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Abstract. In this work, we simulate barchan swarms using the Two-Flank Agent-Based Model and investigate
how changes to model parameters and environmental drivers lead to different swarm dynamics. In particular, we
explore how the parameter ggpif;, which controls the rate of equilibration between the flanks of an asymmetric
dune and thereby the stability of an asymmetric morphology, influences the frequencies of different collision
types in the swarm and can be adjusted to produce swarms with dune sizes that are longitudinally homogeneous.
Such size stability has been observed in real-world swarms but has not been obtained by previous agent-based
models. We also find that, for certain densities of newly added barchans, the dune number density remains
constant with downwind distance, something which has also been reported in nature but not in previous agent-
based models. We also investigated how boundary condition changes propagate through swarms, something
which will become increasingly important in the face of human infrastructure expansion and anthropogenic
climate change. Finally, we are able to investigate how asymmetry and spatially patterning in the swarms are
influenced by bimodal wind regimes. Since these simulations produce many more realistic phenomena than
previous models, this work represents a significant step forward in the our understanding of the interplay between

environmental conditions and dune interactions in shaping the dynamics of barchan swarms.

1 Introduction

Crescent-shaped barchan dunes are one of the most strik-
ing aeolian bedforms and are found on Mars (Bourke, 2010;
Rubanenko et al., 2022; Bourke and Goudie, 2009; Robson
et al., 2022) and many different locations on Earth (Goudie,
2020; Elbelrhiti et al., 2008; Hersen et al., 2004; Robson
et al., 2022). Compared to other types of bedform, barchans
migrate quickly, often up to hundreds of metres per year
(Sparavigna, 2013; Corbett, 2018; Barnes, 2001). The rate
at which the dunes move is controlled primarily by their size
(Long and Sharp, 1964; Bagnold, 1941), which means that
collisions can occur between the bedforms.

Individual barchans are typically tens of metres wide (El-
belrhiti et al., 2008; Duran et al., 2009) and evolve over

timescales on the order of years. The evolution of small num-
bers of such bedforms can, therefore, be studied using nu-
merical models of the microscopic behaviours of the sedi-
ment and fluid flow (Duran et al., 2011; Xiao et al., 2023).
It is also possible to study proxies for aeolian barchans in
a laboratory setting using a fluid, e.g. water, which is much
denser than air (Hersen, 2005; Hersen et al., 2002; Assis and
Franklin, 2020, 2021). In nature, however, we do not typi-
cally observe barchans forming in small numbers but rather
vast populations of interacting dunes (Hersen et al., 2004).
These huge systems, known as swarms (Hesse, 2009; Robson
et al., 2022), can span tens or hundreds of square kilometres
and contain hundreds, thousands, or even tens of thousands
of bedforms (King, 1918; Durén et al., 2009; Elbelrhiti et al.,
2008).
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Swarms display many emergent phenomena such as size
selection (Duran et al., 2009; Robson et al., 2022; Génois
et al., 2013a), longitudinal homogeneity (Durdn et al., 2011;
Elbelrhiti et al., 2008), and horn-to-toe alignment (Elbel-
rhiti et al., 2008), all of which must result from interactions
between the bedforms. Yet the exact relationships between
barchan interactions and the observed properties of swarms
are not well understood. This is an important issue, since it
has been shown that anthropogenic climate change will affect
many active aeolian systems (Engel et al., 2018; Gunn et al.,
2022; Baas and Delobel, 2022), yet it will be difficult to un-
derstand the effect these changes will have on swarms with-
out a sufficiently realistic model. This goes beyond merely
academic curiosity, since the migration of barchans can pose
a direct threat to human infrastructure, heritage sites, and set-
tlements (Boulghobra, 2016; Hermas et al., 2012; Effat et al.,
2011; Ding et al., 2020; Finkel, 1959; Lorenz et al., 2013);
thus, understanding how dunes in swarms will evolve under
contemporary climate change is vital for future planning.

Not only are the length scales of swarms orders of mag-
nitude larger than those of the dunes themselves, but the
timescales over which these systems evolve are also much
longer than for individual barchans (Hesse, 2009; Xiao et al.,
2023). Such length and timescales prohibit use of micro-
scopic simulations due to computational costs (Durén et al.,
2011) and laboratory experiments which cannot reach a suf-
ficient size. Instead, one must turn to an alternative approach,
agent-based models (ABMs), which treat the dunes them-
selves as the fundamental objects and distil the complexi-
ties of the microscopic motion of sediment into rules for the
size evolution and migration of barchans and interactions be-
tween the bedforms (Lima et al., 2002).

Several ABMs have been implemented to study barchan
swarms (Lima et al., 2002; Duran et al., 2011; Worman et al.,
2013; Génois et al., 2013b), each of which included a dif-
ferent subset of known interaction types. Alongside these,
several one-dimensional ABMs have also been applied to ae-
olian systems (Parteli and Herrmann, 2003; Lee et al., 2005;
Diniega et al., 2010); however, since barchan swarms are
two-dimensional, the results can be very different.

The earliest barchan ABM (Lima et al., 2002) demon-
strated that sand flux exchange could lead to spatial structur-
ing, while, since only merging interactions were simulated,
the overall size of dunes in the system increased with down-
wind distance. Allowing exchange collisions to dominate
was shown to produce more realistic global size distributions
(Durén et al., 2011) but did not eliminate the problem that
dune size increased with downwind distance (Durén et al.,
2011). When fragmentation collisions, instead, dominate the
collision dynamics, clusters form, which exhibit a runaway
increase in density which is mitigated only by the destruction
of small dunes and an overall loss of sand that has to be com-
pensated for through the spontaneous introduction of new
dunes throughout the swarm (Génois et al., 2013b). Further-
more, when fragmentation and sand loss completely domi-
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nate the behaviour of a swarm; the largest dunes in the system
are the newly injected dunes (Génois et al., 2013b), which
contradicts the intuition that newly formed dunes should be
the smallest in a swarm (Elbelrhiti, 2012). Finally, when col-
lisions result only in merging, while dunes above a certain
size are allowed to spontaneously fragment (calve), the dis-
tributions are found to display a large peak at the size at
which calving begins to occur and a smaller peak at the size
at which newly calved dunes form with very few barchans
at other sizes (Worman et al., 2013). The swarms gener-
ated with all these model versions contrast with real-world
swarms which are found to have typical distributions which
are similar to a log-normal distribution (Durén et al., 2009).
Thus, none of the existing barchan swarm ABMs has suc-
cessfully reproduced realistic swarms. Furthermore, each of
the previous works has considered the idealised case of sym-
metric barchans subject to an idealised unidirectional wind.

