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ABSTRACT

COLD POOL PROPAGATION AND COLD POOL-LAND SURFACE INTERACTIONS

Convective cold pools are important components of the Earth system as they influence
processes such as deep convective initiation, storm longevity and intensity, surface energy
fluxes, and aerosol transport. The overarching goal of the research outlined in this dissertation is
to investigate the propagation characteristics of cold pools, as well as the interactions between
cold pools and the land surface. The three studies comprising this dissertation use field campaign
observations and high-resolution numerical simulations to investigate these cold pool processes.

The first study evaluates a popular density current propagation speed equation using a
large, novel set of radiosonde and dropsonde observations. First, data from pairs of sondes
launched inside and outside of cold pools, along with the theoretical density current propagation
speed equation, are used to calculate sonde-based propagation speeds. Second, radar/satellite-
based propagation speeds are calculated by manually tracking the propagation of cold pools and
correcting for advection due to the background wind. Comparisons of the propagation speeds
calculated in these different ways demonstrate that sonde-based and radar- based propagation
speeds are strongly correlated for US High Plains cold pools, suggesting the density current
propagation speed equation is appropriate for use in midlatitude continental environments.
Sonde-based propagation speeds are largely insensitive to how cold pool depth is defined, since
the preponderance of negative buoyancy is near the surface in cold pools. Sonde-based
propagation speeds can vary by ~300% based on where and when the sondes were launched,

suggesting sub-mesoscale variability could have a major influence on cold pool propagation.
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The impacts of topographic slope on daytime haboob propagation speeds and dust lofting
are examined in the second study comprising this dissertation, along with how these impacts are
modulated by surface roughness length. A suite of 40 idealized, large-eddy simulations are
conducted 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 associated dust lofting.
As the topographic slope is increased, an upslope anabatic wind forms which causes downslope
haboob propagation speeds to decrease and upslope haboob propagation speeds to be mostly
unchanged. Anabatic winds act to loft dust as well, leading to increased masses of dust being
lofted jointly by the haboob and anabatic wind as topographic slopes are increased.

The third study investigates the individual and synergistic impacts of cold pools and land
surface heterogeneity on convection initiation. Idealized large eddy simulations of deep
convection over the Amazon rainforest are conducted testing realistic and homogenized
vegetation, along with realistic and eliminated cold pools. Convection initiation is more frequent
over forested than deforested areas due to more favorable thermodynamics. Heterogeneous
vegetation aggregates storm initiation locations compared with homogeneous vegetation. Over
heterogeneous vegetation, cold pools propagate into deforested regions, thereby initiating storms
and disaggregating storm initiation locations. Convection initiation locations are randomly
distributed over homogeneous vegetation, with or without cold pools, demonstrating that cold
pools have minimal impacts on convection initiation locations over homogeneous vegetation.

The findings of this dissertation research shed new light on fundamental cold pool
processes and should be helpful for improving the representation of cold pools in forecast and

climate models. Several avenues for future research are discussed.
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Chapter 1: Introduction

1.1 The Importance of Cold Pools

Cold pools are density currents formed by the evaporation of hydrometeors below the
base of convective clouds (Simpson 1969; Charba 1974; Wakimoto 1982). Cold pools are the
subject of this dissertation, specifically the propagation of cold pools, and the interactions
between cold pools, the Earth’s land surface, and convection. Cold pools are a worthy subject of
study for many reasons. First, cold pools are a common and widespread phenomenon, since they
form in association with any precipitating convection. They form in the tropics, midlatitudes and
polar regions, over both land and ocean. Observational studies of cold pools have taken place in
the US High Plains (e.g. van den Heever et al. 2021), the US Midwest (e.g. Charba 1974), the
Caribbean Sea (e.g. Vogel et al. 2021), Argentina (e.g. Lombardo and Kumjian 2022), Germany
(e.g. Kirsch et al. 2024), the Saharan Desert (e.g. Knippertz et al. 2007), Equatorial Africa (e.g.
Hoeller et al. 2024), the Arabian Peninsula (e.g. Miller et al. 2008), the Bay of Bengal (e.g.
Simoes-Sousa et al. 2022), Southern China (e.g. Mai et al. 2023), the Philippine Sea (e.g. Reid et
al. 2023), and the eastern tropical Pacific (e.g. Wills et al. 2021). Second, cold pools commonly
initiate convection. Over half of all convective storms in some regions are initiated by cold pools
(e.g. Purdom 1976; Wilson and Schreiber 1986; Lima and Wilson 2008). The initiation of
convection by cold pools — and similar atmospheric density currents like sea-breezes — is a
challenging operational forecast problem and a source of error in climate models (Garcia-
Carreras et al. 2013; Birch et al. 2015; Rooney et al. 2022). Hence, much effort has been spent
studying how and why cold pools initiate convection. Third, cold pools can intensify and

organize convection. Interactions between cold pools and wind shear are important for the



maintenance of squall lines (Rotunno et al. 1988; Weisman and Rotunno 2004). In low shear
environments, deeper cold pools can lift air to greater heights than shallower cold pools, which
enables longer-lived convection (Houston and Wilhelmson 2011). Cold pools can also facilitate
the transition of shallow convection into deep convection (Khairoutdinov and Randall 2006;
Schlemmer and Hohenegger 2014). Fourth, cold pools can create strong surface winds which
cause damage and can intensify wildfires (Johnson et al. 2014; Bresch et al. 2021; Squitieri et al.
2023). Finally, cold pools can loft aerosols such as mineral dust into the atmosphere (Knippertz
et al. 2007; Seigel and van den Heever 2012a; Marsham et al. 2013; Bukowski and van den
Heever 2022), which have important impacts on climate and the global biogeochemical cycle
(Adebiyi et al. 2023; Kok et al. 2023). As cold pool propagation is the first major focus of this

dissertation, this topic is now discussed in more detail.

1.2 Cold Pool Propagation

Density current propagation speed equations are frequently applied to cold pools. Chapter
2 focuses on the following propagation speed equation from Rotunno et al. (1988), referred to as
EQ-RKWS&S:
€= -2 ['Bdz (1.1)
where C is the propagation speed of the cold pool, h is the depth of the cold pool, and B is the
buoyancy inside the cold pool. EQ-RKW88 assumes negative buoyancy inside cold pools (if B is
positive, C will nonsensically be an imaginary number), and so for the purposes of clarity, it is
more useful to analyze the buoyancy magnitude (i.e. absolute value of buoyancy) inside of cold
pools. EQ-RKW88 does not assume buoyancy is constant with height. From EQ-RKWS&8, we

can see that a cold pool with a greater vertically integrated buoyancy magnitude will propagate



more rapidly than a cold pool with a smaller vertically integrated buoyancy magnitude, all else
equal. The magnitude of buoyancy increases as cold pools become increasingly colder and/or
drier than their surrounding environment. For two initially identical cold pools which dissipate
over time, the cold pool that dissipates more slowly will be the colder of the two, and thus will
propagate faster than the warmer cold pool that dissipates more quickly. This relationship
between cold pool propagation speed, cold pool relative buoyancy profiles, and cold pool

dissipation is investigated throughout Chapters 2 and 3.

1.3 Surface Energy Fluxes

Surface energy fluxes, and the turbulent entrainment they drive, are a primary driver of
cold pool dissipation as they increase temperature and moisture within cold pools, thus reducing
the magnitude of their buoyancy (Grant and van den Heever 2016, 2018; Gentine et al. 2016). In
the Land-Ecosystem-Atmosphere-Feedback version 3 (LEAF-3) (Walko et al. 2000) model
coupled to the Regional Atmospheric Modeling System (RAMS) (Pielke et al. 1992; Cotton et al.
2003; Saleeby and van den Heever 2013), surface sensible heat flux (SHF) and surface latent
heat flux (LHF) are parameterized using the following bulk aerodynamic formulas:

SHF = CdepairU(Tsfc - Tair) (1.2)

LHF = CqCppairU(Qsc — Qair) (1.3)
where Cqis an aerodynamic bulk transfer coefficient, Cp is the heat capacity of dry air at constant
pressure, pair is the density of air, U is the near-surface wind speed, and Tsg/Qste are the
temperature and water vapor mixing ratios of the surface and near-surface air, respectively. In
line with Eq. (1.2) and Eq. (1.3), observational studies have shown that cold pools can increase

surface fluxes by increasing near-surface wind speeds and increasing gradients of temperature



and moisture between the air and the surface (Johnson and Nicholls 1983; Young et al. 1995;
Saxen and Rutledge 1998; Simoes-Sousa et al. 2022; Wills et al. 2023). The transfer coefficient
is also important in determining surface fluxes. The transfer coefficient is dependent on many
factors, but the factor critical to the analysis presented in this dissertation is the surface
roughness length. A surface with a longer roughness length has greater downward momentum
transfer to the surface and hence greater surface fluxes than a surface with a shorter roughness
length. To represent this process in Eq. (1.2) and Eq. (1.3), the transfer coefficient increases as
the surface roughness increases. Differences in surface fluxes due to differences in surface

roughness drive important cold pool processes, as demonstrated in Chapters 3 and 4.

1.4 Outline of Dissertation

This dissertation is outlined as follows. The applicability of EQ-RKW8S to observed cold
pool propagation speeds is tested in Chapter 2. Data from the Colorado State University
Convective CLoud Outflows and UpDrafts Experiment (C°’LOUD-Ex) (van den Heever et al.
2021), BioAerosols and Convective Storms (BACS) (UCAR/NCAR-Earth Observing Laboratory
2024), and the NASA Cloud, Aerosol and Monsoon Processes Philippines Experiment
(CAMP?Ex) (Reid et al. 2023) are used. Sonde-based propagation speeds are calculated by
pairing sondes that were launched inside and outside of a given cold pool, calculating buoyancy
and cold pool depth from the sonde pairs, and then applying these values in EQ-RKWSS8.
Radar/satellite-based propagation speeds are determined by manually tracking cold pools in
radar and satellite data. Comparisons of these propagation speeds demonstrate that sonde based-
propagation speeds are correlated with radar/satellite-based propagation speeds for US High

Plains cold pools, indicating that EQ-RKW88 is applicable to cold pools in this environment.



Sonde-based propagation speeds are insensitive to the way in which cold pool depth is calculated
as most buoyancy is near the surface of cold pools. Sub-mesoscale variability can cause sonde-
based propagation speeds to vary by ~300% for a single cold pool. This study has been accepted
pending revision at Journal of the Atmospheric Sciences.

The effects of three factors — topographic slope, surface roughness, and dust-radiative
interactions — on haboob propagation and dust lofting are examined in Chapter 3. A suite of
idealized RAMS simulations is conducted where the aforementioned factors are varied.
Increased surface roughness increases surface sensible heat fluxes and causes haboobs to
dissipate faster. On flat terrain, this means greater surface roughnesses cause haboobs to
propagate more slowly and loft less total dust than haboobs on slopes with reduced surface
roughnesses. On sloped terrain, sensible heat fluxes drive anabatic winds which increase in speed
with both increasing topographic slope and surface roughness. These anabatic winds cause
haboobs to propagate faster upslope than they propagate downslope. The anabatic winds also loft
dust, causing greater masses of dust to be lofted as the topographic slope is increased. This study
is to be submitted to Journal of Geophysical Research: Atmospheres.

The individual and synergistic effects of cold pools and vegetation heterogeneity on
convection initiation are studied in Chapter 4. Idealized RAMS simulations of deep convection
representative of the Amazon rainforest are conducted. These simulations separately and jointly
test homogenizing the surface vegetation and disabling low-level evaporation to eliminate cold
pools. Storms are tracked to identify where they initiate. The results indicate that convection
initiation is more frequent and rainfall is greater over areas with rainforest than over deforested
areas. These discrepancies become greater when cold pools are weakened as cold pools can

otherwise initiate storms — and hence rainfall — in deforested regions. The impact of cold pools is



found to be minimal over homogeneous surfaces. This research is to be submitted to Geophysical
Research Letters.
Finally, in Chapter 5 results from the three individual studies are summarized and

synthesized. Future research on many aspects of cold pools is recommended.



Chapter 2: Do Cold Pools Propagate According to Theory?

2.1 Introduction

Accurate estimations of convective cold pool propagation speeds are important for
predicting high-impact weather such as intense convection, damaging wind gusts, dust storms,
and intensification of wildfires (Rotunno et al. 1988; Miller et al. 2008; Bresch et al. 2021,
Squitieri et al. 2023). Theoretically derived equations exist which relate the propagation speed of
a cold pool to its thermodynamic properties (Benjamin 1968; Rotunno et al. 1988; Bryan and
Rotunno 2008) and are often used in theoretical and modeling studies (Lafore and Moncrieff
1989; Trier et al. 2006; Seigel et al. 2013; Seigel and van den Heever 2013; Grant and van den
Heever 2016). Due to a lack of appropriate observations, these theoretical equations have only
been applied to observations of real cold pools in limited case studies (Charba 1974; Wakimoto
1982; Bryan et al. 2004, 2005; Bryan and Parker 2010). Hence, it remains ambiguous as to how
accurately these theoretical equations can approximate the propagation speeds of real cold pools.
This paper assesses the accuracy of such theoretical equations by applying them to a large
dataset of cold pool observations.

Cold pools are a type of density current, as are other flows driven by differences in
density such as sea breezes, avalanches, and salt wedges (Simpson 1997). One common way to
understand cold pool propagation is by using analytic density current models (hereafter referred
to as density current theory). Such models usually represent a denser fluid — of depth h and
density p — intruding into a less dense fluid — of density p, — in a rigid channel of depth H. If p

and p, are constant with height, the propagation speed C of the current is

€% =2gh=20 2.1)
Po



where g is the acceleration due to gravity (von Karman 1940; Benjamin 1968). Eq. (2.1) is
obtained by applying the incompressible Boussinesq equations to an unsheared, unstratified, and
hydrostatic environment with free-slip boundaries, no flow inside of the current, and assuming
H > h. In their seminal work on squall lines, Rotunno et al. (1988) subsequently expanded Eq.

(2.1) by considering a current where density varies with height and found

2 — h
C*=-2 fo Bdz (2.2)
where B is the buoyancy inside of the current. Here

B = QM (2.3)

Ov,ENV

where 6, is the virtual potential temperature, the subscript CP indicates conditions inside of the
cold pool, and the subscript ENV indicates conditions in the environment surrounding the cold
pool. Eq. (2.2) (hereafter EQ-RKWS88) is the density current propagation speed equation that
forms the focus of this study as it does not neglect the variation of buoyancy with height, nor the
effect of moisture on buoyancy, both of which are more appropriate to real atmospheric cold
pools. Virtual potential temperature does neglect the effect of condensate loading on buoyancy.
Condensate loading in cold pools could lead to greater negative buoyancy and hence larger
values of C. If a cold pool propagates away from its parent storm and other storms, the effect of
condensate loading will be negligible as there are no longer hydrometers present in the cold pool.

The Froude number, the ratio of inertial to gravitational forces in a density current, is
another useful concept arising from density current theory that can be applied to cold pools. Cold
pool Froude numbers are important as they can be used to evaluate if cold pools obey density

current theory. Benjamin (1968) demonstrates the Froude number is theoretically determined by

the fractional depth (%) of an idealized density current. Upper and lower theoretical bounds on



the Froude number of v2 and % are thus set by the largest (H > h) and smallest (H = 2h)

possible channel depths. For EQ-RKW88 the Froude number is

Fr=——o=+2 (2.4)

,— thde

due to the assumption of H > h. If both the propagation speed and the buoyancy inside of a cold
pool are observed, then the Froude number can be calculated empirically. While the Froude
number is determined only by the channel depth in Benjamin’s theoretical calculations,
empirically calculated Froude numbers are also influenced by factors such as surface drag, which
are usually neglected by density current theory. Simpson (1969), Charba (1974), and Wakimoto
(1982) helped establish that cold pools are density currents by empirically calculating cold pool
Froude numbers and showing they are comparable to Froude numbers of laboratory tank density
currents and Benjamin’s theoretical calculations (Table 2.1). This demonstrates that factors
neglected by density current theory are likely not of first order importance to cold pool
propagation. Observations of cold pool Froude numbers are also important as they can be used in
parameterizations. For example, Rooney et al. (2022) assume a Froude number of unity in their
C-POOL scheme.

