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ABSTRACT

Series of aerosol transport hindcasts for West Africa were conducted using the Weather Research and
Forecasting (WRF) Model coupled to chemistry within the NASA-Unified WRF (NU-WRF) framework. The
transport of biomass-burning aerosols in April and December 2009 was investigated over two types of simulation
domains. One-month simulations with 9-km grid spacing for April or December 2009 covered most of North
and West Africa and were evaluated by comparison with measurements of the total-column aerosol optical
depth, Angstrém exponent, and horizontal wind components at various pressure levels. The horizontal wind
components at 700 hPa were identified as key factors in determining the transport patterns of biomass-burning
aerosols from sub-Saharan West Africa to the Sahel. The vertical accumulation of biomass-burning aerosols
close to 700 hPa was demonstrated in 1-day simulations with 1-km horizontal grid spacing. A new simple pa-
rameterization for the effects of heat release by biomass burning was designed for this resolution and tested
together with the conventional parameterization based on fixed smoke injection heights. The aerosol vertical
profiles were somewhat sensitive to the selection of parameterization, except for cases with the assumption of
excessive heating by biomass burning. The new parameterization works reasonably well and offers flexibility to
relate smoke transport to biomass-burning plume rise that can be correlated with the satellite fire radiative
power measurements, which is advantageous relative to the conventional parameterization.

1551

1. Introduction

The climate of West Africa is influenced by aerosols from
various sources. Biomass-burning aerosols, particularly,
yield significant uncertainties in deducing aerosol impacts
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on climate. Biomass burning in West Africa is mostly from
bush fires in the savanna as well as forest and cropland fires
due to prevalent agricultural practices and wood burning
for fuel (e.g., Delmas et al. 1991; Ichoku et al. 2016). Bio-
mass burning in West Africa has a clear seasonal cycle, with
an annual peak around the December—January timeframe
(e.g., Swap et al. 2002; Ichoku et al. 2008; Roberts et al.
2009; Reeves et al. 2010). Previous studies have explored
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many aspects of biomass burning in relation to the atmo-
spheric composition, weather, and climate of Africa (e.g.,
Cautenet et al. 1999; Abel et al. 2005; Johnson et al. 2008;
Milton et al. 2008; Myhre et al. 2008; Liousse et al. 2010;
Tummon et al. 2010; Sakaeda et al. 2011; Gatebe et al. 2014;
Shi et al. 2014; Zhang et al. 2014).

Globally, many numerical simulations have been
conducted in an effort to reproduce smoke transport
events at various locations and have been compared
with in situ and remote sensing observations for vali-
dation. For example, a modeling study demonstrated
how the forest fires in Quebec, Canada, affected the air
quality near the surface in Washington, D.C., and its
environs through the transport of smoke aerosols
(Colarco et al. 2004). Transport of dense smoke from the
Yucatan Peninsula and its vicinity to a wide area of the
United States was reproduced by a regional model
(Wang et al. 2006). That study proved the importance of
introducing appropriate diurnal variability of smoke
emission in the model. On the other hand, several
studies have adapted numerical models for improved
representation of wildfire smoke plumes and their in-
jection into the different layers of the atmosphere. For
example, the injection of a smoke plume into the lower
stratosphere was simulated using a three-dimensional
(3D) plume model, and the dependency of the injection
height on the amplitudes of the sensible heat and
moisture fluxes was investigated (Trentmann et al.
2006; Luderer et al. 2006). A one-dimensional (1D)
cloud-resolving model was embedded in a 3D coarse-
resolution chemical transport model to explicitly
parameterize the vertical transport of gases and particles
released by wildfires (Freitas et al. 2007). The assumption
for parameterized smoke injection heights in simulations
for northern sub-Saharan Africa was evaluated in com-
parison with the Cloud-Aerosol Lidar with Orthogonal
Polarization (CALIOP) on the Cloud-Aerosol Lidar and
Infrared Pathfinder Satellite Observations (CALIPSO)
satellite (Yang et al. 2013). However, the effect of bio-
mass burning as a source of heat driving smoke transport
has not been sufficiently explored in such models, par-
ticularly within the African context at mesogamma
(1-20 km) scales, despite the fact that satellite-based data
have revealed the important correlation between smoke
plume height and fire radiative energy (FRE) at pixel
(1 km) and subpixel levels (e.g., Peterson et al. 2014).

The present study conducts aerosol transport hindcast
simulations over West Africa using the Weather Research
and Forecasting (WRF) Model coupled to chemistry
(WRF-Chem) within the NASA-Unified WRF (NU-WRF;
Peters-Lidard et al. 2015) framework. First, 1-month
simulations for April and December 2009 were con-
ducted with 9-km grid spacing covering most of North
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and West Africa. These simulations aim at demonstrating
aerosol transport during the different months over the
whole of West Africa and evaluating the model hindcast
capability through comparison with remote sensing
measurements. Second, 1-day simulations with 1-km grid
spacing were conducted for small domains with active
biomass burning. These simulations focused on a new
parameterization of the vertical transport of biomass-
burning aerosols as a function of smoke lifting and in-
jection powered by the heat release from the fire.

This study utilizes a daily high-resolution biomass-
burning emission product based on the satellite measure-
ments of FRE release rates or power (FRP) and aerosol
optical depth (AOD; Ichoku and Kaufman 2005; Ichoku
and Ellison 2014). These emission data are ingested into the
NU-WRF model to evaluate its efficacy for use in aerosol
transport hindcasts. In addition, a new parameterization
scheme has been designed to introduce the impacts of la-
tent and sensible heat fluxes released by biomass burning
on the smoke injection and transport as constrained by the
satellite-measured FRP. This parameterization is tested in
the 1-km grid-spacing simulations.

The descriptions of the aerosol transport model, hind-
cast configuration, and measurement datasets are pro-
vided in section 2. The simulation results are analyzed
and discussed in section 3. A summary and our conclu-
sions are presented in section 4. The new parameteriza-
tion approach is described in the appendix.

2. Methodology
a. The NU-WRF

NU-WRF is a modeling system integrating the National
Center for Atmospheric Research (NCAR) Advanced
Research version of WRF (WRF-ARW; Skamarock et al.
2008) with multiple modeling components and datasets
developed at NASA Goddard Space Flight Center (GSFC).
WRF-Chem in the NU-WRF, version 8, patch 3, which is
based on the WRF-ARW, version 3.7.1, is employed for
aerosol transport hindcasts over the target region and pe-
riods. The online Goddard Chemistry Aerosols Radiation
Transport (GOCART; Chin et al. 2000a,b) bulk aerosol
module simulates five major aerosol types (sulfate, dust,
black/organic carbon, and sea salt), as well as their precursor
gas species.

