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Abstract. We investigated the effects of fire-induced plume- by the plume-rise mechanism also has implications for local
rise on the simulation of carbon monoxide (CO) over Africa air quality forecasting in areas affected by other fire-related
and its export during SAFARI 2000 using the NCAR Com- pollutants.

munity Atmosphere Model (CAM) with a CO tracer and
a plume-rise parameterization scheme. The plume-rise pa-

rameterization scheme simulates the consequences of strong )

buoyancy of hot gases emitted from biomass burning, in-1 Introduction

cluding both dry and cloud-associated (pyro-cumulus) loft-

ing. The current implementation of the plume-rise parame-Carbon Monoxide (CO) is one of the principal pollutants in
terization scheme into the global model provides an opportuthe atmosphere and has an important impact on the chemi-
nity to examine the effect of plume-rise on long-range trans-cal production of tropospheric ozone. CO has been used as
port. The CAM simulation with the plume-rise parameteri- @ tracer indicative of incomplete combustion, enabling the
zation scheme seems to show a substantial improvement dfacking of long-distance transport (Pickering et al., 1996;
the agreements between the modeled and aircraft-measurdang et al., 1996; Li et al., 2005; Staudt et al., 2001; Bey
vertical distribution of CO over Southern Africa biomass- €t al., 2001; Sinha et al., 2004; Chatfield et al., 1998; Freitas
burning area. The plume-rise mechanism plays a crucial rol&t al., 2006; Damoah et al., 2006; Duncan et al., 2007). The
in lofting biomass-burning pollutants to the middle tropo- biomass burning of natural vegetation is a significant source
sphere. In the presence of deep convection we found tha@f CO in Central and Southern Africa (Hao et al., 1990; An-
the plume-rise mechanism results in a decrease of CO corfireae, 1991; Matichuk et al., 2007). During the dry season,
centration in the upper troposphere. The plume-rise deplete?rmers across the region burn savanna and forest to clear
the boundary layer, and thus leaves lower concentrations o@nd and revitalize the soil. The region is subject to some of
CO to be lofted by the deep convection process. The effect O;he.highest levels of biomass burning emissions in the world
the plume-rise on free troposphere CO concentration is mor&uring August—September.

important for the source area (short-distance transport) than Biomass burning releases a large amount of thermal en-
for remote areas (long-distance transport). A budget analy€rgy that creates a strong updraft. This updraft has a huge
sis of CO burden over Southern Africa reveals the plume-risdmpact on tracer distributions through a direct and rapid in-
process to have a similar impact as the chemical productiodection into the free troposphere as well as the stratosphere
of CO by OH and CH. In addition, the plume-rise process (Fromm et al., 2000; Jost et al., 2004; Freitas et al., 2006;
has an minor impact on the regional export. These result§tosenfeld et al., 2007). Various models (Liousse et al,
further confirm and extend previous findings in a regional 1996; Freitas et al., 2006; Turquety et al., 2007; Matichuk

model study. Effective lofting of large concentration of CO €t al., 2007; Wang et al., 2006) have estimated the impact
of the biomass burning on simulated CO or aerosol distribu-

