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Abstract

1. Supply-limited dust emission appears more prevalent than pre-
viously thought and is not accounted for in models.

2. In many of Earth’s dustiest regions, dust and precipitation anoma-
lies correlatepositively, consistent with sediment-supply con-
straints.

3. Reproducing these wind erodibility responses in models may
help remediate underprediction of observed seasonal to inter-
annual dust variability.



1. Aeolian Erodibility

Soil aeolian erodibilityS is the efficiency with which soil produces dust for
a given meteorological forcing.

S is dimensionless factor appearing in formulation of dust mobilization
mass fluxFd,j [kg m−2 s−1] (e.g.,Zender et al., 2003a):

Fd,j = TAmSαQs

I∑
i=1

Mi,j (1)

whereT is a globally uniform tuning factor,Am is bare soil fraction,α is
saltation-sandblasting mass efficiency (Alfaro et al., 1997), Qs is horizontal
saltation mass flux, andMi,j is the mass fraction of each source modei

carried in each transport binj. Visit http://dust.ess.uci.edu/
dead for more details.

http://dust.ess.uci.edu/dead
http://dust.ess.uci.edu/dead


Figure 1: Soil spatial erodibility constraintsS for four hypotheses: (a) Uniform, (b) Topographic, (c) Geo-
morphic, (d) Hydrologic (Zender et al., 2003b).



Figure 2: Mean 1980–2001 TOMS AAI and predicted dust AOD for 1990–1992 in the Saharan desert
and Saudi Arabian peninsula (first column), East Asia (second column), and Australia (third column). (a–
c) TOMS AAI, (d–f) Uniform S, (g–i) TopographicS, (j–l) GeomorphicS, (m–o) HydrologicS. r is the
spatial correlation coefficient between the experiment and TOMS AAI.



2. Temporal Erodibility Constraints

Motivation:

• Supply-limited regions documented on local, regional scales (Gillette
et al., 2001; McTainsh et al., 2002; Okin and Reheis, 2002).

• Important on global scales?
• Remediate underprediction of seasonal to interannual dust variability,

e.g.,Mahowald et al.(2003)?

Strategy:
Time series analysis of relation between satellite-retrieved mineral dust aerosol
anomalies and antecedent climate anomalies in Earth’s dustiest regions.



Figure 3: Dust storm frequency (and dust flux) are anti-correlated with previous year’s DJF Niño 3.4 anomaly
(and precipitation)except1984 and 1999, which followed strongest ENSOs. (Okin and Reheis, 2002).
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Figure 4: Monthly mean satellite-derived (a) GPCP precipitation [mm d−1] and (b) TOMS dust Aerosol
Optical Depth in Eastern Sahel from 1/79–4/93.
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Figure 5: Normalized seasonal cycle of atmospheric dust (black), precipitation (blue),NDVI (green), and
surface wind speed (red) over (a) Eastern Sahel, (b) Tarim Basin (Zender and Kwon, 2005).
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Figure 6: Cross-correlation of monthly mean seasonal precipitation and dustAOD anomalies over the
(a) Eastern Sahel and (b) Tarim Basin. Dashed lines at±0.23 showp = 0.01 confidence levels.



Table 1:Erodibility Responses of Major Dust Source Regionsa

Region P, τ P, N N, τ P, U U, τ Cat.b

Eastern Sahel −0.27(9) +0.33(1) −0.31(0) I

Bodélé Depression −0.28(9) +0.26(9) −0.31(0) I

Western US −0.22(0) +0.47(1) −0.35(0) I

Lake Eyre Basin −0.36(1) +0.61(1) −0.29(1) I

Botswana −0.39(1),
−0.23(0)

+0.56(2),
+0.31(0)

−0.28(9) I

Gobi Desert −0.28(2) I

China Loess Plateau −0.27(0) II

Great Salt Lake −0.37(0) −0.27(0) +0.26(0) II

Zone of Chotts +0.21(44) +0.42(26) +0.26(0) III

Tigris/Euphrates +0.21(14) −0.26(8) III

Saudi Arabia +0.36(0) −0.27(0) IV

Oman +0.40(0) IV

Tarim Basin +0.28(21) +0.23(0),
−0.24(2)

