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Abstract. The online-coupled Weather Research and Fore-hanced downdraft and shallower boundary layer lead to the
casting model with Chemistry (WRF-Chem) is used to sim- accumulation of smoke particles near the surface. Because
ulate the direct and semi-direct radiative impacts of smokeof monthly smoke radiative extinction, the amount of solar
particles over the Southeast Asian Maritime Continent (MC,input at the surface is reduced by as much as 60,m
10° S-10 N, 90-150 E) during October 2006 when a signif- which leads to a decrease in sensible heat, latent heat, 2m
icant El Nifio event caused the highest biomass burning activair temperature, and PBLH by a maximum of 20 Wi
ity since 1997. With the use of an OC (organic carbon)/BC20W 2, 1K, and 120m, respectively. During daytime,
(black carbon) ratio of 10 in the smoke emission inventory,the cloud changes over continents mostly occur over the is-
the baseline simulation shows that the clouds can reverse tHands of Sumatra and Borneo where the low-level cloud frac-
negative smoke forcing in cloud-free conditions to a posi-tion decreases more than 10%. However, the change of lo-
tive value. The net absorption of the atmosphere is largelycal wind, including sea breeze, induced by the smoke di-
enhanced when smoke resides above a cloud. This led to rect radiative effect leads to more convergence over the Kari-
warming effect at the top of the atmosphere (TOA) with a mata Strait and the south coastal area of Kalimantan during
domain and monthly average forcing value-o20 W m—2 both daytime and nighttime; consequently, the cloud fraction
over the islands of Borneo and Sumatra. Smoke-inducedhere is increased up to 20 %. The sensitivities with differ-
monthly average daytime heating (0.3 K) is largely confinedent OC/BC ratios show the importance of the smoke single-
above the low-level clouds, and results in a local convergencacattering albedo for the smoke semi-direct effects. Lastly,
over the smoke source region. This heating-induced convera conceptual model is used to summarize the responses of
gence transports more smoke particles above the planetamgiouds, smoke, temperature, and water vapor fields to the
boundary layer height (PBLH), hence rendering a positivecoupling of smoke direct effect below and above clouds over
effect. This positive effect contrasts with a decrease in thehe Southeast Asian Maritime Continent.
cloud fraction resulting from the combined effects of smoke
heating within the cloud layer and the more stable bound-
ary layer; the latter can be considered as a negative effect
in which a decrease of the cloud fraction weakens the heatd Introduction
ing by smoke particles above the clouds. During the night-
time, the elevated smoke layer lying above the clouds in thdn September and October of 2006, moderate El Nifio con-
daytime is decoupled from the boundary layer, and the enditions resulted in negative precipitation anomalies in the
Southeast Asian Maritime Continent (MC,°18-10 N, 90—
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150 E). Subsequent drought conditions then led to the mosin MC (Campbell et al., 2013; Feng and Christoipher, 2012;
significant biomass burning activity since the massive 1997Hyer et al., 2012; Reid et al., 2012, 2013; Salinas et al., 2013;
event that first drew attention to the region (van der Werf etWang et al., 2013; Xian et al., 2013). Wang et al. (2013) used
al., 2008; Reid et al., 2012). For the first time, a large EI WRF-Chem in conjunction with satellite data and ground-
Nifio-induced burning season could be observed by NASAsbased PMs data to identify the smoke transport pathway
afternoon or A-train satellite constellation and thus be char-under the influence of aforementioned multi-scale meteoro-
acterized by models with advanced data assimilation. In totallogical factors. Here, we examine the radiative impacts of
~ 3.5 Tg smoke particles were emitted according to the Firesmoke particles from the same mesoscale simulations.
Locating and Modeling of Burning Emissions (FLAMBE) It is well known that the direct radiative effect of smoke
estimate (Reid et al., 2009; Wang et al., 2013). Fires in Sumaparticles depends highly on the smoke single-scattering
tra and Borneo contributed to a 24 h mean near-surfacgyPM albedo, smoke amount or smoke AOD, not only in col-
concentration above 150 mgthat multiple locations in Sin-  umn layers but also in different vertical layers (Wang and
gapore and Malaysia over several days (Hyer and ChewChristopher, 2006, and references therein). Specific to the
