vegetation cover. Vegetation cover controls the aerodynamic
roughness of the surface, which, in turn, controls the turbulent shear stresses imparted to
the surface. The second of these factors is the most difficult to quantify because the
relationships between soil moisture, vegetation cover, and turbulent shear stresses are
difficult to quantify. In this paper, we focus only on the primary role of soil moisture as a
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cohesive agent. As a result, our model is most appropriate for the bare ground or sparse
vegetation of playas. The model we constructed can address both steady-state and
transient effects of soil moisture, but here we consider only the steady-state case. Under
conditions of steady-state capillary rise from a shallow water table, analytical solutions for
surface soil moisture and saltation flux can be obtained. These solutions can be used to
predict the increase in dust emissions resulting from a water-table drop and/or an increase
in the mean or variability of wind speeds. Temporal variations in microsurficial
characteristics (i.e. the formation and disturbance of protective crusts) are included in
the model implicitly using a stochastic variable for threshold wind speed.

2. Model description

The model of this paper employs several important assumptions. First, since the model
is one-dimensional model, different components of the playa system are not resolved. In
nature, dust storms often originate when coarse sand from the playa margin enters into
saltation. As sand blows across the playa surface, the crust is disturbed, releasing both
sand and fine-grained sediments (silt and clay). Sand from the playa surface becomes part
of a self-sustaining saltation ‘‘cloud’’ that drives dust production from the surface. The
model of this paper assumes that flux of blowing sand along the playa margin can be used
as a proxy for dust emission from the playa. This assumption is supported by data showing
a strong correlation between horizontal saltation flux and the vertical dust flux (Gillette et
al., 2003). However, the model is not applicable to playas with no upwind sand available
for transport. In future work, the one-dimensional model framework presented here may
be integrated into a spatially distributed model that includes the complexities of different
playa types.
A second key assumption is that moisture transport occurs within the liquid phase only

(i.e. by capillary rise). In fact, moisture transport from deeper water tables takes place by a
combination of liquid and vapor-phase transport. Vapor-phase transport is a second-order
effect that is neglected in this model. Finally, the effects of temperature and moisture on
the surface resistance to erosion (e.g. formation of salt crusts) are not considered but are an
important avenue for future research.
First we consider the physics of steady-state capillary rise from a water table. This model

component is designed to predict the volumetric soil moisture profile using water-table
depth and soil-hydrologic parameters. For a shallow water table, capillary rise leads to a
moist surface that suppresses dust emissions under all but the most extreme wind
conditions. For a deep water table, the dry surface is at or near its maximum dust-
producing potential and changes in subsurface moisture have little or no effect on dust
emissions. Our model aims to quantify the range of water-table depths over which this
transition from a wet to dry playa takes place. An important assumption in this analysis is
that precipitation events are rare enough that the surface is near its steady-state moisture
value most of the time. That assumption is later verified using Soda Lake CLIM-MET
station data.
The vertical transport of moisture in an unsaturated soil is governed by Richards’

equation

qc
qt

¼ q
qz

Kc
qc
qz

� 1

� �
, (1)
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where c is the suction, t is time, z is height above the water table, and Kc is the hydraulic
conductivity. For steady upward flow, Eq. (1) can be written as

E ¼ q
qz

Kc
qc
qz

� 1

� �
, (2)

where E is the steady-state evaporation rate. Gardner (1958) proposed the following
relationship between Kc and c to solve Eq. (2):

Kc ¼ a

cn þ b
, (3)

where a and b are empirical constants for each soil. Gardner (1958) provided analytical
solutions for suction profiles at several values of n. Most soils have n values between 2 and
3 (Gardner and Fireman, 1958). Here we assume n ¼ 2, the most appropriate value for
fine-grained playa sediments according to Gardner (1958). The solution to Eq. (2) for
n ¼ 2 and with boundary condition c ¼ 0 at z ¼ 0 is (Gardner, 1958)

z ¼ 1ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ðE=aÞððE=aÞbþ 1Þ

p tan�1

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
E=a

ðE=aÞbþ 1

s
c

 !
. (4)

The value of E is determined by the maximum soil moisture flux within the profile, given
by Gardner (1958) and Warrick (1988) as

E

a
¼ p

2d

� �2
, (5)

where d is the water-table depth. Substituting Eq. (5) into Eq. (4) and solving for the
suction at z ¼ d gives

cz¼d ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
bþ 2d

p

� �2
s

tan

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
p
2

� �2 p
2d

� �2
bþ 1

� �s !
. (6)

Van Genuchten’s model (Van Genuchten, 1980) predicts the surface soil moisture from the
suction to be

yz¼d � yr
ys � yr

¼ ð1þ ðacz¼dÞ1þlÞl=ðlþ1Þ, (7)

where yr is the residual soil moisture, ys is the saturated soil moisture, a is the inverse of the
bubbling pressure, and l is the pore-size distribution parameter. Eqs. (6) and (7) provide
an analytical solution for the surface soil moisture as a function of water-table depth and
soil-hydrologic parameters.