tions. However, most of the researchers assumed a constant
Correspondence tad. Guan injection-height in their simulation domains. For example,
BY (hong.guan-1@nasa.gov) Wang et al. (2006) assumed an injection-height of 1.2 km in
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their mesoscale modeling of Central America smoke transcan run in three different dynamical cores. In this work,
port. Similarly, Matichuk et al. (2007) used various constantwe have chosen the finite volume (FV) dynamical core (Lin,
injection heights within the study domain to examine the sen-2004) since Rasch et al. (2006) have demonstrated that the
sitivity of injection height on aerosol optical depth during FV dynamical core is conservative, less diffusive, and main-
the Southern African Regional Science Initiative (SAFARI tains the nonlinear relationships among variables required by
2000) (Swap et al., 2003). Previous studies suggest valuethermodynamic and mass conservation constraints more ac-
of injection height that range from 1.2 km for Central Amer- curately compared to the other two dynamical cores (spec-
ican fires to 8 km in Canadian intensive “crown” fires (Wang tral and semi-Lagrangian cores). In addition to the new im-
et al., 2006). Theory and observation suggest that the actugllementation of the plume-rise scheme, the vertical trans-
injection height depends on environmental conditions (staport processes of tracer gases also include larger-scale ver-
bility, the amount of water vapor, and wind speed), heat fluxtical motion, deep convection (Zhang and McFarlane, 1995),
(Freitas et al., 2006) and the size of the fire, and thus the usand vertical turbulent mixing (Holtslag and Boville, 1993).
of constant injection height in global models is not realistic. The model employs a°% 2.5° regular latitude/longitude grid
An accurate injection height for biomass burning emissionswith 26 vertical layers, having a model top layer located at
is of fundamental importance for plume transport and there-between 2 and 4 hPa. The meteorological fields used to drive
fore we need a more accurate way to calculate the correcthe model were obtained from the NCEP (National Center
injection height for biomass burning. for Environmental Prediction) reanalysis with 6-h resolution
Recently, Freitas et al. (2006, 2007b) implemented a(Kalnay et al., 1996). The 13-day simulation was performed
plume-rise parameterization scheme in the CATT-BRAMS from 1 September 2000 until 13 September 2000. The initial
model (the Coupled Aerosol and Tracer Transport modelconditions were created from a one-year spin-up simulation
to the Brazilian developments on the Regional Atmosphericdriven by the NCEP meteorological data.
Modeling System) and demonstrated the impact of the
plume-rise mechanism on the regional model simulation. In2.1  CO chemistry
this study, we illustrate the regional effects of plume-rise
parameterization on the vertical distribution of CO and its The 3-D source of CO throughout the atmosphere results
export to the Atlantic Ocean and Indian Ocean by a globalfrom the reaction between hydroxyl radicals (OH) and
model. The “Great Africa Plume” (Chatfield et al., 1998) methane. The major sink of CO occurs through its reac-
and “River of Smoke” (Sinha et al., 2004) are two impor- tion with OH. Similar to the recent work by Arellano et
tant plume events and export pathways during the dry seaal. (2007), we neglect the CO source due to oxidation of non-
son. Our 13-day simulations capture the two major eventgnethane hydrocarbons (NMHCs), which is expected to have
observed during the SAFARI 2000 Dry Season Campaign ofa small effect on the transport mechanism study. We simu-
September 2000 (Swap et al., 2003). These events involvetiited the sink with a monthly averaged OH data generated
relatively short-range transport from the sources in Southerrifom GMI/GISS (Goddard Institute of Space Science) sim-
Africa and so 13-day simulations with one-year spin-up ap-ulations with a full chemistry model. The monthly surface
pears sufficient for the details we sought. emissions include fossil fuel, biofuel, biomass burning, con-
This paper is organized as follows: the three dimensionafinental biogenic and oceanic net sources, which were de-
(3-D) global model and implementations of CO chemistry fived by Fetron et al. (2004) based on an inverse modeling
and plume-rise parameterization schemes are summarized i€thod using the MOPITT data for each specific month.
Sect. 2; model results are compared to ground-based, air- Emissions from biomass burning are a large source of
craft, and MOPITT (Measurements Of Pollution In The Tro- CO over the tropical and subtropical regions (Crutzen et al.,
posphere) satellite measurements in Sect. 3; in Sect. 4, the979; van der Werf et al., 2006), and highly variable in time
effects of the plume-rise mechanism on the CO budget oveand space. The monthly averaged biomass burning emis-
Southern Africa and the export to the Southern Atlantic andsions, which have been used by many previous researchers,
Indian Oceans are examined, and finally a summary is givergannot represent fires that last just a fraction of month. For
in Sect. 5. example, Chin et al. (2007) attributed the missed high black
and organic carbon episode in their GOCART (Goddard
Chemistry Aerosol Radiation and Transport) simulation to
2 Model description the coarser time resolution of emission data (monthly fire
emission data). To account for the day-to-day variation of
The model used in this study is an offline version of the biomass burning CO emissions, we used the Terra-MODIS
NCAR CAM3.1 and a complete description can be found (the MoDerate Resolution Imaging Spectroradiometer) daily
from the NCAR website at htp://www.ccsm.ucar.edu/ fire count data as a proxy. Fire detections are determined
models/atm-cam/docs/description/descriptior).ptiere we  using MODIS’s thermal band twice a day (10:30a.m. and
only highlight the main features and modifications to the 10:30 p.m. equator-crossing time). The daily biomass burn-
model. The CAM is a global general circulation model that ing CO emission rate is then simply approximated as the
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product of monthly CO emission and the ratio between daily Measurement |ocations
and monthly fire counts for each grid.