We have developed a new barchan ABM, the Two-Flank
Agent-Based Model (TFABM), which has been shown to
not only reproduce all of the observed collision behaviour of
barchans but which can also be used to simulate the forma-
tion of asymmetric bedforms under the influence of variable
wind regimes (Robson and Baas, 2023), thus successfully re-
producing the angular dependence of asymmetry growth due
to bimodal winds as suggested in previous studies (Parteli
et al., 2014; Lv et al., 2016). In this paper, we report the
characteristics and behaviours of barchan swarms under uni-
directional, as well as bimodal winds, demonstrating that the
new model is able to more realistically reproduce certain as-
pects of barchan swarms than previous ABMs and thus fur-
thers our understanding of the connection between barchan
interactions and swarm properties.

2 Model description

The TFABM and its capabilities to replicate all known
barchan collision dynamics were introduced in Robson and
Baas (2023), and extensive details of the model structure
can be found there. However, in this section, we review the
key features and provide definitions of the model parameters
which are explored in this study.

2.1 Dune morphology

The major difference between the TFABM and previous
barchan ABMs is the structure of the dunes (agents) them-
selves. In the TFABM, each dune is represented by its two
flanks, which are able to change size semi-independently of
one another. The position of the dunes is recorded as the co-
ordinates of the upwind toe. The central axis of the dune
extends in the direction of the dominant wind, which we
define to be the positive x direction. The size of the dune
is represented by the widths W), s of the port and starboard
flanks. The widest point of the dune occurs at a distance
A (Wp + Wy)/2 downwind of the toe, where we use Ay =1,
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based on comparison with an existing dune dataset (Sher-
man et al., 2021). The total lengths of the flanks, from the
toe to the tip of the horn, are assumed to be proportional to
their widths L s = A, W, 5, where we use A, = 1.8, based
on real-world dunes (Sherman et al., 2021). Note that be-
cause these relationships between length and width are fixed,
the TFABM cannot produce asymmetry where a single limb
becomes highly extended longitudinally without the bulk of
the barchan changing significantly. However, such asymme-
try was reported to primarily occur due to bimodal winds
with obtuse angular separation (Parteli et al., 2014), and in
the later sections, we focus only on bimodality with acute
angular separation for which the model performs well.

The width of each horn is a linear function of the flank
width Hp s =aWp s+ A/2, with « =0.05 and A =4.6m
(Hersen et al., 2004; Worman et al., 2013). Finally, the vol-
ume of a flank is given by

AMA3 Wp3 s

Vp,s = Ta (D
where A3 is interpreted as the proportionality coefficient of
flank height/width, we set this to one-third, such that a sym-
metric dune has volume Vi, = 1/40 Wt%m which is in agree-
ment with Elbelrhiti et al. (2008). For further details of the
morphology of dunes in the TFABM, see Robson and Baas
(2023).

2.2 Sand flux

Unlike previous barchan ABMs, the more realistic morphol-
ogy of dunes in the TFABM allows for variation in the di-
rection of wind. Incoming sand flux is absorbed by each
flank across the windward projection of its width. For oblique
winds, this means that the windward flank will absorb pro-
portionally more of the flux, starving the leeward flank of
material.

As well as absorbing material across their wind-facing
width, dune flanks also lose material across the width of their
horns. In the initial study in which the TFABM was intro-
duced, flux was emitted from the horns at a saturated rate,
regardless of the influx the horn received, in line with find-
ings from continuum simulations (Hersen et al., 2004). Such
a flux rule has also previously been applied in an earlier ABM
(Worman et al., 2013), and we will refer to it as “unscaled”
flux. However, others have suggested that the outflux from
the horns should scale with the influx such that a dune which
receives no incoming sediment will also emit comparatively
less (Durén et al., 2010). Such a rule, which we will call
“scaled” flux, has also previously been applied in an ABM
(Duran et al., 2011).

Finally, in asymmetric dunes, there is an effective transfer
of material from the larger to the smaller flank. If this were
not the case, then any asymmetry in a barchan would persist,
which contradicts with the view of symmetric barchan mor-
phology as an attractor (Werner, 1995; Groh et al., 2008),
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as well as with the results of continuum simulations (Parteli
et al., 2014) and water tank experiments (Assis and Franklin,
2020). In the TFABM, the rate of this lateral transfer of ma-
terial is governed by the phenomenological model parame-
ter gshire and occurs at a rate proportional to the difference in
the streamwise projection of the flank lengths (note that this
is not the same as the full length during periods of oblique
flow). Combining the absorption, emission, and lateral equi-
libration flux, the evolution of the flank volume is governed
by

dVps
dr

= {qin Wp,s - QOuth,s + Gshife sin |90 — 0| (Ls,p - Lp,s) . (2)

where gjj is the received influx, including both ambient flux
and that streaming off of the horns of upwind dunes which
overlap the flank; 0 is the wind direction; and Wl,r is the flank
width perpendicular to the wind. The outflux term gy is sim-
ply gsar the saturated sand flux, set to 79 m? yr~!, which is
the average value of those reported for Tarfaya in Elbelrhiti
et al. (2008) in the case of unscaled flux but for scaled flux is
a linear function of the influx as follows:

WP,S
Hy.s

Gout = (aqin + bqsar) 3)

where a and b are scaling parameters set to 0.45 and 1 as in
Durén et al. (2011). Note that this change will significantly
influence the rate at which dunes of different sizes grow. In
particular, Wior S 28 m outflux will be higher under scaled
flux, while for larger dunes the outflux is higher under the
unscaled flux.

