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Abstract: Theory and modeling are combined to reveal the physical and dynamical processes that
control Saharan dust transport by amplifying African easterly waves (AEWs). Two cases are ex-
amined: active transport, in which the dust is radiatively coupled to the circulation; passive
transport, in which the dust is radiatively decoupled from the circulation. The theory is built
around a dust conservation equation for dust-coupled AEWs in zonal-mean African easterly jets.
The theory predicts that, for both the passive and active cases, the dust transports will be largest
where the zonal-mean dust gradients are maximized on an AEW critical surface. Whether the dust
transports are largest for the radiatively passive or radiatively active case depends on the growth
rate of the AEWSs, which is modulated by the dust heating. The theoretical predictions are con-
firmed via experiments carried out with the Weather Research and Forecasting model, which is
coupled to a dust conservation equation. The experiments show that the meridional dust transports
dominate in the passive case, while the vertical dust transports dominate in the active case.
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1. Introduction

The importance of Saharan dust transport to the Earth system has propelled re-
search that spans nearly a half century [1]. During that time, much progress has been
gained in understanding the processes that control dust transport and its effect on
weather and climate [2—4]. That understanding is largely a consequence of advances
made with numerical models, which can broadly be divided into two categories: offline
(passive) transport models, in which the dust is radiatively decoupled from the circula-
tion, and online (active) transport models, in which the dust and circulation are radia-
tively coupled [5]. In the passive models, the dust emission and transport are driven by
reanalysis or model-generated fields that are updated at specified time intervals. The
advantage of the passive models is that the relatively short computational times permit
the execution of many simulations at relatively low computational costs [6].

In the active models, however, the computational demands are much higher and the
physical-dynamical interactions are more complex [7]. These complications are due to
the radiative coupling of the dust to the circulation. The coupling occurs via the diabatic
heating, a function of the dust optical properties, which depend on the composition and
size of the dust particles [8,9]. Together, the dust optical properties characterize the ab-
sorption, reflection, and scattering of radiation. These properties are embodied in the
dust heating, which affects the thermal structure of the atmosphere. The dust-modified
thermal structure, in turn, modifies the circulation and the transport of dust [10]. The
coupling between the circulation and the dust forms an intricate feedback loop that is
continuously modulated by dust sources and sinks [11,12]. The complexity of the active
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models also tends to obscure the dust-dynamics relationships that control the transport.

This study examines the transport of Saharan dust aerosols for the passive and ac-
tive transport cases. Rather than examine the transport in all of its complexity, which
would require, for example, accounting for the multiple-scale wind systems that operate
over North Africa, such as turbulent diffusion, cold near-surface outflows from deep
convection, and low-level nocturnal jets [3,13], we instead focus on the dust transport
associated with African easterly waves (AEWs), a prominent feature of the synoptic-scale
circulation over North Africa [14-16].

African easterly waves develop intermittently throughout boreal summer. Their
development depends largely on the energy exchanged with the African easterly jet
(AEJ]), a mid-tropospheric zonal current that is aligned along ~15° N [17-20]. The AEWs
propagate along two tracks that lie astride the AE]J [21,22]. The circulations of the north
track AEWs extend into the Sahara Desert where they contribute to the episodic emission
and mixing of dust, which can coalesce into synoptic-scale plumes that are transported to
regions far from their North African origin [11,23,24]. Indeed, vestiges of the plumes have
been observed in Europe, the tropical Atlantic, and the Americas, where they have been
shown to affect both terrestrial and marine ecosystems [25-27].

The transport of dust by AEWs is a manifestation of the coupling between dust and
waves. The coupling has been demonstrated in both observational and modeling studies
[23,25,28-31]. Carlson and Prospero [25], for example, analyzed dust and wind data ac-
quired during the 1969 Barbados Oceanographic and Meteorological Experiment and
made comparisons between the positions and movement of Saharan dust pulses and
easterly wave activity over the tropical Atlantic. They showed that the dust pulses and
easterly waves, which appeared to be phase locked, shared the same frequency, zonal
spatial scale, and westward speed. Jones et al. [28] used reanalysis data to identify AEWs
and to obtain the wind fields that were used drive an offline dust transport model. They
showed that ~10-20% of the seasonal variability in and transport of Saharan dust across
the North Atlantic is associated with AEWs. Grogan and Thorncroft [30] showed that, in
the Sahel (10-20° N), the dust anomalies reside within the northerlies west of the AEW
trough, whereas, in the Sahara (20-27° N), the dust anomalies reside in the southerlies
east of the trough. Moreover, they showed that the locations of the dust anomalies re-
main anchored to the AEWs as they propagate across North Africa.