2010; Wang et al., 2013). MC smoke particles, their single-scattering properties have
This study investigates the radiative effect of smoke par-not been well studied (Davison et al., 2004; Reid et al., 2013),
ticles on planetary boundary layer (PBL) properties duringalthough past analyses (such as Tosca et al., 2011; Camp-
October 2006 in the MC when regional smoke concentra-bell et al., 2013; Wang et al., 2013, and references therein)
tions and aerosol optical depths (AODs) had been at a rehave shown that smoke particles are primarily located within
gional maximum for the last decade (Reid et al., 2012; Wangor just above the boundary layer (.5-2 km above the sur-
et al., 2013; Xian et al., 2013). Indeed, Moderate Resolutionface). Our current study is designed to conduct a series of
Imaging Spectroradiometer (MODIS) average clear-sky mid-numerical experiments with perturbations in particle single-
visible AODs were over 0.8 for a large band stretching from scattering characteristics, and evaluate how smoke’s radiative
Sumatra through Borneo for this period (Xian et al., 2013). effects can influence boundary layer properties such as air
A study of this period would provide an upper-end bench-temperature, sensible and latent heat fluxes, boundary layer
mark on aerosol radiation interaction in the region. The sig-height and cloud cover in a complex meteorological environ-
nificance of the smoke radiative effect over the Asian MC hasment such as in MC. The goal of the paper is to relate pos-
also been recognized by several past studies, both from satetible physical mechanisms at regional-to-local scales, rather
lite data and global chemistry models (e.g., Duncan, 2003than to quantify exactly the impact of the smoke radiative ef-
Podgorny et al., 2003; Davison et al., 2004; Parameswaran déct; the latter certainly will not be likely until the aerosol
al., 2004; Rajeev, 2004; Thampi et al., 2009; Ott et al., 2010).optical properties are well characterized in the conclusion of
Based on a radiative transfer model, Podgorny et al. (2003jhe 7SEAS field campaign.
studied aerosol radiative forcing of the 1997 Indonesia forest While the single-scattering albedo of smoke particles is
fire and showed that the low-level clouds embedded in the abknown to be highly dependent on its relative composition
sorbing aerosols increased aerosol-induced absorption in thef black carbon and organic mass (Reid et al., 2005a), the
troposphere, and decreased the magnitude of aerosol forcingearth of in situ measurements for characterizing the smoke
at the top of the atmosphere (TOA) (also see Ramanathan gtroperties in MC make it impossible for us to find an opti-
al., 2001). They concluded that relatively small changes inmal OC (organic carbon)/BC (black carbon) ratio to use in
low-level cloud fractions and single-scattering albedo (SSA)the simulation (Reid et al., 2013). Instead, we conducted the
might result in significant changes in the magnitude and eveWRF-Chem simulation with a set of OC/BC ratios in smoke
in the sign (positive or negative) of the TOA forcing. emissions, and analyzed the sensitivity of smoke direct radia-
As discussed in Reid et al. (2012, 2013) and Wang ettive effect to different OC/BC ratios. We describe the exper-
al. (2013), the distribution of smoke particles over the MC iment design, including the WRF-Chem model and data used
is affected by an interplay of several meteorological sys-in this study, in Sect. 2, and present the baseline modeled re-
tems at various temporal and spatial scales, including the Esults of the smoke radiative impact on surface energy budget
Niflo—Southern Oscillation (ENSO), the Intertropical Con- and the associated dynamics processes in Sect. 3. In Sect. 4,
vergence Zone (ITCZ)/monsoon and trade winds at largewe describe the conduction of model sensitivity simulations
scales, the Madden—Julian oscillation (MJO) and typhoondo ascertain the impact of smoke with different OC/BC ra-
at mesoscale, and the sea breezes, topography and bounddigs. A conceptual model that illustrates the finding of this
layer process at local scales. Differing from previous anal-study is given in Sect. 5, while itemized summaries are pro-
yses, our focus here is to investigate the impacts of smokeided in Sect. 6.
direct radiative effects on meteorology at regional to lo-
cal scales. This study is the second part of a series of our
mesoscale modeling efforts for the 7 Southeast Asian Stud-
ies (7SEAS) Project, among many other research goals, to re-
veal the production, transport and radiative effects of aerosols

