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Abstract. Emissions of biomass-burning aerosols from the ENSO-related SST anomalies are taken into account. For the
Indonesian region are known to vary in response to rainfallfirst indirect effect, the influence of SST-induced changes
anomalies associated with the EIffdi Southern Oscillation in rainfall and circulation exceeds that of changes in emis-
(ENSO). For the severe El Ro-related drought in 1997, sions. For the direct aerosol forcing, the influence of changes
there have been several attempts to estimate the direct radig SSTs and emissions are of comparable magnitude. Aver-
tive forcing from increased aerosol emissions over Indone-aged over the Indonesian region (5\6-11.2 S, 96.6 E—
sia, as well as the associated feedbacks on climate. Howevet50.9 E), the first indirect forcing is-0.7 Wn12 in CLIM
these estimates have not considered indirect aerosol effectand—2.2 W2 in AMIP during the months July to Novem-
Another question that has not been addressed is whether theer. The direct aerosol forcing at the top of the atmo-
effect of ENSO-related circulation and rainfall anomalies onsphere (surface) is-1.0 (—5.3)Wn12 in CLIM and —1.8
radiative forcing is significant relative to the effect of changes(—9.1) Wn12 in AMIP during the same period.
in emissions. In this study, we analyse the direct and firstin- Our results suggest that (a) the indirect aerosol effect from
direct radiative forcing from El Nio-related increased emis- biomass-burning aerosols is strong enough to play an im-
sions of Indonesian biomass-burning aerosols, with and withportant role for impact assessments, and (b) that impacts of
out the influence of ENSO-related rainfall and circulation biomass-burning aerosols would be considerably underesti-
anomalies. mated if feedbacks of ENSO-related SST variations on ra-
We compare two experiments that are performed with thediative forcing are not taken into account.
CSIRO-Mk3.6 atmospheric global climate model (GCM).
The first experiment (AMIP) consists of a pair of runs that re-
spectively represent El No and La Nfia conditions. In these
runs, the distribution of aerosols is simulated under the influ-1  Introduction
ence of realistic Indonesian biomass-burning aerosol emis-
sions and sea surface temperatures (SSTs) for 1997 &) Ni  In the Indonesian region, high fire activity occurs in response
and 2000 (La Nia). The second experiment (CLIM) is iden- to negative precipitation anomalies. These usually occur dur-
tical to AMIP, but is forced by climatological SSTs, so that ing the El Nilo phase of the El Nio Southern Oscillation
in CLIM meteorological differences between 1997 and 2000(ENSO). During the La Nia phase, fire activity is suppressed
are suppressed. due to increased rainfall. Several studies have shown that en-
The comparison of AMIP and CLIM shows that the hanced emissions of biomass burning (BB) aerosols during
aerosol radiative forcing anomalies associated with ENSCEI Nifio exert substantial effects on regional radiative forcing
(El Nifio minus La Niia) are substantially stronger when (Duncan et al.2003 Davison et al. 2004 Rajeev et al.
2008.
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ENSO has a large influence on the climate of the Indone- Beside the cloud-albedo effect, which is also referred to
sian region. These quasi-periodic variations of sea surfacas the first indirect effect, there is a second indirect effect;
temperature (SST) in the equatorial Pacific change regionathe decreasing radius of cloud droplets tends to lower the
atmospheric dynamics. During El i events, warm SST precipitation efficiency Albrecht 1989. Langmann(2007)
anomalies prevail in the central Pacific, while SSTs aroundandGraf et al.(2009 showed that smoke released during the
Indonesia are cooler than normal. During LdiBlithe situa- 1997 Indonesian fires caused a temporal and spatial redis-
tion is reversed, with cool SST anomalies in the central Patribution of rainfall, so that rainfall appeared suppressed in
cific and warm SST anomalies around Indonesia. This causesome regions while increased in others. In areas with sup-
a shift of the Walker circulation, so that the Indonesian re-pressed rainfall, remaining moisture led to the development
gion experiences increased rainfall in Lafidliconditions  of higher convective clouds. This is in agreement with other
and decreased precipitation rates during EidNévents. The studies demonstrating a possible change in cloud thickness
ENSO-related reduction in rainfall can cause severe droughtdue to aerosol pollutionRincus and Bakerl994 Wood
in the Indonesian region during Indonesia’s dry seastan( 2007. The second indirect effect is highly uncertain in the
don 2003 Wooster et a].2012). global mean, even regarding its sigh,ofimann and Fe-

Drier conditions in Indonesia are welcome for farmers ichter, 2005 and is not well resolved in global climate mod-
and landowners with respect to land clearing. Fires are als (GCMs). This may be worse in highly convective regions
common tool for land clearing in this region and are often with a complex geographical structure such as the Indonesian
deliberately set in the dry seasoNlrdiyarso and Adin- archipelago feale and Slingo2003 Menon and Rotstayn
ingsih 2007). During extended droughts the high risk of a 2006.
fire spreading increases and fires sometimes end up raging Several authors have estimated the direct radiative forc-
for several months. In such cases, large amounts of traceng due to aerosols associated with the 1997 Indonesian
gases and aerosols are emitted. In 1997, for example, onkres. These studies included model calculatioBDsvison
of the strongest El Niio events of the past century occurred. et al, 2004 Duncan et al.2003 Tosca et al.2010 and
This caused severe droughts in the Indonesian region, whickatellite-based approacheBofgorny et a).2003 Rajeev
considerably promoted fire activity. A strong Indian Ocean et al, 2008. Indirect aerosol effects, however, have not been
Dipole coincided with the 1997 El Rb, which might have  considered.
also contributed to the very dry conditions in Indone§aj{( Duncan et al(2003 used a tropospheric chemistry and
etal, 1999 Webster et a).1999. As aresult, intense fires oc- transport model to estimate the impacts of trace gas and
curred predominantly in the main islands of Indonesia, suchaerosol emissions on tropospheric chemistry. Their study
as Sumatra and Borne®(ncan et al.2003 Liew et al, showed that for the months September to November fire-
1998, leading to exceptionally high aerosol loads in the In- emitted aerosols in 1997 significantly perturbed the tropi-
donesian regionLvine, 1999 Parameswaran et aR004 cal radiative budget. Over the burning regions, the top of at-
van der Werf et a).2010. Page et al(2002), for instance, mosphere (TOA) forcing was about10 Wn12 and close
estimated that during the 1997 Elfidi event between 0.8 to zero in most other regions as organic and black carbon
and 2.6 Pg of carbon was released from fires in Indonesiamxerted forcings of opposite sign. The radiative impact was
peatlands. Van der Wer2010 gave an estimate of 1.1 PgC much stronger at the surface; over large areas of the Indian
for equatorial Asia during the same event. Due to the anomaOcean they estimated radiative forcing of abedid W2
lous easterly winds associated with Effdj a large aerosol and values as low as150 Wn1 2 over the burning regions.
plume formed over the tropical Indian Oce®atameswaran Their results also suggested that the reduction of insolation
etal, 2009. was partly responsible for a 20 %-decrease in the concentra-

Aerosols influence the regional radiation budget directlytion of the hydroxyl radical over much of the Indian Ocean,
through scattering and absorption of short-wave (SW) radi-an oxidant involved in the formation of sulphate aerosols.
ation, and indirectly through their ability to change cloud Another calculation of the direct radiative forcing associ-
properties by acting as cloud condensation nucRa-( ated with the 1997 Indonesian fires was performed®hyi-
manathan2001). Assuming that the liquid water content in son et al.(2004. They simulated the distribution of fire-

a cloud remains unchanged and that water tends to distributemitted aerosols during the months August to November
equally over the number of cloud droplets, an increase in1997 using a GCM, not allowing for aerosol-feedbacks on
the number of cloud droplets would result in smaller dropletthe atmosphere. They found that the monthly-mean TOA ra-
radii. This increases cloud albedo and more solar radiatiordiative forcing reached its maximum in September with val-
is reflected back to spac@omey, 1974. Increased cloud ues of —46 Wn12 in grid-boxes close to the emission re-
albedo also results in a reduction of available solar radia-gions. The TOA radiative forcing over the surrounding ocean
tion at the surface. Aerosol impacts on radiation can triggemwas typically betweer-10 and—25 Wni 2. At the surface
changes in circulation and rainfall patterfigofstayn et a.  they found a maximum monthly mean reduction of insolation
2007). in September of about 200 WA in some grid boxes, while
otherwise their results were close to but somewhat larger than

Atmos. Chem. Phys., 12, 113984416 2012 www.atmos-chem-phys.net/12/11395/2012/



A. Chrastansky and L. D. Rotstayn: Effect of ENSO on radiative forcing from biomass-burning aerosols 11397

the radiative forcing estimates frobuncan et al(2003. In et al, 2010 may be underestimated. Similarly, it is com-
two additional experimenf@avison et al(2004) showed that mon practice to calculate radiative forcing in GCMs using
hydration of the smoke particles and feedbacks of aerosols onlimatological SSTsl(ohmann et al.201Q Taylor et al,

the climate increased the simulated radiative forcing magni-2012. To our knowledge, however, there has been no attempt
tudes by 50 % and 19 %, respectively. to analyse the extent to which radiative forcing is changed

Tosca et al(2010 used a slightly different approach for by ENSO-related SST (and hence rainfall and circulation)
assessing the radiative and climatic effects of aerosols ass@nomalies.
ciated with the 1997 fires. Using an atmospheric GCM cou- In the present study, we quantify the impact of ENSO-
pled to a slab ocean model, they simulated the spread of theelated SST anomalies on the magnitude and spatial extent
fire emissions in 1997 and compared the results to a BaNi of the radiative impact of Indonesian BB aerosols, addressing
year (2000) with low fire activity. Based on the difference not only the direct but also (for the first time) the first indirect
between the high and low fire simulation, they showed thataerosol effect. We do not attempt to quantify the second indi-
incoming SW radiation over a region encompassing Sumarect effect because, as discussed above, this would be highly
tra and Borneo was reduced by around 19 Wrat the sur-  speculative. In contrast to regional studies analysing Indone-
face during the months August to October, with a largest re-sian BB events from an air-quality perspectivée{l et al,
gional average occurring in Septembe26 Wm~2). Simul- 2007 Keywood et al. 2003, our study focuses on radiative
taneously, absorbing components led to atmospheric heatinfprcing over a larger domain, and uses an atmospheric GCM
of 21 Wni 2. They showed in their simulations that the radia- for this purpose. We performed two experiments in which ra-
tive effects of aerosols cooled surface temperatures by abowtiative perturbations caused by Indonesian BB aerosols are
0.4 to 0.5°C. SST cooling in combination with atmospheric determined with and without the influence of ENSO-related
heating reduced precipitation by 6t90.6 mmd1, which meteorological changes forced by SST anomalies. This is
suggests a positive feedback loop between BB aerosols andone for the direct and the first indirect effect individually.
drought stress in Indonesia. The authors noted that large scale do not attempt to simulate feedbacks of BB aerosols on
ENSO-related changes were not represented in the boundaugirculation; this would require further experiments in which
conditions, which were all climatological except for the fire- the atmospheric GCM is coupled to an ocean motdies¢a
induced aerosol emissions. etal, 2010.

