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Abstract The impacts of topographic slope on daytime haboob propagation speeds and dust lofting are
examined along with how these impacts are modulated by surface roughness length. A suite of 20 idealized,
large‐eddy simulations are run with varied linear topographic slopes and surface roughness lengths. It is found
that on flat ground, greater surface roughness increases drag on haboobs and causes haboobs to dissipate faster,
thereby decreasing both haboob propagation speeds and dust lofting. In simulations with sloped topography,
upslope anabatic winds form due to solar heating. As topographic slope and surface roughness are increased, the
anabatic winds become faster. Greater surface roughness causes more drag on the anabatic wind, but this is
counteracted by greater sensible heat fluxes driving a stronger pressure gradient. These anabatic winds act to
advect haboobs upslope. Hence, as the topographic slope is increased, downslope haboob propagation speeds
are decreased, and upslope haboob propagation speeds remain mostly unchanged. Anabatic winds act to loft
dust as well leading to increased dust lofting jointly by the haboob and anabatic winds as topographic slopes are
increased.

Plain Language Summary Cold pools are regions of cold air that form below thunderstorms because
of the evaporation of rain. In dry regions such as deserts, gusty winds from cold pools can lift dust off the ground
and form sandstorms called haboobs. Haboobs often occur on sloped terrain, so the goal of this study is to
understand how sloped terrain affects haboobs during the daytime. Computer simulations of haboobs are
conducted to achieve this goal. Simulations which include a slope produce an upslope wind. Such upslope winds
are commonly observed in the real atmosphere. This wind acts as a headwind to the haboobs, causing them to
move slower down the slopes than they would normally move on flat ground. The upslope wind also lifts dust,
causing a dustier sandstorm to be formed on sloped ground compared to flat ground. Rugged slopes warm up
faster than smoother slopes, causing faster upslope winds and faster dissipating haboobs.

1. Introduction
Haboobs are convective cold pools, which loft mineral dust from the surface into the atmosphere (Sutton, 1925).
They contribute a substantial fraction of the dust emitted from the surface. For example, 40%–50% of the emitted
dust in the Sahara (Bergametti et al., 2017; Heinold et al., 2013; Marsham et al., 2013) and 30% in the southern
Arabian Peninsula (Miller et al., 2008) are produced by haboobs. Understanding the processes influencing at-
mospheric dust loading is critical, since dust alters the atmospheric radiative balance (Slingo et al., 2006; Sokolik
& Toon, 1996), serves as cloud condensation nuclei and ice nuclei (DeMott et al., 2003; Field et al., 2006; Seigel
et al., 2013; Twohy et al., 2009), fertilizes the oceans and the Amazon rainforest (Babin et al., 2004; Bristow
et al., 2010; Martin et al., 1990), causes motor vehicle accidents by reducing visibility (Ashley et al., 2015; Lader
et al., 2016; Li et al., 2018), and contributes to respiratory disease (Griffin, 2007; Kanatani et al., 2010; Tong
et al., 2023). Current emissions of dust are greater than preindustrial dust emissions, and these emissions may
continue to increase due to climate change, land use change, and other anthropogenic activities (Ginoux
et al., 2012; Mahowald et al., 2010; Munson et al., 2011; Neff et al., 2008). Despite its importance, dust emission
is not well represented in weather and climate models (Ansmann et al., 2017; Knippertz & Todd, 2012; Kok
et al., 2023;Wu et al., 2020), and the difficulties of accurately representing haboobs in such models may be a large
source of error (Bukowski & van den Heever, 2020; Pantillon et al., 2015, 2016; Saleeby et al., 2019; Walker
et al., 2009).

Topography can impact haboobs and associated dust lofting. Haboobs—and dust emissions in general—often
occur in regions of complex topography such as northern Africa, the Arabian Peninsula, and the southwest
United States (Adams & Comrie, 1997; Knippertz et al., 2007; Miller et al., 2008; Tanaka & Chiba, 2006). The
mountain‐plains circulation in the Sahara, driven by the Atlas and Hoggar mountains, is similar to Alpine‐
pumping (Flamant et al., 2007; Lugauer et al., 2003). This pumping can initiate convection over high terrain,
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leading to the formation of haboobs, which then accelerate downslope (Emmel et al., 2010; Knippertz
et al., 2007). The Saharan mountain‐plains circulation can also redirect dust lofted by haboobs toward Iberia and
lead to further dust lofting (Dhital et al., 2022). Downslope windstorms have been shown to loft dust in North
Africa and the Arabian Peninsula (Pokharel et al., 2017). Heinold et al. (2013) investigated drivers of dust
emission in summertime West Africa. They speculated that topographically driven circulations could contribute
to unknown sources of dust emission, which make up ∼20% of total emissions.

Topographic effects on cold pools have been investigated using mostly observational data or case study simu-
lations. Cold pools in Arizona, NewMexico, and Colorado have been shown to propagate more quickly downhill
than uphill or over complex terrain (Luchetti, Friedrich, & Rodell, 2020; Luchetti, Friedrich, Rodell, et al., 2020).
The ambient wind appears to influence the propagation speed of uphill propagating cold pools but not cold pools
propagating downhill or over complex terrain (Luchetti, Friedrich, & Rodell, 2020; Luchetti, Friedrich, Rodell,
et al., 2020). Simulations have also shown that the terrain can slow (H. Liu et al., 2022) or even block (Mulholland
et al., 2019) cold pools. Johnson et al. (2014) simulated a cold pool over the Colorado RockyMountains and noted
hydraulic jumps on the lee side of ridgelines. Compared to a flat surface, laboratory tank density currents
propagate faster downslope (Dai & Huang, 2016; Dai et al., 2012; He et al., 2017) and density currents moving
upslope become vertically thinner and move slower (De Falco et al., 2020; Lombardi et al., 2015; Marleau
et al., 2014; Simpson, 1997).