1) LAND SURFACE AEROSOL EMISSION

Surface emission of aerosol particles in the GOCART
module is derived from prescribed emission inventories
and parameterizations, according to the types of emission
sources. The emission inventories of anthropogenic
sources are based on the global datasets of the monthly
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climatology derived from the Atmospheric Chemistry
and Climate Model Intercomparison Project (ACCMIP;
Lamarque et al. 2013). Dust emissions are calculated for
five particle-size classes using the 10-m height wind speed,
the threshold velocity of wind erosion, and the surface
conditions, including soil type, ground wetness, topo-
graphic depression, and surface bareness (Ginoux et al.
2001; Kim et al. 2017). Biogenic emission rates are func-
tions of the land-use category, air temperature, and solar
radiation flux near the surface (Guenther et al. 2006).

Biomass-burning emission data are provided by the
global Fire Energetics and Emissions Research version 1.0
product (FEERV1.0; Ichoku and Ellison 2014). The emis-
sion databases are spatially interpolated onto the surface
grid points of WRF-Chem through the PREP-CHEM-
SOURCES preprocessing system (Freitas et al. 2011).
The method used to introduce the FEER data into
PREP-CHEM-SOURCES follows that of the Global Fire
Emissions Database (GFED; e.g., Van der Werf et al. 2010).

The FEERV1.0 emission product (Ichoku and Ellison
2014) is derived from the Terra/Aqua Moderate Resolution
Imaging Spectroradiometer (MODIS) daily measurements
of FRP. The FRP products are converted to emission rates
of sulfur dioxide (SO,), dimethyl sulfide (DMS), sulfate,
organic/black carbonaceous aerosols, and particles less than
2.5 and 10mm in diameter (PM2.5 and PM10) using emis-
sion coefficients derived for each of these species (Ichoku
and Ellison 2014). The FEERv1.0-G1.2 product is offered in
gridded format at 0.18 3 0.18 spatial resolution. In addition,
the present study also uses a customized FEERv1.0-Mp6
dataset that retains the original 1-km resolution of the native
MODIS Collection 6 active fire product (Giglio et al. 2016).
This FEERvV1.0-Mp6 product maintains the observed
coordinates of each fire detection, while also deleting du-
plicate fire detections resulting from the MODIS bowtie
effect at off-nadir locations (Nishihama et al. 1997; Polivka
et al. 2016). The FEERv1.0-Mp6 emission product is con-
verted into the gridded data on the NU-WRF domains by
accumulating the nongridded emission rates to the nearest
model surface grid points.

While biomass burning in West Africa is characterized
strongly by a diurnal cycle (e.g., Ichoku et al. 2008), these
FEER emission products do not contain information
about the diurnal changes of the emission rates. We de-
signed the emission rates of the tracers from biomass
burning in the WRF-Chem simulations to diurnally change
in the form of a Gaussian function (Roberts et al. 2009).
The Gaussian function was characterized by a peak at
1400 local solar time and a full-width at half-maximum
(FWHM) value of 2h for April and 4 h for December.
These parameters were estimated from climatological
analysis of the Fire Radiative Power Gridded (FRPGRID;
Wooster et al. 2015; Roberts et al. 2015) product across the
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Meteosat coverage region. The emission rates included in
the FEERV1.0-Mp6 dataset are currently set to the daily
peak values in the Gaussian diurnal cycle, because the
Aqua satellite passes over the west coast areas of West
Africa usually around 1400 local time. In contrast, the daily
peak values in the same Gaussian diurnal cycle are de-
termined from the daily average emission rates in the
FEERV1.0-G1.2 dataset to conserve total daily emissions.

2) PARAMETERIZATION OF SMOKE LIFTING
EFFECTS ON BIOMASS-BURNING AEROSOL
TRANSPORT

The model design for simulations with 9-km grid spacing
follows the parameterization described by Wang et al.
(2006) and Yang et al. (2013) and represents the effects of
smoke injection on the vertical transport of aerosols
emitted from biomass burning. Smoke aerosols are as-
sumed to be mixed uniformly in model vertical levels un-
der fixed injection heights. The injection height is set as
650 m above ground level (AGL), which is expected to be
suitable for simulations for sub-Saharan African biomass
burning (Yang et al. 2013). A 1D plume-rise model in the
original community version of WRF-Chem (Freitas et al.
2007) is turned off in the present study to prevent double
counting the aforementioned processes.

In addition, another parameterization for representing
the effects of smoke injection through biomass burning is
newly developed and tested in the simulations with 1-km
grid spacing. The parameterization is designed to repre-
sent the vertical transport of fire-emitted gas and aerosols
directly through changes in the dynamic and thermody-
namic fields in a model with horizontal resolution of a
few kilometers or less, instead of assumptions of a fixed
smoke injection height. The forcing to these fields is
constrained by the FRP derived from the MODIS fire
algorithm products. The detailed descriptions are sum-
marized in the appendix. Chemical tracers released by
biomass burning are added into the lowest atmospheric
model level and subsequently advected explicitly,
when this parameterization is activated.

3) DESIGN OF NUMERICAL EXPERIMENTS

Figure 1 illustrates the geographical coverage of the
NU-WRF WRF-Chem simulation domains. First, 1-month
hindcasts were conducted over the entire West Africa do-
main to explore the synoptic-scale aerosol transport.
The model was integrated for the entire months of April
and December 2009, from 0000 UTC of the first day to
1200 UTC of the last day of the month. The domain com-
prised 600 3 400 grid points with horizontal grid intervals of
9km. The vertical levels extending to a top pressure of
50 hPa were divided into 51 layers with intervals increasing
with altitude. The FEERv1.0-G1.2 product with 0.18 3 0.18
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spatial resolution was used to provide the biomass-burning
emission data in the simulations.

Second, a series of 1-day hindcasts were conducted
for the small nested domains from 0600 UTC 16 April to
0600 UTC 17 April and similarly for 14-15 December
2009. The domains comprised 729 3 819 grid points for
16-17 April and 1044 3 603 grid points for 14-15
December with horizontal grid intervals of 1km. These
simulations were designed specifically for testing the new
parameterization. The FEERvV1.0-Mp6 product with ap-
proximately 1-km resolution was employed in these sim-
ulations. Offline one-way nesting was applied to embed
the meteorological field output from the larger domain
simulation in the nested smaller domain simulations.
However, the nesting of aerosol/gas fields was turned off,
so that the aerosol fields in the 1-day simulations were
affected only by the emission within the nested domain to
highlight the effects.