2.2 Plume-rise parameterization scheme

The plume-rise parameterization scheme was originally de-|:
veloped by Latham (1994) and implemented into a regionalcf
forecast model by Freitas et al. (2006, 2007a). The verti-|----
cal transport of hot gases and particles emitted from biomass
burning in low resolution atmospheric-chemistry transport |:
models is simulated by embedding a 1-D cloud-resolving |: ‘ ‘ ‘ ‘ ‘
model with appropriate lower boundary conditions in each ~————————————————— e
COlumn of th.e 3-D h.OSt model. MODIS/Terra fire counts Fig. 1. Ground-based station (red star) and aircraft flight tracks for
provide the fire IoF:atlon, a”‘?' land use datasets are u;ed teo measurements (red lines). Blue rectangle, used in Sect. 4.3,
Charactgrlze the fire Pro_Pe”'es- Th_e CAM model pro_v'de_smarks the Southern Africa region with latitude from°35to @

the environmental conditions and, finally, the plume-rise isanq jongitude from 19E to 40 E.

explicitly simulated. The lower and upper limits of the final

rise of the plume are then used in the fire-related emissions

field of the CAM model to determine the vertical injection 3.1 Evaluation with MOPITT CO measurements

range during the flaming phase for each time step.

Land-cover data were derived from the MODIS land-cover The MOPITT instrument, onboard EOS/Terra, makes nadir
product at 1 km resolution. The primary land-cover types inobservations of CO. The CO mixing ratios are retrieved for
this product are 17 land cover classes following the Interna-7 pressure levels from the surface to 150 hPa with the high-
tional Geosphere Biosphere Programme (IGBP) scheme. West sensitivity at 700 hPa and a 10% precision (Deeter et al.,
adopted the approach of Freitas et al. (2007a) to aggregatg003; Li et al., 2005). Here we focus on the comparison be-
the classes into three major vegetation types: forest, savanrtaween the model and MOPITT Level 3 (L3) CO at 700 hPa.
and grassland. The minimum (maximum) heat fluxes for for-The MOPITT L3 data product used here is the daily mean
est, savanna, and grassland fires are 30.0 (80.0), 4.4 (23), agdiidded version of the daily L2 CO profile. Retrievals are
3.3 (3.3)kwnt?, respectively. Fire size affects the plume- performed using the optimal estimation technique (Pan et al.,
rise height through decreasing the role of entrainment. In thel998; Edwards et al., 1999). To make a proper comparison
1-D plume model, the entrainment coefficient is inversely between the MOPITT retrievals with the CAM simulation,
proportional to fire size. Similar to the work in Freitas et the modeled CO profilex) must be transformed using the
al. (2005), a constant fire size (20 ha) was used in this studyMOPITT a priori CO profile ¢) and averaging kernel matrix
Preliminary test simulations, using fire sizes of 10, 20, and(A). The retrieved COx() profiles can be approximated as:
40 ha have shown that the patterns and magnitudes of sim-
ulated biomass plumes are very similar. The existence oft’ = a +A(x —a). (1)

a diurnal cycle of fire activity has been established through

both ground-based observations and satellite data (Prins and Alsiggléaga prir:)_:i pLofiIe s usgd fEr thel bz retrigval (Dr? eter
Menzel, 1992; Langaas, 1993; Prins et al., 1998; Eva anfta ), while the averaging kernel depends on the tem-

Lambin, 1998; Pack et al., 2000; Justice et al., 2002) FolPerature profile, surface temperature, and surface emissiv-

lowing Freitas et al. (2005), the diel cycle of emissions is ity, andﬂi}s thusdal function of temp:)rgl anr(]j sl,patigl co?rdi— h
defined by a Gaussian function with a peak value in the locaffdtes: The model output was sampled at the location of eac
afternoon (01:45p.m.) and width of 8h. The peak time is MQPITT profll_e, _th_en the L2 averaging kern_els and a pri-
consistent with that typically observed by Tropical Rainfall ori applied to individual model profiles, and finally, the re-

Measuring Mission (TRMM) Visible and Infrared Scanner sults were averaged over the 3 days and gefohl‘l g_rid
(VIRS) (Giglio et al., 2003) cell. The mean transformed CO concentrations during 10—

12 September 2000 at 696 hPa for the simulations with and
without the plume-rise parameterization are compared with
the corresponding MOPITT 3-day composite CO at 700 hPa.
3 Evaluation of CAM simulation For the simulation without the plume-rise parameterization,
biomass burning emissions are assumed to take place in the
The CAM simulation was evaluated using ground-based, air{fowest model-layer. The general patterns in CO concen-
craft, and MOPITT satellite measurements made during SA4ration are strikingly consistent among the simulations and
FARI 2000. The corresponding locations of ground-basedsatellite measurements. Elevated CO concentrations are seen
and airborne CO measurements are displayed in Fig. 1. over the biomass burning source regions (Southern Africa
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biases, and regression equations are indicated.