The above studies have added to an ever-growing body of evidence showing the
importance of AEWs to the transport of Saharan dust. These studies, however, did not
address the factors that control where the transports are maximized. This has been ad-
dressed, in part, by Nathan et al. [31], who developed a theory that exposes the physical-
dynamical interactions that control the zonal-mean transport of Saharan mineral dust by
linearly unstable AEWs. The theory, which was developed from a conservation equation
for dust, predicts that the AEW transports of dust will be largest where the maximum in
the background dust gradients coincide with a critical surface. A critical surface occurs
where the Doppler-shifted frequency, @, =uk — @, vanishes; u is the zonal-mean cur-

rent, k is the zonal wavenumber, and @, is the intrinsic frequency. Nathan et al. [31] also

conducted numerical experiments with an idealized version of the Weather Research and
Forecasting (WRF) model, which was coupled to the online dust model, termed the
WREF-dust model [10,32]. The WREF-dust model experiments showed that the dust
transports are largest at ~18° N, which confirmed the theoretical prediction.

The potentially important role that dust-induced diabatic heating plays in the
transport of dust by AEWSs has yet to be fully addressed. That such heating should be
important is evidenced by several studies that have shown that dust-induced diabatic
heating can significantly affect the growth, propagation, and structure of AEWs
[22,29,30,33-38]. Ma et al. [34], for example, employed the WRF model to study the radi-
ative forcing of mineral dust aerosols in the development of AEWs during August and
September for the years 2003-2007, a period that comprised 60 AEW cases. Based on a
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prescribed dust layer, Ma et al. [34] showed that the dust radiative forcing enhanced the
convective instability in the model, which caused 57 of the 60 AEW cases to increase in
intensity.

Grogan et al. [35] also showed that dust-induced diabatic heating intensifies the
development of AEWSs. Their analysis combined both theory and modeling. The theory
was based on an analytical expression for the generation of eddy available potential en-
ergy (APE) by the dust field, which was derived by combining a dust conservation
equation with the thermodynamic energy equation. The expression exposed two key
diagnostics that can be used to predict how and to what extent the dust amplifies AEWs.
The diagnostics are the background gradients of the zonal-mean dust field and the loca-
tion of critical surfaces relative to the gradients. Guided by the dust-modified APE, and
using a realistic zonal-mean AE]J, Grogan et al. [35] then employed an idealized version of
the WRF-dust model to examine the effects of dust on the growth, propagation, and
structure of AEWs. They showed that the dust caused the fastest growing AEW to in-
crease its linear growth rate from 13% to 90% for aerosol optical depths (AODs) ranging
from 1.0 to 2.5. They also showed that the energy generation was largest where the me-
ridional dust gradient was maximized near a critical surface. This result is in accordance
with the prediction obtained from the analytical expression for the generation of
dust-modified APE.

Further confirmation of the theoretical and modeling results shown in Grogan et al.
[35] was provided by Grogan and Thorncroft [30], who examined the three-dimensional
structure of dust-coupled AEWs using the Modern-Era Retrospective analysis for Re-
search and Applications, Version 2 (MERRA-2). Based on 37 summers of reanalysis, they
showed that the correlation between the heating rates and the dust anomalies was con-
sistent with the dust-induced generation of APE at mid-levels north of the AE] axis, con-
sistent with Grogan et al. [35].

This study is framed around two questions that were not addressed in previous
studies: first, to what extent do the passive and active dust transports by AEWs differ in
amount and location and, second, what are the physical and dynamical interactions that
control the differences. To answer these questions, we combine theory and modeling, as
described in the following sections.

