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This commentary paper from the recently formed International Global Atmospheric Chemistry (IGAC)
Southern Hemisphere Working Group outlines key issues in atmospheric composition research that
particularly impact the Southern Hemisphere. In this article, we present a broad overview of many of the
challenges for understanding atmospheric chemistry in the Southern Hemisphere, before focusing in on
the most significant factors that differentiate it from the Northern Hemisphere. We present sections on
the importance of biogenic emissions and fires in the Southern Hemisphere, showing that these emissions
often dominate over anthropogenic emissions in many regions. We then describe how these and other factors
influence air quality in different parts of the Southern Hemisphere. Finally, we describe the key role of the
Southern Ocean in influencing atmospheric chemistry and conclude with a description of the aims and scope
of the newly formed IGAC Southern Hemisphere Working Group.
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1. Introduction-Overview of issues for
tropospheric chemistry in the Southern
Hemisphere
Despite significant differences in atmospheric composi-
tion between the Northern and Southern Hemispheres,
atmospheric chemistry in the Southern Hemisphere tro-
posphere has received relatively little scientific attention.
The Southern Hemisphere surface is dominated by oceans
(approximately 80% of the surface area) and contains less
than half the landmass of the Northern Hemisphere, so
deposition processes to the oceans (e.g., for ozone) may
play a more significant role than in the north. Addition-
ally, anthropogenic activities influence a smaller propor-
tion of the landmass in the Southern Hemisphere than in
the Northern Hemisphere (i.e., less urban and agricultural
development and more natural landscapes). These basic
geographic aspects have a strong influence on the com-
position of the Southern Hemisphere troposphere, lead-
ing to a dominance of emissions from biogenic and fire
sources on land alongside oceanic influences, especially
from the Southern Ocean. Thus, the cleanest atmospheric
conditions on the planet are to be found in the Southern
Hemisphere, which may more closely resemble preindus-
trial conditions. In remote locations, the background
atmospheric chemistry may be quite different from what
is observed in the Northern Hemisphere, with low concen-
trations of nitrogen oxides making peroxyl radical chem-
istry of greater importance. Much of the Southern
Hemisphere atmosphere is vastly undersampled, particu-
larly around the Southern Ocean, Antarctica, and sub-
Saharan Africa.

Historically, the atmospheric chemistry issue that has
received most attention in the Southern Hemisphere is
the ozone hole that is observed over Antarctica in austral
spring (Farman et al., 1985). Total column ozone observa-
tions have played a pivotal role in understanding the
development of the ozone hole and remain important for
monitoring the expected ozone recovery in coming years
(Solomon et al., 2016); however, aging infrastructure in
some stations negatively impacts this important research
area. In addition to total column measurements, balloon-
borne ozonesondes are launched from several stations in
the Southern Hemisphere (Thompson et al., 2003). Sur-
face ozone photochemistry is substantially influenced by
the fact that there is 41% more surface ultraviolet radia-
tion in summer in the Southern Hemisphere than in the
Northern Hemisphere due to the Earth’s orbit being closer
to the sun in the austral summer (McKenzie et al., 2006).
Surface ozone measurements are mostly conducted in
urban areas for air quality monitoring, although stations
that are part of the World Meteorological Organisation’s
Global Atmosphere Watch (GAW) monitor ozone over lon-
ger timescales in marine environments (Cape Point, Cape
Grim, Amsterdam Island and Baring Head) and other
remote locations (Lauder and Arrival Heights; Cooper
et al., 2020). These observations indicate that ozone chem-
istry differs between urban and marine environments and
between hemispheres in the marine boundary layer in
terms of seasonality and annual variation (Derwent et al.,

2016). More observations are required to identify the
underlying factors for the observed ozone dynamics.

The advancement of atmospheric chemistry in the
Southern Hemisphere is hindered by a sparsity of obser-
vation sites (see Figure 1). This sparsity is driven by logis-
tical issues, with the Southern Hemisphere containing
only approximately a third of the global land area and
a 10th of the global population. As an example of the
paucity of surface measurements, only 3 of the 15
Advanced Global Atmospheric Gases Experiment (AGAGE)
stations are located in the Southern Hemisphere (Mt. Mu-
gogo, Cape Matatula, and Cape Grim), along with 9 of the
30 GAW global stations (Samoa, Ushuaia, La Réunion,
Cape Grim, Lauder, Cape Point, Neumayer, Halley, and
South Pole) and only 17% of the more than 400 global
and regional GAW stations.

The current generation of satellite-based sensors pro-
vides improved observation density and better coverage
for the Southern Hemisphere than can be achieved from
ground-based instruments alone. Nevertheless, the satel-
lite sensors require ground-based remote sensing instru-
ments to validate their products within the Southern
Hemisphere due to differences in viewing geometry and
albedo that can impact retrieval accuracy (Velazco et al.,
2019). As for the in situ networks, the number of ground-
based remote sensing facilities in the Southern Hemi-
sphere is limited. For example, the Total Carbon Column
Observing Network (TCCON) (Wunch et al., 2011), which is
used for validating satellite greenhouse gas measure-
ments, has only 5 of the 23 stations in the Southern
Hemisphere: Darwin, Wollongong, Lauder, Reunion, and
Ascension Island. This means that there are no permanent
TCCON sites in South America, mainland Africa, or Ant-
arctica, hampering validation over much of the Southern
Hemisphere landmass. Similarly, of the 64 current Base-
line Surface Radiation Network sites, only 13 are in the
Southern Hemisphere (Alice Springs, Brasilia, Cocos Is-
land, Darwin, Florianopolis, Gobabeb (Namibia), Neu-
mayer, Lauder, Momote, Nauru, Rolim de Moura, Sao
Martinho da Serra, and Syowa), along with only 18% of
the AErosol RObotic NETwork (AERONET) sites used to
validate aerosol optical depth retrievals from satellite
measurements. The situation is exacerbated by the fact
that the next generation of geostationary satellites has
been designed to provide detailed coverage of the North-
ern Hemisphere only, which will again disadvantage our
understanding of Southern Hemisphere tropospheric
chemistry.

Scientists studying the Southern Hemisphere atmo-
sphere face a number of common challenges but have
historically lacked a vehicle for sharing ideas and oppor-
tunities to collaborate. Recently, the International Global
Atmospheric Chemistry (IGAC) project has established
a Southern Hemisphere Working Group in order to meet
this need. This article has been written by members of this
group with the aim of presenting the current knowledge
and challenges facing atmospheric chemistry in the South-
ern Hemisphere. We first discuss the importance of both
biogenic volatile organic compounds (BVOCs) and fires in
the Southern Hemisphere and then the common factors
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impacting air quality in Southern Hemisphere cities and
regions. Finally, we conclude with a discussion of the
Southern Ocean and associated atmospheric chemistry
and outline the aims of the IGAC Southern Hemisphere
Working Group. This article is not intended to be a com-
prehensive review of Southern Hemisphere research in
tropospheric chemistry, as it has slightly more focus on
aerosols and their precursors than ozone and its precur-
sors; nor does it cover the complex environment of Ant-
arctica, which is more the remit of IGAC’s Cryosphere and
ATmospheric Chemistry initiative project (Thomas et al.,
2019). Instead, we focus on the research unique to the
Southern Hemisphere that is needed to address environ-
mental and societal issues that are influenced by tropo-
spheric chemistry.

2. The importance of BVOCs in the Southern
Hemisphere
The Southern Hemisphere is rich in vegetation, from the
dense rainforests of the Amazon and central Africa to the
eucalypt-dominated southeast coast of Australia. Vegeta-
tion emits BVOCs as a protection mechanism against
changes in light, temperature, carbon dioxide (CO2),
drought, and herbivory; hence in a warming climate, the
BVOC flux will change. BVOCs react chemically in the
atmosphere, forming ozone, and secondary organic aero-
sol (SOA; Hoyle et al., 2011). It is therefore important to
understand the biogenic contribution and the interac-
tions with anthropogenic emissions. In this section, we
describe findings from biogenic field and modeling stud-
ies that have focused explicitly on the Southern
Hemisphere.

Various models have been developed to predict emis-
sions of BVOCs. One of the most widely used Model of
Gases and Aerosols from Nature (MEGAN; Guenther et al.,
2012) predicts global mean annual BVOC emissions of 760
Tg C yr–1 (1980–2010), with isoprene as the major con-
tributor (Sindelarova et al., 2014). Most of the isoprene is
emitted by broadleaf trees and shrubs, which dominate in
the tropics (Figure 2). The equator falls in the middle of
this high-emission region, but even so, the geographically
defined Southern Hemisphere emits 10% more isoprene
than the Northern Hemisphere.

2.1. Biogenic emissions and chemistry in South

America

In South America, the Amazon Basin has been the focus of
several local and international studies due to its large
geographical extent and potential influence on global cli-
mate. The number of studies for the region is increasing,
and therefore, the availability of data on VOC emissions is
also increasing (see Table 1). The tropical South American
region has become a good case study for testing algo-
rithms to constrain isoprene emissions from satellite data
(e.g., Barkley et al., 2013).

Isoprene and monoterpene emissions in the Amazon
have been observed to have a light dependence (Rinne et
al., 2002; Richter et al., 2016). However, the extent of light
dependence of BVOC emissions in other Southern Hemi-
sphere environments is still uncertain. At the Amazon Tall
Tower Observatory, the diurnal cycle in monoterpene mole
fraction varied by chemical species, with a-pinene more
prevalent in the day and limonene more prevalent at
night (Yáñez-Serrano et al., 2018), suggesting a light

Figure 1. Global measurement networks. The percentage of sites located in the Southern Hemisphere for each
network is Global Atmosphere Watch—17%, AErosol RObotic NETwork—18%, Total Carbon Column Observing
Network—22%, Network for the Detection of Atmospheric Composition Change—32%, Advanced Global
Atmospheric Gases Experiment—20%, Baseline Surface Radiation Network—27%, and Surface Particulate Matter
Network—16%. DOI: https://doi.org/10.1525/elementa.2021.00050.f1
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dependency of emission fluxes. Monoterpene emissions
by plants may also vary by plant type and geographical
region, according, for example, to Bracho-Nunez et al.
(2013) who identified fewer monoterpene-emitting plants
in the Amazon compared to the Mediterranean.

Aircraft measurements over the Central Amazon mea-
sured maximum isoprene and a-pinene mole fractions of
6.6 and 0.6 ppb, respectively, over the forest surface dur-
ing the Large-Scale Biosphere-Atmosphere Experiment in
Amazonia (LBA)-Cooperative LBA Airborne Regional
Experiment (LBA-CLAIRE-2001) field campaign (Kuhn et
al., 2007). A single column model for the same period
overpredicted isoprene by a factor of 2, suggesting a miss-
ing source of hydroxyl radicals (Kuhn et al., 2007). Aircraft
measurements during the GOAMAZON campaign also
showed that rapid oxidation of isoprene occurs when bio-
genic plumes from the Amazon interact with urban air
masses of Manaus (Martin et al., 2017). Urban atmospheric
chemistry accelerates oxidant cycling, producing ozone
and increasing concentrations of isoprene oxidation pro-
ducts (da Silva et al., 2018).

Biogenic sources can contribute 70%–90% of all par-
ticle formation in the Amazon Basin (Graham et al., 2003),
which can act as cloud condensation nuclei (CCN; Krejci et
al., 2005; Ahlm et al., 2009). Fine and ultrafine particles
were measured in Brazil showing strong biogenic influ-
ences, particularly isoprene-derived organosulfates in the
presence of biomass burning and other anthropogenic
emissions (Pauliquevis et al., 2012; Kourtchev et al.,
2016; Wu et al., 2019). Interactions with anthropogenic
NOx from Manaus contributed to a 60%–200%

enhancement of biogenic SOA in the Amazon via
increased production of oxidants (Shrivastava et al.,
2019). In Bolivia, new particle formation at high altitude
can be influenced by the transport of organic compounds
from the Amazon rainforest (Rose et al., 2015). Chamber
measurements have also shown up to 10 mg m–3 of bio-
genic SOA formation in tropical ambient air (Palm et al.,
2018). Biogenic measurements are not homogeneous
across South America. Available data are more abundant
from Amazonian and Andean regions, with only a few
measurements in urban areas. Due to the broad meteoro-
logical conditions across the entire continent, more
ground measurements would be required to improve
model estimates and generate more accurate results
regarding the atmospheric biogenic emissions.

