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Graphical abstract

Spatial distribution surface PM2.5 concentrations and the mechanism driving its seasonal variations.

Public summary
■ WRF-Chem simulations and in situ observations of surface PM2.5 concentrations were combined to study the seasonal

variation over East Africa.

■ Analysis of contributions from multiple physical and chemical processes found transport, PBL mixing and wet and dry
deposition to be driving mechanisms in the variation in surface concentration.

■ Wind  direction  changes  transported  aerosols  to  the  region,  and  turbulent  mixing  with  decreased  rainfall  increased  the
surface concentration from May to July.
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Abstract: Most previous studies on surface PM2.5 concentrations over East Africa focused on short-term in situ observa-
tions. In this study, the WRF-Chem model combined with in situ observations is used to investigate the seasonal variation
in surface PM2.5 concentrations over East  Africa.  WRF-Chem simulations are conducted from April  to September 2017.
Generally, the simulated AOD is consistent with satellite retrieval throughout the period, and the simulations depicted the
seasonal variation in PM2.5 concentrations from April to September but underestimated the concentrations throughout the
period due to the uncertainties in local and regional emissions over the region. The composition analysis of surface PM2.5
concentrations revealed that the dominant components were OIN and OC, accounting for 80% and 15% of the total con-
centrations, respectively, and drove the seasonal variation. The analysis of contributions from multiple physical and chem-
ical processes indicated that the seasonal variation in surface PM2.5 concentrations was controlled by the variation in trans-
port processes, PBL mixing, and dry and wet deposition. The variation in PM2.5 concentrations from May to July is due to
wind  direction  changes  that  control  the  transported  biomass  burning  aerosols  from  southern  Africa,  enhanced  turbulent
mixing of transported aerosols at the upper level to the surface and decreased wet deposition from decreased rainfall from
May to July.
Keywords: East Africa; WRF-Chem; Real-time Affordable Multi-Pollutant sensor (RAMPs); Seasonal Variation; Surface
PM2.5 concentrations
CLC number:                  Document code: A

  
1    Introduction
Aerosols  are  an  important  component  of  the  Earth-ocean-at-
mosphere  system.  Natural  and  anthropogenic  aerosols  are
well known for their significant impacts on human health, cli-
mate change,  atmospheric  visibility,  stratospheric  ozone  de-
pletion,  acid  deposition,  and  photochemical  smog [1, 2]. Aero-
sols have  been  reported  to  have  a  detrimental  effect  on  hu-
man health through the deterioration of air quality in the plan-
etary  boundary  layer,  as  they  are  the  major  causes  of  haze,
smog, fog, and dust storms [3−5]. Air pollution in cities is more
severe in low- and middle-income countries (LMICs) than in
developed countries and leads to over 92% of global pollution-
related  deaths.  The  WHO reported  in  2013  that  one  in  eight
premature  deaths  globally  was  currently  linked  to  poor  air
quality [6].  Despite  the  burden  caused  by  air  pollution  in
LMICs, it  is still  poorly studied [7]. East Africa has a popula-
tion of 126 million, which accounts for 10% of the continent-
al population of East African countries [8]. The rapid growth of

the population in  this  region is  associated with  industrializa-
tion,  urbanization,  continued  use  of  biomass  as  a  domestic
source of energy, growing ownership of motor vehicles, inad-
equate and deteriorated transport  infrastructure,  and unpaved
roads [9]. All these factors have contributed to air pollution in
the region.  The  near-surface  concentrations  of  fine  particu-
late matter (PM) in the cities of East Africa were reported to
be  relatively  higher  than  those  in  the  cities  of  Europe  and
North America, which were approximately 100 µg m−3 and 20
µg m−3, respectively [7, 10]. For instance, [11] reported that the 24-
h  mean  PM concentration  in  the  city  of  Kampala  was  132.1
µg m−3.

The air quality of East Africa is determined not only by the
source  characteristics  but  also  by  the  climate  of  the  region.
There  is  a  bimodal  rainfall  pattern  corresponding  to  the  two
wet seasons, March to May (MAM), namely, ‘long rains’, and
October  to  December  (OND),  as “short  rains”,  over  East
Africa.  This  region  recognizes  the  arid  period  of  scarce  rain
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from June to September (JJAS) as the “dry season” [12, 13]. This
regional climate of East Africa is strongly associated with sea
surface  temperature  variability [14−16]. It  is  also  largely  influ-
enced  by  the  equatorial  mass  flow “trade  winds” and  their
zone of  interference as  the Inter-Tropical  Convergence Zone
(ITCZ) [17]. In addition, subtropical highs, especially the Mas-
carene  High,  modulate  the  seasonal  rainfall  variability  over
the region [18]. Furthermore, some studies have also linked the
rainfall  variability  of  the  region  with  the  El  Niño  Southern
Oscillation  (ENSO) [19].  The  characteristics  of  near-surface
PM2.5 concentrations  over  East  Africa  have  been  neglected
compared to other regions of the continent.

