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ABSTRACT: Haboobs are dust storms formed by strong surface winds in convective storm outflow boundaries, or cold
pools, which can loft large quantities of mineral dust as they propagate. Both cold pools and the dust they loft are impacted
by land surface properties resulting in complex surface interactions on haboobs. As a result of these additional complexities
brought about by surface interactions, it is unclear which surface parameters and physical processes are important for pre-
dicting haboob intensity and dust concentrations. Here we applied the Morris one-at-a-time (MOAT) global sensitivity sta-
tistical method to an ensemble of 120 idealized simulations of daytime and nighttime haboobs to investigate the land
surface properties that affect both dust mobilization and cold pool dynamics. MOAT identifies and ranks the importance
of different input factors, which for the prediction of haboob strength and dust concentrations are 1) initial cold pool tem-
perature, 2) surface type (vegetation), 3) soil type (clay content), and 4) soil moisture. The underlying physical mechanisms
driving these feedbacks were then analyzed using a traditional one-at-a-time factor analysis. Time of day is significant for de-
termining boundary layer height and dissipation via surface fluxes, leading to shallower, more intense cold pools/haboobs at
night. Most of the land parameters modify the cold pool through impacts on surface fluxes, while surface type is dominated
by roughness length effects. By ranking the importance of these surface factors, we have identified which variables are most
sensitive and must be constrained via observations and data assimilation in numerical dust prediction models.

KEYWORDS: Density currents; Cold pools; Dust or dust storms; Atmosphere-land interaction; Desert meteorology;
Aerosols/particulates

1. Introduction

Atmospheric mineral dust is an integral component of the
Earth system: it affects Earth’s radiation budget (e.g., Slingo
et al. 2006; Sokolik and Toon 1996), ice nucleation in clouds
(e.g., DeMott et al. 2003; Field et al. 2006; Knopf and Koop
2006; Boose et al. 2016), and biogeochemical cycles and ocean
and Amazonian ecosystem fertilization (Martin 1991; Bishop
et al. 2002; Mahowald et al. 2005; Jickells and Moore 2015).
Dust outbreaks, especially those associated with the cold pools
produced by convective storms, are a public safety hazard due
to rapid losses in visibility (Baddock et al. 2013; Sprigg 2016;
Middleton and Kang 2017) and damages to human respiratory
health (Goudie 2014; Middleton 2017).

Haboobs are dust storms that occur as a result of the lofting
of dust by the strong lateral winds originating within cold pools.
Cold pools are a type of density current and form as precipita-
tion evaporates in dry air below the cloud base of a convective
cell or convective system, producing cool, negatively buoyant
air that sinks until it hits the ground and spreads out as a dis-
tinct cold, rapidly moving air mass (Membery 1985; Roberts
and Knippertz 2012; Knippertz and Todd 2012; Cowie et al.
2015; Pantillon et al. 2015, 2016; Drager and van den Heever
2017; Huang et al. 2018). Haboobs quickly loft substantial

amounts of dust, can be exceptionally long lived (Flamant et al.
2007; Miller et al. 2008; Roberts and Knippertz 2014;
Bukowski and van den Heever 2021), and are a significant
source of regional and global dust. Their contributions range
from less than 10% of dust emissions in Australia to possibly
more than 60% (Bou Karam et al. 2009) in the western Sahel
and include a strong seasonal component (Heinold et al. 2013;
Bergametti et al. 2017).

Model estimations and forecasts of haboob dust concentra-
tions depend on the accurate representation of cold pools,
dust lofting, radiation interactions, and surface factors. Fore-
casts remain challenging (Knippertz and Todd 2012) due to
the scales of cold pool processes (Grant and van den Heever
2016; van den Heever et al. 2021) and the complex, nonlinear
interactions between them. Yet, the same surface parameters
that affect cold pool dynamics also affect dust mobilization
from the surface (Marticorena and Bergametti 1995; Shao
et al. 1996, 2002; Shao and Lu 2000; Ginoux et al. 2001). The
interaction between the surface, the cold pool, and dust emis-
sions is nonlinear and it is thus ambiguous as to which factors
are most important for predicting dust concentrations and
other haboob properties. Here, we will therefore explore the
connection between surface properties that affect both dust loft-
ing and cold pool dynamics.

While wind speed is a major driver of dust emissions, these
emissions are modified by the underlying surface (Marticorena
and Bergametti 1995; Shao et al. 1996; Shao 2001; Shao and
Lu 2000; Ginoux et al. 2001; Darmenova et al. 2009; LeGrand
et al. 2019). The physics of dust mobilization from the surface to
the atmosphere is complex, and a comprehensive review of how
these processes can be quantified is found in Kok et al. (2012).
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Dust mobilization mechanisms are necessarily reduced in their
complexity for parameterized representation in numerical mod-
els, but are still representative of the physical mechanisms that
affect emissions. Thus, bulk dust models almost always scale
emissions based on the three major land surface factors impact-
ing dust mobilization: soil erodibility and surface type, soil type,
and soil moisture content. The direct impact of these different
soil scaling factors has been reviewed in detail by Darmenova
et al. (2009) and LeGrand et al. (2019).

Yet, these surface parameters are not only important for
dust emissions: they are also an integral factor in cold pool dy-
namics and properties. In this way, land surface properties af-
fect both the mechanics of dust mobilization and the cold
pool simultaneously, and this synchronous coupling can feed
back on dust emissions and the density current in indirect
ways. Thus, this study has two objectives:

1) To identify which land surface parameters, specifically
surface type, soil moisture, and soil type, are most signifi-
cant in predicting haboob dust and propagation.

2) To understand the physical mechanisms that explain why
and how these surface properties, important to both dust
mobilization and cold pools, affect and feed back on ha-
boob dust lofting and processes.

Most previous literature has focused on either dust or cold
pools, but not both, and surprisingly little work has been done
on correlating the parameters that affect dust mobilization
(soil type, soil moisture, and surface type) with the effects on
parent convection or outflow boundaries. Soil type is often
studied from the perspective of clay content, whereby soils
with higher clay fractions are estimated to loft more dust
(Fécan et al. 1999). The clay soil content also affects the
partitioning of coarse and fine particles (Marticorena and
Bergametti 1995; Shao et al. 1996; Mokhtari et al. 2012) and
is important for radiative effects and atmospheric residence
time (Kok 2011; Mahowald et al. 2014). Nonetheless, the
clay fraction of soil affects its composition, which in turn
impacts its thermal conductivity and moisture retention
(Abu-Hamdeh 2003) and therefore its interaction with the
atmosphere via surface fluxes, which is known to be impor-
tant for dust uplift (Huang et al. 2018), ingestion into the
parent storm (Seigel and van den Heever 2012a), and cold
pool dissipation (Bryan and Rotunno 2014; Grant and van
den Heever 2016, 2018; Gentine et al. 2016; Drager and van
den Heever 2017; Kurowski et al. 2018).

Soil moisture also affects the partitioning of surface fluxes
within cold pools (Fast et al. 2019; Drager et al. 2020) and al-
though wet soils loft less dust, the influence and importance
of soil moisture in haboobs is unclear. Previous research
shows that soil moisture effects reduce cold pool emissions of
dust by 15% (Heinold et al. 2013), and on a larger scale, the
combined precipitation effect of wet scavenging and soil mois-
ture only affects 9%–25% of total dust uplift potential in the
Sahara (Heinold et al. 2013; Bergametti et al. 2016). Further-
more, desert topsoil dries quickly during the day (Belnap et al.
2004) and a large fraction of precipitation evaporates in dry
air before reaching the surface (Heinold et al. 2013). In theory,

soil moisture may be important for dust mobilization, but the
practical significance of soil moisture in desert cold pools and
haboobs is still uncertain.

While some studies have investigated soil type and mois-
ture, literature considering the effect of surface type on ha-
boobs is sparse outside of designing erodible soil maps. It is
true that erodibility maps can significantly alter modeled dust
emissions and radiation (Saleeby et al. 2019) especially on the
mesoscale (Walker et al. 2009). Other than scaling by erod-
ibility, surface type is only directly included in some, but not
all dust emission equations through a roughness length factor
that represents the decrease in dust emissions with taller and/
or more roughness elements due to drag and sheltering
(Marticorena and Bergametti 1995; MacKinnon et al. 2004;
Pierre et al. 2012). Additionally, roughness length has been
shown to influence cold pools via changes to sensible and latent
heat fluxes (Gentine et al. 2016), which are also affected by the
underlying surface vegetation and soil moisture.

