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Introduction
Biomass burning (wildfires and open burning for
agriculture) is a phenomenon that occurs in all terrestrial
ecosystems. Mechanisms of activation are both
anthropogenic (caused by or related to human activities)
and natural. Fires contribute significant emissions of
reactive gases (see also the WMO Reactive Gases Bulletin),
greenhouse gases and aerosols to the atmosphere.
Impacts of wildfires occur over a wide range of temporal
and spatial scales, from local to global, via many complex,
interdependent and poorly understood processes.
Primary fire emissions are affected by a variety of factors
including fuel conditions (vegetation type, structure,
quantity and moisture content), fire intensity, and firerelated weather variables (cumulative temperature,
relative humidity, wind speed and precipitation) that in

turn can be rapidly and heterogeneously modified by fires
as they burn. Over the life cycle of a fire, combinations
of flaming and smouldering combustion lead to
different emissions at different times and at different
locations within the fire. These variables also influence
plume rise and the subsequent transport and chemical
evolution of fire emissions, which determine the
secondary products (for example, evolved gases and
aerosol species).
Worldwide fire activity evolves continually throughout
the year and many regions of the world have relatively
clearly defined fire seasons that do not vary significantly
from one year to another. This is generally most apparent
in tropical regions where fire conditions are driven by
the onset and duration of the dry season, when fire is
used as a tool for burning off the wet season growth

AQFx and the 2019/2020 summer fires

AQFx forest 21 December 2019

Figure 1. Himawari-8 visible image (red-green-blue composite imagery) of 21 December 2019 retrieved from https://www.
eorc.jaxa.jp/ptree/index.html. The AQFx forecast is an overlay of the national 27-km domain, the eastern 9-km domain, the
Vic-Tas 3-km domain and the New South Wales 3-km domain.

of vegetation for agricultural purposes. In extratropical
regions, fire activity typically occurs in the summer
months but generally has a higher degree of variability
compared to fires in the tropics. The general trend in
global fire activity has been observed to be one of decline
over the last 20 years largely driven by changes in the use
of fire for agricultural land clearing in tropical regions.
Clear trends are difficult to ascertain for extratropical
regions due to interannual variability in the distribution
and scale of fire activity.

across the eastern coasts of Australia burned. The fires
led to the direct loss of 34 lives, the destruction of 3 500
houses and significant wildlife and habitat losses.
Smoke from fires severely reduced air quality across the
entire south-eastern region of Australia, from Queensland
in the north to Tasmania in the south. Long-range
transport of smoke was observed to reach New Zealand
on several occasions. Figure 1 includes an image from
the satellite Himawari-8 on 21 December 2019 showing
the locations of fires burning around the coastal rim of
eastern Australia, and the smoke covering the entire
region shown in the map. Also shown in Figure 1 are
the PM2.5 particulate matter (particles with a diameter
of ≤2.5 μm) concentrations over the region, predicted
using the Australian Smoke Forecasting System (AQFx)
that compares well to the smoke distribution shown
on the Himawari-8 image. Information from AQFx was
incorporated into air quality warnings issued by some
State regulatory authorities during the bushfire event.

This edition of the WMO Aerosol Bulletin reflects on
a number of episodes of forest fires that have led to
substantial air pollution events with elevated aerosol
concentrations.

Australian bushfires 2019/2020
The bushfire (wildfire) event of the 2019/2020 southeastern Australian summer has been described as
unprecedented. It was unprecedented because of the
extent of the area burned and the ferocity at which
burning occurred. Between September 2019 and February
2020, 12 million hectares (120 000 square km) of land

Data from one air-quality monitoring station (AQMS),
operated by regulatory authorities in each of the states
of Queensland, New South Wales, Australian Capital
Territory and Victoria are also presented here to illustrate
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Figure 2. Time series of daily averaged PM2.5 concentrations measured at AQMSs in Queensland (https://apps.des.qld.gov.au/
air-quality/download/), New South Wales (https://www.dpie.nsw.gov.au/air-quality/air-quality-data-services/data-downloadfacility), the Australian Capital Territory (https://www.data.act.gov.au/Environment/Air-Quality-Monitoring-Data/94a5-zqnn)
and Victoria (https://www.epa.vic.gov.au/for-community/airwatch/airwatch-table-data-page). The following services are
acknowledged for their diligent efforts in collecting these data sets: Queensland Department of Environment Land and
Water, New South Wales Department of Planning Industry and Environment, Australian Capital Territory Health Protection
Service and Australian Capital Territory Environment Protection Authority.
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the extent of the impact on air quality on south-eastern
Australia.