Most studies on PM in East Africa have mainly focused on
the  source  apportionment  and  temporal  variability  of  PM
based  on  short-term  in  situ  observations [7, 10, 11, 20, 21].  Many  of
those studies demonstrated temporal variations in PM in dif-
ferent cities of East Africa and showed that the surface PM2.5
concentrations were higher in the dry season and lower in the
wet  season. [10] studied the  concentrations  of  PM2.5 and PM10
and  their  compositions  of  polycyclic  aromatic  hydrocarbons
(PAHs)  and  nitrated  PAHs  (NPAHs)  from  April  to  June.
Their results showed a higher surface concentration of PM2.5
and PM10 in the urban and roadside samples than in the rural
samples during  the  dry  season,  while  the  surface  PAH  con-
centrations were  higher  at  the  rural  sites  during the  wet  sea-
son  in  Rwanda,  East  Africa. [7] carried  out  a  study  on  PM2.5
and PM10 at urban roadside, urban background, and rural sites
during  February-March  and  found  that  the  concentrations
were higher at roadside and urban sites than at rural sites. Pre-
vious  studies [11, 21] measured  PM2.5,  nitrogen  dioxide  (NO2),
sulfur  dioxide  (SO2),  and  ozone  (O3)  concentrations  in  two
Ugandan cities and reported higher concentrations at industri-
al  sites  and  near  unpaved  roads  than  at  residential  sites  and
near paved roads and commercial areas during July. [21] meas-
ured PM2.5 and PM10, including their  carbonaceous composi-
tion, during the dry season of 2005 and wet season of 2006 in
Dar es Salaam and found that the PM concentration was high-
er in the dry local season than in the wet local season.

Although previous studies have contributed to some under-
standing  of  the  seasonal  variability  in  near-surface  PM  over
East  Africa  with  observations [7, 10, 11, 21],  there  have  been  very
few studies investigating the mechanisms driving the tempor-
al  variation  in  near-surface  PM2.5 concentrations  over  East
Africa,  particularly  for  the  seasonal  variation in  near-surface
PM2.5. Numerical modeling is widely used to understand vari-
ous  mechanisms  of  observed  phenomena.  Previous  studies
have  used  atmospheric  models  to  investigate  aerosols  and
their  impacts  over  North  and  West  Africa,  mainly  for
dust [22–24],  and  over  Central  and  Southern  Africa,  mainly  for
anthropogenic  and  biomass  burning  aerosols [15, 25, 26].  Most
modeling  studies  over  East  Africa  have  focused  only  on  the
variability of meteorological fields such as rainfall, moisture,
and temperature [27–31]. To date, very few studies have focused
on  the  modeling  performance  of  surface  PM2.5 and have  in-
vestigated  the  mechanisms  driving  the  seasonal  variation  in
near-surface PM concentrations over East Africa.

This  calls  for  a  comprehensive  modeling  study  of  the
mechanisms  of  the  seasonal  transition  of  near-surface  PM

concentrations over East Africa. Therefore, this study aims to
contribute  to  the  understanding  of  the  seasonal  variation  in
near-surface PM2.5 in the East Africa region through numeric-
al modeling. The study applies the widely used regional mod-
el Weather Research Forecast coupled with Chemistry (WRF-
Chem) to examine the observed seasonal variation in surface
PM2.5 concentrations  in  Kigali  city  from April  to  September
2017  over  East  Africa.  The  simulations  are  evaluated  with
available observations  and  used  to  investigate  the  mechan-
isms driving  the  seasonal  variability  in  surface  PM2.5  con-
centrations. The specific objectives of the study are (1) to ex-
amine  the  spatial  and  temporal  variations  in  surface  PM2.5
concentrations over East Africa and (2) to investigate the im-
pacts  of  meteorological  fields  on  the  seasonal  variation  in
near-surface PM2.5 concentrations. The rest of the paper is or-
ganized as follows: in the next section, we describe the WRF-
Chem model,  numerical  experiments,  anthropogenic  emis-
sions, and observations. The results are analyzed and presen-
ted in Section 3. The conclusions can be found in Section 4. 

2    Methodology
 

2.1    Model description and experimental setup
WRF-Chem, a  nonhydrostatic  atmospheric  model  that  simu-
lates trace gases and aerosols with meteorological fields [32−34],
is  used.  In this  study,  the version of WRF-Chem updated by
the  University  of  Science  and  Technology  of  China  (USTC
version of WRF-Chem) is used. This USTC version of WRF-
Chem includes  some additional  capabilities,  such  as  the  dia-
gnosis of  the  radiative  forcing  of  aerosol  species,  land  sur-
face coupled VOC biogenic VOC emissions, aerosol-snow in-
teraction, and the diagnosis of contributions of the individual
process  such  as  transport,  emission,  dry  and  wet  deposition,
PBL  mixing  to  the  concentration  of  PM  compared  with  the
publicly released version [35−39] Aerosol components were sim-
ulated by the Model  for  Simulating Aerosol  Interactions and
Chemistry  (MOSAIC)  together  with  CBM-Z  (carbon  bond
mechanism);  the  MOSAIC  scheme  includes  physical  and
chemical  processes  of  nucleation,  condensation,  coagulation,
aqueous  phase  chemistry  and  water  uptake  by  aerosols.  The
aerosol components include ammonium (NH4+), black carbon
(BC),  nitrate  (NO3-),  mineral  dust,  organic  matter  (OM),  sea
salt,  sulfate  (SO4