2.3 Calving

The sizes of the flanks of a dune are coupled only through
the third term in Eq. (2) above. However, when dunes be-
come very asymmetric, this term may become larger than
the other terms in Eq. 2, meaning that spanwise fluxes ex-
ceed streamwise fluxes. Since this is no longer the typi-
cal behaviour of a barchan, we take this to define a max-
imum asymmetry threshold for dunes in our model. This
threshold occurs when the asymmetry ratio, defined as y =
max(W,, Wy)/min(W,, Wy), exceeds

A Gsat
A2gshift — AGsat’
+ Agsat
2 (A2gshift — ®qsar) Min (Wp» Ws) .

Ye,shift (Wp, Ws) =1+

“4)

For highly asymmetric dunes, the typical barchan geome-
try shown in Robson and Baas (2023) can break down if the
asymmetry ratio exceeds the threshold

=_—<_1. 5
Ve, x by 5
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Thus, combining these two terms, the maximum asymme-
try of a dune with flank widths W, and W is

Ve (Wp, Ws) = min (ye 1, Ve shite (Wp, Ws)) - (6)

When a dune exceeds this maximum asymmetry threshold,
its two flanks spontaneously break apart and are reformed
into symmetric barchans, a process we refer to as calving.

2.4 Collisions

One of the reasons that barchans have been studied so exten-
sively is that they migrate rapidly at a rate governed by the
sand flux conditions and the size of the bedform. We use the
commonly accepted expression for the migration rate as

Cqsat

_—, @)
Wy + Ws+ W

Umig =
where ¢ = 45 (Elbelrhiti et al., 2008) relates to the speeding
up of wind passing over the crest of a dune, and Wy = 16.6 m
(Elbelrhiti et al., 2008) ensures that the migration rate of
small dunes remains finite.

From this expression, it follows that larger dunes will mi-
grate more slowly than smaller ones, which ensures that
collisions are frequent occurrences in barchan swarms. The
TFABM uses a simple rule for collisions, which is, nonethe-
less, able to reproduce a wide range of known collision be-
haviours (Robson and Baas, 2023). Each dune has three as-
sociated centres of mass (CoMs), namely one for each flank
and one for the combined dune. The collision algorithm is
triggered whenever one of these centres of mass intersects
with the footprint of another dune. When that condition is
met, the following algorithm is used to determine the output
of a collision:

1. The intersecting flanks merge together.

2. The volume of merged flanks is used to calculate an ef-
fective flank width Wiyerged.

3. A non-intersecting flank with the width W; will also join
the merged flanks if Winerged/ Wi < Ve(Wmerged, Wi).

4. If  Wherged/ Wi > Ye(Wmerged, Wi), then the non-
intersecting flank forms into a separate symmetric
barchan in the same manner as during calving.

5. Finally, the flanks which merged together form a
barchan with a preserved centre of mass and an asym-
metry ratio determined by the relative mass that was ini-
tially to the left and right of the centre of mass.

The algorithm itself can produce between one and
three output dunes, although calving may occur on the fol-
lowing time step, such that a collision may effectively pro-
duce up to four outputs. We refer to collisions which decrease
the number of dunes (i.e. have a single output) as merging or
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aggregation, collisions which conserve the dune number as
exchange, and collisions which increase the dune number as
fragmentation. For more information on the phase space of
the TFABM collision rule, see Robson and Baas (2023). In
particular, the supplementary material of Robson and Baas
(2023) compares the ability of the collision rules applied
in the different barchan ABMs to reproduce collision phase
spaces from cellular automata (Katsuki et al., 2011) and sub-
aqueous experiments (Assis and Franklin, 2020), revealing
that the TFABM is able to reproduce the greatest number of
collision outcomes.

2.5 Boundary conditions and dune injection

The simulation space has a downwind length of 10 km and
a central strip with a width of 3km or, in some cases, 5 km
set to ensure a sufficient number of dunes were present. On
either side of the central strip there were empty strips of the
same width to allow for an oblique movement of the dunes.
At the upwind boundary over the entire width (9 or 15km)
of the simulation space, we supply a free flux go = 0.25 gsat
(Elbelrhiti et al., 2008). This flux is projected downwind until
it is intercepted by a dune, downwind of which the free flux
is zero.

In this work, we do not use periodic boundaries; thus,
once dunes exit the simulation space, they are lost. To ac-
count for this, new dunes enter the simulation space at the
upwind boundary. The rate of injection of new dunes is gov-
erned by assuming that just upwind of the domain, there is a
number density pg of symmetric barchans each with a width
Weq = Agsat/(qo — atgsat), Which corresponds to the known
unstable equilibrium size under the unscaled outflux (Hersen
et al., 2004; Worman et al., 2013). Dunes are injected only
into the central 3 or 5 km wide strip of the simulation space
to ensure that the dunes do not reach the lateral borders.
The length of a time step was set to §; = 1/8 years &~ 45d.
As we will see, the smallest dunes in the system are typi-
cally the newly created bedforms with width Weq. With our
choice of gsat, ¢, and Wy (see Eq. 7), the turnover time (time
taken for a dune to migrate its own length) of barchans with
width Weq iS frumover(Weq) = 84 d, meaning that our choice of
time step is still much shorter than the shortest timescale rel-
evant to the dunes in our simulations. The number of dunes
entering the system each time step is then determined by

Wsimulation

3 £0Vmig (Weq) 3. )]

N enter —

3 Results

3.1 Unimodal wind

For the first series of simulations, we use a Gaussian distri-
bution for the direction of the wind centred around 0°. We
experimented with different values of the standard deviation
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but found that, provided the standard deviation remains rel-
atively small (we tested up to 5°), the exact value is not im-
portant. Therefore, all of the simulations shown in this sec-
tion were performed using a standard deviation of 3°. Since
the wind angle is normally distributed, this standard devia-
tion ensures that 99.7 % of the time, the angle of the wind is
within £9° of the primary mode. Under this wind regime we
investigated the effect of changes in ggpife and pg, as well as
the differences between scaled and unscaled outflux. We also
performed simulations in which the properties were allowed
to stabilise before the injection density was changed in order
to explore how the TFABM might be applied to investigate
boundary condition change (Marvin et al., 2023).