2. Theory

The development of the theoretical framework for dust-coupled AEWs parallels that
of Nathan et al. [31] but is extended here in order to highlight the processes that distin-
guish the differences between the passive and active dust transport cases. The framework
serves three purposes. First, it will expose the physical-dynamical relationships that
control the dust diabatic heating rate, which, for the active scenario, couples the dust field
to the dynamical circulation. Second, the framework will expose the physical-dynamical
relationships that control the zonal-mean transports of dust by linearly unstable AEWs.
Third, the analytical framework will aid in the interpretation of the modeling results,
which are presented in Section 4.

2.1. Governing Equations

The theoretical development begins with the zonal-mean dust flux (transport) vec-
tor:

M=pv'y'j+pw'y'k, (1)
where v' and w' are the perturbation meridional and vertical wind speeds, respectively,
and y' is the perturbation dust mass mixing ratio. We supplement equation (1) with a

conservation equation for dust mass mixing ratio, which in log-pressure coordinates can,
as in Nathan et al. [36], be written as:
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where the zonal, meridional, and vertical wind fields (u,v,w), and dust mass mixing ra-
tio (y), have been linearized about a steady, zonally-averaged background. The overbar
denotes background quantities and the prime denotes a perturbation, which here repre-
sents the AEW field.

In the dust conservation equation (2), ¢ is the dust depletion rate, which includes
such processes as dry and wet deposition. For the analytical analysis presented in this
section, we model only the dry deposition and choose the simple form ¢ , where

D > 0is constant. The remaining symbols in equation (2) and those that appear later are
defined in Table 1.

Table 1. List of symbols.

Symbol Definition

t; x,y,z=—Hln(p/ po) time; eastward, northward, and vertical directions

H, p,, p, scale height, sea level reference pressure and reference density

p(2) = p, exp(—z/H) background reference density

u(y,z), y(y,2) background zonal-mean wind and dust mass mixing ratio
76,20 perturbation dust mass mixing ratio
u'(x,y,2,1) perturbation zonal wind speed
v'(x,,2,1) perturbation meridional wind speed
w'(x,y,2,0) perturbation vertical wind speed
¢ ,C dust diabatic heating rate per unit mass, dust depletion rate
L(y,z;7),D dust heating rate coefficient, dust depletion rate coefficient
T(y,2), T(y,2) mean aerosol optical depth, mean transmissivity

solar constant, cosine of the solar zenith angle,

S, ()’/'l ’Ga Ly 1 11
specific absorption coefficient

2.2. Dust Heating Rate

To aid in understanding the physics that account for the differences in dust trans-
ports between radiatively passive and radiatively active dust fields, we begin with an
analysis of the dust heating rate, which is due to a combination of absorption, scattering,
and emission. All three processes must be accounted for to accurately produce quantita-
tive values of the dust heating rate. For the following analytical analysis, however, our
interest is in the qualitative aspects of the physics. Therefore, we only account for ab-
sorption, which Grogan et al. [35] and Nathan et al. [36] have shown is the dominate ra-
diative process for Saharan dust. As shown by Nathan et al. [36], the dust heating rate can
be written as:

¢ 3)
where
L(y,z:7) = S,0, pexp(-T), )

is proportional to the zonal-mean transmissivity, 7 =exp(-7) . In equation (4), So is the so-
lar constant, o, is the specific absorption coefficient, and 7(y,z) is the zonal-mean AOD,
given by
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where 1 is the cosine of the solar zenith angle.

To obtain an expression for the dust heating rate, the perturbation fields are chosen
in the form:

viw' iy T 4, (6)

where the asterisk represents the complex conjugate of the preceding term, which en-
sures that the solutions are real. The complex amplitudes are (V,W,7,¢) and the complex

frequency is w@=o, +io. , which is related to the complex phase speed by

o, =ke,, o, = ke;, where k is the zonal wavenumber, c, is the phase speed, and kc, is the

growth rate. It is important to note that the complex amplitudes (eigenfunctions) depend
implicitly on the complex frequency (eigenvalue), a fact that will bear on the interpreta-
tion of both the dust heating rate and the dust transports.
Insertion of equation (6) into equation (2) and using equation (3) yields:
. Tut@sD)( 7 o7
( - =4 -V — =W — |
- )