In addition to deserts and desertlike environments, drylands,
such as short grasslands and cropland/agricultural/grazing
rangelands, are also significant local sources of dust (Stout
2001; Lee et al. 2012). In fact, Ginoux et al. (2012) found that
20% of global dust emissions originate from surfaces with
vegetation and that anthropogenic dust sources, mainly from
agricultural grasslands and croplands, contribute 25% of the
global dust budget. Anthropogenic climate change has al-
ready led to the desertification of drylands (Burrell et al.
2020) and dust is correlated with drought (Reheis and Urban
2011), which has and is projected to increase as temperatures
warm (Bell et al. 2018). Furthermore, there is evidence that
desert dust has doubled in the last century (Mahowald et al.
2010) and that emissions have increased in nondesert regions
due to climate change and anthropogenic activities, which in-
cludes short grasslands (Munson et al. 2011) and agricultural
regions (Neff et al. 2008; Brahney et al. 2013). Research on
dust emissions in expanded dryland ecosystems is already un-
derrepresented in the literature; understanding how these dif-
ferent surfaces loft and respond to dust in convective outflow
boundaries is useful now, but will also be relevant to under-
standing the transition of surface environments and haboobs
in a warming climate.

To complicate matters, the time of day is also significant for
determining surface heat fluxes and cold pool propagation
(Liu and Moncrieff 2000; Seigel and van den Heever 2012a).
Huang et al. (2018) has taken a first step in understanding
haboob–surface interactions by investigating how dust uplift
changes in response to prescribed and static daytime sensible
heat fluxes under the cold pool. They found through idealized
simulations that increasing the sensible heat flux warmed the
cold pool, but increased the wind speed and dust uplift due to
enhanced mixing at the surface. Bukowski and van den He-
ever (2021) examined the role of interactive surface fluxes
and dust radiative effects in a long-lived haboob case study
traversing day, evening, and nighttime environments. They
found similar surface flux feedbacks, but also noted the impor-
tance of nocturnal shifts toward negative sensible heat fluxes
and low-level inversions on propagation speed and dust uplift.
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With numerous concurrent interactions between dust uplift,
the cold pool, and the surface, it is challenging to distinguish
which factors are most important for predicting dust concen-
trations and the properties/dynamics of haboobs. Identifying
these factors is critical for interactive dust modeling, including
considerations for model setup, the necessary accuracy of model
input data, and selecting the most useful observations for data
assimilation. This study seeks to quantify the importance of
surface type, soil moisture, and soil type in predicting haboob
propagation and dust lofting, and to understand the physics of
these haboob–surface feedbacks. To achieve this, an ensem-
ble of 120 idealized numerical simulations of daytime and
nighttime haboobs of varying strengths and surface proper-
ties will be analyzed using a global sensitivity technique and
one-at-a-time factor separation tests.

2. Idealized case study and model description

a. Model description and physics

Simulations are conducted using the open-source Regional
Atmospheric Modeling System version 6.2.11 (Pielke et al.
1992; Cotton et al. 2003; Saleeby and van den Heever 2013).
Typically, resolution O(∼100) m is necessary to model cold
pools both from a numerical convergence standpoint (Bryan
et al. 2003; Lebo and Morrison 2015; Jeevanjee 2017) and to
represent small-scale heterogeneous cold pool processes
(Droegemeier and Wilhelmson 1987; Straka et al. 1993; Bryan
et al. 2003; Grant and van den Heever 2016; Hirt et al. 2020;
van den Heever et al. 2021); thus, a horizontal grid spacing of
150 m is utilized on a 65 km 3 67.5 km domain. The simula-
tions are run in 3D to better represent the turbulent energy
cascade in the Kelvin–Helmholtz waves generated in the tur-
bulent wake of the density current (Cantero et al. 2008; Bryan
and Rotunno 2014). The vertical grid includes 150 stretched
levels with a Dzmin 5 50 m at the surface to a Dzmax 5 150 m
aloft, with 50 m being the maximum vertical grid spacing rec-
ommended by Grant and van den Heever (2016) for modeling
surface cold pool interactions.

Model parameterizations include a Smagorinsky turbulence
scheme (Smagorinsky 1963; Lilly 1962; Hill 1974) and the
Harrington (1997) radiation scheme, which is updated every
minute and can interact with atmospheric aerosol (Stokowski
2005; Saleeby and van den Heever 2013). Model dust scatters
and absorbs radiation based on observations from the Saharan
Dust Experiment (Haywood et al. 2003) with an index of refrac-
tion of 1.531 0.0015i. RAMS is coupled to the interactive Land
Ecosystem–Atmosphere Feedback version 3 (LEAF-3) surface
model (Walko et al. 2000) where the surface vegetation and soil
classes are initialized homogeneously but interact dynamically
with the atmosphere via surface fluxes. To simplify the analysis
and remove cloud and precipitation effects, no wet microphysics
are included. Water vapor is allowed to interact with the land
surface and radiation, but it will not condense. Because of the
arid environment and associated deep boundary layer, it is
unlikely that lift at the cold pool edge will be sufficient to
reach the lifted condensation level. Thus, for this idealized

cold bubble setup and arid conditions, wet microphysics are
unnecessary.

The lateral boundary conditions are cyclic in both the lati-
tudinal and longitudinal direction. Initial conditions for the
atmosphere and soil are from ERA5 (C3S 2017) and are
horizontally homogeneous with zero background winds and
no topography. The reanalysis data are from the Arabian
Peninsula on 3 August 2016, at Riyadh which was selected be-
cause it represents a well-studied and modeled dust event
from the special ACP/AMT issue “Holistic Analysis of Aero-
sol in Littoral Environments}A Multi-Disciplinary Univer-
sity Research Initiative” (HAALE-MURI) (Miller et al.
2019). Soundings from 0600:00 UTC (0900:00 local) and
1800:00 UTC (2100:00 local) were used to initialize the day-
time and nighttime simulations, respectively (Fig. 1). The
soundings are representative of the arid interior basin of the
Arabian Peninsula, exhibiting dry air aloft and at the surface
and a deep planetary boundary layer. The soundings are simi-
lar for day and night, although at night the boundary layer
is reduced and a stable nocturnal surface layer begins to
develop.

The daytime and nighttime simulations are initially inte-
grated for 3 h, each with their respective initial surface condi-
tions, from 0600 to 0900 UTC (0900 to 1200 local) and 1800 to
2100 UTC (2100 to 0000 local), respectively, to allow the plan-
etary boundary layer and surface fluxes to develop/decline.
After 3 h, a single cold bubble is released and the model is in-
tegrated for another 60 min. A limitation of the single, ideal-
ized cold bubble setup is that the cold pools are not
continuously forced by a precipitation shaft or its associated
downdraft. This setup is therefore an approximation for
shorter-lived, isolated precipitating systems and is less valid
for longer-lived more organized systems.

The cold bubble is centered horizontally in the domain with
a horizontal diameter of 8 km. In the vertical, the bubble is
initialized with its lower edge at 150 m AGL and its top at
6 km. In both the vertical and horizontal, the cold bubble per-
turbation is represented as a cosine squared function with the
strongest perturbation in the center decaying away toward
ambient conditions at the sphere’s edges. The selected cold
bubble depth is characteristic of the deep planetary boundary
layer and high-based convection typical of this region (Cuesta
et al. 2009; Garcia-Carreras et al. 2015). All of the cold pools
initially have a positive moisture perturbation of 5.0 g kg21,
based on observations of Saharan density currents (Trzeciak
et al. 2017). A summary of the initial cold pool features, simu-
lation setup, and physics options are listed in Table 1.