The second model component relates the surface soil moisture to the threshold friction
velocity. Chepil (1956) developed the first empirical relationship between these variables.
He obtained

u�t ¼ u2�td þ
0:6

r
yz¼d

yw

� �2
 !1=2

, (8)

where u�td is the dry threshold friction velocity, r is the density of air ð1:1 kg=m3Þ, and yw is
the wilting-point moisture content (typically 0.2–0.3 for fine-grained soils (Rawls et al.,
1992)). Although more sophisticated models have since been developed for the role of soil
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moisture in controlling threshold friction velocity, recent wind-tunnel studies indicate that
Chepil’s model is as accurate or more accurate than competing models (Cornelius and
Gabriels, 2003).
The final model component is the saltation equation for transport-limited conditions,

given by Shao and Raupach (1993) as

q ¼ r
g
u�ðu2� � u2�tÞ, (9)

where q is the flux in kg/m/s, g is the gravitational acceleration ð9:8m=s2Þ, and u� is the
friction velocity. The friction velocity can be obtained from measured velocities at a height
zm above the ground using a modified ‘‘law of the wall’’

u� ¼
k

ln ðzm=z0Þ
u, (10)

where u is the measured velocity, k is von Karman’s constant (0.4), and z0 is the
aerodynamic surface roughness.
A two-parameter Weibull distribution, commonly used to quantify the distribution of

wind velocities (Takle and Brown, 1978; Bowden et al., 1983), was used for the probability
distribution of friction velocities

f wðu�Þ ¼ gb�gug�1
� e�ðu�=bÞg , (11)

where g and b are parameters fit to measured wind data. The long-term average saltation
flux is obtained by integrating Eq. (9)

hqi ¼ r
g

Z 1

u�t
du�f wðu�Þu�ðu2� � u2�tÞ. (12)

Substituting Eq. (11) into Eq. (12) yields a closed-form solution for the long-term average
saltation flux

hqi ¼ r
g

b
g2

3b2 1þ G
3

g
;

u�t
b

� �g� �� �
� u2�tG

1

g
;

u�t
b

� �g� �� �
, (13)

where Gðx; yÞ is the incomplete gamma function, and

u�t ¼ u2�td þ
0:6

r
1

y2w
ðys � yrÞ 1þ �a

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
bþ 2d

p

� �2
s0

@
0
B@

0
B@

0
B@

0
BB@

� tan

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
p
2

� �2 p
2d

� �2
bþ 1

� �s !1A
1þl
1
CA

l=ðlþ1Þ1
CAþ yr

1
CA

21CCA
1=2

. ð14Þ

In many cases of interest, including the Soda Lake example described below, the values of
the incomplete gamma function in Eq. (13) are nearly equal to 1. In such cases, Eq. (13)
can be approximated as

hqi � r
g

b
g2

ð6b2 � u2�t Þ. (15)
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Relative changes in saltation flux, given by Eq. (13), are also expected to apply to dust
emissions because of the proportionality between saltation and dust emissions observed in
many areas (Gillette et al., 2003). Dust emissions can also be explicitly calculated using
Eq. (13) if an estimate is available for the K factor, or the ratio of the vertical dust flux to
the horizontal saltation flux. The value of K depends primarily on the surface texture and
must be determined empirically.

3. Model calibration and example application

Three sites at the margins of Soda (dry) Lake, California (Fig. 1), were selected for
model calibration based on the availability of CLIM-MET data collected from 1999-
present by a team from the US Geological Survey (see US Geological Survey, 2004a) for
raw data and further information on measurement techniques). Soda Lake is located at the
western edge of the Mojave National Preserve just south of Baker, California. Three
CLIM-MET stations are available on the northern, southwestern, and southeastern
margins of the playa. The Balch and Crucero stations are particularly important because
they measure saltation activity near Kelso and Mojave River washes. Sand from these
washes can initiate dust entrainment from the floor of Soda (dry) Lake under southerly
winds.