2.2. Biogenic emissions and chemistry in Africa

Africa is a large source of BVOCs. While biomass burning
emissions are often the focus of African research, there are
strong indications that emissions of BVOCs are just as
important. For example, Meyer-Arnek et al. (2005) found
that when simulating formaldehyde concentrations over
Africa for September 1997, there were similar amounts of
formaldehyde generated from biogenic emissions (0.033
Tg) as from Africa-wide biomass burning (0.028 Tg). Aghe-
do et al. (2007) found in a simulation that biogenic emis-
sions of VOCs, carbon monoxide (CO), and nitrogen oxides
(NOx) impact the global total ozone burden more than
biomass burning, lightning, and anthropogenic emissions.

In general, biomass burning emissions are expected to
have a greater impact on total emissions and ozone over

Figure 2. Annual mean isoprene emissions averaged over 2005–2012 predicted by the Model of Gases and
Aerosols from Nature model as implemented in the Goddard Earth Observing System chemistry model
(GEOS-Chem), along with the percentage of the total that is emitted in each hemisphere. DOI: https://
doi.org/10.1525/elementa.2021.00050.f2
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Africa during the biomass burning season, but not at other
times of the year. In tropical Africa, there is little seasonal
variability in BVOC emissions, and thus biogenic emis-
sions are important throughout the year. The southern
savannahs, however, show a BVOC minimum in winter
(Otter et al., 2003; Marais et al., 2014). Woodlands are the
largest annual source of BVOCs in Africa south of the
equator (Otter et al., 2003). Rainforests cover a relatively
small part of Southern Hemisphere Africa (3.5%) but have
a high emission rate with little seasonal variation (Otter et
al., 2003).

There are still large uncertainties in BVOC emissions
due to a lack of measurements and the need to character-
ize emissions in the context of the land surface and veg-
etation types. In the early 1990s, the Southern African

Fire-Atmospheric Research Initiative (SAFARI) campaign
(Lindesay et al., 1996) provided BVOC emission estimates
for Africa (despite the campaign’s focus on biomass burn-
ing). However, limited research has occurred since then in
Southern Hemisphere Africa, and large gaps remain in
understanding southern African BVOC emissions (Sowden
et al., 2007).

Estimates of isoprene emissions for the entire African
continent range from 60 to 150 Tg yr–1 (see Table 2). It is
challenging to evaluate how much isoprene relates only to
the Southern Hemisphere portion of Africa. There are
emissions from western Africa in the Northern Hemi-
sphere; however, a large fraction of the forests in equato-
rial and southern Africa is located within the Southern
Hemisphere (Figure 2). Marais et al. (2012) found African

Table 1. Biogenic volatile organic compound emissions and mole fraction measurements in South America.
DOI: https://doi.org/10.1525/elementa.2021.00050.t1

Region Emission or Ambient Mole Fraction Reference

Tropical South America Isoprene (Global Ozone Monitoring Experiment):

Annual mean: 15.1 (range ¼ 8.2–23.0) Tg C yr–1

Isoprene (Model of Gases and Aerosols from Nature):

Annual mean: 23.7 (range ¼ 15.7–38.8) Tg C yr–1

Barkley et al. (2008)

Tropical South America Isoprene: 144 Tg C yr–1 Sindelarova et al. (2014)

Amazon Isoprene: 2–10 ppb (dry season) and 1–6 ppb (wet season)

Emission rate: up to 4 mg m–2 h–1 (wet season) and up to
11 mg m–2 h–1 (dry season)

Wei et al. (2018)

Argentina (Northeastern
Eucalyptus forest)

Isoprene: Daytime maximum 7.9 mg m–2 h–1 Richter et al. (2016)

Argentina (Patagonia) Monoterpenes: 1.3 + 0.15 to 3.9 + 0.64 mg m–2 h–1 (summer) Centritto et al. (2008)

Brazil (Central Amazon near
Manaus)

Isoprene: Mean of 12.1 + 4 mg m–2 h–1 (dry season) Karl et al. (2007)

Brazil (Rondonia) Isoprene: 2.2–6.7 ppb (wet season)
9.8 mg m–2 h–1

Greenberg et al. (2004)

Brazil (Central Amazon) Isoprene: mean of 1.37 + 0.7 mg m–2 h–1 (dry season) Alves et al. (2016)

Brazil (Central Amazon) Monoterpenes: Mean of 0.96 + 0.27 ppb (dry season) Yanez-Serrano et al. (2018)

Brazil (Central Amazon—
GoAmazon)

Total sesquiterpenes þ diterpenes: Mean of 41.8 ng m–3 (wet season)
and 38.8 ng m–3 (dry season)

Yee et al. (2018)

Brazil (Central Amazon—
GoAmazon)

Isoprene: Mean of 0.82 ppb (wet season) and 2.37 ppb (dry season) Shilling et al. (2018)

Brazil (São Paulo) Isoprene: Mean of 0.08 ppb (summer) and 0.06 ppb (winter) Alvim et al. (2018)

Brazil (Rio de Janeiro during
2014 soccer World Cup)

Isoprene: 0.14–0.84 ppb (winter) Souza et al. (2016)

Colombia (urban area—
Bogotá)

Isoprene: 0.2–4.1 ppb (summer) Franco et al. (2015)

Ecuador Modeled annual isoprene: 1.1 Tg C yr–1, 0.028–0.086 Tg C month–1

(dry season), 0.092–0.118 Tg C month–1 (wet season)

Modeled annual monoterpenes: 3.8 Tg C yr–1, 0.030–0.034 Tg C
month–1 (dry season), 0.028–0.033 Tg C month–1 (wet season)

Viteri et al. (2017)

Peru (Amazon) Isoprene: 3.0–8.2 mg m–2 h–1 (dry season) Helmig et al. (1998)

Note that the term “ppb” refers to the mole fraction nmol/mol.
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isoprene emissions derived using the Ozone Monitoring
Instument (OMI) satellite formaldehyde observations were
22% lower than those predicted by the MEGAN model,
with significant spatial variability in these differences. The
maximum isoprene emissions in MEGAN are located fur-
ther north than indicated by the OMI formaldehyde. The
OMI-derived estimates were 43% lower than MEGAN in
central African rainforests and 21% higher in the southern
deciduous broadleaf forests.

There have been very few BVOC flux measurements in
Africa. For example, in Marais et al. (2014), there were flux
measurements from campaigns available for only 10 sites
across all of sub-Saharan Africa for comparison to the
satellite-derived results (see Table 2). The small number
of locations with data highlights the dearth of information
on BVOC fluxes. In addition, these data are limited in their
spatial and temporal coverage. The campaigns did not
incorporate all seasons and took place at different times
of year (and in different years), thereby introducing an
extra degree of variability in these observations.

BVOC measurements were conducted over several years
at Welgegund, a regional background site situated in
grazed savannah–grassland–agricultural landscape in
South Africa (Jaars et al., 2016). BVOCs from these grass-
land savannah measurements were substantially lower
compared with measurements from landscapes with more
woody vegetation. Annual median mole fractions of iso-
prene, 2-methyl-3-butene-2-ol (MBO), monoterpenes and
sesquiterpenes were 14, 7, 120, and 8 ppt, respectively,
from February 2011 to February 2012, and 14, 4, 83, and
4 ppt, respectively, between December 2013 and February
2015 (where the term “ppt” refers to the mole fraction
pmol/mol). The total monoterpene concentrations were
an order of magnitude higher than the concentrations
of other BVOC species, with a-pinene being the most
abundant. The highest BVOC concentrations occurred dur-
ing the wet season, coinciding with increased soil mois-
ture levels and temperatures. Soil moisture had the most
significant impact on atmospheric levels of MBO,

monoterpenes, and sesquiterpenes, while temperature
had the greatest influence on isoprene levels.

The urban fringes, where biogenic and anthropogenic
emissions mix, promote atmospheric chemistry not seen
in other biogenic regions. In a regional site in South Afri-
ca, BVOCs were shown to drive the seasonal cycle of the
growth rate of new particle formation (Vakkari et al., 2011)
while sulfuric acid was found to drive the occurrence of
new particle formation, implying that aerosol formation
and growth processes are independent of one another.
Ambient measurements from this permanent site later
identified that the VOCs measured had both biogenic and
anthropogenic origins (Jaars et al., 2018). In the Cross
Border Air Pollution Impact Assessment project in south-
ern Africa, Zunckel et al. (2006) found biogenic and
anthropogenic VOCs are both important for accurate mod-
eling of ozone concentrations.

2.3. Biogenic emissions and chemistry

in Australasia

There are few field campaigns focused on BVOC measure-
ments in Australia and none reported in New Zealand.
Aircraft measurements near Darwin in tropical northern
Australia yielded very low isoprene, while a-pinene was
below the limit of detection (Allen et al., 2008). Low iso-
prene mole fractions were also measured at the Cape Grim
Baseline Air Pollution Station on the northwestern tip of
Tasmania, with 4 ppt under baseline conditions (Lewis et
al., 2001) and peaks up to 15 ppt (Lawson et al., 2007).
Higher amounts of isoprene and monoterpenes have been
measured in greater metropolitan Sydney, peaking at up
to 7 ppb in some locations (Paton-Walsh et al., 2017;
Paton-Walsh et al., 2018; Guérette et al., 2019; Keywood
et al., 2019). Sydney is surrounded by eucalypt forests and
is dominated by BVOC-influenced airmasses in summer
(Utembe et al., 2018). Measurements within those euca-
lypt forests revealed summer BVOC concentrations of up
to 8 ppb (dominated by isoprene) with a winter minimum
of 0.1 ppb (Ramirez-Gamboa et al., 2021). Among the

Table 2. BVOC emissions in Africa (from studies that include or focus on Southern Hemisphere Africa). DOI: https://
doi.org/10.1525/elementa.2021.00050.t2

Region Emission Reference

Africa Isoprene: 60 Tg C yr–1 (OMI)–77 Tg C yr–1 (MEGAN) Marais et al. (2012)

Africa Isoprene: 130 Tg C yr–1 (approximately 25% of global emissions) Sindelarova et al. (2014)

Africa Isoprene: 77 Tg C yr–1 (OMI)–104 Tg C yr–1 (MEGAN v2.1) Marais et al. (2014)

Africa south of
equator

BVOCs from savannahs: 18–74 Tg C yr–1 Otter et al. (2002)

Africa south of
equator

BVOCs: 80 Tg C yr–1 (70% isoprene, 22% oxygenated VOCs, 6% stored
monoterpenes, and 3% light-dependent monoterpenes)

Otter et al. (2003)

Africa south of
equator

Isoprene: 59 Tg C yr–1

Monoterpenes: 11.8 Tg C yr–1

Other VOC: 23.4 Tg C yr–1

Guenther (1995; as reported in
Otter et al., 2003)

BVOC ¼ biogenic volatile organic compound; MEGAN ¼ Model of Gases and Aerosols from Nature; OMI ¼ Ozone Monitoring
Instument.
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monoterpene species, eucalyptol and p-cymene were
dominant (75% and 20%, respectively), whilst a-pinene
made only a minor contribution at 5% (Ramirez-Gamboa
et al., 2021).

Eucalyptus species are a dominant feature of the Aus-
tralian vegetated landscape. Most emission experiments
using Eucalyptus species have been conducted on individ-
ual laboratory specimens in the Northern Hemisphere and
not on the mix of vegetation found in real-world Austra-
lian environments. One Australian study by He et al.
(2000) using 15 potted Eucalyptus species inside a cham-
ber showed a clear temperature dependence for emission
of monoterpenes but no light dependence. The lack of
light dependence for monoterpene emissions could be
a unique trait in Australian trees (i.e., compared to South
America where light dependency has been observed, see
Section 2.1). Modeling produced more accurate simula-
tions of monoterpene concentrations in southeast Austra-
lia when the light dependence of their emission was
removed (Emmerson et al., 2018).