The simulations are highly, although not perfectly, radially
symmetric across the horizontal plane (Fig. 2). Despite small
deviations from symmetry occurring due to perturbations in
temperature and wind fields from eddy development in
the boundary layer, these deviations are small enough to
use an azimuthal average from the center of the domain
outward to create 2D cross sections (Figs. 3 and 4). After
computing the 2D azimuthal average, the time-varying mean
environmental state (xenv) was calculated at each vertical level
from a 10-gridpoint average near the edge of the domain. All
values are reported as perturbations (x′) from this mean

BUKOW SK I AND VAN DEN HE EV ER 3197DECEMBER 2022

Unauthenticated | Downloaded 11/29/22 11:36 PM UTC



environmental state (i.e., x′ 5 x2 xenv) to account for differ-
ences in the development of the boundary layer and sur-
rounding environment based on the surface conditions. Thus,
for example, the cold pool perturbation potential temperature
(u′), referenced throughout this paper simply as “cold pool tem-
perature,” is calculated as u′ 5 ucold pool 2 uenv.

b. Dust emission parameterization

Dust emissions in RAMS (Seigel and van den Heever 2012b;
Saleeby and van den Heever 2013) are parameterized [Eq. (1)]
based on the GOCART dust scheme (Ginoux et al. 2001, 2004):

Fp 5 CEZ0
spU

2(U 2 Utwet) if U . Utwet and wsoil , 0:5:

(1)

In Eq. (1), Fp is the dust flux from the surface (kg m22 s21)
for two dust bins (p) partitioned into a supermicron coarse
bin and a submicron fine mode bin by the fractional number
sp (0 to 1), which depends on the clay content of the soil
(Alfaro and Gomes 2001; Shao 2001). Other terms are as fol-
lows: C is a dimensional factor equal to 1 kg s2 m25, U is the
10 m wind speed (m s21), and Utwet is the threshold velocity
of wind erosion, Ut (m s21), including a soil moisture correc-
tion. Utwet represents the suppression of dust mobilization in
wet soils due to increased cohesive forces, determined empiri-
cally to be relative to the clay percentage, %clay, of the soil
(Fécan et al. 1999). The dust parameterization is only used if
both the near-surface wind speed exceeds the threshold veloc-
ity and the soil saturation fraction wsoil is below 0.5. There is a
known disconnect in the GOCART scheme [Eq. (1)] whereby

the 10 m wind speed is compared to a threshold value Ut based
on friction velocity (LeGrand et al. 2019). Nevertheless,
GOCART has tested well against observations in the Weather
Research and Forecasting (WRF) Model and this formulation
has been retained in its most recent updates (Ukhov et al.
2021). In addition to the other scaling parameters in Eq. (1),
EZ0

is the scale factor of the surface roughness Z0 (cm) (Pierre
et al. 2012). Physically, the roughness length affects dust lofting
both by shielding erodible soil and reducing the wind momen-
tum transferred to the erodible soil surfaces. EZ0

ranges from
0 to 1 and decreases dust emissions as the total surface rough-
ness due to obstacles (soil, vegetation, pebbles, etc.) increases
(Marticorena and Bergametti 1995; Shao and Yang 2005;
Marticorena et al. 2006; Xi and Sokolik 2015; Foroutan et al.
2017). In this experiment, the EZ0

scaling factor is employed
for all surface types. While some dust schemes employ a second
drag partitioning term, R(Z0, Z0s), to model surface roughness
effects in the Ut term (e.g., Shao 2001, 2004; Shao et al. 2011;
Darmenova et al. 2009; Pierre et al. 2012), Webb et al. (2020)
have shown that a single erodibility, or roughness length scaling
factor, EZ0

, is sufficient. Hypothetically, if RAMS included both

the R(Z0, Z0s) and EZ0
terms, it would enhance the impact sur-

face type has on dust emissions but would not affect the cold
pool directly since it only appears in the dust parameterization
equations. Including another term that introduces variability
into the system would lead to surface type being ranked as
more important than what is presented in section 4.

Outside of the dust parameterization, roughness length also
affects heat fluxes between the atmosphere and land surface,
and hence cold pool intensity. Higher roughness lengths
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FIG. 1. ERA5 soundings from 3 Aug 2016 at Riyadh, Saudi Arabia, used to initialize the model for the (a) 0600 UTC
(0900 local) daytime and (b) 1800 UTC (2100 local) nighttime simulations.
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enhance downward momentum transfer at the surface, repre-
sented by the surface friction velocity u* (m s21), which in-
creases sensible [Eq. (2a)] and latent [Eq. (2b)] heat fluxes
(SHF; LHF) in the bulk aerodynamic formulas:

SHF 5 CdCprairU(Tsfc 2 Tair), (2a)

LHF 5 CdCprairU(Qsfc 2 Qair): (2b)

Here Cd is an aerodynamic bulk transfer coefficient that in-
creases as roughness height increases, Cp is the heat capacity
of dry air at constant pressure (J kg21 K21), rair is the density
of air (kg m23), U is the near-surface wind speed (m s21),
and Tsfc/Qsfc and Tair/Qair are the temperature and water
vapor mixing ratios of the surface and the near-surface air
(K, kg kg21), respectively.

Dust is removed from the atmosphere via dry deposition
onto the surface due to gravitational settling (Baron and
Willeke 2001; Seinfeld and Pandis 2006; Smith 2007) and dy-
namical transport via downdrafts. Descriptions of the dust re-
moval mechanisms in RAMS can be found in Saleeby and
van den Heever (2013). To first order, stronger winds, drier

soils, smoother surfaces, and higher clay fractions will lead to
more dust flux to the atmosphere. Because of the U2 term in
Eq. (1), wind speed is the most important parameter in parame-
terized dust emissions. Nevertheless, as seen in Bukowski and
van den Heever (2020), higher-order parameters, such as soil
moisture, modulate the effect of wind speed.

3. Ensemble design

a. Factors of interest

Based on the literature discussed in section 1, we selected five
factors that are likely to influence haboob strength and proper-
ties: cold pool temperature, soil moisture, clay soil fraction, sur-
face type, and day versus night. Each of these variables will alter
dust emissions and settling, and interactions between the cold
pool and the land surface. These input parameters are combined
into a simulation ensemble using the Morris one-at-a-time
(MOAT) technique (Morris 1991; Campolongo et al. 2007), also
known as the elementary effects method. A summary of the en-
semble design is found in Table 2.

Foremost, the strength of the cold pool relative to its envi-
ronment determines the cold pool propagation and wind

TABLE 1. Summary of the RAMS model physics and settings.

Model aspect Setting

Model Regional Atmospheric Modeling System (RAMS) version 6.11.2
(Pielke et al. 1992; Cotton et al. 2003)

Grid Single Arakawa C grid (Mesinger and Arakawa 1976)
Dx, Dy, Dz 5 longitudinal, latitudinal, vertical grid spacing Dx 5 Dy 5 150 m
nx, ny, nz 5 number of grid boxes nx 5 430, ny 5 450, nz 5 150
Dzmin, Dzmax, Dzstretch_ratio 5 smallest/largest vertical

spacing/stretch ratio
Dzmin 5 50 m, Dzmax 5 150 m, Dzstretch_ratio 5 1.02

Model top 19.3 km
Rayleigh damping over top 14 layers (∼2 km)

Time step (Dt) Dt 5 0.5 s
Integration and output 3 h: Boundary layer development

1 h: Cold pool
1-min output frequency

Model start 0600 UTC (0900 local): Daytime
1800 UTC (2100 local): Nighttime

Microphysics Water vapor physics only; no condensed water
Turbulence Smagorinsky (1963) with stability modifications by Lilly (1962)

and Hill (1974)
Radiation Harrington (1997) with added aerosol sensitivity (Stokowski

2005; Saleeby and van den Heever 2013)
Land surface LEAF-3 (Walko et al. 2000) constant and homogeneous

erodible soil fraction
Constant and homogeneous erodible soil fraction

Lateral boundary conditions Cyclical
Initialization Horizontally homogeneous

Zero background wind
No topography

Initial and surface conditions ERA5 from Riyadh, Saudi Arabia
Coriolis None
Cold pool initialization Center of domain

zcp_start 5 lowest height of initial cold pool Diameter 5 8 km
zcp_end 5 highest height of initial cold pool zcp_start 5 150 m

zcp_end 5 6 km
15.0 g kg21 water vapor perturbation
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speed, which in turn will impact dust flux to the atmosphere
[(Eq. (1)]. Cold pool strength and propagation speed are
driven by the temperature (and hence density) difference be-
tween cold pool air and the environmental air around it and
can be estimated with the following equation (Benjamin 1968;
Rotunno et al. 1988):

V2 5 2
�H

0
2 g

u
′

uenv
dz, (3)

where V is the theoretical density current propagation speed
(m s21), or intensity, H is the cold pool depth (m) defined by

a buoyancy threshold, g is gravitational acceleration (m s22),
dz is the model vertical grid spacing (m), u′ is the cold pool
perturbation potential temperature (K) relative to the mean
air outside the density current, uenv (K), with u′ calculated as
a simple difference between the environmental air and the
cold pool air (u′ 5 ucold pool 2 uenv).