The initial and lateral boundary meteorological condi-
tions of the 9-km grid-spacing domain were calculated
from global reanalysis datasets with 6-hourly intervals.
Three different reanalysis datasets were tested: 1) the
Modern-Era Retrospective Analysis for Research and
Applications version 2 (MERRA-2; Bosilovich et al. 2015)
with a horizontal grid spacing of 0.58 latitude and 0.6258
longitude, 2) the National Centers for Environmental
Prediction (NCEP) Final (FNL) operational global anal-
ysis dataset (NOAA/NCEP 2000) with a grid spacing of
18 in both latitude and longitude, and 3) the interim re-
analysis of the European Centre for Medium-Range
Weather Forecasts (ECMWF) model (ERA-Interim;
Dee et al. 2011) with spectral T255 horizontal resolution.
Selection of different meteorological reanalysis datasets
may significantly affect the smoke transport simulations
(e.g., Ge et al. 2017). Regardless of the selection of the
reanalysis for the meteorological fields, the initial and
lateral boundary conditions of the aerosol fields for the
1-month simulations with 9-km grid spacing were pre-
pared using MERRA Aerosol Reanalysis (MERRAero;
e.g., Buchard et al. 2015) with a horizontal grid spacing of
0.58 latitude and 0.6258 longitude.

The following physics parameterizations were used in
the simulations. The grid-scale cloud microphysics was
parameterized using the Goddard Cumulus Ensemble
(GCE) single-moment 3-ice bulk microphysics (Lang
et al. 2007) interactively with the predicted aerosol mass
concentrations (Shi et al. 2014; Tao et al. 2015, 2016). The
subgrid cumulus was parameterized using the Grell-3D
cumulus parameterization scheme (Grell and Dévényi
2002) only in the simulations with 9-km grid intervals. The
Goddard shortwave and longwave radiation schemes,
version 2014 (Chou and Suarez 1999, 2001), affected by
the aerosol direct effect were used to calculate the
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FiG. 1. Domain configuration of the NU-WRF simulations and
locations of ground-based measurement sites. The map corresponds
to the simulation domain with horizontal grid spacing of 9 km for
1-month simulations. The areas enclosed by the black squares show
the simulation domains with horizontal grid spacing of 1km for
1-day simulations. The alphabetical symbols denote the locations of
Banizoumbou (B; 13.548N, 2.668E), Darkar (D; 14.398N, 16.968W
and 14.738N, 17.58W), and Niamey (N; 13.488N, 2.178E).

atmospheric radiation (Shi et al. 2014; Lau et al. 2017).
The level-2.5 Mellor-Yamada—Nakanishi-Niino turbu-
lence scheme (Nakanishi and Niino 2006, 2009) was cho-
sen for the planetary boundary layer and subgrid-scale
turbulence calculation. The unified community Noah land
surface model (Tewari et al. 2004) calculated the land
surface processes and surface heat fluxes. The simulated
horizontal wind fields were further constrained by those in
the global reanalysis datasets through spectral nudging
(Miguez-Macho et al. 2004) only for the simulations with
9-km grid spacing. The spectral nudging was applied for
wavenumbers less than 7 in the x (east—west) direction and
5in the y (north—south) direction in the simulations, on the
basis of our preliminary tests involving comparison with
the wind fields in the reanalysis datasets (not shown here).

b. Observation datasets

Sounding data from the Integrated Global Radiosonde
Archive version 2 (IGRA; Durre and Yin 2008) were
used to validate the horizontal wind velocities at several
pressure levels, which were important factors for de-
termining the aerosol transport. There were multiple
active stations of IGRA over West Africa in 2009.
However, all stations in West Africa between 58 and
128N, where active biomass burning was mostly observed,
had low observation frequencies (S. Nicholls 2017, per-
sonal communication). Thus, this study used the sounding
data from Niamey, Niger (13.488N, 2.178E), and Dakar,
Senegal (14.738N, 17.58W), which had higher observation
frequencies, although their locations were outside the
forest and savanna zones that were active in biomass
burning. These two stations are, in fact, close to Aerosol
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Robotic Network (AERONET; Holben et al. 1998) sites,
making them suitable for investigating correlations be-
tween the observed horizontal wind patterns and aerosol
optical properties at the almost coincident locations.

AERONET provides continuous observations of
AOD obtained from ground-based remotely sensed
measurements. This study used the daily averages of
AERONET level 2.0 (cloud screened and quality as-
sured) AOD products for evaluation of the simulated
AOD. The Angstrom exponent (AE) was calculated
from AOD at 440- and 1020-nm wavelengths. Data from
the Banizoumbou, Niger (13.548N, 2.668E), and Dakar
(14.398N, 16.968W) sites were explored because of their
closeness to active biomass-burning zones and better
observation frequencies.

The following satellite products provide horizontal dis-
tributions of monthly AOD and AE: Sea-Viewing Wide
Field-of-View Sensor (SeaWiFS) Deep Blue Level 3
global gridded (0.58 3 0.58) version-4 data (Hsu et al. 2012,
2013) of AOD at 550-nm wavelength and AE, the Terra/
Aqua MODIS Collection 6 Level 3 monthly gridded at-
mosphere product AOD at 550 nm (the Dark Target and
Deep Blue algorithms merged; 0.58 3 0.58) and AE (Deep
Blue algorithm for land only; 18 3 18) (Sayer et al. 2014;
Levy et al. 2015), and the Terra Multiangle Imaging
SpectroRadiometer (MISR) Level 3 global aerosol prod-
uct (0.58 3 0.58) version-4 AOD at 555 nm and AE (MISR
Science Team 2015). These satellite products were used to
explore the horizontal variability of column aerosol optical
properties in April and December 2009. Total attenuated
backscatter at 532 nm and aerosol subtype classification in
the CALIPSO retrieval products, version 4.10 (Omar et al.
2009; Winker et al. 2009; CALIPSO Science Team 2015),
were used as references for the vertical profiles of aerosol
structure in the discussion.

3. Results

a. One-month simulations with 9-km grid spacing
for April and December 2009

Active biomass-burning locations and FRP were quite
different between April and December 2009. Figure 2
shows the distributions of fire locations and their respective
FRP values, as extracted from the Terra/Aqua MODIS
Collection 5 active fire product (Giglio 2013) for these two
months. The observed FRP is correlated with the biomass-
burning rates of combustion and smoke emission (e.g.,
Ichoku and Kaufman 2005; Wooster et al. 2005).