four occasions, with the highest BC concentrations
observed on 3 January, peaking at over 4 µg m-3 (hourly
averaged). The longest duration of smoke reaching the
station occurred between 6–10 January (although with
low BC concentrations) and 13–16 January (with higher
BC concentrations). High BC concentrations were also
observed on 31 January. Also shown in Figure 3 are air
history maps for one hour in each of these periods, which
show the circulation of air over south-east Australia before
reaching Tasmania. The time series of BC is coloured by
mean hourly ozone (O3) concentrations and shows an
increase in ozone concentration measured at Cape Grim
over the course of January. On 15, 16 and 31 January
the ozone mole fraction levels reached 60 ppb or more.
While these levels have been seen before during the four
decades of ozone monitoring at Cape Grim, they have
been exceptional events generally years apart. In the
present case, they are associated with ageing of the smoke
reaching Cape Grim.

The time series of PM2.5 particulate matter measured at
each AQMS shown in Figure 2 illustrates the progression
of the impact of smoke on air quality from the north to
the south of south-eastern Australia, from early in the
fire season in November 2019, when PM2.5 concentrations
peaked in Queensland, to peaks in New South Wales in
December 2019, to extremely high concentrations in the
Australian Capital Territory in early January 2020 and
peaks in Victoria in early to mid-January 2020. By the
end of January 2020, PM2.5 concentrations had returned
to more typical values.
The maximum daily PM2.5 concentrations during the
smoke plumes measured by the AQMSs in all states were
very high, in Queensland and New South Wales 4 times
greater than the national standard (that is, a national
environment protection measure for PM2.5 of 25 µg m -3
24-hour average), in Victoria 8 times greater than the
national standard, and in the Australian Capital Territory
almost 40 times greater. At the AQMS in the Australian
Capital Territory the daily average PM2.5 concentration
exceeded the national standard for 53 days between
1 November 2019 and 28 February 2020.

More than 10 million people are likely to have experienced
some exposure to these very hazardous concentrations
of PM2.5. Arriagada et al. (2020) have recently estimated
that this exposure may be responsible for approximately
400 excess deaths, 1 120 hospital admissions for
cardiovascular problems, 2 030 admissions for respiratory
problems, and 1 300 emergency department attendances
for asthma.

Smoke also had an impact on the Cape Grim Baseline
Air Pollution Monitoring Station located in north-west
Tasmania. Cape Grim is one of the Global Atmosphere
Watch (GAW) Global Stations and has been operating
for forty-four years. The hourly averaged black carbon
(BC) time series for the period December 2019–February
2020 (Figure 3) shows smoke reaching Cape Grim on

Fires in Indonesia in October 2015
In 2015, extensive burning of peat occurred throughout
large parts of Indonesia from August to November.
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Figure 3. Time series of BC plotted as a function of ozone concentration (presented by the colour scale) at the Cape Grim
Baseline Monitoring Station during January 2020. Air history maps from the UK Met Office.
Source: Numerical Atmospheric-dispersion Modelling (NAME), UK Met Office, courtesy of A. Manning.
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CAMS daily fire emissions (GFASv1.2)
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Figure 4. Daily fire emissions for August–
October 2015 for carbon monoxide and
biomass-burning aerosols. Exceedances
of the 2003–2014 average are in red.
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Peat fires are extremely difficult to extinguish and can
burn continuously until the return of the monsoon
rains. The strength and prevalence of these fires are
strongly influenced by large-scale climate patterns
such as El Niño (Field et al., 2004; van der Werf, 2008).
Despite this inherent predictability, the 2015 fires in
Indonesia escalated to an environmental and public
health catastrophe (Field et al., 2016). Fire emissions
during that period were consistently and extraordinarily
strong, as shown by the number of days in 2015 when
daily emissions of carbon monoxide (CO) and biomassburning aerosols (BC and organic matter (OM)) exceeded
the maximum daily emissions during the same days in
2003–2014, as estimated by the Global Fire Assimilation
System (GFAS) (Figure 4).

