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Abstract

During El Nino years, fires in tropical forests and peatlands in equatorial Asia create
large regional smoke clouds. We characterized the sensitivity of these clouds to re-
gional drought, and we investigated their effects on climate by using an atmospheric
general circulation model. Satellite observations during 2000-2006 indicated that El
Nino-induced regional drought led to increases in fire emissions and, consequently,
increases in aerosol optical depths over Sumatra, Borneo and the surrounding ocean.
Next, we used the Community Atmosphere Model (CAM) to investigate how climate
responded to this forcing. We conducted two 30 year simulations in which monthly fire
emissions were prescribed for either a high (EI Nino, 1997) or low (La Nina, 2000) fire
year using a satellite-derived time series of fire emissions. Our simulations included
the direct and semi-direct effects of aerosols on the radiation budget within the model.
Fire aerosols reduced net shortwave radiation at the surface during August—October by
19.1£12.9 Wm™ (10%) in a region that encompassed most of Sumatra and Borneo
(90° E-120° E, 5° S-5° N). The reductions in net radiation cooled sea surface temper-
atures (SSTs) and land surface temperatures by 0.5+0.3 and 0.4+0.2°C during these
months. Tropospheric heating from black carbon (BC) absorption averaged 20.5+9.3
Wm™2 and was balanced by a reduction in latent heating. The combination of de-
creased SSTs and increased atmospheric heating reduced regional precipitation by
0.9+0.6 mmd™" (10%). The vulnerability of ecosystems to fire was enhanced because
the decreases in precipitation exceeded those for evapotranspiration. Together, the
satellite and modeling results imply a possible positive feedback loop in which anthro-
pogenic burning in the region intensifies drought stress during EI Nino.
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1 Introduction

Fire emissions in equatorial Asia vary substantially from year-to-year and generally
increase during El Nino (Bowen et al., 2001; Heil and Goldammer, 2001; van der Werf
et al., 2006). Emissions from Borneo during the 2006 moderate EI Nino, for example,
were more than 30 times higher than emissions during the 2000 La Nina (van der Werf
et al., 2008). Interactions between anthropogenic and climate factors contribute to this
variability. During strong El Ninos, both the intensity and spatial extent of regional
drought increases (Lyon, 2004). The drought, in turn, lowers the water table and dries
fuels. This allows farmers to use fires more effectively as a tool in converting tropical
forests and peatlands to croplands and plantations (Page et al., 2002). Page et al.
(2002) estimate that between 0.8 and 2.6 PgC was released from peatland fires in
Indonesia during the strong 1997—1998 EI Nino. More recent estimates of carbon loss
are near the lower end of this range (Duncan et al., 2003; van der Werf et al., 2008)
but nevertheless support the idea that that fires in this region contribute substantially
to the global build up of CO, and CH, in the atmosphere.

The role of large-scale deforestation as a driver of fire emissions in the region is
further illustrated by comparison of visibility records from airports on Sumatra and Bor-
neo (Field et al., 2009). On Sumatra, airport records show a clear relationship between
drought and haze events extending back to the beginning of available records in 1960.
On Borneo, however, no major haze events occurred prior to 1982, despite a number
of significant drought events during the 1960s and 1970s. Field et al. (2009) attribute
these differences to changing patterns of migration and land use within the region.
Sumatra had relatively high rates of deforestation during the second half of the 20th
century, driven in part by surges in population during the 1960s and 1970s. In contrast,
Borneo became the target for settlement and development projects by the Indonesian
government only later, during the 1980s and 1990s. Forest clearing and peatland
drainage associated with one of these projects, the Mega Rice Project, contributed
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substantially to the emissions observed during the 1997 EI Nino (Page et al., 2002;
Field et al., 2009).

Evidence that humans have amplified fire emissions during El Nino in equatorial
Asia comes from both the satellite and visibility studies described above. The subse-
quent impact of these fires on regional and global climate occurs by means of multiple
forcing agents (Bowman et al., 2009), including fire effects on greenhouse gas levels
(Langenfels et al., 2002), ozone (Logan et al., 2008), the land surface energy budget
(including surface albedo), and aerosols (Duncan et al., 2003; Podgorny et al., 2003).
At a regional scale, aerosols are likely to influence climate because aerosol emissions
are transported over large areas (Heil et al., 2005; Field et al., 2009) and because
their effects on the local radiation budget have been shown to be substantial (Duncan
et al., 2003). The response of the climate system to this forcing is not well understood
but is important for developing predictive models of future change in the region and
for understanding possible feedbacks between climate and fire. In this study, we as-
sessed regional climate impacts of these fires caused by their aerosol emissions—by
considering their direct radiative effects in a global climate model.