The cold pool temperatures in this experiment range from
an initial maximum perturbation aloft of 220 to 210 K. As
the cold bubble sinks, it warms; by the time the cold pool
reaches the surface, the initial temperature perturbation de-
creases by ∼5 K. This warming reduces the effective surface
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FIG. 2. Plan view example of the first 30 min of the haboob’s surface evolution for (a)–(c) cold pool perturbation potential temperature,
(d)–(f) horizontal wind speed, and (g)–(i) dust concentrations for the daytime case. The abscissa represents the distance from the center of
the domain and therefore the center of the cold pool. This example represents the following initial conditions: 16.6 K cold pool, bare de-
sert surface, clay-type soil (65%), and 27% soil saturation. The nighttime version of this plot can be found in Fig. S1.
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cold pool temperatures to a range of 215 to 25 K and was
designed to match observations and modeling studies of sur-
face cold pool temperatures in the Sahara (Lawson 1971;
Knippertz et al. 2007, 2009; Emmel et al. 2010; Bou Karam
et al. 2014; Provod et al. 2016).

Two separate soil properties were tested, including soil
moisture and soil clay fraction. Soil moisture was simulated as
a percent of soil saturation and was set to the same value at

all soil depths. Values were initialized between 20% and 40%
and were selected because they represent conditions where
cold pools are entering environments where it has and has not
previously rained and moistened the soil, respectively, or
where wet soils have begun to dry out under arid conditions
(Bergametti et al. 2016). The soil moisture range is also delib-
erately set to match those in RAMS, which limits dust emis-
sions to soil moistures of 15%–50%. The prescribed soil
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FIG. 3. As in Fig. 2, but a 2D azimuthally averaged cross section instead of a plan view for the daytime case, with the addition of (j)–(l) vertical
velocity.
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moistures in the ensemble are not high enough to completely
inhibit dust lofting (.50%), which means the effects studied
here only represent the role of soil moisture as a modulating
land surface factor in dry dust-producing conditions. The clay
fraction of soil was set to 65% for clay type soil, 57% for silty
clay loam, 48% for clay loam, and 40% for silty loam and were
based on erodibility measurements from arid soils in the Middle
East (Vaezi et al. 2016; Gyamfi et al. 2016), which show clay and
silt type soils as most likely to erode and loft dust.

Four different dust-emitting surface types were selected, in-
cluding desert, semidesert, short grasslands, and agricultural
crop–grassland. The Arabian Peninsula is best represented by
a desert or semidesert scrub surface (Sayre et al. 2020), al-
though other major dust sources including the Sahara, Gobi,
and western Australian deserts (Tanaka and Chiba 2006) are
bounded by transitional grasslands and croplands (Sayre et al.
2020), in addition to vegetated and agricultural lands being
large sources of local dust (Ginoux et al. 2012; Stout 2001;
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FIG. 4. As in Fig. 3, but for the nighttime case.
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Lee et al. 2012). Each surface type has a unique representa-
tion in the LEAF-3 interactive land surface model, including
albedo, evapotranspiration, surface–air heat exchanges, and
surface roughness (0.001, 0.066, 0.034, 0.100 m), which de-
pends on the combination of soil roughness (0.001 m), vegeta-
tion height (0.0, 0.7, 0.3, 1.0 m), and fractional vegetation
coverage (0.0, 0.2, 0.75, 0.85). In reality, each surface type is
representative of a distinct environment that may differ from
the reference sounding used here. However, the same
sounding was used for each surface type to remove an addi-
tional factor of influence and because it is unclear how or
if a change in environment could be combined with the
MOAT technique.

Last, the difference resulting from the time of day was ex-
amined by running two separate suites of simulations to rep-
resent a daytime and a nighttime case. In the day, SHF will be
positive (surface to air), whereas at night the sign can change
to negative heat fluxes (air to surface), which may alter both
the cold pool propagation and longevity (Bukowski and van
den Heever 2021). Additionally, environmental stability dif-
fers between day and night, with the nighttime case being
more statically stable, which can affect cold pool propagation
speeds (Liu and Moncrieff 2000; Seigel and van den Heever
2012a).

b. MOAT sensitivity analysis

The MOAT method (Morris 1991; Campolongo et al. 2007)
is used to rank which of the surface input factors (cold pool
temperature, soil moisture, clay soil fraction, and surface
type) are most important for predicting model output varia-
bles (e.g., wind speed, dust concentration, SHF). In addition
to representing input–output relationships, MOAT is utilized
to select appropriate combinations of surface factors and cold
pool temperatures for the simulations, reduce the computa-
tional burden, and estimate the nonlinearity across input and
output variables. Each of these features of MOAT and modi-
fications made to the statistical algorithm are discussed below.

1) IDENTIFYING AND RANKING INPUT–OUTPUT

RELATIONSHIPS

MOAT is a global sensitivity analysis technique, which re-
lates uncertain input parameters in a system to output values
by perturbing a single input factor at a time. The statistical al-
gorithm then quantifies the overall influence of the input fac-
tor on designated model output variables (m*) and ranks the
input parameters in terms of their importance via the magni-
tude of m*, with higher values of m* designating stronger
influence. It is important to reiterate that the purpose of

MOAT and other global sensitivity methods is to determine
how an initial input factor’s value affects the output of a vari-
able. Here the input factors we will test are initial cold pool
temperature, soil moisture, soil type, and surface type, while
the output variables will relate to haboob intensity (i.e., cold
pool perturbation temperature) and dust concentrations.
While the sensitivity can be calculated at different times in
the simulation, these methods only reflect the effect of the ini-
tial values on the solution. Temporal correlations outside of
initial values and attribution of physical mechanisms for the
observed results in MOAT must be assessed by comparing
the output of the one-at-a-time simulations to each other
(section 4c).

2) INITIAL CONDITIONS AND REDUCING THE

NUMBER OF SIMULATIONS

In addition to estimating interactions across input factors,
MOAT reduces the total number of model runs compared to
traditional factor analysis methods, making it one of the most
efficient global sensitivity techniques (Sarrazin et al. 2016).
MOAT is a multiple start perturbation method (Pianosi et al.
2016), where each “start,” or initial condition, is randomly se-
lected from a uniform grid of input parameter values and then
follows a trajectory through the parameter value space by
moving a discrete amount one factor at a time. This process is
repeated R number of times to eliminate bias resulting from
the initial condition influencing the trajectory. A local sensi-
tivity is calculated for each trajectory and are then all com-
bined to create a global sensitivity estimate of the full input
parameter space, without having to test all possible combina-
tions. Twelve trajectories were run for this study, which falls
within the range required to reach solution convergence
(Saltelli et al. 2004) and was informed by the number of tra-
jectories (R) used in other Earth system modeling studies
(e.g., Covey et al. 2013). Trajectory convergence was identi-
fied by plotting m* as a function of the number of trajectories
(Fig. S4 in the online supplemental material) and locating the
number R where m* approaches an invariant singular value.
In traditional one-at-a-time methods, the number of simula-
tions scales as Nk, where N is the number of input parameters
and k is the number of values tested for each input parameter.
Moreover, including a separate daytime and nighttime ensemble
for this study doubles the number of model runs (2Nk). Here,
N 5 4 input factors perturbed with k 5 4 values requires 512
simulations. The MOAT trajectory approach is independent of
k and requires only R(N1 1) model runs, or 2R(N1 1) for our
study. Thus, with R 5 12 trajectories, MOAT reduces the en-
semble to 120 simulations.