Many studies have applied theoretical density current propagation speed equations to
cold pools in simulation data, often in the context of RKW theory. RKW theory (named after the
authors of Rotunno et al. (1988)) posits that a balance between C and the low-level wind shear
leads to the deepest lifting of air by a cold pool and is thus an optimal state for the re-initiation of
convection in squall lines (Rotunno et al. 1988; Weisman et al. 1988; Weisman and Rotunno
2004). Trier et al. (2006) find that integrating EQ-RKW88 all the way to the tropopause leads to

values of C that match mesoscale convective system (MCS) propagation speeds more closely



than simply integrating EQ-RKW8S8 to the cold pool top. Criticisms of RKW theory include that
it neglects the effect of deep-layer shear, and that observed squall line environments usually have
less shear than RKW theory would deem optimal (Stensrud et al. 2005; Coniglio et al. 2012).
Weisman and Rotunno (2004) also find better correspondence between RKW theory and
simulated convective structure when considering shear to a depth of 5 km, which is deeper than
most cold pools. While the aforementioned studies focus on midlatitude continental
environments, studies of convection outside of this regime find different results. By calculating C
for cold pools in simulations of West African squall lines, Lafore and Moncrieff (1989) argue
that a squall line is only controlled by cold pools if C is greater than the system propagation
speed. Some studies find that RKW theory does not explain tropical oceanic convective systems
(Webster et al. 2002; Moncrieff and Lane 2015; Grant et al. 2018), while other studies argue
these systems can be explained by RKW theory (Keenan and Carbone 1992; Robe and Emanuel
2001). Outside of RKW theory, many modeling studies use C as a metric for the intensity and
speed of cold pools (Droegemeier and Wilhelmson 1985; Seigel et al. 2013; Seigel and van den
Heever 2013; Schlemmer and Hohenegger 2014; Feng et al. 2015; Grant and van den Heever
2016, 2018; Kurowski et al. 2018; Bukowski and van den Heever 2021).

Past studies have also applied density current propagation speed equations to observed
cold pools. Note that all the observational studies listed in Table 2.1 in which a Froude number is
provided applied a density current propagation speed equation, as this is required to calculate
Froude numbers. Kirsch et al. (2024) use data from a dense network of surface stations in
Germany and find that cold pool expansion was not explained well by a propagation speed
equation. They argue that this discrepancy may be due to the equation neglecting variations of

temperature within a cold pool, mixing with the environment, and/or surface friction. A
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subsequent study shows that such variations in cold pools properties may be large (Grant and
Kirsch et al. 2024). On the other hand, Zuidema et al. (2012) note that in two of the cases they
analyzed, precipitating cumulus moved 2-4 m s! faster than the wind. They use a density current
propagation speed equation to determine that cold pool propagation speeds were likely ~3 m s°!
and thus could explain the motion of the clouds. Studies show observational support for RKW
theory by applying EQ-RKWS8S to radiosonde observations in and around MCSs in the USA
(Bryan et al. 2004, 2005; Bryan and Parker 2010). Simoes-Sousa et al. (2022) estimate the
depths of Bay of Bengal cold pools by applying a density current propagation speed equation to
observations of cold pool temperature deficits and propagation speeds from buoys.

For all past observational studies that apply density current propagation speed equations
to cold pools, at least one of the following caveats applies. First, most of these studies focus on
three or fewer cold pools. Second, many of these studies are forced to make assumptions about
the vertical structure of buoyancy within cold pools because they only have thermodynamic
information from the surface. Third, some of these studies focus on the propagation speeds of
convective systems as a whole and not specifically on the propagation speeds of the cold pools
themselves. Given these caveats, and the widespread use of density current propagation speed
equations in modeling studies of cold pools, the goal of the present study is to evaluate how well
EQ-RKW88 approximates the propagation speeds of observed cold pools. A secondary goal is to
assess the impact of the infinite channel depth and incompressibility assumptions in EQ-
RKWS88. We apply EQ-RKWS8S to a relatively large dataset of targeted soundings within cold
pools from three recent field campaigns to calculate theoretical cold pool propagation speeds. To

determine actual cold pool propagation speeds, we track cold pool gust fronts in radar or satellite
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data. We then assess the accuracy of EQ-RKW88 in by comparing these sonde-based and

radar/satellite-based propagation speeds.

2.2 Sonde, Satellite, and Radar Data

Soundings from three different field campaigns are used in this analysis: the Colorado
State University Convective CLoud Outflows and UpDrafts Experiment (C°’LOUD-Ex, C3X in
figure legends) (van den Heever et al. 2021), BioAerosols and Convective Storms (BACS)
(UCAR/NCAR-Earth Observing Laboratory 2024), and the NASA Cloud, Aerosol and Monsoon
Processes Philippines Experiment (CAMP?Ex, C2X in figure legends) (Reid et al. 2023). These
three field campaigns measured cold pools in two distinct environments: the US High Plains
(C’LOUD-Ex and BACS), a continental mid-latitude environment, and the Philippine Sea and
South China Sea (CAMP2EX), a tropical maritime environment (Table 2.2, Fig. 2.1a-b). BACS
took place at a fixed site and so all BACS sondes used in this study are represented by a single
point in Fig. 2.1a. While radiosondes were launched from the ground during C’LOUD-Ex and
BACS, dropsondes were launched from an aircraft during CAMP?Ex. In all three of these field
campaigns, sondes were launched both into and ahead of cold pools, which is critical for the
methodology described in the next section.

We track C’)LOUD-Ex and BACS cold pool propagation in Next Generation Weather
Radar (NEXRAD) reflectivity data. Due to a lack of radar coverage over the Philippine and
South China Seas, corrected Reflectance (true color) at 1 km resolution from the Japan
Meteorological Agency’s Advanced Himawari Imager (AHI) on the Himawari-8 spacecraft (Da

2015) is used to track the propagation of CAMP?Ex cold pools. The NEXRAD reflectivity used
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in this study has a variable temporal frequency between 4 min and 9 min. The AHI true color
imagery has a temporal frequency of 10 min.

Storm morphology, cold pool age, and cold pool mergers/collisions could all potentially
play a role in influencing cold pool propagation speeds. From radar and satellite data, we
subjectively categorize the parent convection of cold pools as scattered, multicellular, or
supercellular (Table 2.2). Cold pools which appear to no longer have convection supplying them
with cold air are classified as dissipating (Table 2.2). We also identify cold pools which appear
to merge with another cold pool or boundary before or during sampling (Table 2.2). All cold
pools that are a suitable fit for the methodology described in the next section are included
regardless of storm morphology, cold pool age, and cold pool mergers. We do not have sufficient
data to disentangle the impacts of these phenomena on cold pool propagation speeds. To
speculate briefly, organized convective systems may produce faster propagating cold pools than
those produced by scattered convection due to effects such as the downward transport of
momentum in a rear inflow jet (Weisman 1992), or newly-formed cold pools could propagate
slower than older cold pools due to the slumping effect described by Huppert and Simpson
(1980). It is also difficult to determine when a cold pool has completely dissipated and EQ-
RKWS8 is no longer applicable. Head-on cold pool collisions can clearly slow or halt cold pool
propagation (Droegemeier and Wilhelmson 1985; Meyer and Haerter 2020). We do cease
tracking the propagation of a cold pool if it collides head-on with another boundary in radar or
satellite data. The effect on propagation speeds of multiple cold pools merging upscale into a

single cold pool is unclear.

2.3 Determining Cold Pool Propagation Speeds
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2.3.1 Sonde-Based Propagation Speeds

Sonde pairs are used to apply EQ-RKWS88 to observed cold pools. A sonde pair consists
of a cold pool sonde launched inside of a cold pool, and an environmental sonde launched
outside of that cold pool. This method follows a similar approach taken by Bryan et al. (2004,
2005) and Bryan and Parker (2010). We use 36 sonde pairs which sampled 22 cold pools (Table
2.2). Environmental sondes are meant to be representative of the environments into which their
respective cold pools propagate. Hence, each sonde pair is chosen such that the environmental
sonde and the cold pool sonde are spatiotemporally close to each other (Table 2.2). Previous
research has shown convection can influence its surrounding environment (Potvin et al. 2010;
Wade et al. 2018; Coniglio and Parker 2020), so environmental sondes are also chosen to be as
free from the influence of storms as possible. While the distance between cold pool and
environmental sondes is often <1 km for C*’LOUD-Ex and BACS (Table 2.2), in these
campaigns cold pools were often sampled after they had propagated away from their parent
convection. Environmental sondes could thus be launched a few minutes before cold pool
passage and still be in an airmass not influenced by convection. Despite this, some
environmental sondes may be influenced by convection if no other possible environmental sonde
is available. It is important to note that some sonde pairs sample the same cold pools and/or use
the same environmental sondes. Some figures plot values for every sonde pair (e.g. Fig. 2.3a),
and thus show multiple observations for some cold pools. Other figures plot median values for
each cold pool (e.g. Fig 2.3b), and thus show only a single value for each cold pool. The naming
scheme for sonde pairs and the names of example sonde pairs are included in section 2.3.4.

To apply EQ-RKW88, the buoyancy profile B for each sonde pair is calculated using the

virtual potential temperature profiles from the environmental sonde and the cold pool sonde (Fig.
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2.1 c-d). We neglect the effect of condensate loading, since observations of hydrometeor mass
are unavailable for all sondes. As some of the cold pool sondes were launched into precipitation,
neglecting loading may lead to underestimated propagation speeds for these sondes. A cold pool
depth, h, is also needed to apply EQ-RKWS8S. Cold pool depths are determined subjectively
through the following process. First, for each sonde pair, the first height where buoyancy
changes sign from negative to positive is taken to be the depth of the cold pool, as has been done
previously (Bryan et al. 2005). This potential cold pool depth is then overlaid on a skew-T log-P
diagram showing the temperature, dewpoint, and winds of the environmental sonde and the cold
pool sonde. If the buoyancy-based cold pool depth is subjectively ascertained to be reasonable,
then it is used for that sonde pair. If the buoyancy-based cold pool depth is subjectively
ascertained to be unreasonable, then a different cold pool depth is chosen based on manual
analysis of the skew-T log-P for this sonde pair. Of the 36 sonde pairs, 11 use subjectively
chosen cold pool depths. Section 2.3.5 discusses an example sonde pair where the buoyancy-
based cold pool depth was replaced with a subjectively chosen cold pool depth. All skew-T log-p
diagrams pertinent to this analysis can be found via the link in the data availability statement.
The impact of subjectively choosing cold pool depth on cold pool propagation speeds is explored
in section 4c¢ and is found to have only a small impact.

Once the buoyancy and cold pool depth are known for a sonde pair, the theoretical cold
pool propagation speed is calculated using EQ-RKW88 (purple shaded area in Fig. 2.1 c-d). Fig.
2.1d also demonstrates the impact of moisture on buoyancy, and hence why we use virtual
potential temperature when calculating buoyancy. The cold pool shown in Fig 2.1d is ~240 m
deep based on analysis of buoyancy, but the temperature deficit in this cold pool is only ~50 m

deep. Hereafter, the cold pool propagation speeds determined using the methodology described
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in this section are referred to as sonde-based propagation speeds (Csonae) (Or theoretical sonde-

based propagation speeds to emphasize the theoretical nature of these values).

2.3.2 Radar/Satellite-Based Propagation Speeds

NEXRAD reflectivity data are used to determine radar-based propagation speeds
(Cradar) for C3LOUD-Ex and BACS cold pools. Cold pool gust fronts often appear as fine lines
on radar, and several previous studies have tracked these fine lines to ascertain cold pool
propagation speeds (Craig Goff 1976; Wakimoto 1982; Borque et al. 2020; Luchetti et al.
2020a). In this study we make use of a similar approach, outlined as follows.

First, for each cold pool, a radar reflectivity loop with an elevation angle of 0.5° is
generated (Fig. 2.2a,c). The NEXRAD nearest to the location of the corresponding radiosondes
is used, which is always Cheyenne (KCYS) or Denver (KFTG). In ideal circumstances, a ~1-
hour loop of radar reflectivity is generated, centered on the time of the sondes. However, for
some cold pools a ~1 h loop is not possible, such as when precipitation obscures the fine line.
For these cold pools, the first and/or last scan in which the fine line is subjectively apparent is
used. The shortest loop used is 25 min, and the mean length of loops is 51 min.

Second, a starting and ending point for the gust front are subjectively chosen such that the
gust front is perpendicular to the line connecting these points and the gust front propagates along
this line (Fig. 2.2a). When possible, these points are also chosen such that the line connecting
them passes close to where the sondes observing the cold pool were launched (the distances are
shown in Table 2.2). Features such as small bulges were followed when possible to ensure that a
consistent point along the gust front was being tracked. However, the starting and ending points

used in this study are ultimately subjective. To quantify the uncertainty due to this subjectivity,
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three cases were independently re-analyzed by 10 volunteers. An uncertainty of £2.2 m s™! is
estimated and included in subsequent figures. Section 2.3.6 contains more information on the
estimation of this uncertainty. All radar and satellite loops with starting and ending points can be
found via the link in the data availability statement

Finally, the radar-based propagation speed is determined. A velocity vector called Vy¢a:
is generated using the distance between the starting/ending point and the time between the
first/last scan (Fig. 2.2¢). While V.4, contains information about the propagation speed of the
cold pool, advection due to the background wind has not been accounted for. Thus, for each
sonde pair, the mean wind measured by the environmental sonde over the depth of the cold pool,
V.ina 1 calculated (Fig. 2.2¢). The radar-based propagation speed and the radar-based velocity
vector of the cold pool are given by:

Cradgar = |[Vradarll = IVtotat = Vwinall- (2.5)

We track the arc clouds produced by CAMP2Ex cold pools in AHI true color imagery due
to a lack of radar data over the Philippine and South China Seas (Fig. 2.2b,d). Other than this
difference, satellite-based propagation speeds for CAMP2Ex cold pools (Csqterrite) are
determined using the same methodology as just described for the radar-based propagation
speeds. When referring to data from CAMP?Ex along with data from C’LOUD-Ex and/or BACS,
the terminology of radar/satellite-based propagation speeds (Crqgar satetite) 1S used.

For each cold pool only one pair of starting/ending points are chosen and thus only one
value of Vy¢q 1s determined. When a cold pool is sampled by multiple sonde pairs, different
values of V,;,q may occur for each sonde pair due to different environmental sondes being used

and/or different cold pool depths being determined (since V,, ;4 1s the mean environmental wind
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over the depth of the cold pool). Hence, sonde pairs sampling the same cold pool can have
radar/satellite-based propagation speeds that vary by up to ~1 m s™! or up to ~26%.

Finally, note that the radar reflectivity and arc clouds being tracked are potentially above
their respective cold pools. This is because these clouds and other radar targets are likely in air
that is being lifted over the cold pool. This methodology thus assumes the propagation of these

clouds and other radar targets is synonymous with the propagation of the cold pools themselves.

2.3.3 Differences in Methodology between the US High Plains and the Philippine Sea and
South China Sea

It is worth explicitly discussing the unavoidable methodological differences in our
analysis between US High Plains (C*LOUD-Ex and BACS) and Philippine and South China
Seas (CAMP2Ex) cold pools. Tracking CAMP?Ex cold pools in lower resolution satellite data
may drive additional uncertainty compared to the tracking of C.LOUD-Ex and BACS cold pools
in NEXRAD data. Unfortunately, radar data is not available in the CAMP?Ex domain.
Comparing cases tracked using both satellite and radar data would be desirable. We attempted
this comparison, but C’LOUD-Ex and BACS cold pools could not be reliably identified in true
color satellite imagery due to the drier environments in the US High Plains compared to the
tropical oceans. Also, the distances between sondes in CAMP2Ex sonde pairs are larger than
those for C*LOUD-Ex and BACS sonde pairs (Table 2.2). This is a result of aircraft dropsondes
having been used during CAMP?Ex compared to ground-based radiosondes having been used
during C’LOUD-Ex and BACS. This greater difference in distances between sondes in sonde
pairs may lead to additional uncertainty for CAMP?Ex results. Additionally, only a small number

of CAMP2Ex cold pools were a suitable fit for our methodology (Table 2.2). Due to this small
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sample size, statistics such as variance explained and best fit lines are not calculated for
CAMP2Ex cold pools. Results for the CAMP2EXx cold pools are presented in this paper simply
as an interesting tropical oceanic contrast to continental mid-latitude cold pools from C3LOUD-
EX and BACS. More targeted observations of tropical oceanic cold pools are needed before

broad, robust conclusions can be drawn.