Heil et al. (2005) estimate that the amount of aerosols released from tropical forest
and peatland fires in Indonesia during the 1997 El Nino, as the sum of black car-
bon (BC) and organic carbon (OC) aerosol components, was 12Tg yr'1. BC and OC
aerosols interact with radiation budget in different ways, with BC primarily absorbing
shortwave radiation and OC primarily scattering it (Chylek and Coakley, 1974; Hay-
wood and Shine, 1995; Penner et al., 1998). BC absorption of shortwave radiation
warms and stabilizes the troposphere (Hansen et al., 1997; Chung and Ramanathan,
2002) and cools the surface (Ramanathan et al., 2001a; Liepert et al., 2004). OC scat-
tering, in contrast, causes more incoming shortwave radiation to be reflected back into
space and as a consequence also contributes to surface cooling. The top of atmo-
sphere (TOA) direct radiative forcing from smoke is unclear, and varies both spatially
and temporally as a function of aerosol composition, cloud properties and amounts,
and surface albedo. Ackerman et al. (2000) describe semi-direct aerosol effects on
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climate, where shortwave absorption and subsequent atmospheric heating reduces
cloud cover, than in turn leads to greater energy absorption by the surface and atmo-
sphere.

Fire-emitted aerosols in equatorial Asia have large effects on surface radiation. Pod-
gorny et al. (2003) found that the direct effects of fire aerosols during the fall of 1997
reduced monthly mean net surface insolation by 20-30 Wm™ and increased net at-
mospheric warming by up to 20 W m~2 over a region that included much of the tropical
Indian Ocean and Indonesia (10°S—10° N, 40° E-160° E). Similarly, simulations by Dun-
can et al. (2003) indicate that the fires reduced net surface shortwave radiation by 10
Wm™2 over the tropical Indian Ocean, with a maximum reduction of 178 Wm™2 over
Indonesia. Despite concurrent atmospheric warming, top of atmosphere radiative forc-
ing was still negative in Duncan et al. (2003), primarily as consequence of scattering by
fire-emitted OC aerosols. Together, these two studies provide evidence that reductions
in solar radiation from fire-emitted aerosols in Indonesia may be large enough to cause
surface cooling and other subsequent changes in the regional climate system.

Surface cooling and tropospheric heating increase atmospheric stability and reduce
convection. Numerous empirical studies link sea surface cooling with increased sur-
face pressure and decreased surface convergence (Graham and Barnett, 1987; Hack-
ert and Hastenrath, 1986). Cooler ocean temperatures decrease surface winds, and
the combination reduces convection (Raymond, 1995). Direct tropospheric heating
combined with surface cooling from smoke reduces latent heat fluxes and can alter
the hydrologic cycle (Rosenfeld, 1999; Liepert et al., 2004; Ramanathan et al., 2001b).
Tropospheric heating from BC over the Indian subcontinent also alters the monsoon
circulation, with subsequent impacts on precipitation and the hydrologic cycle (Chung
and Ramanathan, 2002; Chung et al., 2002). Ackerman et al. (2000) linked reduced
subtropical cumulus cloud coverage over the Indian Ocean to BC-induced atmospheric
heating. A similar effect was observed in the Amazon where cloud cover decreased
by approximately 50% in response to a fire-induced increase in aerosol optical depth
(AOD) of 0.6 averaged over the entire Amazon basin during August—September of
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2002 (Koren et al., 2004). Modeling studies by Cook and Highwood (2003) link de-
creased convective cloud cover to increased stability caused by aerosol absorption.
Rosenfeld (1999) observed suppression of tropical convection by optically thick wildfire
smoke. Simulations forced with fossil and biofuel-derived brown haze find that absorb-
ing aerosols reduce precipitation by as much as 5% through a doubling of atmospheric
heating (Ramanathan et al., 2005).

In this study, we examined the climate impact of fire-derived smoke aerosols in
equatorial Asia using satellite data and the Community Atmosphere Model, version
3.1 (CAMB3). As a first step, we documented the relation between precipitation, fire
emissions and AOD in the region using satellite observations during 2000-2006. We
then performed two climate simulations with CAMS3, prescribing fire-emitted aerosols
for either a high (EI Nino) or a low (La Nina) fire year based on a satellite-derived time
series of global fire emissions (van der Werf et al., 2006). We found that fires caused
a decrease in precipitation that exceeded decreases in evapotranspiration over Suma-
tra and Borneo. This reduction in water availability, in turn, increased drought stress
within the model over source regions, suggesting that a positive feedback loop may
exist whereby fires intensify regional drought.

2 Methods

To examine the relationship between precipitation, fire emissions and AOD we used
several datasets. For precipitation we used the Global Precipitation Climatology Project
(GPCP) version 2 monthly dataset with 2.5°x2.5° spatial resolution (Adler, 2003) and
the Tropical Rain Measuring Mission (TRMM 3B43) version 6 monthly dataset with
0.25°x0.25° spatial resolution (Kummerov et al., 1998). We obtained AOD data from
both the Multi-angle Imaging SpectroRadiometer (MISR) Level 3 daily AOD product
(MISR MIL3MAE) and the Moderate Resolution Digital Imaging Spectroradiometer
(MODIS) Level 3, Collection 5 monthly AOD product (MOD08 M3). We only used
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MODIS observations from the Terra satellite because we were interested in extending
the time series back to the year 2000.

