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Abstract. Impacts on tropospheric composition in the trop- as those near Australia, affecting thg Budget over there.

ics and the Southern Hemisphere from biomass burning anéuture changes in biomass burning and anthropogenic NO
other emission sources are studied using a global chemiemissions in southern Africa lead to a new area of high O
cal transport model, surface measurements and satellite re&soncentrations near South Africa. The resultec@tflow to
trievals. Seasonal variations in observed CO at remote islanthe Indian Ocean is pronounced due to the effects of the per-
sites are examined. Easter Island (eastern Pacific Ocean) s@stent anticyclone. A general reduction in future OH radical
impacted indirectly by the hemispheric zonal transport of COconcentrations is predicted over the remote marine boundary
due to the burning in southern Africa/South America, via the layer in the tropics and the Southern Hemisphere, as a result
westerlies. An increasing trend in CO by 0.33 ppbYyin the of the increases in CiHand CO emissions.

past decade at Ascension Island is attributed to the combined
effects of South American/southern Africa burnings and the
increases in Chllevel. Compared to Easter Island and As-
cension Island, much less contribution from biomass burn-1  Introduction

ing to atmospheric CO is found at the island of Mahé (west-

ern Indian Ocean), where the total CO peaks in JanuaryJEmissions from biomass burning are an important source
February, reflecting the contributions of anthropogenic emisfor @ number of atmospheric trace gases including carbon
sions from India. We also examine the 2000-2050 change§onoxide (CO), nitrogen oxide (N@, ozone (Q), and

in atmospheric composition in the tropics and the SoutherrA€rosols, including black carbon. Biomass burning accounts
Hemisphere driven by future changes in emissions and clifor about 30% of the global total CO source (Galanter et
mate. Changes in solar radiation (UV) over South Atlantic@l-» 2000). These trace gases and aerosols play important
Ocean (SAO) in future January have dominant effects on théoles in tropospheric chemistry, air quality and global cli-
O3 distribution. More than 55 % of ©concentrations over Mate (Levine et al., 1995; Granier et al., 2000; Haywood et
the SAO in both present-day and future September are notl-, 2008). They can affect the abundance of hydroxyl radical
directly affected by the emissions (including lightning) over (OH), which is the major oxidizing agent in the troposphere.
the adjacent two continents but are attributable to the trans- 1fopospheric composition in the Southern Hemisphere
port of O; from surrounding areas due to CO and £bk- (SH) and equatorial regions is particularly sensitive to
idation and stratospheric intrusion. High N®missions in  biomass burning emissions, since emissions from the com-
both continents in 2050s increase PAN concentrations ovepustion of fossil fuels are much lower in the SH and equato-

ies, in particular the campaign of Transport and Atmospheric
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4860 K. M. Wai et al.: Seasonal variability and long-term evolution of tropospheric composition

Chemistry in the Atlantic (TRACE-A) (Fishman etal., 1996), 2 Approach and method
and the Southern African Fire Atmosphere Research Initia-

tive in 1992 (SAFARI-92) (Andreae et al., 1996), have ex- We first analyze and compile surface CO measurements in
amined the contribution of biomass burning activities from the tropics and SH for 2002—2006. A 10-year (2001-2010)
southern Africa and South America to tropospheric com-data set of surface CO measurement is used to determine
position and the ozone anomaly over the tropical and subwhether there is a statistically significant trend. The mea-
tropical South Atlantic Ocean. Satellite measurements fromsyrement data are also used to evaluate the performance of a
the Total Ozone Mapping Spectrometer (TOMS) (Hsu et al.,global chemical transport model (CTM) — the GEOS-Chem
1996; Thompson et al., 2001), MOPITT (Edwards et al., CTM. We then carry out model simulations to examine the
2006) and the Tropospheric Emission Spectrometer (TESperturbations to tropospheric composition associated with
(Jourdain et al., 2007) have also been used to detect biomasge projected changes in emissions and climate by the 2050s.
burning signatures. Most of the previous studies focused onynless specified otherwise, the analyses of atmospheric com-
short time periods (usually less than a year). However, thergosition in this study focus on January and September, since
could be significant interannual variability in biomass burn- hjomass burning activities in Africa peak in January and
ing emissions and atmospheric transport for the tropical re-September and those in South America peak in September
gions (Allen et al., 1996; Barbosa et al., 1999; van der Werf,(e g., Moxim and Levy, 2000; Sudo et al., 2002; Duncan et

et al., 2006). Better understanding of the impacts of interang|., 2003: Edwards, et al., 2003; Korontzi et al., 2004: Bian
nual variations in biomass burning emissions on tropospherigt al., 2007).

composition as well as the long-term trends is needed.
Recently, there has been increasing interest in the potentiai 1 Observational data
impacts of global change on atmospheric composition and air

quality. All future socioeconomic scenarios developed by the o L
: . The NOAA/ESRL Global Monitoring Division (GMD) net-
Intergovernmental Panel on Climate Change (IPCC) project X .
g ge ( ) proj ork surface CO data (Novelli et al., 2003; Bian et al.,

significant changes in global emissions of ozone precursor . . .