Observational evidence for a radiative impact of Indone- The current study demonstrates that both the direct and
sian biomass burning aerosols was providedPRmdgorny first indirect radiative effect are substantially enhanced when
et al. (2003. Using satellite-derived observations of aerosol the impacts of ENSO-related SSTs on climatic conditions
optical depths and measurements of single scattering albedare taken into account. This highlights the need to con-
in combination with a radiation model, they concluded that sider changes in meteorological conditions for realistically
during September to November the radiation absorbed by thestimating radiative forcing and associated climatic impacts
Indian Ocean was reduced by 30 to 60 Winwhile radia-  from intense biomass burning in ENSO-influenced regions.
tive forcing at the TOA was between 5 and 15 WArun-
der cloudy skies. This suggested atmospheric heating in the
lower troposphere with heating rates of 0.6 to 1 Kdhy 2 Method

A similar approach was used WBajeev et al(2008. In
their study they established a link between cool SST anomaTwo experiments were performed using the CSIRO Mark
lies in the eastern Equatorial Indian Ocean and a reduction ir8.6 (Mk3.6) atmospheric global climate model (GCM). The
SW radiation over a vast region over the Indian Ocean. Theynodel is described in Se@.1 Details of the experimental
found that during September to October SW radiation wasdesign are in Sec®.2
reduced by more than 46 WA, which led to an observed
reduction in SSTs by 1 to 2. The authors suggested that 2.1 Model description
there was a positive feedback of aerosol-induced cooling on
the intensity of the prevailing Indian Ocean Dipole. The Mk3.6 GCM has a horizontal resolution of 1:AL.9°

Another potential positive feedback involves the effects (spectral T63) and 18 vertical levels in the atmosphere. It is
of ENSO-related precipitation and circulation anomalies ondeveloped from the Mk3.5 model, which was described in
BB aerosolsHeil et al. (2007 demonstrated in an air qual- detail byGordon et al(2010. The main differences between
ity study that reduced wet scavenging and increased westMk3.5 and Mk3.6 are an interactive aerosol treatment and
ward aerosol transport substantially increased the intensityan updated radiation scheme in the latter versRotgtayn
and spatial scale of aerosol pollution from the 1997 fires.et al, 2012. Here we summarise the aerosol-related aspects
In principle, larger aerosol burdens are expected to intensifyof the model.
radiative forcing. Hence, estimates of aerosol feedbacks in The aerosol scheme of Mk3.6 includes eleven prognos-
which aerosol-induced perturbations of SSTs are calculatedic variables, namely the mass mixing ratios of dimethyl
against a background of climatological conditiorigca  sulphide (DMS), sulphur dioxide (S sulphate (S@),
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hydrophobic and hydrophilic forms of black carbon (BC) on the updraft mass flux and compensating subsidence from
and organic carbon (OC), as well as four size bins of min-the convection schem&¢egory and Rowntred 990).
eral dust (radii ranging from 0.1-1, 1-2, 2-3 and 3-6 um). Aerosols are removed from the atmosphere by wet and
Sea salt (film-drop and jet-drop) is diagnosed as a functiordry deposition. In-cloud and below-cloud wet-scavenging
of the 10 m-wind speed above the ocean surf&2®¢@wd of aerosols are linked to precipitation processes in the
et al, 1997 but is not treated prognostically. Information stratiform-cloud microphysical schemeRdtstayn 1997
about the aerosol size distributions and hygroscopic growttRotstayn and Lohmanr2002 and the convection scheme
can be found irRotstayn et al(2007) (their Table 2). (Gregory and Rowntred990). Dry deposition processes are
Global emissions of anthropogenic and BB aerosols andased orohmann et al(1999 for SO, SO and carbona-
their precursors (i.e. carbonaceous aerosols an)l @@ pre-  ceous aerosols. For dust, dry deposition and gravitational set-
scribed and taken from the Coupled Model Intercomparisortling follows the formulation ofGinoux et al.(2001). Gravi-
Project Phase 5 (CMIP5Lé&marque et al2010. BB emis-  tational settling of carbonaceous aerosols and sulphate is ig-
sions from the Indonesian region (5/8-11.2 S, 96.6 E— nored.
150.9 E) are taken from the Global Fire Emission Database The radiation scheme treats direct and indirect aerosol ra-
version 3 (GFED3)\an der Werf et a).2010. Note that diative effects and includes SW effects from all aerosols as
yields of secondary organic aerosols due to gas-to-particlevell as long wave effects of dust and volcanic aeroRat{
conversion are not included in GFED3 emission estimatesstayn et al.2007, 201J). Volcanic aerosols were set to zero
For our experiments we used monthly-mean values of aerosdbr the purpose of this study. The first indirect aerosol effect
emissions; thus, the model does not resolve variability due tas included in the cloud scheme of Mk3.6. Based on the hum-
emission changes on shorter time scales. Depending on theer concentration of hydrophilic aerosols (A i #), i.e. sul-
climatic zone, BB emissions are injected into model layersfate, sea salt and hydrophilic carbonaceous aerosol, the cloud
following the emission height distributions Dentener et al.  droplet number concentration of liquid-water cloudg; (in
(2008. In the tropics, for instance, 20 % of the BB emissions m~3) is determined as followslones et a).1994:
are emitted in the lowest model layer to an altitude of 100 m,
and the remaining 80 % are evenly distributed in higher lev-Ng = max{375x 10° (1 - e*2~5X1°79A) , Ndmin}, (1)
els up to 1000 m.
The treatment of sulphur chemistry is based on that inynere N, = 10x 10°m~3. Further details can be found in
ECHAM4 (Feichter et al. 1996 with some modifications Rotstaynmgt al(2012.
as inRotstayn and Lohman(R0032. It treats oxidation of The cloud effective radiuske in m) is dependent on N

sulphate precursors using prescribed, monthly-mean valuegng the cloud liquid water content (L in kgT®) (Rotstayn
of hydroxyl radical (OH'), ozone (Q), hydrogen perox-  anq jy 2003:

ide (H.O2) and nitrate radical (NQ) representative for the
modern-day climate (sdeichter et al(1996 and references 3L 1
herein). DMS and S@are both oxidized by reaction with Re= ,3( )
OH~ during the day (not at night); a diurnally averaged con-

centration of OH is applieq dur.ing the dgylight hours. This \yhere p; is the density of liquid water ang the spectral
approach leads to some simplifications in the sulphur cyclesnape factor. The parametrizationfollows an empirical
(€.g. ignoring the depletion of#Dy); however, for this study  re|ationship fromLiu et al. (2008, accounting for variations
uncertainties in the carbonaceous aerosol treatment are likely, | 5nq Ny (8 = 0.07x (L/Ng)~°14) (Rotstayn et a)2009.

to be more important. For carbonaceous aerosols (BC and \ye suppressed the second indirect aerosol effect by setting
0CQC), t.he decay from their hydrophobw forms into their hy- Ng to a constant value (100 10°m~3) in the rain-formation
drophilic forms follows the simple approach 6boke etal. — parameterization in the stratiform cloud scherRetstayn
(1999, assuming an e-folding decay-time of one day for the 5,14 Liy 2005. The convection schem&(egory and Rown-

conversion. Particles containing black and organic carbon argeq 1990 only includes very simple microphysics, and con-
assumed to exist as an internal mixture. All others are asygctive rain formation is unaffected by aerosols.

sumed to form externally mixed aerosols.

Prognostic aerosol species are transported by advectiop.2 Experimental design
and sub-grid turbulent and convective mixing. Vertical ad-
vection is handled using a flux-corrected transport scheméVe performed two pairs of runs, each pair consisting of an
(Van Leer 1977, and horizontal advection follows a semi- El Nifio and a La Nia simulation. In order to isolate radia-
Lagrangian schemeMcGregor 1993. Parametrization of tive impacts of Indonesian BB aerosols, state-of-the-art es-
vertical turbulent mixing is based on theouis (1979 timates of BB emissions (based on GFED3) are used in the
stability-dependent mixing scheme. An additional non-localIndonesian region (5°8N-11.2 S, 96.6 E-150.9 E). In the
counter-gradient fluxHoltslag and Boville 1993 is added  El Nifio simulations BB emissions from the Indonesian re-
when convective conditions occur. Vertical transport is basedjion are set to the year 1997 and for the La&lsimulations

2
47 o Ng @
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Table 1. Key characteristics of the eXperimentS CLIM and AMIP. GFED3 emission anomaly (Jul—Nov)
a) Sulphur Dioxide (S0,)

Experiment

Indonesian BB EmissionT Global SST fields -

El Nifio La Nifna ElINifio La Niia \E
S * {(? _ g
CLIM ‘ 1997 2000 ‘ climatological o Dgg:Q
AMIP 1997 2000 1997 2000 .
~ =4 0
% e o2 .

b) Organic Carbon (0OC)
0

°
1

108

to the year 2000. For all other aerosol emissions (including ., |
BB emissions from regions other than Indonesia) both runs
use year-2000 emissions from CMIP5. The BB emission es- °- A
timate from CMIPS5 for the year 2000 is representative for the
decade 1997 to 2006 and deliberately does not try to resolve™
events such as El Ro (Lamarque et a]2010.