TABLE 2. Summary of the range in values tested for the input parameters included in the ensemble.

RAMS/MOAT simulation ensemble

Cold pool temperature (K) 210 213.33 216.67 220
Soil moisture (% saturated) 20% 26.67% 33.33% 40%
Soil type/clay fraction Clay/65% Silty clay loam/57% Clay loam/48% Silty loam/40%
Surface type Desert Semidesert Short grassland Crop–grassland
Day vs night 1200 local time 0000 local time
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3) ESTIMATING THE NONLINEARITY OF

INPUT–OUTPUT RELATIONSHIPS

MOAT is unique in that it can estimate nonlinearity and inter-
actions between input factors in the system (s), with higher val-
ues of s indicating a stronger dependence on the values of other
input factors, or more interactions between factors. The s–m*

plane is used to visualize the results (Fig. 5), with each quadrant
representing the four possible combinations of high/low impor-
tance (m*) and high/low nonlinearity (s) (Fig. 5a). The ratio of
s/m* also provides information on the correlation between the
input parameter and the output variable (Garcia Sanchez et al.
2014) and whether the relationship is linear (s/m* , 0.1), mono-
tonic (0.1 , s/m* , 0.5), almost monotonic (0.5 , s/m* , 1.0),
or nonlinear or nonmonotonic (s/m* . 1.0) (Fig. 5b).

4) MODIFICATIONS TO THE MOAT ALGORITHM

All MOAT calculations were performed with the Sensitiv-
ity Analysis for Everybody (SAFE) toolbox (Pianosi et al.
2015), which uses the Campolongo et al. (2007) absolute value
modification to Morris (1991). Because the units of m* are
unique to each variable, we have made our own modification
to m* to report these values in a standardized form (m*

s).
Here, m* is scaled from 0 to 1 to turn MOAT into a factor
ranking tool by allowing a direct comparison across factors re-
gardless of their units. This is accomplished by dividing m*

and s by the maximum m* in each 10-min time frame to yield
m*
s and ss. Here, m*

s 5 1 indicates an input parameter is critically
important, while m*

s 5 0 indicates zero prognostic significance on
the output variable. Values of m*

s between 0 and 1 represent im-
portance relative to 1 (e.g., m*

s 5 0:9 means the input factor is
90% as important as the most important input parameter). Un-
like some other variance-based methods, the individual m*

s num-
bers do not sum to 1 and multiple input factors can have the
same value if they are equally as important. While m*

s ranges
from 0 to 1, the only limitation on ss is that it must be positive;

highly nonlinear situations will allow for ss . 1. By using a stan-
dardized framework, the arbitrary units are removed while the
original s/m* slope for the linearity analysis is retained (i.e.,
s/m* 5 ss/m*

s), thereby facilitating better comparisons.

5) SELECTION OF OUTPUT VARIABLES

While the MOAT algorithm can identify significant factors,
it can only determine the predictive power of a singular out-
put value. Thus, a single number must be selected to represent
the full spatial field of an output variable. Considering that
haboobs are nonhomogeneous in space and time (Figs. 2–4)
and often have a distinct head and wake region, this is nontri-
vial. After several tests, we selected the average of the cold
pool surface layer, here taken to be the lowest model level
(25 m AGL), split into 10-min intervals to retain the haboob’s
temporal progression. Originally, the haboob head and wake
were identified separately and the analysis was run twice, but
there was surprisingly little difference in factor importance.
The same surface processes act on the head and the wake, thus
allowing us to average over the full horizontal cold pool area.
Surface values were selected to avoid the somewhat arbitrary
process of identifying a haboob top. Shorter and longer tempo-
ral windows were tested, but 10-min intervals best capture the
haboob’s evolution without repeating data (Fig. S5).

4. Results

a. Haboob characteristics

Figures 2–4 demonstrate the evolution of a 216 K haboob
in the first 30 min of the simulations for a daytime (Figs. 2 and 3)
and nighttime (Fig. 4) case. As described in section 3a, the
cold pool is released in the center of the domain and spreads
radially outward (Fig. 2). The first 10 min of the simulations
are generally associated with the dynamics of the cold bubble
sinking and flattening out when it reaches the surface. It is
only after this point that the land surface begins to feed back

FIG. 5. Interpretation and visualization of the MOAT sensitivity analysis using the ss–m
*
s plane for (a) the input fac-

tor importance (m*
s ) and (b) the factor’s nonlinearity (ss). The plot in (b) indicates how the slope (ss/m*

s ) can repre-
sent the relationship between an input factor and output variable, including being linear (black), almost linear (blue),
almost monotonic (purple), and nonlinear and/or nonmonotonic (red) relationships, respectively.
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onto the cold pool. The maximum wind and associated maxi-
mum in dust concentrations lie slightly behind the gust front
boundary in the head region of the haboob, which has been
noted elsewhere in observations (Marsham et al. 2013) and
models (Huang et al. 2018). Due to weaker wind speeds in
the trailing wake, less dust lofts in this portion of the cold
pool and eventually begins to settle out gravitationally. Dust
is confined to the low levels (Figs. 3 and 4g–i), with most ver-
tical transport occurring in the haboob head, which reaches
1.2 km during the day and 1.0 km at night. The depth of the
dust wake increases with time due to turbulent mixing and
dust entering the wake from reverse flow in the head’s over-
turning billows (Figs. 3 and 4j–l). Both the wake and head of
the nighttime haboob are shallower than the daytime haboob
due to the statically stable nocturnal boundary layer (Liu and
Moncrieff 2000; Seigel and van den Heever 2012a).

Because of the hot and arid desert conditions, the cold pool
weakens quickly due to surface fluxes and the entrainment of
noncold pool air through Kelvin–Helmholtz waves at its up-
per boundary (Grant and van den Heever 2016; Knippertz
et al. 2009). Nevertheless, because of the azimuthal averaging
of the 3D simulations, the Kelvin–Helmholtz waves are not
discernable in the 2D profiles. Dissipation occurs much faster
in the daytime case than the nighttime case (Figs. 3 and 4a–c)
owing to the strong, positive surface SHF. For most of the
nighttime cases, SHF in the cold pool are negative and pre-
vent dissipation. Due to the negative surface heat fluxes and
stronger static stability, the nocturnal density currents propa-
gate faster and farther before dissipating and produce stron-
ger vertical velocities at the gust front than the daytime
density currents. This is consistent with Bukowski and van
den Heever (2021), who noted a similar increase in nocturnal
haboob strength in simulations using the Weather Research
and Forecasting Model coupled to Chemistry (WRF-Chem),
showing a robust response across models.

b. Sensitivity analysis

The MOAT sensitivity analysis allows us to determine how
important an input factor is to a modeled output value. To
fully understand dust uplift, it is also necessary to predict
which factors are important for the parent cold pool. Thus, in
this section we will consider which surface parameters are sig-
nificant predictors of cold pool temperature/wind speed, sur-
face heat fluxes, and last, dust concentrations.

1) COLD POOL TEMPERATURE

In predicting surface cold pool temperature (Figs. 6a,b), the
initial cold pool temperature is the most important factor at
the beginning of the simulations, a result that is expected and
demonstrates that the MOAT algorithm is functioning prop-
erly. However, the effect of the initial cold pool temperature
fades beyond the first 10–20 min, once the cold pool has de-
scended and land surface interactions have had an opportu-
nity to modify the density current, eventually being replaced
by surface type (desert, semidesert, short grassland, crop–
grassland) as the most significant factor. The underlying sur-
face type affects variables such as albedo, heat fluxes and

momentum transfer, and evapotranspiration, all of which con-
trol cold pool dissipation and strength, especially as the haboob
ages. Soil moisture and soil type are less significant (yet still in-
fluential) for predicting daytime cold pool temperature and
winds [via Eq. (3)]. While the thermal soil characteristics (soil
type) and soil water content also contribute to the partitioning
of sensible and latent heat fluxes, they are both ranked lower
than surface type in this regard. Because SHFs are negative at
night, the segmentation between SHFs and LHFs has much
less of an effect on cold pool strength, meaning soil type and
moisture have only minor effects on nocturnal haboob inten-
sity. Although surface type remains important at night, it is
more likely because of roughness length effects on momentum
transfer rather than heat flux portioning.