. ; ; . 007; Novelli and Masarie, 2012) at Ascension Island
NOy, VOC (volatile organic compound) and CO), includin ’ o
(NO ( g pound) ) 9 (7.98'S, 14.42W), Mahé (4.67S, 55.17E) and Easter

emissions from biomass burning over the 21st century (Naki .
cenovic and Stewart, 2000). On the other hand, natural emisI—SI‘"]mOI (27.13S, 109.43W) (Fig. 1a) are used. Monthly_
eans and event flask data are used in model evaluation

sions of ozone precursors would also be affected by climatd” . i -
change. For example, NCGemission from lightning, which and trend analysis, respectively. The precision of the CO

is a significant source for NQn the tropics, is generally ex- measurements is 1 ppb at 50 ppb and 2 ppb at 200k (

pected to increase in a warmer climate (Price and Rind, 1994//ds.data.jma.go.jp/gmd/wdcgg/

Grenfell et al., 2003; Shindell et al., 2006; Wu et al., 2008a).
Since tropical ozone is very sensitive to Némissions from 2.2 Model description
lightning (Moxim and Levy, 2000; Jenkins et al., 2003; Wu
etal., 2007), the climate change implication on tropical com-The GEOS-Chem modehttp://geos-chem.ojg/9-01-01 is
position could be significant. Most of the previous studiesused for simulations of the atmospheric chemistry and com-
of the impacts of global change on tropospheric composi-position to study the impacts of biomass burning and other
tion have focused on the northern midlatitudes, in particularsources for present-day and future scenarios. GEOS-Chem
the developed regions (e.g., Liao et al., 2006; Unger et al.has detailed and fully coupled ozone—N&OC-aerosol
2006; Hedegaard et al., 2008; Wu et al., 2008a, b) but nothemistry, which can resolve more than 100 species. It has
the SH. Regionally, the potential effects of climate changebeen extensively evaluated with various observational data
on biomass burning in the US have been studied (e.g., Westksets (e.g., Bey et al., 2001; Fiore et al., 2003; Jaeglé et al.,
erling et al., 2006; Spracklen et al., 2009). 2003; Li et al. 2004; Heald et al., 2006; Hudman et al., 2009;
The aims of this study are to (a) improve our understand-Johnson et al., 2010; Huang et al., 2013; Kumar et al., 2013).
ing on the impacts of biomass burning on tropospheric com- The model is driven by assimilated (GEOS-4 data from
position in the tropics and SH as well as the seasonal variaNASA GMAO with 2° x 2.5° horizontal resolution and 30
tion and long-term trends by combining in situ measurementvertical layers) or simulated (NASA/GISS GCM simulation
data and model simulations, and (b) examine the potentialith 4° x 5° horizontal resolution and 23 vertical layers) me-
impacts on tropospheric composition in the tropics and SHteorological fields for present-day and future simulations, re-
driven by 2000-2050 changes in emissions and climate.  spectively. All the model runs are conducted following 1 year
of model spin-up. The interface between GEOS-Chem and
the GISS GCM has been described and evaluated by Wu et
al. (2007) and also applied in a number of previous studies to
investigate the potential effects of global change on air qual-
ity (Wu et al., 2008a, b, 2012; Pye et al., 2009; Lam et al.,

Atmos. Chem. Phys., 14, 4853874 2014 www.atmos-chem-phys.net/14/4859/2014/
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Figure 1. (a) Location of ground-level remote monitoring stations selected for the study: 1. Ascension Island, 2. Mahé, and 3. Easter Island.
Locations of biomass burning (Areas 1-3) are also shown. The 10-day fire maps detected by MQ@ipl&muary (21-30 January 2005)
and(c) September (8—17 September 2006).