IV

Thar Desert +0.25(0),
−0.24(1),
−0.21(2)

+0.57(1) −0.3(0),
−0.33(10)

−0.35(0) +0.3(1) I, IV

aHighly significant (p < 0.01) cross-correlationsr between autoregression-corrected erodibility indicators (dustAOD τ ) and
climate constraints (precipitationP , NDVI N , and wind speedU ) from 1979–1994. Lag in months of indicated cross-correlation
is shown in parentheses.

bErodibility Category Assigned



Table 2:Erodibility Categories of Major Dust Source Regions

Cat. Responsea Regions

I P ↓ τ, P ↑ N, N ↓ τ
Strong moisture and vegetation constraints,
multiple timescales

Eastern Sahel, Bodélé Depression,
Western US, Lake Eyre, Botswana,
Thar Desert (Gobi Desert)

II P ↓ τ
Strong moisture constraints, immediate
response

China Loess Plateau, Great Salt Lake

III P ↑ τ
Supply-limited, interannual alluvial
recharge?

Zone of Chotts, Tigris/Euphrates

IV P ↑ τ
Supply-limited, crustal (de-)formation

Saudi Arabia, Oman, Tarim Basin,
Thar Desert

aPositive and negative correlations indicated by↑ and↓, respectively



3. Implications of Supply-Limited Environments

• Supply-limited regions are real (Gillette et al., 2001; McTainsh et al.,
2002; Okin and Reheis, 2002) and more prevalent than previously thought
(Zender and Kwon, 2005).

• Global dust models assume inexhaustible sedimentary material
• Implement supply-limited constraints as temporal erodibility factor?

Stemporal = Ssediment × Scrusting (2)

• Modeling supply limitation may help remediate underprediction of sea-
sonal to interannual dust variability, e.g.,Mahowald et al.(2003):

mineral aerosols, we need to understand the natural fluctua-
tions in desert dust. Tegen and Miller [1998] conducted a
15-year interannual variability study in the Goddard Insti-
tute of Space Sciences General Circulation Model (GCM)
assuming that all desert regions were sources and showed
that transport variations produce most of the interannual
variability in their model. Here we look in more detail at
the interannual variability in a 22-year simulation from the
Dust Entrainment and Deposition (DEAD) dust module,
Model of Atmospheric Transport and Chemistry (MATCH)
offline chemical transport model, using National Center for
Environmental Prediction (NCEP)/National Center for At-
mospheric Research reanalysis. Comparisons between sim-
ulations from this dust model and available observations
show that the climatology of the 22-year simulation is
roughly consistent with available observations [Luo et al.,
2003]. In this companion paper we focus on the interan-
nual variability of the simulation.
[3] The paper is organized as follows: In section 2 we

briefly describe the model simulations used in the com-
parison and previous comparisons of the model against
observations. Section 3.1 compares model and observed
interannual variability at in situ sites as well as from
satellite observations. Section 3.2 compares the amount of
variability in the model and observations (in situ and
satellite). Section 3.3 evaluates the correlation of climate
indices with desert dust in model and observations at the
stations, while section 3.4 expands this to look at spatial
correlations in the model and the climate indices. Section
3.5 focuses on the correlations between different sites in the
model and observations, while section 3.6 uses the model
results to evaluate the representativeness of the station data
and satellite data. Section 3.7 evaluates the role of interan-
nual variability in sources in controlling interannual varia-
bility in concentrations at the stations. Finally, section 4
summarizes the results of the study.

2. Model Description

[4] In this study we use the 22-year model simulation
described by Luo et al. [2003]. The DEAD dust module
[Zender et al., 2003] (also available at www.ess.icu.edu/
~zender) is based on the wind tunnel studies of Iversen and
White [1982],Marticorena and Bergametti [1995],Gillette et
al. [1998], and Fecan et al. [1999] and includes mobilization
(entrainment of dust into the atmosphere), and dry and wet
deposition. The source areas are defined as in Ginoux et al.