For the first pair of runs (hereafter “CLIM") climatolog-
ical SSTs are used. Hence, SST forcing is identical in the ¢©) Black Carbon (BC)
El Nifio and La Nila runs of CLIM. For the second pair of
runs (hereafter “AMIP”) we use realistic SSTs for the year .
1997 in the EI Nilo simulation and SSTs for the year 2000 in
the La Niia simulation. The SST fields for the AMIP runs are =1
taken from the Atmospheric Model Intercomparison Project
(Hurrell et al, 2008.

A short summary of the most important characteristics of [ T Ol [, 2 month
CLIM and AMIP is provided in Tabld. e Renem e g e

In each experiment, we refer to the difference between theFig. 1. Average July to November emission anomaly (1997 minus
El Nifio and the La Nia simulation as the forcing anomaly. 2000) of(a) sulphur dioxide (S®), (b) organic carbon (OC) an(@)
In CLIM the meteorology is identical in all of the EIl Nip and black carbon (BC) from the GFED3 database. Units are in gram of
La Nifia simulations, so forcing anomalies are solely a resulthe substance perhper month. The area plotted is referred to in the
of ENSO-related variations in Indonesian BB emissions. Int€xt as the Indonesian region (3/8-11.2'S, 96.6 E-150.9 E).
AMIP, the meteorology in the El Mo simulations differs
from that in the La Nia simulations due to the SST forc-
ing. Hence, in AMIP aerosol burdens are affected by ENSO_corresppnd tq the years .1997.t0 2006. We _carried out five
related circulation and rainfall anomalies as well as changeé'\/IIP simulations, each initialised from a different atmo-

in emissions. Note that we used an approach that ensures t ghenc state in 1987, so the results presented for 1997 and

meteorology is unaffected by radiative effects of aerosols, s .000 each represent five-member ensemble averages. The
that in CLIM the El Niio and La Niia simulations evolve Simulated period in AMIP was extended to 2006 so that the

o . ; ; . - del behaviour could be compared with satellite retrievals
with identical circulations; see appendix for details. mo : )
PP using averaged values over the EflNievents in 2002, 2004

Double calls to the SW radiation scheme were used to cal- . .
culate the direct and first indirect effects as instantaneouémd 2006 and the La Ra events in 2000, 2001 and 2005, re-

forcings Lohmann et al. 2010. Each simulation was re- spectiv_ely. Values based ?n the’extended (post-2000) AMIP
peated with a slightly different treatment of the double call runs will be referred 1o as "AMIF.
to the SW radiation scheme, to enable calculation of the di-
rect and_ indirect effects individually; details are given in the 3 Results and Discussion
appendix.

For the CLIM simulation we ran the model for 11yr, in- 3.1 Aerosol emissions and burdens
cluding a model spin-up time of one year. Except for the BB
emissions from the Indonesian region, EfNiand La Nfia ~ The amounts of the precursor gas ;Sénd carbonaceous
runs were initialised with identical conditions. For the anal- aerosols (OC and BC) that were emitted from Indonesian
ysis we averaged over the ten years after the spin-up phaséres in the El Nilo year 1997 and the La R& year 2000
For AMIP, we chose a longer spin-up time of 10yr (1987- differ substantially. While during the first half of the year
1996) to let soil moisture adjust to initial conditions, and usedemissions were similar in 1997 and 2000, emissions were
CMIP5 anthropogenic and BB aerosol emissidrengarque  much larger in 1997 during the months July to Novem-
etal, 2010 from the year 2000 globally. From 1997 onwards ber. Table2 summarizes annual and July—November aver-
the Indonesian aerosol emissions as well as global SST fieldages of SQ, OC and BC emissions from the El N and
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a) CLIM SO, b) AMIP SO,
1 1

~

T T T T
60E 90E 120E 150E 180 B0E 90E 120E 160E 180

20N - 20N
o 0

20S < F =208

1 2 4 8

20N — - 20N -

20 | °l =os

180

-24 —-12 -6 -3 -15 15 3

20N —+ - 20N o

20S -

180

Fig. 2. July to November average of the sulphate gp®@rganic carbon (OC) and black carbon (BC) burden anomalies il Miinus La
Nifio) from the CLIM (left column) and the AMIP (right column) experiment.

La Nifia simulation, averaged over the regior’\N6-11.2 S, Table 2. Average annual and July - November emissions 0$,SO

96.6° E-150.9 E. (This region is plotted in Fidl, and here-  OC and BC (in Tg per month) from the Indonesian region {56

after we refer to it as the Indonesian region.) In terms of11.2’S, 96.6 E-150.9 E) for the El Nio (1997) and La Nia

mass, OC emissions are much larger than those of&@@  (2000) simulation of CLIM and AMIP.

BC.
Note that in these emissions many uncertainties are in- EINifio  LaNia

volved due to difficulties in estimating burned are@sgio annual

et al, 2010, emission factorsAndreae and Merlet2001)

or fuel combustion\an der Werf et a).2010. As stated by

van der Werf et al(2010, the assessment of uncertainties

is difficult due to the lack of sufficient ground truth data; a

SO 1.42 0.03
ocC 8.97 0.19
BC 1.13 0.02

brief summary of (best-guess) uncertainties can be found in July-November

their Table 6. Another source of uncertainty is the omission SO, 135 002
of secondary organic aerosols, which is likely to contribute ocC 852 011
to an underestimate of aerosol emissions. BC 107 001

Spatially averaged emission anomalies (ER®Niminus
La Nifia) for the months July through to November are shown
in Fig. 1. These are the months in which the GFEDv3 emis-
sion estimates suggest the largest anomalies. According to The difference of the July to November average of the
Fig. 1, the main contributing regions are southern Suma-SQOs, OC and BC burdens between the ElfiNiand the
tra, southern Borneo (Kalimantan) and to a lesser extent théa Nifia simulation is shown in Fig2, from CLIM (left
south-western region of New Guinea. column) and AMIP (right column). In tune with the emis-

sions, in both experiments aerosol loads are largest close to

Atmos. Chem. Phys., 12, 113984416 2012 www.atmos-chem-phys.net/12/11395/2012/
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Average rainfall (Jul—Nov)

a) AMIP (El Nifio) d) AMIP (EI Nifio minus La Nifia)

20N +

60E 90E 120E 150E 180 60E 90E 120E 150E 180
b) GPCP (El Nifio) e) GPCP (El Nifio minus La Nifia)
X 1 f 1 " 1

B

60 90E 120E 150E 180
f) d minus €
1

20N 20N —+

208 208

(.

60E 90E
c) a minus b

T T T
60E 90E 120E 150E 180

mm day™!

Fig. 3. Average July to November rainfall in the EIf\N year 1997 from (a) the AMIP experiment, (b) GPCP dataset and (c) the difference,
as well as the SST-induced rainfall anomaly (1997 minus 2000) averaged over the months July to November from the sanfeé-datasets

the major burning regions over south Sumatra and Kaliman-3.2 SST-induced differences in the atmospheric
tan, with a second but much smaller peak over the south- circulation
western region of New Guinea. West of Sumatra over the
eastern equatorial Indian Ocean aerosol burdens are substaim-both of our experiments, anomalies in aerosol distribution
tially raised. However, Fig2 indicates that, despite identical inthe atmosphere are initiated by an Efilirelated increase
emissions in CLIM and AMIP, aerosol loads in AMIP are of BB aerosols from the Indonesian region. The amount of
generally larger and reach further out into the Indian Oceanaerosols remaining in the atmosphere, however, is influenced
This becomes particularly obvious when comparing the pannot only by emission strengths, but also by the efficiency of
elsillustrating the sulphate burdens (panels a and b). While iraerosol removal (i.e. dry or wet deposition) and transport.
CLIM, anomalously high amounts of sulphate remain closeComparing the AMIP and CLIM experiments, the main dif-
to the dominating source regions of Sumatra and Borneo, irferences are caused by differing rainfall and atmospheric cir-
AMIP sulphate levels are raised over a region stretching fromculation patterns induced by SST variations.
60° E to 170 E. Carbonaceous aerosol burdens (OC and BC)
are also enhanced, but not as strongly. The stronger enhancg:2.1 Rainfall patterns
ment of sulphate in AMIP occurs because it is scavenged by
rainfall more efficiently than OC and BC; see discussion inDue to identical (climatological) SSTs in the CLIM exper-
Sect.3.7. iment, the atmospheric circulation and rainfall remain un-
In AMIP, additional regions appear with altered aerosol changed in the El Nio and La Niia simulation. Hence, in
burdens, which seem not necessarily related to Indonesiathe CLIM experiment the pattern of aerosol removal due
biomass burning; this is explained in sect®2 to rainfall as well as the strength and direction of aerosol
transport is the same in both years. This is, however, not
the case in the AMIP experiment. Figudd shows the av-
erage rainfall anomaly (El Mo minus La Niia) of AMIP
for the period July to November. Rainfall rates are substan-
tially reduced not only in the Indonesian region. In the region
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from 5° N and 10 S and 60 E and 165 E, rainfall is gener-  Table 3. Average July—November rainfall (in mm per day) in the In-
ally reduced by more than 6 mm day Hence, in contrast donesian region (5%N-11.2 S, 96.6 E-150.9 E) in 1997, 2000

to CLIM, regions with h|gher BB emissions coincided with and the difference between both years (1997 minus 2000) from the
anomalously dry conditions in the AMIP experiment. There- AMIP and the CLIM simulations as well as from the observational
fore, besides a larger amount of aerosols emitted into the agdatasets GPCP and CMAP.

mosphere, aerosol removal is less efficient, so that the life-
time of aerosols is increased during EFdi