2.3.4 Sonde Pair Naming

Sonde pairs are named using the following format:
YYYYMMDD cp# CPsonde ENsonde where YYYY is the year, MM is the month, and DD is
the day of the UTC start date of the C*LOUD-Ex/BACS intensive operations period or the
CAMP?Ex research flight corresponding to the sonde pair. The cold pool number for that day
sampled by the sonde pair is indicated by #. The cold pool sonde (environmental sonde) number
used in the sonde pair is indicated by CPsonde (ENsonde). For BACS and CAMP2Ex, sonde
numbers count up from 1 for each sonde launched for each day. Since there were two minivans
launching sondes during C’LOUD-EXx, sonde numbers count up from 1 independently for each
minivan for each day. Thus, sonde numbers are prefaced by E (or M) if they were launched from
the Elbert (or Massive) minivan. For example, 20170601 cpl_M02_EO1 is from the C’LOUD-
Ex intensive operations period that started on 1 June 2017, sampled the first cold pool that day
used in this study, used the second sonde launched from the Massive minivan as the cold pool
sonde, and used the first sonde launched from the Elbert minivan as the environmental sonde.
One CAMP?Ex cold pool (20190908 cpl) was sampled by a sonde pair early in its lifetime and

was then sampled by a different sonde pair later in its lifetime after over an hour had passed.
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This cold pool is thus treated as two separate cold pools (20190908 cpla and 20190908 cplb)
with a different V;,,; being determined for each sonde pair.

The C’LOUD-Ex example sonde pair shown in Fig. 2.1 and Fig. 2.2 is
20170607 cpl_M10_MO7. The CAMP?Ex example sonde pair shown in Fig. 2.1 and Fig. 2.2 is
20190908 cplb 06 07. The first example sonde pair shown in Fig. 2.7 is 20230530 cp2 07 06,

and the second example sonde pair shown in Fig. 2.7 is 20230610 cpl 05 04.

2.3.5 Example Sonde Pair with Subjectively Chosen Cold Pool Depth

Fig. 2.10 shows an example sonde pair where the buoyancy-based cold pool depth
described in section 3a was rejected and replaced with a subjectively chosen cold pool depth.
Cold pool sonde temperatures are slightly colder than environmental sonde temperatures
between ~700 hPa and ~650 hPa (Fig. 2.10). This leads to slight negative buoyancy (not shown)
between these levels and the buoyancy based cold pool depth (Fig. 2.10 yellow dashed line)
being at ~650 hPa. We judge that this slight negative buoyancy is likely due to factors other than
the cold pool. Since the cold pool temperature deficit and negative buoyancy has mostly
vanished at ~700 hPa, that level is instead chosen as the subjective cold pool depth (Fig. 2.10
purple dashed line).

All skew-T log-p diagrams used in this study (similar to Fig. 2.10) can be found via the
link in the data availability statement. As in Fig. 2.10, the cold pool depth chosen for the sonde
pair is plotted as a purple dashed line on each of these skew-T log-p diagrams. For sonde pairs

where the buoyancy-based cold pool depth was rejected, it is plotted as a yellow dashed line.

2.3.6 Uncertainty in Radar-Based Propagation Speeds
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To quantify the uncertainty in our method of determining radar-based propagation
speeds, we conducted a 10-participant experiment. The lead author had already chosen all of the
starting and ending points used in this study. Three cold pools were each re-analyzed (i.e. new
starting and ending points were chosen chosen) by 10 other participants (Fig. 2.11). The cold
pools chosen include the example shown in Fig. 2.2 (8 June 2017; Fig. 2.11a,b), a relatively slow
propagating case (5 May 2017; Fig. 2.11c,d), and the fastest propagating case (17 July 2016; Fig.
2.11e,f). The participants include coauthors on this manuscript and others who are not coauthors.
All participants are graduate students or postdoctoral researchers studying mesoscale
meteorology at Colorado State University. Participants viewed reflectivity loops on a computer
screen covered in a clear piece of plastic. Participants used a dry erase marker to indicate their
chosen starting and ending points. The lead author led the experiment, but left the room when
participants were viewing loops so as to not influence their decision. The lead author also
prevented participants from discussing their choices of starting and ending points with each
other.

At the conclusion of this experiment, we have 11 pairs of starting and ending points for
these three cases (Fig. 2.11). The range (maximum minus minimum) in radar-based propagation
speeds for the 17 July 2016 case is 2.13 m s”!. The ranges for the other cases are smaller (1.27 m
s'to 1.62 m s7'). We round the highest value of 2.13 m s up to 2.2 m s'! and use it as our most
conservative estimate of uncertainty for radar-based propagation speeds and satellite-based

propagation speeds throughout the analysis presented in the manuscript.

2.4 Results

2.4.1 Overall Statistics
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Theoretical sonde-based propagation speeds are overall reasonable approximations of
radar-based propagation speeds for US High Plains cold pools (Fig. 2.3). The variance in
radar/satellite-based propagation speeds explained by sonde-based propagation speeds (hereafter
referred to as the variance explained by EQ-RKW88) is ~69% for BACS (Fig. 2.3). For
C’LOUD-EX, the variance explained by EQ-RKW88 is ~84% (Fig. 2.3). These results therefore
suggest that EQ-RKWS88 is generally highly appropriate for approximating the propagation
speeds of US High Plains cold pools. Due to the small sample size of CAMP?Ex cold pools, a
similar conclusion can not be made about Philippine Sea and South China Sea cold pools.

To calculate the error in sonde-based propagation speeds, radar/satellite-based
propagation speeds are assumed to be the true values of cold pool propagation speeds (Fig. 2.4a-
b). Curiously, the percent error is inversely proportional to radar/satellite-based propagation
speeds (Fig. 2.4b). This may be due, in part, to the estimated 2.2 m s*! uncertainty in the
radar/satellite-based propagation speeds being relatively constant for each sonde pair. However,
without a third, more accurate metric for determining cold pool propagation speeds, this line of
reasoning can only be speculative.

Jackknife resampling is conducted by recalculating statistics after removing a single
observation from the data. The variance explained by EQ-RKW88 for C*LOUD-Ex cold pools
and all cold pools remains well above 60% for jackknife resampling. The variance explained
only falls below 60% for BACS once when a specific sonde pair/cold pool is removed (Fig. 2.4c-
d). Hence, these results are generally robust and not overly sensitive to the inclusion/exclusion of

individual datapoints.

2.4.2 The Froude Number
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A Froude number of V2 is used in EQ-RKW88 due to the assumption that the channel
depth is infinite compared to the depth of the cold pool (i.e. H > h). This is a reasonable a priori
assumption given that the atmosphere does not have a rigid lid like that assumed in the derivation
of EQ-RKW388, and that cold pools are generally much shallower than the tropopause. Changing
the Froude number in EQ-RKW88 would proportionally increase or decrease all theoretical
sonde-based propagation speeds but would not change the variance explained by EQ-RKWS8.

In this section, a different approach to the Froude number is taken. Instead of assuming a
Froude number a priori, the Froude number for each sonde pair is calculated using:

Crad tellit V2XCragq tellit
Fr — Sradarsatellite _ radar,sate Le‘ (26)

/—thdZ Csonde
0

Previous studies have used an analogous approach to calculating Froude numbers for observed

cold pools (see Table 2.1) (Charba 1974; Wakimoto 1982; Intrieri et al. 1990; Lothon et al.

2011). Froude numbers are calculated using Eq. (2.6) for all of the cold pools analyzed in this

study (Fig. 2.5). Also plotted in Fig. 2.5 are lines at constant Froude numbers of v2 and % which

correspond to the largest (H > h) and smallest (H = 2h) possible channel depths (Benjamin
1968).

Caution must be exercised when interpreting Froude numbers calculated using cold pool
observations. The Froude number is intended to represent the ratio of the inertial force to the
gravitational force in a density current. As sonde-based and radar/satellite-based propagation
speeds are both subject to uncertainty, the Froude number inherits these uncertainties when
calculated using Eq. (2.6) (Fig. 2.5 error bars). Assumptions in density current theory come into

play as well. For example, Benjamin (1968) neglected many effects — such as surface drag —
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when deriving his theoretical limits on the Froude number. However, observed cold pools are
subject to these neglected effects which in turn may influence their Froude numbers.

Keeping in mind the uncertainties just discussed, Froude numbers in this study are in
keeping with the Froude numbers reported for cold pools in the previous literature (Table 2.1,
Fig. 2.5). Most Froude numbers lie between V2 (or ~1.41) and 1/N2 (or ~0.71) (Fig. 2.5),
indicating that these observations generally support density current theory. Assuming a constant
channel depth, the Froude number should decrease with increasing current depth (Benjamin
1968). This relationship is not apparent (Fig. 2.5), perhaps because the concept of “channel
depth” is somewhat difficult to define for the Earth’s atmosphere and/or because Benjamin’s
study does not consider factors such as surface drag or stratification of the background
environment. The median Froude numbers in Fig. 2.5a (Fig. 2.5b) are 0.91 (1.14) for C3LOUD-
Ex and 1.15 (1.16) for BACS. These median Froude numbers are less than the assumed value of
V2 in EQ-RKW388, which is consistent with theoretical sonde-based propagation speeds
generally overestimating the radar/satellite-based propagation speeds (Fig 2.3). Using EQ-

RK W88 with a Froude number of ~0.9-1.2 instead of V2 may be preferable for US High Plains
cold pools. A similar recommendation for Philippine and South China Seas cold pools cannot be

made here due to the small sample size of CAMP2EXx cold pools.

2.4.3 The Impact of Varying Cold Pool Depths

So far, theoretical sonde-based propagation speeds have been calculated using cold pool
depths that are ultimately subjective (see section 3a). In this section, we explore other possible
metrics for defining cold pool depth and the impact of using these different metrics on sonde-

based propagation speeds. Observations of cold pool depth are sparse and approximated using a
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wide range of different methodologies (see Simoes-Sousa et al. (2022) Table 1 and references
therein). Hence, the results of this section not only place our approach within context, but are
also helpful for later studies investigating cold pool depth.

For each sonde pair (in chronological order), the cold pool depth is calculated using five
different metrics (Table 2.3, Fig. 2.6a). Since buoyancy is used as a first guess for the subjective
cold pool depths, for most cold pools the subjective and buoyancy metrics yield the same cold
pool depth. The temperature metric considers temperature — usually the dominant influence on
the buoyancy in cold pools — while ignoring the effects of moisture and pressure. The direction
and speed metrics both use winds instead of thermodynamic variables, since winds should
theoretically return to near their environmental values above a cold pool. The values of 10° and 5
m s! used in the direction and speed metrics, respectively, were selected after subjective
analyses of the environmental and cold pool sondes.

The five cold pool depth metrics yield quite disparate cold pool depths for many sonde
pairs (Fig. 2.6a). The variability in sonde-based propagation speeds, however, appears to be
smaller than the variability in cold pool depth (Fig. 2.6b). To quantify the variability in cold pool
depths and sonde-based propagation speeds due to these different depth metrics, we calculate the
range of cold pool depths and sonde-based propagation speeds for each sonde pair and determine
the median of these ranges. The median range of cold pool depths is 940 m while the median
range of sonde-based propagation speeds is 1.33 m s™.. For comparison, the subjective cold pool
depth metric yields a median cold pool depth of 1160 m and a median sonde-based propagation

speed of 7.90 m s™!. Thus, using the aforementioned metrics for cold pool depth, the variability in

cold pool depth is much larger relative to the median cold pool depth (% = ~81% ) than the
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variability in sonde-based propagation speed is relative to the median sonde-based propagation

1.33ms~ 1

7.90ms~1

speed ( =~17%).

Analysis of buoyancy profiles demonstrates why sonde-based propagation speeds are
relatively insensitive to the different cold pool depth metrics. While there is substantial
variability in the shapes of the individual buoyancy profiles, the mean buoyancy profile changes
roughly linearly with height with the largest (smallest) magnitudes near the bottom (top) (Fig.
2.6d). Since EQ-RKW8S integrates buoyancy with respect to height, and as buoyancy is usually
small in magnitude near the tops of cold pools, it follows that relatively large changes in cold
pool depths do not always translate to relatively large changes in sonde-based propagation
speeds. In other words, while the height to which EQ-RKW8&S is integrated can change
substantially, the area over which EQ-RKW8S8 is integrated does not change substantially.

The variance explained by EQ-RKW8S is recalculated using the different cold pool depth
metrics (Fig. 2.6¢). If a metric cannot determine a cold pool depth for a given sonde pair, then
the subjective cold pool depth is used for that sonde pair when calculating the variance
explained. This prevents the number of points used to calculate the variance explained from
changing between the metrics. It is evident from Fig. 2.6¢ that the variance explained by EQ-
RKWS8S is relatively insensitive to which cold pool depth metric is used, in agreement with the
low variability shown in Fig. 2.6b. Thus, the conclusions drawn in previous sections are largely

insensitive to the subjective method used to determine cold pool depths.

2.4.4 The Impact of Assumptions Used to Derive EQ-RKW88
As discussed in the introduction, many assumptions are used in the derivation of EQ-

RKWS88. The impact of two of these assumptions are investigated in this section: (1) an infinite
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channel depth; and (2) an incompressible atmosphere. These two assumptions are tested
individually and together.

Cold pools with depths exceeding 4 km were observed by Bryan et al. (2005). Bryan and
Rotunno (2008) (hereafter BROS8) argue that applying the incompressible Boussinesq equations
to such cold pools would be inappropriate as vertical displacements due to these cold pools
would not be small relative to the density scale height of the atmosphere. BROS then use the deep
anelastic equations to derive a new propagation speed equation
_ [ p(f7 Baz")az+ ) Baz [} pdz
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H_ 1 fo pdz
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. (2 s ﬁdz)

CZ

2.7)

where p is the density of the environment surrounding the cold pool. Eq. (2.7) will hereafter be
referred to as EQ-BROS.

EQ-BROS assumes neither an incompressible atmosphere nor an infinite channel depth.
To understand the impact of these two assumptions separately, an equation which assumes an
incompressible atmosphere but not an infinite channel depth is derived. By starting with EQ-
BRO08 and assuming an incompressible atmosphere (that is, that p is constant with height), it can

be shown that

c? =200 (1(f Bdz")dz + (H — h) [ Bdz). (28)

H(H+h)
Eq. (2.8) will hereafter be referred to as EQ-INC-FIN (INCompressible and FINite).

A channel depth (H) is needed to apply EQ-BR08 and EQ-INC-FIN to cold pool
observations. Xue (2002) argued that the tropopause can be used as the channel depth when
applying analytic density current equations to atmospheric phenomena. As such, sonde
observations extending to the tropopause are necessary for this analysis. NASA’s P-3 flights

were restricted to mid-tropospheric levels during CAMP2Ex, so all of the CAMP?Ex dropsonde
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observations are precluded. During C?’LOUD-Ex and BACS, only two radiosondes could be
tracked simultaneously. Sondes were therefore often terminated in the middle troposphere to
facilitate the rapid launch of subsequent sondes. Hence, only four sonde pairs in which the
environmental sonde was tracked until the tropopause are available (see Fig. 2.7 for two
examples). We apply EQ-BR08 and EQ-INC-FIN to these four sonde pairs by calculating the
tropopause depth H and environmental density p using the environmental sonde (Fig. 2.8a). The
tropopause depth is calculated using the simplified WMO definition described by Maddox and
Mullendore (2018). To apply EQ-INC-FIN and EQ-BROS to all sonde pairs, ERAS reanalysis
data are used (Hersbach et al. 2020). The grid column in ERAS spatiotemporally closest to each
environmental sonde is determined. Tropopause depths (H) and environmental densities (p) are
calculated using these ERAS columns and used in lieu of data from their respective
environmental sondes. For the four sonde pairs with environmental observations to the
tropopause, propagation speeds for a given equation (EQ-INC-FIN or EQ-BRO08) are negligibly
different when using H and p from environmental sondes versus from ERAS (Fig. 2.8a, filled vs
hollow triangles). This comparison demonstrates our use of ERAS data likely does not have a
meaningful influence on subsequent results.