Source: Adapted from Benedetti et al., 2016.

fully integrated fire dynamical model to predict emissions
along with radiatively interactive prognostic aerosols
would be needed for the prediction to be accurate.

Total column carbon monoxide anomalies that reached
500% in the core of the fire region were remarkable, but
even more striking were the extremely large anomalies
(~2 000%) in total aerosol optical depth at 550 nm for
biomass-burning (OM + BC) aerosols that covered large
areas of the Indian and western Pacific Oceans (Benedetti
et al., 2016).
In addition to the air quality and climate implications of
such events, which add large amounts of aerosols to the
atmosphere, the weather is also altered. During the 2015
Indonesia peat fires, surface cooling related to smoke from
the fires was evident. For accurate weather predictions
during such events, aerosols need to be considered in
the forecast, as demonstrated by studies made by the
European Centre for Medium-Range Weather Forecasts
(ECMWF). Experiments to investigate the impact of this
large aerosol load on sub-seasonal-to-seasonal prediction
were run using the ECMWF ensemble prediction system
(Benedetti and Vitart, 2018). Re-forecasts for October
2015 conditions using observed emission from GFAS
clearly show the pattern of surface cooling associated
with the fires three months ahead (Figure 5). An aerosol
climatology is not useful for these extreme cases, and a
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Figure 5. Observed fire radiative power (top) from MODIS
imaging for the period August–October 2015 and (bottom)
surface temperature anomalies forecasted for October 2015
three months in advance . The surface cooling over Indonesia
corresponding to the smoke from the fires is clearly evident.
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CAMS June–August wildfire total aerosol emissions (GFASv1.2) for the Artic circle
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Figure 6. Total emissions of particulate matter for
June–August from wildfires within the Arctic Circle
between 2003 and 2019. Emissions are estimated
with the CAMS Global Fire Assimilation System
v1.2, which uses MODIS satellite observations of
fire radiative power.
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Smoke transport from boreal forest fires
to the Arctic

is one such service and makes use of a wide range of
satellite observations to produce analyses and 5-day
forecasts. Forecasts from CAMS provide information on
BC and organic matter aerosols and allow the monitoring
of smoke transport from fires worldwide.

Large fires in the boreal forests of Eurasia and North
America are a common occurrence from late spring
through to early autumn. These fires can release large
quantities of smoke to the atmosphere where they
may be subject to long-range, even intercontinental,
transport over thousands of kilometres. Recent summers
have seen significant fires in boreal forests in North
America and Siberia and poleward of the Arctic Circle
(total fire emissions are shown in Figure 6), smoke from
which has been observed to be transported high into
the Arctic Circle and occasionally to undergo transpolar transport. Increasing boreal forest fire activity
and transport of smoke into the Arctic Circle have
potential climate impacts through increased surface
deposition of BC and particulate matter on to sea ice,
affecting the albedo, that is, the amount of solar radiation
reflected, leading to enhanced warming and melting,
and changes in absorption/reflection of atmospheric
radiation with potential impacts on polar meteorology
and climate.

The intensity of solar radiation passing through the
atmosphere is reduced by aerosols via absorption and
scattering. The combined effect, known as radiation
extinction, depends on the amount and absorption
properties of the aerosols present.
The importance of smoke aerosol for an accurate
radiation forecast is demonstrated in a case study of
trans-polar smoke transport from Alaska to the European
Arctic via the eastern Arctic Ocean in July 2015 (Figure 7).
The impact of this event on the forecast is a significant
increase in short-wave radiation extinction (with as
consequence a decrease in Earth warming) with an
average decrease in the surface solar radiation of
5–10 W/m2 local to the plume during its transport.
The impacts that smoke aerosols have on radiation in
the high Arctic were studied using model experiments
performed at ECMWF. To this end, a model simulation
of the specific smoke event has been compared to a
climatological simulation.1 The simulations employing
different aerosol fields reveal how radiation in the
model reacts to that specific change, thereby offering
the possibility to quantify its effect. In particular, the
model’s surface short-wave radiation response to
different levels of aerosols in the atmosphere was
analysed. To analyse a specific event, the prognostic
aerosol fields 2 of that event, available from CAMS,
were compared to climatological ones.1