A number of other factors known to affect haboob propagation and dust lofting may be important in modulating
the impact of topographic slopes on haboobs. Huang et al. (2018) (hereafter H18) tested the impact of grid spacing
and prescribed surface sensible heat fluxes in idealized simulations of haboobs. They found that finer grid spacing
led to greater turbulent mixing, and hence haboobs, which dissipated faster and propagated slower (as shown by
earlier studies such as Straka et al. (1993) and Grant and van den Heever (2016)) as well as lofted less dust.
Greater sensible heat fluxes similarly led to faster dissipating and slower haboobs consistent with the prior results
of Grant and van den Heever (2016, 2018) but also greater dust lofting due to increased downward momentum
transport.

Bukowski and van den Heever (2021) (hereafter BvdH21) investigated the radiative effects of dust in case study
simulations of haboobs. Scattering of shortwave radiation during the day caused colder, more intense, dustier
haboobs, whereas the absorption of longwave radiation at night caused warmer, weaker haboobs. However, the
stable nocturnal surface layer caused increased haboob propagation speeds consistent with previous theoretical
investigations of the impacts of stable layers on density currents (C. Liu & Moncrieff, 2000; Seigel & van den
Heever, 2012b) as well as larger dust emission at night. Diurnal variations in haboob propagation speeds over the
Sahara have also been observed (Caton Harrison et al., 2021) in support of these modeling studies. Bukowski and
van den Heever (2022) (hereafter BvdH22) examined the influence of time of day, initial haboob temperature,
vegetation type, soil type, and soil moisture on haboobs and associated dust lofting. They found the most
important of these factors were the initial haboob temperature and vegetation type. Colder initial temperatures
drove faster propagation, faster wind speeds, and hence more dust lofting. Vegetation with greater roughness
lengths decreased dust emission but also increased sensible and latent heat fluxes. BvdH22 found that interpreting
the effect of vegetation type was complicated because several factors—including roughness, albedo, and
evapotranspiration—are all dependent on vegetation type. Finally, the erodible surface fraction can also influence
dust emissions (Saleeby et al., 2019; Walker et al., 2009), thereby potentially impacting haboob propagation via
radiative effects.

The aforementioned research on haboobs has covered a wide variety of topics. However, the impacts of
topography on haboobs—and cold pools more generally—are still not well understood. Although observational
studies and case study simulations are very valuable, idealized and/or theoretical studies are needed to draw more
generalized conclusions about haboob processes. However, such idealized studies of haboobs have been very
limited to date with H18 and BvdH22 being the exceptions.

The objective of this study is to investigate the impact of topographic slope on daytime haboob propagation and
dust lofting along with how this impact is modulated by aerodynamic surface roughness. As BvdH22 found the
largest impact on haboobs from varying vegetation type was due to roughness effects, testing roughness in
isolation allows for a clearer understanding of its specific impacts. To achieve our objective, we run a suite of 20
idealized haboob simulations where two factors—topographic slope and surface roughness—are independently
and simultaneously varied. In contrast to many previous studies, which have used observational data or case study

Writing – review & editing: Nicholas
M. Falk, Leah D. Grant, Susan C. van
den Heever

Journal of Geophysical Research: Atmospheres 10.1029/2025JD044043

FALK ET AL. 2 of 19

 21698996, 2025, 23, D
ow

nloaded from
 https://agupubs.onlinelibrary.w

iley.com
/doi/10.1029/2025JD

044043, W
iley O

nline L
ibrary on [06/12/2025]. See the T

erm
s and C

onditions (https://onlinelibrary.w
iley.com

/term
s-and-conditions) on W

iley O
nline L

ibrary for rules of use; O
A

 articles are governed by the applicable C
reative C

om
m

ons L
icense



simulations, this suite of idealized simulations allows for the impacts of the two factors to be more clearly dis-
entangled from each other and provides more generalized conclusions about haboob processes. A unique algo-
rithm is developed to track the boundaries of haboobs and hence propagation speeds. The simulations are
analyzed to understand how and why the two factors impact haboob propagation and dust lofting. Our findings
shed new light on fundamental haboob processes and have implications for the representation of haboobs and
associated dust lofting in forecast and climate models.

2. Methods
2.1. Model Setup

The suite of idealized, high‐resolution simulations is run using the Regional Atmospheric Modeling System
(RAMS) version 6.3.02 (Cotton et al., 2003; Pielke et al., 1992; Saleeby & van den Heever, 2013; van den Heever
et al., 2022). The objective of this study is not to simulate haboobs in a specific region but rather examine haboob
processes in conditions representative of typical haboob environments. In mountainous regions, scattered
convective storms tend to initiate over high terrain in the afternoon and then grow upscale into the evening and
overnight hours as they propagate away from the terrain (Houze, 2012). The simulations in this study are
representative of haboobs from scattered afternoon convection and not organized nocturnal convection. Haboobs
are introduced in simulations at 1500 LT consistent with observations of afternoon haboobs by Emmel
et al. (2010) and Caton Harrison et al. (2021). To simplify the analysis, simulations are run without moisture or
microphysics. The model setup conditions common to all simulations are summarized in Table 1. The topography
varies only in the meridional direction. The southern half of the domain slopes linearly upward to a peak in the
meridional center. The topography in the northern half of the domain is then a mirror image of the southern half,
sloping downward toward the northern boundary (Figure 1a). This idealized setup allows for the basic effects of
topography to be studied but prevents more complicated interactions, such as the channeling of currents in

Table 1
Summary of RAMS Settings Common to All Simulations

Model setting Value/type

Starting time 1984‐08‐09 2030 Z (1330 LT)

nx, ny, nz 800, 1,600, 200

dx, dy, dz 100, 100, 50 m

dt 0.5 s

Rayleigh layer depth 6 points

Rayleigh layer timescale 60 s

Coriolis force None

Central latitude and longitude 32.3 N, 111.0 W

Data output frequency 1 min

Lateral boundary condition Cyclic

Subgrid Turbulence Parameterization Smagorinsky (1963) with modifications from Lilly (1962) and Hill (1974)