In April 2009 (Fig. 2a), fire detections with per-pixel
FRPs higher than 450 MW were mainly concentrated
in a limited region near the west coast of West Africa,
where they are distributed roughly across Guinea, Sierra
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FIG. 2. Monthly fire locations and composited FRP (MW) de-
rived from the Terra/Aqua MODIS Collection 5 Active Fire
Product during (a) April and (b) December 2009.

Leone, and Liberia. Outside of these high-FRP loca-
tions, fire locations with FRPs lower than 150 MW are
widely distributed across West and Central Africa. The
FRP distribution in December 2009 (Fig. 2b) is quite
different from that of April 2009. Fires with FRPs higher
than 150 MW are widely distributed, mostly across the
savanna, cropland, and grassland belts of West and
Central Africa, although its local maximum is less
prominent than that of April 2009. Pixel FRP values of
around 750 MW were observed over a wide area in the
northern part of Central Africa. Because the African
easterly jet (AEJ; e.g., Berry et al. 2007) is dominant in
the northern tropical latitudes of Africa, aerosol parti-
cles emitted from these areas are generally transported
through West Africa and affect the air quality there.

1) COMPARISON WITH SATELLITE-RETRIEVED
AEROSOL DISTRIBUTIONS

Figure 3 shows the monthly AOD and AE distributions
from the satellite gridded aerosol products in April 2009
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(a) SeaWiFS monthly AOD in April 2009
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(e) SeaWiFS monthly AE in April 2009
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FiG. 3. Monthly (left) AOD at 550- or 555-nm wavelengths and (right) AE during April 2009 from (a),(e)
SeaWiFS Deep Blue Level 3 global gridded version-4 data, (b),(f) Terra and (c),(g) Aqua MODIS Collection
6 Level 3 monthly gridded atmosphere products, and (d),(h) MISR Level 3 global aerosol product version-4 data.

over the WRF simulation domain with 9-km grid spacing.
Overland AOD higher than 0.5 was observed over the
west coast of sub-Saharan West Africa and multiple areas
of the eastern Sahara. The overland AE distributions
show a clear contrast between the north and the south

around 108N. The high AODs over the eastern Sahara are
coincident with lower AE, and they are due to high
concentrations of mineral dust aerosol particles with
relatively large particle sizes. In contrast, the high AODs
over the west coast of West Africa are due to smaller
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FIG. 4. Monthly (left) cloudless-sky AOD at a visible band (400-700 nm) and (right) AE during April 2009,
calculated from the NU-WRF simulation results using the forcing reanalysis data: (a),(d) MERRA-2, (b),(e) FNL,

and (c),(f) ERA-Interim.

smoke aerosol particles emitted from biomass burning,
because they are coincident with higher AE. The pres-
ence of active biomass burning over the region is clearly
shown by the observed high FRP in Fig. 2a.

The observed monthly AOD and AE values in Fig. 3
for April 2009 are compared with those calculated from
the WRF-Chem simulations. Figure 4 illustrates the
distribution of monthly cloudless-sky AODs at a visible
band (400-700nm) and their corresponding AE. The
monthly AODs and AEs were calculated as an average

of values at every 1200 UTC only under cloudless-sky
conditions defined as cloud optical depth (COD) less
than 1. Overall, the simulations with the three differ-
ent forcing datasets underpredicted AOD similarly.
However, the spatial patterns of relative magnitudes in
these simulated AODs are roughly similar to those
in the observed AOD in Fig. 3. In particular, all simu-
lated distributions show higher AOD at 58-108N and
158-108W, which is caused by smoke aerosols from
biomass burning near this location. In contrast, the
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FIG. 5. As in Fig. 3, but for December 2009.

simulations significantly underpredicted AOD due to
dust aerosols over the eastern Sahara, although the
simulation driven by FNL shows a peak of AOD around
158N and 158E. Overall, the three simulations show
similar weak gradients of AE from the southeast to the
northwest of the domain. The observed overland AE is
underpredicted, especially over the southern parts of the
domain, regardless of the forcing data selection.

The monthly AOD in December 2009 from the satellite
products (Fig. 5) was generally lower than the corre-
sponding April AOD (Fig. 3) throughout the domain.
Relatively high AOD was widely distributed in the coastal
and inshore areas of sub-Saharan West Africa and in a
limited area of the Sahara. The high AOD over sub-
Saharan West Africa appears to be attributable to the
production of smoke aerosols due to active biomass
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(d) NU-WRF MERRA-2 monthly AE in Dec
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FIG. 6. As in Fig. 4, but for December 2009.

burning over the region and during the month (Fig. 2b).
The distribution of AE in December 2009 (Fig. 5) was
generally similar to that in April 2009 (Fig. 3), which
indicates similar aerosol subtype distributions during
these months.

Figure 6 shows the simulated cloudless-sky AOD and
AE in December 2009 for comparison with those in Fig. 5.
Overall, the three simulations reproduced similar spatial
patterns to that of the observed AOD, but underpredicted
the AOD throughout the domain. Because high AOD
south of 108N is close to higher FRP in Fig. 2b, the high
AOD is attributed to high concentrations of smoke

aerosols from biomass burning. North of 158N, the under-
prediction of AOD is insignificant, although the observed
local maximum near 158N and 158E is not well simulated.
The spatial patterns of relative magnitudes of AE between
the observation and the simulation are similar.

The April and December simulations share some
characteristics in simulating the monthly AOD and AE
results against the satellite measurement products. All
simulations tended to underpredict AOD, especially
over the eastern Sahara, where mineral dust aerosols are
dominant. The spatial patterns of relative magnitudes
of AOD were generally simulated correctly, particularly
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F1G. 7. Monthly cycles of daily (a)—-(c) AOD and (d) AE at Dakar (14.398N, 16.968W) during April 2009, derived from AERONET level
2.0 AOD products and the NU-WRF simulation results using the forcing reanalysis data: MERRA-2, FNL, and ERA-Interim. The
simulated AODs at 400-, 600-, and 999-nm wavelengths in (a)-(c), respectively, are compared with the observed AODs at wavelengths of
440 nmin (a), 675 nmin (b), and 1020 nm in (c). The observed AODs are a daily average from more than three observations in a day, while

simulated values are sampled at every 1200 UTC.

around sub-Saharan West Africa close to active biomass-
burning areas in each month. The simulations also simi-
larly underpredicted AE, especially over sub-Saharan
West Africa south of 108N. These biases of AOD and AE
may be attributed to the different uncertainties in the
satellite aerosol products (Wang et al. 2018). To further
evaluate the model, the simulated aerosol optical prop-
erties are compared with the AERONET measurements
in the next section.