The interacting combination of factors responsible for par-
titioning surface fluxes during the day versus night is evident
in the nonlinearity analysis in Figs. 6c and 6d as indicated by
the location of points relative to the MOAT (ss–m

*
s) plane

(Fig. 5b). The daytime interactions across input variables are
much stronger and nonlinear, while the nonlinearity decreases
at night. Thus, there are fewer complex land surface interac-
tions affecting cold pool strength at night. Overall, surface
type stands out as a critical, yet highly nonlinear factor for
predicting haboob temperature and wind speed during both
day and night.

2) SURFACE HEAT FLUXES

Although the initial cold pool strength is significant for pre-
dicting haboob temperature and therefore horizontal wind
speed, it is less important for forecasting surface heat fluxes
(Fig. 7). Despite the wind velocity component in the surface
flux equations [Eq. (2)], initial cold pool strength is relatively
insignificant. This implies that surface heat fluxes in a desert
cold pool are more sensitive to variations in the roughness
length or the moisture/temperature gradient than they are to
changes in the wind speed. Even though the initial cold pool
temperature is essentially unimportant during the day, SHFs
depend more on cold pool temperature during the night,
along with surface type. Since cold pool evolution and dissipa-
tion depends strongly on SHFs, it is unsurprising that these
two output variables (cold pool temperature and SHF) are re-
lated and share similar responses and factor ranks.

Generally, the land surface interactions required to predict
LHFs (Figs. 8c,d) are more complicated and nonlinear than
those for SHFs (Figs. 7c,d). Similarly, initial cold pool temper-
ature is unimportant during the day compared to surface type,
but now the soil type and soil moisture also play a role in the
LHFs. Physically, because LHF depends on the moisture gra-
dient between the air and the surface, initial soil moisture and
the inherent moisture retaining properties of each soil type
will be essential. Soil thermal properties are also relevant for
flux partitioning and seem to be crucial in the nighttime LHF
case, where soil clay content is ranked as the principal factor.

3) DUST CONCENTRATION

Because cold pool temperature drives horizontal winds and
dust emissions are proportional to wind speed, the fact that
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dust concentrations are most dependent on cold pool temper-
ature was expected (Fig. 9). In terms of land surface parame-
ters, the second most important parameter for predicting dust
concentrations is again surface type, which is followed by soil
type and finally soil moisture. Despite the dust parameteriza-
tion including a scaling factor for moisture [Eq. (1)], it seems
to have little effect on dust concentrations because the scaling
factor in Eq. (1) only operates across a small range of soil
moistures. For our experimental haboob case, soil moisture
may matter more due to its effect on LHF than because of the
dust emission scaling term, but it is relatively unimportant in
both scenarios. Soil type is more important than soil moisture,
and its effect is enhanced at night, possibly from the effect
that soil type has on moisture and thermal heat retention.

In the nonlinearity plots, soil type and surface type exhibit
either highly nonlinear behavior or an interaction between
these two variables (Figs. 9c,d). As a result, understanding the
physical mechanisms behind these factors is challenging. Soil
type can have a nonmonotonic relationship to dust concentra-
tions in that more clay content does not always correspond to
more dust. A hypothesis for this nonmonotonic behavior

related to the intrinsic properties of soil types can be found in
section 4c(3). Although the surface parameters exhibit nonli-
nearity, the initial cold pool temperature is only slightly non-
linear in its relationship to haboob dust during both day and
night (Figs. 9c,d). Based on where the cold pool temperature
lies on the ss–m

*
s plane, the relationship between cold pool

temperature and haboob dust emissions must be higher than
a first-degree linear polynomial, but lower than a quadratic or
higher-degree polynomial, even though dust emissions scale
as U2 to U3. We hypothesize that a relatively simple theoreti-
cal formulation could explain this relationship unearthed in
the sensitivity analysis.

First, reducing Eq. (1) by removing the scaling factor EZ0
,

the bin partitioning term (sp), and the soil moisture correction
(Utwet), which was consistently ranked the lowest factor of im-
portance in this analysis, produces Eq. (4), which relates dust
flux, F, to the third power of near-surface wind U. The cold
pool intensity (V2) can also be substituted from Eq. (3):

F ∝ U3 ∝ V3 ∝ (V2)3/2: (4)

Expanding Eq. (4) using the full form of Eq. (3) gives

FIG. 6. (a),(b) Heat map time series of m*
s values ranging from 0 (unimportant) to 1 (most important) in predicting

surface cold pool temperature for the (a) daytime and (b) nighttime cases. The four rows in each panel represent the
four input parameters (initial cold pool temperature, soil moisture, soil type/clay fraction, and surface type), while the
abscissa is simulation time after initialization, split into 10-min averages. (c),(d) The Morris ss–m

*
s plane (as demon-

strated in Fig. 5) for the corresponding heat map above it. Each of the four input parameters (cold pool temperature:
blue; soil moisture: black; soil type: purple; surface type: green) has five data points that correspond to the five sepa-
rate 10-min windows in (a) and (b). There is no significance to the difference in color scheme between day and night
in (a) and (b); it exists only to distinguish the two from each other.
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F ∝ 2
�H

0
2 g

u
′

uenv
dz

( )3/2
: (5)

Equation (5) can be simplified into the proportionality state-
ment in Eq. (6) that, to first order, relates dust flux (F) to the
cold pool perturbation potential temperature (u′) relative to
its environment (uenv):

F ∝ u
′

uenv

( )3/2
: (6)

In this relationship, dust flux is proportional to cold pool temper-
ature and is within the range of exponents (∼1–2) expected from
the linearity analysis (Figs. 8c,d). There is a clear relationship be-
tween dust emissions in an outflow boundary and the tempera-
ture of the density current. This relationship suggests that dust
emissions can be predicted or based primarily on cold pool tem-
peratures, although more testing is necessary.

c. Physical mechanisms

The MOAT sensitivity analysis identified the most impor-
tant surface factors for predicting haboob temperature, dust,
and surface heat fluxes. Nevertheless, MOAT can only distin-
guish significant factors from insignificant ones and cannot ex-
plain why these factors are important or ascertain which

underlying physical mechanisms are responsible for the effect.
While the MOAT sampling strategy does not test all combina-
tions of input factors, there are a limited number of trajectory
combinations that perturb only one input factor and hold
all others constant. Using this subsample of perturbed simu-
lations allows for a more traditional one-at-a-time factor
analysis, whereby processes can be examined and attributed.
Within the 120 simulations, 24 (12 days and 12 nights) exist in
the subsample that represent three factors (soil moisture, soil
type, and land surface type) with four value perturbations
each. Although the traditional one-at-a-time analysis is useful
for understanding the mechanisms, it is important to note that
the full sensitivity and nonlinearity cannot be established with
this method. The exact combination of factors may be critical
and can introduce nonmonotonic behavior, hence the need
for more sophisticated sensitivity algorithms.

1) DAY VERSUS NIGHT

The nighttime simulations include fewer complex inter-
actions due to reduced or negative SHFs and will only be dis-
cussed for the soil moisture case, but plots for nighttime soil
and surface type are included in the supplementary materials
(Figs. S2 and S3). The trends are similar across input factors
and are analogous to the conclusions in section 4a and Figs. 2–4:
nighttime haboobs are stronger, shallower, and longer lasting.
This is because of (i) negative SHFs and (ii) a nocturnal surface
inversion formed in a more statically stable boundary layer that

FIG. 7. As in Fig. 6, but for sensible heat flux.
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enhances density current intensity (Liu and Moncrieff 2000;
Seigel and van den Heever 2012a). These stronger cold pools
loft more dust throughout their extended lifetime, and the
vertical extent of mixing is suppressed by the nocturnal inver-
sion. These processes all lead to longer periods of increased
dust concentrations in nocturnal haboobs, especially near the
surface.