_ —\—

mupoLArun ouunu. L

This equation explicitly shows how the coupling between the direct radiative effects
of dust and the dynamical circulation combine to affect the dust heating rate. For exam-
ple, for a fixed depletion rate, D , equation (7) states that the dust heating rate depends on
the product between three quantities: (i) T, which, recall from equation (4), depends, in
part, on the AOD of the mean dust distribution; (ii) a modulator, which depends on the
Doppler shifted frequency, o, =uk -, and the wave growth rate, @, both of which
depend implicitly on the background wind and dust distributions; (iii) a source, which is
due to the advection, in the latitude-height plane, of the background dust by the pertur-
bation wind, which itself depends on both w, and @ . Consequently, the modulator and
source of perturbation heating are interdependent, therefore the amount of dust heating
or cooling will depend nonlinearly on the background dust field.

For fixed D, the modulator is largest when  and o, are both small, i.e., for slowly

growing waves near a critical surface. If D=0 then equation (7) becomes singular when
o, —0 and @, > 0. Thus, D prevents the singularity, as would additional physics such
as nonlinearity or other diabatic processes, which are not considered here. Nevertheless,
even with D or additional physics, the limiting case would still produce a large heating
rate response locally. Such limits, of course, will also affect the source, since the pertur-
bation winds, v' and w', each depend on @, and o, . In addition, the source depends
on the signs of the wind and background dust gradients, such that the northward and
upward advections of zonal-mean dust by the perturbation may augment or oppose each
other.

2.3. Dust Transports

To obtain expressions for the meridional (vertical) dust transports, first divide
equation (3) by T, then multiply equation (3) by v' (w'), rearrange terms, and then obtain
the zonal average; the result is:

—  —io, +(@,+ D) ( — 07 ,—,aﬂ
pPVY == = | TPV T pYywW—|,

8)

LINAINOIUNL MU ULA LU IRAINDEURL DUURLL
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The dust transports, similarly to the dust heating rate, are controlled by a modulator
and source. The transport modulator is the same as the heating rate modulator, whereas
the sources of the transports, which consists of two terms, are due to the Reynolds
stresses acting on the zonal-mean dust gradients. Equations (8) and (9) reveal that the
meridional and vertical dust transports depend on the zonal-mean dust gradients in both
directions.

Consider, for example, the meridional dust transport equation (8). Whether the first
source term produces northward or southward transport is determined solely by the
mean meridional dust gradient; the transport is southward (northward) where the
background dust gradient is positive (negative). The second source term, however, de-
pends on both the Reynolds stress and the mean dust gradient. The second term will
produce southward (northward) dust transport where there is a vertical flux of southerly
(northerly) momentum in a region where the mean dust gradient is positive (negative).
Similar reasoning holds for the vertical dust transport equation (9).

For fixed background wind and dust distributions, the dust transports depend on a
modulator, which is a function of the Doppler shifted frequency and the wave growth
rate, and a source, which is a function of the wave structure. These wave properties are
all affected by the dust heating rate, which is what couples the dust to the circulation.
Whether the various dust-modified wave properties augment or oppose each other will
determine to what extent the passive versus active dust transports differ in their magni-
tude and spatial distribution. Although numerical calculations are required to assess the
detailed differences between the passive and active cases, there is a generalization that
can be gleaned from equations (8) and (9): the transports for both the passive and active
cases will be locally maximized near a critical surface, i.e., where @, =uk -, =0. This
generalization follows from the fact that even if there are significant differences in the
intrinsic frequency, w, , between the passive and active cases, there will always be a region
where uk ~w, and it is in that region where the dust transports are maximized, which
we confirm with the numerical calculations shown in Section 4.

3. Model and Background Fields

In this section, we describe the Weather Research and Forecasting (WRF)-dust
model, the numerical experiments, and the background distributions for the zonal-mean
background wind, temperature, and dust fields.