2) CoMPARISON WITH AERONET AND IGRA
SONDE MEASUREMENTS

Day-to-day variations of AOD and AE are evaluated
by comparing daily values obtained from the AERONET
ground-based measurements and the simulation results.
The observation and simulation data at the AERONET
sites in Dakar (14.398N, 16.968W) in April 2009 and
Banizoumbou (13.548N, 2.668E) in December 2009
are discussed below, because the locations were close

to active biomass-burning areas during those months
(Figs. 1 and 2).

Figure 7 shows the time series of daily AOD and
AE at Dakar during April 2009, obtained from the
AERONET measurements and the WRF-Chem simu-
lations. The AERONET AODs at 440- and 675-nm
wavelengths show local maxima around 11, 17, and
26-30 April in Fig. 7. The observed high AOD around
11 and 17 April was coincident with the relatively high AE
in Fig. 7d, whereas AE was very low for 26-30 April.
The increased observed AOD in the middle of the
month was caused mostly by the increased concentra-
tion of smaller aerosol particles, which are probably
aerosols from biomass burning. In contrast, the in-
creased AOD simultaneously with decreased AE for
26-30 April was due to an increased concentration of
larger-size aerosol particles (i.e., mineral dust).

The simulations in Fig. 7 show different AOD values
at 440 and 675nm on 12 April and around 16 April.
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vectors overlaid at 1200 UTC (left) 12 and (right) 16 Apr 2009, simulated by the NU-WRF simulations using the
forcing reanalysis data: (a),(d) MERRA-2, (b),(e) FNL, and (c),(f) ERA-Interim.

In particular, the simulation driven by ERA-Interim
yielded significantly large AOD in comparison with the
other simulations and the observed AOD on 12 April.
To investigate the different AODs at Dakar, the hori-
zontal distribution of the simulated AOD and horizontal
wind fields at the 700-hPa pressure level at 1200 UTC 12
and 16 April are shown in Fig. 8. Anticyclonic circula-
tions were present in the southwestern part of the
domain on both days in all simulations. High AOD
was simulated along parts of the rim of the anticyclonic

circulation. This high AOD is caused by biomass-burning
aerosols, which has been confirmed by a sensitivity sim-
ulation that turns off the emission of biomass-burning
aerosols (the result is not shown here). The locations and
magnitudes of the simulated anticyclonic circulations
vary according to the selection of the forcing reanalysis
dataset (MERRA-2, FNL, and ERA-Interim). As a
result, the distributions of the simulated AODs are
different. In the simulation driven by ERA-Interim
(Fig. 8c), an air mass with very high AODs advected
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FiG. 9. (a),(b) Monthly averages and standard deviation of the zonal and meridional wind components (ms=') at Dakar during April
2009, from IGRA V2 sounding data and NU-WRF simulation results using the forcing reanalysis data: MERRA-2, FNL, and ERA-
Interim. (c),(d) Monthly cycles of the zonal and meridional wind components at 700-hPa pressure level at every 0000 and 1200 UTC,

together with those from the MERRA-2 original data.

by a southwesterly wind from the ocean hit Dakar on
12 April. This caused the significantly large AODs at 440
and 675nm at Dakar on 12 April in the monthly cycle
(Fig. 7). The other simulations (Figs. 8a,b) do not show
such a significant increase of AOD, because the simu-
lated high AODs swerved slightly away from Dakar.
However, an effect of the advection of biomass-burning
aerosols was seen in the simulated AE monthly cycle at
Dakar (Fig. 7d), regardless of the selection of the re-
analysis. The simulated AE in the middle of the month is
higher than those in the beginning and end of the month.
The day-to-day variations of the simulated AEs are in
broad agreement with those in the observations.
Figures 9a and 9b illustrate the monthly averages and
standard deviations of the zonal and meridional wind
components at the 925-, 850-, 700-, and 500-hPa pressure
levels at the Dakar IGRA site in April 2009. The vertical
profiles show a strong wind shear under the 700-hPa

level, especially in the meridional wind component.
Overall, the simulated horizontal wind components
agree with those of the observations as a result of the
spectral nudging. Figures 9c and 9d illustrate variations
of the observed and simulated zonal/meridional wind
components every 12 h at the 700-hPa level at the Dakar
site in April 2009. This comparison between observed
and simulated horizontal wind components is used to
further explore the day-to-day variations of the aerosol
optical properties in the AERONET measurements and
the simulations shown in Fig. 7. The fluctuation patterns
of the observed wind components at the 700-hPa level
(Fig. 9) are broadly correlated with those of the ob-
served AE in Fig. 7d. Thus, the observed higher AE
around 11 and 17 April are coincident with the south-
westerly wind (large positive zonal and meridional
components) in Fig. 9, and a momentary decrease in the
observed AE on 13 April is coincident with a temporal
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F1G. 10. As in Fig. 7, but at Banizoumbou during December 2009.

wind change around the same day. In contrast, an east-
erly wind (negative zonal wind) is dominant in the latter
part of the month, and simultaneously the observed AE
is relatively low.

The simulated horizontal wind components are in
general agreement with those in the observations in
Figs. 9c and 9d. A southwesterly wind is continuously
simulated in the middle of the month, similarly to that in
the observed day-to-day variation. How the southwest-
erly wind contributed to the increase of AE at Dakar
through advection of biomass-burning aerosols is dem-
onstrated in Fig. 8. However, none of the simulations
captured the momentary change in the observed hori-
zontal wind around 13 April. This prediction error could
lead to the abrupt decrease in the observed AE on
13 April being missed (Fig. 7d).

Figure 10 shows the time series of daily AOD and AE
at Banizoumbou during December 2009, obtained from
the AERONET measurements and the simulations. The
observed AOD at 440 nm was highest on 14 December,
while AODs at the other three wavelengths on that
same day were clearly lower. The significantly higher

AOD at 440 nm is due to high concentrations of smaller
aerosol particles, which is also reflected in the rela-
tively high AE on the same day. The time series of
the simulated AOD and AE results at Banizoumbou
in December 2009 agree generally with those in the
observations in Fig. 10, except from 20 to 26 December.
The day-to-day variations of both observed and simulated
AODs, particularly at 440- and 400-nm wavelengths,
show a local maximum in the middle of the month. This
local maximum of AOD around 14 December is collo-
cated with a local maximum of AE in both the observa-
tions and simulations.