Radiation Parameterization Harrington (1997)

Surface parameterization LEAF‐3 (Walko et al., 2000)

Vegetation Type Desert, bare soil

Soil Type Silty clay loam

Number of soil layers 11

Soil depth 0.5 m

Initial soil surface temperature offset from lowest atmospheric level − 2 K

Soil moisture None

Aerosol Species Dust only

Initial Bubble Horizontal Radius 6,000 m

Initial Bubble Vertical Radius 4,000 m
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valleys. The topographic slopes tested are discussed further in Section 2.3. A terrain‐following sigma coordinate
is used, so the vertical grid spacing varies between 29 and 50 m based both on the height of the topography and the
height above ground level. The radiation parameterization assumes a flat surface, so the southern and northern
halves of the domain receive nearly identical amounts of solar radiation at the surface. Only the central latitude,
central longitude, and simulation starting time affect the parameterized radiation (Harrington, 1997; Sto-
kowski, 2005), and the settings for these parameters are chosen to be representative of daytime haboobs occurring
in the southwestern United States (Adams & Comrie, 1997). The dust in all simulations is radiatively inert.
Simulations with radiatively active dust showed only negligible differences when compared to simulations with
radiatively inert dust (not shown) contrary to the results of BvdH21. These differences are most likely the result of
the shorter haboob lifetimes in this study compared to BvdH21.

The Land‐Ecosystem‐Atmosphere‐Feedback version 3 (LEAF‐3) (Walko et al., 2000) model coupled to RAMS is
used to simulate an interactive land surface. All simulations apply a horizontally homogenous bare soil desert
with silty clay loam soil (59% clay). These conditions were chosen because they are generally representative of
environments in which haboobs form and were also tested by BvdH22. No vegetation is included, and the soil is
completely dry. As has been previously demonstrated, including vegetation and/or soil moisture would lead to a

Figure 1. Model domain, topography setup, and output. All data in this figure are plotted for the SLOPE‐2_ROUGH‐034 simulation. Shown are (a) model topography
(m); (b) 25 m AGL potential temperature perturbation (K) and haboob boundary points at 1 min; (c) as in (b) but at 30 min; (d) column integrated dust mass (g m− 2) at
30 min; (e) identified haboob regions at 1 min; and (f) as in (e) but at 30 min. Also indicated in (c) are the angles (ϕ) used in the haboob tracking algorithm.
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smaller mass of lofted dust (BvdH22). For more information on the impact of surface properties on dust lofting in
RAMS, see BvdH22.

Simulations consist of an initial spin‐up phase during which a turbulent boundary layer is allowed to develop and
a subsequent analysis phase during which haboobs are initiated by releasing cold bubbles, which create a distinct
and trackable boundary, following the approach of BvdH22 as well as numerous previous idealized studies of
cold pools (Bryan & Rotunno, 2014a, 2014b; Grant & van den Heever, 2016; Meyer & Haerter, 2020; Seigel &
van den Heever, 2012b). Simulations are initialized using a horizontally homogeneous atmospheric sounding
with zero winds and a constant Brunt‐Väisälä frequency of 0.005 s− 1. These weak statically stable conditions are
used to prevent the turbulent boundary layer from growing unphysically deep. At sea level, the initial sounding
has a surface temperature of 28.4°C (based on the 0Z Tucson sounding from 1984‐08‐10) and a surface pressure
of 1,000 hPa. These values were chosen to be consistent with the time and location (southwestern United States)
specified for the radiation parameterization. Density current propagation is more strongly modulated by the
temperature difference between the current and its surroundings than the temperature of the current or sur-
roundings in isolation (Benjamin, 1968). Thus, although we chose conditions based on the southwestern United
States, choosing conditions based on a different region (e.g., the Sahara or the Arabian Peninsula) would likely
lead to similar results. Radiative tendencies are updated every 10 min in the spin‐up phase and every 1 min in the
analysis phase.

At the start of the spin‐up phase, random potential temperature perturbations of amplitude 0.1 K are added to the
lowest 500 m of the domain to break symmetry arising from the homogeneous atmosphere. Simulations are
integrated for 90 min during the spin‐up phase. After the spin‐up phase is completed, the simulations are restarted
with a dome‐like cold bubble added to both the southern and northern halves of the domain. Each of these two
cold bubbles is centered in its respective domain half (Figures 1a and 1b) and is placed at the surface to facilitate
tracking of the haboob boundary. Simulations are then integrated for another 90 min during the analysis phase
after which the haboobs have almost entirely dissipated. All of the figures below show data from the analysis
phase, and all times discussed in this paper are relative to the start of the cold bubble introduction and hence the
start of the analysis phase.

2.2. Dust Emission

Dust mass flux from the surface (Fp) in RAMS is parameterized (Saleeby & van den Heever, 2013; Seigel & van
den Heever, 2012a; Smith, 2007) based on the GOCART scheme (Ginoux et al., 2001), where:

Fp =
⎧⎨

⎩

Ez0Cspu2h (uh − u∗
t,wet), uh > u∗

t,wet
0, uh ≤ u∗

t,wet
. (1)

In Equation 1, Ez0 is the erodible surface fraction, u∗
t,wet is the threshold friction velocity, while C, and sp are

scaling factors. Given our model setup, Ez0,u∗
t,wet,C, and sp are all constants. The only variable in Equation 1 is

the 10 m wind speed uh, which is calculated by assuming a logarithmic wind profile from the wind speed at the
lowest model level. Dry deposition of dust is enabled. The dust‐erodible fraction of every grid cell is set to 1.0.
Using a spatially uniform erodible fraction facilitates a clearer analysis of idealized simulations compared to
using a case‐study specific erodible fraction data set. Selecting a specific erodible fraction would be highly
subjective for a suite of idealized simulations. Additionally, our analysis of dust lofting focuses on proportional
differences between simulations rather than focusing on the absolute masses of dust lofted, so the specific se-
lection of the erodible fraction is not overly impactful. An erodible fraction of 1.0 can be considered an upper‐
bound on dust emissions (Saleeby et al., 2019). Dust emissions are also more common in low‐lying areas than
on sloped terrain (Prospero et al., 2002). Hence, using a realistic erodible fraction data set could lead to less dust
lofting but would complicate analysis. Readers interested in further details of the dust scheme in RAMS are
referred to Saleeby and van den Heever (2013) and Seigel and van den Heever (2012a).