tions are depicted in Fig. 3a and b, respectively. There is
a strong correlation between the model and MOPITT CO.
The correlation coefficientsR() for the NPR and PR simu-
lations are 0.83 and 0.85, respectively. The model tends to
20 40 60 8O 100 125 150 175 200 225 underestimate MOPITT CO (i.e negative mean bias). The
mean biases for the NPR and PR simulations -at®.6%
Fig. 2. Mean concentrations (ppb) of CO at 700 hPa observedand—9.42%, respectively. The negative biases for the dataset
by MOPITT on 10-12 September 20@a) and model values at  with higher MOPITT CO mixing ratio (red color in Fig. 3c
700 hPa for the NPR simulatigi) and PR simulatioric). White and d) 916 11% and-13. 6%) are Signiﬁcanﬂy |arger than
areas indicate regions where the MOPITT observations are obthgse with lower MOPITT CO mixing ratio (blue color in
scured by clouds. Fig. 3c and d) £6.12% and—5.84%), implying that sim-
ulation of CO mixing ratio within or near source regions
is particularly difficult. When the plume-rise scheme is in-
and South America). Both the simulations and MOPITT cluded, the detectable improvement in CO forecast mainly
measurements also show high CO values over the Southeroccurs in the dataset with higher MOPITT CO mixing ratios,
Atlantic Ocean. Similar with other model/MOPITT CO com- with mean bias reduced from16.1% to—13.6%. Addition-
parison work (Allen et al., 2004; Arellano et al., 2006), the ally, the correlation coefficient increased from 0.77 to 0.80,
model generally has lower CO concentration than MOPITTthe slope of regression line increased from 0.76 to 0.85, and
measurements. It is also evident that the agreement betweanintercept decreased from 9.02 to 0.72. As the results in-
the modeled and MOPITT CO is slightly improved when the dicate, the plume-rise parameterization does not completely
plume-rise subgrid mechanism is included. resolve the difference between the retrieved model and MO-

To compare quantitatively the model and MOPITT cO, PITT CO at 700 hPa level.
scatter plots of the two datasets within the domain of Fig. 2 The discrepancy between the modeled and MOPITT mea-
for the no plume-rise (NPR) and plume-rise (PR) simula-sured CO may be partly due to the coarse model resolution
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Fig. 5. MISR images of Sun Pan, Botswana (20.5326.07 E) on
18 August (left panel) and 3 September (right panel) 2000.

Fig. 4. Daily surface concentrations (ppb) of measured (red) and
modeled CO (blue) over Cape Point, South Africa (346418.5 E) the Commonwealth Scientific and Industrial Research Or-

from 1 September 2000 to 12 September 2000. ganization (CSIRO) division of Atmospheric Research con-
ducted aircraft measurements downwind over Australia. The
) o ) _coordinated aircraft measurements provide an opportunity
(2°x2.5°). Use of inaccurate emissions is anot_her possibleyy check the model performance in simulating long-range
reason. The modeled day-to-day variation of biomass bumyansnort of CO. To assess the model's ability to simulate
ing emission depends on the MODIS fire count data. Theéco concentrations and identify the effects of plume-rise
presence of cloud cover with only two MODIS/Terra obser- 55cesses on short and long-range CO transports, we com-
vations per day often allowed missing detections of fires mosgared the model CO with the aircraft measurements for 3
active in the afternoon, possibly contributing to emission er-5n4 13 September near the biomass burning source (South
ror. Furthermore, omission of the contribution of NMHCS Africa and Botswana) and far downwind (Melbourne, Aus-
and the use of inconsistent OH and CO emission data may|ia) areas, respectively. A previous study (Chatfield et al.,
also be considered as error sources. Only small effects argno2) shows that the high temporal and spatial variations of
expected. plumes and relatively low spatial coverage of flight tracks
make point-to-point comparison unrealistic. Therefore, in
this study, we focus on the comparison over the flight do-

The ground-based CO measurements were obtained at Caffdins during the aircraft sampling period. Specifically, we
Point, South Africa (34.%S, 18.5 E) through the world Data look at whether, within the vicinity of the flights, the model
Center for Greenhouse Gases (WDCG@p://gaw.kishou. is capab!e o_f predic;ting plumes with similar mixing ratios
go.jp/wdcgg.html. Daily average surface CO mixing ratios and Q|str|but|ons. Flggre 5 shoyvs the MISR (the Multiangle
at Cape Point for 1-12 September 2000 were compared t§naging Spectro-Radiometer) images of Sun Pan, Botswana
daily modeled surface mixing ratios for the NPR simulation (20-53 S, 26.07 E) on 18 August and 3 September 2000, re-
(Fig. 4). The model CO matches the observed CO for mos:1Lspect|vely. Itis apparent that wild and manmade grass fires
of the simulated days well. The averaged absolute dif'ferencéhat erupted earlier at several spots near the pan increased

is only 6.4%. Cape Point samples the Southern Ocean morB@Ziness on 3 September (Abdou et al., 2006). The CO ver-
effectively than other Southern Africa sites. The good agree-fic@! profiles around Sun Pan, Botswana (20-24nd 24—
E) for 3 September 2000 between the model simulations

ment between the model and ground measurement at Ca i X L
Point implies that the simple formulations of the model can @"d aircraft observations are compared in Fig. 6. The ob-
simulate the background CO. The comparison between thaerved CO displays less variation with altitude. The aver-