In another trait unique to Australia, the ratio of the total
amount of carbon in isoprene to that in monoterpenes in
Australian atmospheric measurements is in balance (nei-
ther dominates; Emmerson et al., 2016). The particle forma-
tion potential in this carbon-balanced environment has not
been observationally constrained, but Suni et al. (2008)
observed significant nighttime SOA formation when air
masses originated from eucalypt-rich regions, again sug-
gesting a light-independent emission source.

Sørensen et al. (2020) identified over 100 BVOC com-
pounds from 9 species of mature Eucalyptus trees in
southeast Australia. They identified different monoter-
pene compounds stored in the leaf reservoirs to those that
were emitted to the atmosphere by the same leaves and
that these compounds differed among the Eucalyptus spe-
cies. This finding suggests that each Eucalyptus species
regulates its own formation, storage, and emission of
BVOCs. Similarly, Maleknia et al. (2009) demonstrated that
the suite of monoterpene compounds emitted from Euca-
lyptus grandis leaves changes as they undergo pyrolysis
and that storm damage to trees increased monoterpene
emission 4-fold.

Modeling studies have shown large differences
between biogenic emission inventories for the broader
Australia/New Zealand region (Zeng et al., 2015; Bauwens
et al., 2016) and large discrepancies between modeled
BVOCs and atmospheric observations (Emmerson et al.,
2016). Inclusion of soil moisture dependency in a model
suppressed BVOC emissions by up to 70%, improving the
model comparison to observations (Emmerson et al.,
2019). These results suggest Australia’s drought conditions
have an important influence on local atmospheric
composition.

Climatic conditions beyond drought also have the
potential to influence BVOC emissions and impacts in
Australia. Measurements from mature Eucalyptus trees
grown in a 550 ppm CO2 atmosphere showed a 15%
decrease in isoprene and a 62% increase in monoterpene
concentrations compared to trees grown in current CO2

conditions, indicating how emissions might change by

2050 under climate change (Jiang et al., 2020a). Combin-
ing higher CO2 with higher projected temperatures repre-
sentative of a 2050 climate could increase summertime
isoprene by 2 ppb in Australia from a daytime average
initial value of 1.2 ppb, causing localized average ozone
to rise by 4–8 ppb (Emmerson et al., 2020).

2.4. Future research priorities for our

understanding of Southern Hemisphere biogenic

emissions

The Southern Hemisphere emits the majority of global
BVOCs, yet there remain insufficient measurements to
accurately quantify their total contribution. Recently,
a technique to directly infer isoprene emissions from sat-
ellite data was demonstrated in the Amazon (Fu et al.,
2019) and then extended globally (Wells et al., 2020).
Broadly, the technique uses the differences in the bright-
ness temperature between the peak of the isoprene infra-
red absorption band (approximately 893 cm–1) and nearby
off-peak bands (approximately 894–895 cm–1). The satellite
results suggested missing sources of isoprene in existing
inventories for southern Africa and that isoprene seasonal
cycles are not well represented in models. For example,
maximum measured isoprene occurred several months
later than expected in the Amazon, and the measured sum-
mertime isoprene peak in Australia persisted well into the
autumn rather than declining as expected. Further analysis
of these new top-down constraints on isoprene is a priority
as it will improve our understanding of the spatial and
temporal fluctuations in Southern Hemisphere isoprene
emissions. In addition, other BVOC emissions such as
monoterpenes will need to be parameterized based on lim-
ited in situ measurements. Hence, further in situ measure-
ments to characterize the emissions of BVOCs from
Southern Hemisphere ecosystems are a priority for future
research. Measurements are needed that can characterize
emissions in terms of land surface and vegetation types and
include seasonal variation and/or the light and tempera-
ture dependence of the emissions.

3. The importance of fire in the Southern
Hemisphere
Fires are a major source of trace gases and aerosols to the
atmosphere and are part of the biome in many regions of
the Southern Hemisphere. These biomes include tropical
and temperate forests as well as different types of savan-
nah, shrublands, and grasslands. Fires in the savannah
dominate in terms of total area burned in Africa, South
America, and Australia (e.g., Giglio et al. [2013] estimated
90%, 82%, and 37%, respectively).

In South America, a large fraction of fires result from
human activity. Most of the fires occur between July and
October in Central South America on a very regular annual
basis due to slash-and-burn practices of primary and sec-
ondary Amazonian rainforest as well as pasture mainte-
nance activities (Artaxo et al., 2002; Soares-Filho et al.,
2006; Alves et al., 2009; Bowman et al., 2009; Walker et
al., 2009; Martin et al., 2010; Andreae et al., 2012). Other
hot spots for fire activity in South America are the
Amazon-adjacent Cerrado biome as well as sugar cane
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plantations in the southeast, south, and coastal northeast.
Libonati et al. (2015) showed that typically 30%–50% of
the annually burned area within the Amazon lies within
the Cerrado biome.

In Southern Africa, around 70% of the ecosystems are
fire-adapted (Lehmann et al., 2011), and two seasonal
patterns of fire exist: one during the dry summer months
in the winter–rainfall areas of South Africa (i.e., Western
Cape) and one during the dry winter months elsewhere.
For the latter, fires begin earlier in the northwest of the
region and progress to the southeast of the region (Archi-
bald et al., 2010). Central Africa has the highest fire fre-
quency and the most extensive burned area in the world,
with African savannah fires comprising the largest propor-
tion (71%) of areas burned globally (Jiang et al., 2020b).
Human influences are minor in the rainforest but are
a major contributor to fires in the savannahs and grass-
lands (Zhou et al., 2014).

Much of Australia’s vegetation is prone to burning due
to its highly flammable foliage, litter and oils, and fire is
an important part of the regeneration of many species and
ecological communities (Metcalfe and Bui, 2016). Differ-
ent fire regimes exist in northern and southern Australia
(Russell-Smith et al., 2007). In northern Australia, where
a wet and a dry season exist, the savannah landscape
experiences fire in the dry season (April to October), while
in southern Australia, the temperate forests predomi-
nately burn in the summer months (October to March).
Anthropogenic fire activities include traditional land man-
agement (Altman, 2009; Price, 2015; Ansell et al., 2020),
prescribed burning to reduce fuel loads, and agricultural
burning.

3.1. Estimating fire emissions

Although the Southern Hemisphere contains less than
half the landmass of the Northern Hemisphere, Southern

Hemisphere fires are a major source of atmospheric pol-
lution and produce about half of all global fire emissions
(Figure 3). Two methods for estimating fire emissions are
often used in computational modeling. The first method
combines burned area estimates with knowledge of vege-
tation type, biomass loading, and burning completeness
to calculate the amount of carbon burnt during a fire
(Voulgarakis and Field, 2015). The second method uses
fire intensity quantified as fire radiative power, combined
with biome scaling factors, to calculate carbon burnt
(Voulgarakis and Field, 2015). Once the fuel consumption
is known, emission factors collated from field campaigns
and laboratory studies are used to calculate emissions of
trace gases and particles released into the atmosphere
(Akagi et al., 2011). Global emission inventories use satel-
lite observations of fire and vegetation parameters, and
emission factors are aggregated into 4–6 vegetation types.
The five commonly used global emission inventories are
the two burned area-based inventories: Global Fire Emis-
sions Database (GFED; Van Der Werf et al., 2017) and Fire
INventory from National Center for Atmospheric Research
(Wiedinmyer et al., 2011); and the 3 fire radiative power-
based inventories: Quick Fire Emission Dataset (QFED;
Darmenov and da Silva, 2015), Global Fire Assimilation
System (GFAS; Kaiser et al., 2012), and Fire Energetics and
Emissions Research (Ichoku and Ellison, 2014).

Carbon from fires is mainly released as CO2 and CO
(95%; Ward and Hao, 1991), and CO is a useful tracer to
summarize yearly and regional differences in fire emis-
sions that can generally be related to the variability of
wildfire. The 5 commonly used inventories generally agree
that the Southern Hemisphere produces about 50% of the
global annual fire emissions of CO, ranging from 150 to
290 Tg yr–1 of CO (see Figure 3). Southern Africa provides
the largest contribution to Southern Hemisphere fire
emissions at 60–153 Tg yr–1, followed by South America

Figure 3. Average yearly fire emissions of carbon monoxide between 2003 and 2019 from the 5 commonly
used global emission inventories, separated into Southern Hemisphere regions (plus Equatorial Asia) and
the rest of the world, with regional boundaries as defined by Giglio et al. (2010). Numbers and letters after the
base inventory names denote versions. DOI: https://doi.org/10.1525/elementa.2021.00050.f3
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at 44–98 Tg yr–1 (Figure 3). Australian and Equatorial
Asian contributions differ in relative importance depend-
ing on the inventory. For example, QFED suggests that fire
emissions of CO from Australia are on average higher than
from Equatorial Asia (30 vs. 8 Tg yr–1, respectively), while
GFED suggests the opposite (16 vs. 33 Tg yr–1, respectively;
Figure 3). Inventories also generally agree on the interan-
nual variability and temporal tendency in each region (see
Figure 4).

Globally, fires decreased between 1998 and 2015 (An-
dela et al., 2017), with the strongest trends in tropical
regions, driving a decrease in emissions. The large inter-
annual variability of fire emissions often prevents the
analysis of statistically significant trends over fire regions
given the short time series of emissions developed from
satellite observations. This large regional variability likely
contributes to the lack of easily discernible downward
tendencies in Figure 4. South America experienced
a downward trend in fire emissions until around 2013
when the trend flattened. From 2018, there has been
a significant increase in burnt area in the Amazonian
region which will also be reflected in the emissions (Feng
et al., 2021). Australia may also have experienced a down-
ward trend in the emissions until around 2010, potentially
followed by an upward trend since 2016.

The different inventories produce a large spread in CO
emission estimates within each region, with no consistent
bias between the inventories across regions (see Figure 4).
For example, QFED generally produces some of the high-
est emissions in Australasia and the lowest emissions in
Equatorial Asia. It is reasonable to assume the inconsistent
spread will be similar for other species because emissions
of other trace gases and aerosols are typically calculated
relative to CO. The aerosol species (organic carbon and
black carbon) were found to have similarly inconsistent
variability between regions (Pan et al., 2020; Liu et al.,
2021). Pan et al. (2020) compared emissions used in
a global model with satellite and ground-based aerosol
optical depth measurements in April and September
2008 and generally found underestimates for all invento-
ries in the Southern Hemisphere.

Accurate fire emission estimates are important in the
Southern Hemisphere due to their major contribution to
atmospheric composition. Inventory differences imply
that each region should be analyzed separately to identify
the most accurate fire emissions. Comparisons need to be
extended to longer time series and to emitted species
besides aerosols. Future work will need to relate the accu-
racy of emissions to emission factors, the underlying veg-
etation profile, fire detection, and carbon burnt to

Figure 4. Yearly fire emissions of carbon monoxide between 2003 and 2019 from the 5 main global emission
inventories in Southern Hemisphere regions (plus Equatorial Asia). Note the different scales. DOI: https://
doi.org/10.1525/elementa.2021.00050.f4
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improve inventories. For example, Liu et al. (2020) ana-
lyzed inventory estimates for Equatorial Asia and deduced
that GFAS was the best inventory because it used a cloud-
clearing technique and could account for small, fragmen-
ted fires. Other improvements needed for more accurate
fire emissions estimates include adding diurnal cycles and
plume rise.

3.2. Impacts of fire emissions on atmospheric

chemistry

Biomass burning smoke contains a complex and dynamic
mixture of particles and gases that undergo chemical
transformation and transportation in the atmosphere.
Changes in photochemical activity that occur in smoke
plumes can change the composition and microphysical
properties of aerosol, potentially leading to changes in the
optical and hydroscopic (and thus radiative) properties of
the aerosol. It is important to simulate these processes
accurately in climate models and chemical transport
models.