Estimates of emissions are available from satellite
observations of either the burnt area or fire radiative
power (a measure of the rate of emitted radiative
energy by the fire at the time of the observation). These
observations can be used to estimate the amount of
vegetation consumed by fires, information that can be
further used to estimate the amount of carbon, gases
and aerosols released to the atmosphere. A number of
systems for estimating fire emissions based on these
observations exist although for real-time applications this
is only feasible with fire radiative power observations.
The requirement for real-time fire emissions estimates
arises from the development of real-time forecasting
systems for atmospheric composition and air quality.
The European Commission’s Copernicus Atmosphere
Monitoring Service (CAMS), implemented by ECMWF,

1
2

5

Long-term average.
Prognostic fields are fields generated by a model simulation, such
as from a forecast model.

been greatly expanded over the last 20 years, including
the availability of active fire data exploitation of the wide
range of currently available Earth fire observations that
provides essential information on global fire activity and
emissions. The available datasets of global fire emissions
have typically provided daily estimates based on
observations made from low-Earth-orbit geosynchronous
satellites, 3 which produce information at the same local
time each day. The CAMS Global Fire Assimilation System
has recently been redeveloped to estimate fire emissions
at an hourly time resolution using a parametrized 4
diurnal cycle and also including the capability to exploit
additional low-Earth-orbit observations with improved
sensitivity as well as geostationary satellite observations
with an increased time resolution of approximately
10 minutes. Combining data from different satellite
sensors in this way to provide increased timeliness of
global fire data will provide valuable information for
civil protection and air-quality monitoring, particularly
with the planned launch of air quality observations
from geostationary satellites. Further improvements
the monitoring of biomass-burning aerosols are also
expected with improved information on emission factors
from different vegetation types; recent laboratory and
field studies have shown that not taking vegetation

CAMS biomass burning aerosol, 6–12 July 2015
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Figure 7. Mean tropospheric mass mixing ratio of organic
matter aerosol (in units of 10E-9 kg/kg) between 6–12 July
2015 based on CAMS analyses and showing the extent of the
smoke plume from Alaska to the European Arctic.

Figure 8. The impact of smoke
aerosol on radiation forecasts.
Shading shows the difference
between a 24-hour forecast
with prognostic aerosol in
the radiation scheme and
another using a monthly
mean aerosol distribution for
(a) surface downward shortwave radiation and (b) top-ofatmosphere net short-wave
radiation, averaged from 8 to
13 July 2015. Contours show
organic matter aerosol optical
thickness at 550 nm for values
of 0.1, 0.2, 0.4, 0.8 and 1.0. Net
radiation is defined as downwelling minus up -welling
fluxes.
(W m–2)

The plume also reduced the region’s overall radiation
reflected at the top of the atmosphere by about
10 –20 W/m 2 and increased absorption within the
aerosol layer (Figure 8). July 2015 was the second worst
fire year for the United States of America's state of
Alaska, following 2004, but the equivalent experiments
for Arctic smoke plumes in other years have yielded
similar results.

differences into account has led to an underestimation
of particulate matter emissions in some regions.
In response to the Indonesian wildfire crisis of 2015,
WMO has initiated a Vegetation Fire and Smoke
Pollution Warning and Advisor y Sys tem (GAW

3

Future directions
4

We currently live in a golden age of Earth observations,
with a global observation system that has grown and
6

A geosynchronous satellite is a satellite in geosynchronous orbit,
with an orbital period equal to the Earth's rotation period. Such
satellites return to the same position in the sky after each sidereal
day.
Parametrization in a weather or climate model is a method of
replacing processes that are too small scale or complex to be
physically represented in the model by a simplified process.