2011; Hickman et al., 2010; Wang et al., 2013; Jiang et al.,GCM simulations. Following Wu et al. (2008a), we apply
2013). the IPCC A1B scenario for the 2000-2050 changes in an-
For the present-day simulations, emissions from fossil fuelthropogenic emissions of ozone and aerosol precursors in
combustion follow the EDGAR global anthropogenic emis- the model based on data from the IMAGE socioeconomic
sions inventory and are updated with regional emission in-model (IMAGE Team, 2001; Streets et al., 2004). Anthro-
ventories including the criteria air contaminant emission in- pogenic emissions include those associated with fossil fuel,
ventory for Canada, the Big Bend Regional Aerosol and Vis-biofuel, and human-induced biomass burning. Natural emis-
ibility Observational (BRAVO) emission inventory for Mex- sions of ozone precursors including N®om lightning and
ico, the emission inventory for Asia based on Streets etsoil, and NMVOCs from vegetation, are computed locally
al. (2006) and Zhang et al. (2009); the National Emissionwithin the model on the basis of meteorological variables and
Inventory (NEI) 2005 inventory for the United States and hence allowed change in response to climate change. The po-
the Co-operative Programme for Monitoring and Evaluationtential impacts of climate change on biomass burning (e.g.,
of the Long-range Transmission of Air Pollutants in Europe Westerling et al., 2006; Spracklen et al., 2009) are not ac-
(EMEP) emission inventory for Europe. Biomass burning counted for in this study. A comparison of the present-day
emissions of CO, N@and NMVOCs (non-methane volatile and future emissions in areas of interest is shown in Table 1.
organic compounds) are based on the Global Fire EmissiofPossible 2000—-2050 changes in stratosphere—troposphere ex-
Database version 2 (GFEDv2) (van der Werf et al., 2006).change (STE) of ozone is not accounted for in this study. In
Biofuel emissions are from Yevich and Logan (2003). Bio- all simulations, STE for ozone is represented by the Synoz
genic VOC emissions are calculated online by the Model offlux boundary condition (McLinden et al., 2000) with an im-
Emissions of Gases and Aerosols from Nature (MEGAN) posed global annual mean STE flux of 500 Tgy® L.
scheme (Guenther et al., 2006). Lightning Némissions in
GEOS-Chem are parameterized as a function of deep con- . )
vective cloud top height (Price and Rind, 1992; Wang and3 Results and discussion
Jacob, 1998) and are distributed vertically following Picker-
ing et al. (1998), with recent updates by Murray et al. (2013).
To examine in detail the potential impacts of global change

on atmospheric chemistry and composition in the SH andrpe gimospheric lifetime of CO in the troposphere ranges
the equatorial region, we carry out GEOS-Chem simula-¢qm \weeks to months (Duncan et al., 2007). The relative
tions driven by meteorological fields archived from the GISS long lifetime of CO makes it a tracer suitable for studying the

3.1 Impacts of biomass burning on CO for the
present day

www.atmos-chem-phys.net/14/4859/2014/ Atmos. Chem. Phys., 14, 488¥4 2014
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Table 1. Comparison of present-day and future emissions in Africa and South America

Northern Africa Southern Africa South Americd
(in Jan) (in Sep) (in Sep)

Species Present-day Future Change (%) Present-day Future Change (%) Present-day Future Change (%)
CO (Tg)
Biomass burninf 23.4 311 33 22.0 13.7 -38 18.4 57.3 212
Fossil fuel 0.35 2.00 477 0.44 1.75 302 0.85 0.89 5
NOx(Tg N)
Biomass burning 0.18 0.20 12 0.44 0.24 —46 0.35 0.82 134
Lightning 0.042 0.034 -19 0.021  0.026 22 0.056  0.067 19
Soil 0.070 0.064 -9 0.061 0.066 8 0.093  0.097 4
Fossil fuel 0.009 0.095 956 0.039 0.189 381 0.065 0.175 171

Area defined within 0-15° N, 15 W-35° E; 2 0-35 S; 10-40 E; 3 0-40 S; 80-38 W. 4 Projection of future biomass burning emission only accounts for changes in
anthropogenic burning but not those driven by climate change.

long-range transport in the troposphere. Figure 2 shows the Mahe Island
monthly CO variations at the remote surface measurement o
sites in 2002—2006. Both observational data and model sim-_*** |
ulations show large seasonal variations of CO concentrationsZE 1:2 !
at the sites on Ascension Island, Mahé, and Easter Islanc™ _ @ -\
(Fig. 2). The seasonal variations in observed CO are well [
captured by the GEOS-Chem model, especially for those H
in Mahé and Easter Island. Concentrations of CO are sys-
temically overestimated in Ascension Island, similar to the o
work by Sinha et al. (2004). The observed CO concentra- 1o
tions usually peak in September—October, January—February¥ e
and September—November for Ascension Island, Mahé, ancg =
Easter Island, respectively. The minimum CO concentra- ™~
tions are generally found in January—March, May—July, and
February—March respectively at these three sites.

observed

=== modeled

e observed

=== modeled

3.1.1 Northern Africa burnings

80

observed
=== modeled

O (ppb)