Much of our current understanding of the importance
of biomass burning emissions for global atmospheric
chemistry stems from a series of international and inter-
disciplinary research campaigns on biomass burning in
tropical, subtropical, and boreal biomes conducted during
the 1990s as part of the International Geosphere-
Biosphere Program IGAC Program (Keywood et al.,
2013). Many of these experiments were focused on south-
ern Africa (e.g., the Southern Africa Fire-Atmosphere
Research Initiative [SAFARI]; Lindesay et al., 1996; Swap
et al., 2003). During the 2000s, this large-scale interna-
tional collaborative effort was replaced by numerous
small-scale projects and campaigns (e.g., Wooster et al.,
2011). The global nature of fire and the persistence of
scientific questions and uncertainties on emissions and
radiative effects all highlighted the need for a move back
to coordinated international efforts including large-scale
facilities (Kaiser and Keywood, 2015). Recently, in a follow
up to the airborne measurements of SAFARI, there have
been several large-scale field campaigns that have
included a focus on the chemical and radiative properties
of biomass burning smoke from central Africa and its
transport over the Southeast Atlantic (Zuidema et al.,
2016; Formenti et al., 2019; Haywood et al., 2021; Rede-
mann et al., 2021). These campaigns used aircraft and
ground-based observations to achieve a large-scale picture
of the biomass burning aerosols, including aging, and the
process-level interactions of the aerosols with radiation
and low-level clouds. The campaigns provided new
model-measurement comparison exercises (including
remote sensing; e.g., Pistone et al., 2019; Doherty et al.,
2021) and the momentum for the development of novel
satellite products and new regional climate simulations
(Mallet et al., 2019; Shinozuka et al., 2020; Chauvigné et
al., 2021; Peers et al., 2021).

The presence of reactive species in fire emissions re-
sults in a significant influence of smoke on atmospheric
chemistry. In fresh plumes, NOx species titrate ozone lead-
ing to low ozone concentrations (Crutzen and Andreae,
1990); however, in aged plumes, high concentrations of

secondary pollutants including ozone are observed. These
relationships have been observed in Africa; for example,
Capes et al. (2008) observed ozone formation in aged
biomass burning plumes over West Africa. In southern
Africa, Vakkari et al. (2014) observed a large increase in
the aerosol scattering coefficient in aged plumes and an
increase in the oxidation of organic aerosol in daytime
plumes relative to fresh nighttime plumes. However, while
ozone formation was only observed in 13% of the daytime
plumes in Vakkari et al. (2014), changes in the size distri-
bution, chemical composition, single-scattering albedo,
and hygroscopicity of biomass burning particles in the
daytime plumes were driven by atmospheric oxidation
and subsequent secondary aerosol formation. Vakkari et
al. (2018) also found that, on average, the mass of submi-
cron aerosols more than doubles during 3 h of daytime
aging. Recently, Wu et al. (2020) showed that biomass
burning aerosol from the west coast of southern Africa,
transported for 7 days into the Atlantic Ocean, consisted
of highly oxygenated organic compounds but was also
rich in black carbon, resulting in a low single scattering
albedo relative to aged biomass burning aerosol observed
elsewhere.

Central South American fires emit smoke plumes that
cover hundreds of thousands of hectares every year over
central Brazil and western Bolivia and Peru (Freitas et al.,
2005). The smoke impacts the radiation budget and cloud
formation in the region and leads to deterioration of the
air quality in many inland cities and smaller villages,
affecting not only human health (Schwartz et al., 2002;
Barregard et al., 2006; Ignotti et al., 2007) but also visi-
bility and closure of inland airports for many weeks (An-
dreae et al., 2001; Andreae et al., 2004; Barregard et al.,
2006; Hoelzemann et al., 2009; Longo et al., 2009). The
smoke plumes are regularly transported over the conti-
nent, first mostly to the south and then over southern and
southeastern cities and megacities including São Paulo,
Rio de Janeiro, Montevideo, and Buenos Aires. From there,
the pollutants often travel over the South Atlantic and
contribute, together with Southern Hemispheric African
smoke emissions, to the formation of tropospheric ozone
over the region, with elevated ozone concentrations typi-
cally observed every September (Andreae and Merlet,
2001; Artaxo et al., 2002; Freitas et al., 2005; Freitas et
al., 2007; Hoelzemann et al., 2009).

A number of observational biomass burning studies
conducted in the Amazon have reported a consistent aero-
sol size distributions for biomass burning aerosols, with
modal diameter of around 100 nm (Andreae et al., 2004;
Rissler et al., 2004; Rissler et al., 2006; Artaxo et al., 2013;
Brito et al., 2014). Hygroscopicity measurements showed
that the biomass burning particles were externally mixed
(Rissler et al., 2004, 2006) with very low hygroscopic and
moderately low hygroscopic populations. Despite this low
hygroscopicity, the biomass burning aerosol acted effi-
ciently as CCN under conditions of high supersaturation
relative to water vapour (Sánchez Gácita et al., 2017). Dur-
ing the CLAIRE-2001 experiment, fresh biomass burning
aerosol showed greater hygroscopicity than aged biomass
burning aerosol, which may have resulted from efficient
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high-temperature combustion that reduced the fractions
of organic material and soot in the aerosol (Rissler et al.,
2004).

During the South American Biomass Burning Analysis,
the transformation and aging of biomass burning aerosol
over the Amazon was characterized. Aged aerosol showed
an increase in the presence of oxygenated organic aerosol
in both ground and aircraft observations (Brito et al.,
2014; Morgan et al., 2020b) but not in aerosol mass, con-
trasting with the observations from southern Africa re-
ported by Vakkari et al (2018).

In Australia, up to a third of the tropical savannah
region in the north burns each year, while the densely
forested regions to the south experience less frequent but
more intense fire activity (Russell-Smith et al., 2007). One
of the most comprehensive investigations into the
chemical composition and transformations of smoke in
the tropical north of Australia was the Savannah Fires in
the Early Dry Season campaign that took place at the
Northern Territory Baseline Air Pollution Station at
Gunn Point in June 2014 (Mallet et al., 2017). Over the
course of the monthlong campaign, biomass burning
signals were prevalent and emissions from several large
single burning events were observed at the station
(Desservettaz et al., 2017). The composition of the
smoke aerosol was dominated by organic compounds
with varying degrees of oxidation (Milic et al., 2017),
with a clear increase in highly oxygenated organic
compounds matched by a decrease in biomass burning
organic signature. Plume emissions were
photochemically active, resulting in the production of
tropospheric ozone, with smoke from fires closer to the
station showing lower ozone enrichment compared to
smoke from fires at greater distances from the station
(Mallet et al., 2017). Oxygenated biomass burning
aerosol made up 25% of the regional background
aerosol composition (Milic et al., 2017).

In southern Australia, Keywood et al. (2015) observed
high concentrations of SOA compounds in aged smoke
plumes from fires impacting Melbourne, particularly
from the oxidation of cineole. This study also investi-
gated nighttime plume evolution and found the result-
ing dominance of sulfates in SOA species. In Tasmania,
smoke plumes impacting the Cape Grim Air Pollution
Monitoring Station in February 2006 coincided with the
Precursors to Particles Campaign (Cainey et al., 2007).
Lawson et al. (2015) reported on the evolution of the
composition of the smoke plume over several hours,
showing decreases in particle number concentrations
and increases in ozone concentration, particle diameter,
and CCN.

Following anomalously large fires in the Amazon in
2019 (Silveira et al., 2020), the 2019/2020 Australian fire
season was unprecedented in its extent and intensity, with
an estimated 5.8 million hectares burned (Boer et al.,
2020; Collins et al., 2021). The fires burned through areas
that consisted mainly of temperate broadleaf forest and
included the Gospers Mountain fire, which is the largest
forest fire ever recorded in Australia (Boer et al., 2020).
The severity and extent of the fires have been shown to be

the result of climate drivers rather than forest manage-
ment (Bowman et al., 2021; Jan Van Oldenborgh et al.,
2021), and the impacts on atmospheric composition and
chemistry provide a mechanism for future fire-driven
climate-carbon feedbacks (van der Velde et al., 2021). The
2019/2020 Australian fires resulted in a vast injection of
CO2 into the atmosphere (Byrne et al., 2021; van der Velde
et al., 2021) and record-breaking aerosol optical depth
levels in the Southern Hemisphere, with smoke injection
into the stratosphere comparable to a volcanic eruption
that impacted dynamical circulation and radiative balance
(Khaykin et al., 2020; Fasullo et al., 2021; Hirsch and
Koren, 2021). The fires had significant impacts on tropo-
spheric composition including elevated CO and ozone
over the Oceania and southern Pacific regions (Bègue et
al., 2021; John et al., 2021) as well as deposition into the
Southern Ocean resulting in widespread phytoplankton
blooms (Tang et al., 2021). Smoke from the fires caused
some of the worst air pollution events on record in Aus-
tralia, with large populations exposed to hazardous air
quality over extended periods of time (Nguyen et al.,
2021). Johnston et al. (2021) estimated that about 80%
of the Australian population was affected by bushfire
smoke at some point during this period. Exposure to fine
particulate matter (PM) resulted in 417 excess deaths
across Australia (Borchers-Arriagada et al., 2020), and the
economic cost of this event was estimated to be almost $2
billion Australian dollars (Johnston et al., 2021). As well as
fine PM, a number of toxic gases (including formaldehyde,
hydrogen cyanide, and acrolein) were emitted by these
bushfires (Lawson et al., 2015; MacSween et al., 2020;
Mouat et al., 2021) and will contribute to the ongoing
health burden of exposure to smoke from these fires.

3.3. Fire and smoke management

Human activity has influenced fire behavior for thousands
of years. For example, cultural burning has influenced
how Australian Indigenous peoples live on, with and
through their land for millennia, with Aboriginal Austra-
lians skillfully using fire to adaptively manage their local
environments (Preece, 2013). The 1990s saw a return to
traditional Aboriginal fire management practices in north-
ern Australia, which aimed to reduce fire intensity and
total emissions by increasing the amount of burning in
the early part of the dry season when the fuel moisture is
higher (Russell-Smith et al., 2013; Ansell et al., 2020). Liu
et al. (2021) recently reported a shift in fire activity to
earlier in the year (detected by satellite-based thermal
anomalies) caused by these interventions, implying a suc-
cessful overall emissions reduction may have been
achieved.

In addition to fire ignition and suppression, human
activities influence the prevalence and nature of fires
through agriculture and other land use changes (Pechony
and Shindell, 2010). In recent years, a significant reduction
in global burnt area (approximately 25% from 1998 to
2015) has been attributed to increasing urbanization and
agricultural activity (Andela et al., 2017), but how this
influence may change in coming years is uncertain. For
example, a large proportion of South America’s total fire
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emissions stem from the Brazilian “arc of deforestation”
(Aldrich et al., 2012). During the early 2000s, a reduction
of these fire activities could have been related to law
enforcement and politics directed toward protection of
the Amazonian rainforest (Almeida et al., 2016). However,
since 2013, this trend has been reversed, and in 2019 and
2020, the Amazon suffered from severe deforestation and
corresponding fire activity, with the 2020 deforestation
rate of the Brazilian Amazon being the largest of the
decade (Silva Junior et al., 2021).

Prescribed burning (also known as hazard reduction
burning) is a common method used to reduce fuel loads
and thus reduce the risk of uncontrollable fires during the
fire season. The effectiveness of prescribed burning is
debated (e.g., Fernandes and Botelho, 2003; Bradstock et
al., 2012; Price et al., 2012). Penman and Cirulis (2020)
modeled the cost-effectiveness of prescribed burning in
different Australian landscapes and found it varied widely
with spatial configuration of assets (buildings and infra-
structure) and natural vegetation. Their work showed that
prescribed burning was most cost-effective in regions with
continuous urban–vegetation interfaces. However, their
work did not account for the impact of smoke on human
populations (and the associated health costs), and at the
urban–vegetation interface where asset protection-
prescribed burning is most cost effective, smoke exposure
is likely to be significant.