For our interpretation of the satellite AOD records described above and for the cli-
mate simulations described below, we used fire emissions estimates from GFEDv2
(van der Werf et al., 2006). Burned area in GFEDv2 is estimated using a regression
tree approach that relates MODIS active fire observations to MODIS burned area tiles
(Giglio et al., 2006). Fuel loads and combustion completeness factors are estimated
using a biogeochemical model that is constrained using other satellite data including
percent tree cover and the fraction of photosynthetically active radiation absorbed by
plant canopies. Aerosol emissions are subsequently obtained from total carbon emis-
sions using emission factors that are separately prescribed for tropical forest, savanna
and extratropical forest ecosystems based on a synthesis of available observations
by Andreae and Merlet (2001). Emission factors are assigned to each 1°x1° grid cell
based on the dominant vegetation type in each cell. GFEDv2 CO estimates agree rea-
sonably well with Measurements of Pollution In The Troposphere CO observations over
equatorial Asia (van der Werf et al., 2008), providing partial validation of these fluxes
for our study region.

We assessed the climate impacts of fire aerosols in equatorial Asia using the Com-
munity Atmosphere Model, version 3.1 (CAM3) (Collins et al., 2004) coupled to the
SNow ICe And Radiation (SNICAR) model (Flanner et al., 2007). CAM3 was config-
ured with T42 spatial resolution and a slab ocean model with monthly varying surface
layer depths and horizontal heat fluxes. Prognostic transport and deposition of hy-
drophobic and hydrophilic BC and OC aerosols followed Rasch et al. (2001). Wet
deposition was controlled by below-cloud and in-cloud scavenging. Dry deposition
was related to the sum of the aerodynamic resistance, the resistance to transport
across the atmospheric sublayer in contact with surface elements, and the surface
resistance (Collins et al., 2004). BC optical properties were modified to conform with
Bond et al. (2006) as described by Flanner et al. (2007). Hydrophobic BC was as-
signed a mass absorption cross-section of 7.5 m? g_1 (at 550 nm) and aged hydrophilic
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BC was assumed to have a sulfate coating, which enhanced absorption by a factor
of 1.5. The model parametrizations described above represent the direct effects of
aerosols on the radiation budget of the model. A parametrization of indirect aerosol
effects on cloud droplet sizes, optical properties and lifetimes was not available within
CAMS3 at the time of our analysis. These processes are currently under development
(Quaas et al., 2009). We plan to repeat these simulations in the future when this im-
proved version of the model becomes available.

We forced CAMS3 with monthly emissions of BC and OC from GFEDv2. In one sim-
ulation we prescribed GFEDv2 fire emissions from 1997 to represent a high fire (El
Nino) year (Fig. 1). In a second simulation, we prescribed fire emissions from 2000
to represent a low fire (La Nina) year. We performed two forty year simulations using
these two sets of annually repeating GFEDv2 fluxes. We excluded the first 10 years
from each simuation to account for spin-up effects, including adjustments to the hydro-
logic cycle. In our analysis we defined fire-induced climate anomalies as the difference
between the high and low fire simulations.

Total carbon emissions in equatorial Asia (90°E-120°E, 5°S-5°N) were
821 TgCyr’1 in 1997 and 47TgCyr'1 in 2000. During 1997, black carbon (BC)
aerosol emissions were 1.2Tg yr_1 and organic carbon (OC) aerosol emissions were
9.5Tg yr'1. These emissions corresponded to emissions factors of 0.63 g kg'1 for BC
and 5.2¢g kg‘1 for OC which are almost the same as emission factors reported by An-
dreae and Merlet (2001) for tropical forests—implying that almost all fire emissions in
equatorial Asia from GFEDv2 were from this biome. Monthly GFEDv2 emissions were
interpolated to match the time-step resolution of the model and injected into the sur-
face layer (Rasch et al., 2001; Collins et al., 2002). We injected emissions into the
surface layer because many of the fires occur in peatlands (Page et al., 2002) and are
thus are expected to have a strong smoldering phase. Preliminary analysis of plume
heights on Borneo using the MISR INteractive eXplorer (MINX) software (Nelson et al.,
2009) provided evidence that this parameterization was reasonable because most of
the observed plumes did not extend above the atmospheric boundary layer (ABL).
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As a measure of uncertainty, we estimated 95% confidence intervals for relevant
climate variables. To provide regional averages of both climate forcing and response,
we estimated mean values for the region bounded by 90° E-120° E and 5° S-5° N. This
region included most of Sumatra and Borneo (primary emission source locations) and
extended into the eastern Indian Ocean. The land component of this domain is under-
going substantial deforestation (Hansen et al., 2008) and thus is an important area for
understanding climate-fire feedbacks.