We define the “channel depth effect” as the percent difference between propagation
speeds from EQ-RKW88 and EQ-INC-FIN. Similarly, we define the “compressibility effect” as
the percent difference between EQ-INC-FIN and EQ-BRO08, and the “combined effect” as the
percent difference between EQ-RKW88 and EQ-BROS. Each of these effects reduces theoretical
sonde-based propagation speeds (Fig. 2.8b). Thus, sonde-based propagation speeds are largest
when using EQ-RKW88, smaller when using EQ-INC-FIN, and smallest using EQ-BRO08. This

result is in keeping with theoretical density current studies which demonstrate that the effects of
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a finite channel and of a compressible atmosphere should both result in slower current
propagation (Benjamin 1968; Huppert and Simpson 1980; Bryan and Rotunno 2008). The mean
difference between sonde-based propagation speeds and radar/satellite-based propagation speeds
is 1.68 m s”! when using EQ-RKW88, 0.48 m s™! when using EQ-INC-FIN, and -0.15 m s’! when
using EQ-BROS. Thus, as assumptions are relaxed, sonde-based propagation speeds go on
average from overestimating to slightly underestimating radar/satellite-based propagation speeds.
These differences are all within the +£2.2 m s™! uncertainty for radar-based propagation speeds.

The channel depth and compressibility effects become larger for larger fractional depths
(Z). For all sonde pairs with fractional depths greater than 0.05, the channel depth effect has a

larger magnitude than the compressibility effect (Fig. 2.8b). This suggests that the infinite
channel depth assumption is more impactful than the incompressible assumption in EQ-RKWS8.
In this dataset, the channel depth effect is up to a 20.1% reduction in propagation speed, the
compressibility effect is up to an 11.0% reduction, and the combined effect of these two
assumptions is up to a 28.7% reduction. The variance in radar/satellite-based propagation speeds
explained by sonde-based propagation speeds is largely insensitive to whether EQ-RKW88, EQ-
INC-FIN, or EQ-BROS is used (Fig. 2.8c). This demonstrates that similar to EQ-RKW88, EQ-

INC-FIN and EQ-BROS are appropriate to use for US High Plains cold pools.

2.4.5 C’LOUD-Ex Case Study: 17 May 2017

Cold pools and the atmospheric boundary layer exhibit spatiotemporal variability
(Weckwerth et al. 1996; van den Heever et al. 2021; Kirsch et al. 2022; Grant and Kirsch et al.
2024). The C’LOUD-Ex cold pool observed on 17 May 2017 is further examined, as a total of

eight radiosondes were launched before, during, and after the passage of this cold pool. This

29



relatively large number of sonde observations allows for a more thorough analysis of the impact
of atmospheric variability on theoretical sonde-based propagation speeds.

A thorough summary of the 17 May 2017 C’LOUD-Ex cold pool is presented in van den
Heever et al. (2021). The information relevant to this study is as follows. Sondes were launched
from two minivans — Massive and Elbert — approximately 1 km apart. These two minivans
performed sonde launches at the same time and each minivan launched four sondes. The first
coordinated sonde launch was before the cold pool passage (sondes EO1 and M02, the first
environmental sondes). The second coordinated sonde launch was after an observed shift in the
winds, but before the cold pool temperature drop (sondes E02 and M03, the second
environmental sondes). The final two coordinated sondes were launched after the passage of the
gust front (sondes E03 and M04, the first cold pool sondes; and sondes E04 and M05, the second
cold pool sondes).

Eight sonde pairs are chosen using all possible combinations of environmental and cold
pool sondes launched from the same minivan (Fig. 2.9). Sonde-based propagation speeds are
sensitive to both the choice of the environmental sonde and the choice of cold pool sonde (Fig.
2.9). This shows that spatiotemporal variability both inside and outside of the cold pool matters
for theoretical sonde-based propagation speeds. The minimum and maximum sonde-based
propagation speeds are 2.53 m sl and 7.83 m s}, respectively. Thus, there is a ~300% difference
in sonde-based propagation speed depending on the timing and location of sonde launches.
Radar-based propagation speeds are more sensitive to the choice of environmental sonde than the
choice of cold pool sonde (Fig. 2.9), indicating that the environmental winds play a larger role in
determining V ;4 than the cold pool depth does. The winds in the second environmental sondes

may have been influenced by the cold pool. However, this cold pool occurred early in the
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afternoon on a sunny day as the ambient temperature was rising. Temperatures in the second
environmental sondes are warmer, and hence potentially more representative of the cold pool
environment, than temperatures in the first environmental sondes. For this reason, the E03 E02,
E04 E02, M04 MO03, and M05_MO03 sonde pairs (the stars in Fig. 2.9) are used for the analysis
in preceding sections.

Our finding from this case study that sonde-based propagation speeds can vary by ~300%
depending on the timing and location of sonde launches suggests that sub-mesoscale variability
is important for cold pool propagation. This large variability seems at odds with our previous
finding that the variance explained by EQ-RKW88 is high for the US High Plains environment.
Note that the 17 May 2017 cold pool was aged, diffuse, and had a relatively small temperature
deficit when these observations were taken. More observations of the variability in cold pools
and in the boundary layer are needed to understand how this sub-mesoscale variability affects

cold pool propagation speeds.

2.5  Summary and Conclusions

The density current propagation speed equation derived by Rotunno et al. (1988) (EQ-
RKWS88) has been applied conceptually to convective cold pools (Rotunno et al. 1988) and to
modeled cold pools (Lafore and Moncrieft 1989; Trier et al. 2006; Seigel et al. 2013; Seigel and
van den Heever 2013; Grant and van den Heever 2016), but only occasionally to cold pool
observations (Charba 1974; Wakimoto 1982; Bryan et al. 2004, 2005; Bryan and Parker 2010).
Furthermore, a thorough examination of how accurately EQ-RKW88 approximates the
propagation speeds of observed cold pools has not previously been performed. A lack of targeted

sonde observations inside and outside of cold pools may have prevented such a comparison in
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the past, but since 2016, several field campaigns have collected such targeted observations. Thus,

the goal of this study has been to use these targeted observations to compare theoretical sonde-

based cold pool propagation speeds — determined using EQ-RKW88 and similar equations — to
cold pool propagation speeds based on radar and satellite data.
Observations from three different field campaigns were used (Fig. 2.1a-b). C’LOUD-Ex

(van den Heever et al. 2021) and BACS (UCAR/NCAR-Earth Observing Laboratory 2024)

observed midlatitude continental cold pools over the US High Plains using radiosondes, whereas

CAMP?Ex (Reid et al. 2023) observed tropical maritime cold pools over the Philippine Sea and

South China Sea using dropsondes. To determine theoretical sonde-based propagation speeds,

pairs of sondes inside and outside of cold pools were used (Fig. 2.1c-d). Radar/satellite-based

propagation speeds were determined by manually tracking cold pool boundaries in NEXRAD
reflectivity (C’LOUD-Ex and BACS) or true color AHI imagery from Himawari-8 (CAMP2Ex)

(Fig. 2.2). Radar/satellite-based propagation speeds were also corrected for advection due to the

environmental wind.

The main conclusions of this study are:

e Sonde-based and radar-based propagation speeds of US High Plains cold pools are highly
correlated. For BACS (C*LOUD-EXx), ~69% (~84%) of the variance in radar-based
propagation speeds can be explained by EQ-RKWS88 (Fig. 2.3).

e Froude numbers found in this study are in keeping with past studies (Table 2.1 and Fig. 2.5).
A Froude number of ~0.9-1.2 may be preferable when applying EQ-RKW88 to US High
Plains cold pools.

e Theoretical sonde-based propagation speeds are insensitive to how the cold pool depth is

determined (Fig. 2.6). The insensitivity of sonde-based propagation speeds to changes in cold
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pool depth is due to cold pools usually having the preponderance of their negative buoyancy
near the surface.

e The infinite channel depth and incompressibility assumptions used to derive EQ-RKW88 can
result in increases in theoretical sonde-based propagation speeds of up to 20% and 11%,
respectively, for the cases analyzed here (Fig. 2.8). The infinite channel depth assumption is
more impactful than the incompressible assumption in EQ-RKW8S.

e Finally, within a single cold pool, theoretical sonde-based propagation speeds can vary by
~300% based on the timing and locations of sonde launches (Fig. 2.9), suggesting that sub-
mesoscale spatiotemporal variability could have an important influence on cold pool
propagation speeds.

There are several potential limitations to this study. The sample size of CAMP?Ex cold
pools was too small for statistical conclusions about Philippine Sea and South China Sea cold
pools to be drawn (see section 3¢). Radar/satellite-based propagation speeds are determined
subjectively, and an uncertainty of 2.2 m s™! in radar-based propagation speeds is estimated.
Analysis of error suggests this uncertainty may be insensitive to cold pool propagation speeds
(Fig. 2.4b). Cold pool soundings and environmental soundings were assumed to be
representative of conditions inside of cold pools and their surrounding environments,
respectively. As shown in Fig. 2.9, atmospheric variability within a cold pool and its surrounding
environment can be substantial, which introduces uncertainty in the representativeness of each
sonde. Some environmental sondes may have been influenced by nearby convection as well.
While different storm morphologies, cold pool ages, or colliding/non-colliding cold pools may
influence cold pool propagation speeds (see the last paragraph of section 2), we do not

distinguish between them. Factors such as surface drag and the downward transport of
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momentum in sheared environments are neglected in this study as they are not considered in EQ-
RKWS88 and difficult to estimate with observations. Surface drag will slow cold pools, while
downward momentum transport could increase or decrease cold pool propagation speeds.

The results presented here lead to several suggestions for both researchers and
forecasters. EQ-RKW88 appears to be appropriate to use when nowcasting, forecasting,
parameterizing, and/or modeling US High Plains cold pools. More observations are needed to
understand EQ-RKW88’s applicability in tropical oceanic and other environments, and to
understand how storm morphology, cold pool age, and cold pool mergers/collisions affect cold
pool propagation speeds. Future field campaigns should also aim to observe the impacts of sub-
mesoscale spatiotemporal variability on cold pool propagation. Objective methods for tracking
cold pools in both radar and satellite data would reduce uncertainty in propagation speeds and be
useful to compare to each other. An evaluation of the propagation speed equations used in this
study to cold pools in numerical simulations is another potential area for new research.

EQ-RKW8S8 and similar theoretical equations have been applied to cold pools for over 50
years. By using novel observations, this study confirms that EQ-RKW88 accurately
approximates the propagation speeds of midlatitude continental cold pools within current

estimates of error.

34



2.6 Tables and Figures

Table 2.1. Cold pool Froude numbers and propagation speeds from the published literature.

Propagation speed

Simulated or

Study Froude Number (ms™) observed Location
Farquharson (1937) 0.9 10 Observed Sudan

Charba (1974) 1.25 20 Observed Oklahoma
Goff (1976) N/A 8.1to 18.6 Observed Oklahoma
Wakimoto (1982) 0.71 t0 0.87 7 to 20 Observed linois
Droegemeier and

Wilhelmson (1987) 0.8to 1.6 6.9t023.4 Simulated Idealized
Intrieri et al. (1990) 0.43to 1.7 4.1to 15 Observed Colorado
Weckwerth and

Wakimoto (1992) N/A ~15 Observed Alabama
Lothon et al. (2011) 0.74 4.4t06.7 Observed Niger
Heinold et al. (2013) | N/A ~10 Simulated Mauritania
Grant and van den

Heever (2016) N/A 7.15 to 12.33 Simulated Idealized
Borque et al. (2020) | N/A 6.7 Observed Oklahoma
Luchetti et al. New Mexico
(2020a) N/A ~1 to ~15 Observed and Arizona
Wills et al. (2021) N/A 12.5t0 21.67 Observed Tropical Pacific
Simoes-Sousa et al.

(2022) N/A ~5to ~25 Observed Bay of Bengal
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Table 2.2. Logistical and sonde information for the C3LOUD-Ex, BACS, and CAMP?Ex field
campaigns. Note “SE-lines” refers to the lines connecting the starting and ending points.

Campaign Name C’LOUD-Ex BACS CAMP?Ex

N Colorado, S N Colorado,' USA .
. . (Central Plains Philippine Sea and

Location Wyoming, E Experimental South China S

Nebraska, USA Xperime ou fna sea
Range)

Dates July 2016, May- May-June 2022 August-October
June 2017 and 2023 2019

Mobile or Fixed Site Mobile (Minivans) | Fixed Site 1;/)101)116 (NASA P-

Sonde Type IM?t_l'Aan iMet-4 radiosondes Vaisala RD41
radiosondes dropsondes

# of sonde pairs analyzed | 15 16 5

# of cold pools analyzed 6 12 4

Median, max distance <1.16.7 <1.<1 49 4.78.6

between sonde pairs (km) T ’ T

Median, max fime 53 4 30,69 13,32

between sonde pairs (min)

Median, max distance

between environmental <1,8.1 1.1,1.9 35.9,50.0

sondes and SE-lines (km)

Median, max distance

between cold pool sondes <1,74 1.1,1.9 14.3,28.8

and SE-lines (km)

# of cold pools from

scattered, multicellular, 2,2,2 8,4,0 2,2,0

supercellular convection

# of cold pools dissipating
2 5 1

when sampled

# of cold pools which

merged with another 3 9 2

boundary
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Figure 2.1. Locations of C*)LOUD-Ex, BACS, and CAMP?Ex soundings used in this study
and example soundings from these midlatitude continental and tropical oceanic
environments. (a) Map of the US High Plains showing C*LOUD-Ex soundings (dark green
triangles) and the fixed site for all BACS soundings (the light orange circle). (b) Map of the
Philippines, the South China Sea, and the Philippine Sea showing CAMP?Ex soundings (blue
squares). In (a) and (b), the shading represents topography and population centers are indicated
(labeled black circles). (¢) Temperature (red, pink), dewpoint (green, lime), virtual potential
temperature (blue, sky-blue), cold pool depth (purple dashed lined), and a visual representation
of the integral in EQ-RKW88 (purple sharing) with height for the environmental sonde (darker
colors) and the cold pool sonde (lighter colors) of the CLOUD-Ex example sonde pair. (d) As in
(c) but for the CAMP?Ex example sonde pair. Note the axes limits differ between (c) and (d).
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a) C3LOUD-Ex Example Cold Pool
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Figure 2.2. Demonstration of how radar-based and satellite-based propagation speeds are

determined. (a) The pair of points used to determine Vol (red and orange star connected by red

dotted line) for the C’LOUD-Ex example sonde pair overlaid on NEXRAD reflectivity (color
shading) from KCYS. (¢) As in (a) but showing Vo (red vector), Vradar (Orange vector), and
Vwind (Magenta vector) for this sonde pair. (b,d) Analogous to (a,c) but for the CAMP?Ex
example sonde pair and Himawari 8 AHI visible imagery.