In northern Africa, the savanna burning is usually between
south of the Sahara and north of the tropical rain forest ;
near the Equator during winter—spring of the Northern Hemi- ;|
sphere (NH) (Fig. 1a, Area 1), which is evident by the numer-
ous fire events presented in the MODIS fire map (Fig. 1b).
The CO plumes from northern African burnings are trans-Figure 2. Variation of CO concentrations at the three stations in
ported westward or south-westward by the Harmattan flow.2002—2006. “bb” means CO contributed by biomass burning, and
When the plumes encounter the cool monsoon air from*‘no_bb” means CO without contributed by biomass burning. The
the Gulf of Guinea and the Intertropical Convergence ZoneR-H.S. (right-hand side) scale only applies to the “bb” results.
(ITCZ), they are lifted above the planetary boundary layer

(PBL). We use the NOAA HYSPLIT model (Draxler and

Rolph, 2013; Rolph, 2013) for forward trajectory analysis, Since the biomass burning plumes from northern Africa
which clearly shows the rapid vertical atmospheric transportare generally transported westward or south-westward, they
from 500 to >3000 ma.s.l. within 3.5 days (Fig. 3b). In the are not expected to significantly affect the atmospheric CO
lower free troposphere, the African easterly jet effectively en-over Mahé, located in the Pacific Ocean (Fig. 1a). To exam-
hances the long-range transport (LRT) of the CO plumes toine the major sources of CO at Mahé, we carry out back-
ward South America. These are indicated by the trajectoriegrajectory analysis, which indicates that air masses at Mahé
started from western Africa. The area of large-scale elevatiorare dominated by those originating from India in January and
of CO concentrations at 700 hPa and the LRT of CO over At-February with additional contribution from Europe via the
lantic Ocean are captured by the model (Fig. 3a). Middle East, the Sahara and Indian Ocean (Fig. 3c). We also

60
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perform a sensitive model simulation by excluding biomass
burning sources in the model with the simulated CO con-
a) centrations indicated as “no_bb” in Fig. 2. The contributions
o [ - to CO at Mahé from biomass burning are derived by com-
\,V paring the sensitivity model results with those from the con-
- . 1 trol run. It is found that the biomass burning contribution to
““\ ( total CO at Mahé is much less than that at the Easter Is-
s | e land or Ascension Island. During January—February when
/ ( ) CO peaks at Mahé, the contribution from biomass burning
" { is generally less than 20 %. With the results from the back-
)) trajectory analysis, the January—February peaks in measured
0 T CO at Mahé are thus attributed to the anthropogenic emis-
sions from India.

45°W 30°W 15°W 3 15°E 30°E 45°

\ L — 3.1.2 Southern Africa burnings

0 120 240 360 [ppby]

b) In southern Africa, the widespread burning events occur
mainly in Angola, Zambia, and Democratic Republic of the
Congo during July to September (Fig. 1a and, Area 2 and
c). Persistent low-level easterlies/southeasterlies facilitate the
westward transport of CO plumes from southern Africa.
Three synoptic-scale high-pressure systems are located per-
sistently over southern Africa, South America/adjacent At-
lantic Ocean and Indian Ocean. They are featured with de-
scending air and relatively low wind speeds, which limit
the dispersion of the burning pollutants. Under the influence
of the high-pressure system over southern Africa, the CO
plumes tend to recirculate over the continent. Our forward
trajectory analysis (figure not shown) for the period of 2002
to 2006 confirms this feature. The trajectories further suggest
two main exit pathways of the CO plumes. One pathway is
from southern tip of the continent to Indian Ocean and an-
other pathway is from western part of the continent to At-

>1.0E+02 %

- o=+01 % lantic Ocean just south of the ITCZ. The exit pathways are
iy well indicated by the GEOS-Chem model (Fig. 4a).

Maximum: 1 0E+02 Regional elevations of CO over the SAO at surface level

I ceioicnpum during these months in 2002—2006 due to the westward trans-

port of the burning plumes are also evident by the measure-
ments in Ascension Island (Fig. 2) and the modeling results
(Fig. 4a). The modeling results at the island capture the peaks
though overpredictions are noted as mentioned earlier. It is
interesting that elevated CO concentrations were still mea-
sured in October when the burning activities in southern

Africa decreased rapidly. This is attributed to the atmospheric
recirculation (Swap et al., 1996; Edwards et al., 2006) over

Figure 3. (a)Monthly averaged CO concentrations (ppb) computed :)hues?rglg:tt;]cs.Olgzc?l?w(::(rjr){lrg?eEtlgryi)ft))tzciiuron;?tﬁ? ||2u?1:;er:g d

by GEOS-Chem at 704 hPa in January 2005. The station location . . . - .
(refer to Fig. 1 for station number) is also showia) A plot of 3.5 at Ascension Island confirm the recirculation of air masses

day forward-trajectory matrix launched on 20 January 2005 from©Ver the SAO (Fig. 4b). As already mentioned, one exit path-
northern Africa_(c) A month|y back-trajectory frequency (%) p|0t Way iS from the Southel‘n t|p Of the Continent to Indian Ocean.
in January 2004 when the measured CO is high at Mahé. The trajecthe CO plumes that followed this pathway pass south of
tory frequency plot includes 10-day backward trajectories launchedMahé at latitudes around 10-28, resulting in no elevated
everyday for a month from Mahé. The frequency plots in other yearsCO being measured.