Figure 11 illustrates the same analysis on the hori-
zontal wind components as in Fig. 9 but at the Niamey
IGRA site during December 2009. The vertical profiles
of the averaged zonal wind in Fig. 11a suggest that a
weak easterly wind was generally dominant at each
pressure level, whereas the averaged meridional wind is
slightly northerly. Overall, the simulations reproduced
the vertical profiles of the observed wind components as
well as the day-to-day variations of the observed zonal
and meridional wind at 700 hPa in Figs. 11c and 11d.
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(a) zonal Wind (m/s) at Niamey in December 2009
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F1G. 11. As in Fig. 9, but at Niamey during December 2009.

The following discussion is developed on the as-
sumption that the Banizoumbou AERONET site and
the Niamey IGRA site are sufficiently close to each
other, so that there is correlation between the physical
quantities of the atmosphere over the two locations. The
comparison between the observed monthly cycles of the
meridional wind at 700 hPa in Fig. 11d and AOD/AE in
Fig. 10 suggests that the observed meridional wind at
that pressure level is positively correlated with the
observed AOD, particularly at the 440- and 400-nm
wavelengths, and AE. For example, stronger southerly
wind and higher AE were collocated on 7, 14, and
22 December. During those days, smaller aerosol par-
ticles related to biomass burning were advected from the
south where such particles were dominant (Fig. 2b). In
Figs. 10d and 11d, the simulation results show sub-
stantial agreement between the AE and the meridional
wind also, except for 22 December.

The increase in the simulated AOD due to biomass-
burning aerosols, which is coincident with high AE
on 14 December, is demonstrated in the plots of the

horizontal distributions of AOD and the wind fields at
the 700-hPa level in Fig. 12. An anticyclonic circulation
is simulated around 138N, 128E, and a high AOD dis-
tribution extends northward on the western side of the
circulation. The Banizoumbou and Niamey IGRA sta-
tions are covered with this relatively high AOD. This
transport process of biomass-burning aerosols is similar
to those in the cases of 12 and 16 April in Fig. 8, in which
high AOD and AE values are simultaneously simulated
at Dakar. The development of a local anticyclonic (i.e.,
high pressure) circulation along the AEJ plays a major
role in the northward advection of biomass-burning
aerosols to the Sahel from sub-Saharan western Africa.
The relationship between the simulated wind and
aerosol optical properties is consistent with that in the
ground-site observation results in each month.

The importance of the wind at the 700-hPa level on the
advection of biomass-burning aerosols to the north be-
yond 108N may be explained using CALIPSO observa-
tions for the vertical aerosol distributions. Figure 13
shows vertical cross sections of 532-nm total attenuated
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Fi1G. 12. As in Fig. 8, but at 1200 UTC 14 December 2009.

backscatter and aerosol subtype classification around
0200 UTC 7 December 2009 in the CALIPSO version-4.10
retrieval products. The satellite footprint passed in the
vicinity of the Banizoumbou AERONET site and
the Niamey IGRA site, so that the observed vertical
structures could be similar to those over the two sites.
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The observed vertical profiles from 11.58 to 13.58N
exhibit a two-layer aerosol structure characterized by a
mineral dust aerosol layer from approximately 1- to 2-km
height above mean sea level (MSL) and clean continental
and elevated smoke aerosol layers from 3- to 4-km height.
The elevated smoke and clean continental aerosol layers
seemed to spread out from the south to the north. Po-
tential effects of the elevated aerosol layer are consistent
with the results obtained from the Banizoumbou and
Niamey sites on 7 December. Given that a pressure level
of 700 hPa corresponds approximately to 3.15-km height
MSL, the transport of smoke aerosols by southerly winds
at that vertical level (Fig. 11d) seems to have caused large
AE (Fig. 10d) on that day. These findings are generally
consistent with those of Yang et al. (2013), who discussed
vertical profiles of particulate matter through compari-
sons with CALIOP measurements.

b. One-day simulations with 1-km grid spacing for
specific biomass-burning cases

Figure 14 shows the distribution of daily FRPs from the
Terra/Aqua MODIS Collection 5 Active Fire Product
for 16 April and 14 December 2009. Simulations were
conducted for these dates using 1-day hindcasts from
0600 UTC. Relatively strong FRP spots were concentrated
near the coastal area on 16 April, whereas relatively
weak FRPs were widely distributed in the domain on
14 December.

Figure 15 illustrates the horizontal distributions of
simulated AOD at a visible band (400-700-nm wave-
length) over the simulation domains with 1-km grid
spacing at 2100 UTC 16 April and 14 December 2009,
with a 700-hPa-level horizontal wind velocity overlay.
The simulations for these plots employed a fixed in-
jection height set as 650 m AGL, similar to the 1-month
simulations with 9-km grid spacing. Higher AODs in the
plots are caused mostly by aerosols emitted from bio-
mass burning, because areas with higher AODs are
distributed from higher FRP locations in Fig. 14. Over-
all, the aerosols are transported from biomass-burning
areas according to wind direction at the 700-hPa
pressure level.

The sensitivity of vertical transport of smoke aerosols
to the selection of the smoke injection parameterization
is discussed below. Table 1 lists the designs of the sen-
sitivity tests for each April and December case. The
following three options for the modeled fixed smoke
injection heights were tested to check the impacts on
emitted aerosol transport: (i) the model bottom-layer
top height in each WRF-model column (Al and D1 in
Table 1), (ii) 650m AGL (A2 and D2), and (iii) 2000 m
AGL (A3 and D3). The effects of the new parameteri-
zation described in the appendix were investigated with
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FI1G. 13. Vertical cross sections of (a) 532-nm total (parallel 1 perpendicular) attenuated
backscatter (km2!sr2%) and (b) aerosol subtype classification retrieved from the lidar
measurements by the CALIPSO core satellite along a track passing near Niamey around

0145 UTC 7 Dec 2009.

different magnifications (31, 310, 350, and 3100) for
the heat and vapor flux strengths released by the bio-
mass burning (from A4 and D4 to A7 and D7).

Figure 16 shows time series of three height parame-
ters indexing the vertical distribution of carbonaceous
aerosol mass concentration averaged over the simula-
tion domains; a height at which mass concentration ac-
cumulated from the bottom reaches 95% of the total in
the vertical column (so-called 95th percentile) is used as
an index for the top of the aerosol layer.