3 Results

3.1 Satellite measurements of precipitation, fire emissions and AOD in
equatorial Asia

Precipitation had a clear annual cycle and substantial interannual variability within our
study region (90° E-=120° E, 5° S-5°N). The mean annual cycle of precipitation had a
minimum during August (5.5 mm d'1) and a maximum during December (9.4 mm d’1)
(Fig. 1a). The strong 1997 EI Nifo prolonged the dry season and caused a three-month
(August—October) negative precipitation anomaly that had a mean of of —-3.9 mm d’
relative to the 1997—2006 period (Fig. 1b). The moderate 2006 El Nino was associated
with a precipitation anomaly of —3.8 mm d-’ during October (Fig. 1b).

The sum of BC and OC emissions from GFEDv2 varied considerably from year to
year with a maximum in 1997 of 10.7Tgyr'1 and a minimum of 0.6Tgyr'1 in 2000
(Fig. 1c). Weak to moderate El Nino years had considerably higher fire emissions
than La Nina or neutral years. For example, mean emissions from 2002, 2004, and
2006 were 3.5Tg yr‘1, nearly a factor of 3 greater than emissions during 2000, 2001
and 2003 (1.3Tg yr'1). Maximum combined BC and OC emissions (4.3Tg month‘1)
occurred in September 1997 when precipitation (2.7 mm d'1) was anomalously low
(4.1 mm d'1). BC and OC emissions during the moderate 2006 El Nino were at a
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maximgjm during October (2.3 Tg month‘1) when the precipitation anomaly was -3.8
mmd™ .

The seasonal cycle of MISR and MODIS AOD was characterized by a maximum
during late summer and fall and a minimum during winter and spring. AOD maxima
were amplified during the El Ninos of 2002, 2004 and 2006, with the largest monthly
value (0.78 for MISR) observed during October of 2006 (Fig. 1d). While GPCP data for
the region as a whole did not show anomalously low precipitation levels during 2002
and 2004, monthly-averaged data from TRMM for southern Borneo (south of 1°S), did
show substantial fire-season drought in 2002 and 2004, and an even stronger anomaly
in 2006. Southern Borneo received 2.9, 2.2 and 3.4 mm d™! less August-October
precipitation than normal during 2002, 2004 and 2006, respectively.

Satellite-derived fire emissions during August—October from GFEDv2 were nega-
tively correlated with precipitation anomalies (Fig. 2a; r?=0.85, p<0.01). MODIS and
MISR AODs, in turn, were positively correlated with fire emissions (Fig. 2b; MODIS
r?=0.86, p<0.01, MISR r?=0.86, p<0.01). As a consequence, AOD showed a sig-
nificant, inverse relationship with PPT in the region (Fig. 2c; MISR r?=0.93, MODIS
r2=0.92, p<0.01). Taken together, these observations indicated that aerosol emissions
and optical depths were closely linked with ENSO-induced changes in the hydrological
cycle.

3.2 Climate effects of fire-emitted aerosols as simulated by the Community
Atmosphere Model

The AOD anomaly in CAMS3 (the difference between the high fire and low fire simula-
tions) was highest during August, September and October with a maximum value of
0.50 during September (Fig. 3). The high fire simulation produced a spatial pattern of
AOD that was similar to observed MISR and MODIS AOD during a moderate El Nino
(the mean of 2002, 2004 and 2006) (Fig. 4). Although the magnitude and spatial pat-
tern of the AOD response in CAM (Fig. 4c) was comparable to that observed during
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a moderate El Nino (Fig. 4a, b), it was considerably lower than expected given that it
was derived using fire emissions from 1997 (e.g. Fig. 1). There are several possible
causes for this discrepancy, including uncertainties associated with aerosol emission
factors, optical properties, and lifetimes. These issues extend across multiple models
(Matichuk et al., 2008) and will require substantial additional effort to resolve. In this
context, the climate impacts we discuss below are probably more representative of a
moderate rather than a strong El Nifo.

The maximum AOD simulated by CAM occurred at the same time as the maximum
in fire emissions (Fig. 3b). This timing is consistent with observed AODs that showed
no lag relative to emissions (Fig. 1c, d). In response to the aerosol forcing, net all-sky
surface radiation (S,;) decreased by 19.1+12.9 Wm™ (10%) from 192.4 wWm™ to
173.3 Wm™ during August—October (Fig. 3c, Table 1). This strong surface cooling
was offset by moderate shortwave heating (20.5+9.3 Wm'2) throughout the column.
At the top of the atmosphere the net all-sky radiative forcing was nearly zero as a
consequence of the combined effect of OC scattering and BC absorption.