PR and NPR simulations (not shown) show the plume-rise?9€d CO is close to 350 ppb through all levels. The simu-

process has a negligible effect on the background CO. lation without the plume-rise process fails to reproduce the
observed vertical distribution and magnitudes. The biomass

3.3 Evaluation with aircraft measurements burning emissions are not effectively transported to the mid-
dle troposphere, consequently, the CO mixing ratios near the
During the SAFARI 2000 dry season airborne campaign,surface (at upper-level) are significantly higher (lower) than
two South African Weather Bureau Aerocommander air-measurements. Better agreement between the modeled and
craft (JRA and JRB) extensively sampled smoke plumesaircraft-measured CO is obtained for the PR simulation. As
over Southern Africa (Piketh et al., 2004). In associationdemonstrated in the regional model simulation over South
with the SAFARI 2000 Dry Season Campaign in Africa, America (Freitas et al., 2006), the plume-rise mechanism

3.2 Evaluation with ground measurement at Cape Point

www.atmos-chem-phys.net/8/6801/2008/ Atmos. Chem. Phys., 8, 6802-2008
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Fig. 6. CO vertical profiles averaged over 20°Zland 24-30E : ical profil q o d 3
for 3 September 2000 from the model (red and blue lines) and Soutff19- 7- CO vertical profiles averaged over 36=42and 142-148&

African aircraft measurement (black stars). The 25, 50, and 75 per1‘rom the model (red.and blue lines) and aircraft measurements near
elbourne, Australia for 5 and 13 September 2000. Black dia-

centiles of the measured and simulated CO (ppb) are denoted b q 4 : q b
the vertical bars. The horizontal lines indicate the ranges. The airl0nds and stars represent measurements for 5 and 13 September

craft measurements are averaged over a 500 m height range. THe200: réspectively. The 25, 50, and 75 percentiles of the measured
numbers of observations in each height range are indicated. and simulated CO (ppb) are denoted by the vertical bars. The hori-
zontal lines indicate the ranges. The aircraft measurements are av-

eraged over a 500 m height range.

tends to loft more CO to the middle troposphere. For the PR

simulation, the simulated CO at lower levels (1 km-3 km) is range transport could be exp|ained by greater mixing with

closer to the observation than upper levels (3km-5km). lItclean background atmosphere. In other words, the enhance-
should also be mentioned that the accuracy of aircraft meament is spread over a large volume with time.

surements above 3km are less reliable (personal communi-
cation with D. Stein, 2006). _ _
Compared to the effects of the plume-rise mechanism orft  The effect of plume-rise mechanism on the CO export
the source region or short-range transport, the effect on long- nd CO budget
range transport is small. Figure 7 shows the observed an

simulated CO around Melbourne, Australia for 5 and 13 . LT
September, representing local background and polluted daythrough October, a large amount of CO from African fires is
' ransported to the Southern Atlantic and Indian Oceans. The

respectively. As noted in Sinha et al. (2004), the elevate 13-day simulation in this study covers the CO export from
CO (@pproximately 20 ppb higher than background Values)Southern Africa northwestward to the Atlantic and south-
over Melbourne, for 13 September is mainly due to long-

range transport (more than 10 000 km) from Southern Africag";fwt\ﬁ1 rdﬁ';o tt::e tlr:glan dO;fan. gor tt: err?itlf?id S_Z Semzm'
and South America. Both the PR and NPR simulations are . ' 'f€ thal raged across southe ca produced a

. . hick biomass plume that was transported towards the south-
comparable with the observations for the clear and pollute . .
. . west across Botswana and South Africa and ultimately to the
atmosphere over Melbourne. The simulations capture th

observed increase of CO mixing ratio with altitude for 13 (Tnd|an Ocean. This phenomenon has been designated the

September, and the relative uniform vertical distribution for 5 A?:;ge;nogfxek,,e (.Cﬂgmi\l/;réroails_llsgz)e s\tlzrsntéﬁre’éze tg::tt
September. The CO mixing ratio for 13 September is slightly . . ” y

: ; : . . ported westward in a latitude band betweef $&nd 0 to
higher for the PR simulation with a maximum enhancementthe Equatorial Atlantic Ocean (see Fig. 8
of 6—7 ppb at 5 km, significantly lower than that for the short- quaton ! ( 9. 8).
range transport case (87 ppb at 2km on 3 September). The
smaller effect of plume-rise on CO mixing ratio for long-

E)uring Southern Africa’s dry spring season from July

Atmos. Chem. Phys., 8, 6808812 2008 www.atmos-chem-phys.net/8/6801/2008/
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Fig. 8. Simulated CO concentrations f@) the NPR simulation and

(b) the PR simulation at 696 hPa on 13 September 2000. Three-day
(10-12 September 2000) averaged streamlines in white are super
imposed. Red and blue reference lines, used in Figs. 9 and 10, art
shown in this figure. Thick black line is the 300 ppb contour.