report 235, see Goldammer et al., 2018) with the aim
of providing guidance to af fected WMO Member
States through specialized regional centres. The first
Regional Vegetation Fire and Smoke Pollution Warning
and Advisory Centre has been established for the
WMO South-West Pacific Region V, operated by the
Meteorological Service of Singapore. Forecasts and
timely information about wildfires are provided as part
of the service. The CAMS smoke forecasts and GFAS
emissions are also made available to the Singapore Met
Service. Future collaborations will involve providing
data to the other regional centres currently being
established.
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The University of Puerto Rico Atmospheric Chemistry and Aerosols Research Laboratory’s
atmospheric stations after the impact of Hurricane Maria

Cabezas de San Juan is a coastal station located at the northeast tip of the island, free of major landmasses upwind, thus
minimizing the effects of anthropogenic aerosol sources. The
CSJ station, which has been operating continuously since 2004,
is a GAW regional station. The station became operational again
in 2018. It has two steel containers (funded by NASA and the
Department of Energy Atmospheric Radiation Measurement
facility) and is back monitoring aerosol properties such as
scattering, absorption, and particle number concentration;
meteorological parameters such as visibility and incoming solar
radiation; and filter samples for chemical analyses. Instruments
at the CSJ station have been deployed in two modified steel
containers that feature a storm-proof anchoring design.
The PDE cloud station (1 051 m above sea level) is located in
an ecosystem that is one of the world’s most sensitive and
vulnerable to climate change. Measurements of aerosols, clouds
and precipitation at this station have focused on aerosol–cloud

(a)

(c)

(b)

interactions. The PDE station has also been operating since 2004
and recently became a GAW regional station. Three modified
steel containers (funded by the United States National Science
Foundation) have been set up, also featuring storm-proof
anchoring. Post Hurricane Maria, a significant setback at PDE
has been the difficulty in securing adequate electric power
supply to the site. Three electric power generators, donated
by the United States Federal Aviation Administration, were
secured, as well as the necessary fuel and maintenance support
from UPR for short-term use until adequate power supply is
restored. Several instruments have been purchased, donated
or repaired, and are running in the ACAR laboratory on the
UPR-RP campus (for example, wideband integrated bioaerosol
sensor, condensation nuclei counter, nephelometer, continuous
light absorption photometer, optical particle counter, hot-wire
liquid water sensor, back scatter cloud probe, and precipitation
collector). These will be installed in PDE once adequate power
supply is restored.
The University of Puerto Rico wishes to express its gratitude
to all those people and institutions that have provided their
support in this reconstruction phase. The reconstruction and
resumption of measurements at CSJ and PDE stations will
benefit the scientific community by providing long-term data on
aerosols, cloud and rainwater composition and microphysical
properties in the Caribbean, an under-sampled part of the
globe. These data can be used to evaluate and validate satellite
aerosol retrieval algorithms and global aerosol models. This
will continue to enhance the regional research capacity and
allow dissemination of the results in ways that are useful to
students and educators in a range of educational levels, state and
municipal government, and to the local community in general.

(a)

(b)

(c)

Figure 9. CSJ station before (a) and after (b) Hurricane Maria,
and after the reconstruction process (c).

Figure 10. PDE station before (a) and after (b) Hurricane Maria,
and after the reconstruction process (c)

Photo credit: Olga L. Mayol-Bracero.

Photo credit: Olga L. Mayol-Bracero (c); Elvis Torres-Delgado
(a and b).
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On 20 September 2017 the category 4 Hurricane Maria made
landfall on Puerto Rico, making it the most powerful hurricane
to hit the island in almost 90 years. With catastrophic winds of
up to 250 km per hour, Maria devastated the island, causing
loss of life and severe damage to homes, infrastructure and
agriculture. The hurricane and its aftermath greatly impacted
the research facilities of the Atmospheric Chemistry and
Aerosols Research Laboratory (ACAR) of the University of
Puerto Rico’s Rio Piedras (UPR-RP) campus. The two main
atmospheric stations were severely affected, with the Cabezas
de San Juan (CSJ) atmospheric observatory in Fajardo being
about 75% destroyed and the Pico del Este (PDE) cloud station
at El Yunque National Forest 100% destroyed (Figures 9 and 10).