The decrease in S, had several effects, including a 0.5+0.3°C average reduction
in regional sea surface temperatures (SSTs) and 0.4+0.2°C reduction of land surface
temperature during August—October (Fig. 3, Table 1). The SST response was delayed
by approximately 1 month relative to the AOD forcing, with the largest decrease occur-
ring during October (0.7+0.1°C) and with decreases in November (0.4+0.1°C) exceed-
ing those in August (0.3+0.1°C). The largest SST reductions occurred in the region
between Sumatra and Borneo (Fig. 5a), where aerosols optical depths were also at a
maximum (Fig. 4c).

In the tropics, deep convection (and, by proxy, surface convergence) occurs most
often in regions with the highest SSTs, and generally requires SSTs greater than 26°C
(Graham and Barnett, 1987). Zhang (1993) show that the probability of relatively low
outgoing longwave radiation (OLR) values, often associated with deep convection, in-
creases for SSTs between 26°C and 29°C, is at a maximum between 29°C and 30°C,
and then decreases for SSTs greater than 30°C. SSTs decreased from 28.6°C in the
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low fire simulation to 28.1°C in the high fire simulation (Table 1) and implied via these
empirical relationships that fire-emitted aerosols reduce convection.

On average, August—October surface divergence increased by 0.2x10™°s™", but
showed a mixed pattern with increases over the eastern part of the Indian Ocean,
Sumatra and over the ocean between Sumatra and Borneo, but decreases over the is-
land of Borneo (Fig. 5b, Table 1). Analysis of the seasonal cycle from the low fire simu-
lation showed that surface divergence peaked in May (—0.9><10'6 s‘1), corresponding
to the month of lowest simulated precipitation, and declined steadily for the rest of the
year. The timing and magnitude of the maximum in surface divergence was similar in
the high fire simulation. However, the onset of fires in August forced another, albeit
smaller, relative peak in October (—2.6><10'6 s'1), suggesting that the fires slowed or
suppressed the regular increase in tropical covergence.

Convection is not solely controlled by surface convergence, but also by surface latent
heat fluxes and wind speed (Raymond, 1995). Surface specific humidity declined by a
small amount (0.3+0.1g kg‘1) likely in response to lowered saturation vapor pressure
in a cooler atmosphere, and reduced evaporation from cooler land and sea surfaces.

In addition to the effect of fire aerosols on surface temperature, black carbon ab-
sorption of solar radiation from fire-emitted aerosols caused an anomalous warming
in the troposphere. The all-sky shortwave heating anomaly in the troposphere was
20.5+9.3 Wm™2 for August—October (Table 1), and corresponded to substantial short-
wave warming between 300 mb and 700 mb (Fig. 6a). The entire atmospheric column
heating was 23.2+9.3 Wm™. In the absence of atmospheric feedbacks the aerosol-
forced shortwave total column heating rate was 23.3+9.2 for the high fire simulation
(Table 1). This suggests that the increased shortwave heating between the two simu-
lations was almost exclusively a consequence of BC and OC absorption. The radiative
warming was balanced by a decrease in condensational heating of 25.1+11.2 W m™2
through the troposphere (Table 1, Fig. 6b). Combined with a modest longwave cooling
(0.2+4.3W m‘2) (Fig. 6¢), the net effect was a small cooling (4.6+15.2 W m‘z; Fig. 6d).
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The decrease in condensation did not significantly reduce total column water vapor
(Table 1). However, as noted above, surface humidity decreased 0.39kg'1 due to
cooler air and sea temperatures. The reduced latent heating and surface humidity
accompanied a significant reduction in atmospheric deep convection.

Increased tropospheric subsidence was greatest during September and October in
the lower troposphere (<700 mb), and during November in the mid troposphere (200—
700 mb) (Fig. 7a). At the 700 mb level, anomalies were 4.9x 1 0°ms™ forthe August—
October period. This indicates a reduction of convective updrafts, possibly resulting in
the simulated decrease in high-level clouds and increase in mid-level clouds (Fig. 7b).
Due to increased subsidence and decreased condensation (especially above 900 mb)
convective cloud cover decreased uniformly throughout the troposphere (Fig. 7c). Av-
eraged over the study area, 700 mb convective cloud cover decreased from 20.2% to
18.7%, corresponding to 7% relative reduction (Table 1).

The suppression of deep convection reduced precipitation by -0.9+0.6 mm d-’ (10%;
Fig. 3e). The maximum precipitation decrease occurred over Sumatra, downwind of
high fire activity on Borneo (Fig. 5). As with the decrease in SSTs, the precipitation
response lagged the fire forcing by approximately 1 month. The largest decreases
occurred during October (1.3£0.3mm d’1; 15%), with reductions during November
(0.8+£1.2 mm d " 9%) exceeding those for August (0.2+0.4 mm a’; 3%). Regional
evapotranspiration decreased in parallel, by 0.6+£0.2 mm d™’ during August-October
(Fig. 3e, Table 1). Because decreases in evapotranspiration were not as large as de-
creases in precipitation (Figs. 3e and 5d), moisture content for the top layer of soil
decreased on all the islands.