3.1. WRF-Dust Model

The WRF-dust model consists of the Advanced Research WRF (ARW) dynamical
core (v3.7) and a 12 bin dust model (radii range from 0.15-5.0 um) developed by Chen et
al. [12,32]. In this study, an idealized version of the WRF-dust model, which is described
in detail in Grogan et al. [35] and Nathan et al. [36], is used to conduct the numerical ex-
periments. The model has three idealizations. First, the dust model simulates
three-dimensional advection and dry sedimentation; other transport mechanisms (such
as convective mixing and sub-grid mixing) and sources/sinks (such as emission and wet
deposition) are excluded. Second, the sole physics operating on the dynamical core is the
NASA/Goddard Space Flight Center radiative transfer scheme [39,40]; all other physics
parameterizations, such as boundary layer physics, convection, and cloud processes, are
deactivated. In the radiative transfer scheme, the dust bins are radiatively coupled; dust
heating rates are computed using the dust optical properties—extinction coefficient, sin-
gle scattering albedo, and asymmetry parameters—which are from the Optical Properties
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of Aerosols and Clouds (OPAC) software package [41]. Third, the WRF-dust model is run
until the most linearly unstable AEW (3300 km) emerges. The method for conducting the
linear stability calculations is described in previous papers [35,36]. Briefly, the method
involves (i) imposing a small amplitude (~10* m s™) perturbation of fixed wavelength;
(ii) integrating the model forward in time until the domain-averaged total wave energy
converges to exponential growth (accuracy of 103 for at least 12 h), which takes ~20 days;
(iii) extracting the three-dimensional eddy wind, temperature, and dust fields using a
Fast-Fourier transform algorithm once exponential growth is achieved.

The model domain is a global channel on an equidistant cylindrical grid that extends
from 40° N to 10° S; the horizontal resolution is 0.5° latitude by 0.5° longitude. The hori-
zontal boundary conditions are periodic in the zonal direction and symmetric at the
north and south channel sidewalls. In the vertical, there are 50 levels that extend from the
surface up to 100 hPa; no-slip conditions are imposed at the top and bottom. To reduce
noise and boundary reflections, a 30-min hyper diffusion is imposed on the horizontal
wind fields everywhere in the domain, while a Rayleigh damping is imposed on the
wind and temperature at upper levels (300-100 hPa).

3.2. Background Fields

Figure 1 shows the background distributions used in the numerical experiments.
Figure 1a shows the zonal-mean, zonal wind, and potential temperature fields, which are
in thermal wind balance. These background fields are identical to that used in Grogan et
al. [35]. The zonal-mean wind, which is consistent with the observed AE], is centered at
15° N and ~650 hPa, is symmetric in latitude and asymmetric in height, and has a peak
easterly wind of 15 m s

300 —- 300 —

400 — 400 —

500 — 500 —

600 — 600 —

Pressure (hPa)
Height (km)
Pressure (hPa)
T
Height (km)

700 — 700 —

800 — 800 —

900 —| 900 —

1000 1000 —~+———————7—
8 12

Latitude (degrees) Latitude (degrees)

NS

100 200 300 400 500 600 700 800
Dust Mixing Ratio (ug kg™)

Figure 1. (a) Background AE]J (solid) and potential temperature (dashed). Contour intervals: 2 m s
and 3 K, respectively. (b) Background dust field. Contour interval: 100 ug kg™; “X” denotes the lo-
cation of the AE]J core, which is at 15° N, 650 hPa.

Figure 1b shows the distribution of the zonal-mean dust mixing ratio, which is
identical to Nathan et al. [36]. The dust field consists of the same spatial distribution for
each of the 12 dust particle bins; the particle bin size distributions are scaled according to
Kok [42]. The field is centered at 20° N, is symmetric in latitude, and decreases with
height. The positioning of the dust distribution is close to the strongest source regions
that are scattered across North Africa [43]. The vertical dust distribution is guided by
measurements from the Cloud-Aerosol Lidar and Infrared Pathfinder Satellite Observa-
tion (CALIPSO), which are taken during summer over North Africa [44]. For an obser-
vationally consistent plume, concentrations of each dust bin are scaled to produce a
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maximum AOD of ~1.0. Given our choice of dust particle bins and size distribution, this
yields a dust mixing ratio of ~800 ug kg near the surface at 20° N.