1997 2000 1997 minus 2000

The impact of SSTs on rainfall is also visible outside In- AMIP  3.62 7.47 —3.85
donesia. Over parts of India, the Bay of Bengal and the CLIM 615 6.15 0.00
South China Sea, for instance, a positive rainfall anomaly GPCP 354  6.76 —3.23

CMAP 290 6.64 —-3.74

appears in the AMIP experiment. Increased wet-scavenging
of aerosols results in reduced aerosol burdens (see right col-
umn panels of Fig2) although by design of our exper- ,
. .. . . The difference between AMIP and CMAP
iments the emissions from these regions are equal in the average rainfall anomaly (Jul-Nov)
El Nifio and La Niia simulations. Similarly, there are pos- T v A y——14
itive aerosol anomalies due to small negative rainfall anoma-2on
lies over China (an area with large aerosol emissions) and |
over the climatologically dry Arabian peninsula. Note that
the scale used for Figdd does not clearly show the small
rainfall anomalies over China and the Arabian peninsula. 1
It is known that atmospheric GCMs generally have prob- zos -
lems in simulating rainfall over highly-convective regions. 1= .
Models often tend to be over-sensitive to SSTs, which can 60 90 120K 150K 180
result in an overestimatiorK{toh and Arakawa1999 Wu
et al, 2006 Martin and SchumachgP012) or underestima-
tion (Neale and Slingo2003 of rainfall. The problems are  Fig. 4. Same as Fig3f, but using rainfall observations from CMAP
likely to be more evident when considering the fine spatialinstead of GPCP.
detail over a region such as the Indonesian archipelago, or
the diurnal cycle leale and Slinga2003 Yang and Slingp
2001, Collier and Bowman2004). were also present in the Philippines, Cambodia, Laos and
We compared the AMIP rainfall to rainfall of correspond- Vietnam. In AMIP there is an anomaly of opposite sign, how-
ing years (1997 and 2000) from the Global Precipitation Cli- ever, as those regions lie outside our study area this does not
matology Project (GPCPRAgIler et al, 2003 Huffman et al, affect the results of this study.
2009. In the La Nfa simulation of AMIP (not shown), the To check these results, we repeated the comparison us-
equatorial region (5S to 3 N and 50 E to 180 E) appears ing observations from the Climate Prediction Center Merged
on average about 2 mm daytoo wet, which means that in  Analysis of Precipitation (CMAPXie and Arkin 1997).
the La Niia simulation of AMIP the already low aerosol bur- Comparing Fig4 with Fig. 3f, it is seen that broad pattern
dens get removed very quickly. Conversely, India, Thailandof the model bias is similar, with a rainfall anomaly that is
and the Philippines (from°5N to 20° N, and 70 E to 140 E) too strongly concentrated in a narrow band along the equa-
are on average about 2.9 mm dayoo dry. The EINfio sim-  tor. However, this feature appears less severe when data from
ulation of AMIP (Fig.3, left column) is closer to the GPCP CMAP are used, and the model’s excessive negative rainfall
estimates than the La R simulation. Over the Indonesian anomaly over Sumatra and Borneo is reduced in magnitude.
region too wet patches alternate with too dry patches, so it Average July to November rainfall over the Indonesian re-
is expected that the area-averaged rainfall during BoN$ gion is summarised in Tabl@ for the model and observa-
modelled reasonably well. tions. It is seen that the rainfall anomaly (third column) in
Comparing the anomaly (EI Ro minus La Niia) of rain-  AMIP is somewhat overestimated with respect to GPCP, but
fall from AMIP and GPCP (Fig3, right column), it is seen agrees well with CMAP. Careful inspection of Fig.and4
that in both datasets the dominating negative rainfall anomalyshows that relatively good agreement between the modelled
is located west of Sumatra in the equatorial Indian Oceanand observed area-averaged rainfall anomaly occurs partly
The anomaly, however, appears stronger in AMIP. While thedue to cancellation of errors of opposite sign in different parts
GPCP data suggests that in this region the difference betweenf the Indonesian region. In particular, a positive bias over
the El Niio and La Nia year lies between6 and—12mm  the ocean north of New Guinea partly offsets the negative
day! during the specified months, the rainfall anomaly ex- bias over Sumatra and Borneo.
ceeds—12mm day? in the AMIP experiment. The GPCP Although it is difficult to be precise, these points suggest
rainfall anomaly indicates that anomalously dry conditionsthat the rainfall biases in the model contribute to a modest

m day~!
10 6 -3 -1 1 3 6
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Wind fields at 850hPa (Jul—Nov)
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Fig. 5. (a) The mean July to November 850 hPa wind fields that apply for both thefifl &lid La Nfia cases of the CLIM experiment, and
(b) the wind anomaly (El Nio minus La Niia) from the AMIP experiment averaged over the same months.

overestimate of the AOD and radiative forcing anomalies. Since the La Nia simulation in AMIP has similar winds to
The overly strong rainfall anomaly in AMIP occurs mainly CLIM, wind fields in the El Nfio simulations show distinct
over the strong emission source regions of Sumatra and Bomifferences in AMIP and CLIM. In regions west of 128,
neo, implying an overestimate of the ENSO-induced changesasterly winds were much stronger in AMIP, so that in CLIM
in wet scavenging of aerosols. However, the bias occurserosols are likely to be much less efficiently transported
mainly in the La Niia simulation, when aerosol emissions away from the burning regions.

are low (Table2), and this will reduce the effect of the rain- A very similar conclusion was drawn byeil et al.(2007)

fall bias. Rainfall during the high-emission phase (Efibli  who compared analysed wind fields during an ENSO-neutral
is simulated much better. More generally, the ENSO-relatedyear (1996) and the El Rb year 1997 in an air-quality study.
rainfall anomaly is too strongly concentrated in a narrow Although our CLIM simulation exhibits a weaker southerly
band along the equator, and this will affect the simulatedwind component, the general features of the 1996 wind fields
spatial pattern of the radiative forcing anomalies. Note, how-(see their Fig. 5) correspond to our climatological simula-
ever, that the lack of secondary organic aerosols in theion. The wind patterns during the dry season in 1997 resem-
GFEDS3 emission estimates contributes to an underestimatioble the EI Nfio simulation of AMIP (not shown), and are
of AODs (see Sect3.3); this exerts an impact on AOD and also in agreement with the October reanalysed wind field in
radiative forcing anomalies of opposite sign (see S&&. 1997 shown byarameswaran et §2004). Heil et al.(2007)

and3.8for more details). stated that the more pronounced (south-)easterly winds asso-
. ciated with El Nio contributed to the increased spatial ex-
3.2.2  Wind patterns pansion of the smoke haze layer in 1997, while under ENSO-

. . neutral conditions the aerosol layer is confined much more to
Figure 5a shows the mean July to November 850 hPa windy,e source regions. This is in agreement with our findings.

fields that apply for both the El Rb and La Niia simula-
tion of CLIM. In the entire Indonesian region easterly winds )
prevail with stronger winds south of the equator. CLIM wind 3.3 Aerosol optical depths
fields are similar to the La Na situation in AMIP; the lat- _
ter indicates slightly weaker winds over the equatorial IndianThe anomaly of the clear-sky aerosol optical depths (AODs)
Ocean and somewhat stronger winds east of New Guinea (ndtveraged for the period July to November are presented in
shown). Fig. 6. As a result of differing aerosol distributions, the AODs
Figure5b shows the 850 hPa wind anomaly (EIfdimi- in CLIM and AMIP vary markedly. As in CLIM, the source
nus La Nfia) from the AMIP simulation, averaged over the Of the BB aerosols is clearly visible, showing positive anoma-
months July to November. There are mainly two regionslies over the main burning regions and in the eastern Indian
in which wind changes affecting the Indonesian region be-Ocean. In AMIP, however, the AOD anomaly is substantially
come apparent. In the El fd simulation, stronger easterly larger and stretches further to the west into the Indian Ocean.
winds form west of about 12(E so that air masses from the As a result, during El Nio AODs are raised from 6@
main islands Sumatra and Borneo are directed away fronthrough to about 15CE. Enhanced AODs are also visible
Indonesia into the Indian Ocean. East of 1E0the wind south of the Arabian Peninsula and the Northern Arabian
anomaly indicates westerly winds, resulting from weaker Sea, which are not a result of Indonesian BB. Rather, dust
easterly winds during El Nio through a weakening of the particles that are advected from the African continent as well
Walker Circulation. Here, the aerosol transport would be re-as rainfall-related higher SQoads in 1997 lead to increases
duced. in the AODs (see Sect8.1and3.2).
We compared CLIM and AMIP clear-sky AODs at 550 nm
with satellite-derived AODs from the sensors MODIS

www.atmos-chem-phys.net/12/11395/2012/ Atmos. Chem. Phys., 12, 1139816 2012



11404 A. Chrastansky and L. D. Rotstayn: Effect of ENSO on radiative forcing from biomass-burning aerosols

Anomaly of aerosol clear—sky optical depth Several factors are likely to contribute to an underestima-
at 550nm (Jul-Nov) tion of modelled AODs. One major point is that the forma-
T S R tion of aerosols due to gas-to-particle formation is not taken
' into account for the emission estimates of GFED. Secondary
organic aerosols (SOAs) can contribute substantially to the
amount of regional aerosol loadsrieshop et al(2009 and
linuma et al.(2010, for instance, stated that SOAs may in-
crease aerosol burdens by a factor of 1.5 to 2.8. In addition,
van der Werf et al(2010 stated that the emission estimates
are likely to be too low due to uncertainties in burned area
estimates. It is possible to use inverse modelling combined
with satellite-retrieved AODs to estimate emissiodbdng
et al, 2005, although this would be beyond the scope of our
- study.
Another factor that may influence AODs is the tendency of
our model to overestimate rainfall in the equatorial region. As
previously discussed in Se812.], this is more pronounced

> s for the La Niia simulations.
208 ﬁ .. /7\/\ « The tendency of our model to underestimate AODs is as-

sociated with an underestimate of scattering and absorption

a) CLIM
n 1

20N

208

60 90E 120 150 180 of solar radiation so that the diagnosed magnitude of aerosol
[ [ \ [ s direct radiative forcing is likely to be too low. The same
-tz -06 0.3 ~0.15-005 005 0.15 03 06 L& does not necessarily follow for the indirect aerosol effect as