The effect of low‐level winds on dust lofting is evident in Figure 1, which shows the output from an example
simulation. Most of the dust mass is at the leading edges of the haboobs (Figures 1c and 1d), where the fastest
wind speeds and largest convergence are located (not shown).

Journal of Geophysical Research: Atmospheres 10.1029/2025JD044043

FALK ET AL. 5 of 19

 21698996, 2025, 23, D
ow

nloaded from
 https://agupubs.onlinelibrary.w

iley.com
/doi/10.1029/2025JD

044043, W
iley O

nline L
ibrary on [06/12/2025]. See the T

erm
s and C

onditions (https://onlinelibrary.w
iley.com

/term
s-and-conditions) on W

iley O
nline L

ibrary for rules of use; O
A

 articles are governed by the applicable C
reative C

om
m

ons L
icense



2.3. Sensitivity Experiments

All combinations of five topographic slopes and four surface roughness lengths are tested giving a total of 20
simulations. The five different topographic slopes are grades of 0% (flat ground), 1%, 2%, 3%, and 5% (hereafter
named SLOPE‐0, SLOPE‐1, SLOPE‐2, SLOPE‐3, and SLOPE‐5 respectively). For example, Figure 1a shows
topography with a grade of 2% (SLOPE‐2) where the terrain rises 1.6 km over a horizonal distance of 80 km.
These grades were chosen based on analysis of topography in the southwestern United States, northern Africa,
and the Arabian Peninsula (see Text S1 in Supporting Information S1 for specific examples).

As discussed previously, two cold bubbles are initially centered on the northern and southern halves of the domain
in each simulation. In our analysis, the northern and southern domain halves are treated independently of each
other. All southern cold bubbles have initial minimum potential temperature perturbations of − 10 K based on
BvdH22. For the northern cold bubbles, the temperature perturbations are scaled such that the latent cooling
required to produce them is the same as to produce a − 10 K cold bubble on flat ground at sea level. Since the air
density is less at higher elevations, but the latent cooling required to produce the initial bubbles is held constant,
the northern cold bubbles become slightly colder as the topographic slope increases. The northern cold bubbles
are included to test this effect of reduced air density on latent cooling at higher altitudes. Apart from propagating
slightly faster and lofting a little more dust than their southern counterparts due to being slightly colder, the
northern haboobs produce broadly similar results to the southern haboobs and hence are not shown in this
manuscript, other than in Figures 1 and 2.

The four soil surface roughness lengths tested are 0.001, 0.034, 0.066, and 0.100 m (hereafter named ROUGH‐
001, ROUGH‐034, ROUGH‐066, ROUGH‐100, respectively). These correspond to the roughness lengths of the
four different vegetation types tested in BvdH22 (desert, short grassland, semidesert, and crop‐grassland
respectively). Greater roughness will lead to a larger downward transport of momentum at the surface in turn
causing greater sensible and latent heat fluxes (BvdH22). The simulations are named using their topographic
slope and surface roughness length. For example, the SLOPE‐2_ROUGH‐034 simulation shown in Figure 1 has a
2% topographic slope and a 0.034 m surface roughness length.

2.4. Analysis Approach

An algorithm was developed to track the boundaries of the haboobs in time in polar coordinates, thereby
objectively determining propagation speeds. The algorithm is described in detail in Text S2 of the Supporting
Information S1. For a given time t and angle ϕ, the algorithm yields a haboob boundary point b, which is an (x,y)
coordinate pair. Note ϕ = 0 points east and ϕ increases moving counterclockwise around haboobs (Figure 1c).
Haboob boundary points are shown for the example haboobs demonstrated in Figures 1b and 1c. Propagation
speeds are calculated as a function of time, and the mean is taken over all haboob boundary points for each
haboob, the results of which are shown in Figure 2a. Haboobs accelerate for the first ∼10 min after initialization
and begin to decelerate thereafter. Figure 2b demonstrates the percentage of lost haboob boundary points, which
occur due to the algorithm mistakenly identifying boundary layer turbulence as the haboob boundary and that
must be recovered by radial interpolation (see Text S2 in Supporting Information S1 for more information).
Haboob boundaries are not tracked after 30 min, as the number of lost haboob boundary points increases sub-
stantially after ∼25 min due to the warming of the simulated haboobs. This does not mean that all haboobs
completely dissipate in 30 min, merely that the tracking algorithm becomes unreliable after this time. Haboobs
with lifetimes between 30 and 90 min have been documented (Caton Harrison et al., 2021). The relatively short
lifetimes of haboobs in this study are typical of cold pools originating from scattered convection (Drager
et al., 2020). In all subsequent figures, haboob propagation speeds v(ϕ) are always calculated by taking the mean
propagation speed between 10 and 30 min:

v(ϕ) =
‖b(30 min,ϕ) − b(10 min,ϕ)‖

20 min
. (2)

Thus, v(ϕ) represents the mean propagation speed of haboobs after their initial acceleration but before they
dissipate to the point of becoming difficult to identify and track. Results are not qualitatively sensitive to the
starting time chosen for v(ϕ).
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Identifying the haboob boundary points allows for the identification of model gridpoints located within specific
regions of haboobs. Figures 1e and 1f show how each haboob can be subdivided into a downslope region and an
upslope region. These two regions can also be considered together to yield all model grid‐points falling within a
haboob. The internal haboob regions are determined for every haboob at every output time between 1 and 30 min
(i.e., when haboob boundary points can be identified).