2-),  and  other  inorganics  (OIN).  This  study
uses a sectional approach where aerosols are distributed into 8
discrete  size  bins  with  MOSAIC [40].  The  dry  deposition  of
aerosol  mass  and number  were  both  simulated following the
approach  of [41],  which  includes  both  particle  diffusion  and
gravitational  effects.  Wet  removal  of  aerosols  by  grid-re-
solved stratiform  clouds/precipitation  includes  in-cloud  re-
moval and  below-cloud  removal  by  impaction  and  intercep-
tion [42]. Convective transport and wet removal of aerosols by
cumulus follow [43].  The experiments use the Morrison 2-mo-
ment  cloud  microphysical  scheme [44],  Yonsei  University
(YSU)  planetary  boundary  layer  parameterization [45],  Kain-
Fritsch  convective  scheme [46],  and  Community  Land  Model
version 4 (CLM4) for the land surface scheme. Aerosol radi-
ative  feedback  is  coupled  with  the  Rapid  Radiative  Transfer
Model (RRTMG) [47, 48] for both SW and LW radiation as im-
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plemented  by [23]; optical  properties  and  direct  radiative  for-
cing of  individual  aerosol  species  in  the  atmosphere  are  dia-
gnosed following the methodology described in [49b].

The WRF-Chem simulations  are  performed  with  two  nes-
ted domains (one-way nesting), an outer domain covering all
of  Africa  using  265×235  grid  cells  (20°W~50°E  and
38°S~38°N)  and  an  inner  domain  of  157×154  grid  cells
(26°E~43°E  and  12°S~6°N)  with  horizontal  resolutions  of  36
km  and  12  km,  respectively  (Figure  1).  The  inner  domain
roughly covers the region of East Africa. WRF-Chem is con-
figured with 40 vertical σ-levels with the model top pressure
at  10  hPa.  The  simulation  period  starts  from  March  25  to
September 30, 2017. The results from April  1st to September
30th are analyzed.  The period of April-May is  considered the
wet season, and the period of June-September is the dry sea-
son. Meteorological initial and lateral boundary conditions are
derived from  the  NCEP  Final  reanalysis  data  with  1×1  de-
gree  horizontal  resolution  and  6-hour  temporal  resolution.
Modeled u and v component wind and sea surface temperat-
ure  are  nudged  toward  the  reanalysis  data  with  a  nudging
timescale of 6 h [50−52]. 

2.2    Emissions
Anthropogenic emissions for both domains are obtained from
the  Hemisphere  Transport  of  Air  Pollution  version-2
(HTAPv2)  at  a  0.1×0.1 horizontal  resolution with  a  monthly
temporal  resolution  for  2010  (Fig. 2a) [53].  Biomass  burning
emissions were obtained from the Fire Inventory from NCAR
(FINN) with hourly temporal resolution and 1 km horizontal
resolution (Fig. 2c) [54] and were vertically distributed follow-
ing the injection heights suggested by [55] for the Aerosol Inter-
Comparison project  (AeroCom).  Based on the magnitude re-
trieved  AOD  and  considering  the  uncertainties  of  the  FINN
emission inventory, biomass burning emissions are increased

by a factor of 4 in this study. Sea salt emission follows [43a],
which  includes  the  correction  of  particles  with  a  radius  less
than  0.2  mm [56] and  the  dependence  of  sea  salt  emission  on
sea  surface  temperature [57]. The  dust  emission  flux  is  calcu-
lated  with  the  GOCART dust  emission  formula [58] as imple-
mented  by  Zhao  et  al.  (2010)  (Fig. 2b).  The  emitted  dust
particles are partitioned into eight aerosol size bins following
the  theoretical  expression  based  on  the  physics  of  scale-in-
variant fragmentation of brittle materials derived by [59]. More
details about the dust emission scheme coupled with the mo-
saic aerosol scheme in WRF-Chem can be found in [23, 24, 43]. 

2.3    Datasets
 

2.3.1    Satellite retrievals
 

MODIS
The Moderate Resolution Imaging Spectrometer (MODIS)

instrument  was  launched  on  the  Earth  Observation  System
and Terra and Aqua platforms in 1999 and 2002, respectively.
MODIS  instruments  are  considered  the  key  instruments  for
atmospheric, land and ocean remote science [60], which are de-
signed as passive imaging radiometers and measure reflected
solar and emitted thermal radiation in 36 bands across a 2330
km  swath  and  provide  nearly  daily  global  coverage  at  the
equator and  overlap  between  higher  latitudes  with  high  spa-
tial resolution ranging from 250 m at the 0.66 µm band, 500
m at the 0.47 µm and 2.1 µm bands, and 1 km at the 11 µm
bands [61].

MODIS onboard the Terra platform crosses the equator  at
~10:45 am local time, while MODIS onboard the Aqua plat-
form crosses  the  equator  at  ~1:30 pm local  time [61].  MODIS
Collection 6.1  is  an  updated  version  of  Collection  6,  espe-
cially for aerosol retrievals over urban areas and with uncer-
tainty estimates. It includes three products based on different

 