Fig. 6. Anomaly (El Niio minus La Niia) of aerosol clear-sky op- thiS strongly depends on the model parametrization for cloud
tical depth at 550 nm from th@) CLIM and the(b) AMIP experi-  droplet number concentration.

ment averaged for the period July to November.
3.4 Anomalies in the direct aerosol forcing

(Moderate Resolution Imaging Spectroradiometef)ng The direct radiative forcing anomaly for the Indonesian re-
et al, 2003 Remer et al. 200§ and MISR (Multi-angle gion, defined as the difference between 1997 and 2000 con-
Imaging SpectroRadiometeilien et al.2008 Kahn et al, ditions, is shown on a monthly basis in F&.In both ex-
2005. Due to a lack of data for the year 1997, we use re-periments, substantial radiation anomalies are present in the
trievals from the El Niio years 2002, 2004 and 2006 and the months July through to November. Despite the fact that the
La Nifia years 2000, 2001 and 2005. This implies that ab-injected aerosol emissions are identical in CLIM and AMIP,
solute agreement cannot be expected for 1997. For this reahe radiative impact of increased BB aerosols is larger in the
son, we also include monthly mean AODs based on the samaMIP experiment.
El Nifio (2002, 2004, 2006) and La i\ (2000, 2001, 2005) In AMIP, the strongest difference between the ERbi
years as for the satellite data from the extended AMIP runand La Nfia simulation occurs in September: at the surface
and refer to this as "AMIP". anomalies amount te- 15 Wn1 2 while at the same time the
Monthly averaged AODs from CLIM, AMIP and AMIP  top of atmosphere (TOA) radiation is reduced by 3Wm
as well as from MODIS and MISR are presented in Fig. In CLIM, the magnitude of the direct forcing anomaly peaks
The Figure indicates that AODs in the Lafdi and the in October with about-9 Wm~?2 at the surface and around
first half of the El Nfio simulation seem to be systemati- —2Wm~2 at the TOA. During the entire burning period,
cally underestimated by about 0.05 to 0.1 in all model runsCLIM direct forcing anomalies remain weaker than the
(CLIM, AMIP and AMIP*). During the drier months of the anomalies in AMIP. The larger difference between the ra-
El Nifio simulation, both CLIM and AMIP AODs lie within  diative forcing at the surface and the TOA in the AMIP ex-
the range of the satellite retrievals, but AMIRODs remain  periment indicates that stronger atmospheric heating due to
smaller than those from MODIS and MISR throughout the aerosol absorption also takes place in the AMIP experiment.
drier months of El Nfio. Note that the 1997 El Ro event Figure9 shows the CLIM (panel a) and AMIP (panel b) di-
was a much stronger event than those for which satellite rerect forcing anomaly at the surface, averaged over the months
trievals are available. Hence, it is likely that AODs suggestedJuly to November. Panel ¢ of Fi§.illustrates the difference
by MODIS and MISR in Fig7a are a rather low estimate for between panel b and panel a (AMIP minus CLIM).
1997. These results indicate a general tendency within our While the largest radiative perturbations occur close to the
simulations to underestimate AODs in the Indonesian regionsource regions, El Nio-related aerosol emissions spread out
and reduce surface radiation in much of the Indian Ocean
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Fig. 7. Aerosol optical depths (AODs) at 550 nm of CLIM (grey), AMIP (black, solid line) and AM(Black, dashed line) representing
average (a) El Nio and (b) La Niio conditions over the Indonesian region (G\-11.2 S, 96.6 E-150.9 E) in comparison with MODIS
(blue triangle) and MISR (green circle) measurements. AODs from the CLIM and AMIP experiment simulate the year-19@7aaid\he
year-2000 La Nia. The satellite retrievals MODIS and MISR are from the Hid\lyears 2002, 2004 and 2006 and the Lad\years 2000,
2001 and 2005, respectively. AMtRepresents monthly mean AODs based on the same years as the satellite data.
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and parts in the western equatorial Pacific. In both exper- .
iments, perturbations are strongest west of Sumatra in the

eastern equatorial Indian Ocean. In the AMIP simulation,
however, the radiative impact is substantially enhanced both
in strength and spatial extent (Fi§c). In the eastern Indian 205 1
Ocean, for instance, the area in which surface radiation is re-
duced by more than 10 Wm extends further to the west and
south. In a large area the magnitude of the forcing anomaly =60 -3 -10 -5 -1 1 5 10 30 &0
is at least 10 Wm? stronger. AMIP also shows amplified di- Fig. 9. Average July—November direct forcing anomaly (EFiNi

rect forcing anomalies east of the main burning regions intop,in,s | a Niia) from (a) the CLIM and(b) AMIP experiment and

the equatorial Pacific. (c) the difference between AMIP and CLIM.
Although AMIP direct forcing anomalies are generally

stronger, Fig.9c indicates that close to the main source

60E 90E 120E 150E 180
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Fig. 10. Average July—November direct (left column) and indirect (right column) forcing anomaly €l Minus La Niia) from the CLIM
(top) and AMIP (middle) experiment and the difference between AMIP and CLIM (bottom).

regions (i.e. southern Sumatra and Kalimantan), there ara background of climatological conditions, but for a slightly
small areas where the direct forcing anomaly is strongersmaller region (5N-5° S, 90 E-120 E). Tosca et alfound
in CLIM. This is most likely caused by a weaker horizon- that during August to October SW radiation at the surface
tal transport from the main emission regions in CLIM (see was reduced by about 19 Wiy, and nearly zero at the TOA
Sect.3.2.2. (see their Fig. 3). For the same region and time period, the
The direct forcing anomaly at the TOA (left column of direct forcing anomaly from the CLIM experiment was simi-
Fig. 10) is generally weaker, but shows a very similar patternlar, both at the surface and TOA 17 Wni 2 and—3 Wm 2,
to the surface forcing anomaly displayed in F&y.This is respectively). Note that when the influence of ENSO is con-
true for both CLIM and AMIP. The areas with strongest forc- sidered in AMIP, radiative forcing in the same region be-
ing anomalies (exceeding8 Wm~2) occur over the main comes significantly enhanced 80 W2 at the surface and
emission regions. Over much of the Indian Ocean a weaker-5Wm~2 at TOA). Tosca et alnoted that their model sub-
anomaly (1 Wm~2 to —2 Wm~2) occurs. An area of simi-  stantially underestimated fire-induced changes in AOD, and
lar strength is also present in the eastern equatorial Pacific ithus the likely magnitude of climatic feedbacks. Our results
the AMIP experiment, which does not appear in CLIM. As suggest that this was partly because they used a background
a result of increased low cloudiness south of Sumatra in theof climatological conditions, which did not attempt to cap-
El Nifio simulation of AMIP, BC absorption becomes appar- ture ENSO-related changes in large-scale circulation.
ent in a short tongue with a positive forcing anomaly of up  We also performed a comparison using other studies that
to 2Wm 2. The increase of low cloudiness is caused by alooked into the direct radiative effect from the 1997 fires.
more stable boundary layer over anomalously cool SST, asNote that for this purpose we used actual numbers of the
sociated with the strong positive Indian Ocean Dipole eventEl Nifio simulation instead of the forcing anomaBuncan
that occurred in 1997. et al. (2003 showed October-average direct radiative forc-
An experiment comparable to CLIM for the direct forc- ing estimates for the surface derived from an atmospheric
ing anomaly can be found ifiosca et al(2010. They give  chemistry model, considering carbonaceous aerosols only.
estimates from the same years (1997 minus 2000) based dAowever, they utilized a rather coarse scale for presenting
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Fig. 11. Indirect forcing anomaly (El Nio minus La Niia) for the ~ droplet number concentratiovg in cm~3, solid lines) and sul-
Indonesian region (5°0N-11.2 S, 96.6 E-150.9 E) at the top of ~ phate burdens (S£n mg m~2, dashed lines) within the Indonesian
atmosphere (dashed) and the surface (solid) from the CLIM (greyyegion (5.6 N-11.2’ S, 96.6 E-150.9 E) of the CLIM (grey) and
and AMIP (black) experiment. the AMIP (black) experiment.

. e ) i . down to—2.7 Wn1 2 in September and October. This again
their results, so it is difficult to be precise. Comparison with gives a stronger radiative forcing than in CLIM.

their Figure 20 suggests that CLIM and AMIP give roughly = 1 right column of Fig10 shows the TOA indirect forc-
comparable estimates to theirs, both in extent and in magnil-ng anomaly of CLIM, AMIP and the difference of AMIP and
tude. A better comparison can be achieved Wejeev etal. |\ (panels d-f, respectively). Note that the indirect forc-
(2008, who presented direct forcing estimates derived froming anomaly at the surface looks very similar (not shown).
satellite retrievals (their Fig. 1). Their results suggest that thqn both CLIM and AMIP, the areas with the largest indi-
spatial extent of the radiative perturbations is captured muchg . forcing anomalies are located over and close to the main
better in the AMIP simulation than in CLIM. Although the g igsion regions. The perturbations in AMIP are throughout
magnitude is lower in both of our experiments (possibly for stronger than in CLIM, reaching4 to —8 Wm~2 and —2

the reasons stated in Se8t3), estimates from AMIP seem 4 Wm2, respectively. Although of comparable strength

more realistic than from CLIM. and spatial scale, the pattern of the indirect radiative pertur-
o o _ bations differs slightly from the direct forcing anomaly pre-
3.5 Anomalies in the indirect aerosol forcing sented in Fig10. Areas in which the amplification of the