Precipitation response to the enhanced aerosol forcing was larger over the south-
ern parts of Borneo and Sumatra (south of 1° S) where most fire emissions originated.
Similar to the region as a whole, the precipitation response in southern Borneo lagged
the aerosol forcing by one month, with the largest negative precipitation anomalies
occurring in October (1.6+0.3 mm a'; 17%) and November (1.4+0.5 mm d 16%).
Averaged over the fire season during August—October, the precipitation reduction was
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1.120.5mmd™" (13%). Precipitation anomalies in southern Sumatra were even larger,
in terms of both absolute changes and relative differences. Decreases during Septem-
ber and October were 3.1+0.7 and —3.1+0.5 mmd™', respectively, corresponding to
relative changes of 31% and 28%.

To obtain a preliminary estimate of the impact of these precipitation changes on
regional fire emissions, we compared our model results with the precipitation-fire emis-
sions relationship derived by van der Werf et al. (2008) for the southern part of Borneo
using satellite observations and as shown in Fig. 2 of van der Werf et al. (2008). As
described above, our aerosol forcing in CAM was similar to that observed during mod-
erate El Nino events (e.g. Fig. 4) and led to a 13% reduction in precipitation during
the dry season (August—October) in southern Borneo. We additionally note that the
mean precipitation during the dry season in southern Borneo during three recent mod-
erate El Nino events (2002, 2004, and 2006) was 62 mm month™' based on TRMM
observations. Using the precipitation sensitivity to fire-emitted aerosols from CAM, and
the fire emissions sensitivity to precipitation from van der Werf (2008) we estimate
that if no fires occurred during these recent El Nino events, dry season precipitation
would have been higher, with a mean of 72mm month™". In terms of fire emissions,
the aerosol-climate feedback quantified here may have increased fire emissions dur-
ing these recent moderate El Nino events by approximately 46% (from 73TgCyr‘1
to 107 Tg Cyr‘1). We note that estimate is qualitative—future work to improve our un-
derstanding of this feedback should include aerosol indirect effects and prognostic fire
emissions (so that fires respond to precipitation interactively during the dry season and
from year to year). It is also important to note that the near-exponential relationship
between dry season precipitation and emissions (van der Werf et al., 2008) is based
on observations and so it already has fire-aerosol-climate feedbacks embedded within
it. As a consequence, the sensitivity of fire emissions to aerosol-mediated climate
changes presented here is likely an upper bound.
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4 Discussion

Elevated fire aerosol concentrations caused a reduction in convection and precipitation
in equatorial Asia in simulations with CAM. The direct aerosol effect cooled the surface
which reduced specific humidity, surface convergence, and contributed to increased
static stability. Stability also was enhanced by increased heating of the troposphere
from BC absorption of shortwave radiation. The combined effect of these changes re-
duced atmospheric convection. The resulting reduction of condensational heating was
roughly balanced by increased shortwave heating due to smoke absorption, leading to
very little change in air temperature in the mid troposphere.

These mechanisms for precipitation reduction are consistent with past work that has
linked regional sea surface cooling with increases in surface pressure and decreases
in surface convergence (Graham and Barnett, 1987; Hackert and Hastenrath, 1986).
Cooler surface temperatures and resulting decreases in surface wind speeds combine
to limit surface convergence (Chelton et al., 2004). Raymond (1995) showed that lower
surface wind speeds over the western Pacific are observationally linked with reduced
convection, a relationship also observed in our simulations.

Both empirical and modeling studies on atmospheric aerosols provide evidence that
our model responses to fire-emitted aerosols are reasonable. Measurements over
the Indian Ocean during 1998 and 1999 as part of the INDian Ocean EXperiment
(INDOEX) show that aerosol atmospheric heating reduced subtropical cumulus cloud
coverage by 25 and 40% (Ackerman et al., 2000). Similarly, Koren et al. (2004) showed
that cloud cover in the Amazon decreased 50% in response to AODs of approximately
0.6 during August—September. In comparison, here we found a 7.5% decrease in con-
vective clouds in response to elevated AODs for our study region fwere prescribed for
either of 0.4. This is consistent with results from Cook and Highwood (2003) who
used an intermediate general-circulation model to show that decreased convective
cloud cover decreases in response to increases in static stability caused by absorb-
ing aerosols.
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Our results demonstrate a plausible positive feedback loop between fire and climate
in equatorial Asia. Satellite observations linked drought, fires and elevated AODs dur-
ing moderate El Nino events (Fig. 2). Elevated AODs, in turn, reduced both regional
precipitation and soil moisture in simulations with CAM. The average precipitation de-
crease for Sumatra and Borneo was approximately 10% during the dry season, with
even larger reductions over source regions (Fig. 4). Multiple mechanisms probably
contributed to the precipitation reduction, including increased atmospheric stability from
absorbing aerosols in the mid troposphere and decreased surface temperatures. Thus,
regional climate responses to fire-emitted aerosols increased drought stress in terres-
trial ecosystems, and would make it easier for farmers to use fire as a tool in converting
forests and peatlands to agriculture. The time scale for these interactions was over a
period of months during the dry season with very little carry over observed during the
following wet season (January—May) (Fig. 3).