Figure 2. Haboobs begin to decelerate after ∼10 min and become difficult to track ∼30 min. (a) Time series of propagation
speeds for all the haboobs captured in the idealized simulations. (b) Percentage of lost haboob boundary points for all the
haboobs as a function of time.
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3. Results
3.1. Haboobs on Flat Terrain

We first investigate how the daytime haboobs in our simulations are impacted by surface roughness on flat terrain
before considering their behavior on sloped terrain. Figure 3a demonstrates the mean and standard deviation
propagation speeds for haboobs on flat terrain. The mean and standard deviation are taken over all angles ϕ (i.e.,
radially around the entire haboob), since haboobs on featureless terrain without background winds should expand
equally in all directions at about the same rate. Increasing surface roughness from 0.001 to 0.034 m slows the
haboobs' propagation speeds by ∼0.75 m s− 1 (∼10%), but subsequent increases in surface roughness produce
smaller decreases in propagation speeds (Figure 3a). Density current propagation speeds are directly tied to
temperature perturbations (Benjamin, 1968), so haboobs which dissipate more rapidly through warming should
propagate more slowly than those which dissipate less rapidly. Increased surface roughness enhances the sensible
heat fluxes within the haboobs which, in turn, increases the in‐haboob warming (Figure 3b). So, larger surface
roughness causes haboobs to dissipate faster—and thus propagate slower—than smaller surface roughness
(Figure 3c). Additionally, increased surface roughness leads to greater surface drag on the haboobs, thereby
further reducing propagation speeds (Figure 3d). Several previous studies have similarly shown increased surface
roughness and/or sensible heat fluxes leading to faster dissipation of cold pools on flat terrain (Bukowski & van
den Heever, 2022; Gentine et al., 2016; Grant & van den Heever, 2016, 2018; Huang et al., 2018).

We now investigate the dust lofted by the passage of haboobs on flat terrain. Total dust mass initially increases
rapidly with time and then asymptotes between 30 and 90 min for haboobs on flat ground (Figure 4a). This
behavior suggests that dust lofting mostly ceases once haboobs have dissipated after ∼30 min, and that the dry
deposition of dust over the remaining time period is minimal. H18 also argued that the deposition of dust should
be minimal in haboob simulations lasting <6 hr, as vertical wind speeds in turbulent daytime haboobs are greater
than dust particle fall speeds, thereby preventing dust particles from settling to the surface. Recall in these
simulations that dust emission from the surface only varies due to changes in low‐level wind speed and is not a

Figure 3. Haboobs on flat terrain are slowed by increasing surface roughness. All data in this figure are from SLOPE‐0 simulations. (a) Haboob propagation speeds as a
function of surface roughness. In (a) circles (error bars) represent mean (standard deviation) propagation speeds over all haboob boundary points. (b) Time series of in‐
haboob mean surface sensible heat flux for different surface roughness (line colors). (c) as in (b) but for the 25 m AGL potential temperature perturbation (defined in
Text S2 in Supporting Information S1). (d) as in (b) but for the horizontal momentum flux.
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function of surface type, erodible surface fraction, and soil moisture. Wind speeds at 25 m above ground level
(AGL) decrease with increasing surface roughness (Figure 4b). It follows that increased roughness decreases the
total mass of dust lofted (Figure 4a). The total dust mass is more than halved between ROUGH‐001 and ROUGH‐
100 in the SLOPE‐0 simulations (Figure 4a). Taken together, Figures 3 and 4 show that increased surface
roughness alone can decrease haboob dust lofting via faster haboob dissipation and increased surface drag. Note
that if the erodible surface fraction was allowed to vary with surface roughness, then the impact of roughness
would likely be even more pronounced.

BvdH22 and H18 both evaluated dust lofting, surface roughness, and/or sensible heat flux. In a few tests where
they neglected the erodible surface fraction, BvdH22 argued, as we do here that colder and slower‐dissipating
haboobs should loft more dust because of the faster, longer‐lived near‐surface winds produced in association
with stronger, longer‐duration cold pools. However, our result—that on flat terrain increased surface roughness
decreases haboob dust lofting—is somewhat at odds with H18. They found that as the sensible heat flux is
increased, downward mixing of momentum toward the surface is increased, leading to stronger low‐level wind

Figure 4. For haboobs on flat terrain, increased surface roughness decreases the total dust mass by decreasing wind speeds. (a) Time series of total dust mass for SLOPE‐
0 simulations, where surface roughness is indicated by line color. (b) Probability density function of 25 m AGL wind speed in SLOPE‐0 simulations.
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speeds and greater dust lofting rates. There are several possible explanations for the discrepancy between H18's
results and our results. First, we vary surface roughness length while H18 varied sensible heat flux. As such, H18
did not consider the effects of increased drag on haboob dust lofting. Second, H18 prescribed constant sensible
heat fluxes, whereas the sensible heat fluxes in this study are determined using a bulk formula. Grant and van den
Heever (2016, 2018) demonstrated that prescribed and interactive sensible heat flux formulations have signifi-
cantly different effects on cold pool properties and processes. Third, we simulate the entire lifetime of haboobs
while H18 did not. H18 speculated that, if they ran their simulations longer, increased sensible heat flux may lead
to decreased haboob lifetimes and thus decreased dust lofting. Finally, our simulations are all three‐dimensional
while all but one of H18's simulations were two‐dimensional, so differences in the representation of turbulence in
3D and 2D likely play a role as well. We now proceed to investigate the effects of topographic slope on haboobs.