when the measured CO is high are included in the Supplement.

www.atmos-chem-phys.net/14/4859/2014/ Atmos. Chem. Phys., 14, 488¥4 2014
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a) position over the Pacific Ocean at higher southern latitudes
= ‘ ‘ ‘ (> 10 S). Therefore, Easter Island, which is located subtrop-
ically (~27° S) to the west of South America, is not directly
] 1e \ { 20 impacted by the plumes. However, both measurements and
. { ) model simulations show significant seasonal variations in CO
s /? concentrations at Easter Island, with peaks in September—
)) ’ November (Fig. 2). A major contribution to the seasonal vari-
305 ation of CO appears to be the seasonal variation of OH, the
T major sink of CO. OH peaks in summer (January/February
o in the Southern Hemisphere) and reaches the lowest level in
oW T v e L aoE w0°e 7 winter (July/August in the Southern Hemisphere) (Seiler et
& e I al., 1984). We compared the model simulated CO concen-
trations from the control run with those from the sensitive
model run where biomass burning emissions were excluded
b) to further examine the potential impacts of biomass burning
on the seasonal variation of CO at Easter Island. Figure 2
shows the CO levels contributed by biomass burning (i.e.,
COpp equals total CO minus G pp at Easter Island, which
indicates that both the OH seasonality and biomass burn-
ing emissions contribute to CO variability at Easter Island.
The “bb” component of CO at Easter Island is mainly at-
tributed to biomass burning emissions from Africa and South
America being picked up by the persistent westerlies about
30° S or further southward. These biomass burning plumes
are first transported across the Indian Ocean towards Aus-
tralia. Then they are advected over the Pacific Ocean even-
tually reaching Easter Island. This transport pathway is con-
sistent with previous studies. Rinsland et al. (2001) attributed
I TN NE? the elevated CO background over Australia during October to
December in 1997 to emissions from southern Africa/South
Figure 4. (a)Monthly averaged surface CO distribution over south- America. Our backward trajectories launched from Easter
ern Africa and Atlantic Ocean in September 2005. The station lo-|sland reach Australia/New Zealand aloft during the period
cat?ons (refer to Fig. 1 for ;tation number) are also shafighA (Fig. 5¢), which support the CO transport pathway by the
typical 10-day backward trajectory (launched on 20 October 2003\ asterlies. In addition, fire emissions from Indonesia and
showing recirculation of air mass over South Atlantic Ocean. northern Australia could also contribute to the “bb” compo-
nent of CO at Easter Island.

3.1.3 South America burnings . .
3.2 Trend of CO at Ascension Island in the past decade

Most of the burning activities in South America occur in
Brazil, Bolivia, Paraguay and Argentina (Fig. 1a, Area 3 andBased on the above finding, Ascension Island is the only site
c) and generally peak in August to October. Based on thghat is impacted directly by the biomass burning emissions
GEOS-Chem CO predictions at 704 hPa (Fig. 5a), continenfrom southern Africa and South America. Surface CO mea-
tal outflows of CO occur at southeast and northwest of Soutrsurements from this site with longer sampling period (2001
America. Rapid vertical export by deep convective processe®010) are therefore studied to determine whether there has
is a major process to transport burning-produced pollutantdeen any statistically significant trend. Figure 6 shows the
from PBL to upper troposphere in South America (Ander- 10 yr time evolution of CO concentrations (ppb) at Ascension
son et al., 1996; Freitas et al., 2005; Wu et al., 2011). Oncdsland. The seasonal variation is evident, similar to Fig. 2,
the plumes are vented to the free troposphere, the westewith small interannual variability. To investigate whether
lies in the upper troposphere (>8kma.s.l.) effectively trans-there is a long-term trend, a regression analysis was per-
port the plumes from South America towards southern Africaformed to fit the observation with the following polynomial
(Fig. 5b). equation:

Our modeling results show that, with the prevailing north-
westward atmospheric transport, biomass burning plumes
from South America have little impact on atmospheric com-C; = ag+a1t +azsin(2rt /365 +azcog2rt /365 +e¢;, (1)

Atmos. Chem. Phys., 14, 4853874 2014 www.atmos-chem-phys.net/14/4859/2014/
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where G is the mixing ratio of CO at time (in days);ao, a1,

az, andag are the regression coefficients; andhe residual

from the model.
a) The sinusoidal terms in Eq. (1) are used to account for
the seasonal variations of CO concentrations. A linear term
is used to indicate any possible trend over this time period.
The coefficients of the equation are determined by the least-
squares method. The observational data were smoothed by a
5-day centered moving average prior to the regression analy-
sis.