An interesting question raised by this analysis is whether fire-emitted aerosols in-
fluence El Nino dynamics over a period of years to decades. A unique aspect of the
fire-aerosol forcing in this region is that it is phase locked with EI Nino-Southern Os-
cillation dynamics through the sensitivity of fire emissions to drought (e.g. Fig. 1). It
is also a relatively recent forcing, strengthening over only a period of several decades
as a consequence of migration and agricultural development in Indonesia (Field et
al., 2009). Memory of aerosol effects in the climate system over a period of years
may occur through altered patterns of ocean heat storage—thus requiring the use of
a fully coupled ocean-atmosphere general circulation model to study these interac-
tions. Past work has considered how ENSO may respond to regional aerosols, but
primarily from the perspective of a stationary forcing associated with fossil and bio-
fuel aerosol emission sources from South Asia. Emissions from South Asia, although
larger in magnitude, probably do not have the same sensitivity to regional drought.
Chung and Ramanathan (2002), for example, find that long-term tropospheric warm-
ing from the South Asian brown cloud increases precipitation over the North Indian
Ocean by modifying the north-south temperature gradient in the Indian Ocean. The
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resulting northward shift of the ITCZ subsequently suppressed precipitation in equa-
torial Asia. Chung et al. (2002) provide evidence that convection suppression over
equatorial Asia may influence ENSO dynamics. They propose that convection sup-
pression in the western Pacific leads to weaker trade winds throughout the equatorial
Pacific. This allows for a deepening of the thermocline in the east and a transition to El
Nino-like conditions.

The absence of an interactive cloud microphysical response to aerosols in CAM3
introduces several limitations to our analysis. Several studies show a reduction in pre-
cipitation in response to aerosol indirect effects (Rosenfeld, 1999, 2000; Khain et al.,
2001) . This is especially true in clouds dominated by warm-rain processes (Rosenfeld
et al., 2006, 2008). These mechanisms might potentially enhance the positive feedback
loop between fire and drought described above. Lin et al. (2006) and Rosenfeld et al.
(2008) provide evidence, however, that for deep convection aerosol indirect effects may
instead invigorate updrafts and therefore increase precipitation.

5 Conclusions

We used a combination of satellite observations and modeling to study interactions be-
tween fires, aerosols, and climate in equatorial Asia. Analysis of satellite observations
showed that aerosol optical depths in the region were highly variable from year-to-year
and were driven by deforestation fires during periods of El Nino-induced drought. Sim-
ulations with a climate model showed, in turn, that fire-emitted aerosols can suppress
convection and precipitation by increasing atmospheric stability and decreasing surface
temperatures. Together, the observations and model simulations provide evidence for
a possible feedback loop in which anthropogenic fire emissions during El Nino events
intensify drought over source regions.

Important next steps include assessing the sensitivity of convection and precipitation
in the region to aerosol indirect effects and devising innovative ways to use remote
sensing observations to test more aspects of the positive feedback loop described
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above. An intriguing future direction is to study whether aerosol forcing by these fires
can alter ENSO dynamics on decadal timescales.
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Table 1. Fire aerosol effects on climate in equatorial Asia®
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High-fire simulation Low-fire simulation  Difference (high—low) % change
BC and OC emissions ° (sum; Tg month™") 3.0 0.2 2.8
BC and OC aerosol optical depth (AOD) 0.4 0.0 0.4
All-sky net surf. SW flux (Spe; W m ~2) 173.3 192.4 -19.1 -10
Sea surface temperature (SST; °C) 281 28.6 -0.5
Land surface temperature (LST; °C) 25.3 258 -0.4
Divergence (x 10°®s7™") 2.9 -3.2 0.2 6
Precipitation (PPT) (mmd™") 7.9 8.8 -0.9 -10
Evapotranspiration (ET) (mm d'1) 4.1 4.7 -0.6 -13
PPT-ET (mmd™") 3.8 41 -0.4 -10
All-sky net trop. SW heating (Fsy; Wm™2) 100.0 79.4 20.5 26
All-sky net atm. SW heating (W m’2) 119.4 96.2 23.2 24
Net trop. condensational heating (F; wm) 212.2 237.2 -25.1 -11
All-sky net trop. LW heating (Fyy; Wm™2) -145.5 -145.3 -0.2 -0.1
SFgw + Fup + Fy Wm™) 166.7 171.3 _46 -3
Net atm. SW forcing (aerosols)® (W m‘z) 24.4 11 23.3
All-sky TOA SW aerosol forcing (W m~2) 2.8 -0.4 3.2
Tropospheric g (specific humidity; gkg™) 5.8 5.8 no change no change
Surface g (gkg™") 18.1 18.4 -0.3 2
Convective Cloud Fraction at 700 mb (%) 19.7 20.2 -1 -7