Exposure to smoke from prescribed burning can be
reduced using smoke forecasting methodologies, particu-
larly if used as part of a fire land management program.
Smoke forecasting requires information on fuels, fire
behavior, and emissions, combined with a meteorological
model, smoke plume transport and chemical transforma-
tion model, and a real-time validation system. Many of
these components are regionally specific, including emis-
sion factors (Guérette et al., 2018) under different burning
conditions (Reisen et al., 2018) and fuel load maps (Volk-
ova et al., 2018). Region-specific research is therefore
required to generate accurate inputs to reliable smoke
forecasting systems such as the smoke emissions and
transport modeling system developed in Australia by Cope
et al. (2019). This is a 3-tiered approach to forecasting
smoke emissions from prescribed burning activities, with
the first tier forecasting general and fire weather indices,
the second tier forecasting regional air pollution out to 3
days, and the third tier producing high-resolution fuel
reduction smoke forecasts out to 24 h, providing informa-
tion to fire managers about the smoke exposure risk asso-
ciated with planned burns. Factoring in the impacts of
smoke pollution on the cost-benefit analysis of conduct-
ing prescribed burning is important for improved health
outcomes in future, since fires play a key role in air quality
in much of the Southern Hemisphere.

3.4. Future research priorities for our

understanding of the impacts of Southern

Hemisphere fires

One clear priority is to characterize the emissions from
fires in undersampled ecosystems such as sub-Saharan
Africa. Improvements in emissions inventories will require

improved knowledge of the vegetation across each region,
the appropriate emission factors for the vegetation type/
ecosystem, and the total fuel carbon burned, which re-
quires good fire detection and assessment of the burning
efficiency.

The increasing impact of fires in the Southern Hemi-
sphere makes it important to understand the evolution
and chemical transformation of biomass burning plumes.
There is a clear need for further investigations that include
comprehensive chemical and physical assessments. Both
observational and modeling activities will be needed in
order to understand the effect of biomass burning emis-
sions on air quality, radiative budgets, and transport of
pollutants and nutrients at the large scale, all shaping
future climate conditions in the Southern Hemisphere.

4. Air quality issues in the Southern
Hemisphere
Despite the smaller population, air pollution is a major
environmental issue in the Southern Hemisphere, where
many countries suffer from a lack of regulation regarding
air quality. Reliable and representative monitoring of air
quality has been identified as one of the determinants for
comprehensive air quality management and is needed for
strengthened capabilities to improve air quality (e.g., Fran-
co et al., 2019). The scarcity of air quality monitoring data
in many regions in the Southern Hemisphere and infor-
mation on the quality of these data prevent the under-
standing of the underlying drivers of air quality and thus
the development of targeted policies to improve it. Addi-
tionally, knowledge of emission sources is also key for the
development of policies aimed at reducing concentration
of air pollutants. In many countries, the lack of national
emission inventories integrating local information pre-
vents the design of adequate mitigation strategies to
improve air quality.

Rapid population growth and urbanization is causing
worsening air quality across much of the Southern Hemi-
sphere with significant health impacts.World Health Orga-
nization (WHO) recommended limits for ozone and PM
with aerodynamic diameters of �10 mm and �2.5 mm
(PM10 and PM2.5, respectively) are exceeded in many urban
and semiurban areas due to a combination of the forma-
tion of secondary pollutants from biogenic and anthropo-
genic precursors and direct emissions from biomass
burning, industry, residential wood burning, and traffic
from growing vehicle fleets and inadequate vehicle main-
tenance (e.g., Amegah and Agyei-Mensah, 2017; Paton-
Walsh et al., 2019; Peláez et al., 2020).

4.1. Air quality in South America

South America is a highly urbanized continent (>80%)
with approximately 412 million inhabitants (United Na-
tions, 2018). Ambient PM2.5 is estimated to have caused
112,000 premature deaths in South America in 2016
(WHO, 2020). Furthermore, 17% of the population in
South America is exposed to annual mean PM2.5 concen-
trations exceeding WHO guidelines (10 mg m–3), while for
PM10, this percentage increases to 30% of the population.
These statistics are however limited by the coverage of the
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measuring network: Only 145 cities in South America have
PM10 (and just 56 have PM2.5) measurements, of which at
least 84% present annual concentrations exceeding WHO
(2018) guidelines.

Peláez et al. (2020) showed that the main air quality
issues in South America are related to both PM10 and
PM2.5. The 11 metropolitan areas of South America con-
sidered in their study exceeded the WHO guidelines for
annual concentration of PM10 and PM2.5 between 2010
and 2017, while most of these cities complied with WHO
guidelines for annual concentrations of nitrogen dioxide
(NO2) and sulfur dioxide (SO2). In terms of daily concen-
tration, all cities except one exceeded the WHO guideline
for daily concentration for PM2.5 (20 mmm–3), whereas the
8-h running average ozone concentration was generally
below WHO guidelines.

Multiple studies have highlighted the scarcity of air
quality monitoring in South America and the deficient
accessibility of air quality data and absence of information
on the quality of these data and control protocols (e.g.,
Andrade-Flores et al., 2016; Riojas-Rodrı́guez et al., 2016;
Peláez et al., 2020). Further, except in Argentina and Chile,
no locally derived national emission inventories of criteria
pollutants are available in South America, although local
emission inventories exist for growing urban areas and/or
megacities for air quality and public health studies (Hu-
neeus et al., 2020). Therefore, studies exploring air quality
at a national or regional scale in South America (or for
cities without local emission inventories) rely on down-
scaled global emission inventories. Despite comparable
total emissions between local and global emission inven-
tories, there are large discrepancies in sectoral distribution
of pollutants, and Huneeus et al. (2020) therefore advise
against the use of global emission inventories for urban
air quality modeling in South America. Accurate distribu-
tion of emissions into the different sectors is key when
examining and designing mitigation strategies to improve
air quality.

4.2. Air quality in Africa

South Africa has the largest industrialized economy in
Africa, with significant mining and metallurgical activities,
coal-fired power generation, and a large petrochemical
industry. Most industries in South Africa do not apply
scrubbing techniques to remove SO2 and NOx from emis-
sions, while the vehicular fleet in South Africa is relatively
old (Collett et al., 2010; Lourens et al., 2011). It has been
estimated that if PM2.5 concentrations across South Africa
were to be reduced to meet the WHO annual average
standard for PM2.5, up to 28,000 (95th percentile CI
[15,000, 52,000]) premature mortalities could be avoided,
which would have an estimated monetary value of $29.1
billion (approximately 4.5% of South Africa’s gross domes-
tic product; Altieri and Keen, 2019). In addition, several
atmospheric studies conducted in southern Africa over
recent years have indicated the significant influence of
household combustion for space heating and cooking
(e.g., Balmer, 2007; Ross et al., 2007; Nkosi et al., 2018;
Kapwata et al., 2019), as well as regional impacts of open
biomass burning on high levels of atmospheric pollutants

in the region (Hersey et al., 2015; Muyemeki et al., 2021).
South Africa is well known for its NO2 hot spot revealed by
satellite retrievals over the Mpumalanga Highveld, a region
where 11 coal-fired power stations are located (Lourens et
al., 2012; Duncan et al., 2016). In addition, South Africa is
regarded as a globally significant source of anthropogenic
sulfur emissions (Stern, 2006; Fioletov et al., 2020). The
northeastern interior of South Africa, which includes the
Mpumalanga Highveld and the Johannesburg-Pretoria
megacity, is the largest industrial area in South Africa,
with substantial emissions from several industries, house-
hold combustion, and vehicles (Lourens et al., 2012; Laban
et al., 2018). Consequently, ambient concentrations of PM
and ozone in this region are regularly out of compliance
with National Ambient Air Quality Standards (Venter et al.,
2012; Hersey et al., 2015; Feig et al., 2019; Govender and
Sivakumar, 2019). Atmospheric pollution in South Africa
is also compounded by high population growth, which
drives economic and industrial growth, leading to an
ever-increasing energy demand and associated pollutant
emissions (Tiitta et al., 2014).

Elsewhere in sub-Saharan Africa, air pollution from var-
ious sources including industrial emissions, wood burn-
ing, and transport emissions are increasing in both rural
and urban environments (Katoto et al., 2019). The situa-
tion is exacerbated by the high densities of older vehicles,
inadequate vehicle maintenance, poor traffic manage-
ment and road conditions, and inadequate mass transport
systems (Liousse et al., 2014). The WHO (2016) reported
that air pollution in African homes contributed to almost
600,000 deaths in 2012. It is estimated that over the next
40 years, air pollution (Lacey et al., 2017) and climate
change (Silva et al., 2017) in Africa will further increase
mortality, overtaking unsafe water, and poor sanitation as
the primary drivers of mortality (Organization for Eco-
nomic Cooperation and Development, 2012).

Across Africa, urban air pollution observations remain
very sparse. Much of the available data are satellite esti-
mates that reveal that levels of airborne PM remain above
the global median of the WHO (2016) ambient air quality
guidelines. The main problems are the severe lack of local
air pollution knowledge and inadequate funding to install
air-monitoring stations. One proposed option is the use of
low-cost sensors, which have been used in conjunction
with satellite measurements of aerosol optical depth (Mal-
ings et al., 2020). The ever-growing stock of unconven-
tional data from low-cost sensors represents a rich
source of additional data to characterize air quality; how-
ever, their merit still needs to be further explored. They do
not yet represent a replacement of reference monitoring
observations but can be used successfully in combination
with reliable and representative measurements from air
quality networks used in mandatory monitoring (Peltier et
al., 2020). Figure 5 presents the locations of existing air
quality monitoring stations superimposed on a map of
global concentrations of PM2.5 modeled by the WHO. It
is very clear that the worst air pollution issues coincide
with the areas with the fewest measurements, and in the
Southern Hemisphere, these are primarily in Africa.
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Laws to reduce the exposure to air pollution from
wood burning and vehicular emissions are being devel-
oped for some cities in sub-Saharan Africa. However, con-
trolling those emissions alone will not achieve effective
improvement of air quality, despite the urgent need un-
derlined by strong evidence of impact on health including
infant mortality (Heft-Neal et al., 2018). Integrated and
inclusive control of biomass burning, electricity genera-
tion, industrial emission, and traffic-related pollutants via
a robust regulatory framework based on rigorous scientific
evidence is needed (Katoto et al., 2019; Marais et al.,
2019). This is not currently possible due to lack of knowl-
edge of the sources, causes, and impacts of African air
pollution and inadequate funding for air quality monitor-
ing stations in many parts of Africa. Further collaborative
efforts are needed to assist scientists conducting research
on urban air quality in Africa.

4.3. Air quality in Australasia

The literature about air quality in Australasia is mainly
restricted to Australia and New Zealand with only a hand-
ful of publications in other Australasian countries like Fiji
and Papua New Guinea. This is due mainly to a lack of
resources and the perception that the South Pacific is
a “pristine” area. However, the use of solid fuels for cook-
ing and heating is widespread in the South Pacific region
and has been shown to have significant health effects,
with deaths attributed to air pollution being more

prevalent than those due to traffic accidents (Isley and
Taylor, 2018; Isley et al., 2018; Yeimo et al., 2018).

In Australia, significant air pollution is generally asso-
ciated with episodic events such as wildfires, prescribed
burning, or dust storms (e.g., Merrifield et al., 2013; Rea et
al., 2016). Regardless of their anthropogenic or natural
origin, these events can drive breaches of the air quality
standards of PM10 and PM2.5 across large regions, leading
to significant health impacts. For example, Horsley et al.
(2019) concluded that between 2001 and 2013, air quality
in Sydney was impacted by smoke on 184 days, resulting
in an estimated 197 premature deaths and 436 cardiovas-
cular hospitalisations. Borchers-Arriagada et al. (2020)
showed that the catastrophic 2019/2020 fire season in
southeastern Australia resulted in more than 400 excess
deaths and thousands of hospitalizations for cardiovascu-
lar and respiratory problems, including asthma. For the
same period, Ryan et al. (2021) accounted for meteorology
and found 250 excess deaths and 3,490 hospitalizations
due to excess PM2.5 and ozone exposures in New South
Wales and Victoria from the mega-fires, over and above
those cause by previous summertime air quality excee-
dances. For context, the 2019/2020 fire season was attrib-
uted to have caused more negative health outcomes for
Sydney than the previous 12 years combined (Johnston et
al., 2021). A limited number of studies have estimated the
health impacts of exposure to smoke from prescribed
(hazard reduction) burns specifically. Estimates based on

Figure 5. Global particulate air pollution (from worst ¼ red to best ¼ green) and national air monitoring
network locations (circles), reproduced from World Health Organization (2016). Licence: CC BY-NC-SA 3.0
IGO. DOI: https://doi.org/10.1525/elementa.2021.00050.f5
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observations (Broome et al., 2016) and modeling (Nguyen
et al., 2020) suggested around 14 premature deaths could
be attributed to smoke from hazard reduction burning on
6 smoky days in Sydney (May 6–9, 18, and 22–23, 2016).
There is still a need to understand the relative impacts of
exposure to smoke from prescribed burning versus bush-
fires for proper cost-benefit analysis of prescribed burning
(Morgan et al., 2020a).