3.1.1  Varying gshitt

As shown in Robson and Baas (2023), the rate of equilibra-
tion between the flanks, represented by the flank-balancing
flux, gshifi, has a major impact on the output of collisions.
This is because a higher value of gghift means a lower maxi-
mum asymmetry ratio (see Eq. 4), thus increasing gghif leads
to a larger portion of the collision phase space, resulting in
fragmentation collisions (Robson and Baas, 2023). However,
the properties of the entire phase space of collisions may not
be relevant in a real-world swarm, since it has been shown
that barchans in swarms exhibit spatial structuring, such as
preferential alignment (Elbelrhiti et al., 2008; Lima et al.,
2002), which may result in collisions occurring more fre-
quently in a particular part of the phase space, i.e. only a
small range of lateral offsets. Therefore, to investigate the ef-
fects of varying gsnift, we fixed pg = 37 km~2 and performed
simulations with ggpist = 0, 0.05 ggat, 0.1 gsar, and 0.15 gy
Each of these simulations was performed over a timescale
long enough for the entire 10km length of the simulation
space to be filled and for the properties of the dunes to have
stabilised; this meant simulations of > 350 years in all cases.
In Figs. 1 and 2, we show the final states of these simulations
for unscaled and scale outfluxes respectively alongside plots
showing that the population size and mean width had sta-
bilised during the simulations. Animations showing the en-
tire evolution of the swarms can be found in Robson (2024a).
Regardless of the choice of outflux, lower values of ggpift
lead to a smaller total number of dunes in the system, and
therefore a lower overall density, while the average size of
dunes in simulations with lower ggnif; is greater than when
gshift 18 high. To explain this, we show in Fig. 3 how changing
gshite affects the frequency of the different collision types.
We observe that, as gghif increases, the frequency of merging
collisions decreases, while the frequency of fragmentation
increases sharply from the least frequent at gghire = O to the
most frequent when ggpise = 0.15 in the case of unscaled flux
or, similar to exchange collisions, in the case of scaled flux.
It has been found that the sizes of dunes in real-world
swarms remain stable in the longitudinal dimension (Elbel-
rhiti et al., 2008; Duran et al., 2011); however, this is not
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something that previous agent-based models have been able
to reproduce (Lima et al., 2002; Duran et al., 2011; Worman
et al., 2013). In Fig. 4, we show that, in contrast, when us-
ing unscaled outflux, we are able to produce stabilised sizes
of dunes when ggphirt = 0.15 gsat, With the swarms exhibiting
a trend whereby the sizes of dunes increase until around 2—
3 km, after which the size distribution remains approximately
steady. For the unscaled outflux and gghifi /¢sat < 0.1, the sta-
bilisation of sizes did not occur within the simulation space,
though it is possible that it may have done further downwind.
Such an increase in size has been observed in narrow real-
world swarms (or monocorridors) but not large swarms, as
simulated here (Elbelrhiti et al., 2008; Duran et al., 2011).

Figure 5 shows that when dune outflux scaled with in-
flux, low values of gghirt (0 or 0.05¢gg,) lead to swarms
in which dune size increases with downwind distance; for
gshift = 0.1 gsat, the size stabilises at some distance, beyond
which it remains constant, and for ggnirt = 0.15, the dune
size initially increases before reaching an apex and subse-
quently decreasing with downwind distance. In other words,
it is possible to produce swarms with longitudinally homo-
geneous size distributions for both types of outflux, but the
value of ggpif; required to do so is higher for the case where
the flux streaming off of the dunes is not scaled by the flux
they receive.

Whereas, in some instances, we observe longitudinally ho-
mogeneous dune sizes, the simulated swarms are not ho-
mogeneous in the dune number density. In all of the simu-
lated swarms with unscaled outflux, the overall dune density
shows a decreasing trend with downwind distance. On the
other hand, for the scaled outflux, the dune density initially
increases to a maximum and then begins to decrease in all
cases. However, for gghir = 0.15, the density of the profile
is approximately flat between around 2.5-6 km downwind;
i.e. there is an area of around 4 km over which the density
profile appears homogeneous.

We have already shown how varying gghif affects the rel-
ative frequency of the different types of collisions; how-
ever, gshift also controls asymmetry growth and calving in the
TFABM. In Fig. 6, we show the different asymmetry distri-
butions (the ratio of the widths of the flanks) from the scaled
flux simulations with different ggpis; alongside the asymmetry
distribution observed across three areas of a swarm, contain-
ing a total of around 3000 dunes, in Tarfaya (Robson et al.,
2022), which has a close-to-unimodal wind regime (Robson
and Baas, 2024b). The data on dune morphology used to cal-
culate the asymmetry distributions are freely available from
Robson and Baas (2024a). The comparison reveals that the
Tarfaya asymmetry distribution lies somewhere between the
simulated distributions for ggshift = 0 and 0.05 ggy¢, with much
lower values than those which produce longitudinally homo-
geneous size distributions. However, the asymmetry distribu-
tions of other real-world swarms have very different standard
deviations, as shown in Fig. 7. In particular, the width of the
asymmetry distribution for a swarm in Mauritania is best fit
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Figure 1. The final states of the simulated swarms and plots showing that the mean dune width and population size had stabilised for the

unscaled outflux, pg = 37 km~2. Gshift/¢gsat = (a) 0.00, (b) 0.05, (¢) 0.10, and (d) 0.15.
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Figure 2. The final states of the simulated swarms and plots showing that the mean dune width and population size had stabilised for the
scaled outflux, pg = 37 km™2. Gshift/qsat = (a) 0.00, (b) 0.05, (¢) 0.10, and (d) 0.15.
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by the simulated swarm with ggpit = 0.1 gsa¢ for which the
size distribution is longitudinally homogeneous.