Fig. 1. Domain overview and elevation (left, d01), East Africa (right, d02) with locations of AERONET sites (red stars) and Kigali city (black point).
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Fig. 2. (a)  Anthropogenic  emissions for  the African continent  (d01)  and East  Africa  (d02).  (b)  Dust  emissions over  Africa  (domain d01).  (c)  Biomass
burning emissions (OC) for domain d01 (Africa) and domain d02 (East Africa); the black box represents domain d02.
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algorithms, namely, Deep Blue (DB), Dark Target (DT), and
Deep  Blue  Combined  (referring  to  the  merged  DT-DB
product).  DB  covers  land,  and  DT  covers  both  land ‒water
bodies  at  nadir  spatial  resolutions  of  3  km  and  10  km.  The
MODIS level-2 atmospheric aerosol product provides the re-
trieved  ambient  aerosol  optical  properties,  quality  assurance,
and other parameters globally over the ocean and land. In this
study, the MODIS Terra level-2 Deep Blue Collection 6.1 re-
trievals  of  aerosol  optical  depth  (AOD) at  550  nm of  10×10
km  horizontal  resolution  are  downloaded  from  the  NASA
Earth  data  portal  and  used  for  analysis [62].  When  comparing
the modeled AOD with MODIS retrievals,  the  model  results
are sampled at the satellite overpass time and location. 

MISR
The multiangle  imaging  spectroradiometer  (MISR)  instru-

ment was launched aboard the NASA Terra platform in 2000.
MISR was  designed  to  retrieve  tropospheric  aerosol  proper-
ties  at  nine  distinct  zenith  angles  in  four  spectral  bands
centered at 446 nm, 558 nm, 672 nm, and 866 nm. At each of
the nine view angles  spread out  in  the 70° forward direction
and  70°  afterwards.  The  MISR's  unique  blend  technique  of
directional and spectral data enables it to retrieve tropospher-
ic AOD over bright surfaces of high reflection, such as desert
areas [63].  MISR performs aerosol retrieval over land utilizing
the  presence  of  spatial  contrasts  to  separate  surface-leaving
and atmospheric  path  radiances.  The  surface  leaving  radi-
ation  field  is  then  used  to  determine  the  best  fitting  aerosol
compositional models and associated AOD by comparing the
results with  synthesized  values  that  are  calculated  from  pre-
defined  aerosol  compositional  models,  each  consisting  of  a
mixture of  prescribed  basic  aerosol  components.  MISR  on-
board the Terra platform passes over the equator at ~10:45 am
local time.  MISR  Level  2  aerosol  optical  depth  (AOD)  re-
trievals  at  558  nm  are  used  in  this  study.  When  compared
with the MISR products, the simulated AODs are sampled in
the same overpass time as Terra. 

2.3.2    Ground measurements
 

AERONET

The Aerosol Robotic Network provides more than 100 glob-
ally distributed Cimel sun photometers (automated radiomet-
ers)  established  and  maintained  by  NASA [64],  which  record
aerosol optical properties around the globe. Radiometers take
the measurements of direct sun and diffuse radiances at 15-30
minute  intervals  of  the  spectral  ranges  of  340-1640 nm  and
440-1020 nm, respectively. In this study, we use the AOD at
675 nm at  3 sites  in the region of  East  Africa (CPRSM Ma-
lindi,  40°E,  2.99°S;  ICIPE,  34.20°E,  0.43°S;  MISAMFU,
86.56°E, 28.21°N) for comparison with the modeling results.
The available AOD retrievals used are level 1.5 for the same
period of  the  simulation  results  (see  the  supporting  informa-
tion, Fig. S1). 

RAMP
Real-time affordable multipollutant sensors (RAMPs) were

developed  in  partnership  with  Carnegie  Mellon  University’s
Center for  Atmospheric  Particle  Studies  (CAPS)  and  Sen-
Severe [65].  RAMPs measured  PM2.5,  carbon  monoxide  (CO),
nitrogen dioxide (NO2), sulfur dioxide (SO2), ozone (O3), re-

lative humidity (RH), and temperature (T). More details about
the RAMPs can be found in [66]. In collaboration with Carne-
gie  Mellon  University  and  the  University  of  Rwanda,  three
sites were installed in 3 different locations within the city of
Kigali.

The first site was installed in the College of Science Tech-
nology  (CST),  which  is  located  at  an  elevation  of 1554 m
(1.9585°S, 30.0643°E)  uphill  on  a  plateau  in  the  city  on  the
top  of  the  building.  The  main  sources  of  particle  pollutants
reaching  this  site  are  related  to  traffic  roads,  coal  and  fuel
burning, and primary commercial and residential sources. The
second site of the Gacuriro estate (1.9222°S, 30.1010°E) at an
elevation  of 1466 m is  approximately  4  km northeast  of  the
CST  site,  which  is  mainly  surrounded  by  residential  areas.
The third site  of  the Belle-Vue estate  (1.9268°S, 30.0918°E)
is at an elevation of 1450 m within 6 km southeast of the Ga-
curiro  estate  site,  which  is  also  surrounded  by  residential
areas.  Both  sites  were  characterized  by  residential  sources.
The  measurements  were  recorded  from  April  2017  to  April
2018,  and  this  study  uses  observations  of  PM2.5 from  April
2017 to September 2017 to evaluate WRF-Chem simulations. 