forcing is evident stretch in a rather narrow band from the
The impact of increased aerosol loads during BidNcan  Indian Ocean across the Indonesian region towards the west-
also be seen for the indirect forcing. Figuté shows the  ern Pacific (see FigLOf). Unlike the direct forcing anomaly
anomalies of indirect forcing within the Indonesian region (panel c), in which stronger forcing is mostly apparent west
that are caused by aerosol-induced cloud-albedo changes. lsf 11¢° E, the differences in the indirect forcing are of almost
both experiments, the magnitude of the forcing anomaliesequal strength throughout the entire region.
at the surface and the TOA are of similar strength. Similar  The pattern of the indirect forcing anomaly resembles the
to the direct forcing, the impact of increased aerosol bur-rainfall anomaly in the corresponding period (Fagl), indi-
dens on indirect forcing is amplified in AMIP, but with a cating a strong influence of the rainfall on the indirect forcing
less dramatic effect on the surface radiation budget over Inanomaly. This will be discussed in more detail in the follow-
donesia. In CLIM, altered cloud properties cause a radiaing sections. As previously mentioned, the rainfall anomaly
tion reduction, mostly evident between June to Novemberin the model is too strongly concentrated in a narrow band
The strongest forcing<1 Wm~=2) occurs in September. In along the equator, and this is likely reflected in the spatial
AMIP, the indirect forcing anomalies are present throughoutpattern of the indirect forcing anomaly seen in Figt.
the year. In tune with a positive rainfall anomaly of about
0.5mm day?! during the months February and March (not 3.6 Aerosol-induced cloud property changes
shown), AMIP indirect forcing anomalies are slightly pos- o . .
itive during this period. In the remaining months, indirect The indirect forcing results from aerosol-induced cloud prop-

forcing anomaly is negative, with a steep decrease from Julg'ty changes. This is discussed in this subsection.
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40 e b b e 1) CLIM (grey) and AMIP (black) experiments. The data points
1 o AMIP [ are highly correlated, both in CLIM-E —0.99) and AMIP
] CLIM | (r=—0.98). In CLIM, the rather minor increase in cloud
50 L droplets results in a similarly small decrease in the size of
the cloud droplets with a maximum decrease of 0.6 um. As
i the response in the number of cloud droplets is larger in
g 0.0 ] LNy i AMIP, the size decrease of cloud droplets is likewise more
o ‘% I pronounced. As a consequence of a larger number of smaller
/& K . cloud droplets in AMIP, the cloud albedo increases so that
.\?’. I more solar radiation is reflected back to space than in CLIM
ey T (see Sect3.5).
Based on estimates from CERES (Clouds and Earth’s Ra-
] . diant Energy System)Minnis et al, 2011, Wielicki et al,
40 T T T 1996 and MODIS King et al, 2003, we performed a com-
-80 -40 0 40 80 120 160 parison withRe estimates suggested by our model results.
Ng (em™) Both datasets are based on (daytime) Terra-MODIS satel-
lite retrievals but are processed differently. As in the AOD
comparison above, we used available data covering the years
96.6 P-150.9 E) as a function of the monthly anomaly of the 2002, 2004 and 2006 "’,md 2000 (F~ebruary to, December),
cloud droplet number concentratioN{ in cm_3) for each ensem- 2001 and 2005 for EI_I‘ﬁlo a_nd Lq Nia, respectively, and
ble member of the CLIM (grey) and AMIP (black) experiment. ~ completed the analysis by including from the extended
AMIP run (AMIP*), representing an average over the same
El Niflo and La Niha years as for the satellite data.
3.6.1 Cloud droplet numbers Average July—-NovembeR, for the Indonesian region are
presented in Tablé for all datasets. Generally, modell&d

The cloud droplet number concentratiaNgj is dependent ~are smaller than measured cloud droplet sizes from MODIS
on the concentration of hydrophilic aerosols, as they are asand CERES, whil&e estimated from MODIS are larger than
sumed to act as cloud condensation nuclei (BgMonthly ~ from CERES. A likely explanation for the smaller values of
Ng anomalies for the CLIM (dashed) and AMIP (solid) ex- Re inthe model is that drizzle and raindrops are not included
periments are shown in Fid.2 together with correspond- in the calculation ofRe (or radiative transfer) in the model.
ing SQ; burdens as a surrogate for hydrophilic aerosols inln common with many other GCMs, the cloud scheme in
the Indonesian region. In CLIM, th¥q anomaly mainly re-  Mk3.6 uses the “autoconversion” approach, which represents
flects the raised biomass-burning emissions from fires durthe conversion of cloud droplets to precipitating drops, and
ing EI Nifio. The number of cloud droplets increases slightly the latter are assumed to rapidly fall out of the atmosphere.
in June and reaches its highest anomaly in September an contrast, the MODIS retrievals do include the effects of
October with about 40 droplets per nin AMIP, the Ny drizzle droplets (e.g.Suzuki et al, 2010, and these will
anomaly shows different behaviour, with a rapid increase afiend to increase the retrieved droplet sizes in CERES and
ter June. During August and September, Mganomaly in ~ MODIS. The general disagreement betweRg estimates
AMIP exceeds 100 droplets per ém from CERES and MODIS has been discussed previously by
The much stronger increase ofy after June in AMIP Minnis et al.(2011). They concluded that the use of differ-
can be attributed to the dependence of the number of clou@nt channels, i.e. 2.1 um in MODIS and 3.8 um in CERES,
droplets on the concentration of hydrophilic aerosols @g. caused a detection of larger cloud droplets in MODIS, as
Sulphate and the hydrophilic forms of BC and OC are effi- the vertical sampling of cloud droplets went deeper into the
ciently scavenged by rainfalRptstayn and Lohman2002,  cloud using smaller wavelength®latnick 2000. Minnis
the latter ones to a slightly lesser degree. In the HioNi et al.(2011) also pointed out that the largest discrepancies
simulation of AMIP, the Indonesian region experiences abetween MODIS and CERES were present over tropical ma-
sharp decrease of rainfall between June (6.4mM@nd  rine areas, which includes the broader Indonesian region.
July (3.4 mm d1). A negative rainfall anomaly from July on- Note that, as stated Byinnis et al.(2011), these results sug-
wards in 1997 exerts a strong positive feedback on the numgest that smaller droplets are generally located at the cloud

—2.0 1

Fig. 13.Monthly anomaly (EI Niito minus La Niia) of the cloud ef-
fective radius Re in um) for the Indonesian region (5.681-11.2 S,

ber of cloud droplets. top, which differs from the typical adiabatic profile of non-
precipitating clouds, but more research is needed to deter-
3.6.2 Cloud droplet sizes mine if the effect is real.

The average anomaly ake during the months July to
Figure 13 shows the monthly anomaly in cloud droplet ef- November is much larger in AMIP than seen in the other
fective radii (Re) as a function of thevyq anomaly from the  datasets (rightmost column in Tab#. In contrast, the
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Table 4. Average July—-November cloud droplet effective radiRs ( by CERES and MODIS throughout the drier period July to
in um) in the Indonesian region region (38-11.2 S, 96.6 E-  November and exhibits a largest decrease of 1.9 um. How-
150.9 E) from CERES and MODIS (satellite retrievals are grey ever, theRe anomalies from AMIP, which are based on
shaded) and the model experiments CLIM, AMIP and AMIP jgentical time periods as CERES and MODIS, agree fairly
for EI Nifio and La Nina conditions as well as the corresponding yq|| with the satellite observations. Keeping in mind that the
Re anomaly (El Niio minus La Nna). For CERES, MODIS and 1997 event was extraordinarily strong, the behaviouref

AMIP* EI Nifio represents the average of the years 2002, 2004 anchan es and conseauently chanaes in the first indirect forc-
2006, and La Nia of 2000, 2001 and 2005. CLIM and AMIP rep- 9 quently ges| Irst indi

resent the EI Nio of 1997 and the La R of 2000. ing given by our model seem to be reasonable.
EINifio LaNiia anomaly 3.7 Quantifying the influence of rainfall
CEREE . e Visual comparison of Fig3d with Fig. 10c and f suggests
MODIS 16.3 17.0 —-0.7 . L .
CLIM 101 106 04 that changes responsible for the indirect forcing anomaly are
AMIP 93 109 _16 spatially more strongly dependent on variations in rainfall
AMIP* 100 108 _07 patterns than seen for the direct forcing. To verify this, we

calculated pattern correlations based on the difference be-
tween the AMIP and CLIM anomalies (AMIP anomaly mi-
nus CLIM anomaly) for the period July to November, within
——AMIP the region as shown in Fi@. Note that rainfall represents
the AMIP rainfall anomaly only as rainfall rates are identical
—MODIS in CLIM’s EI Nifio and La Niia simulations.
: The strong spatial relationship between rainfall anoma-
C lies and the enhancement of radiative forcing is reflected by
i the pattern correlations presented in TablePrecipitation
- is most strongly correlated withyy (r = —0.67); a slightly
weaker correlation is found for sulphate aerosoks £0.62),
which is most likely a result of the positive correlation be-
i tween rainfall and the liquid-water path £0.44; not in-
TP M AM I I ASOND cluded in Table5). Increasing rainfall tends to be associ-

ated with more liquid-water clouds, and in-cloud oxidation
Fig. 14. Comparison of the monthly cloud effective radiuBe) of SO is the main source of SOn the model Rotstayn and
anomaly (El Nfio minus La Niia) within the Indonesian region Lohmann 2002. The impact of precipitation on OC burdens
(5.6°N==11.2'S, 96.6 E-150.9 E) from the AMIP (black, solid), 5\ yeaker ¢ = 0.49) as it covers both its hydrophobic and
AM.'P* (black, dashed) and CLIM (grey) experiment with satellite hydrophilic forms. We expect, however, that the correlation
retrievals from MODIS (blue) and CERES (green). The anomaly of y . P . ) . pect, ! .