The water table beneath Soda Lake is at or near the ground surface along the western
edge of the playa, deepening to the east to 20m and lower beneath the alluvial fans on the
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Fig. 1. LANDSAT image of Soda (dry) Lake study site, with locations of CLIM-MET stations and water-table

depths indicated.
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eastern side of the basin. Water-table depths indicated in Fig. 1 were obtained from the US
Geological Survey National Groundwater Database (US Geological Survey, 2004b).
Fig. 2 illustrates the CLIM-MET station data for hourly rainfall, soil moisture, peak

wind speed, and the number of particles in saltation measured at the Balch and Crucero
stations. Figs. 2B and E illustrate that the soil moisture at both sites has a residual value of
yr ¼ 0:05 (Table 1), and that the soil moisture is within a few percent of that value most of
the time. For this reason, the steady-state approximation is an appropriate estimate for
long-term-average moisture conditions, although it does not represent transient effects of
moisture in the days to weeks following rare precipitation events.
Wind speeds measured 2m above the ground were converted to friction velocities using

Eq. (10) with z0 ¼ 0:005m. This value was obtained from Marticorena et al.’s (1997)
relationship z0 ¼ 0:005hc, together with a canopy height of hc ¼ 1m. Friction velocities
inferred from the measured wind speed data were fit to the two-parameter Weibull
distribution. The best-fit parameters obtained for the Balch and Crucero stations are
b ¼ 0:398 and 0.405, and g ¼ 2:17 and 2.15, respectively. Based on these numbers, we
chose b ¼ 0:40 and g ¼ 2:15 as representative values for the meteorological conditions at
Soda Lake (Table 1). The dry threshold friction velocities varied from 0.5 to 0.8m/s at the
three CLIM-MET stations. We chose a value of u�td ¼ 0:5 for our calculations, but clearly
a spatially-distributed model that resolves variations in threshold friction velocity would
be the most accurate approach for characterizing the playa basin as a whole.
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Fig. 2. Hourly CLIM-MET data from (A)–(D) Crucero and (E)–(H) Balch stations. (A) and (E) Rainfall, (B) and

(F) volumetric soil moisture, (C) and (G) peak wind speed at 2m above ground, (D) and (H) number of particles

in saltation, as measured by SENSIT instruments.
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Soil-hydrologic parameters were estimated from values given in Gardner and Fireman
(1958) and Rawls et al. (1992). Gardner and Fireman (1958) studied soils with fine sandy
loam and clay textures, and obtained b values of 0.04 and 0:055m2, respectively. Rawls et
al. (1992) provided estimates of a and l appropriate for fine-grained soils. Representative
values of a ¼ 0:3=m, l ¼ 0:2, and yw ¼ 0:2 were chosen.

Figs. 3A–C illustrate the solution to Eqs. (6), (13), and (12), respectively, for a range of
water-table depths up to 10m, using the model parameters in Table 1. Fig. 3C indicates
that saltation (and hence dust emissions) is essentially absent for water tables within 4m of
the surface for this set of parameters. As the water-table depth increases, saltation flux also
increases, asymptotically approaching a maximum value of nearly 6 g=m2=s. For water
tables deeper that 10m, the surface is dry enough that soil moisture plays a relatively
minor role. The shape of the saltation curve depends primarily on the value of the wilting
point moisture yw. Fig. 3D, for example, illustrates flux curves for representative end-
member values of 0.2 and 0.3. A larger wilting-point moisture means a smaller role for soil
moisture in suppressing emissions. The yw ¼ 0:3 case, therefore, has saltation initiated at a
shallower water-table depth (2m instead of 4m), and rises more rapidly to its asymptotic
value as a function of water-table depth. In contrast, saltation curves are relatively
insensitive to the values of b, a and l. Varying each of these parameters by 10%, for
example, results in flux changes of only a few percent for any particular water-table depth.

Fig. 4 illustrates the sensitivity of the saltation curve to changes in the dry threshold
friction velocity and the mean and variability of wind speeds. Although likely future
changes in regional wind speeds cannot be easily quantified, many global climate models
suggest that wind speeds will become more variable in the future (IPCC, 2001). This type
of scenario should be considered as a possibility within future air-quality management
plans. Fig. 4A illustrates the saltation flux as a function of water-table depth
corresponding to a 10% decrease in the dry threshold friction velocity. This 10% decrease
causes a proportionate increase in saltation flux for all water-table depths. A 10% increase
in the Weibull scale factor b (closely related to mean wind speed), shown in Fig. 4B, results
in a near doubling of saltation flux for most water-table depths. This result is not
surprising given the nonlinear, threshold dependence on saltation flux on friction velocity
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Table 1

Reference hydrological and meteorological parameters for Soda Lake

Soda lake

b ðm2Þ 0.05

a ð1=mÞ 0.3

l 0.2

ys 0.5

yr 0.05

yw 0.2

g 2.15

b (m/s) 0.40

u�td (m/s) 0.5

u�td;min
(m/s) 0.5

u�td;max
(m/s) 0.8

z0 (m) 0.005
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in Eq. (9). A 10% change in the Weibull shape factor g leads to a small but significant flux
response ð� 20%Þ for deep water tables.