3.2. Haboobs on Sloped Terrain

As shown in prior studies and discussed above, haboobs are expected to propagate at different speeds when
traveling upslope compared to downslope. Hence, upslope and downslope propagation speeds are computed
separately for all of the haboobs in this analysis. Figure 5a shows mean and standard deviation propagation
speeds, v(ϕ), where the mean and standard deviation are taken for angles between 180° and 0°, that is, the
downslope sides of haboobs (Figure 1c). Figure 5c analogously shows mean and standard deviation propagation
speeds for the upslope sides of haboobs (i.e., for angles between 0° and 180°). Note that propagation speeds
shown in Figure 5 fall within the range of haboob and cold pool propagation speeds reported in prior literature (see
Figure 8a from Caton Harrison et al. (2021) along with Table 1 and Figure 3 from Falk, Grant, van den Heever,
et al. (2025)). It is evident that as the topographic slope increases, downslope haboob propagation speeds decrease
while upslope speeds are mostly unchanged (Figures 5a–5c). This is contrary to previous literature, which has
found that cold pools and laboratory tank density currents propagate faster downslope and slower upslope (Dai
et al., 2012; Luchetti, Friedrich, & Rodell, 2020; Luchetti, Friedrich, Rodell, et al., 2020; Marleau et al., 2014).
The differences in our results are due to the presence of an anabatic wind.

Figure 5. As the topographic slope increases, anabatic winds cause downslope haboob propagation speeds to decrease and upslope speeds to be mostly unchanged.
(a) Downslope haboob propagation speeds as a function of topographic slope for different surface roughness (line colors) including NO‐ROUGH simulations with no
spin‐up, no parameterized radiation, and a free‐slip surface (black). In (a) circles (error bars) represent mean (standard deviation) propagation speeds. (b) as in (a) but
with propagation speeds adjusted for anabatic wind speed. (c, d) as in (a, b) but for upslope propagation speeds.
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The anabatic wind forms during the spin‐up phase of our simulations (see Figure S1 in Supporting Information S1
for examples). The development of anabatic winds in response to the daytime heating of topographic slopes is
frequently observed and is consistent with mountain valley circulation theories (Defant, 1951; Farina &
Zardi, 2023). Figure 6a demonstrates the speed of the anabatic wind by showing the mean low‐level meridional
wind at the time the initial cold bubbles are added. Recall that the radiation parameterization does not consider the
topographic slope, so the downwelling shortwave radiation at the surface is similar across the domains of all
simulations during the spin‐up phase. Thus, although the anabatic winds form because of the heating of the sloped
surfaces, they are not due to slope‐induced differential heating but rather form because the heating creates a
pressure gradient between the sloped surface and the ambient environment (not shown). The latter process is also
important in observed anabatic wind formation.

The anabatic wind speed increases as topographic slope is increased (Figure 6a). For steeper topographic slopes,
air is warmed over a deeper layer (i.e., the height of the topography) thereby driving a larger pressure gradient
force between the sloped surface and the ambient environment compared to gentler slopes. Greater roughness
lengths drive larger sensible heat fluxes, thereby increasing the heating rates of near‐surface air, and subsequently
causing larger pressure gradient forces compared to lower roughness lengths (not shown). Greater roughness
lengths also increase the drag on the anabatic wind. The experiments show that the anabatic wind speed weakly
increases as the surface roughness is increased (Figure 6a), indicating that the effect of increased sensible heat
fluxes outweighs the effect of increased drag. Finally, there is a positive feedback to anabatic wind speeds detailed
as follows: as anabatic wind speeds increase, these greater wind speeds drive larger sensible heat fluxes, which in
turn increase heating, causing an even faster anabatic wind speed (Kirshbaum, 2013).

Figure 5b (5d) shows the downslope (upslope) haboob propagation speeds relative to the anabatic wind speeds,
that is, the anabatic wind speeds have been added (subtracted) from the propagation speeds shown in Figure 5a
(5c). When adjusting for advection due to the anabatic winds, it is evident that as the topographic slopes become
steeper, downslope haboob propagation speeds are mostly unchanged while upslope haboob propagation speeds
decrease. The anabatic wind speed at 25 m AGL and 0 min is used when making this adjustment, but the results

Figure 6. Increasing topographic slope and surface roughness lead to increased anabatic wind speeds, in‐haboob surface sensible heat fluxes, and haboob dissipation.
(a) Mean 25 m AGL meridional wind speed at the time cold bubbles are initiated as a function of topographic slope for different surface roughness (line colors).
(b) Mean sensible heat flux between 10 and 30 min for the downslope (solid circles and lines) and upslope (hollow circles and dashed lines) regions of haboobs as a
function of slope for different roughness (line colors). (c) as in (b) but for horizontal momentum flux. (d) as in (b) but for 25 m AGL potential temperature perturbation.
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shown in Figures 5b and 5d are not overly sensitive to the time or depth chosen. After taking into account the
anabatic wind velocities, the behavior of the haboob propagation speeds is more consistent with findings of past
research (Dai et al., 2012; Luchetti, Friedrich, & Rodell, 2020; Luchetti, Friedrich, Rodell, et al., 2020; Marleau
et al., 2014). Although previous studies have disagreed about the influence of ambient winds on cold pool
propagation speeds (Luchetti, Friedrich, & Rodell, 2020; Luchetti, Friedrich, Rodell, et al., 2020), the ambient
anabatic wind plays an important role in altering the propagation speeds in this study.