Another air quality issue in Australia is ozone, which
can exceed air quality standards in Australia under some
circumstances and is associated with 0.8% of excess
deaths per year (Broome et al., 2015). In a recent modeling
study, Utembe et al. (2018) showed an association
between increased temperature and ozone concentra-
tions. When BVOCs were removed from their model,
ozone exceedances on very hot days disappeared, demon-
strating the dominant role of BVOC emissions from Euca-
lyptus trees (versus anthropogenic VOCs) in ozone
formation in Sydney. In Melbourne, Ryan et al. (2020)
confirmed that ozone is controlled by NOx levels in all
seasons, and therefore policy actions to limit NOx will
result in reduced ozone. This is of particular importance
for mitigating future summertime ozone exceedances, as
more extreme summer temperatures are expected due to
climate change.

In New Zealand, outside of the main population cen-
ters of Auckland and Wellington where traffic is a signifi-
cant source of pollution (Davy et al., 2007), air quality
issues are primarily related to the extensive use of wood
for heating (Tunno et al., 2019). During winter when the
need for domestic heating is highest, wood smoke emis-
sions coupled with poor dispersion conditions can lead to
peak PM10 and PM2.5 concentrations comparable to those
observed in large cities in mainland China and Southeast
Asia, with significant health effects (Barnett et al., 2006;
Kingham et al., 2007). Domestic wood heating has also
been shown to be a significant source of PM2.5 in Sydney,
with cumulative pollution impacts similar to those from
prescribed burning (Desservettaz et al., 2019).

4.4. Future research priorities for our

understanding of air quality in the Southern

Hemisphere

Many commonalities exist in the barriers to improved air
quality in Southern Hemisphere cities, including a lack of
observations and regionally specific emissions informa-
tion. Improved air quality modeling is required, not only
as a mechanism to warn vulnerable people of pollution
events but also to prioritize policy options via simulation
of future mitigation scenarios. While modeling systems
have been widely used in parts of the Southern Hemi-
sphere to predict air quality (e.g., Saide et al., 2011; An-
drade et al., 2015; Zhang et al., 2019) and/or study the
factors modulating it (e.g., Paton-Walsh et al., 2018; Chang
et al., 2019), their accuracy is hampered by a lack of ob-
servations to better constrain both emissions and meteo-
rology (Monk et al., 2019; Zhang et al., 2019; Guérette et
al., 2020). Thus, closer collaborations between researchers
addressing the challenges, including reference-grade
atmospheric composition measurements and improved

emissions inventories that incorporate local knowledge,
are likely to yield better outcomes for clean air in future.
Research collaborations that combine state-of-the-science
air quality modeling, assimilation of satellite data for
improved meteorology, and local expertise should there-
fore be prioritized.

5. The important role of the Southern Ocean
for atmospheric chemistry
The Southern Ocean is a globally important region for
climate processes, yet much is still unknown about the
atmospheric chemistry processes occurring there. It is an
important global sink of CO2 (Stephens et al., 2018) and is
composed of diverse physical and biogeochemical zones.
A latitudinal transect of the Southern Ocean from north to
south crosses regions of low wind speeds, increasing to
peak wind speed between 40�S–50�S (“the roaring 40s”)
and reducing again further south toward the pole. Sea
surface temperature varies from 20�C to –2�C along such
a transect, and biological diversity varies considerably,
with iron-limited productivity in the open Antarctic zone
(dominated by diatom phytoplankton communities)
increasing to maximum productivity in the sub-Antarctic
zone where nondiatom phytoplankton predominate (Hen-
ley et al., 2020).

Significant uncertainties remain on the feedbacks and
links between surface ocean biogeochemistry, emissions
of aerosol precursor gases, aerosol formation and compo-
sition, CCN, and transport and deposition. All of these
factors influence clouds over the Southern Ocean, a region
that plays a disproportionately large role in global climate
forcing (McFarquhar et al., 2021). The wild weather and
remoteness from major anthropogenic activity make the
Southern Ocean one of the most pristine regions on the
planet and one of the best proxies for the preindustrial
baseline used to calculate the magnitude of the anthro-
pogenic impact on Earth’s climate (Carslaw et al., 2013;
Hamilton et al., 2014; Schmale et al., 2019). Current cli-
mate models exhibit significant biases and uncertainties
in the simulation of clouds, aerosols, and air–sea exchange
in the Southern Ocean region, leading to overly strong
absorption of solar radiation by the Southern Ocean atmo-
sphere (Flato et al., 2014; see Figure 6). Reducing the
uncertainty in our understanding of atmospheric chemis-
try and microphysical processes in the pristine Southern
Ocean environment is key to improving simulations of
a future changing climate. In fact, a recent study con-
firmed the overproportional efficacy of Southern Ocean
aerosol measurements for reducing uncertainty of aerosol
forcing in climate models (Regayre et al., 2020).

The large biases and uncertainties in the Southern
Ocean region can largely be traced to the dearth of mea-
surements in the region, which in turn drives poor phys-
ical understanding of the underlying processes in the
pristine natural environment. For example, until recently,
the majority of in situ cloud-aerosol observational data
was derived from two large field campaigns, the Southern
Ocean Cloud Experiment and the First Aerosol Character-
ization Experiment (both in the early 1990s), and a long
time series of observations at Cape Grim, Australia. There
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are also records of aerosol optical depth at Cape Grim
(Wilson and Forgan, 2002) and at Cape Point, South Africa
(Nyeki et al., 2015). There is an annual cycle in observed
aerosol optical depth at Cape Grim, driven by both bio-
genic activity and long-range transport (Mitchell et al.,
2017); however, the magnitude and location dependence
is poorly characterized. These data sets only measured the
northern region of the Southern Ocean, which has
recently been shown to be distinct from the mid- and
high-latitude regions (Humphries et al., 2021). There are
also a number of portable sun photometers measure-
ments that have been made within the AERONET Mari-
time Aerosol Network (Smirnov et al., 2009; Smirnov et al.,
2011) and used in validation and model development of
important aerosol components such as oceanic sea salt
(Bian et al., 2019).

The need for more measurements in the Southern
Ocean atmosphere has more recently been recognized,
resulting in a multitude of measurements in the last few
years (see Schmale et al., 2019, for an overview), with at
least 15 campaigns in the region since the turn of the
century as well as the establishment in 2015 of the world’s
first mobile GAW station aboard the RV Investigator. The
vessel frequents the Southern Ocean waters surrounding
Australia. Satellite data have also provided vital informa-
tion for this infrequently sampled region; however, the
persistent cloudiness (low-level clouds typically present
90% of the time) and limited number of ground valida-
tion sites have limited the usefulness of these data. The
recent flurry of campaigns and shipborne measurements
has been critical in accelerating the science in this region
and has highlighted that many questions still remain.

5.1. Aerosol sources, processes, and their relevance

for CCN and ice nucleating particles (INPs)

Understanding aerosol–cloud interactions over the South-
ern Ocean is critical for the two reasons discussed above:
poor representation in models resulting in cloud lifetime
underestimation and large radiation biases (Flato et al.,
2014) and preindustrial-like conditions that help constrain
uncertainty in anthropogenic radiative forcing (Regayre et
al., 2020). The observations from the last few decades,
together with modeling studies, have helped to create
a relatively clear understanding of the main processes,
including emissions of aerosols and their precursors,
atmospheric processing, activation as CCN and INPs, and
aerosol removal processes.

A major area of research has been identifying the
sources of aerosols over the Southern Ocean. Wind and
sea state driven production of primary aerosol particles
composed of sea salt and organic material are major
sources of aerosols (e.g., Murphy et al., 1998; Fossum et
al., 2018; Schmale et al., 2019). There is also a secondary
source from marine microbial emissions (e.g., dimethyl
sulfide [DMS] from phytoplankton), which are converted
to particulate nonsea salt sulfate (nss-SO4

2–) and metha-
nesulfonic acid (MSA), either through condensation from
the gas phase or heterogeneous chemistry (cloud proces-
sing; Hoffmann et al., 2016). Other mainly locally impor-
tant sources are ammonia emissions from sea bird and
mammal colonies (Schmale et al., 2013) and local volcanic
emissions (Schmidt et al., 2012). Minor sources are from
long-range transport of dust (Gassó and Stein, 2007), low-
latitude volcanic eruptions (Solomon et al., 2016), forest
fires (Fiebig et al., 2009), and continental anthropogenic
emission outflow (Barbante et al., 1998). The minimal
shipping activities in the Southern Ocean mean local
anthropogenic emissions are only a small contribution.

A key research question has been whether primary sea
spray or secondary marine emissions contribute more sig-
nificantly to CCN. The answer differs by season and lati-
tude. In winter, sea spray is clearly the more dominant
source of CCN due to the absence of marine microbial
processes (Vallina et al., 2006). In summer, marine second-
ary particles (nss-SO4

2– and MSA) become more important
at higher latitudes due to the highly biologically active
waters near the Antarctic coast and around local hot spots
(Gras and Keywood, 2017; Schmale et al., 2019; Yan et al.,
2020; Sanchez et al., 2021).

A typical Southern Ocean size distribution features
a prominent Aitken mode, followed by a Hoppel mini-
mum and an accumulation mode and a coarse mode.
Occasionally, a nucleation mode is also observed. In
Figure 7, we highlight the submicron size distributions
and separate typical shapes by k-means clustering. The
Hoppel minium indicates particle processing by clouds,
that is particles activated as cloud droplets grow further
in size through aqueous phase processes, thereby creating
the “gap” between the nonactivated and activated accu-
mulation mode particles (Hoppel et al., 1986). This distri-
bution has led to questions around the source of the
sometimes-dominant Aitken mode, the relative impor-
tance of aqueous phase chemistry versus gas-phase

Figure 6. Multimodel mean shortwave absorption bias
relative to austral summer satellite observations
(Mason et al., 2014). The black lines indicate the
zone with the strongest bias (50�S–65�S). Positive
biases in this region suggest that clouds in the models
do not reflect enough incoming solar radiation in the
region. DOI: https://doi.org/10.1525/elementa.2021.
00050.f6
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condensation, and whether cloud droplets fed from CCN
originate in the free troposphere or the boundary layer.
While the coarse mode is mainly a result of sea spray
emissions, the accumulation mode is a mix of sea spray
primary particles and cloud-processed Aitken mode parti-
cles. This is evident from the persistent Hoppel minimum.
The Aitken mode aerosol is typically formed from gas-to-
particle conversion and subsequent growth. However,
while there are several reports of new particle formation
around the Antarctic coast (Covert et al., 1992; Koponen et
al., 2003; Heintzenberg et al., 2004; Kyrö et al., 2013;
Humphries et al., 2015; Weller et al., 2015; Jokinen et
al., 2018; Kerminen et al., 2018; Kim et al., 2019), new
particle formation in the marine boundary layer away
from the Antarctic coast is not a strong source of particles
(Baccarini et al., 2021).

After first indications by Clarke et al. (1998) that new
particle formation happens in the outflow of clouds in the
free troposphere, recent aircraft campaigns have shed
more light on the mechanism. Marine trace gases are
thought to be mixed into the free troposphere, undergo
new particle formation there and then be down-mixed
again into the marine boundary layer (Humphries et al.,
2016) where they can grow further from marine trace gas
emissions (McCoy et al., 2021). The question remains as to
whether this growth process happens through condensa-
tion of gases or through cloud processing. While direct
observations are scarce, the few existing observations and
modeling studies provide strong evidence that cloud pro-
cessing is the more important pathway to grow Aitken
mode particles (Revell et al., 2019; Schmale et al., 2019;
Alroe et al., 2020). The emerging evidence that down-
mixing of free tropospheric air masses to the marine
boundary layer is critical to grow small particles into sizes

which act as CCN also helps to answer the question of
whether clouds are nourished mainly by particles from
above or below. Satellite-based observations suggest that
the below-cloud particles are key to forming droplets
(Efraim et al., 2020). This is consistent with down-mixed
and growing particles (McCoy et al., 2021).