3.1.2 Varying pg

The previous section shows that varying gghif; leads to sig-
nificant differences in the simulated swarms through chang-
ing the collision, asymmetry, and calving behaviour of the
dunes. However, the rate of injection of new dunes at the up-
wind domain boundary was kept at pp = 37 km~2 in those
simulations. Real-world swarms, however, are observed to
have a wide range of densities (Elbelrhiti et al., 2008). Fig-
ure 8 shows simulated swarms and property convergence for
Gshift = 0.15 gsar and used pg = 12, 24, and 37 km™2 (these
correspond to 5%, 10%, and 15% of the density of Tarfaya 1
in Robson and Baas, 2024a; Robson et al., 2022). We focus
on the results from the scaled outflux simulations; however,
the swarms displayed similar properties in the case of un-
scaled outflux. As seen in Fig. 8, as the injection density
increases, so too does the overall number of dunes in the
swarm, while, as in the case of increasing ggpif;, the mean
sizes of dunes decreases. While these densities are lower than
some swarms (Robson et al., 2022), there are many examples
of swarms with similar densities to these (Elbelrhiti et al.,
2008). It is possible to simulate swarms with a higher den-
sity using the TFABM, but the computational time increases
with dune number, meaning that high-density swarms need
more time to simulated.

The longitudinal variation in the dune size and the number
density are shown in Fig. 9. Since ggpife remained constant
across the simulations, the relative frequency of the different
collision types did not vary, leading to all three simulations
reaching a longitudinally homogeneous size distribution. On
the other hand, the downwind distance at which the dune size
stabilised decreased with increasing injection density.

Earth Surf. Dynam., 12, 1205-1226, 2024
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As we have already discussed, for pg = 37 km~2 the dune
density exhibits a non-monotonic behaviour with downwind
distance, but after a peak at around 2.5 km, the number den-
sity decreases, moving downwind. The same trend is ob-
served for an injection density pg = 37 km~2, with the peak
moving downwind to around 3.5km. However, for pg=
12km™2, we are able to produce a swarm which for which
the dune density remains constant from around 4.5 km. In the
same swarm, the size distribution stabilises at around 6 km,
meaning that over the final 4 km of the simulation space both
the dune density and dune size are homogeneous, as expected
for real-world swarms. The size distribution of that swarm
from 6 km (when it stabilises) is shown in Fig. 10 and can
be fit with a log-normal distribution, as has been reported
for barchan swarms in many studies (Elbelrhiti et al., 2008;
Durién et al., 2009, 2011; Génois et al., 2013a; Robson et al.,
2022).

3.1.3 Boundary condition change

Recent studies have begun to consider the impacts of fu-
ture anthropogenic climate change on dune systems (Gunn
et al., 2022; Baas and Delobel, 2022). Other studies have pre-
viously examined how cultivation (Long and Sharp, 1964),
quarrying (Al-Dousari and Pye, 2005), and mining (Engel
etal., 2018) can lead to increases in both aeolian activity and
dune formation.

To explore how the TFABM might be used to study such
human-induced changes, we performed simulations in which
a swarm was allowed to form and stabilise under a particular
combination of boundary conditions before these conditions
were then suddenly changed.

In Fig. 11, we show the snapshots and longitudinal width
profiles of a stable swarm exposed to a sudden decrease in
the injection density. From the width profiles, one can see
that after the change in boundary conditions, the swarm ad-
justs to reach a new steady state. In fact, the new steady state
is the same as that of a swarm that had formed entirely un-
der the changed boundary conditions. In other words, after a
sufficiently long time, the properties of the swarm no longer
preserve any information about the initial boundary condi-
tions and are described solely by the new state. This chal-
lenges the idea that barchan swarms record palacoenviron-
mental change (Hesse, 2009).

Although there is no long-term memory, a swarm does
not instantaneously adapt to the new conditions; instead,
we observe a “wavefront” progressing through the snapshots
shown in the left panels of Fig. 11. Comparing the position
of this front (around 4 km in Fig. 11b, 6km in Fig. 11c, and
10km in Fig. 11d) with the longitudinal width profiles, we
see that upwind of the front, the swarm has reached its new
state, while downwind of the front, the swarm is still in its
original state. Thus, there is a finite time during which the
properties of a swarm might record changes in boundary con-
ditions. In the case of a change in injection density, the time

https://doi.org/10.5194/esurf-12-1205-2024
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of the transition is the time it takes for the wavefront to travel
the entire length of the swarm. Of course, other boundary
condition changes which simultaneously impact all areas of
a swarm (rather than just the upwind boundary, as for the case
of injection) might have very different rates of transition to
the novel state.

It has recently been suggested that changing boundary
conditions in aeolian systems are associated with a tempo-
rary increase in the interaction density (Marvin et al., 2023).
We observe an overall decrease in the rate of collision during
the change in boundary condition simulations shown here;
however, this change in the global collision rate simply re-
flects the fact that the total density of dunes is decreasing. On
the other hand, the wavefront does appear to show a higher
density at a very small range of downwind distances. If this
is the case, then there would be a very localised increase in
the interaction density, consistent with Marvin et al. (2023).
However, due to the limited longitudinal range of the front,
and the high variability in collision rate in the swarm as a
whole, we have been unable to identified any localised in-
crease in collisions.

Earth Surf. Dynam., 12, 1205-1226, 2024
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Figure 8. The final states of simulations and stabilisation of the dune number and mean size with time for swarms with scaled outflux.
gshift = 0.1 gsat and pg = 12, 24, 37 km~2 in panels (a)—(c) respectively. Note that in panels (a) and (b), the width of the swarms is 5 km,

and in panel (c) the width is 3 km.

3.2 Bimodal simulations

While the simulations in the previous section all simulated
a unimodal wind, many real-world swarms are exposed to
a secondary mode for some parts of the year (Robson and
Baas, 2024b), which is something that we can simulate using
the TFABM but which was inaccessible to earlier models.
We performed simulations with pg = 37 km~2 and Gshift =
0.1 gsat, where for three-quarters of the year the wind follows
the dominant mode, set to a Gaussian distribution centred
on 0° with standard deviation of 3°, while for the remaining

Earth Surf. Dynam., 12, 1205-1226, 2024

season, the wind direction was set to a Gaussian distribution
with the same standard deviation but centred on an angle 6,
for which we used 22.5, 45, and 67.5°. We chose these angles
since barchan swarms have been observed in locations with
bimodal wind regimes with acute angular separations but not
for obtuse separations.