Even after accounting for the anabatic wind speeds, downslope haboob propagation speeds do not seem to
meaningfully increase on steeper slopes (Figure 5b). To ensure that this relationship is not a result of shortfalls in
our simulation setup or analysis, three simplified simulations (hereafter called NO‐ROUGH) were conducted with
no spin‐up, the radiation parameterization turned entirely off, and a free‐slip surface. We find that no anabatic
wind forms due to the lack of sensible heat fluxes in the NO‐ROUGH simulations. Furthermore, the haboobs are
observed to propagate progressively faster downslope and slower upslope with increasing slope than they do on
flat terrain in these simplified simulations (Figure 5). Our model setup produces results that are therefore
consistent with traditional density current theory. The NO‐ROUGH simulations also show that a mechanism
beyond the anabatic wind is slowing the downslope propagation of haboobs in our suite of sensitivity simulations.
As the topographic slope increases, sensible heat flux in both the upslope and downslope regions of haboobs
increases likely because of the anabatic winds driving faster low‐level wind speeds (Figure 6b). Hence, as the
haboobs are warmed, the temperature perturbations between the haboobs and their environment decreases, and
the haboobs slow down (Figure 6d). This more rapid dissipation of haboobs on increasingly sloped terrain ex-
plains why there is not a clear increase in downslope propagation speeds when adjusting for the anabatic wind
speed (Figure 5b).

Topographic slope also has a marked impact on dust emissions. After 30 min, the mass of dust lofted inside the
haboobs and the total mass of lofted dust are nearly identical for SLOPE‐0 simulations (Figure 7a), which is
expected because the SLOPE‐0 simulations do not produce anabatic winds nor dust lofting outside of the ha-
boobs. However, as topographic slope increases, the total dust mass is increasingly greater than the in‐haboob
dust mass due to dust lofting by anabatic winds (Figure 7a). See Text S3 in Supporting Information S1 for a
description of how the mass of dust lofted by haboobs and by anabatic winds is determined in Figure 7.

After 90 min, the time by which the haboobs have essentially dissipated, the increase in dust lofting due to
increasingly sloped terrain is more pronounced than at 30 min. There is approximately 1.5–4.5 times more dust
mass in the SLOPE‐5 simulations than the SLOPE‐0 simulations depending on the surface roughness (Figure 7b).
Most of the difference in total dust mass between 90 min (Figure 7b) and 30 min (Figure 7a) is due to lofting by
the anabatic wind. For the SLOPE‐5 simulations, the effect of the anabatic wind is so pronounced that the total
dust mass is about the same for all roughnesses (Figure 7b). Hence, as surface roughness is increased on the most
extreme topographic slope, enhanced dust lofting from the larger anabatic wind speed counteracts decreases in
dust lofting from faster haboob dissipation and larger drag. Recall that as surface roughness increases, the
anabatic wind speed increases due to greater sensible heat fluxes even though drag on the anabatic wind is also
greater (Figure 6a).

The vertical distribution of dust can be influenced by several factors. Increased surface roughness leads to greater
sensible heat fluxes (Figure 6b) and hence more vertical mixing through turbulence. It follows that increasing the
surface roughness decreases the percentage of the total dust mass at low levels (Figures 7c and 7d), since more
dust is transported upwards through turbulent mixing. A greater percentage of dust lofted by haboobs remains at
low levels compared to dust lofted by anabatic winds (Figure 7c). This is probably a result of increased stability
and suppressed vertical mixing inside haboobs compared to their surroundings.

Both the mean and the standard deviation of the wind speed increase with greater slope or roughness (Figures 7e
and 7f). This suggests that, as anabatic winds become faster, they loft greater masses of dust due to both greater
mean wind speeds and greater turbulence. Haboob dust lofting is not affected much by topographic slope or
anabatic winds (Figures 7a and 7b). Note that Figure 5a considers only the meridional—or in this case upslope—
component of the wind speed, whereas Figures 7e and 7f consider both the zonal and the meridional component.
The threshold velocity for dust lofting is small in these simulations due to the lack of vegetation and soil moisture.
With a greater threshold velocity, anabatic winds may not be fast enough to loft dust.
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The overall results of the suite of sensitivity experiments are summarized in Figure 8, which shows percent
changes in haboob propagation speeds and dust lofting from the SLOPE‐0_ROUGH‐001 simulation. Compared
to flat ground with low surface roughness, downslope haboob propagation speeds are reduced by 38.3% and dust
lofting is increased by 49.7% on extreme slopes with large surface roughnesses (Figures 8a and 8d). Upslope
haboob propagation speeds are less sensitive to changes in surface roughness and topographic slope than
downslope speeds (Figures 8a and 8b). Increased surface roughness reduces dust lofting except on extreme slopes
(Figure 8d). Most changes in Figure 8 are statistically significant at the p < 0.001 level. However, the upslope
propagation speeds show fewer significant changes than the downslope propagation speeds or dust masses.

4. Conclusions
Haboobs are a major contributor to dust emissions in many regions (Bergametti et al., 2017; Heinold et al., 2013;
Marsham et al., 2013). Many factors are known to influence haboob propagation speeds and dust lofting, such as
turbulent mixing, low‐level static stability, or surface vegetation types (H18, BvdH21, BvdH22). Haboobs

Figure 7. Increasing topographic slope increases the amount of lofted dust mostly due to the increased anabatic wind speeds. (a) Total dust mass (solid circles and lines),
dust mass lofted by haboobs (hollow circles and dashed lines), and dust mass lofted by anabatic winds (hollow circles and dotted lines) as a function of topographic slope
for different surface roughness (line colors) at 30 min. (b) as in (a) but for 90 min and with error bars (see Text S3 in Supporting Information S1 for an explanation of dust
mass partitioning and error at 90 min). Note the vertical scale differs between (a) and (b). (c) as in (a) but showing the percent of the total dust mass at low levels (0–50 m
AGL). (d) as in (c) but for 90 min. (e) Mean (solid squares and lines) and standard deviation (hollow squares and lines) horizontal wind speed at 0 min. (f) as in (e) but for
90 min.