4. Results

The numerical results were obtained following the procedure described in Section 3.
That procedure yields, for the most unstable k = 12 wave, the following frequency and
growth rate: w =8.34 m s and @, = 0.35 days™ for the passive case; » =8.40m s and @
=(0.42 days for the active case. The difference in the frequency between the passive and
active cases is less than 1%; however, the growth rate for the active case is 20% larger.
This information will be used to connect the theory with the numerical results.

Figure 2 shows the dust diabatic heating rate, ¢ , at 18° N for the active case; the
passive case is not shown since it is decoupled from the circulation and thus is not phys-
ically relevant to the dust transports. We have chosen 18° N since, as shown by Nathan et
al. [31], it is the approximate latitude along which dust transports are largest, which also
coincides with the critical surface (w,— 0) at ~800 hPa. The maximum ¢ seen in Figure 2
occurs near —40° and 750 hPa. Below ~750 hPa, ¢

level, it tilts slightly eastward. Because ¢ is coupled to the circulation, its structure is re-

tilts westward, whereas, above this

flected in the structures for the wind and dust fields, as shown in Figures 3 and 4, re-

spectively.
q
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Figure 2. The dust diabatic heating rate, ¢ , at 18° N for the active case. Solid (dashed) contours

correspond to positive (negative) values. The zonal phase angle is relative to the AEW; 360° of
zonal phase is one AEW wavelength (3300 km), 12° of zonal phase is 1° of longitude. Contour in-
tervals are 0.25 K day.

Figure 3 shows the vertical structures of v' (top row) and w' (bottom row) for the
passive case (left column) and active case (right column) at 18° N. For both the passive
and active cases, v' and w' tilt eastward with height from the surface to ~650-700 hPa.
There is ascent (w'>0) ahead (west) of the trough at mid-levels (-20° to -100°, 700-900
hPa). These vertical structures correspond to baroclinic energy transfer from the AEJ to
the AEWs [30]. There are, however, structural differences between the passive and active
cases. For example, in the active case at 700-800 hPa, the vertical tilt of v' is larger, while
the maximum of w' more than doubles and shifts vertically by ~50 hPa. These structural
enhancements, which coincide with the region of peak dust heating shown in Figure 2,
augment the existing baroclinic wave structure.
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Figure 3. (a,b) The meridional velocity, v', and (c,d) vertical velocity, w', fields at 18° N for the
passive (left column) and active (right column) experiments. Solid (dashed) contours correspond to
positive (negative) values. Contour intervals are 0.5 m s for v' and 0.001 m s for w'.

Figure 4 shows the vertical structure of y ' for the passive case (left) and active case
(right) at 18° N. As expected from equation (3), the structure for y'in the active case
(Figure 4b) closely resembles ( (Figure 2); the slight difference in the peak altitude be-

tween the two is due to the transmissivity. Comparison of Figure 3 with Figure 4 shows
that, for both cases, y 'and w' are approximately in phase with each other, but are 90° out

of phase with v'. These phase relationships agree with the theoretical analysis presented
in Nathan et al. [31]. Both cases also show that y ' tilts westward with height from the

surface to ~800 hPa. At this pressure level y 'attains its peak amplitude, which is ~10%
larger in the passive case.
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Figure 4. Vertical structures of the perturbation dust field, y ', at 18° N for the (a) passive and (b)
active experiments. Contour intervals are 10 pug kg.

That y ' is larger in the passive case can be explained by the theoretical analysis in

Section 2. To do so, divide equation (7) by T, take the limit @, — 0, which, as stated
above, is valid near the critical surface at 800 hPa, 18° N. We can also note that

W' 07 10z

—— ~ 0(0.1), (10)
v'0y /0y

which means that the meridional advection of the mean dust by the wave field dominates
over the vertical advection. This condition, which is consistent with the figures and con-
firmed with the numerical experiments, allows equation (7) to be approximated by

. v oy
(0 +D) oy

* (11)
At —40° and 800 hPa, the point in the zonal-pressure plane where y'>0 is maximized,
v'<0 (see Figures 3a and 3b) and 8y/0y >0 (see Figure 1b at 18° N). In addition, V'
shows little change between the passive and active cases (cf. Figures 3a and 3b), so that
y ' is controlled primarily by the growth rate, w , which is ~20% larger in the active case.
Consequently, y' is larger in the passive case, in agreement with the numerical results
(cf. Figures 4a and 4b).