38



a) All Sonde Pairs ) b) Medians For Each Cold Pool

0 5 10 15 20 25 0 5 10 15 20 25

-1 -1
Cradar,satellite (ms™) Cradar,satellite (ms™)

. Best-Fit C3X _ Best-Fit Al Best-Fit C3X  Best-Fit Al
A ) _— _— A — —
C3X ©BACS =2 . 20745 CaX ©BACS =58 .
m G2X - - 1-1 Line o T PACS = G2X - <111 Ling — BESFiLBACS

Figure 2.3. High correlations between radar/satellite-based propagation speeds and sonde-
based propagation speeds for the US High Plains. (a) Scatterplot of sonde-based propagation
speeds versus radar/satellite-based propagation speeds for all C’LOUD-Ex (dark green triangles),
BACS (light orange circles), and CAMP?Ex (blue squares) sonde pairs with best-fit lines for
C3LOUD-Ex (dark green), BACS (light orange), and all points (black) along with a one-to-one
line (black dashed). Error bars indicate the 2.2 m s! uncertainty in radar/satellite-based
propagation speeds. (b) As in (a) but using median propagation speed values for each cold pool
plotted.
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Figure 2.4. Absolute error is insensitive to propagation speed, percent error decreases with
increasing propagation speed, and results are insensitive to jackknife resampling. (a)
Absolute error in sonde-based propagation speeds versus radar/satellite-derived propagation
speeds for all C’)LOUD-Ex (dark green triangles), BACS (light orange circles), and CAMP?Ex
(blue squares) sonde pairs. Error bars indicate the 2.2 m s! uncertainty in radar/satellite-based
propagation speeds and resulting uncertainty in absolute error. (b) As in (a) but plotting percent
error on the ordinate. (¢) Variance in radar/satellite-based propagation speeds explained by
sonde-based propagation speeds versus which sonde pair is removed during jackknife resampling
for all (black), C’LOUD-Ex (dark green), and BACS (light green) sonde pairs. (d) As in (¢) but
calculating statistics using the median propagation speed values for each cold pool and removing
cold pools during the jackknife resampling. In (c) and (d), the abscissa is in chronological order

and the 0 value on the abscissa represents no sondes pairs/cold pools being removed during
jackknife resampling.
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a) All Sonde Pairs b) Medians For Each Cold Pool
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Figure 2.5. Froude numbers are in keeping with theoretically expected values. (a) Scatterplot
of Froude numbers and cold pool depths for all C*LOUD-Ex (dark green triangles), BACS (light
orange circles), and CAMP2?Ex (blue squares) sonde pairs. Froude number of the square root of
two (infinite channel depth) and the inverse square root of two (channel depth of double the
current depth) are plotted as dashed and dotted lines, respectively. Error bars indicate the
uncertainty in Froude number given the 2.2 m s™! uncertainty in radar/satellite-based propagation
speeds. (b) As in (a) but plotting median values for each cold pool.
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Table 2.3. Description of the five different metrics for cold pool depth used in Figure 2.6.

Depth metric name

Description

Subjective

Described in section 3a

Buoyancy

Height where buoyancy first changes sign
from negative to positive

Temperature

Height where temperature perturbation first
changes sign from negative to positive

Direction

Lowest height where difference in wind
direction between environmental sonde and
cold pool sonde is less than 10°

Speed

Lowest height where magnitude of the
difference between the cold pool wind
vector and the environmental wind vector is
less than S5 m s™!
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Figure 2.6. The impacts of using various cold pool depth definitions. (a) Cold pool depth
versus sonde pair number when determining the cold pool depth subjectively (black), using
buoyancy (brown), using temperature (red), using wind direction (orange) and using wind speed
(yellow). Black dashed lines and text indicate which sonde pair number corresponds to which
campaign. (b) As in (a) but plotting sonde-based propagation speeds on the ordinate. In (a) and
(b) missing values indicate when a metric is unable to determine a cold pool depth for that sonde
pair. (c) Variance in radar/satellite-based propagation speeds explained by sonde-based
propagation speeds versus different methods of determining the cold pool depth for all (black),
C3LOUD-Ex (dark green), and BACS (light orange), sonde pairs (solid lines) and median
propagation speed values for each cold pool (dashed lines). (d) Profiles of normalized buoyancy
versus normalized height for all sonde pairs (light grey lines) and the mean profile for all sonde
pairs (thick black line).
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Figure 2.7. Soundings from example sonde pairs where the tropopause depth is known. (a)
Temperature (red, pink) and dewpoint (green, lime) with height for the environmental sonde
(darker colors) and the cold pool sonde (lighter colors) along with cold pool depth (purple dotted
line) and tropopause depth (blue dotted line) for the first example sonde pair. (b) As in (a) but for
the second example sonde pair.
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Figure 2.8. The impact of the incompressible and infinite channel depth assumptions on
propagation speeds. (a) Propagation speeds from EQ-RKW88, EQ-INC-FIN, and EQ-BROS
using H and p from both environmental sondes and ERAS (see legend) along with radar-based
propagation speeds (orange stars with 2.2 m s™! uncertainty) for the four sonde pairs with
environmental information to the tropopause. (b) The channel depth effect (light green
diamonds), compressibility effect (teal stars), and combined effect (purple circles) (see text for
definition of these effects) versus fractional depth for all sonde pairs using H and p from ERAS.
(c) Variance in radar/satellite-based propagation speeds explained by sonde-based propagation
using each different propagation speed equation with H and p from ERAS for C*’LOUD-Ex (dark
green), BACS (light orange), all (black) sonde pairs (solid lines) and median propagation speed

values for each cold pool (dashed lines).
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Figure 2.9. Sonde-based propagation speeds can vary due to sub-mesoscale spatiotemporal
variability. Scatterplot of sonde-based propagation speeds versus radar-based propagation
speeds for the 17 May 2017 cold pool when using the first environmental sonde (diamonds, EO1
or M02) or second environmental sonde (stars, E02 or M03) and the first cold pool sonde
(brown, E03 or M04), or the second cold pool sonde (orange, E04 or M05). Location of sonde
pair is indicated (E for Elbert van, M for Massive van), each sonde pair is labeled with the date
removed, and a one-to-one line is plotted (black dotted line). Error bars indicate the 2.2 m s°!
uncertainty in radar-based propagation speeds.
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Figure 2.10. Skew-T log-p diagram of the 20170607 cpl M10_MO7 sonde pair showing
temperature (environmental sonde red, cold pool sonde pink), dewpoint (environmental sonde
green, cold pool sonde lime), winds (environmental sonde black, cold pool sonde blue), the
buoyancy-based cold pool depth that was rejected (yellow dashed line), and the subjectively
chosen cold pool depth (purple dashed line).
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Figure 2.11. (a,b) As in Fig. 2.2a,c but showing all sets of starting and ending points chosen
during the experiment discussed in this section. (c,d) as in (a,b) but for the second case analyzed
(5 May 2017). (e,f) as in (a,b) but for the third case analyzed (17 July 2016).

48



Chapter 3: Haboobs on Slopes

3.1 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 (Heinold et al. 2013; Marsham et
al. 2013; Bergametti et al. 2017) and 30% in the southern Arabian Peninsula (Miller et al. 2008).
Understanding the processes influencing atmospheric dust loading is critical, since dust alters the
atmospheric radiative balance (Sokolik and Toon 1996; Slingo et al. 2006), serves as cloud
condensation nuclei and ice nuclei (DeMott et al. 2003; Field et al. 2006; Twohy et al. 2009;
Seigel et al. 2013), fertilizes the oceans and the Amazon rainforest (Martin et al. 1990; Babin et
al. 2004; Bristow et al. 2010), 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 (Neff et al. 2008; Mahowald et al. 2010; Munson et
al. 2011; Ginoux et al. 2012). Despite its importance, dust emission is not well represented in
weather and climate models (Knippertz and Todd 2012; Ansmann et al. 2017; Wu et al. 2020;
Kok et al. 2023), and the difficulties of accurately representing haboobs in such models may be a
large source of error (Walker et al. 2009; Pantillon et al. 2015, 2016; Saleeby et al. 2019;
Bukowski and van den Heever 2020).

Topography can impact haboobs and dust lofting. Haboobs — and dust emissions in

general — often occur in regions of complex topography such as northern Africa, the Arabian
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Peninsula, and the southwest United States (Adams and Comrie 1997; Tanaka and Chiba 2006;
Knippertz et al. 2007; Miller et al. 2008). The mountain-plain circulation in the Sahara driven by
the Atlas and Hoggar mountains is similar to Alpine-pumping (Lugauer et al. 2003; Flamant et
al. 2007). This pumping can initiate convection over high terrain, leading to the formation of
haboobs which accelerate downslope (Knippertz et al. 2007; Emmel et al. 2010). The Saharan
mountain-plain circulation can also redirect dust lofted by haboobs towards Iberia and lead to
further dust lofting (Dhital et al. 2022). Downslope windstorms have also 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. This aforementioned research on interactions between
topography, haboobs, and dust lofting has used data from observations or case study simulations.
While these are useful datasets, disentangling the impacts of topography on haboobs from other
factors such as synoptic forcing is not easily accomplished.

Topographic effects on cold pools more generally have been investigated using mostly
observational data or case study simulations. Cold pools in Arizona, New Mexico, and Colorado
have been shown to propagate more quickly downhill than uphill or over complex terrain
(Luchetti et al. 2020a,b). The ambient wind appears to influence the propagation speed of
Arizona cold pools (which propagated uphill), but not New Mexico (downhill propagating) or
Colorado (propagating over complex terrain) cold pools (Luchetti et al. 2020a,b). Simulations
have also shown that the terrain can slow (Liu et al. 2022) or even block (Mulholland et al. 2019)
cold pools. Johnson et al. (2014) simulated a cold pool over the Colorado Rocky Mountains and

noted hydraulic jumps on the lee side of ridgelines. Furthermore, laboratory tank density current
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experiments have shown that density currents behave differently on slopes compared to flat
surfaces (Simpson 1997). Compared to a flat surface, density currents propagate faster
downslope (Dai et al. 2012; Dai and Huang 2016; He et al. 2017) and density currents moving
upslope become vertically thinner and move slower (Marleau et al. 2014; Lombardi et al. 2015;
De Falco et al. 2020).

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, propagated slower (as shown by earlier
studies such as Straka et al. (1993) and Grant and van den Heever (2016)), and lofted less dust.
Greater sensible heat fluxes similarly also led to faster dissipating and slower haboobs in keeping
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 and dustier haboobs, while
absorption of longwave radiation at night caused warmer haboobs. However, the stable nocturnal
surface layer caused increased haboob propagation speeds, in keeping with previous theoretical
investigations of the impacts of stable layers on density currents (Liu and Moncrieff 2000; Seigel
and 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
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soil moisture on haboobs. They found the most important of these factors were the initial
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 — such as roughness,
albedo, and evapotranspiration — are all dependent on vegetation type. Finally, the erodible
surface fraction can also influence dust emissions (Walker et al. 2009; Saleeby et al. 2019), and
could in turn impact haboob propagation via radiative effects.

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 and dust-radiative effects. Given that 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 impacts. Dust-radiative effects are also
examined, since BvdH21 showed that these factors influence haboob propagation and dust
lofting. To achieve our objective, we run a suite of 40 idealized haboob simulations where
topographic slope, surface roughness, and aerosol-radiative effects are independently and
simultaneously varied. In contrast to many previous studies which have used observational data
or case study simulations, this suite of idealized simulations allows for the impacts of
topographic slope, surface roughness, and aerosol-radiative effects to be more clearly
disentangled from each other, thereby removing potentially confounding factors (e.g. synoptic
forcing). A unique algorithm is developed to track the boundaries of haboobs and determine
propagation speeds. The simulations are analyzed to understand how and why the chosen factors

(slope, roughness, and aerosol-radiative effects) impact haboob propagation and dust lofting. Our
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findings shed new light on fundamental haboobs processes and should be useful in improving the

representation of haboobs and associated dust lofting in forecast and climate models.

3.2 Methods
3.2.1 Model Setup

The suite of idealized simulations is run using the Regional Atmospheric Modeling
System (RAMS) version 6.3.02 (Pielke et al. 1992; Cotton et al. 2003; Saleeby and 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 represent haboob processes in conditions broadly representative of
haboob environments. As such, we conduct idealized simulations of haboobs, as opposed to
specific case studies, which allows us to more easily isolate and hence disentangle the effects we
are interested in, as well as draw more generalized conclusions about haboob processes. To
simplify the analysis, simulations are run without moisture or microphysics. Horizontal (vertical)
grid spacings of 100 m and (50 m) are used as previous studies have shown such grid spacings
are needed to accurately simulate cold pools and their interactions with the surface (Grant and
van den Heever 2016; Hirt et al. 2020; Fiévet et al. 2023). Terrain-following sigma coordinates
are used for the vertical coordinate system. The vertical grid spacing is constant and not stretched
over flat terrain. In simulations with sloped topography, the vertical grid spacing varies between
29 m and 50 m based on both the height of the topography and the height above ground level.
The idealized model domain is 80 x 160 x 10 km in the zonal, meridional, and vertical directions,
respectively. Cyclic lateral boundaries are used. A damping layer is applied near the rigid model
top to prevent the reflection of gravity waves. The topography varies only in the meridional

direction. The southern half of the domain slopes linearly upwards to a peak in the meridional
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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 3.1a). The topographic slopes
tested are discussed further in section 2.3.

Radiative tendencies are updated either every 10 min or every 1 min (see section 2.3 for
further details). 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; Stokowski 2005). The settings for these parameters are chosen to be
representative of daytime haboobs occurring in the southwestern United States (Table 3.1)
(Adams and Comrie 1997). 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 use 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. Subgrid turbulence is parameterized
following Smagorinsky (1963) with modifications from Lilly (1962) and Hill (1974). No
aerosols other than dust are included. No Coriolis force is applied as it would have little effect
given the short duration of these simulations. A full summary of the model settings is provided in
Table 3.1.

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. This follows the approach of BvdH22. Simulations are initialized in the
spin-up phase with a horizontally homogeneous atmospheric sounding with zero winds and a

constant Brunt-Viisiléd frequency of 0.005 s'!. These weak statically stable conditions are used to
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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 1000 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/surroundings in isolation
(Benjamin 1968). Thus, while 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 have led to similar results.

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. Simulations are
integrated for 90 minutes during the spin-up phase. After the spin-up phase is completed, the
simulations are restarted with one dome-like cold bubble added to both the southern and northern
halves of the domain. Each of these two cold bubbles has a horizontal radius of 6000 m, a
vertical radius of 4000 m, is cosine smoothed, and is centered in its respective domain half
(Figure 3.1a-b). These initial cold bubbles are also centered at the surface (i.e. the bubble is a
dome extending to 4 km above 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 start of the analysis phase.

3.2.2 Dust Emission
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Dust mass flux from the surface F, in RAMS is parameterized (Smith 2007; Seigel and

van den Heever 2012a; Saleeby and van den Heever 2013) based on the GOCART scheme
(Ginoux et al. 2001), where

2 * *
Fp — {EZOCSpuh(uh - ut,wet)r Up > ut,wet (31)

0, up < Ui et
In Equation 3.1, E,o, C, sp, , and U, are constants described as follows. The erodible surface
fraction E,, is calculated following Pierre et al. (2012) and reduces dust emissions with an
increasing vegetation roughness length. In this study, E,, is always 1 since the soil roughness,
and not the vegetation roughness, is varied in the sensitivity experiments. A constant dust scaling
factor C of 1.153 X 10716 g s2 cm™5 is used to scale emissions to a global annual value of 1851
Tg (Ginoux et al. 2001; Saleeby and van den Heever 2013). Dust mass flux is calculated
separately for seven radius bins p, and these are ultimately converted to a submicron bin and a
supermicron bin which RAMS tracks. The constant factor s,, is chosen such that ~10% (~90%)
of lofted dust mass is in the submicron (supermicron) bin (Tegen and Fung 1994; Seigel and van
den Heever 2012a). The threshold friction velocity u; e, is calculated following Marticorena
and Bergametti (1995) with an adjustment for soil moisture by Fécan et al. (1999). Simulations
in this study are dry, so ug .. is constant for each of the bins. The only variable in Equation 3.1
is the 10 m wind speed u;, which is calculated by assuming a logarithmic wind profile from the
wind speed at the lowest model level. Importantly, RAMS assumes a constant roughness length
of 0.05 m when calculating u;. This means that over surfaces with roughness lengths greater
(less) than 0.05 m, values ofu;, and diagnosed dust fluxes will be higher (lower) than if the
roughness length used in other parts of the model were used to calculate u;,. Given this

setup,F, only varies with u,,. Dry deposition of dust is enabled. Readers interested in further
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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 3.1, which shows the
output from an example simulation. Most of the dust mass is at the leading edges of the haboobs
(Figure 3.1c-d). This is due to the fastest wind speeds being located at the leading edges of the

haboobs (not shown).