Finally, and equally important, is research regarding
the abundance and sources of INP. The first measurements
of INP in the Southern Ocean atmosphere were made in
the 1960s (Bigg and Hopwood, 1963). Bigg (1973) found
INP concentrations of roughly 10–100 m–3, while more
recent measurements found concentrations were 1–2 or-
ders of magnitude lower (McCluskey et al., 2018; Schmale
et al., 2019). Compared to elsewhere in the global ocean,
INP concentrations are the lowest over the Southern
Ocean (Welti et al., 2020). McCluskey et al. (2018) found
contributions to INP from heat-labile organic substances,
indicating a biological source. Generally, INP concentra-
tions appear higher near land compared to over open
ocean (Landwehr et al., 2021). The importance of accurate
INP concentration for simulating Southern Ocean mixed
phase clouds has been demonstrated in a modeling study
(Vergara-Temprado et al., 2018), where overly high concen-
trations led to overly strong precipitation and overly short
cloud lifetime. High INP concentrations are a common
feature in the global models that underestimate cloud
lifetime (Vergara-Temprado et al., 2018).

Open questions remain concerning the detailed pro-
cess understanding of aqueous phase chemistry and air
mass exchange across the top of the marine boundary
layer for particle growth and CCN formation. Here, direct
measurements are needed as well as more sophisticated
DMS and MSA heterogeneous chemistry schemes in mod-
els. The discrepancies in INP concentrations from recent

Figure 7. Typical aerosol size distributions over the Southern Ocean between 40�S and 72�S from the
Antarctic Circumnavigation Expedition. Here, a k-means cluster algorithm was applied to the size distributions
measured by a scanning particle mobility sizer to highlight the three dominant distribution types: cluster 1 (purple)
shows a pronounced Hoppel minimum and occurs 30% of the time, cluster 2 (orange) shows Aitken mode particles
growing into the accumulation mode and occurs 60% of the time, and cluster 3 (blue) represents nucleation mode
particles, which occur 10% of the time, in absence of larger sized particles (i.e., larger than nucleation mode). The
figure is adapted from Schmale et al. (2019). DOI: https://doi.org/10.1525/elementa.2021.00050.f7
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measurements and those made several decades ago also
raise questions as to the actual abundance of INP, while
source identification remains elusive. Further questions
are related to sea spray, as models tend to over predict
sea spray concentrations (Revell et al., 2019; Alroe et al.,
2020; Hartery et al., 2020). While more effort has been
made to improve the sea spray emission source function,
the importance of air mass exchange and deposition pro-
cesses have received less attention (Landwehr et al., 2021).
A major outstanding question is the link between aerosols
and clouds. Recent measurements in the high latitudes
show coincident increases in cloud droplet concentra-
tions, decreases in droplet effective radius, and increases
in CCN (Mace et al., 2021). As the climate changes, we
have already witnessed the invigoration of the westerly
wind belt (Schneider et al., 2015), and it is conceivable
that microbial activity and hence emissions will change
in response. Both factors will play a role for the Southern
Ocean aerosol population and its impacts on clouds.

5.2. Ocean emissions of secondary aerosol

precursors and reactive gases

In regions truly remote from anthropogenic sources, such
as the open Southern Ocean, the sources of precursors to
secondary aerosol formation are limited to long-range
transport and local emissions from the surface ocean. As
compared to other oceanic regions, the Southern Ocean
has relatively high surface concentrations of ammonium
(up to 2 mM; Gruber, 2008; Henley et al., 2020), DMS
(Koga et al., 2014), and nitrite (which leads to supersatu-
ration of alkyl nitrates (Fisher et al., 2018). High surface
concentrations combined with high wind speeds across
the Southern Ocean contribute to the potential for large
sea–air fluxes. Interestingly, despite high concentrations
of ammonium, global models suggest that the high lati-
tudes are a sink for ammonia due to low surface tempera-
tures (Paulot et al., 2015). Recent observations from the
Atlantic sector of the Southern Ocean suggest that the
Southern Ocean is indeed a net sink of ammonia in sum-
mer, but potentially a net source in winter as surface
ocean ammonium concentrations increase 5-fold from
summer to winter (Altieri et al., 2021). Despite this, its
remote nature and distance from human activities renders
the Southern Ocean the only region where ocean emis-
sions of ammonia are expected to dominate over large
anthropogenic sources (Paulot et al., 2015).

Annual DMS emissions from the Southern Ocean,
a long recognized contributor to CCN (Charlson et al.,
1987), account for 60% of global annual DMS emissions
(Lana et al., 2011). Ammonia partitions rapidly between
the gas and highly acidic submicron aerosol phases by
neutralization reactions with sulfuric acid (the oxidation
product of DMS), forming fine mode ammonium sulfate
and ammonium bisulfate aerosols (Pye et al., 2020).
Ammonia and DMS emissions therefore exert control on
the size, chemical composition, and neutralization extent
of aerosols in this region, all of which affect aerosol prop-
erties such as scattering efficiency (Martin et al., 2004),
hygroscopicity (Petters and Kreidenweis, 2007), and ice/
cloud nucleating ability (Abbatt et al., 2006). The Southern

Ocean (along with the tropical Pacific) is the most impor-
tant region for ocean emissions of alkyl nitrates (RONO2,
where R is an organic group; Fisher et al. 2018). This has
implications for atmospheric chemistry, as RONO2 can be
photolyzed to produce NOx. Indeed, methyl nitrate is
modeled to be the dominant form of reactive nitrogen
(NOy) in the Southern Ocean marine boundary layer
(Fisher et al., 2018).

5.3. Future research priorities for our

understanding of the atmospheric chemistry of the

Southern Ocean

Measurement campaigns are needed to address the key
remaining uncertainties of particular importance for the
atmospheric chemistry of the Southern Ocean, including:

1. the magnitude, direction, and controls on the
air–sea flux of ammonia (Paulot et al., 2015);

2. the relative importance of DMS (vs. organic
aerosols) for CCN formation (Quinn and
Bates, 2011); and

3. the continued inability of global models to
simulate atmospheric NOx in the region
(Fisher et al., 2018).

The lack of measurements in this remote region, and
particularly measurements from interdisciplinary research
expeditions that combine oceanography, biogeochemistry,
atmospheric chemistry, and microphysics, greatly limits
our ability to establish a comprehensive mechanistic
understanding for this highly complex region and the
interactive ocean-trace-gas-aerosol-cloud-climate system.
Strong collaborations across both national and disciplin-
ary borders will be needed to address these research pri-
orities in future.

6. Conclusion-A role for the IGAC Southern
Hemisphere Working Group
Scientists studying atmospheric composition and chemis-
try in the Southern Hemisphere face many common chal-
lenges, including the dominance in the reactive chemistry
of the atmosphere of emissions from vegetation fires and
poorly characterized biogenic emissions. Despite lower
anthropogenic emissions on the hemispheric scale, many
urban and semi-urban regions in the Southern Hemi-
sphere suffer from very poor air quality. Lax regulations
and inadequate funding for air quality monitoring are
common issues across many countries. Sparsity of obser-
vations is a pervasive problem and is especially acute in
Africa and in the Southern Ocean, where atmospheric
scientists are striving to understand the mechanisms that
drive aerosol and cloud formation and the globally signif-
icant chemistry-climate feedbacks in this region. In all
these areas, there is a need for better collaboration in
future years.

The IGAC Southern Hemisphere Working Group has
recently been established to provide a forum for collabo-
ration amongst atmospheric chemists working in and
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studying the composition of the Southern Hemisphere
atmosphere.

The IGAC Southern Hemisphere Working Group aims to:

� identify key challenges unique to the Southern
Hemisphere atmosphere,
� understand commonalities in challenges to
improve air quality in Southern Hemisphere
cities and regional areas,
� facilitate closer collaborations,
� share resources and design future collabora-
tive measurement campaigns, and
� highlight Southern Hemisphere research
(which is sometimes considered to be of mar-
ginal interest to scientists in the Northern
Hemisphere) and its global importance.

Through our early collaborations, we have identified
the following priorities for future research:

1. Additional measurements of BVOC emissions
in poorly sampled ecosystems, and in partic-
ular measurements that include an assess-
ment of the light and temperature
dependence of the emissions.

2. Further research into understanding the
chemical processing of BVOCs that results in
the formation of SOAs and ozone.

3. Improvements in fire emission inventories for
poorly characterized parts of the Southern
Hemisphere including better vegetation
mapping, appropriate emission factors, and
improved fire detection and assessments of
total fuel consumed.

4. Combined observational and modeling stud-
ies into the chemical and physical evolution
of smoke plumes from Southern Hemisphere
fires in order to understand the impacts on
radiative budgets, air quality, and the large-
scale transport of pollutants and nutrients.

5. Additional monitoring of air pollutants and
work on improved emissions inventories in
many regions in the Southern Hemisphere,
especially in Africa.

6. VOC speciation in emissions inventories to
better model the formation of ozone and
SOAs in urban areas.

7. Research collaborations between atmospheric
scientists with localized knowledge of emis-
sions and pollution issues and air quality
modelers using modeling systems with cap-
abilities for satellite assimilation of meteoro-
logical and atmospheric composition data.

8. Campaigns that can help address the lack of
measurements in the remote Southern Ocean
with particular focus on studies that can help
determine the sources and sinks of NOx, the
air–sea flux of ammonia, and the relative
importance of organic aerosols and DMS in
the formation of CCN.

Strong international collaborations will be needed to
address these research priorities, and the IGAC Southern
Hemisphere Working Group aims to help facilitate such
collaborations in the future. The IGAC Southern Hemi-
sphere Working Group welcomes new members and is
open to all scientists, researchers, air quality professionals,
and others interested in collaborating to better under-
stand atmospheric composition in the Southern Hemi-
sphere. For more information, see https://igacproject
.org/working-groups/SH-working-group.
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da Silva, CM, Corrêa, SM, Arbilla, G. 2018. Isopreneemis-
sions and ozone formation in urban conditions: A case
study in the city of Rio de Janeiro. Bulletin of Environ-
mental Contamination and Toxicology100(1): 184–188.
DOI: http://dx.doi.org/10.1007/s00128-017-2248-6.

Darmenov, AS, da Silva, A. 2015. The Quick Fire Emis-
sions Dataset (QFED)- Documentation of versions 2.
1, 2.2 and 2.4. Available at https://gmao.gsfc.nasa
.gov/pubs/docs/Darmenov796.pdf. Accessed 19
February 2019.

Davy, P, Trompetter, B,Markwitz, A. 2007. Source appor-
tionment of airborne particles in the Auckland region.
Lower Hutt, New Zealand: GNS Science.

Derwent, RG, Parrish, DD, Galbally, IE, Stevenson, DS,
Doherty, RM, Young, PJ, Shallcross, DE. 2016.
Interhemispheric differences in seasonal cycles of
tropospheric ozone in the marine boundary layer:
Observation-model comparisons. Journal of Geo-
physical Research 121(18): 11075–11085. DOI:
http://dx.doi.org/10.1002/2016JD024836.

Desservettaz, M, Paton-Walsh, C, Griffith, DWT, Ket-
tlewell, G, Keywood, MD, Vanderschoot, MV,
Ward, J, Mallet, MD, Milic, A, Miljevic, B, Ristovs-
ki, ZD, Howard, D, Atkinson, B, Edwards, GC.
2017. Emission factors of trace gases and particles
from tropical savanna fires in Australia. Journal of
Geophysical Research 122(11): 6059–6074.

Desservettaz, M, Phillips, F, Naylor, T, Price, O, Sam-
son, S, Kirkwood, J, Paton-Walsh, C. 2019. Air
quality impacts of smoke from hazard reduction
burns and domestic wood heating in western Syd-
ney. Atmosphere 10(9). DOI: http://dx.doi.org/10.
3390/atmos10090557.