Fig. 9. Vertical cross sections of CO (ppb) along the red reference
4.1 The effect of the plume-rise mechanism on the CO exdines in Fig. 8 for the NPR simulatiota), PR simulation(b), and
port to the Atlantic Ocean the concentration difference between PR and NPR simulat@ns
(d) Corresponding CO emission rate (Kgls. White areas indicate
To estimate the effects of plume-rise on the CO export fromtopography.
Southern Africa to the Southern Atlantic Ocean, we display
the modeled CO concentrations (Fig. 8) for the simulations
with and without the plume-rise mechanism for 13 Septem-cal mixing, and plume-rise mechanisms. Significant CO en-
ber 2000 at 696 hPa when the “Great Africa Plume” flowed hancement by the plume-rise process is mainly located in
into the Southern Atlantic Ocean. In the simulation with the lower middle troposphere over the biomass source re-
the plume-rise scheme, the region over Southern Africa angions (Southern Africa and South America) and downwind
the Southern Atlantic Ocean with a CO mixing ratio greater of Southern Africa. The maximum enhancements for South-
than 300 ppb is much larger than that without the plume-riseern Africa and South America are more than 140 ppb and
scheme. The ratio of the area where the CO mixing ratiol00 ppb, respectively. Plume tops are also higher in the PR
exceeds 300 ppb between two simulations is 1.81. Both neagimulation than those in the NPR simulation over the biomass
and distant concentrations are enhanced due to greater loftirgource regions. For example, the plume tefd %0 ppb) at
to the lower-middle troposphere. 27°E is 700hPa for the NPR simulation, while the corre-
Figure 9a, b, and ¢ show the vertical cross sections of CGsponding altitude for the PR simulation can reach to 550 hPa
concentrations for the NPR and PR simulations and the conlevel. A similar situation can also be noted over South Amer-
centration difference along the red reference lines in Fig. 8ica. Since more CO is lofted to the lower-middle troposphere
Both of the NPR and PR simulations show that CO can befor the PR simulation, significant reduction in CO concen-
lofted to higher altitudes¥200 hPa) over South America due tration occurs at the lower troposphere near the biomass-
to prevailing deep convection. In contrast, biomass-burningourning source areas. The CO reduction distribution in the
plumes over Southern Africa seldom reach the higher tropolower troposphere is closely related to the biomass burning
sphere because during the austral spring season, anticyclon@nission distribution (Fig. 9d).
flow is dominant over the Southern African subcontinentand A smaller CO reduction (less than 20 ppb) is also detected
injection height is determined by large scale motion, verti-in the upper troposphere (200-500 hPa) over South America
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Fig. 11. Simulated CO concentrations f¢a) the NPR simulation
and(b) the PR simulation at 510 hPa on 5 September, 2000. Three-
day (3-5 September 2000) averaged streamlines in white are super-
imposed. The blue reference lines, used in Fig. 12, are drawn.
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4.2 The effect of the plume-rise mechanism on the CO ex-

Fig. 10. Vertical cross sections of zonal CO flux (kg's over each port to the Indian Ocean

latitude-altitude grid along the blue reference lines in Fig. 8 for the

NPR simulation(a), PR simulation(b), and the corresponding dif- Figure 11 shows the CO concentration at 510 hPa for the

ference between the PR and NPR simulati(@)s NPR simulation and PR simulation on 5 September 2000.
Again the PR simulation produces more CO than the NPR

. ) ) ) simulation over both the source region and remote East In-
(Fig. 9c), and it should be linked to deep convection processgian Ocean during the River of Smoke. In addition, biomass