Journal of Geophysical Research: Atmospheres 10.1029/2025JD044043

FALK ET AL. 13 of 19

 21698996, 2025, 23, D
ow

nloaded from
 https://agupubs.onlinelibrary.w

iley.com
/doi/10.1029/2025JD

044043, W
iley O

nline L
ibrary on [06/12/2025]. See the T

erm
s and C

onditions (https://onlinelibrary.w
iley.com

/term
s-and-conditions) on W

iley O
nline L

ibrary for rules of use; O
A

 articles are governed by the applicable C
reative C

om
m

ons L
icense



commonly occur in regions of steeply sloped topography (Adams & Comrie, 1997; Knippertz et al., 2007; Miller
et al., 2008), but the impact of topographic slope on haboobs—and cold pools more generally—has not been
disentangled from these other known factors. Hence, the objective of this study has been to investigate the impacts
of topographic slope on daytime haboob propagation and dust lofting, and how these impacts are modulated by
surface roughness. Surface roughness was specifically tested as previous studies have demonstrated this factor
can influence haboob propagation and dust lofting, but its influences are difficult to disentangle from those of
other factors (e.g., vegetation type) (BvdH21, BvdH22). Haboobs in study are introduced at 1500 LT, making
them representative of those formed by scattered afternoon convection and not by organized nocturnal convec-
tion. We used a suite of idealized high‐resolution numerical experiments to achieve our objectives, the results of
which are as follows and are shown schematically in Figure 9:

• On flat ground, increasing surface roughness decreases haboob propagation speeds and reduces the total mass
of dust lofted by haboobs (Figures 8, 9e, and 9f).

• Without parameterized radiation or surface fluxes, haboobs propagate more rapidly downslope and less
rapidly upslope compared to flat ground (Figure 5).

• With radiation and surface fluxes, as the topographic slope becomes steeper, the ground‐relative downslope
propagation speed of haboobs decreases, whereas the upslope propagation speed is mostly unchanged
(Figures 8a, 8b, and 9).

• With radiation, an anabatic wind forms over sloped terrain, which becomes faster as the topographic slope
becomes steeper and as the surface roughness increases (Figure 6a).

• Relative to the anabatic wind speed, the downslope propagation speed of haboobs is mostly unchanged and the
upslope propagation speed decreases with increasing topographic slope (Figures 5b–5d).

• Thus, the anabatic wind speeds have a larger impact on the propagation speeds of haboobs than does the effect
of the slope itself.

• As the topographic slope becomes steeper, dust lofting by the anabatic winds causes the total mass of dust
lofted into the atmosphere to increase (Figures 8c, 8d, and 9).

Figure 8. Summary of changes in propagation speeds and lofted dust mass with surface roughness and topographic slope. (a) Percent difference in mean downslope
propagation speed from the SLOPE‐0_ROUGH‐001 simulation. (b) as in (a) but for upslope propagation speed. (c) Percent difference in total dust mass at 30 min. (d) as
in (c) but at 90 min. Exclamation marks (underlines) indicate statistical significance from the simulation with the next smallest roughness (next smallest slope) at the
p < 0.001 level. Note that, given this setup, the leftmost column of values cannot be underlined, and the bottom row of values cannot have exclamation marks.
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The results of this study therefore suggest that the velocity of the anabatic winds that develop due to the heating of
sloped terrain is of primary importance to the propagation and dust lofting of haboobs on such terrain.

The representation of complex topography and associated mesoscale processes is a large source of error in
forecast models primarily around grid resolution. This study demonstrates that not only is the representation of
haboob processes and anabatic winds in complex terrain important to properly representing dust lofting but so are
the interactions between them. Climate model parameterization of cold pools (Pantillon et al., 2015; Rooney
et al., 2022) should also consider ways in which to represent the impacts of such interactions to reduce errors in
the amount of dust lofted by haboobs. We hope that the results of this study can be used to improve the repre-
sentation of interactions between haboobs and anabatic winds in both small‐ and large‐scale models. The results
of this idealized study indicate that ambient wind speeds play a crucial role in determining cold pool propagation
speeds in contrast to previous studies, which had found more mixed results (Luchetti, Friedrich, & Rodell, 2020;
Luchetti, Friedrich, Rodell, et al., 2020). Finally, this study demonstrates that in haboob events occurring within
mountainous regions that topographically driven winds not originating from haboobs or low‐level jets may also
be large contributors to dust emissions.

The findings of this study lead us to pose several new questions about haboob processes. What is the impact of
topographic slope on haboobs at night? This study focused only on daytime conditions. Results at night may differ
given the presence of katabatic winds as well as the nocturnal stratification of the boundary layer, which is known
to affect haboobs (BvdH21). Also, what is the impact of complex terrain on haboobs? This study used linearly
sloped terrain to ease the interpretation of results but results may vary with more complex terrain. Finally, what
are the feedbacks between haboobs, topography, and storms? This study used dry conditions to facilitate the
analysis, but the subsequent feedbacks to the parent storm producing the haboob are another avenue worth
investigating. For example, previous studies have shown that cold pools in Northern Africa can sustain them-
selves for many hours by repeatedly initiating of new convective storms (Emmel et al., 2010; Knippertz

Figure 9. Schematic summary demonstrating the impacts of topographic slope and surface roughness. Larger objects are indicative of greater values, but the change in
the size of objects between panels is not directly to scale. Dust clouds inside of haboobs are indicative of dust lofted by haboobs, whereas dust clouds outside of haboobs
are indicative of dust lofted by anabatic winds.
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et al., 2007, 2009; Redl et al., 2015). These questions can best be addressed using a combination of idealized
simulations, case‐study simulations, and field work to leverage the distinct advantages of each of these ap-
proaches. As this study found a seemingly counterintuitive result—that haboobs propagate slower downslope
than they propagate upslope in the presence of anabatic winds—investigating these questions may lead to further
interesting physical insights on the relationships among haboobs, topography, land‐atmosphere interactions, and
convective storm processes.
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