3    Results
 

3.1    Seasonal variation in column-integrated PM
Figure 3 presents the spatial distributions of the monthly aver-
age  of  column-integrated  PM2.5 from the  simulations  of  do-
main  2.  There  is  an  evident  increase  in  PM2.5 mass  loading
from April (in the rainy season) to September (end of the dry
season).  The  period  of  April  and  May  was  characterized  by
low  concentrations  over  most  areas  during  the  rainy  season
(referred to as AM in this study), whereas the period of June,
July, August  and  September  was  characterized  by  high  con-
centrations mostly spread over the western and southwestern
regions during the dry season. The western and southwestern
parts of  the  domain have higher  concentrations,  which is  re-
lated  mainly  to  the  high  emissions  from  biomass  burning  in
the area (Fig. 2). Generally, the PM2.5 mass loading increases
from 10 µg·m−2 in April to the highest value of 60 µg·m−2 in
July and declines afterwards to 30 µg·m−2 in September over
the city of Kigali.

The  spatial  patterns  of  AOD  at  550  nm  from  the  satellite
retrievals  and  the  WRF-Chem  simulations  over  East  Africa
from April to September 2017 are presented in Figure 4. The
spatial distribution  of  monthly  mean  AOD  represents  pat-
terns of high and low AOD, showing distinct features of aero-
sol  loading in different regions of East  Africa.  Both MODIS
and  MISR  AOD  show  consistent  spatial  patterns  of  AOD.
The monthly variation in AOD is related to the monthly (sea-
sonal)  climatic  conditions and anthropogenic activities.  High
aerosol loadings (AOD greater than 0.35) were observed dur-
ing June,  July,  August,  and  September  (JJAS,  local  dry  sea-
son),  whereas  relatively  lower  aerosol  loadings  (AOD  less
than 0.2) were observed in April  and May (MAM, local  wet
season).  High  (low)  AOD  values  (April,  May)  characterize
the period as a moderately polluted environment (clean envir-
onment) [67].  The high AOD observed during the JJAS period
over the western and southwestern regions is attributed to in-
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Fig. 3. Spatial distribution of the integrated column of PM2.5 mass concentrations averaged for each month over East Africa from the simulation of do-
main 2 for the April-September period. The black circle shows the region over Rwanda.

 

Fig. 4. Spatial distribution of averaged AOD at 550 nm from retrievals of MISR, MODIS Terra, and simulated AOD from WRF-chem over East Africa.
Brown dots show the AERONET sites (IC: icipe 34.02°E, 0.43°S; MS: Msamfu, 31.22°E, 10.17°S) for the April-September period. The model results are
sampled at the time and locations of the MODIS retrievals. The blank area in the plots means that no data are available.
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creased anthropogenic activities,  such as cultivation and bio-
mass burning, enhancing the emission of smoke [68]. The semi-
arid areas  of  the  northeast  region  showed  high  AOD  re-
trieved  from  the  satellites  and  were  associated  with  locally
emitted  dust  aerosols  that  were  also  transported  from  the
Sahara  and  Arabian  Peninsula [69, 70].  The  low  AOD observed
during the AM period over most areas is linked with rainout
(suppressing  emission  of  aerosols  from  the  ground)  and
washout (removal of aerosols from the atmosphere by rains) [71].
Although  the  WRF-Chem  simulation  captured  the  seasonal
variations in AOD from satellites (MODIS, MISR), the simu-
lated AOD is apparently lower than the retrieved AOD in Au-
gust  and September even after  scaling biomass burning by 4
and dust emissions by 1.25. This underestimation may be at-
tributed  to  the  underestimation  of  dust  and  biomass  burning
emissions  near  East  Africa  in  these  two  months.  It  is  also
noteworthy  that  the  MODIS-retrieved  AOD  is  higher  than
that of MISR. 

3.2    Seasonal variations in surface PM2.5 concentration
Figure 5 shows the spatial distributions of the monthly mean
surface  PM2.5 concentration  from  the  simulations.  The
monthly  means  of  observed  PM2.5 averaged  over  the  city  of
Kigali  from  three  stations  are  collocated  with  the  simulated
surface  PM2.5 concentration.  The  eastern  and  coastal  regions
exhibit lower surface PM2.5 concentrations than other parts of
the  domain,  consistent  with  the  spatial  pattern  of  the  total

column mass loading. During the rainy season (here referred
to  as  April-May),  surface  PM2.5 exhibits concentrations  ran-
ging between 5 µg·m−3 and 25 µg·m−3. During the dry season
(referred to as June-September, JJAS), the spatial variation is
larger, with a higher concentration over the southwestern re-
gion  above  70  µg·m−3 and  an  average  ranging  between  25
µg·m−3 and 60 µg·m−3. The WRF-Chem simulations underes-
timated the surface PM2.5 concentrations throughout the peri-
od  (AM-  JJAS),  as  can  be  observed  from  comparison  with
collocated station ground PM2.5 concentration loading.

Figure  6 shows  the  daily  variations  in  the  surface  PM2.5
concentration  of  the  observations  and  WRF-Chem  for  6
months (April-September).  The average observed PM2.5 con-
centration shows a temporal variation ranging from 20 µg·m−3

to  40  µg·m−3 during  April-June  and  40  µg·m−3 to  95  µg·m−3

during July September (Fig. 6a).  Overall,  the observed PM2.5
exhibits a low (peak) concentration of 10 µg·m−3 (80 µg·m−3)
in  May  (July).  The  low  concentration  in  May  is  associated
with heavy rainfall during the wet season [72]. The WRF-Chem
simulations  show  a  temporal  variation  ranging  from  10
µg·m−3 to 30 µg·m−3 during April-June and 20 µg·m−3 to 40 µg
m−3 during July September. The simulations underestimate the
PM2.5 concentration  in  the  entire  period  of  April-September.
However,  the  simulations  can  capture  the  seasonal  variation
well,  such  as  the  dramatic  increase  in  concentration  during
May-June-July. In particular, the simulations are also able to
reproduce the pollution episodes throughout the period, show-