3.2.3 Sensitivity Experiments

All combinations of five topographic slopes, four surface roughness lengths, and two
aerosol-radiative settings are tested giving a total of 40 simulations. The five different
topographic slopes are grades of 0% (i.e. flat ground), 1%, 2%, 3%, and 5% (hereafter named
SLOPE-0, SLOPE-1, SLOPE-2, SLOPE-3, and SLOPE-5 respectively). For example, Figure
3.1a shows topography with a grade of 2% (SLOPE-2) where the terrain rises 1.6 km over a
horizonal distance of 80 km. These slopes were chosen based on analysis of topography in the
southwestern United States. The Summit of Brown’s Peak in Arizona to the confluence of the
Salt River and Verde River has a point-to-point slope of ~5.28%. However, this is only over a
horizontal distance of 35.5 km and not 80 km. SLOPE-5 is included here an extreme case but is
within the realm of slopes that exist over shorter horizontal scales. SLOPE-3 is chosen since the
Summit of Mount Lemmon to the Gila River in Cochran, AZ has a point-to-point slope of
~2.76% over a horizontal distance of 82.6 km. SLOPE-2 and SLOPE-1 are tested to represent
gentler and less extreme topographic slopes. The flat ground SLOPE-0 serves as the control.

As discussed previously, two dome-like cold bubbles are initially centered on the

northern and southern halves of the domain in each simulation. In our analysis, the northern and
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southern domain halves of each simulation 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 lower at higher elevations but the latent cooling
required to produce the initial bubbles is being held constant, the northern cold bubbles become
slightly colder as the topographic slope increases. The northern cold bubbles are included to test
the effects of this alternative setup. The northern haboobs do propagate slightly faster and loft a
little more dust than their southern counterparts due to being slightly colder (not shown).
However, the northern haboobs produce broadly similar results to the southern haboobs, so
northern haboob results are not shown, other than in Figures 3.1 and 3.2.

The four surface roughness lengths tested are 0.001 m, 0.034 m, 0.066 m, 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). BvdH22 found that the
impact of vegetation type on haboobs was dominated by changes in roughness but complicated
by changes in other factors such as albedo or the erodible surface fraction. Hence, in this study,
only the soil roughness is varied, and other factors including the erodible surface fraction and
albedo are held constant to isolate the impact of roughness on haboobs. Greater roughness will
lead to a greater downward transport of momentum at the surface, in turn causing greater
sensible and latent heat fluxes (BvdH22).

Simulations are run with both radiatively interactive dust (DUSTRAD-ON) and

radiatively inert dust (DUSTRAD-OFF). Dust has a complex index of refraction of 1.53+0.0031,
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based on observations by Haywood et al. (2003) and testing of the RAMS dust-radiation scheme
by Stokowski (2005). Radiative tendencies are updated every 1 min in the analysis phase of
DUSTRAD-ON simulations. For computational expediency, radiative tendencies are updated
every 10 min in the spin-up phase of all simulations and in the analysis phase of DUSTRAD-
OFF simulations. A DUSTRAD-OFF simulation was simulated with radiative tendencies
updated every 1 min and was found to be nearly identical to a simulation with tendencies
updated every 10 min (not shown). The simulations are named using their topographic slope,
surface roughness length, and dust-radiation setting. For example, the SLOPE-2 ROUGH-

034 DUSTRAD-ON simulation shown in Figure 3.1 has a 2% topographic slope, a 0.034 m

surface roughness length, and uses radiatively interactive dust.

3.2.4 Analysis Approach

An algorithm was developed to track the boundaries of the haboobs in time, thereby
objectively determining propagation speeds. For each haboob, this algorithm first determines the
25 m AGL potential temperature perturbation 8’, converts 8’ to polar coordinates centered in the
middle of the haboob, and smooths 8’ to 6;,,,,,:,- Haboob boundary points b are then
determined by applying a —0.5 K temperature threshold to 84,0t TWO checks are used to
identify and remove any “lost haboob boundary points” which are points of boundary layer
turbulence that the algorithm identifies as the haboob boundary. Finally, radial interpolation of
the remaining haboob boundary points is performed to recover values for the lost haboob
boundary points. The algorithm is described in detail in the following section. For a given time t
and angle ¢, the vector b yields an (x, y) coordinate pair. Note ¢ = 0 points east and ¢

increases moving counterclockwise around haboobs (Figure 3.1c). The haboob tracking
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algorithm uses 1588 angles in polar coordinates, so at each time, 1588 haboob boundary points
are identified for each haboob. Haboob boundary points are shown for the example haboobs
demonstrated in Figure 3.1b,c. 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 3.2a. Haboobs accelerate for the first ~10 min of simulations and then begin to
decelerate. Figure 3.2b shows the percentage of lost haboob boundary points that must be
recovered by radial interpolation. Haboob boundaries are not tracked after 30 min, as the number
of lost haboob boundary points increases substantially after ~25 min due to the dissipation of the
simulated haboobs. In all subsequent figures, haboob propagation speeds v(¢) are always

calculated by taking the mean propagation speed between 10 min and 30 min:

__Ib(30 min,¢)—b(10 min,$)||
- 20 min ’

v(¢)

(3.2).

Thus, v(¢) represents the mean propagation speed of haboobs after their initial
acceleration but before they have dissipated to the point of becoming difficult to identify and
track. Results are not sensitive to the starting time chosen for v(¢). When v(¢) is recalculated
using a starting time of 15 min (not shown), haboob propagation speeds decrease, but the trends
in haboob propagation speeds with changing slope, roughness, and dust-radiative interactions are
mostly unchanged.

Identifying the haboob boundary points allows for the identification of model gridpoints
located within specific regions of haboobs. Figure 3.1e,f shows 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 inside of a haboob. Additionally, it is
sometimes useful to add an additional 1 km buffer when looking at points within haboobs since

some dust is slightly ahead of our thermodynamically defined haboob boundary. These 1 km
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buffers are also shown in Figure 3.1e,f. The internal haboob regions are determined for every
haboob at every output time between 1 min and 30 min (i.e. when haboob boundary points can

be identified).

3.2.5 Tracking Algorithm

The algorithm which tracks haboob boundaries in time is described as follows. The
algorithm begins by reading in potential temperature data (¢, x, y) that has been interpolated to
25 m AGL. The three rows/columns of points nearest to the lateral boundaries of the domain are
removed, as these points are repeated to facilitate periodic boundaries in RAMS. Hence, x runs
from 0 to 793 and y runs from 0 to 1593. The temporal dimension is represented by t.

The algorithm determines a base state for 6 in the following way. First, 8 is calculated

for a given t and y as

6(t,0,y)+---+6(t,14,y)+6(t,779,y)+---+60(t,793,y)
30 ’

6:(t,y) = (3.3)

By taking a mean of 15 points near each of the east and west boundaries, 8, is not influenced by
the haboobs. For the 0% topographic slope simulations, the base state potential temperature does

not vary with y and is simply calculated as the mean of 8, over all y points:

Oriac(t) = ——3Y15%6,(t,y) . (3.4)

1594

This is similar to how BvdH22 calculated base state potential temperature. On sloped terrain, 6,

varies with y, so a mirrored base state is desirable. Thus we define
0,(t,y") =5 [0:(t,y") + 0. (, 1593 — y)] (3.5)
where y' runs from 0 to 796 instead of 0 to 1593. Next, for each output time, 85 is defined by

fitting a cubic polynomial to 8, in y, which smooths out the remaining noise. A cubic fit was
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used because a linear fit and a quadratic fit were determined to produce excessive smoothing. For

sloped terrain, the base state potential temperature is

(85t ¥ <796
Hsloped (t' y) - {03(1:, 1593 — y), y > 796 (36)
Finally, the potential temperature perturbation is defined as
o(t,x,y) —0 t), slope = 0%
0'(t,x,y) = {9 (£:2,y) ~ Bpiarlt), slov S (3.7)
(t: X, y) - esloped(t; y)' Slope > 0%

Once 6’ has been determined, the next step in the algorithm is to find the haboob
boundary points. Since there are two haboobs in the model domain, the southern half of the
domain and the northern half of the domain are hereafter considered separately. The process for
each domain-half is analogous and is described as follows. For either half of the domain, 8’ is
converted to polar coordinates with radius r and angle ¢. Note ¢ = 0 points east and ¢ increases
when moving counterclockwise around haboobs (Figure 3.1c). The number of angles used is
1588, as the python package used to perform the polar transformation determines this is the
smallest number of angles for which no information is lost during the transformation. The origin
of the polar coordinates used corresponds to the center of the half of the domain being
considered. The origin also corresponds to the center of the initial cold bubble and subsequent
haboob. Next, 8’ is smoothed in the angular dimension using a triangular weighting function
spanning ~6.8°. This smoothing likely removes some of the lobe and cleft instabilities along the
boundary of the haboob. However, the smoothing removes much of the noise in the boundary
layer surrounding the haboob, and thus makes false detections of the haboob boundary much less
frequent. Haboob boundary points can be identified from the new 0¢,,,,,.5, field. The haboob

boundary point § at a given angle ¢ and time t is found via

Bt @) = max{r : Ogpooen (t,7,¢) < —0.5K}. (3.8)

62



The haboob boundary points are next quality controlled to ensure they are accurately
tracking the haboob boundary. Since haboobs expand radially, values of [ are flagged as invalid
if B decreases with time. Haboob boundary points which are flagged as invalid are referred to as
“lost haboob boundary points”. A “jump threshold” is next implemented. If a haboob boundary
point moves on average faster than 50 m s™! between two times, then the value of B is flagged as
invalid at the latter time. This jump threshold helps remove haboob boundary points which
accidentally identified boundary layer turbulence ahead of the haboob instead of the haboob
boundary. Since this misidentified turbulence is often well ahead of the haboob, such haboob
boundary points jump an unrealistic distance from one time to another and are thus caught by the
jump threshold. Note from Figure 3.2a that mean haboob propagation speeds do not exceed 12 m
s, so the jump threshold is sufficiently high enough to prevent accidentally removing haboob
boundary points which are moving at a realistic speed. A final quality control is implemented as

follows. For 8 at time t and angle ¢, where ¢, is the angle immediately prior to ¢, if

B(t, d1) — B (L, o) > 375[‘/73(’5' $o)(1 — cos(¢p; — ¢o))] (3.9)
then S(t, ¢,) is flagged as invalid. This final check catches haboob boundary points which have
much greater radii compared to neighboring haboob boundary points. As with the jump threshold
check, this catches haboob boundary points that misidentified boundary layer turbulence as the
haboob boundary. The factor of 375 used in Equation 3.9 was chosen after much trial and error.
Finally, at every time, £ is linearly interpolated in the angular dimension to recover lost
haboob boundary points created through the quality control process. These interpolated haboob
boundary points are then converted back into Cartesian coordinates. The interpolated Cartesian
haboob boundary points are represented by b. For a given t and ¢, b yields a two-dimensional

vector in x and y.
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3.3 Results
3.3.1 Haboobs on Flat Terrain

We first investigate how the daytime haboobs in our simulations are impacted by surface
roughness and dust-radiation interactions on flat terrain before considering their behavior on
sloped terrain. As a reminder, all results in the main text of this paper are for the southern
haboobs, since the northern haboobs give qualitatively similar results. Figure 3.3a demonstrates
the mean and standard deviation propagation speeds for haboobs on flat terrain. The mean and
standard deviation are taken over all angles ¢ (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 m to 0.034 m slows these
haboobs down by ~0.75 m s! (~10%), but subsequent increases in surface roughness produce
smaller decreases in propagation speeds (Figure 3.3a). 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 3.3b). So, higher surface roughnesses causes haboobs
to dissipate faster — and thus propagate slower — than lower surface roughnesses (Figure 3.3d).
Additionally, increased surface roughness leads to greater surface drag on the haboobs which
also reduces propagation speeds (Figure 3.3c). Several previous studies have similarly shown
increased surface roughness/sensible heat flux leading to faster dissipation of haboobs/cold pools
on flat terrain (Gentine et al. 2016; Grant and van den Heever 2016, 2018; Huang et al. 2018;

Bukowski and van den Heever 2022).
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Dust-radiative interactions have a negligible effect on the propagation speeds of the flat
terrain haboobs simulated here (Figure 3.3a), contrary to the findings of BvdH21. As BvdH21
simulated haboobs that lived through both daylight and nighttime hours, and as our simulations
here are representative of haboobs from short-lived convection, it seems reasonable to speculate
that dust-radiative interactions become more important as haboobs are longer lived and traverse
the diurnal cycle. It appears that it requires several hours for the effect of dust on radiative
heating rates to become cumulatively large enough to impact haboob propagation speeds in a
meaningful manner.

We now investigate the dust lofted by the passage of haboobs in the flat terrain
simulations. Total dust mass initially increases rapidly with time and then asymptotes between
30-90 min for haboobs on flat terrain (Figure 3.4a). This behavior suggests that dust lofting
mostly ceases once haboobs have dissipated after ~30 min, and that the dry deposition of dust is
minimal. H18 also argued that the deposition of dust should be minimal in haboob simulations
lasting <6 h, 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 function of surface type, erodible surface fraction, soil moisture, etc. Wind
speeds at 25 m AGL are minimally impacted by dust-radiative interactions and decrease with
increasing surface roughness (Figure 3.4b). It follows that dust-radiative interactions have a
minimal impact on the total lofted dust mass, while increased roughness decreases the total mass
of dust lofted (Figure 3.4a). The total dust mass is approximately halved between ROUGH-001
and ROUGH-100 in the SLOPE-0_DUSTRAD-OFF simulations (Figure 3.4a). Taken together,

Figures 3.3 and 3.4 show that increased surface roughness alone can decrease haboob dust
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lofting via faster haboob dissipation and increased surface drag. Note that if the erodible surface
fraction was allowed to vary due to surface roughness, then the impact of roughness would likely
be even more pronounced.

BvdH22 and H18 conducted somewhat similar tests regarding dust lofting, surface
roughness, and 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 near-surface winds produced in association with stronger 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 towards the surface is increased, leading to stronger
low-level wind 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. Hence, H18 did not consider the effects of increased drag on
haboob dust lofting. Second, H18 used constant, prescribed sensible heat fluxes while 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
significantly 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 between turbulence in 3D and 2D could be playing a role

as well. We now proceed to investigate the effects of topographic slope on haboobs.
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3.3.2 Haboobs on Sloped Terrain

In this section we first investigate the effect of sloped terrain on daytime haboobs in the
DUSTRAD-OFF simulations, i.e., those simulations in which radiation is not allowed to interact
with the dust. 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 3.5a shows mean and standard deviation propagation speeds v(¢), where the mean and
standard deviation are taken for angles between 180° and 0° i.e., the downslope sides of haboobs
(Figure 3.1c¢). Figure 3.5c analogously shows mean and standard deviation propagation speeds
for the upslope sides of haboobs (i.e. for angles between 0° and 180°). The results show that as
the topographic slope increases, downslope haboob propagation speeds decrease while upslope
haboob propagation speeds are mostly unchanged (Figure 3.5a,c). 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; Marleau et al. 2014; Luchetti et al. 2020a,b). The
difference in our simulation results is due to the presence of an anabatic wind.

An upslope anabatic wind forms during the spin-up phase of our simulations. The
development of anabatic winds in response to the daytime heating of topographic slopes is
frequently observed and in keeping with mountain valley circulation theories (e.g. Defant 1951).
Figure 3.6a 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, while the anabatic winds form because of the heating of the sloped surfaces, they are not
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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 anabatic wind speed increases as topographic slope is increased (Figure 3.6a). 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 less steep slopes (not shown). 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
3.6a), indicating that the effect of increased sensible heat fluxes outweighs the effect of increased
drag. There may also be a self-exciting component to the anabatic wind speeds detailed as
follows. As increased slope or roughness causes the anabatic wind speed to increase, these
greater wind speeds will drive higher sensible heat flux, which drives more heating, which drives
an even faster anabatic wind speed.