In Fig. 12, we show the final states of the simulations for
the different modal angular separations with pg = 37 km ™2
and gghift = 0.1 gsa alongside plots indicating that both the
mean size and dune number stabilise during the course of the
run. The number of dunes is typically less stable than the uni-

https://doi.org/10.5194/esurf-12-1205-2024
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modal swarms, which suggests that the individual dunes are
not so stable when the secondary mode is included. For all
cases, we also observe that the starboard edge of the swarm
(which is further upwind during the secondary mode) ap-
pears to have a higher density of larger dunes compared to the
downwind (port edge) area, with this affect becoming more
pronounced with increasing angular separation.

Although ggpif; is the major control on collision outcomes
in the TFABM, it has also been shown that the relative asym-
metry of colliding dunes (Robson and Baas, 2023) and di-
rection of migration (Bo and Zheng, 2013) can also control

https://doi.org/10.5194/esurf-12-1205-2024

barchan interactions. However, we did not observe signifi-
cant changes in the relative frequencies of the different col-
lision types as the angular separation increased. There was a
slight decrease in the number of exchange collisions (62 % to
56 %) as the angular separation increased, accompanied with
an increase from 5 % to around 13 %, while merging changed
only by around 1 %. The rate of calving also increased as the
angular separation increased, but overall it remained signifi-
cantly lower than the rate of collisions, as predicted in mean
field modelling (Robson et al., 2022).

Earth Surf. Dynam., 12, 12051226, 2024
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It was shown in Robson and Baas (2023) that, using
the Two-Flank Agent-Based Model, under a bimodal wind
where the secondary mode has an acute angular separation
from the dominant mode, asymmetry grows according to the
Bagnold model (Bagnold, 1941; Bourke, 2010), whereas for
obtuse angular, separation it grows according to the Tsoar
model (Tsoar, 1984; Tsoar and Parteli, 2016; Bourke, 2010).
Similar findings have also been reported using other types of
modelling (Parteli et al., 2014; Lv et al., 2016).

The distributions of asymmetry are shown in Fig. 13. One
would expect that under the Bagnold model for asymmetry
growth (Bagnold, 1941), the starboard flank would grow pre-
dominantly under our bimodal winds, leading to W,/ W < 1,
while under the Tsoar model we would see W,,/Ws > 1. In
Fig. 13e), we see that in all of the bimodal runs, the aver-
age of Wy/Ws is less than one, indicating that overall the
asymmetry of dunes is growing predominantly, according to
the Bagnold model (Bagnold, 1941; Bourke, 2010). We do
observe, however, that the mean asymmetry varies with the
angle of the secondary mode. Specifically, as the angle in-
creases, the mean decreases from unity. However, none of the
swarms become as asymmetric as those observed in Maurita-
nia and Mars zone 1 (Robson et al., 2022; Robson and Baas,
2024a, b). The standard deviation of the distribution is not
significantly affected by the change in angle and is primarily
controlled by ggpift, as shown in Figs. 6 and 7.

A feature of barchan swarms that we have not yet dis-
cusses is that a downwind dune tends to align with the horn
of its upwind neighbour (Bagnold, 1941; Elbelrhiti et al.,
2008). In the earliest barchan ABM, this was evidenced by
peaks in an angular correlation function (Lima et al., 2002);
however, such peaks have not been reported widely for real-
world barchan swarms. On the other hand, Elbelrhiti et al.
(2008) showed that this affect could be measured by look-
ing at the normalised lateral offset of dunes and their nearest
downwind neighbours, which showed double-peaked distri-
butions (with peaks ~ %1 indicating alignment downwind of

Earth Surf. Dynam., 12, 12051226, 2024
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the horns) when the downwind neighbour was smaller than
the upwind dune and a flat distribution when the downwind
dune was larger than its neighbour. In Fig. 14, we show the
distributions of the lateral offset of dunes and their nearest
downwind neighbour in each case normalised by the width
of the upwind dune for each of the six barchan swarms from
Robson et al. (2022) and Robson and Baas (2024a, b). The
three Tarfaya swarms (Fig. 14a—c) show the same double-
peaked behaviour as reported in Elbelrhiti et al. (2008), al-
though the distribution for which the downwind neighbour is
larger is not as uniform as previously reported. The Maurita-
nian swarm (Fig. 14d) shows an approximately uniform dis-
tribution for both cases, with only small peaks at £1. Finally,
the Martian swarms (Fig. 14e and f) show double-peaked dis-
tributions but with the peaks occurring at -2, indicating that
the barchans do not occur with any lateral overlap with their
upwind neighbour.

In Fig. 15, we show lateral offset of the nearest downwind
neighbours in the simulated swarms with 6, =0, 22.5, 45,
and 67.5°. Unlike the real-world results, we see the double-
peaked shape in both cases where the downwind dune is
smaller and larger than the upwind dune. Increasing the angle
between the wind modes has the affect of widening the peaks
in both distributions. We also see that for greater angular sep-
aration the distributions for the cases of smaller and larger
dunes begin to become offset from one another, whereas for
unimodal wind they are perfectly aligned.

4 Discussion

The efficiency of the TFABM has meant that we have been
able to perform a significant number of swarm-scale simula-
tions and investigate the impact of a number of parameters on
the types of swarms that are produced. Previous ABMs have
not been able to produce the longitudinally homogeneous
size distributions (Lima et al., 2002; Durén et al., 2011; Wor-
man et al., 2013) which are expected for real-world swarms
(Elbelrhiti et al., 2008; Duran et al., 2011). In contrast, we
have shown that for several combinations of model parame-
ters the TFABM is able to produce longitudinally homoge-
neous swarms.