Deep convection draws mostly from the boundary layer. Thecq from Africa fires was transported to Northern Madagas-
CO depletion by plume-rise process in the lower troposphergay i the PR simulation which does not appear in the NPR
leads to less CO lofting by deep convection process. simulation, implying an impact of the plume-rise mechanism
The vertical cross sections of CO flux for the NPR qn the horizontal transport pattern. The plume-rise parame-
(Fig. 10a) and PR simulations (Fig. 10b), sampled along thqeyization also leads to a denser smoke plume over the east-
blue reference lines (XE) in Fig. 8, more clearly indicate g |ngjan Ocean. The area with a CO concentration larger
the effect of the plume-rise on CO export. As with the Sim- 15y 125 ppb is substantially larger in the PR simulation. Fig-
ulations in Sinha et al. (2004), the westward (eastward) flux,re 12 displays the zonal CO flux for the NPR simulation, PR
prevailed over the 0-1& (18-30 S) latitude band. An evi-  gimylation, and CO flux difference along the eastern coast of
dent feature, the westward flux core, is stronger for the PRgq thern Africa (49E) for 5 September 2000. The large
simulation than the NPR simulation.  The maximum dif- gastward flux near 368 between 600 and 750 hPa (Fig. 12a
ference tl)etween the PR and NPR simulations (Fig. 10C) i$ing b) characterized the river of smoke event (Sinha et al.,
127kgs~ or 28% at 3 S and 650 hPa. The larger westward 2004). Another small eastward flux core neaf $between

flux of CO for the PR simulation leads to the extra CO ex- 5q0g and 700 hPa is embedded in the westward flux band.
ported to the higher middle troposphere in the Southern Atrhe two eastward flux cores are stronger in the PR simula-

lantic Ocean. tion than the NPR simulation (Fig. 12¢). The maximum en-
hancement of the eastward flux neaf Sreaches 88 kgs
(20%), which is similar to the maximum enhancement of the
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a. CO FLUX (kg/s) 40E NPR 05SEP2000 Table 1. Thirteen-day budget of atmospheric CO (Tg) over South-
200- ern Africa in CAM.
300-
ggg' == Process NPR PR
600 - Emissions 13.72 13.72
700+ 3-D production (by CH and OH) 1.05 1.05
800~ | 4 3-D loss (oxidation by OH) 3.94 3.88
900~ Transport to the east (east section) 10.25 10.24
39s 365 335 30S 27S 245 21S 185 15S 12 Transport to the south (south section) 299 2.96

Transport from the west (west section) 8.92 8.79
Transport to the north (north section) 2.80 2.82

o]
-300 =100 O 100 300 500 700
b. CO FLUX (kg/s) 40E PR 05SEP2000

Net outflow 7.12 7.23
200- Initial burden 13.97 13.97
300~ Final burden 17.45 17.41
ggg: Increased burden

(Final burden — initial burden) 3.48 3.44

600 -
700-

e
4

than the 3-D production (1.05Tg). About half of the emis-

s 365 i 30s 27 245 21s 185 155 13s sion (7.12Tg) is transported out of the subcontinent. The
-300 -100 0 100 300 500 700 3-D loss (3.94Tg) is comparable to the increased burden

c. CO FLUX Difference (kg/s) 40E 05SEP2000 (3.48Tg) due to all processes. The increase in burden of
200- CO within the analysis region is consistent with the general
300- increase in CO emissions as reflected in the MOPITT aver-
400- ages for August and September, 2000. Both South Ameri-
500~ can and Central/Southern African concentrations increase in

sgg: ! | these analyses.

800- Y's c The budget comparison between the NPR and PR simu-
900- - lations shows the plume-rise process does not have impor-
39S 38S 35S 30S 275 24S 21S  18S i8S 13S tant impact on the CO budget of the entire atmospheric col-

umn over Southern Africa (Table 1). However, the plume-
rise does increase (decrease) the increased burden above (be-

Fig. 12. Vertical cross sections of zonal CO flux (kg's over each low) the 744-hpa Ieve(l) by near_ly 0.60Tg (Ta_ble 2). WhICh.
latitude-altitude grid along the blue reference lines in Fig. 11 for accounts for about 35% of the increased regional burden in

the NPR simulatior{a), PR simulation(b), and the corresponding POth layers. The decreased (increased) amount is also com-
difference between the PR and NPR simulatim)s parable to (50% more than) the chemical production by OH
and CH in lower (upper) layers. CO has a longer lifetime
in the upper atmosphere than the lower atmosphere due to a
westward export to the Atlantic Ocean (28%) (see Sect. 4.1)lower reaction rate and OH concentration. This redistribution
To a greater degree, the corresponding enhancement neaf CO may have important impacts on the regional chemical
16° S reaches 200kg$ (over 240%). The reason for the composition.
larger enhancement is that the biomass CO was lofted to a Table 2 also shows an enhanced eastward transport of CO
higher altitude £510hPa) at the source region where the in the PR simulation through the upper east section, which
prevailing westerlies further transported CO to the Indianis consistent with the finding in Figs. 11 and 12. Upper and