The difference in y' between the passive and active cases is most evident in the
phase tilts. In the passive case, y ' tilts westward with height, whereas for the active case
it tilts slightly eastward with height above 800 hPa. The eastward tilt is due to the
dust-induced vertical shift in heating and thus strengthening of w', which maintains its
in-phase relationship with y'. Between 650-850 hPa, the stronger w' field also is associ-
ated with larger ' concentrations. At 700 hPa, for example, y' is about 20% larger in
the active case.

Figure 5 shows the dust transports in the meridional direction and the vertical di-
rection for the passive case and for the active case. To ease comparison with the theory
presented in Section 2, the critical surface is also shown. It is important to note that the

critical surface, defined by @, =uk—m, =0, is essentially the same for both the passive

and active cases. This is not surprising since the intrinsic frequency o, changes by less
than 1% between the two cases.
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Figure 5. Latitude-height cross sections of the (a,b) meridional dust transports and (c,d) vertical
dust transports for the passive case (left column) and active case (right column). Solid/dashed
contours indicate northward/southward transport (top) and upward/downward transport (bot-
tom). Overlaying each plot is the critical surface (bold). Contour intervals: (top) 2.0 x 107 m s and
(bottom) 0.002 x 107 m s71.

The comparison of passive and active transports shown in Figure 5 reveals some
similarities. For example, for both the passive and active cases, the meridional transports,

v'y', are characterized by two signals, one south of the mean dust maximum, which is

located at 20° N (Figure 1b), and the other to its north (Figures 5a and b). The transports
are directed equatorward between 15-20° N, i.e., in the region where 8y/0y>0. The
transports are directed poleward between 20-25° N, where dy/0y<0. Thus, the equa-
torward and poleward transports are directed down the background dust gradient. The
equatorward transports, which are more than a factor of three times larger than the
poleward transports, are maximized at ~18° N, ~800 hPa. This point, as noted earlier,
coincides with the critical surface, which agrees with the theoretical prediction in Section
2 and the reanalysis results of Grogan and Thorncroft [30]. The vertical dust transports
are upward both north and south of the dust maximum, and, like the meridional trans-
ports, are down the background dust gradient and are largest at ~18° N, ~800 hPa (Fig-
ures 5c and d). As predicted from the theoretical framework, for both cases, the dust
transports diminish with distance from the critical surface.

The most striking difference between the passive and active transports shown in
Figure 5 is in their magnitudes. In the active case, the maximum vertical (upward)
transports are ~50% larger than in the passive case, whereas the maximum meridional
(southward) transports are ~10% smaller. This means that, in models where the dust is
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radiatively decoupled from the circulation, the dust residence times in the atmosphere
will be underestimated, while the dust concentrations that extend south of the Sahel will
be overestimated.

To explain the differences in the transports between the two cases, we refer to the
analytical transport equations (8) and (9). If we again focus on the region near the critical
surface (18° N, 800 hPa), such that @, - 0 and equation (10) holds, we obtain the follow-

ing approximate forms for the transports:

R pv'2 6}7
vy ————, (12)

(o, +D) oy

— pv'_w' oy
ow'y'mn ————. (13)

(o, +D) oy

Near the critical surface both transports are proportional to the mean meridional dust
gradient, which is positive. Thus, according to equations (12) and (13) and consistent
with Figure. 5, the transports are maximized in regions where the critical surface is coin-
cident with the maximum in the mean meridional dust gradient. Moreover, the trans-
ports are distinguished by the Reynolds stresses: the meridional transports depend on
the northward flux of northerly momentum, whereas the vertical transports depend on
the northward flux of vertical momentum. As discussed earlier, for both the passive and
active cases, the meridional velocity amplitudes are about the same (cf. Figures 3a and

3b), whereas for the active case the growth rate o; is ~20% larger and w'is ~100% larger.
This means that changes in pv'y' between the two cases is controlled by @, and is thus

smaller for the active case. However pw'y' is mostly controlled by w' and is thus larger in
the active case.