The phenomenological parameter ggpif;, Which relates to
the lateral motion of sediment within an asymmetric barchan
and, therefore, controls the stability of asymmetric dunes, is
found to be the most important factor in generating stable
dune sizes through its influence on the collision dynamics.
However, the types of collisions required to produce homo-
geneity depend upon whether the outflux of sand from the
dunes is scaled with the influx that they receive. If the out-
flux is saturated across the horns, there is an unstable equi-
librium size which should lead to runaway growth or shrink-
ing (Hersen et al., 2004; Hersen and Douady, 2005; Worman
et al., 2013). We find, in such cases, that homogeneity results
from a dominance of fragmentation collision which occurs

https://doi.org/10.5194/esurf-12-1205-2024
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Figure 11. A simulated swarm and its longitudinal width profile at 300, 400, 500, and 600 years in panels (a)-(d) respectively. The swarm
formed with ggpif; = 0.1 gsar and a scaled outflux with an initial injection density of py = 24 km ™2 until 356 years, after which py = 12km™2.
The dashed and dotted lines represent the results from simulations where py was kept fixed at 24 and 24 km—2 respectively, with the other
model parameters unchanged.
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Figure 12. Final states and stabilisation of mean size and dune number for pg = 37 km~2 and Gshift = 0.1 gsat, scaled outflux, and secondary
wind mode for the last quarter of each year with angular separation. (a) 22.5°, (b) 45°, and (c¢) 67.5°.

for gghire > 0.1 gsar. Fragmentation collisions serve to coun-
teract the runaway growth of dunes which become larger than
equilibrium, and so the homogeneity is seen as a balance be-
tween the rate of growth of the large dunes due to flux and
the rate of collisions resulting in fragmentation.
Fragmentation collisions are able to reduce the size of a
large dune through the creation of at least one additional new
dune. However, these dunes are often too small to persists on
their own, as has previously been reported using continuum
simulations (Duran et al., 2005). The formation of ephemeral
small dunes, whose sediment is converted to free flux when
the dunes become too small to persist, is what leads to the de-

Earth Surf. Dynam., 12, 12051226, 2024

crease in dune density in the unscaled flux simulations. With-
out additional effects, such as the spontaneous creation of
sand patches which evolve into dunes (Delorme et al., 2023),
this decrease in density is inevitable if fragmentation colli-
sions are required to stabilise dune size.

If, on the other hand, the outflux from dunes scales with
the influx they receive then, rather than an equilibrium size
for dunes, there is an equilibrium flux for which a barchan
of any size would be stable. In this case, longitudinal homo-
geneity can be achieved if collisions typically drive dunes to
a particular size. Size selection has been shown to be possi-
ble using exchange collisions only (Durén et al., 2009; Rob-

https://doi.org/10.5194/esurf-12-1205-2024
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Figure 13. Histograms of dune asymmetries defined at the ratio of port and starboard flank widths are shown in panels (a)—(d) for 6y, =0,
22.5, 45, and 67.5°, with gsat/gshife = 0.1 and scaled outflux. The dashed and dotted lines show the distributions for real-world swarms in
Tarfaya and Mauritania. Panels (e) and (f) show the mean and standard deviations of the distributions shown in panels (a)-(d) compared to

four real-world barchan swarms.

https://doi.org/10.5194/esurf-12-1205-2024

Earth Surf. Dynam., 12, 1205-1226, 2024



1222

D. T. Robson and A. C. W. Baas: Swarm dynamics

— W> Waoanwina

(a)os

W = Waownwina

0.6

05

— W> Waoanwina

(b),,

W = Waownwina

Sy/w

Sy/w

= W> Waownwina

W = Waownwina

(d)

04

= W> Waownwina

W = Waownwina

R 0 1 2 3
Sy/W

(e) 0.200 1
0.175

— W> Waownwina
W = Waownwina
0.150 1
0125 1
& 0.100 1
0.075 1
0.050 4

0.025

0.000

T T T T

Sy/lw

R 0 1 2 3
Sy/W

(f) 0.25 4

0.20

— W> Waownwina

W = Weaownwina

0.15 4

pdf

0.10

0.05 4

0.00 1

-6
Sy/wW

Figure 14. The normalised lateral offset of the nearest downwind neighbours (defined as the lateral offset divided by the width of the
upwind dune) in the populations of (a) Tarfaya 1, (b) Tarfaya 2, (¢) Tarfaya 3, (d) Mauritania, (e) Mars 1, and (f) Mars 2 (available at

https://doi.org/10.5281/zenodo.10848514) (Robson and Baas, 2024a).

son et al., 2021), with stronger peaks indicating the higher
the relative prevalence of exchange over merging and frag-
mentation (Robson et al., 2022). The explains why we ob-
serve stable sizes in TFABM swarms with scaled outflux
when gghise = 0.1 ggqe, since at this value exchange colli-
sions dominate, as shown in Fig. 3. At ggpitt = 0.1 ggat, Over
60 % of collisions result in exchange, with ~ 35 % merging
and the remainder being fragmentation. This also explains
why, although exchange dominance leads to a constant size
distribution which can be described by a log-normal dis-
tribution (Fig. 10), the overall density typically decreases
with downwind distance, since merging collisions (which

Earth Surf. Dynam., 12, 12051226, 2024

decrease dune number) occur significantly more frequently
than fragmentation collisions (which increase dune number).
For the values of ggpify We tested, only if the density of dunes
is low, which reduces the number of collisions, do we ob-
serve a swarm that is homogeneous in both size and density
(Fig. 9).