The comparison between A1/D1 and A2/D2 (the ab-
breviations are listed in Table 1) in Fig. 16 suggests that
prescribing the smoke injection heights to the top of the
bottom layer or to 650 m has little effect on the aerosol
vertical distribution. Regardless of the injection height
selection, the mean and maximum-value heights range
roughly from 1.5 to 2km MSL in the April case and from
1 to 1.5km MSL in the December case, after the peak
time of the biomass-burning emission. The 95th per-
centile heights reach approximately 3km MSL after the
peak time in both cases. The effect of the different in-
jection heights is offset through upward advection and
diffusion within convective planetary boundary layers
(PBLs) during the daytime. However, the A3/D3 results
show earlier increases in the three types of height pa-
rameters relative to those of A1/D1 and A2/D2 and

maintain a slight increase until the end of the simula-
tions. The effects of the 2000-m smoke injection height
are slightly beyond the daytime convective PBL effects.

The simulations of A4/D4, A5/D5, A6/D6, and A7/D7
employed the new parameterization described in the
appendix. The results of A4/D4 are almost consistent
with those of A1/D1 and A2/D2, implying that the new
parameterization for heat release by biomass burning
has little effect on the aerosol profile when the flux
strengths are not amplified. However, A5/D5, A6/D6,
and A7/D7 show increased height parameters according
to the relative magnification factors applied to the flux
strengths. The parameterized amplified latent and sen-
sible heat fluxes change the atmospheric structure near
the surface in these simulations, so that emitted aerosols
are transported to higher levels. The effects are similar
to those for the 2000-m fixed injection height in A3/D3,
except that the increases in the height parameters
are delayed in A5/D5, A6/D6, and A7/D7 relative to
A3/D3. Unlike the experiments using fixed smoke in-
jection heights, the timing of the height increase is closer
to the diurnal peak time of the biomass-burning emis-
sion in A5/D5, A6/D6, and A7/D7, because the param-
eterized effects are dependent on the FRP magnitude
with the diurnal cycle. These results demonstrate that
the new parameterization could provide flexibility on
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FIG. 14. Daily FRP (MW) distribution derived from the Terra/
Aqua MODIS Collection 5 Active Fire Product on (a) 16 Apr and
(b) 14 Dec 2009. The areas enclosed by the white squares show the
simulation subdomains with horizontal grid spacing of 1 km.

changing aerosol vertical profiles according to the
strength of satellite-observed biomass burning rather
than using the artificial injection height assumptions. In
addition, the larger 95th-percentile heights in A6 and A7
when compared with respectively those of D6 and D7
may be caused by the higher FRP in the April case than
in the December case (Fig. 14).

Figure 17 illustrates the vertical distribution of domain-
averaged carbonaceous aerosol concentrations at 2100 UTC
in the April and December cases. The April case shows
roughly unimodal distributions, whereas the simulations
in the December case show clear bimodal distributions.
Some parts of carbonaceous aerosols seem to be trapped
in nighttime stable PBLs close to the surface in the
December case.

The results in Figs. 16 and 17 suggest that the peak
and top heights of simulated biomass-burning aerosols
are located roughly between 1.5 and 3km MSL (i.e.,
approximately 850- and 700-hPa pressure levels). This
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FiG. 15. Distribution of AOD at a visible band (400-700-nm
wavelength) with 700-hPa horizontal wind vectors overlaid at
2100 UTC (a) 16 Apr 2009 and (b) 14 Dec 2009, simulated by the
NU-WRF 1-km simulations.

finding supports the agreement between horizontal
wind at 700 hPa and the horizontal transport of biomass-
burning aerosols to the Dakar and Niamey/Banizoumbou
sites, which are discussed in section 3a. However, the
wind at 850hPa was less consistent with AOD and
AE at those sites than the wind at 700 hPa. The reason
is probably because the 850-hPa level is closer to
or within the PBL, so that the wind at this level has a
greater temporal and spatial variability. As a result,
the wind at 700 hPa works better as an index to show
the large-scale horizontal transport of aerosols between
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TABLE 1. Design of sensitivity tests in the NU-WRF simulations
with 1-km horizontal grid spacing. Letters A and D denote the
simulations for 16-17 Apr and 14-15 Dec 2009, respectively.

Smoke injection Magnification for flux

Abbreviation height strength?®
Al, D1 Top of model —°
bottom layer®

A2, D2 650 m —

A3, D3 2000 m —

A4, D4 Top of model 31
bottom layer

A5, D5 Top of model 310
bottom layer

A6, D6 Top of model 350
bottom layer

A7, D7 Top of model 3100

bottom layer

& Magnifications to perturb the sensible and latent heat fluxes of
Egs. (A3) and (A4) in the appendix.

® The top height of the model bottom atmospheric layer is set as the
smoke injection height.

© The parameterization described in the appendix is not applied.

1.5 and 3km MSL. Since 700 and 850 hPa correspond
approximately with 3 and 1.5km MSL, respectively, it
might be appropriate to conduct further studies to ex-
plore the validity of a generalization that the transport
of an aerosol layer is best characterized using the wind
parameters of the pressure level closest to the top of
the layer.

4. Summary and conclusions

A series of hindcast simulations were conducted to
evaluate the performance of the NU-WRF WRF-Chem
model as a simulation tool of biomass-burning aerosol
transport over West Africa. Two types of nested do-
mains were configured to explore the large-scale hori-
zontal transport and the vertical transport near the
burning areas, separately. First, 1-month simulations
were conducted for April and December 2009 with 9-km
horizontal grid spacing, to investigate the model re-
producibility skill against satellite- and ground-based
measurements. Second, 1-day simulations with 1-km
horizontal grid spacing were conducted to focus on the
variability of vertical transport of aerosols according to
different parameterizations of the smoke lifting and
injection rates.

The comparison between the measurements and the
simulations with 9-km grid spacing showed that wind
components at 700 hPa worked as an index to explain the
northward transport of the biomass-burning aerosols be-
yond 108N from the south, where biomass burning was ac-
tive. The simulations demonstrated how the development
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of clockwise (i.e., high pressure) circulation along an AEJ
caused the substantial northward transport of the biomass-
burning aerosols. Such close relationships between the
vertical accumulation of the biomass-burning aerosols and
their horizontal transport around 700 hPa were previously
discussed by Yang et al. (2013) through the comparison of
simulations with CALIOP observations. The present study
further justified their conclusions through the comparison of
horizontal wind components with the sounding data in the
Sahel region.