2 Reported values are the means from CAM simulations over the region spanned by 90° E-120° E and 5° S-5° N for August—October.

® We used fire emissions from the Global Fire Emissions Database, version 2 (GFEDv2) (van der Werf et al., 2006).

¢ The calculated all-sky atmospheric SW heating from aerosol direct absorption only.
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Fig. 1. Satellite-derived observations of precipitation, fire emissions and aerosol optical depth for equatorial Asia
(90° E=120°, 5° S—5° N) during 1997—2006. (a) Monthly mean precipitation totals from GPCP (mm day™") for the entire
region (solid line) and for southern Borneo from TRMM (south of 1° S; dashed line). (b) Precipitation anomalies (mm
day'1 )—similar to (a) but with the annual mean cycle of monthly precipitation removed from both the GPCP and TRMM

time series. (¢) The sum of BC and OC aerosols from GFEDv2 (Tg month‘1). (d) Aerosol optical depth is from both
MISR (solid line) and MODIS (dashed line).
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Fig. 2. Causal links between drought and aerosol optical depth in equatorial Asia during 2000-2006. (a) The
relationship between GPCP precipitation anomalies and GFED fire emissions in equatorial Asia (90° E-120°, 5° S—
5° N) for the three-month fire season (August—October) during 2000-2006. (b) Same as (a) but for GFEDv2 emissions
and either MISR (x) or MODIS (o) AOD anomalies. (c) Same as (b) but for GPCP precipitation and either MISR (x) and
MODIS (o) AOD anomalies. Drought triggers increases in fire emissions that in turn increases aerosol loading in the
atmosphere as observed by MISR and MODIS.
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Fig. 3. Climate forcing and response from the two CAM3 simulations described in the text. Each plot shows the
annual mean cycle of the difference between the high fire simulation and low fire simulation over the study area
(90° E-120°, 5° S—5° N). (a) The GFEDV2 fire emissions used to force the model in units of Tg month™". (b) Aerosol
optical depths simulated by CAM3 in response to these emissions (unitless). (¢) Net all-sky shortwave radiation at the
surface, for the troposphere, and at the top of the atmosphere (TOA) from the model in units of W m~2. (d) Sea surface
temperatures (solid line) and land surface temperatures (dashed line) in units of °C. (e) Precipitation (solid line) and
evapotranspiration (dashed line) in units of mm d'. Gray error bars denote 95% confidence limits.
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Fig. 4. Aerosol optical depths from satellite and model simulations during high and low fire
years. (a) August—October mean AOD from MISR for moderate El Nino years (the mean of
2002, 2004, and 2006), (b) MODIS AOD for same period, (¢) CAM-simulated AOD for the
high fire simulation (forced with 1997 emissions), (d) The difference in August—October MISR
AOD between moderate EI Nino (2002, 2004, 2006) and La Nina (2000, 2001, 2005) years, (e)
MODIS AOD differences for the same two periods, (f) CAM-simulated AOD for the difference
between the high fire and low fire simulations.
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Fig. 5. (a) August—October simulated surface temperature anomalies (°C), (b) surface di-
vergence (s'1), wind speed (m s‘1) and wind direction anomalies, (¢) modeled precipitation
(mm d‘1) anomalies, and (d) precipitation minus evapotranspiration anomalies (mm d‘1). All
plots are the mean difference between the high and low fire simulations averaged during
August—October. Positive surface divergence anomalies (5b) are indicated by red and yellow
shading, and are associated with decreased convection.
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Fig. 6. Fire-induced anomalies in the (a) shortwave warming rate (°C day'1 ), (b) condensational warming rate (°C
day"1), (c) longwave warming rate (°C day"1), and (d) the sum of shortwave, condensational and longwave compo-

nents (sum of panels a—c above; units of °C day"). The plots show the mean model response for the 90° E-120°,
5° S-5° N region for an annual cycle beginning in June and ending in May.
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Fig. 7. Simulated fire-induced anomalies in (a) vertical velocity anomalies (mb s'1), (b) to-
tal cloud cover (%) and (c) convective cloud cover (%). Positive vertical velocity anomalies

Height (km)

Height (km)

Height (km)

represent downdrafts. Analysis region is the same as in Fig. 6.
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