The regression analysis yields an increasing trend
(a1 =0.33+0.24ppbyrl) for CO at Ascension lIsland,
which is statistically significant < 0.01). Zhao et
al. (2008) derived a positive trend up to 0.03 per decade for
E aerosol optical depth (AOD) over southern Africa (lat: 15.0
o 100 200 00 o] to 5.0 S; long: 5.0 to 15.9E) in autumn for the period of
b) 1980-2005, which was mostly attributed to biomass burning.
The MODIS AOD measurements within latitudes of 33-
Equator reported an increasing trend of 0.0012yover
2001-2007 (Yu et al., 2009), with biomass burning in South
America/southern Africa as the major source of aerosols in
this latitudinal region. Bevan et al. (2009) also reported an
increasing trend of AOD due to biomass burning over the
] Amazon based on the ATSR data for 2000 to 2005.

F o Long-term variations of CO can also be affected by the
- 1 variations of atmospheric GHl which provides an impor-
o+ . tant source for CO. Significant increases in atmospherig CH
- 1 concentrations have been reported since 2007 after staying
o ’ ' - " relatively stable in earlier years of the past decade. An in-
crease of~ 7.5ppbyr?! in CH; was observed by the satel-
o e o0 T 700 e e lite instrument SCIAMACHY over the tropics (Schneising et
al., 2011). The measurements from the AGAGE and CSIRO
networks show renewed growth in both the SH and the NH
(Rigby et al., 2008). Observations from the NOAA's global
sampling network also showed increases in globa} Gtit-
- ing 2007 (by 8.3 ppbyr!) and 2008 (by 4.4 ppbyt), es-
z pecially for the SH and the tropics (Dlugokencky et al.,

£ 2009). These previous studies suggest that the increasing
trend at Ascension Island calculated in this study is likely
to be driven by an increase in biomass burning from South
America/southern Africa and an increase in ambient GH

20°8

®3

Altitude (km)

recent years.
— We note that Worden et al. (2013) identified a slight de-
g owo crease in the total CO column over the Southern Hemi-
P = 1000 sphere (0—60S) for the period of 2000-2011. The discrep-

00 00 00 00 00 00 00 00 00 00 00 00 00
1 9/19

ancy compared to the positive trend at Ascension Island iden-
tified in this study could reflect the different metrics used for

Figure 5. (a) Monthly averaged CO concentrations (ppb) predicted .
by GEOS-Chem model over South America at 704 hPa in Septem-atmoSpherlc CO (column vs. surface values) as well as the

ber 2006. The station location (refer to Fig. 1 for station number) isd'ﬁere“t spatl_al coverage in th_ese twp studies. Further. stu_dy
also shown(b) Vertical CO distribution at 14S over burning areas would be desirable to explore in detail the causes of this dis-

of South America in September 2008) A typical 13-day back- ~ Crepancy.
ward trajectory launched on 2 October 2002 from Easter Island.
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Figure 6. Time evolution of CO concentrations (ppb) in 2001-2010 at Ascension Island. A trend line is shown in red.

3.3 Impacts of global change on tropospheric are predicted to increase by 10-25% in the upper tropo-
composition in the tropics and Southern sphere over the SAO at latitudes 52&(Fig. 7b). Q con-
Hemisphere centrations in the mid-troposphere are simulated to have no

changes or even decreases in the lower latitudes (85
We examine in this study the potential effects of 2000—2050but increases in the higher latitudes (*&) in the 2050s
changes in both climate and emissions on tropospheric com@ig. 7c¢). Brasseur et al. (2006) reported similar findings over
position in the tropics and the SH. We follow the IPCC A1B this area in their study although their results were for July.
scenario (Nakicenovic and Stewart, 2000) for the 2000—2050T he future changes in£appear to be primarily driven by the
changes in climate and emissions of ozone precursors (Wu ethanges in cloudiness and therefore solar radiation (Fig. 7d).

al., 2008a). The decreases in clouds around 25>-80ncrease solar ra-
diation and hence ©production there, whereas the increase
3.3.1 Perturbations to tropospheric composition in in clouds between 0-2( and 0-30W leads to a reduction

January due to changes in emissions and climate  in Oz in that region. The changes in humidity can also con-
tribute to the changes in{by affecting the photochemical