[2001] to be dry, unvegetated regions that have relatively low
topography. The transport model is the MATCH off-line
chemical transport model [Rasch et al., 1997], which has
been shown to work well with NCEP reanalysis data sets
[Mahowald et al., 1997]. The meteorological data used to
drive the models is the NCEP reanalysis [Kalnay et al., 1996;
Kistler et al., 2001]. Evaluations of this data set suggest that it
is most robust after 1979 [e.g., Santer et al., 2000] but that
there are problems during the 1979–2000 period, especially
in the hydrological cycle and in the tropics [e.g., Trenberth
and Guillemot, 1998; Trenberth et al., 2001], similar to other
reanalyses and models. For this study we simulated the dust
cycle in the atmosphere from 1979 to 2000. Optical depths
are calculated following Zender et al. [2003].
[5] The model described above was compared to avail-

able climatological observations of Luo et al. [2003], and
we summarize the results here. The model is able to capture
the monthly mean concentrations at surface stations glob-
ally but had more difficulty at several stations in the
Southern Hemisphere. Comparisons to deposition observa-
tions, both in situ and marine sediment cores, also show
rough consistency with the model simulations over 4 orders
of magnitude in deposition fluxes. Aerosol optical thick-
nesses predicted in the model appear consistent with avail-
able satellite and Aerosol Robotic Network (AERONET)
observations. The model daily (or weekly) averaged vari-
ability was compared to observations, and from this analysis
it appears that the model is often able to capture specific
dust events but that the timing or the magnitude of the event
may be slightly incorrect in the model. Overall, the model
simulation compares as well with available observations as
similar modeling studies [e.g., Ginoux et al., 2001; Tegen et
al., 2002], especially in the relatively well-observed North-
ern Hemisphere, but there are problems with the magnitude
and seasonality of the dust at a few stations in the Southern
Hemisphere.

3. Results

3.1. Comparisons of Interannual Variability
With Observations

[6] At least 2 years of measurement data are available at 10
in situ measurement sites, shown in Table 1. The latitude and
longitude of these sites are given in Figure 1, and the data are
made available to us courtesy of D. Savoie, J. Prospero, and
R. Arimoto [i.e., Prospero and Nees, 1986; Prospero, 1990;
Prospero et al., 1996; Arimoto et al., 1990, 1997]. These data

Table 1. Correlation Between Interannual Variability in Model and Observationsa

Monthly
Correlation

Monthly Anomaly
Correlation

Annual
Correlation

Number of Months
of Data

Daily Averaged
Correlation

Barbados 0.66 (0.77) 0.46 (0.52) 0.38 (0.45) 260 0.51 (0.63)
Izana 0.64 (0.74) 0.51 (0.55) 0.64 (0.63) 104 0.31 (0.60)
Bermuda 0.83 (0.86) 0.74 (0.47) 0.84 (0.62) 108 0.49 (0.61)
Miami 0.72 (0.62) 0.39 (0.23) 0.03 (�0.12) 227 0.65 (0.51)
Midway 0.64 (0.76) 0.27 (0.18) �0.41 (�0.35) 109 0.84b (0.57)
Hawaii 0.74 (0.86) 0.38 (0.47) 0.48 (0.27) 62 0.46b (0.77)
Enewtak 0.40 (0.63) �0.00 (0.18) 0.71 (0.70) 43 0.81b (0.82)
Funafuti �0.08 (0.01) �0.02 (0.03) NAN (0.20) 40
Mace Head 0.34 (0.49) 0.27 (0.27) �0.53 (�0.60) 59
Norfolk 0.09 (0.23) 0.30 (0.14) 0.39 (0.09) 44

aRank correlations are in parentheses, and 95% statistically significant values are boldfaced. NAN, not a number.
bStation only has weekly averaged data, so weekly averaged correlations are shown.
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4. Conclusions

• Earth’s dustiest regions fall into four distinct erodibility classes which
include both positive and negative dust-emission responses to precipi-
tation anomalies

• Supply-limited erodibility more widespread than previously thought,
and include short and long timescales consistent withsoil crust disrup-
tion andalluvial replenishment, respectively

• Precipitation-induced vegetation anomalies alter erodibility constraints
on monthly, and possibly shorter, timescales, in many important regions
(Tarim, Saudi Arabia, Oman)

• Sediment constraints may cause regions which respond similarly to
mean climate to respond differently to climate anomalies
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