——)
0 -100 -75 -50 -25 O 50 100 200

Ocean and Northern Madagascar in the PR simulation. lower transport regions are separated by the 744 hPa level.
This increased outflow (0.07 Tg) through the upper east sec-
4.3 Budget analysis of CO over Southern Africa tion approximately equals to the decreased outflow (0.08 Tg)

through the lower east section. This leads to a small differ-
Atmospheric CO concentrations and distributions are af-ence in the total transport to the east (0.01 Tg) between the
fected by chemical, emission, and transport processes. ThAPR and PR simulations. In a similar way, the plume-rise
13-day budget of atmospheric CO over Southern Africa isprocess also leads to a weakening outflow (smaller transport
analyzed in Table 1. The region is marked by the blue rectfrom the west) through the lower west section. The increased
angle in Fig. 1. The budget calculations for the NPR sim-outflow (smaller transport from the east) (0.25 Tg) through
ulation indicate that the surface emission (13.72Tg) is thethe upper west section in the PR simulation is partially offset
largest source of CO, which is more than one-order largetby the decreased outflow (0.12 Tg) through the lower west
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Table 2. Thirteen-day budget of lower and upper atmospheric CO the plume-rise increases (decreases) the CO burden in the up-

(Tg) over Southern Africa in CAM.

Lower Atmosphere (below 744 hPa)

per (lower) atmosphere. The increased (decreased) amount
is comparable to the chemical production by OH and;@H

the corresponding layers. Effective lofting by the plume-rise
mechanism has important implications for local air quality

Process NPR PR forecast in areas affected by fire-related pollutants. In the
3-D production (by CH{ and OH) 0.64 0.64 presence of deep convection, the plume-rise parameteriza-
3-D loss (oxidation by OH) 2.27 2.12 tion decreases CO concentration in the upper troposphere. In
Transport to the east (east section) 0.41 0.33 terms of magnitude, the effect of the plume-rise mechanism
Transport to the south (south section) 1.54 1.49 on short-range transport is more significant than long-range
Transport from the west (west section)—3.54  —3.42 transport during the simulation period due to CO dilution by
Transport to the north (north section) 1.73 1.75 clean background atmosphere.
Net outflow 722 6.99 The comparison between the model and MOPITT satel-
Eﬁg'g{;’rﬁ:: 56'%92 56'0295 lite CO indicates the CAM model can reasonably simulate
: : the MOPITT CO patterns over South America, Southern
|n<_:reased burdgnu Africa, and corresponding export during 10-12 September
(Final burden — initial burden) 1.73 1.15 ' . o )
2000 with a correlation coefficient of 0.85 for the PR sim-
Upper Atmosphere (above 744 hPa) ulation at 700 hPa level. As found in other model/MOPITT
Process NPR PR comparison work, the CAM model tends to underestimate
. MOPITT CO by~10%. The coarser model resolution, inac-
3-D production (by CH and OH) 041 041 curate emission data, missing contribution of NMHCs, and
3-D loss (oxidation by OH) Ler 176 use of somewhat inconsistent OH and CO emission data
Transport to the east (east section) 9.84 9.91 - .
Transport to the south (south section) 1.45 147 could be potential reasons for the observed differences be-
Transport from the west (west section)  12.45 12.21 tween the mOdeI.and MOPITT CO. .
Transport to the north (north section) 1.07  1.07 Future work will focus on the effect of the plume-rise pa-
Net outflow —0.09 0.24 rameterization on fire-related carbonaceous aerosols. The
Initial burden 8.88 8.88 goal is to improve the vertical distribution of aerosols, which
Final burden 10.57 11.16 is recognized as one of the biggest challenges for aerosol
Increased burden simulation (ICCP, 2000). The work will also include estimat-
(Final burden — initial burden) 169 228 ing the effect of the plume-rise mechanism on various fires in

various geographic regions. The CALIPSO (Cloud-Aerosol

Lidar and Infared Pathfinder Satellite Observations) space-
section, which induces a net difference of 0.13 Tg betweerPorne lidar provides unprecedented high resolution measure-
the two simulations. The increased outflow in the upper wesiments of aerosol profiles on a global scale, and these will
section is mainly caused by the enhanced westward transpohelp to validate the modeled vertical distribution of aerosols.
in the PR simulation during the Great African Plume event
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America. The plume-rise scheme tends to loft more biomass

burning CO into the lower-middle troposphere and leads to

simulations of greater CO concentration in the upper atmo-

sphere than the non-plume-rise. A budget calculation over

Southern Africa suggests that the plume-rise process does not

have important impacts on the CO production, loss, export,

and burden over the entire atmospheric column. However,

5 Summary
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