Looking at Fig. 3, it is possible that between gghift/Gsat =
0.1 and 0.15 there exists a point at which the rates of frag-
mentation and merging are equal, allowing the homogeneity
of size and density to coexist at higher densities; however,
we were unable to find such a point with a manual search of
the parameter combinations.

https://doi.org/10.5194/esurf-12-1205-2024
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In order to constrain the range of parameters in the
TFABM to reproduce realistic swarms, the longitudinal size
and density profiles of real-world swarms require further in-
vestigation. In Fig. 1 of Duran et al. (2011), the size pro-
files of four swarms in Tarfaya are shown to be longitudi-
nally homogeneous for between 3 and 13 km, but there is no
discussion of dune density. Qualitatively the swarms shown
in that work display non-monotonic density over their down-
wind extent. Elbelrhiti et al. (2008) is the only other study
which has explored longitudinal profiles of size and density
over 4-5 km. Some of the profiles show sizes which remain
constant over the entire distance, while others shown an ini-
tial increase in size followed by either a plateau or decrease
in size (similar to many of our simulations). Similarly, the
density profiles for some of the locations are flat, while oth-
ers display non-monotonic behaviour, including an increase
to a peak followed by a decrease, as observed in many of the
swarms we presented here. Interestingly, in paragraph 8 of
chapter 14 in Bagnold (1941) (p. 218 of the 1954 reprint), it
was claimed that it is “common for barchan belts to terminate
because the frequency of their occurrence dwindles to noth-
ing”. In other words, the density of dunes should decrease
significantly towards the end of a swarm. Bagnold (1941)
also suggests that this could be mitigated if additional sed-
iment becomes available following that supplied at the up-

https://doi.org/10.5194/esurf-12-1205-2024

wind boundary. Indirect evidence for the stability of dune
density comes from the Tarfaya zones of Robson et al. (2022)
and Robson and Baas (2024a), which could be interpreted as
several areas within a large swarm and which have very sim-
ilar sizes and densities to one another. However, much more
work is needed to establish how barchan size and density be-
have in natural swarms.

Assuming that swarms are longitudinally homogeneous, at
least in size, the values of gghife Which produce homogeneity
are 0.15 gsae and 0.1 ggye in the unscaled and scaled flux cases
respectively. These were the same values of ggpify Which were
shown to reproduce over 80 % of collisions from cellular au-
tomata (Katsuki et al., 2005), and water tank experiments
(Assis and Franklin, 2020), as shown in the supplementary
material of Robson and Baas (2023). Thus, it seems that col-
lisions produced by other techniques coincide with those that
produce longitudinally stable size distributions in swarms.

On the other hand, we have shown in Fig. 7 that there are
significant differences in the width of asymmetry distribu-
tions in real-world swarm, and consequently, a wider range
of gsnift 1S required to reproduce all of the different distribu-
tions in observed swarms. This suggests that it might be nec-
essary to decouple the dynamics of collisions and asymmetry
growth in the TFABM to capture a wider range of swarm-
scale properties. Figure 13 also shows that, although bimodal

Earth Surf. Dynam., 12, 1205-1226, 2024
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wind regimes can drive dunes away from symmetry, we are
unable to produce the extreme asymmetries observed in some
locations. In order to reproduce such asymmetries, one could
adjust the shape parameters in the TFABM which currently
prevent dunes from becoming too asymmetric according to
Eq. (5).

Finally, we have been able to reproduce the two-peak
distribution of the alignment of dunes and their downwind
neighbours, which is something that has been observed pre-
viously for real-world swarms (Elbelrhiti et al., 2008). How-
ever, there are some differences between the observed dis-
tributions and those produced using the TFABM; the most
significant is that in the simulated swarms, there is little dif-
ference between the shape of the distribution for smaller and
larger downwind dunes. It is possible that one must include
the lateral diffusion of sand flux (Schwidmmle and Herrmann,
2005) or the deflection of sand flux around a barchan so that
the effective shadow cast by a dune only lasts a finite dis-
tance. For instance, it has been observed that erosion down-
wind of the bulk of a fixed model of a barchan in a wind
tunnel persists only to around 20 dune heights, depending
upon the wind speed and size of the dune, with deposition
resuming beyond this point (Cai et al., 2021). We do ob-
serve, in Fig. 14, a slightly different behaviour than Elbelrhiti
et al. (2008) in some cases (especially the Martian swarms),
and so future work should look further into the alignment of
barchans in swarms.

5 Conclusions

We have demonstrated that the Two-Flank Agent-Based
Model is capable of generating swarms of barchans which
have longitudinally homogeneous size distributions which
had not been produced using previous agent-based mod-
els but which are known to be the case for some real-
world barchan swarms. The model and results presented
here, therefore, represent a step forward in our understand-
ing of the behaviour of these complex swarms. We observed
that, depending on whether or not outflux of sand from dunes
scales with the influx, different relative frequencies of colli-
sion types are required to produce longitudinal homogene-
ity. However, in both cases, the necessary collision dynamics
coincide with those reported in numerical and experimental
studies and are produced by the TFABM with ggpife in the
range 0.1-0.15 ggy. It may be possible to test this prediction
using more involved computational models or water tank ex-
periments.

Longitudinal stability of dune density is a rarer occur-
rence in the simulated swarms; however, it is possible to
create sparse swarms exhibiting this kind of homogeneity.
Current quantitative evidence is lacking for the assessment
of whether such stability is indeed a universal property of
barchan swarms in nature. If it is a universal property, then
it may be necessary to incorporate sand patch formation or
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additional sediment supply in the TFABM to produce dense
homogeneous swarms.

Unlike with previous agent-based models, the Two-Flank
Agent-Based Model is capable of simulating swarms un-
der bimodal winds, which revealed that bimodality may be
responsible for asymmetry distributions centred away from
unity, and it also changes in the alignment of dunes with their
neighbours. This adds to our understanding of how dune in-
teraction shape the properties of swarms.

Being able to simulate more realistic swarms using an
agent-based model presents many exciting opportunities for
future work, including the investigation of changing bound-
ary conditions. Preliminary results indicate that there is a
finite transition time for barchan swarms, after which his-
torical boundary conditions are no longer reflected in the
properties of swarms. Future work could explore changing
boundary conditions further to understand how swarms will
be affected by anthropogenic change. It may also be possible
to use the TFABM to train machine-learning algorithms to
trace individual barchans through satellite imagery of dense
swarms.

Code and data availability. Two-Flank Agent-Based Model
has been developed openly, and version 3 is published at
https://doi.org/10.5281/zenodo.13169266 (Robson, 2024b) and
https://github.com/DTRobson/TwoFlank ABModel. Animations
showing the swarm simulations using the model are available at
https://doi.org/10.5281/zenodo.13168898 (Robson, 2024a).
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