of rainfall with hydrophilic OC approximates the correlation

AMIP and CLIM are based on the El Rlh and La Nfia years 1997 . .
and 2000, respectively. The anomalies of the satellite retrievals a0 SQi (although we do not have data to verify this). Tak-

well as of AMIP* are based on the EI K years 2002, 2004 and INg sulphate aerosols as a surrogate for hydrophilic aerosols,
2006 and the La Nia years 2000, 2001 and 2005. the pattern correlations of SQwith Ny and Re (r=0.78

and —0.67, respectively) indicate that the spatial distribu-

tion of hydrophilic aerosols strongly influences the number
anomaly of AMIP is of the same magnitude as MODIS. The of cloud droplets and corresponding droplet sizes. OC is a
average change iRe in the CLIM experiment appears to be much weaker predictor (0.65 an€0.51, respectively). As
fairly small and comparable to CERES. Since the satelliteexpected, the correlation betwe#y and Re is strong with
retrievals and AMIP are based on weaker El i events, r=-0.69, and so is the correlation between precipitation and
the strong anomaly in AMIP is likely to be a result from high Re (r =—0.61).
emissions during the very strong Elfidi event in 1997 rather The rainfall pattern correlates weakly with the aerosol op-
than a bias in the model. Consequently, fag@nomaly inthe  tical depth ¢s50) (r =—0.28). The correlation is somewhat
CLIM experiment is likely to represent an underestimate.  stronger for the small particle aerosol optical depghas it

The temporal development of th& anomalies (EI Nio excludes dust and sea salt. As explained in Settthe lat-

minus La Nfa) is presented in Figl4. All of the above teris nottreated prognostically in the model but is diagnosed
datasets have a distinct negatiRg anomaly throughout the solely as a function of wind speed, so it is not expected to
dry period. In agreement with Table the maximumR, de- correlate with rainfall.
crease in CLIM (0.6 pm) is smaller than that from MODIS  The rather weak correlation of the rainfall anomaly with
(1.2 um), but larger than that from CERES (0.5 um). The re-AODs (rss0 andrsp) is probably caused by an increase of rel-
sponse inRe seen in AMIP exceeds anomalies suggestedative humidity associated with more cloud and higher rainfall

—
(=]

g
=
)

*

R, anomaly (um)
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Table 5. Pattern correlations describing the relationship between The experiments performed for this study are idealised,
SST-induced changes (AMIP anomaly minus CLIM anomaly) rep-in the sense that we concentrated on the direct and indirect
resentative for the period July to November and variables related tgadiative impact that appears instantaneously due to the pres-
the direct and indirect radiative forcing. Included variables are thegnce of aerosols. By design, feedbacks of the aerosol radia-
aerosol optical depthrésg) and small particle aerosol thical depth tive effects on the meteorology are not treated (see Set.
(tsp) at 550nm, burdens of sulphate (§Qand organic carbona- 4 ahhendix). This includes the influence on the atmo-

Is (OC), cloud droplet b trafy d S g : .
Ceou.s.ae.rosos( ), cloud droplet number concentraigh4n spheric circulation due to surface cooling and atmospheric
precipitation (Prec). heating

As SSTs used for the AMIP experiment are derived from

T T SO, OC N, R Prec . . .

| 750 7sp 4 d e observationsHurrell et al, 2008, possible cooling effects
550 | 1.0 088 077 0.76 047 -038 -0.28 on SSTs due to aerosol forcinfRdjeev et al. 2008 are
Tsp 10 077 090 059 -045 -0.37 in principle resolved by the AMIP simulations. Owing to
2(0:4 10 (i'z)g 8'6758 _8'21 _8'25 the experimental set-up, however, circulation changes due to

: ' b e atmospheric heating caused by BC aerosols were not con-

Ng 1.0 -0.69 -0.67 ) ) o~
Re 10 061 sidered. These could involve stabilisation of the atmosphere
Prec 1.0 (Fan et al. 2008 or locally increase vertical upward motion

(Ott et al, 2010 Koch and Del Genip2010.
The impact of aerosols on precipitation is also disregarded
in this study. There is evidence, however, that Indonesian

iomass-burning aerosols suppress precipitation to some de-
gree Graf et al, 2009 Langmann 2007). Thus a positive
feedback on the increase of aerosols can possibly be ex-
pected.

As in many GCMs, the treatment of aerosols has some
limitations. Carbonaceous aerosols are converted from their
" hydrophobic into a hydrophilic state via a fixed e-folding
time instead of responding to varying conditions. We also as-
sumed that the emissions of black and organic carbonaceous
aerosols are hydrophilic with a specified fraction rather than
being particle size-dependent. As noted in S2dt.we used
prescribed oxidants using a monthly-mean average represen-
Possibly the largest uncertainties in our study concern (1jative for the modern-day climate. The 1997 fires, however,
emissions of SOA in the GFED3 inventory, and (2) biasesimpacted OH and G levels, leading to changes of opposite
in the ENSO-related rainfall anomaly in the model. signs Puncan et a].2003. Hence, our simplified treatment

Secondary organic aerosols are not included in the GFE®f oxidants in the sulphur cycle may lead to biased sulphate
emission estimates; this is likely to contribute to the under-burdens.
estimate of AODs as seen in the comparison with observed Moreover, the response in cloud droplets and hence in the

rates. Increasing relative humidity tends to increase AOD
and counteracts the AOD reduction due to rainfall-induced
aerosol removal. Higher S&and OC burdens, however, cor-
relate strongly with aerosol optical deptis=(0.77 and 0.76
for ts50, and 0.77 and 0.90 farp).

In summary, the rainfall anomalies exert a strong effect on
indirect forcing via their influence on hydrophilic aerosols
which in turn affect M and R..The effect on direct forcing
is weaker, because increased rainfall is associated with in
creased relative humidity, which tends to increase AOD.

3.8 Uncertainties and limitations

AODs in El Nifio and La Niia conditions (Fig7). An un- indirect radiative forcing presented here are likely to be sen-
derestimate of AODs is likely to cause an underestimate ofitive to the particular scheme we used for the parametriza-
forcing anomalies. tion of cloud droplet number concentration. The cloud

An impact of opposite sign is expected to arise from the droplet number concentration in the stratiform-cloud scheme

ENSO-related rainfall anoma|y inthe AMIP experiment. The is determined as an empirical function of aerosol mass, which
rainfall anomaly is too strongly concentrated in a narrow neglects much of the subtle physics and chemistry involved
band along the equator. This probably contributes to a mod.n cloud droplet nucleatiorL@nce et al.2004.

est overestimate of the AOD and radiative forcing anomalies

in AMIP, as well as a bias in the spatial patterns (Se@.7). 3.9 Key findings

The bias occurs mainly in the La fa simulation, when

aerosol emissions are low, and this will tend to reduce the ef-The key new findings in our study relate to (1) inclusion of
fect of the rainfall bias. As discussed in S&&, anomalies  indirect effects in our estimates of the radiative forcing of In-
in the indirect aerosol effect in AMIP are strongly influenced donesian BB aerosols, and (2) demonstration that the effects

by rainfall anomalies, so the indirect effect will be more af- of ENSO-related meteorological changes are comparable to,

fected than the direct effect. or possibly larger than, the effects of changes in emissions.
Other uncertainties arise from the design of our model ex- Our results presented in the previous subsections showed
periments and model parameterisationsl that for both the direct and the indirect effects, radiative forc-

ing is enhanced when ENSO-related rainfall and circulation
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Table 6. Direct radiative forcing from the El Nio and La Niia in the Indonesian region is0.7 WnT 2 at the surface and

simulations of CLIM and AMIP averaged over the months July —0.6 Wn1T2 at TOA in CLIM, whilst in AMIP estimates

- November, as well as the direct and indirect radiative forcing gre respectively-2.2 Wnt2 and—2.0 Wn12 (see Tables).

anomaly. Direct and indirect forcing values (in \f)are presented  Thys, in our experiment the indirect forcing anomaly is ap-

for the surface (surf) and top of atmosphere (TOA) as regional av-,oximately tripled when the meteorological changes associ-

erage for the Indonesian region (Indon, (M6-11.2 S, 96.6 E— ated with ENSO are considered

150.9 E)) and a extended region referred to as the Extended In- our results suqgest that the ;:iifferent behaviour of direct

donesian region (Extindon, (12.8-11.2 S, 60 E-160 E)). - gg. . - . .
and indirect effects is likely to arise from the impact of rain-
fall anomalies on hydrophilic aerosols (see S8c1). While

surf TOA the strengthening of the direct forcing is directly linked to
Indon  Extindon! Indon  Extindon the amounts of the sum of hydrophilic and hydrophobic
. - aerosols, changes in the indirect forcing are solely dependent
| Direct Forcing on changes in the amount of hydrophilic aerosols. Hence, as
El Nifio | —9.3 —6.9 -32 —26 only hydrophilic aerosols are effectively removed from the
CLIM | LaNifha | —4.0 -3.6 -22 -2.0 atmosphere by rain, anomalies in rainfall are reflected more
anomaly | —5.3 -33 -1.0 —0.6 strongly in the indirect forcing.
EINifio | —13.0 -98 _39 33 Sections3.4 and 3.5 indicated that the ENSO-related
AMIP | LaNifa | —3.9 _35 21 19 impact on the direct and indirect forcing was not limited
anomaly | —9.1 6.3 _18 _14 to the source regions as aerosols got advected westwards

(Sect.3.2.2, spreading over much of the Indian Ocean. As
the rainfall anomalies were also a larger-scale phenomena
CLIM | anomaly | —0.7 -06 | —0.6 -05 (Sect.3.2.1), the stronger enhancement of the indirect forc-
ing (relative to the direct forcing) is also evident over a much
broader region (see Extindon in Taléle

\ Indirect Forcing

AMIP | anomaly | —2.2 -16 | —20 —1.4

anomalies are considered in simulating the distribution of

Indonesian BB aerosols. The characteristics and strength of  Summary and conclusions

the ENSO-related impact, however, are different for the di-

rect and indirect forcing. We elaborate on this using T&ble There have been several attempts to estimate the direct ra-

which summarizes the direct and indirect forcing anomaliesdiative impact of Indonesian BB aerosols during ERdli

(El Nifio minus La Niia) for the Indonesian region, averaged events. Some studies, however, considered and some disre-

over the high-emission months July to November. The tablegarded that aerosol transport and removal are changed during

also includes corresponding forcing values for an expandedENSO events due to altered atmospheric circulation patterns.

region covering much of the Indian Ocean (PIN211.2 S, It has been shown, however, that ENSO-related conditions

60° E-160 E), as well as the direct forcing estimates from considerably influence aerosol burdehtei| et al, 2007,

the El Nifio and La Niia simulations individually. Note that and hence possibly the radiative forcing from Indonesian BB

for the indirect forcing only the anomaly is physically mean- aerosols. The present study investigates the effect of meteo-

ingful (see the appendix); hence, indirect forcing estimatesrological changes driven by ENSO-related SST anomalies on

for the El Niflo and La Nfia simulations are not included in radiative forcing from Indonesian BB aerosols. We present

Table6. for the first time estimates for the first indirect aerosol effect,
For the direct forcing, the effects of SST perturbationsand find that at TOA it is of comparable magnitude to the

are comparable to the effects of emission changes, both atirect effect.