2) SOIL MOISTURE

In the MOAT factor analysis, soil moisture was consistently
ranked as the least important, yet most linear factor in its im-
pact on the haboob processes of interest. In Fig. 10, the initial
dynamic sinking and spreading out of the cold pool is evident
in a strong perturbation in the first 10 min, followed by the
much slower land feedbacks and dissipation mechanisms over
the remaining hour of simulation time. Nonetheless, soil mois-
ture still has an effect as the haboob progresses, whereby in-
creasing soil moisture leads to lower dust concentrations in
the haboob (Figs. 10a,b) for both the day and night cases.
From observational studies, it has been shown that moister
soils impede lofting by increasing soil cohesion, which is
accounted for in Eq. (1) and scales emissions accordingly.

Still, interactions within the cold pool can also contribute
to the observed differences in dust concentration. During the
daytime, LHFs increase as soil moisture increases (Figs. 10g,h)
because energy is evaporating soil water, cooling the cold
pool (Figs. 10c,d), and preventing energy from heating the

surface, consequently reducing SHFs (Figs. 10e,f). In an op-
posing effect, colder cold pools should lead to stronger winds
via Eq. (3) and enhance dust uplift. One hypothesis may be
that as SHFs are reduced in the moist soil scenario, there is
less mixing and less dissipation of the density current, which
results in the cold pool propagating faster across the domain
thereby lofting more dust in the process. A second complicat-
ing factor is that a decrease in SHF leads to less downward mo-
mentum transport, which diminishes the near-surface wind
speed and reduces dust emissions (Foroutan et al. 2017; Huang
et al. 2018). A third possibility is that the effect of the soil mois-
ture scaling factor in the dust parameterization, which represents
dust suppression due to wet soil cohesion forces, is more signifi-
cant than feedbacks between LHF, evaporation, and cooling in-
side the cold pool. Most likely, all three of these proposed
mechanisms are operating concurrently.

Interestingly, the moist soil density currents propagate far-
ther during the daytime (not shown) than their dry soil coun-
terparts because the SHFs dissipate the dry soil cold pools
faster. Despite the density currents being longer lived in mois-
ter conditions, the wind speed near the end of their lifetime is
weak and lofts significantly less dust than at the beginning of
the simulation when the cold pools are intense and exhibit
strong wind speeds. Nevertheless, the extended lifetime of
dust lofting in the moist-soil case cannot overcome and re-
place the soil moisture-induced dust deficit from the begin-
ning of the haboob’s lifetime (Fig. 10a).

FIG. 8. As in Fig. 6, but for latent heat flux.
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In the nighttime case, there is again more dust in the dry
soil haboobs (Fig. 10b) and higher surface concentrations of
dust compared to the daytime case, but little change to the
cold pool temperature (Fig. 10d). SHFs (Fig. 10f) do not
change due to soil moisture at night because the surface is no
longer absorbing incoming solar radiation and has cooled
faster than the air above it. In fact, the surface is colder than
the cold pool air, which is evident by the SHFs being negative.
Additionally, LHFs at night are also negative, denoting that
the surface is drier than the cold pool (Fig. 10h). Negative
SHFs prevent the cold pool from dissipating and are almost
identical across the different soil moisture values, thus having
little to no effect on temperature, momentum transfer, or
wind speed. As such, the difference in dust concentrations
must come from the soil moisture scaling factor in the dust
emission equation [(Eq. (1)] for the nighttime case.

3) SOIL TYPE AND CLAY FRACTION

Soil type was identified by the MOAT sensitivity analysis to
be the second most important factor in influencing cold pool
temperature and haboob dust, demonstrating nonlinear and
nonmonotonic behavior. From laboratory studies (Fécan et al.
1999), it has been shown that soils with high clay fractions will
loft more dust than low clay fraction soils at the same soil
moisture [Eq. (1)]. However, the nonmonotonic nature of
the soil type response discovered in section 4b indicates
that increasing clay fraction does not always result in an in-
crease in dust emissions and suggests that it interacts with

other input parameters. Indeed, while the nighttime haboob
follows the theory that high clay fractions will loft more
dust (Fig. S2), later in the simulation the 40% clay fraction
simulation has higher dust concentrations than the 48%
clay simulation, as does the 57% versus the 65% clay soil
(Fig. 11a).

Integral to the understanding of this nonmonotonic re-
sponse is the fact that changing the soil type inadvertently
changes other soil properties. Soil textures are classified by
their relative percentage of clay, sand, and silt particles, with
loam-type soils exhibiting a balanced mix of the three compo-
nent textures. Since the total clay/sand/silt composition must
equal 100%, a decrease in the amount of clay must be matched
by an increase in silt or sand. The difference in soil texture
leads to differences in other parameters such as porosity, water
retention, and thermal conductivity, but it does not significantly
alter the albedo or roughness length in this study. Clay and
clay loam soils have lower thermal conductivities, which means
less energy will go into the ground and more will be transferred
to the atmosphere via SHFs (Fig. 11c) (Rempel and Rempel
2016), increasing the near-surface temperature compared to
soils that contain silt. Clay and clay loam soils also evaporate
less and retain more water than silty soils (Rempel and Rempel
2016). When soil retains water rather than evaporating it,
LHFs are reduced (Fig. 11d), which prevents evaporative cool-
ing of the cold pool. Therefore, clay soil has not only the highest
SHFs and warmest cold pool, but also the weakest wind speeds
and lower dust emissions. Here, there is likely an increase in

FIG. 9. As in Fig. 6, but for surface dust concentrations.
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FIG. 10. Time series representing the effect of initial soil moisture on the horizontal mean across the whole cold
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were all initialized with a216.66 K cold pool, silty loam soil, and a short grassland surface and are identical besides
the initial soil moisture.
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downward momentum transfer due to SHFs, but it does not
compensate for the silty soils producing a colder density current.

Returning to the nonlinearity analysis, there are two compet-
ing factors in the daytime haboob: the increase in dust emissions
as clay fraction increases, versus silty soils producing colder and
stronger cold pools due to higher LHFs. The balance of these
complex and competing processes leads to nonmonotonic results
and has implications for modeling dust emissions in haboobs,
namely, that the clay/sand/silt composition matters for surface
fluxes and the interaction between the cold pool and the land
surface. The USDA soil taxonomy classifies 12 different soil
mixtures (Soil Survey Staff 1999), each of which could elicit a
different response to cold pools and dust emissions based on
their thermal and moisture properties and the environment.

4) LAND SURFACE TYPE

Besides the initial cold pool temperature, surface type was
identified as the most important factor for predicting haboob
dust concentrations and intensity. Like soil type, it exhibited
nonlinear and nonmonotonic behavior in that moving from a de-
sert to a more vegetated surface type does not necessarily de-
crease dust amounts. Because dust mobilization is inhibited as
roughness length increases, this surface effect is represented in

the dust parameterization through a roughness length scaling
factor [(Eq. (1)]. Complicating matters, surface heat fluxes are
also scaled by roughness length through the drag coefficient in
Eq. (2), in which smaller roughness lengths decrease the drag co-
efficient and hence decrease the magnitude of the heat fluxes.
Furthermore, there are higher-order effects of the surface layer,
such as surface albedo, that impact dust emissions via physical
interactions with the cold pool but are not investigated here.

In both the day and night, dust concentrations closely fol-
low the trend of the roughness scaling factor. The bare soil de-
sert and grassland surfaces have the lowest vegetation heights
and therefore the lowest roughness lengths of the land types
tested in this experiment (Fig. 12f). Because they lack a tall
vegetation shield and turbulent momentum can reach the sur-
face, dust can loft freely in the desert and grassland
(Fig. 12a). Conversely, the simulations with higher vegetation
heights, such as the agricultural land surface and semideserts
with tall shrubs and cacti, exhibit less dust lofting. The effect
of roughness length on dust emissions can be substantial. For
instance, the desert land type has the highest dust concentra-
tions, despite exhibiting a weaker cold pool (Fig. 12c), lower
outflow wind speeds, and suppressed heat fluxes (Fig. 12d).
This apparent contradiction arises because the increase in
dust due to the shorter roughness length clearly dominates
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over all other feedbacks in the system. However, the rough-
ness length effect on heat fluxes and haboob evolution is also
evident. For instance, the semidesert surface has the weakest
cold pool but strong surface fluxes because it includes tall veg-
etation that increases momentum transport [Eq. (2)], whereas
the desert has a vanishingly small roughness length that leads
to suppressed surface fluxes.