4. Including microsurficial variability and a range of threshold wind velocity

Field measurements of saltation activity indicate that threshold friction velocities are
variable in time (e.g. Gillette et al., 1980, 1997; Chavez et al., 2002). This variability can
occur for many reasons, including limited availability in transportable material, short-term
bursts in near-surface turbulence, temporal changes in microsurficial characteristics (i.e.
formation and disturbance of protective crusts), and the selective entrainment of fine
particles and subsequent surface armoring with coarse lag deposits. In the absence of
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Fig. 3. Solutions to (A) Eq. (6), (B) Eq. (13), and (C) Eq. (12) for the model parameters in Table 1. (D) Sensitivity

to the value of the wilting-point moisture.
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detailed quantitative observations of controlling surficial characteristics, a stochastic
model component is necessary to represent this variability. In this final section of the
paper, we generalize the model equations to include a range in threshold wind velocities,
while maintaining the ability of the model to yield closed-form analytic solutions.

Figs. 5A–C illustrates the variability in threshold velocities in the CLIM-MET station
data. In this figure, soil moisture is plotted as function of wind speed, with saltating
conditions indicated by black dots and non-saltating conditions indicated by gray dots.
These data illustrate that high wind speeds occasionally fail to produce saltating
conditions. Conversely, low wind speeds can sometimes trigger saltation. Subsetting the
CLIM-MET data at time intervals of a few months does not significantly reduce this
overlap. The range of threshold friction velocities at these locations, therefore, appears to
be related to microsurficial changes that occur over intra-annual time scales.

The CLIM-MET station data support a linear relationship between excess friction
velocity and the probability of saltation, as shown in Figs. 5D–F. Mathematically, this can
be expressed as a linear increase in the probability of saltation p from a minimum value of
0 at u ¼ u�td;min

to a maximum value of 1 at u�td;max

p ¼ u� � u�td;min

u�td;max
� u�td;min

, (16)
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Fig. 4. Sensitivity of saltation fluxes to changes in (A) dry threshold friction velocity, (B) Weibull scale factor, and

(C) Weibull shape factor, for a range of water-table depths.
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where u�td;min
and u�td;max

define a range of threshold friction velocities. For a surface that
experiences minor microsurficial variability through time, the difference between u�td;min

and u�td;max
will be small. Conversely, large surficial changes will result in a correspondingly

large range of values. Among the three CLIM-MET stations, North Soda Lake and
Crucero (Figs. 5D and F) exhibit a relatively small range of threshold velocities, while
Balch (Fig. 5E) exhibits a relatively large range.
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Fig. 5. (A)–(C): control on saltation activity by wind speed and soil moisture at (A) North Soda Lake, (B) Balch,

and (C) Crucero CLIM-MET stations. Saltation activity is indicated with black dots; gray dots indicate no

saltation. Chepil’s quadratic relationship between soil moisture and threshold friction velocity is also shown.

(D)–(F): the frequency of saltation activity at a given wind speed shows a linear increase from a minimum

threshold velocity to a maximum threshold velocity.
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The range of threshold friction velocities can be included in the model by integrating
Eq. (9) in a piece-wise manner

hqi ¼ r
g

Z u�t;max

u�t;min

du�pðu�Þf wðu�Þu�ðu2� � u2�tÞ þ
Z 1

u�t;max

du�f wðu�Þu�ðu2� � u2�tÞ
 !

, (17)

to obtain

hqi � r
g

b
g2

ð6b2 � u2�t;max
þ 2ðu�t;max � u�t;min

Þ2Þ. (18)

The incomplete gamma functions have been approximated as unity in Eq. (18) to yield an
expression analogous to Eq. (15). The additional terms in Eq. (18) were found to have a
minor effect on the dependence of saltation on water-table depth (e.g. Figs. 3 and 4)
because the additional terms in Eq. (18) are related directly to wind speed rather than soil
moisture. Eq. (18) does, however, provide a more accurate estimation for the absolute
value of the saltation flux than Eq. (15), because it explicitly represents the range of
threshold wind velocities observed in CLIM-MET station data.

5. Summary and conclusions

We constructed a process-based numerical model to couple soil moisture in the
unsaturated zone with saltation activity and dust emissions at the surface. Under steady-
state conditions, analytical solutions to this model illustrate that water-table depths of
3–10m represent a critical range over which small variations in the water-table depth may
lead to large, nonlinear changes in saltation activity and dust emissions. Our model is
designed as a practical tool for determining the impact of climatic and anthropogenic
changes on dust activity in playa basins. Future work will focus on the dynamic effect of
soil moisture following individual precipitation events and seasonal cycles, and the
influence of vapor-phase transport on the surface soil moisture.
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