TOA and the surface. The difference between the direct ra- Two pairs of runs were performed using the CSIRO-Mk3.6

diative forcing anomalies in the Indonesian region from the GCM, each pair consisting of an EIf\d and a La Nia sim-

AMIP experiment £9Wm~2 at the surface and-2 Wm~—2 ulation. One experiment (CLIM) was driven by climatologi-

at TOA) and corresponding values from CLIM-5 Wm~—2 cal SSTs, so that SSTs and hence meteorological conditions

and —1Wm2, respectively) indicates an overall strength- were identical in the El Nio and La Niia simulations. The

ening of the radiative impact of 4 Wi at the surface and other pair of runs (AMIP) were forced by realistic SSTs that

1Wm~2 at TOA in AMIP (see Tabl&). Those values are of included SST variations associated with ENSO so that atmo-

similar magnitude as the radiative forcing anomalies result-spheric circulation patterns were different, corresponding to

ing from emission anomalies only (CLIM). El Nifio and La Niia conditions. In both CLIM and AMIP,
The impact of SSTs on the magnitude of the indirect radia-the difference between the El N and the La Nia simu-

tive forcing exceeds the impact from emission changes. Ination gives radiative forcing anomalies that depend on the

the months July to November the indirect forcing anomaly differing fire emission strengths of the years 1997 and 2000,
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respectively. Only in the case of AMIP, SST-induced meteo-is difficult, as due to different reference wavelengths differ-
rological changes are also considered. ent cloud levels are sampled in the retrievals. However, based
We found that the magnitude and extent of the radiativeon the comparison presented here, we conclude that our esti-
perturbations are substantially changed due to the impact afhates are reasonable.
ENSO-related SST anomalies, both for the direct and the As secondary organic aerosols associated with biomass
first indirect aerosol effect. For the first indirect effect, the burning are not considered in this study, our forcing anoma-
influence of SST-induced changes in rainfall and circulationlies are likely to be underestimated. This is in agreement with
exceeds that of changes in emissions. For the direct aerosshtellite-retrieved AODs from MISR and MODIS. On the
forcing, the influence of changes in SSTs and emissions arether hand, the ENSO-related rainfall anomaly in the AMIP
of comparable magnitude. experiment is too strong along the equator, and this is likely
Averaged over the Indonesian region (\6-11.2S, to contribute to a modest overestimate of the forcing anoma-
96.6° E-150.9 E) and for the months July to November, in lies in AMIP, especially for the indirect effect. These limita-
which BB emissions were strongest, we computed a directions should be borne in mind when interpreting our specific
forcing anomaly of-9 Wm~2 at the surface and2Wm=2  results.
at TOA in AMIP, while the estimated values in CLIM Subject to these caveats, we conclude that direct and
were smaller £5Wm~2 and—1 Wm~2, respectively). The indirect radiative perturbations from Indonesian BB emis-
maximum difference between both experiments occurred irsions would be considerably underestimated if feedbacks of
September, with a monthly average -8 Wm=2 in CLIM ENSO-related SST variations on radiative forcing are not
and —15Wni 2 in AMIP. Although somewhat smaller in taken into account. This might be of relevance for impact
magnitude, the amplification of the direct forcing anomaliesassessments, but also for the interpretation of other studies,
is noticeable within a much broader area. as the most common method for estimating radiative forcing
The stronger direct impact in AMIP is due to the coinci- is based on climatological SSTisdhmann et al.201Q Tay-
dence of intense BB emissions during Efliand an SST-  lor et al, 2012. For Indonesian BB aerosols, this would not
induced negative rainfall anomaly. Drier conditions favour give an accurate answer for the radiative forcing.
an increase of aerosol burdens in the atmosphere due to re- More broadly, it is intriguing that climatic feedbacks due
duced wet-scavenging, so that in the Indonesian region moré variability in Indonesian BB aerosols may depend as
aerosols accumulate. Simultaneously, a change in the windtrongly on the climatic state (rainfall and circulation) as on
patterns leads to more effective aerosol transport away fronthe emissions. For aerosols of this type, it is difficult to draw
the source regions into the Indian Ocean. Radiative perturbathe line between “forcing” and “feedback”. As discussed by
tions due to BB aerosols become amplified in both magni-Tosca et al(2010, it is interesting to consider whether In-
tude and extent, but due to the more effective aerosol transdonesian BB aerosols influence EIffdi dynamics on inter-
port the radiative forcing anomaly appears slightly weakenedannual or decadal time scales. This would require a fully
over some of the major emission regions. coupled ocean-atmosphere GCM linked to a prognostic fire
The indirect forcing anomaly showed a similar overall parameterization (e.gBechony and Shindel2009 Kloster
strengthening due to the impact of ENSO-related SST vari-et al, 2010. Our results suggest that accurate simulation of
ations. For the Indonesian region, the average (first) indi-ENSO-related changes in circulation and rainfall is one re-
rect forcing anomaly in the months July to November was quirement for complex modelling of this type to be success-
—0.7 Wnr 2 at the surface and0.6 WnT 2 at TOAin CLIM,  ful.
whilst in AMIP it was —2.2 W2 and—2.0 Wn1 2, respec-
tively. The indirect forcing anomaly was strongest at the TOA Appendix A
in September with-0.9 Wn1 2 in CLIM and —2.4 Wn1 2 in
AMIP. The response of cloud properties to altered meteoro-
logical conditions is different compared to the response ofThe following gives a detailed description of the design of the
the direct forcing, and is not directly linked to the gener- double calls for estimating the direct and the indirect effect
ally increased aerosol burdens and spatial distribution. Ouindividually as used for both experiments CLIM and AMIP.
results indicate a strong relationship between the pattern oNote that separate simulations were used for calculation of
rainfall changes and aerosol-induced changes of cloud propthe direct and indirect forcing. In both cases it is the second
erties. This can be attributed to the dependence of the numeall to the SW radiation scheme that affects the meteorology
ber of cloud droplets and droplet sizes on the concentratiorin the model.
of hydrophilic aerosols. As the latter are effectively washed In simulations for estimating the direct forcing, the indi-
out by rain, a decrease in rainfall has a positive feedback omect aerosol effect was switched off, and vice versa. For di-
the number of cloud droplets. This leads to smaller cloudagnosing the direct aerosol effect, both calls of the SW ra-
droplet sizes, which consequently results in a stronger indiation scheme used a fixed value of cloud droplet number
direct aerosol effect. We compared modelled cloud dropletconcentration (ly = 100x 10°m~3), to ensure that the indi-
radii with values from satellite retrievals. The interpretation rect aerosol effect was turned off. In the first call the radiation
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scheme “saw” the aerosols. In the second call (which affects in the ECHAM4 model, J. Geophys. Res., 104, 22137-22162,
the meteorology in the model), the direct effects of aerosols doi:10.1029/1999jd900187999.

were set to zero. This implies that the meteorology remainedPavison, P. S., Roberts, D. L., Arnold, R. T., and Colvile, R. N.:
unchanged by aerosol effects. As a result, the meteorology in Estimating the di.rect radiat.ive forcing due to haze from the
the CLIM experiment is identical for the El No and La Niia 1997 forest fires in Indonesia, J. Geophys. Res., 109, D10207,
runs. doi:10.1029/2003jd004262004.

In simulations used for calculation of the first indirect ef- Dentener, -, Kinne, S., Bond, T., Boucher, O., Cofala, J., Generoso,

. . S., Ginoux, P., Gong, S., Hoelzemann, J. J., Ito, A., Marelli, L.,

fect, direct aerospl effects were turne_d off by setting aerosols Penner, J. E., Putaud, J. P, Textor, C.. Schulz, M., van der Werf,

to zero for the direct aerosol effects in both calls to the SW g R and wilson, J.: Emissions of primary aerosol and precur-

scheme. The first call usedyNrom equationl and the sec- sor gases in the years 2000 and 1750 prescribed data-sets for Ae-

ond call used a fixed value @N= 100x 10°m~3). Hence, roCom, Atmos. Chem. Phys., 6, 4321-43d4di:10.5194/acp-6-

as for the direct aerosol effect, aerosols had no impact on 4321-20062006.

the meteorology, so that the meteorology is identical for theDuncan, B. N., Bey, I., Chin, M., Mickley, L. J., Fairlie, T. D.,

El Nifio and La Niia runs in the CLIM experiment. Martin, R. V., and Matsueda, H.: Indonesian wildfires of 1997:
Note that, for the indirect effect, the differences between Impact on tropospheric chemistry, J. Geophys. Res., 108, 4458,

the SW fluxes calculated from the first and second calls in_ d01:10.1029/2002d003192003. _

each run (sayAFige7 and AFagog) are not physically mean- &M 3 Zhang, R., Tao, W.—K., and Mohr, K. .: Effects of aerosol

. . ] . . . optical properties on deep convective clouds and radiative forc-

ingful, since the fixed value of jNin the second call is arbi-

. . ing, J. Geophys. Res., 113, D082@®j:10.1029/2007jd009257
trary. However, the difference of these between the HEloNi 2308_ Py ’ ) >

and La Nfa runs (\F1997-AF2000) represents the indirect pejchter, J., Kjellssm, E., Rodhe, H., Dentener, F., Lelieveldi,
forcing between 1997 and 2000, due to cancellation of the 3. and Roelofs, G.-J.: Simulation of the tropospheric sulfur cy-
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