Figure 3.5b (3.5d) shows the downslope (upslope) haboob propagation speeds relative to
the anabatic wind speeds, i.e., the anabatic wind speeds have been added (subtracted) from the
propagation speeds shown in Figure 3.5a (3.5¢). 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 shown in Figure 3.5b,d 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 are
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more in keeping with findings of past research (Dai et al. 2012; Marleau et al. 2014; Luchetti et
al. 2020a,b). While previous studies have disagreed about the influence of ambient winds on cold
pool propagation speeds (Luchetti et al. 2020a,b), here the ambient anabatic wind plays an
important role in altering the propagation speeds.

Even after accounting for the anabatic wind speeds, downslope haboob propagation
speeds do not seem to meaningfully increase on steeper slopes (Figure 3.5b). To ensure that this
relationship is not a result of shortfalls in our simulation setup or analysis, several simplified
slope simulations were conducted with no spin-up, the parameterized radiation turned entirely
off, and a free-slip surface (not shown). We find that no anabatic wind forms due to the lack of
sensible heat fluxes in these simplified simulations. Accordingly, haboobs are observed to
propagate progressively faster downslope and slower upslope with increasing slope than they do
on flat terrain in these simplified simulations. Our model setup and analysis produce results that
are therefore in keeping with traditional theory. The simplified 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 3.6b). Hence, as the haboobs are warmed, the
magnitude of the haboob temperature perturbations decreases, and the haboobs slow down
(Figure 3.6d). This more rapid dissipation of haboobs on increasingly sloped terrain explains
why there is not a clear increase in downslope propagation speeds when adjusting for the
anabatic wind speed (Figure 3.5b).

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
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simulations (Figure 3.7a), which is expected because the SLOPE-0 simulations do not produce
anabatic winds nor dust lofting far from the haboobs. We add a 1 km buffer around haboobs
when determining the in-haboob dust mass (see Figure 3.1e-f for an example). Without this 1 km
buffer, the in-haboob dust mass is noticeably less than the total dust mass for flat ground
simulations (not shown). This suggests that some dust is located slightly ahead of the haboob
boundary, perhaps because the —0.5 K threshold used to detect haboob boundary points is
slightly too restrictive and/or because some of the winds associated with haboobs are ahead of
their temperature deficits. Previous studies have shown that winds associated with cold pools can
occur ahead of drops in temperature (Byers and Braham 1949; Drager and van den Heever 2017;
van den Heever et al. 2021; Wills et al. 2023). Regardless, as topographic slope increases, the
total dust mass is increasingly greater than the in-haboob dust mass (Figure 3.7a). The only other
possible source of this dust lofting found outside of the haboobs in this experiment setup is the
anabatic wind. Note that previous studies have also shown that upslope and downslope winds
can contribute to dust emissions (Pokharel et al. 2017; Dhital et al. 2022).

After 90 min, the increase in dust lofting due to increasingly sloped terrain is more
pronounced than at 30 min. As haboobs have almost entirely dissipated by 90 min, we only
examine the total dust mass at this time. There is approximately 1.5 to 4.5 times more dust mass
in the SLOPE-5 simulations than the SLOPE-0 simulations depending on the surface roughness
(Figure 3.7b). Figure 3.4 indicated that on flat ground most haboob dust lofting occurs during the
first 30 minutes of their lifetimes. Hence, most of the difference in total dust mass between 90
min (Figure 3.7b) and 30 min (Figure 3.7a) is due to the anabatic wind. For the SLOPE-5
simulations, the effect of the anabatic wind is so pronounced that the total dust mass increases as

the surface roughness increases (Figure 3.7b). Hence, as surface roughness is increased on the

70



most extreme topographic slope, enhanced dust lofting from the larger anabatic wind speed more
than 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 3.6a).

The impact of dust-radiative interactions on haboob propagation speeds and dust mass
remains small when considering increasingly sloped terrain (not shown). We reiterate our
speculation that dust-radiative interactions would become more impactful for longer-lived
haboobs. The overall results of the suite of sensitivity experiments are summarized in Figures 3.8

and 3.9.

3.4  Conclusions

Haboobs are a major contributor to dust emissions in many regions (Heinold et al. 2013;
Marsham et al. 2013; Bergametti et al. 2017). 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 commonly occur in regions of
steeply sloped topography (Adams and Comrie 1997; Knippertz et al. 2007; Miller et al. 2008),
but the impact of topographic slope on haboobs — and cold pools in general — 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,
along with how these impacts are modulated by surface roughness and dust-radiation
interactions. Surface roughness was tested as BvdH22 found it difficult to disentangle the effects

of surface roughness on haboob propagation and dust lofting from the effects of vegetation type.
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Dust-radiation interactions were tested as BvdH21 also demonstrated they influence haboob
propagation and dust lofting.

A suite of 40 dry, high-resolution idealized simulations was conducted using the
Regional Atmospheric Modeling System (RAMS). These simulations test all combinations of
five topographic slopes (0%, 1%, 2%, 3%, 5%, based on analysis of topography in the
southwestern United States), four surface roughness lengths (0.001 m, 0.034 m, 0.066 m, 0.100
m, based on vegetation tested by BvdH22), and two dust-radiation settings (radiatively inactive
and radiatively active dust). Haboobs were initiated by adding cold bubbles to simulations after
an initial 90-minute period of boundary layer spin-up was performed. To distinguish the haboobs
from their surroundings and calculate haboob propagation speeds, the leading edges of the
haboobs were identified and tracked in time (Figure 3.1b,c).

¢ On flat ground, increasing surface roughness decreases haboob propagation speeds and
reduces the total mass of dust lofted by haboobs (Figures 3.3, 3.4, and 3.9¢e-f).

e As the topographic slope becomes steeper, the ground-relative downslope propagation
speed of haboobs decreases, while the upslope propagation speed is mostly unchanged
(Figures 3.5a,c, 3.9). These changes — or lack thereof — are driven primarily by the
development of an anabatic wind and the changes in its speed which arise due to the
sloped topography and heating from solar radiation (Figure 3.6a). 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 (Figure 3.5b,d).

e As the topographic slope becomes steeper, dust lofting by anabatic winds causes the total

mass of dust lofted into the atmosphere to increase (Figures 3.7, 3.9).
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e Aecrosol-radiative impacts on haboob propagation and dust lofting are small compared to
the impacts of surface roughness and topographic slope. This result stands in contrast to
BvdH21 and is mostly likely because BvdH21 focused on long-lived haboobs while this

study focused on haboobs with lifespans of ~30 min.

The results of this study 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. Over complex topography the misrepresentation of anabatic winds and
their interactions with haboobs may be a source of error in forecast models due to the difficulties
in accurately representing such topography in forecast models, primarily around grid resolution.
Similarly, climate model parameterization of cold pools (e.g. Rooney et al. 2022) should include
such interactions to potentially reduce errors in the amount of dust lofted by haboobs. We hope
that the results of this study can be used to improve the representation of interactions between
haboobs and anabatic winds in both small- and large-scale models.

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 that katabatic winds flow downslope at
night, and that nocturnal stratification 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. As this study found a counterintuitive result — that haboobs
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propagate slower downslope than they propagate upslope — 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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Figure 3.1. Model domain, topography setup, and output. All data in this figure are plotted for
the SLOPE-2 ROUGH-034 DUSTRAD-ON 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?) at 30 min; (¢) identified haboob

regions at 1 min; and (f) as in (e) but at 30 min. Also indicated in (c) are the angles (¢) used in
the haboob tracking algorithm.
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Table 3.1. 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, 1600, 200

dx, dy, dz 100, 100, 50 m

dt 0.5s

Central latitude and longitude 323N, 111.0 W

Data output frequency 1 min

Lateral boundary condition Cyclic

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 2K

lowest atmospheric level

Soil moisture None
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Figure 3.2: Haboobs begin to decelerate after ~10 minutes and become difficult to track ~30
minutes. (a) Timeseries 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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Figure 3.3: Haboobs on flat terrain are slowed by increasing surface roughness and are
mostly unaffected by dust-radiative interactions. All data in this figure are from SLOPE-0
simulations. (a) Haboob propagation speeds as a function of surface roughness for DUSTRAD-
OFF simulations (filled circles) and DUSTRAD-ON simulations (hollow circles). In (a) circles
(error bars) represent mean (standard deviation) propagation speeds over all haboob boundary
points. (b) Timeseries of in-haboob mean surface sensible heat flux for different surface
roughnesses (line colors) and dust-radiation settings (line styles). (c) as in (b) but for the
horizontal momentum flux. (d) as in (b) but for the 25 m AGL potential temperature

perturbation.
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Figure 3.4: For haboobs on flat terrain, increased surface roughness decreases the total dust
mass while dust-radiative interactions weakly increase total dust mass. (a) Timeseries of
total dust mass for SLOPE-0 simulations, surface roughness is indicated by line color and the
dust-radiative interaction setting is indicated by line style. (b) Probability density function of 25
m AGL wind speed in SLOPE-0 simulations.
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Figure 3.6: Increasing topographic slope and surface roughness lead to increased anabatic
wind speeds, in haboob surface sensible heat fluxes, and haboob dissipation. All data in this
figure are from DUSTRAD-OFF simulations. (a) Mean 25 m AGL meridional wind speed at the
time cold bubbles are initiated as a function of topographic slope for different surface
roughnesses (line colors). (b) Mean sensible heat flux between 10 min and 30 min for the
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horizontal momentum flux. (d) as in (b) but for 25 m AGL potential temperature perturbation.
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(a) but only for total dust mass at 90 min. Note the vertical scale differs between (a) and (b).
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Figure 3.8: Summary of changes in propagation speeds and lofted dust mass with surface
roughness and topographic slope. All data in this figure are from DUSTRAD-OFF
simulations. (a) Percent difference in mean downslope propagation speed from the SLOPE-

0 _ROUGH-001_ DUSTRAD-OFF 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.
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Figure 3.9: Schematic summary demonstrating the impacts of topographic slope, surface
roughness, and dust-radiative interactions on haboobs. 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, while dust clouds outside of
haboobs are indicative of dust lofted by anabatic winds.
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Chapter 4: Cold Pools Disaggregate Convection over Heterogeneous Surfaces

4.1 Introduction

Anthropogenic deforestation in rainforests such as the Amazon creates a heterogeneous
land surface. Such heterogeneities can drive mesoscale circulations and impact the distribution of
convective clouds and rainfall (Souza et al. 2000; Durieux et al. 2003; Chagnon et al. 2004;
Wang et al. 2009). When land surfaces with different properties are adjacent on the mesoscale,
studies have shown that moist convection is often favored over warmer and drier surfaces
compared to nearby cooler and moister surfaces (Rabin et al. 1990; Mascart et al. 1991; Chagnon
et al. 2004; Taylor et al. 2012). However, environmental factors such as low-level humidity or
wind direction can sometimes cause this relationship to reverse (Findell and Eltahir 2003a,b).
Enhanced convective activity over warm/dry surfaces has been attributed to mesoscale
solenoidal circulations driven by surface heterogeneity (hereafter simply solenoidal circulations).
These circulations flow at low-levels from cool/moist regions into warm/dry regions, ascend in
warm/dry regions, and then return towards cool/moist regions at higher levels. Ascent from
solenoidal circulations can initiate convection in warm/dry regions. (Mascart et al. 1991; Chen
and Avissar 1994; Hong et al. 1995; Cheng and Cotton 2004; Cioni and Hohenegger 2018;
Branch and Wulfmeyer 2019). Garcia-Carreras et al. (2011) investigated the mechanisms by
which vegetation-induced solenoidal circulations in a tropical continental environment influence
cloud formation in detail. They demonstrate that solenoidal circulations can initiate convection at
their edges by both lifting air and also creating a favorable thermodynamic environment.
Collisions between solenoidal circulations can also initiate convection (Lynn et al. 1998; Rieck

et al. 2014).
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Similar to heterogeneous land surfaces, convective cold pools create regions that are
favorable for the initiation of new convective storms and regions where convection initiation is
suppressed. Studies as early as Byers and Braham (1949) have noted that moist convection can
be inhibited in the interiors of cold pools. On the other hand, cold pools initiate new storms at
their edges through the same mechanisms that solenoidal circulations do: mechanical lifting,
creating favorable thermodynamics, and collisions (Purdom 1976; Weaver and Nelson 1982;
Tompkins 2001; Torri et al. 2015; Feng et al. 2015; Drager et al. 2020; Falk and van den Heever
2023). These similarities suggest that convection initiation may be affected by the interaction
between cold pools and solenoidal circulations.

Cold pools and solenoidal circulations can interact in important ways. If cold pools form
on the cool/moist side of a solenoidal circulation, the circulation can be accelerated by the cold
pools increasing the temperature gradient between the warm/dry and cool/moist regions (Rieck et
al. 2015; Ascher et al. 2024). Similar results have been found for mountains-plains circulations
(Bao and Zhang 2013). Cold pools can conversely act to reverse the flow of solenoidal
circulations if they form in the warm/dry region (Harvey et al. 2022; Ascher et al. 2024). Chen et
al. (2020) and Ascher et al. (2024) both found that convection which initially forms due to land
surface heterogeneities can produce cold pools that subsequently initiate new convection in areas
where convection was previously absent. Despite this previous research, the impacts of surface
heterogeneity and cold pools on convection initiation have not been systematically disentangled
from each other. Studies which aim to understand the impacts of cold pools often conduct
mechanism-denial experiments to eliminate cold pools through changes to the evaporation (e.g.
Crook and Moncrieff 1988; Khairoutdinov and Randall 2006; Jeevanjee and Romps 2013; Grant

et al. 2018, 2020), but such mechanism-denial experiments are usually conducted over
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homogeneous land surfaces. Additionally, studies investigating the effects of land surface
heterogeneity often test striped or checkerboard-like surfaces instead of surfaces with more
realistic variability (Rieck et al. 2015; Harvey et al. 2022; Ascher et al. 2024). Hence, the
interactions between cold pools and solenoidal circulations driven by land surfaces with realistic
heterogeneity are also unclear.

The objective of this study is to address the following science question: What are the
individual and synergistic impacts of surface heterogeneity/solenoidal circulations and cold pools
on the initiation of convective storms? We run a set of large eddy simulations (LES) designed to
directly address this question. Realistic and weakened cold pools are tested along with realistic
and homogenized vegetation. Storms are tracked to identify where they initiate. The factor
separation technique (Stein and Alpert 1993) is used to disentangle the individual and synergistic
impacts of both cold pools and surface heterogeneity on convection initiation. Our findings
demonstrate the importance of cold pools in modulating the effects of deforestation on storms in
the Amazon. Cold pools may similarly modulate the effect of heterogeneous surfaces in other

environments.

4.2  Methods
4.2.1 Large Eddy Simulations

Large eddy simulations are conducted using the Regional Atmospheric Modeling System
(RAMS) version 6.3.04 (Pielke et al. 1992; Cotton et al. 2003; Saleeby and van den Heever
2013; van den Heever et al. 2023). Simulations are idealized to isolate processes of interest,
except that realistic vegetation data are used to accurately capture the heterogeneity patterns

created by deforestation. A horizontal grid spacing of 150 m is used with a timestep of 0.75 s,
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while the vertical grid spacing starts at 50 m near the surface and is stretched to 300 m. Grid
spacings of this order are needed to accurately represent cold pools and their interactions with
the land surface (Straka et al. 1993; Grant and van den Heever 2016; Hirt et al. 2020; Fi¢vet et al.
2023). The model domain is 150 x 150 x 24.2 km. Periodic lateral boundaries are used. The
Land-Ecosystem-Atmosphere-Feedback version 3 (LEAF-3) (Walko et al. 2000) model
simulates two-way land-atmosphere interactions. Radiative tendencies are updated every 5 min
using RTE-RRTMGP (Pincus et al. 2019). Cloud microphysics are represented using the RAMS
double-moment bin emulating microphysics scheme (Saleeby and van den Heever 2013).
Subgrid turbulence is parameterized following Smagorinsky (1963) with modifications from
Lilly (1962) and Hill (1974).