The model simulations with 9-km grid spacing generally
underpredicted satellite-observed monthly AODs, espe-
cially over the eastern Sahara, and AE, especially over
sub-Saharan West Africa south of 108N in both months.
The comparison with AOD and AE from AERONET
ground-site observations showed that the model also un-
derpredicted AOD, particularly when its increase was
coincident with low AE. However, the model did not
under- or overpredict AERONET AE roughly on the
monthly average. Since the comparison of the aerosol
optical parameters with AERONET observations was
conducted in a more consistent manner (similar wave-
lengths) than that with the satellite measurements, the
underprediction of AOD, particularly due to dust parti-
cles, is certain but the bias in AE could be due to un-
certainties in the satellite retrievals. At times when AE is
larger and AOD is still underpredicted, smoke emissions
can also be underpredicted because of the lack of sensi-
tivity of MODIS to detecting fires at the edges of satellite
swaths and no observations of fires in the gaps between
each MODIS ground track in equatorial and sub-
equatorial regions (Wang et al. 2018).

A new simple parameterization for the effects of
heat release by biomass burning based on the satellite-
measured FRP data was designed for kilometer- or sub-
kilometer-scale simulations. This parameterization was
tested in nested domains with 1-km grid spacing.
The simulation results showed that vertical profiles of
biomass-burning aerosols were slightly sensitive to the
selection of the parameterizations used in this study,
except for cases assuming extreme heat release from
biomass burning. Emitted aerosols were transported
upward and mixed within the daytime convective PBL,
even if the aerosols were injected only into the model’s
bottom layer. The peak and top heights of simulated
biomass-burning aerosols were located roughly between
1.5 and 3km MSL. These results were consistent with
the findings that wind at the 700-hPa pressure level was a
key factor in the horizontal transport of biomass-burning
aerosols on the subcontinental scale.

The vertical transport of biomass-burning aerosols could
vary with the observed FRP magnitude (i.e., the density
and strength of the biomass burning), as introduced
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F1G. 16. Time series of (a),(d) mean height MSL, (b),(e) height MSL with the maximum value, and (c),(f) 95th-percentile height MSL
of simulated carbonaceous aerosol mass concentrations averaged over the domain of the NU-WRF model 1-km simulations (left) from
0600 UTC 16 Apr to 0600 UTC 17 Apr 2009, and (right) from 0600 UTC 14 Dec to 0600 UTC 15 Dec 2009. The abbreviations in the plot

legends are identical to those in Table 1.

through the model parameterization. The parameteriza-
tion could work reasonably well and offer better flexibility
relative to conventional parameterizations based on the
fixed smoke injection heights. Since the new parameteri-
zation has been developed for cloud-resolving scales
(5 1km), it has the potential to better simulate the in-
teraction between biomass burning and convective
systems/clouds in future studies. However, the perfor-
mance of the parameterization could not be evaluated

in this study, because of the absence of coincident cor-
responding in situ or airborne measurements for satellite-
based FRPs and fire areas (e.g., Peterson et al. 2013),
elevated smoke properties, and the carbonaceous aerosol
distribution from active biomass burning. The features of
such smoke from biomass burning over West Africa are
usually hidden in CALIPSO measurements, as a result of
its mixture with dust aerosol particles transported from the
Sahara, as shown in Fig. 13 and also Yang et al. (2013).
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F1G. 17. Vertical profiles of simulated carbonaceous aerosol mass
concentrations averaged over the domain of the NU-WRF model
1-km simulations at 2100 UTC (a) 16 Apr and (b) 14 Dec 2009. The
abbreviations in the plot legends are identical to those in Table 1.

Quantitative evaluation of such simulation results would
require field measurement campaigns with aircraft as well
as further advanced use of geostationary satellite obser-
vations (e.g., Solomos et al. 2015) to trace biomass-burning
smoke aerosols under different environmental conditions.
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APPENDIX

Parameterization of the Effects of Heat Release by
Biomass Burning on Smoke Spread

A new parameterization has been designed and de-
veloped to represent the heat and vapor release from
surface wildfires. The approach includes the released
heat and vapor fluxes and follows the method in the
WRF dynamics core coupled with the fire-spread model
(WRF-SFIRE; e.g.,, Mandel et al. 2011; Coen et al.
2013). The flux divergences are included as additional
tendencies of the potential temperature and vapor cal-
culation into multiple layers on the basis of an assumed
extinction depth of surface fire heat. However, unlike
WREF-SFIRE, our parameterization does not calculate
the detailed processes and properties of wildfires. Al-
ternatively, the strengths of the heat and vapor fluxes are
constrained by the FRP derived from the MODIS fire
algorithm products, which was also used to create the
FEER emission products.

The release rate of the total radiative energy Eg
emitted from wildfires within a pixel is estimated using
the 4-mm channel radiance in the fire retrieval algorithm
of the MODIS Collection 6 product [e.g., Giglio et al.
(2016), Eq. (16)]:

. AoiS
E, T 2L, 2L,), (A1)

f
a 4

where L, and L,4, are the 4-mm radiance of the target
pixel and surrounding nonburned background pixels,
respectively; Apiy is the area of the pixel; s is the Stefan—
Boltzmann constant; t, is the atmospheric transmittance
for the 4-mm channel; and a is a sensor-specific empirical
constant.

Here, Es is correlated to the mass combustion rate of
biomass My, and the relationship between these two
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variables is approximated by the following equation
[Wooster et al. (2005), their Eq. (14)]:

dM, /dt 50:368 310%°E, (kgm?*s?!), (A2)

where dMy,/dt is assumed to be the rate of combustion
of the fuel mass, which releases sensible and latent heat
fluxes to the atmosphere. The magnitude of the sensible
heat flux H; is calculated using the following equation
[Coen et al. (2013), their Eq. (7)]:
H,5dM, /dt(12B)h, (Wm=?), (A3)
where B is the mass fraction of water in the fuel and
he (Jkg=') is the heat release rate of the fuel mass
through combustion; the values of 0.074 for B and
17.433 3 10°Jkg?! for h, are cited from the WRF-
SFIRE model. The magnitude of the latent heat flux L
is calculated based on Coen et al. [2013, their Eq. (9)]:
L,5dM,, /dt[B 10:56(12B)]I, (W m2%), (A4)
where |, is the latent heat release rate through water
vaporization. The calculated sensible and latent heat
fluxes are included in the calculation of the tendency
updates of the potential temperature and vapor mixing
ratio at each time step. The additional tendency terms
are distributed in multiple atmospheric layers on the
basis of an assumed extinction depth of the surface fire
heat. The depth is assumed to be 50m in this study,
which is consistent with WRF-SFIRE (Mandel et al.
2011; Coen et al. 2013).
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