Higher CO emissions from biomass burning over northernOs destruction. We find significant decreases in specific hu-
Africa are projected for 2050s following the IPCC A1B sce- midity around 25-30S over the SAO (Fig. 7e).
nario (Table 1). This results in higher continental outflow of
CO from northern Africa towards South America across the3.3.2 Perturbations to tropospheric composition in
Atlantic Ocean (Fig. 7a). Compared to the present day, the September due to changes in emissions and
mixing ratios of CO in the lower troposphere over the north- climate
ern Africa coast are simulated to increase by up to 150 ppb.
General increases are also found for,Nédncentrations in ~ Over southern Africa, reductions in September CO concen-
the lower troposphere(2.1 kma.s.l.) driven by increases in trations by up to 15 % are simulated over 10>=3Q(Fig. 8a)
both biomass burning and fossil fuel emissions (Table 1). In-in the 2050s. This results from the combination of decreas-
creases of @by 20-35% are predicted over the Atlantic ing biomass burning emissions and large growth in fossil
Ocean just north of the Equator. fuel combustion (Table 1) in South Africa, Republic of the

We further examine the future changes in JanuagyirO  Congo, and Gabon. In South America, however, the large
the middle and upper tropospherig Over the SAO, which  growth in CO emissions from biomass burning results in
are related to the well-known tropical Atlantic ozone para- high CO concentrations of exceeding 450 ppb (or increase by
dox (Thompson et al., 2000; Edwards et al., 2003). Light-more than 90 %) in the lower troposphere (Fig. 8b) over al-
ning is a major source of NQOin the middle and upper tro- most the entire southern tropical and subtropical (0-0
posphere. Emissions of NGrom lightning are projected to  continent. Lower tropospheric CO concentrations near the
increase over southern Africa and South America by 18.2 %center of SAO (15S, 15 W) are predicted to increase by
and 16.4 % (Table 1), respectively. Future @ncentrations more than 80 % (Fig. 8a) to reach 120 ppb. Reflected by the
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increases in lightning frequency, elevated CO concentrationsow-temperature reservoir of NOPAN serves as a source of
(300 ppb) found in the upper troposphere (Fig. 8c) over SoutiNOy once it undergoes thermal dissociation at higher temper-
America in the future demonstrate the importance of deepature and thus contributes tg @rmation. The contribution
convection to export biomass burning emissions from theof fossil fuel emissions from South America to the mid- and
boundary layer to the middle and upper troposphere. CO isipper tropospheric PAN in 2050s is found to be relatively
then input into the SAO by upper-level westerlies, resultingsmall as compared with that from biomass burning.
in maximum increases in CO by 80-90 % there. Increases in future © concentrations are predicted

The impact on N@ from reductions in biomass burning throughout the troposphere over the SAO. The increases
(by 46 %) in southern Africa is counterbalanced by projectedare relatively small €5 ppb) below 3kma.s.l. but large
large increases (by 3.8 times in Table 1) in fossil fuel emis-(~ 20 ppb) above 8 km a.s.l. It is interesting to discuss further
sions. The consequential effects on the lower tropospheri¢che O contribution over the SAO, which attracts continuous
NOx concentrations are shown in Fig. 8d. The present maxattention from the scientific community (Singh et al., 1996;
imum in NG, concentrations located over the biomass burn-Jacob et al., 1996; Jourdain et al., 2007) due to the unique
ing region (between 10 and 28 over southern Africa) is meteorological and emission settings. We carry out a series
projected to be replaced by two maxima in 2050: one simi-of sensitivity model simulations to examine the contributions
larly located over the biomass burning, but reduced in mag-o total ozone over the remote SAO from various sources. Re-
nitude, and another over South Africa, due to large increasesults from a specific sensitivity simulation by excluding cer-
in fossil fuel emissions. Similar patterns are found foy O tain emission source (e.g., biomass burning, lightning, fossil
(Fig. 8e), indicating the critical role of NOin controlling  fuel combustion, soil emissions) are compared with the con-
Os in the tropics. Figure 8e shows two outflow pathways of trol run to derive the contribution from that source. Figure 10
O3 from southern Africa. One of them from southern Africa shows the vertical profiles of total{®ver the remote SAO
into the mentioned SAO area is clearly seen, leading to theas well as the contributions from biomass burning and light-
conclusion that the lower tropospherig fom the continent  ning sources. The dominant effects on troposphegiéram
contributes largely to @concentrations over the SAO. An- biomass burning and lightning are found in the lower and up-
other pathway to the Indian Ocean, which is not pronouncedper troposphere, respectively. Lightning Nénhhances @in
in the present day but in the future, is due to the significantthe upper troposphere by up to 24 ppb. The contribution of
increases in fossil fuel NPemissions in South Africa and soil NOk emissions is found to be negligibly small. We also
the effects of the persistent anticyclone. A sensitivity simula-find that the total emissions from southern Africa and South
tion, where fossil fuel emissions were excluded from SouthAmerica can account for up to 45 % of the total ozone over
Africa, indicates that fossil fuel emissions would contribute the SAO at any level in the troposphere.
to the total Q over South Africa by up to 60 % in 2050s
(Fig. 8f). 3.3.3 Impacts on hydroxyl radical