The atmosphere is initialized using the 23 February 1999 TRMM-LBA sounding
presented in Grabowski et al. (2006) (Figure 4.5). This sounding is chosen because it has been
commonly used in studies of Amazon convection and in mechanism-denial studies of cold pools
(e.g. Grabowski et al. 2006; Khairoutdinov and Randall 2006; Kurowski et al. 2018).
Simulations start on 23 February 1999 at 0730 LT (UTC = LT + 4). They are integrated for 120
h (5 days) to capture multiple diurnal cycles and to ensure that a large number of storms are
simulated, thus generating a statistically robust sample of convection initiation events. The grid
spacing, domain size, and integration duration were chosen as a compromise given the available
computation resources. Sandy loam soil, an initial soil temperature of 24.8 °C, and an initial soil
moisture 0.24 m* m are chosen based on contemporaneous observations shown in Alvala et al.
(2002). The soil extends 2 m below the surface and is broken into 26 levels. Note that all
atmospheric and land surface fields are initially horizontally homogeneous in all simulations,

other than the vegetation in certain simulations (as described below). Initial random potential

88



temperature perturbations of amplitude 0.1 K in the lowest 500 m are used to facilitate
development of the boundary layer.

Four simulations are conducted to assess the individual and synergistic impacts of land
surface heterogeneity and cold pools on convection initiation. In the control simulation (CTRL),
realistic vegetation and realistic evaporation are used, thereby representing realistic land surface
and cold pool processes. The model domain is centered at 10.70 S, 62.05 W and contains the site
where the initial sounding was launched from (Figure 4.1a, where “evergreen broadleaf tree” is
rainforest). In the homogeneous simulation (HMGN), vegetation properties at each grid point are
set to the vegetation-area-weighted mean values of properties in CTRL. Thus, CTRL and HMGN
have the same domain-mean vegetation properties, but CTRL has vegetative heterogeneity while
HMGN does not. This homogenization only applies to properties which are fixed in time, so
prognostic quantities (e.g. soil and canopy moisture/temperature, surface fluxes) are allowed to
evolve freely in all simulations. Thus, surface heterogeneities in quantities like soil moisture can
develop over time in HMGN. In the third evaporation-off simulation (EOFF), evaporation of rain
and drizzle are disabled in the lowest 2 km. Grant et al. (2018) describe how this approach is
implemented in RAMS. Since RAMS considers the evaporation of all hydrometeors together,
evaporation is only disabled when no cloud water is present at a grid point. This means that only
the evaporation of falling rain and drizzle are altered and that other cloud microphysical
processes, such as the evaporation of cloud water due to entrainment, remain unaltered. Analysis
of density potential temperature at the lowest model level above ground shows that cold pools
are almost entirely eliminated in EOFF (Figure 4.6). Finally, the homogeneous and evaporation

off simulation (HMGN_EOFF) simultaneously applies the homogeneous vegetation of HMGN
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and the disabled evaporation of EOFF in order to assess synergistic interactions between these

Processces.

4.2.2 Tracking

We use a tracking algorithm to identify where storms initiate. By tracking storms in time,
we can importantly distinguish the locations where storms initiate from the locations where
storms subsequently propagate. We focus our analysis on the initiation locations of storms only
to prevent double-counting storms. The Tracking and Object-Based Analysis of Clouds (fobac)
algorithm v1.5 (Heikenfeld et al. 2019; Sokolowsky and Freeman et al. 2024) is used to track
convective updrafts in three dimensions. A vertical velocity threshold of 3 m s! is used to
identify convective updrafts, which must also occupy a volume of at least 64 contiguous grid
points to be counted as an updraft. Updrafts tracked for less than 15 min are excluded from
further analysis, as updrafts of such durations are likely shallow convection. Updrafts which are
tracked for more than 15 min are referred to as storms (e.g. Figure 4.1b, red points and lines).
The selected tobac thresholds were subjectively determined after trial-and-error, but results are

not qualitatively sensitive to the thresholds chosen.

4.2.3 Quantifying Aggregation

We use the organization index (Lorg) (Weger et al. 1992) to quantify the aggregation of
storm initiation locations. o is calculated by comparing the nearest neighbor cumulative density
function (NNCDF) of a given set of points against a NNCDF of random uniform points, then
calculating the area underneath the curve. An Iy of approximately 0.5 indicates the analyzed

points are randomly distributed, while values above (below) 0.5 indicate the analyzed points are
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aggregated (regularly distributed). All storm initiation locations over the five simulated days for
a given simulation are used when calculating Iorg. We therefore quantify the degree to which the
locations where storms initiate are aggregated. Past studies have, by contrast, used Lo to
quantify the organization of convection at a given snapshot in time (Seifert and Heus 2013;
Cheng et al. 2018; Pscheidt et al. 2019). For each simulation, a distribution of L, values is

calculated by generating 1000 random uniform NNCDFs and thus recalculating oy 1000 times.

4.2.4 Factor Separation

The factor separation technique (Stein and Alpert 1993) is applied to understand the
individual and synergistic impacts of heterogeneous vegetation and cold pools on patterns of
convection initiation. For a given quantity ¢, such as mean values of o, the impact of
heterogeneous vegetation can be determined by subtracting ¢ in EOFF by ¢ in HMGN_EOFF:
Fyge = ®rorr — PumMGN _EOFF (4.1).
Analogously, the impact of cold pools is calculated as:

Fep = ©umen — PuMGN EOFF 4.2)

and the impact of synergetic interactions between heterogeneous vegetation and cold pools is:

Fyec cp = Pcrre — Pumen rorr — Fvee — Fep = @crrr — (Pumen + Peorr) + PHMGN_EOFF

(4.3).

4.3  Results
Vegetation heterogeneity has a clear impact on surface heat fluxes and low-level virtual
potential temperature. Total surface heat flux (i.e. the sum of the sensible and latent heat fluxes)

at 0930 LT, before the onset of deep convection, is greater over the forest than over the
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deforested region in CTRL (Figure 4.1c shading). Surface heat fluxes are greater over the forest
because the surface roughness length is greater and the albedo is smaller over the forest than the
deforested region (Table 4.1). Reduced albedo implies the forest absorbs more energy from solar
radiation, while greater roughness length means the forest more efficiently transfers this energy
to the atmosphere through turbulent processes. Accordingly, at 0930 LT, the 25 m virtual
potential temperature in CTRL is greater over the forest than over the deforested region (Figure
4.1c hatching). As a consequence of the homogenized vegetation in HMGN, perturbations in
surface heat fluxes and low-level virtual potential temperature are smaller in magnitude and less
widespread than in CTRL (compare Figure 4.1c-d). Perturbations of pre-convective surface heat
fluxes and virtual potential temperature in EOFF (HMGN_EOFF) are qualitatively similar to
those for CTRL (HMGN) (not shown). Hence, our simulations with heterogeneous vegetation
(CTRL and EOFF) have greater virtual potential temperatures over the forest than the deforested
region, while our simulations with homogeneous vegetation (HMGN and HMGN_EOFF) have
comparatively more uniform virtual potential temperature across the domain.

Storms in CTRL and EOFF initiate less frequently over the deforested region than over
the forest (Figure 4.2a,c). The lack of storms in the deforested region can be explained by the
reduced virtual potential temperature, and hence the air being less buoyant, compared to the
forest (Figure 4.1a,c). At low levels, the forest is warmer but slightly drier than the deforested
region (not shown). Thus, we find a similar result to previous studies which determined that
moist convection preferentially forms over warm/dry regions compared to cool/moist regions
(Rabin et al. 1990; Mascart et al. 1991; Chen and Avissar 1994; Hong et al. 1995; Chagnon et al.
2004; Cheng and Cotton 2004; Taylor et al. 2012; Cioni and Hohenegger 2018; Branch and

Wulfmeyer 2019). There is evidence of vegetation-driven solenoidal circulations initiating
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storms in CTRL and EOFF. Figure 4.2b,d show storm initiation locations before 1200 LT in
these simulations to further demonstrate the effects of solenoidal circulations and cold pools.
During this time period, storms initiate most frequently near the forested-deforested boundary
(Figure 4.2b,d). These patterns are consistent with solenoidal circulations beginning to propagate
from the deforested region into the forest and initiating convection. As the day progresses, these
solenoidal circulations propagate further into the forested region and continue to initiate
convection (not shown). Therefore, while solenoidal circulations are evident in the simulations,
their effects are less evident in Figure 4.2a,c because the entire diurnal cycle is shown and the
effects of the solenoidal circulations are spread across the forest.

Storms in HMGN and HMGN_EOFF initiate more uniformly across the domain than
storms in CTRL and EOFF (Figure 4.2a,c,e.f). This is because virtual potential temperature is
more uniform across the domain with homogeneous vegetation compared to heterogeneous
vegetation (Figure 4.1c,d). Therefore, convection initiation is not favored or disfavored in
specific regions, nor can solenoidal circulations form in the homogeneous vegetation
simulations.

Cold pools also influence where storms initiate. Recall that the only difference between
EOFF and CTRL is the suppressed evaporation of precipitation in the lowest 2 km, and therefore
lack of cold pools, in EOFF. Storms in EOFF initiate less frequently over the deforested region
than storms in CTRL (Figure 4.2a,c). This suggests that cold pools in CTRL propagate from the
forest into the deforested region and initiate storms over the deforested region, despite the less
favorable conditions for convection initiation compared to the forest. Chen et al. (2020) and
Ascher et al. (2024) have similarly noted cold pools initiating convection in areas which are

thermodynamically disfavored due to land surface heterogeneity. On the other hand, in EOFF,
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very few storms initiate in the deforested region due to the lack of cold pool-induced initiation.
To further support this argument, we return to Figure 4.2b. The time period shown in Figure 4.2b
captures the first set of storms on each day in CTRL which initiate before strong cold pools form,
thus partially removing the influence of cold pools. Early storm initiation frequency in CTRL is
suppressed in the deforested region relative to later time periods (compare Figure 4.2a,b) and
even approaches the magnitude of suppression in EOFF over the full diurnal cycle (compare
Figure 4.2b,c), further demonstrating that cold pools are largely responsible for the initiation of
storms in the deforested region of CTRL.

We now use Lo to quantify the impact of heterogeneous vegetation and cold pools on
storm initiation locations (Figure 4.3a). Storms are close to randomly distributed with
homogeneous vegetation, as the mean lorg for HMGN and HMGN_EOFF are both ~0.5 (Figure
4.3a). The individual effect of cold pools (Fcp), as demonstrated from factor separation, on the
mean lorg is small compared to Fveg and Fvec cp (Figure 4.3¢), demonstrating that cold pools do
not have a large impact on storm initiation locations over homogeneous vegetation (see also
Figure 4.3a, Figure 4.2¢,f). Heterogeneous vegetation acts to aggregate storm initiation locations,
since Fvgg is positive for the mean Lo, (Figure 4.3¢), consistent with our previous finding that
storm initiation is less frequent over the deforested regions of CTRL and EOFF than the forests.
The synergistic interactions between heterogeneous vegetation and cold pools acts to
disaggregate storm initiation locations, since F vec cp is negative for Lo (Figure 4.3c), consistent
with cold pools propagating from the forest into the deforested regions and subsequently
initiating convection in the deforested region of CTRL but not in EOFF. Thus, the effects of cold

pools on convection initiation patterns are only apparent when vegetation is heterogeneous.
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Precipitation is impacted by changes in storm initiation driven by heterogeneous
vegetation and cold pools. Figure 4.3b (4.3d) shows precipitation in CTRL (EOFF) normalized
by the domain mean precipitation. Normalization is necessary because more precipitation
accumulates in EOFF than in CTRL as a direct result of the disabled evaporation of precipitation
below 2 km in EOFF. The deforested region of EOFF receives almost no precipitation (Figure
4.3d), while such a pattern is less evident in CTRL (Figure 4.3b). These precipitation patterns
follow patterns in storm initiation (Figure 4.2). We define “precipitation gaps” as areas of the
domain receiving <1 mm of precipitation. We determine the total area of precipitation gaps in
each simulation and conduct factor separation analysis on this metric (Figure 4.3c). The factors
for this precipitation gap metric have similar relative magnitudes as the factors for mean Iorg,
demonstrating that aggregating (disaggregating) storm initiation locations causes precipitation

gaps to become larger (smaller).

44  Summary and Conclusions

The goal of this study has been to investigate the individual and synergistic impacts of
surface heterogeneity and cold pools on the initiation of tropical continental convective storms.
To achieve this goal, four idealized LES of deep convection in a partially deforested region of
Amazon rainforest were run with varied vegetation (realistic and homogenized) and varied
evaporation (realistic and disabled over the lowest 2 km to eliminate cold pools). Storms were
tracked to identify where they initiate, and the aggregation of storm initiation locations was
determined using lore. Factor separation was used to disentangle the individual and synergetic
impacts of heterogeneous vegetation and cold pools. Figure 4.4 presents a schematic summary of

our results.
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We find greater surface roughness and lower albedo lead to greater surface heat fluxes
and virtual potential temperatures over forested compared to deforested regions (Figure 4.1a,c).
This results in more frequent convection initiation over forests than deforested regions due to
favorable thermodynamics and the development of solenoidal circulations between forested and
deforested regions (Figure 4.2a-d, Figure 4.4a,b). Storm initiation locations are therefore
aggregated over heterogeneous vegetation (Figure 4.3a). However, similar to findings by Chen et
al. (2020) and Ascher et al. (2024), cold pools can propagate away from the storms over the
forest and initiate new convection over the otherwise less thermodynamically favorable
deforested region (Figure 4.2a-d, Figure 4.4a). This mechanism partially counteracts the effects
of heterogeneous vegetation and disaggregates storm initiation locations (Figure 4.3a,c). Without
cold pools, a large gap in the precipitation field forms over the deforested region in the
heterogeneous vegetation simulation, since few storms initiate in this region (Figure 4.2¢, Figure
4.3d). Convection initiation is nearly random over homogeneous vegetation, regardless of
whether or not cold pools are present, so the disaggregating effect of cold pools on convection
initiation locations is only important for heterogeneous vegetation (Figure 4.2e,f, Figure 4.3a,
Figure 4.4c,d).

The results of this study indicate that the interactions between heterogeneous surfaces and
cold pools are crucial for convection initiation patterns. While our simulations are representative
of convection in the Amazon rainforest, we suggest that cold pools can similarly counteract the
effects of heterogeneous vegetation in other environments. The effect of cold pools may be
larger in regions drier than the Amazon where cold pools can have larger evaporatively-
generated temperature deficits. Accurately parameterizing interactions between heterogeneous

surfaces and cold pools may improve the ability of climate models to represent convection
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initiation, especially for heterogeneous surfaces resulting from anthropogenic activity. While not
tested in this study, the background wind also certainly plays an important role. The background
wind is coincidentally approximately perpendicular to the solenoidal circulations. A background
wind parallel with the solenoidal circulations could cause storms and cold pools to form in
different locations, potentially changing these results. We also did not test the spatial scale of
heterogeneity, but past work has shown this scale can be important for convection initiation
(Rieck et al. 2014; Khanna et al. 2017), and hence this should be tested. Many previous modeling
studies have also altered evaporation to weaken cold pools (e.g. Khairoutdinov and Randall
2006; Jeevanjee and Romps 2013; Grant et al. 2018, 2020), but most of these studies did not
consider heterogenous land surfaces. Our results suggest that the role of cold pools may be larger
than what is presented in such studies, as cold pools have a greater impact on convection
initiation over heterogeneous vegetation than homogeneous land surfaces. Finally, an important
takeaway from this study is that, while deforestation and other land use changes may reduce

precipitation in certain regions, cold pools partially counteract these changes.
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Figure 4.1. Overview of vegetation pattern, storms, surface fluxes, and virtual potential
temperature. (a) Vegetation class in CTRL (shading) with percent of the domain covered by
each class indicated in the colorbar. (b) Vertically integrated total condensate (shading), tobac-
identified storm locations (red points), and storm tracks (red lines) in CTRL at 1200 