5. Conclusions

Major advances in understanding how Saharan dust affects weather and climate
have largely been acquired from numerical models. These models can be divided into
two categories: offline (passive) transport models, in which the dust is radiatively de-
coupled from the circulation, and online (active) models, in which the dust and circula-
tion are radiatively coupled [5].

In this study, we have examined the differences between the passive and active
transports of Saharan mineral dust aerosols by exponentially amplifying AEWs. These
waves, which are a signature feature of the synoptic-scale circulation over North Africa,
are among the multiple-scale wind systems that contribute to the emission and transport
of Saharan dust [23,28,30,31]. Our analysis was framed around two questions: first, what
are the physical and dynamical interactions that control the differences between the pas-
sive and active modeling approaches; second, to what extent do the passive and active
dust transports differ in amount and location. To answer these questions, we combined
theory and modeling.

The theory, which is valid for any wave, irrespective of scale, is based on a linear
conservation equation for the dust field. Here, we focused the theory on dust-coupled
AEWs in zonal-mean African easterly jets. The theory shows:

e For both the passive and active cases, the meridional and vertical dust transports each
depend on the Reynolds stresses operating on the mean dust gradients in both the
meridional and vertical directions;

e The dust transports are largest where the zonal-mean dust gradients are maximized
along an AEW critical surface, irrespective of whether the dust fields are radiatively
passive or active;
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e  Whether the dust transports are largest for the radiatively passive or radiatively ac-
tive case depends on the dust-modified AEW growth rate and on the dust-modified
Reynolds stresses acting on the mean dust gradients.

The theoretical predictions were confirmed with numerical experiments executed
with the Weather Research and Forecasting-dust (WRF-dust) model. The (linear) ex-
periments were carried out based on a zonal-mean background state that is consistent
with the observed African easterly jet (AEJ) and the zonal-mean dust distribution over
North Africa. The numerical experiments show, in agreement with the theory, that, for
both the passive and active cases, dust transports are largest where the critical surface
coincides with the maximum in the mean meridional dust gradient.

There are, however, several differences between the passive and active transports.
For example, for the active case, the maximum meridional transport is ~10% smaller,
while the maximum vertical transport is ~50% larger. Guided by the theory, these per-
centages were explained in terms of the differences between the growth rate and the
Reynolds stresses acting on the mean dust gradients.

The theoretical and numerical results presented in this study have several implica-
tions regarding the transport of Saharan mineral dust during the initial growth phase of
African easterly waves. For example, the fact that, for the active case, the meridional dust
transports are smaller and the vertical transports significantly larger means that passive
models will overestimate Saharan dust concentrations in the Sahel and underestimate the
concentrations aloft. The additional dust in the Sahel may result in enhanced concentra-
tions downstream as they are carried offshore by the African easterly jet. Meanwhile, the
underestimation of dust aloft will shorten its residence time, on average, which in turn
could reduce downstream transport. The extent to which these meridional and vertical
transport effects might be offset downstream is unclear. This requires further study in a
framework in which zonal variations in both the background AE] and transports are ac-
counted for.

The close agreement between the theory and modeling of the zonal-mean dust
transports by AEWs for both passive and active scenarios presented here lends confi-
dence to the results. Nevertheless, there are several extensions of this study that should
be considered, particularly relating to the quantitative values for the transports. For ex-
ample, it is unclear to what extent the passive and active transports are sensitive to the
structure, strength, and location of the AE], and to the structure and concentration of the
background dust field. In addition, because the eddy dust heating rate depends on the
spatial distribution, size distribution, and optical properties of the dust, a sensitivity
analysis of how these dust properties affect AEWs of various scales in passive and active
scenarios should also be carried out. Finally, we note that our study focused on the
transports associated with linearly unstable AEWs. It would be interesting to compare
the passive and active dust transports during the life cycles of AEWs, which Grogan et al.
[29] have shown are characterized by distinct stages with distinct growth and structural
characteristics.

Although further work is needed regarding the modeling of Saharan dust transport
by AEWs, the combination of theory and modeling presented in this study will aid in the
interpretation of results obtained from high resolution dust transport models and in the
predictability of where the transports should be largest.
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