PAN is produced by photochemical oxidation of NMVOC
in the presence of NQand thus its concentrations are higher Our results show that for January in the present day, biomass
near NG sources (Fig. 9). In present day, PAN concen- burnings in northern Africa near the Equator have little im-
trations in the lower troposphere are simulated to be lowpact on OH concentrations in the lower troposphere, reflect-
(<0.03ppb) over the SAO and the Indian Ocean. In theing the compensating effects from increasing,\#hd CO.
2050s, PAN concentrations in the lower troposphere are en January of 2050s, the increases in burning emissions lead
hanced by the increases in N@missions from both con- to relatively small changes in OH concentrations (< 10 %)
tinents and reach 0.07 ppb over remote oceans in the highedn the lower troposphere over the burning areas in northern
latitudes (> 38 S) far away from the continents to the regions Africa and the adjacent Atlantic Ocean to the west of the con-
near Australia, despite higher future temperatures reducinginent. In the lower and middle troposphere over the SAO,
the potential of LRT of PAN (Wu et al., 2008a). The ma- despite the increases inz@oncentrations predicted in fu-
jor contribution from fossil fuel emissions is demonstrated ture, OH concentrations are simulated to decrease by up to
by a sensitivity simulation that excludes fossil fuel emis- 20 %, which are attributed to the assumed increases in CH
sions (Fig. 9c). Enhanced PAN concentrations in the 2050$n the model (fron~ 1750 ppb in present day to 2400 ppb in
in the southern midlatitudes are due to southeastern outflow2050s) (Wu et al., 2008a).
of PAN from southern Africa (produced by high N@mis- In the simulation for September in the 2050s, the remote
sions in South Africa and nearby areas) to the Indian Oceangceanic areas including the SAO, the Indian Ocean to the east
the effects of anticyclone, and the contribution of PAN pro- of southern Africa, and the Pacific Ocean to the west of South
duction from South America. The distinct zonal gradient of America will be featured with hemispheric decreases in OH
PAN concentrations over the Indian Ocean and further east itoncentrations in the boundary layer by up to 30 % compared
the higher latitudes is maintained by the westerlies and loweto the present-day simulation (Fig. 11). The decreases in OH
temperatures, which stabilizes PAN. It has implications for over the remote oceans reflect the future increases in methane
the O3 budget over the remote oceans since PAN acts as and CO, which are primary sinks for OH. The multi-model
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study by Voulgarakis et al. (2013) also reported large reduc-  * -

tion (by 24 to 36 %) in their simulated OH over these SH r

regions in 2100 following the IPCC RCP 8.5 scenario. In ad- ’

dition, we find even larger OH reductions (by up to 60 %)

over southern Africa, which appear driven by the additional

effects associated with increasing biogenic VOC (in particu-Figure 10. Vertical profiles of total @ concentrations (ppk{R) with

lar isoprene) emissions in the future climate. Biogenic VOC biomass burningb) and lightning(c) contribution in percentage

emissions in our model follow the MEGAN scheme (Guen- over the SAO (defined as an area withi’® 25 W and 5 S,

ther et al., 2006) and increase with temperature. On the othe?” E) in future September.

hand, increases in OH by up to 50% are calculated over

large areas in South America, reflecting the projected large

increases in N@emissions from biomass burning (Table 1). in OH by 12% in the upper troposphere due to increases in
Negative changes in annual OH concentrations are simlightning frequency in 2050.

ulated in marine boundary layer in the tropics and the SH

in future in our simulation, which agree with the reductions

simulated by a 3-D global CTM (Wild and Palmer, 2008) 4 Conclusions

and a 1-D photochemical model (Thompson et al., 1990).

Meanwhile, our model predicts similar OH concentrations A combination of in situ measurements, global chemical

in the upper troposphere over the SH for present day andransport modeling, back-trajectory analyses, and satellite

future (figures not shown). The increases in OH productionobservations were used to examine the CO variability in

in the upper troposphere in the future are attributed to NOthe tropics and the SH in the recent years due to the im-

from lightning, which plays an important role to offset the pacts of biomass burning. Our model results show reasonable

OH loss. Wu et al. (2008a) also reported the global increasegreement with observations. Clear seasonal variations in

o &

10 20 30 (%)
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CO were found at all the three remote islands (Ascension Isthe Southern Hemisphere, which in turn can affect regional
land, Mahé, and Easter Island) located in the SH near southelimate and air quality.
ern Africa and South America, but Ascension Island is the
only site impacted directly by the continental-scale burning
activities. A statistically significant increasing trend of CO at The Supplement related to this article is available online
Ascension Island is identified for the period of 2001-2010. at doi:10.5194/acp-14-4859-2014-supplement
Sensitivity simulations are conducted to examine the per-
turbations to tropospheric composition in the tropics and the
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