Doherty, SJ, Saide, PE, Zuidema, P, Shinozuka, Y, Fer-
rada, GA, Gordon, H, Mallet, M, Meyer, K, Paine-
mal, D, Howell, SG, Freitag, S. 2021. Modeled and
observed properties related to the direct aerosol
radiative effect of biomass burning aerosol over the
Southeast Atlantic. Atmospheric Chemistry and Phys-
ics Discussions: 1–88. Available at https://acp.
copernicus.org/preprints/acp-2021-333/.

Duncan, BN, Lamsal, LN, Thompson, AM, Yoshida, Y,
Lu, Z, Streets, DG, Hurwitz, MM, Pickering, KE.
2016. A space-based, high-resolution view of nota-
ble changes in urban NOx pollution around the
world (2005–2014). Journal of Geophysical Research:
Atmospheres 121(2): 976–996.

Efraim, A, Rosenfeld, D, Schmale, J, Zhu, Y. 2020. Sat-
ellite retrieval of cloud condensation nuclei concen-
trations in marine stratocumulus by using clouds as
CCN chambers. Journal of Geophysical Research: At-
mospheres 125(16): e2020JD032409.

Emmerson, KM, Cope, ME, Galbally, IE, Lee, S, Nelson,
PF. 2018. Isoprene and monoterpene emissions in
southeast Australia: Comparison of a multi-layer
canopy model with MEGAN and with atmospheric
observations. Atmospheric Chemistry and Physics
18(10): 7539–7556. DOI: http://dx.doi.org/10.
5194/acp-18-7539-2018.

Emmerson, KM, Galbally, IE, Guenther, AB, Paton-
Walsh, C, Guerette, E-A, Cope, ME, Keywood,
MD, Lawson, SJ, Molloy, SB, Dunne, E, Thatcher,
M. 2016. Current estimates of biogenic emissions
from eucalypts uncertain for southeast Australia.
Atmospheric Chemistry and Physics 16(11):
6997–7011. DOI: http://dx.doi.org/10.5194/acp-
16-6997-2016.

Emmerson, KM, Palmer, PI, Thatcher, M, Haverd, V,
Guenther, AB. 2019. Sensitivity of isoprene emis-
sions to drought over southeastern Australia: Inte-
grating models and satellite observations of soil
moisture. Atmospheric Environment 209: 112–124.
DOI: http://dx.doi.org/10.1016/j.atmosenv.2019.04.
038.

Emmerson, KM, Possell, M, Aspinwall, MJ, Pfautsch, S,
Tjoelker, MG. 2020. Temperature response mea-
surements from eucalypts give insight into the
impact of Australian isoprene emissions on air qual-
ity in 2050. Atmospheric Chemistry and Physics
20(10): 6193–6206.

Farman, JC, Gardiner, BG, Shanklin, JD. 1985. Large
losses of total ozone in Antarctica reveal seasonal ClO
x/NOx interaction. Nature 315(6016): 207–210. DOI:
http://dx.doi.org/10.1038/315207a0.

Fasullo, JT, Rosenbloom, N, Buchholz, RR, Danabaso-
glu, G, Lawrence, DM, Lamarque, JF. 2021. Cou-
pled climate responses to recent Australian wildfire
and COVID-19 emissions anomalies estimated in
CESM2. Geophysical Research Letters 48(15):
e2021GL093841.

Feig, G, Garland, RM, Naidoo, S, Maluleke, A, Van der
Merwe, M. 2019. Assessment of changes in concen-
trations of selected criteria pollutants in the Vaal
and Highveld priority areas. Clean Air Journal
29(2): 75–89.

Feng, X, Merow, C, Liu, Z, Park, DS, Roehrdanz, PR,
Maitner, B, Newman, EA, Boyle, BL, Lien, A, Bur-
ger, JR, Pires, MM. 2021. How deregulation,
drought and increasing fire impact Amazonian bio-
diversity. Nature 597(7877): 516–521. DOI: http://
dx.doi.org/10.1038/s41586-021-03876-7.

Fernandes, PM, Botelho, HS. 2003. A review of pre-
scribed burning effectiveness in fire hazard reduction.
International Journal of Wildland Fire 12(2):
117–128. DOI: http://dx.doi.org/10.1071/WF02042.

Fiebig, M, Lunder, CR, Stohl, A. 2009. Tracing biomass
burning aerosol from South America to troll
research Station, Antarctica. Geophysical Research
Letters 36(14). DOI: http://dx.doi.org/10.1029/
2009GL038531.

Fioletov, V, McLinden, CA, Griffin, D, Theys, N, Loyola,
DG, Hedelt, P, Krotkov, NA, Li, C. 2020.

Paton-Walsh et al: Key challenges for tropospheric chemistry in the Southern Hemisphere Art. 10(1) page 23 of 35
D

ow
nloaded from

 http://online.ucpress.edu/elem
enta/article-pdf/10/1/00050/489410/elem

enta.2021.00050.pdf by guest on 21 June 2024

https://gmao.gsfc.nasa.gov/pubs/docs/Darmenov796.pdf
https://gmao.gsfc.nasa.gov/pubs/docs/Darmenov796.pdf
http://dx.doi.org/10.1002/2016JD024836
http://dx.doi.org/10.3390/atmos10090557
http://dx.doi.org/10.3390/atmos10090557
https://acp.copernicus.org/preprints/acp-2021-333/
https://acp.copernicus.org/preprints/acp-2021-333/
http://dx.doi.org/10.5194/acp-18-7539-2018
http://dx.doi.org/10.5194/acp-18-7539-2018
http://dx.doi.org/10.5194/acp-16-6997-2016
http://dx.doi.org/10.5194/acp-16-6997-2016
http://dx.doi.org/10.1016/j.atmosenv.2019.04.038
http://dx.doi.org/10.1016/j.atmosenv.2019.04.038
http://dx.doi.org/10.1038/315207a0
http://dx.doi.org/10.1038/s41586-021-03876-7
http://dx.doi.org/10.1038/s41586-021-03876-7
http://dx.doi.org/10.1071/WF02042
http://dx.doi.org/10.1029/2009GL038531
http://dx.doi.org/10.1029/2009GL038531


Anthropogenic and volcanic point source SO2 emis-
sions derived from TROPOMI on board Sentinel-5
Precursor: First results. Atmospheric Chemistry and
Physics 20(9): 5591–5607.

Fisher, JA, Atlas, EL, Barletta, B, Meinardi, S, Blake,
DR, Thompson, CR, Ryerson, TB, Peischl, J, Tzom-
pa-Sosa, ZA, Murray, LT. 2018. Methyl, ethyl, and
propyl nitrates: Global distribution and impacts on
reactive nitrogen in remote marine environments.
Journal of Geophysical Research: Atmospheres
123(21): 12,429–12,451. DOI: http://dx.doi.org/
10.1029/2018JD029046.

Flato, G, Marotzke, J, Abiodun, B, Braconnot, P, Chou,
SC, Collins, W, Cox, P, Driouech, F, Emori, S, Eyr-
ing, V, Forest, C. 2014. Evaluation of climate mod-
els, in Climate change 2013: The physical science
basis contribution of working group i to the fifth
assessment report of the intergovernmental panel on
climate change. Cambridge, UK: Cambridge Univer-
sity Press: 741–866.

Formenti, P, D’Anna, B, Flamant, C, Mallet, M, Piketh,
SJ, Schepanski, K,Waquet, F, Auriol, F, Brogniez,
G, Burnet, F. 2019. The aerosols, radiation and
clouds in southern Africa field campaign in Nami-
bia: Overview, illustrative observations, and way for-
ward. Bulletin of the American Meteorological Society
100(7): 1277–1298.

Fossum, KN, Ovadnevaite, J, Ceburnis, D, Dall’Osto, M,
Marullo, S, Bellacicco, M, Simó, R, Liu, D, Flynn,
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C, Vega, O, Gatti, LV, Tota, J, Fisch, G. 2004. Bio-
genic VOC emissions from forested Amazonian land-
scapes. Global Change Biology 10(5): 651–662. DOI:
http://dx.doi.org/10.1111/j.1365-2486.2004.
00758.x.

Gruber, N. 2008. The marine nitrogen cycle: Overview
and challenges. Nitrogen in the Marine Environment
2: 1–50.

Guenther, AB. 1995. A global model of natural volatile
organic compound emissions. Journal of Geophysical
Research 100(D5): 8873–8892. DOI: http://dx.doi
.org/10.1029/94JD02950.

Guenther, AB, Jiang, X, Heald, CL, Sakulyanontvit-
taya, T, Duhl, T, Emmons, LK,Wang, X. 2012. The
model of emissions of gases and aerosols from
nature version 2.1 (MEGAN2.1): An extended and
updated framework for modeling biogenic emis-
sions. Geoscientific Model Development 5(6):
1471–1492. DOI: http://dx.doi.org/10.5194/gmd-
5-1471-2012.
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acterizing observed midtopped cloud regimes asso-
ciated with Southern Ocean shortwave radiation
biases. Journal of climate 27(16): 6189–6203.

McCluskey, C, Hill, T, Humphries, R, Rauker, A, Mor-
eau, S, Strutton, PG, Chambers, SD, Williams,
AG, McRobert, I, Ward, J, Keywood, MD. 2018.
Observations of ice nucleating particles over South-
ern Ocean waters. Geophysical Research Letters
45(21): 11,989–11,997.

McCoy, IL, Bretherton, CS,Wood, R, Twohy, CH, Gettel-
man, A, Bardeen, CG, Toohey, DW. 2021. Influ-
ences of recent particle formation on Southern
Ocean aerosol variability and low cloud properties.
Journal of Geophysical Research: Atmospheres
126(8): e2020JD033529.

McFarquhar, GM, Bretherton, CS, Marchand, R, Pro-
tat, A, DeMott, PJ, Alexander, SP, Roberts, GC,
Twohy, CH, Toohey, D, Siems, S, Huang, Y. 2021.
Observations of clouds, aerosols, precipitation, and
surface radiation over the Southern Ocean: An over-
view of Capricorn, Marcus, Micre, and Socrates. Bul-
letin of the American Meteorological Society 102(4):
E894–E928. DOI: http://dx.doi.org/10.1175/bams-
d-20-0132.1.

McKenzie, R, Bodeker, G, Scott, G, Slusser, J, Lantz, K.
2006. Geographical differences in erythemally-
weighted UV measured at mid-latitude USDA sites.
Photochemical & Photobiological Sciences 5(3):
343–352.

Merrifield, A, Schindeler, S, Jalaludin, B, Smith, W.
2013. Health effects of the September 2009 dust
storm in Sydney, Australia: Did emergency depart-
ment visits and hospital admissions increase? Envi-
ronmental Health: A Global Access Science Source
12(1). DOI: http://dx.doi.org/10.1186/1476-069X-
12-32.

Metcalfe, D, Bui, E. 2016. Land: Australia State of the
Environment 2016. Canberra, Australia: Australian
Government Department of the Environment and
Energy.

Meyer-Arnek, J, Ladstätter-Weißenmayer, A, Richter,
A, Wittrock, F, Burrows, JP. 2005A study of the
trace gas columns of O3, NO2 and HCHO over Africa
in September 1997. Faraday Discuss 130: 387. DOI:
http://dx.doi.org/10.1039/b502106p.

Milic, A, Mallet, MD, Cravigan, LT, Alroe, J, Ristovski,
ZD, Selleck, P, Lawson, SJ,Ward, J, Desservettaz,
MJ, Paton-Walsh, C, Williams, LR, Miljevic, B,
Keywood, MD. 2017. Biomass burning and biogenic
aerosols in northern Australia during the SAFIRED
campaign. Atmospheric Chemistry and Physics 17(6):
3945–3961.

Mitchell, RM, Forgan, BW, Campbell, SK. 2017. The cli-
matology of Australian Aerosol. Atmospheric Chem-
istry and Physics 17(8): 5131–5154. DOI: http://dx.
doi.org/10.5194/acp-17-5131-2017.
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