 

Fig. 5. Spatial distribution of surface PM2.5 concentrations from the WRF-Chem simulations collocated with average PM2.5 concentrations from observa-
tions over Kigali city for the April-September period. Filled circles represent the observed PM2.5 concentrations.
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ing consistent peaks and lows (Fig. 6b). The temporal correla-
tion coefficient  (r)  between the  simulations  and the  observa-
tions reaches 0.59. This implies that the simulation can gener-
ally capture the fundamental mechanisms driving the tempor-
al  variations  in  surface  PM2.5 concentrations  but  may  have
systematic negative biases, such as underestimating local an-
thropogenic  emissions.  This  dramatic  seasonal  variation  in
surface  PM2.5 concentration  was  also  reported  in  previous
studies  of  observations [73, 74]. In  the next  section,  further  ana-
lyses  are  conducted  to  evaluate  the  causes  of  these  dramatic
variations  in  concentrations  during  the  seasonal  transition
period (i.e., May, June and July). 

3.3    Factors  influencing  the  variation  in  surface  PM2.5
concentration

 

3.3.1    Contribution analysis

To further  understand  the  mechanisms  driving  the  simulated
seasonal  variation  in  PM2.5 concentrations  from  April  to
September in the region with a focus on the transitional peri-
od of  May (the  end of  the  rainy season),  June (beginning of
the dry season),  and July (with the peak of  PM2.5 concentra-
tions).  The  monthly  variations  in  contributions  to  the  PM2.5
concentrations  from  individual  processes,  such  as  transport,
emission, wet and dry deposition, PBL mixing, and chemical
production/loss,  were  analyzed,  and  the  processing  analysis
followed the method of [36].

Figure 7 shows the monthly averaged contribution from in-
dividual processes to the variation in surface PM2.5 concentra-
tions  (Fig. 7a),  the  monthly  tendency  of  surface  PM2.5 con-
centrations and the sum contribution from all processes aver-
aged over the city of Kigali (Fig. 7b). The analysis of process
contributions is  verified  by  comparing  the  variations  in  sur-
face  PM2.5 concentrations  with  the  sum  of  the  contributions
from  each  process.  The  tendency  represents  the  sum  of  all
processes  and  is  consistent  with  the  variations  in  surface
PM2.5 concentrations. The contributions from transport, emis-
sions, PBL mixing and chemistry are positive, while the con-
tributions  from wet  deposition  and  dry  position  are  negative
during May, June, and July. The monthly tendency mainly in-
dicates an increase in PM2.5 concentrations from June to July.
The monthly variation in PM2.5 concentrations is mainly gov-
erned by the variation in contributions from transport, dry de-
position  and  PBL  mixing.  The  contribution  from  emissions
remains  constant  during  May,  June,  and  July.  The  chemical
production  is  highest  in  July,  which  is  associated  with  the
highest photochemical  activity.  The  contribution  from  trans-
port is negative in May, which can be related to less or no aer-
osols being transported across the region to the city, while it
is positive from June to July, which is mainly attributed to the
regional  transport  of  biomass  burning  aerosols  nearby.  The
contribution from dry deposition increases from May to July
due to increased solar radiation during June and July and near-
surface wind. The wet deposition contribution is high in May

 

Fig. 6. (a)  Daily  variations  in  surface  PM2.5 concentrations  averaged  over  the  stations  from  WRF-Chem  simulations  and  observations  for  the  April-
September period, (b) similar to (a), but the concentrations are normalized by the maximum value during the period for the simulations and observations.
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and  lowest  in  July  due  to  less  or  no  rainfall  during  the  dry
season (month of July) (Fig. 11b). The PBL mixing is negat-
ive  in  May  and  peaks  in  July,  entrained  strong  downward
mixing of  transported  aerosols  from the  southwestern  region
over the city of Kigali and increased the PM2.5 concentrations.
The  combined  effect  of  emissions,  transport,  dry  deposition,
and  PBL  mixing  represents  the  overall  tendency  (black
column, Fig. 7a). It can be noted that dry deposition, wet de-
position, transport,  and PBL mixing are the determinant pro-
cesses leading to PM2.5 concentration variation.

To further  demonstrate  the  contribution  of  each  compon-
ent  to the seasonal  variation in surface PM2.5 concentrations,
Figure 8 shows the monthly variation in each component av-
eraged for May, June and July. The results reveal that EC, OC
and OIN  increased  significantly  from  May  to  July  and  con-
tributed  to  a  large  portion  of  the  total  concentration
throughout the period. There was a sharp increase in OC and
OIN concentrations from June to July, and they contributed to
more than 80% of the total PM2.5 concentration. The OC con-
centration increases from May (wet season) to June-July (dry
season), and OIN increases from June and peaks in July. The
trend  of  surface  PM2.5 concentrations agrees  with  the  tend-
ency  of  contributions  from  budget  analysis,  accounting  for
8.84 µg·m−3,  28.3 µg·m−3,  and 38.5 µg·m−3 in May, June and
July,  respectively.  Therefore,  the  variability  in  the  surface
PM2.5 concentration is mainly associated with the variation in
EC, OC, and OIN throughout the period. 