Because the roughness length impacts both dust and heat
fluxes simultaneously, it is almost impossible to deconvolve
the summation of effects and isolate the vegetation effects
outside of the roughness parameter. As a first step, these four
one-at-a-time simulations were rerun with the roughness
length scaling factor removed in the dust parameterization
but retained in the heat flux equations. As such, this modifica-
tion only affects dust uplift and not surface feedbacks to the
density current. The result shows a more straightforward,
monotonic relationship in agreement with the theory that
more intense cold pools loft more dust (Fig. 12b).

It is therefore imperative that we find skillful means of
representing vegetation height in dust models to accurately
predict emissions and land surface feedbacks. While high-
resolution land-cover data are available, translating compli-
cated, heterogeneous landscapes with numerous sources of
roughness into a single characteristic value in numerical
models is nontrivial. Additionally, land surface models like
LEAF-3 are often categorical and combine roughness height
with vegetation land coverage and interactions (e.g., albedo,
transpiration) which also go on to affect surface fluxes.

Selecting the correct roughness length or vegetation cover
may therefore come at the expense of degrading other surface
variables, or a truly accurate combination may simply not ex-
ist. There are similar concerns related to determining an accu-
rate representation of roughness length scaling factors in dust
mobilization parameterizations. Despite the significance of
the roughness scaling factor, it is not included in all dust pa-
rameterizations. It is a highly sensitive parameter that modu-
lates dust emissions comprehensively and cannot be set,
included, or dismissed arbitrarily.

5. Conclusions

In this study we conducted a suite of 120 idealized model
simulations of daytime and nighttime haboobs to better un-
derstand feedbacks between dust producing cold pools and
their underlying surface. The simulations covered a wide
range of initial parameters, including varied initial cold pool
temperatures, surface type, soil moisture, and soil type, based
on previous work showing the importance of these factors for
both dust mobilization and cold pool dynamics. The ensemble
of simulations was analyzed with the Morris one-at-a-time
(MOAT) sensitivity method to identify which of the input sur-
face parameters are most significant in predicting haboob
temperature, surface fluxes, and dust uplift. Single simulations
were then utilized in a traditional one-at-a-time analysis to
understand why these factors are significant or insignificant

FIG. 12. As in Fig. 10, but for the four different surface types during the day only. The colors represent desert (dark brown), semidesert
(orange), grassland (light green), and cropland (dark green). The simulations were all initialized with a 210 K cold pool, 40% soil mois-
ture, silty clay loam soil and are identical besides the surface type. (a) The original simulations including the roughness length scaling
factor in Eq. (1) (EZ0

) [and shown in (f)], (b) this scaling factor has been removed in the dust parameterization, and (c)–(e) the scaling
factor was not removed for any of the other panels.
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and to attribute physical mechanisms to the understanding of
haboob physics.

The MOAT sensitivity analysis ranked the most important
input factors for predicting haboob dust concentrations and
properties as 1) initial cold pool temperature, 2) surface type
(desert, semidesert, short grassland, agricultural cropland),
3) soil type/clay content (clay/65%, silt clay loam/57%, clay
loam/48%, and silt loam/40%), and 4) soil moisture saturation
fraction (0.20, 0.27, 0.33, and 0.40).

First, the initial cold pool temperature is the most signif-
icant parameter because cold pool temperature drives
wind speeds, which drive dust emissions. Initial cold pool
strength is important for the entire lifetime of nocturnal
haboobs, but is important only at the beginning of the ha-
boob’s lifetime for daytime cases. In the day, the impact of
the initial cold pool temperature is offset by positive SHFs
which warm and dissipate the cold pool, but also increase
gustiness and dust uplift due to the enhanced downward
transport of momentum. Conversely, negative heat fluxes
at night strengthen the cold pools, leading to nocturnal ha-
boobs being stronger in terms of dust uplift, propagation
distance, and speed.

Surface type was identified as the second most important fac-
tor for predicting haboob properties, and the effects are domi-
nated by roughness length. Increased roughness length
decreases dust emissions such that bare soil deserts loft more
dust than surfaces with tall vegetation, such as semideserts or
cropland. However, higher roughness lengths also increase heat
fluxes, which can enhance wind speeds and dust uplift. Running
tests with the roughness length scaling factor removed in the
dust parameterization demonstrated that the roughness length
has an outsized impact on dust concentrations compared to all
other feedbacks. Soil type follows surface type in importance,
and it generally supports the theory that a higher clay fraction of
soil is associated with more dust lofting. But differences in ther-
mal conductivity and moisture retention in clay versus silty soils
have an effect in daytime haboobs due to the partitioning of sen-
sible versus latent heat fluxes.

Soil moisture was consistently ranked as the least important
parameter for predicting haboob dust, despite the soil mois-
ture scaling factor in the dust parameterization that represents
moist soil cohesion forces. However, the range of soil mois-
tures tested in the ensemble represent a dry environment con-
ducive for dust emissions and are not moist enough to
completely prohibit dust lofting. Soil moisture is ranked last
only in terms of its role as a modulating land surface factor in
dry dust-producing conditions. In this regard, it was observed
that moist-soil haboobs propagate farther during the day be-
cause of the reduced SHF compared to dry-soil haboobs.
However, moist-soil haboobs display relatively weaker wind
speeds in the beginning of their lifetime, therefore lofting less
dust overall compared to dry-soil cold pools. This effect may
be modulated by cold pool life cycle and may not be applica-
ble to long-lived cold pools.

Finally, a semilinear relationship between haboob dust con-
centrations and cold pool temperature was observed in the
sensitivity analysis and was independent of the time of day.
By combining the dust flux parameterization with the cold

pool intensity equation, a relationship between dust flux
and cold pool temperature was derived. This relationship pro-
vides an opportunity to relate haboob dust uplift to the ther-
modynamic environment and cold pool strength, and has the
potential to reduce online calculations, improve statistical rep-
resentations of dust emissions, and simplify the framework of
dust–cold pool interactions.

The sensitivity analysis presented here has provided insight
into which parameters are most important for modeling dust
emissions in convective outflow boundaries. Most important
is modeling the correct cold pool temperature, which is chal-
lenging because of the complicated microphysical–dynamical–
environmental feedbacks in convective downdrafts. An accurate
roughness length is also crucial for predicting dust emissions and
haboob propagation because it impacts both dust emission
and surface fluxes. Soil moisture is generally unimportant,
which agrees with previous literature suggesting erodible top-
soil dries quickly in arid regions and may not be a significant
parameter in practice. It is important to note that while soil
moisture effects may play a minor role in the dissipation and
dust emissions of dryland haboobs, this result should not be
extended to cold pools more generally. Soil moisture can
impact the initiation of convection and initial cold pool
strength, and moisture feedbacks may be important in more
moist or tropical environments.

However, remaining challenges mean that future work is
necessary. One limitation of this study is that it tests only one
model with a single dust parameterization. While parameter-
izations are designed to represent physical processes, dust
modeling is complicated by differences in how to approach
this representation and by using multiple scaling factors in the
formulas. It would be illuminating to reproduce this project
with varying dust prediction methods to compare the sensitiv-
ities across parameterizations. Further limitations include the
modeled environment only responding to the land surface for
the 4 h of simulation time and the use of a single sounding for
the initial conditions. The higher-order effects of environment–
surface correlations should be tested under varying environ-
mental conditions, but this is left for future work. Namely,
experiments representing more environments with dust-loft-
ing ecosystems, such as dry grasslands, will help expand this
knowledge. Furthermore, studies considering long-lived ha-
boobs that will emit substantially more dust than the isolated
convective outflows in this study are also necessary for better
understanding and prediction of long-lived haboobs. Even
though more scenarios need to be tested, much has been
learned regarding which land surface factors are most impor-
tant for modeling and forecasting haboobs, alongside the
physical mechanisms and feedbacks between cold pools, the
land surface, and dust mobilization.
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