3.3.2    Impact of transport

Generally,  the  wind  circulation  over  East  Africa  is  mainly
governed  by  the  migration  of  the  ITCZ (Dominique  Nganga
and Gaston Samba, 2011) and the effect of orography and rift
valley  systems [75, 76].  The  monthly  mean  wind  fields  at  700
hPa from the ERA-5 reanalysis and the simulations for May,
June, and July are shown in Figure 9 to depict the transport of
aerosols to  downwind  regions,  as  the  transport  among  pro-
cesses  contributed  to  the  variation  in  PM2.5  concentrations
from the budget analysis in Figure 7. Both the reanalysis and
simulations show similar wind circulation patterns. Generally,
the  southeasterly  winds  dominate  the  region  throughout  the
period. The  period  of  May  is  characterized  by  strong  south-
easterly winds from the Indian Ocean, while June and July are
characterized mostly by southerly winds. The change in wind
direction  over  the  southern  regions  favored  the  transport  of
aerosols  to  Rwanda  during  July  over  May.  During  June  and
July, southerly winds blow from southern Africa carrying bio-
mass  burning  aerosols  (Fig. 2c), in  addition  to  increased  an-
thropogenic activities  during  the  local  dry  season,  which  re-
lease  a  significant  amount  of  smoke  particles  transported
downwind to Rwanda [68], leading to high concentrations of
EC, OC and OIN during the June-July period (Fig. 8). 

3.3.3    Impact of PBL mixing

The  variation  in  surface  PM2.5 concentration is  strongly  af-
fected  by  meteorological  factors,  as  discussed  above  in  the
budget analysis,  among which  PBL mixing plays  an  import-
ant  role  during  May,  June,  and  July. Figure  10 presents  the
monthly  variation  in  PBLH  from  boxplot  analysis  averaged
over  the  city  of  Kigali.  The  PBLH shows  a  typical  seasonal
trend with low values in May and high values in July, reach-
ing its lowest values at approximately 300 m in May and June
and  its  highest  values  in  July  at  approximately  700  m.  This
seasonal variation in the PBLH, with a maximum in summer
and a minimum in winter, can be attributed to higher solar ra-
diation  and  heat  flux  in  July  and  leads  to  stronger  surface
heating  and  stronger  turbulence  and  convection  within  the
boundary layer during the period of July. Stronger PBL mix-
ing normally leads to larger upward and downward turbulent
transport  of  particles  between  upper  levels  and  the  ground
level. The net effect is determined by whether the concentra-
tion at the ground level is higher than that at the upper level.
In  general,  without  long-range  transport,  the  contribution

 

Fig. 7. (a)  Contribution  of  the  individual  processes  (transport,  emission,
wet and dry deposition, chemical production/loss, PBL mixing) to PM2.5

concentrations  averaged over  Kigali.  (b)  Total  budget  analysis  averaged
over Kigali. Red bars represent the sum of individual processes, and the
black  line  represents  the  tendency  of  PM2.5 concentrations  during  May,
June and July.

 

Fig. 8. Monthly  average  variation  in  surface  PM2.5 concentration com-
ponents (dust, EC, OIN, sea salt, OC, sulfate, ammonium, nitrates) aver-
aged over Kigali during May, June and July.
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from PBL mixing to the surface concentration is negative be-
cause mixing will transport the mass from the near-surface to
the  upper  level.  The  PBL mixing  contribution  to  the  surface
concentration is positive in June and July, which corresponds
well  to  the  positive  contribution  from  transport  in  June  and
July  (Fig. 7).  Furthermore,  the  linear  relationship  between
PBLH and PM2.5 concentrations reveals a positive correlation
coefficient in May and June with values of 0.64 and 0.25, re-
spectively, and an anti-correlation during July with a value of
−0.34  (see  the  supporting  information, Fig. S2).  This  result
reflects  that  the  concentration  in  the  upper  level  is  higher
(lower) than that in the ground level in July (May and June).
 

3.3.4    Impact of dry and wet deposition

To  understand  the  impact  of  dry  and  wet  deposition  on  the
surface  PM2.5 concentrations, the  meteorological  factors  af-
fecting the dry and wet deposition processes are investigated.
Dry deposition can be largely influenced by friction velocity
and surface roughness [77]. Figure 11 shows the monthly aver-
age wind vectors at 10 m collocated with friction velocity and
monthly average rainfall during May, June and July from the
WRF-Chem simulations.  The southeasterly  winds dominated
the circulation over the region, and the mean wind speed over
Kigali  varied slightly by 2.10 m·s−1,  1.9 m·s−1 and 2.15 m·s−1

in May, June and July, respectively. The friction velocity also
increases from 0.24 to 0.27 m·s−1 from May to July. The dry
deposition velocity strongly depends on the wind speed; thus,
the higher the wind speed is,  the higher the friction velocity,
which accelerates the transport  of particulate matter  over the
city of Kigali, thus contributing to the reduction in the PM2.5
concentration  throughout  the  period  (Fig. 7a).  Note  that  the
monthly  mean  friction  velocity  and  near-surface  wind  speed
increase  slightly  during  June  and  July;  thus,  the  deposition
flux  is  dominated  by  wet  deposition  (Fig. 11b).  The  rainfall
decreases significantly by 0.259 mm hr−1,  0.108 mm hr−1 and
0.041 mm·hr−1 for  May,  June  and Juy,  respectively  (see  also
the  supporting  information, Fig. S3), which  explains  an  in-
crease  in  PM2.5 concentrations with  higher  washout  of  aero-
sols in May and less or no washout in July (Fig. 7a). 

 

Fig. 9. Monthly average wind circulation pattern at the 700 hPa level for May, June, and July. The shading contours represent wind speed, and the wind
barbs represent wind at 5 m·s−1 from WRF-Chem and ERA-5 reanalysis. The black circle represents Rwanda.

 

Fig. 10. Monthly variation in PBLH averaged over the city of Kigali dur-
ing May, June and July.
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4    Conclusions
In this study, the seasonal variation in surface PM2.5 concen-
trations over  East  Africa  over  six  months  based  on  the  ob-
served and simulated daily PM2.5 concentrations in Kigali city
in the western region of East Africa is analyzed. The mechan-
isms  driving  the  variation  are  investigated.  On  average,  the
observed concentration is low in the rainy season (May) and
peaks in the dry season (July). WRF-chem simulations gener-
ally  capture  the  seasonal  variation  in  PM2.5 concentrations
from April  to  September  but  underestimate  the  concentra-
tions throughout the period, likely due to the uncertainties in
local and regional emissions over East Africa. The lowest sur-
face  PM2.5 concentration  is  found  during  the  wet  season
(May) with 10 µg m−3 and 20 µg m−3 from the simulation and
the observation, respectively, while the highest concentration
is found during the dry season (July, August) with 45 µg m−3

and  90  µg  m−3 from the  simulation  and  the  observation,  re-
spectively. The simulation can generally reproduce the pollu-
tion episodes during the dry season. Consistent  with the sur-
face  PM2.5 concentration,  a  higher  AOD is  observed during

the dry season (JJAS),  and a  lower  AOD is  observed during
the wet season (AM).

The  analysis  of  the  process  contributions  to  the  surface
PM2.5 concentrations  reveals  that  PBL  mixing,  dry  and  wet
deposition, and  transport  are  the  dominant  processes  con-
trolling the seasonal variation in surface PM2.5 concentrations
over  East  Africa.  The  composition  analysis  of  surface  PM2.5
concentrations  reveals  that  OIN  and  OC  are  the  dominant
components  accounting  for  80%  and  15%  of  surface  PM2.5
concentrations, respectively, and drive the seasonal variation.
The contribution of the transport process to the surface PM2.5
concentration  changes  from  negative  in  May  to  positive  in
June  and  July,  mainly  due  to  the  change  in  wind  direction
from  southeasterly  winds  in  May  to  southerly  winds  in  July
over the western region of East Africa (e.g., Rwanda), which
results in  a  positive  contribution  from  the  transported  bio-
mass burning aerosols to East Africa. The contribution of the
PBL mixing process is controlled by both the strength of tur-
bulence  (generally  increasing  from  May  to  July)  and  the
transported aerosols in the upper level  over East  Africa.  The
higher PBLH and stronger turbulent mixing in July entrained

 

Fig. 11. (a) Monthly average friction velocity and 10 m wind field pattern for May, June, and July. shading contours represent friction velocity and wind
barbs represent wind speed at 2.5 m·s−1 from WRF-Chem (b) Monthly average of spatial distribution of rainfall for May, June and July period from WRF-
Chem simulations, the black circle represents Rwanda.
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more transported aerosols from southern Africa downward to-
ward the  surface,  which resulted in  a  change in  the  negative
contribution of PBL mixing in May to a positive contribution
in July. Moreover, the contribution of the dry deposition pro-
cess  increases  with  increasing  surface  concentration  from
May  to  July,  although  the  dry  deposition  rate  changes
slightly. The  contribution  of  wet  deposition  decreases  signi-
ficantly  from  May  to  July  due  to  the  decrease  in  rainfall
amounts.

This study highlighted the usage of the WRF-Chem model
in investigating the temporal and spatial variations in surface
PM2.5 concentrations  over  East  Africa,  representing  the  first
work of modeling and investigating the PM2.5 concentrations
over this  area.  However,  please  note  that  this  study  only  fo-
cuses on the observations of one city because the observation-
al data over the region are very scarce. Future work would re-
quire observations of PM2.5 concentrations and their composi-
tions at different sites over the East Africa region for further
characterization  of  seasonal  variations  in  PM2.5 concentra-
tions over a broad area. More observations are also needed to
constrain  regional/local  emissions  over  the  region,  which  is
also important to improve our understanding of the impacts of
multiple  processes,  such  as  chemical  production,  emissions
and  meteorological  factors,  on  the  evolution  of  air  pollution
in the region. 

Supplemental information
The supplemental information includes 3 figures. 

Data availability
The  release  version  of  WRF-chem can  be  downloaded  from
http://www2.mmm.ucar.edu/wrf/users/download/get_source.h
tml.  The  updated  USTC  version  of  WRF-chem  can  also  be
downloaded from http://aemol.ustc.edu.cn/product/list/ or can
contact  chunzhao@ustc.edu.cn.  Code  modifications  will  be
incorporated in  the  release  version  of  WRF-chem  in  the  fu-
ture. 
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