Atmos. Chem. Phys., 14, 15974, 2014 www.atmos-chem-phys.net/14/159/2014/



C. Ge et al.: Mesoscale modeling of smoke transport 161

Table 1. Configuration options employed by WRF-Chem in this study.

Atmospheric Process  Model Option

Longwave radiation RRTM scheme (Mlawer, 1997)
Shortwave radiation GSFCSW model

Surface layer MM5

Land surface Noah

Boundary layer YSU (Hong et al., 2006)
Cumulus clouds G3 (Grell and Devenyi, 2002)

Cloud microphysics Lin (Lin et al., 1983)
Gas-phase chemistry RADM2 (Stockwell et al., 1990)
Aerosol chemistry MADE/SORGAM (Ackermann et al., 1998; Schell et al., 2001).

Optical module Volume mixing rule ((Bond and Bergstrom, 2006)
Horizontal resolution 81 km for outer domain, 27 km for inner domain (Fig. 1)
Vertical layers 27
2 Model description It is worth noting that only smoke particle emissions, por-

tioned as BC and OC, is considered in the current WRF-

) ) Chem simulation. As shown in Wang et al. (2013), smoke

2.1 Configuration of WRF-Chem emission dominates other emissions, e.g., industrial emis-
sions, in September—October 2006, and therefore, to be con-

The WRF-Chem model (Fast et al., 2006; Grell et al., 2005)sistent. with our interegt ip sr_noke ragiativca_ effects and also
can be used for weather forecasting and regional climatd® avq|d large uncertainties in the simulation of seco_ndary
studies as well as to simulate gas-phase chemistry, aeros8f9anic aerosols, the emission from other sources — includ-
life cycles, and aerosol—cloud—radiation interactions. Thelnd industrial emission, biogenic emission, and wind-blow
model configuration in this study is similar to Wang et Sé@ salt—_are not implemented in the simulation. Ourexpen-
al. (2013), and Table 1 lists the model configuration optionsment design follows the strategy used by Wang and Christo-
employed in this study. Wang et al. (2013) showed that, wherPher (2006) where they studied the radiative impact of Cen-
FLAMBE smoke emissions are injected within 800 m above tral American smoke particles by only considering the smoke
the surface, a good agreement can be found between the siR&'ticle emission. Similar to Wang et al. (2013), the smoke
ulation of WRF-Chem and satellite/ground-based observa€Mmission inventory from FLAMBE is used to specify the
tions in terms of surface PM mass, aerosol vertical profile, Source of BC and OC (with different BC and OC emission
and smoke transport path. However, while similar model con-/atios as described in the following section) as a function of
figurations (to those in Wang et al., 2013) will be used for the fime (with updates of every 6 h). In the model, the injection
numerical experiments in this study, this study differs from N€ight of smoke (OC and BC) emissions is specified as 800 m
Wang et al. (2013) in that both the smoke direct-radiative@P0OVe the surface, and within this injection height the emis-
effect and the semi-direct effect are studied, and the impac8ions are uniformly distributed (Wang etal., 2013).

of uncertainty in smoke single-scattering albedo is investi- e I’ > 1° National Center for Environmental Prediction
gated. Generally, besides the direct effects of scattering anfNCEP) Final Analysis (FNL) data at 00:00, 06:00, 12:00
absorbing incoming solar radiation, aerosols can indirectly2nd 18:00UTC are used for initializing and specifying the
influence the climate by acting as cloud condensation nuclefémporally evolving lateral boundary conditions. The time-

(CCN) and/or ice nuclei (CN) that modify the microphysical, varyi_ng sea surface temperature (SST), sea ice, vegetation
radiative properties and lifetime of clouds. Several studiesffaction, and albedo were updated every 6h from the NCEP
(e.g. Reid et al., 1998; Koren et al., 2008) imply that indi- reanalysis data during the model simulation. We noticed that
rect effects dominate under clean conditions, while aerosofhe use of 6 h nudged SST may not be |deaj fc_)r st_udymg _the
radiative effects become more important under heavily pol-"€SPonse of'SST to the.smoke aerosol radlathn interaction.
luted conditions. During our study period, the concentrationtowever, this non-ideality has to be compromised because

of PMy 5 was always high over MC (Wang et al., 2013), and of the lack of a fully coupled ocean model within WRF-
although the aerosols’ indirect effect is very important, its Cheém. Furthermore, as shown in Wang et al. (2013), most

perturbation at such a high particle-loading condition might SToke particles are over the land and the ocean close to the
not be as sensitive as that of the direct effect, especially ovepOUtheast Asian Maritime Continent, and so a large-scale
smoke source regions. The indirect effects might becoméhange of SST due to smoke radiative effects is unlikely.

critically prominent over the area further out from the MC In addition, the temperature contrast between coastal ocean
and, therefore, we plan to study them further in the future. and land is well demonstrated by the simulated sea and land
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breezes (Wang et al., 2013). This also partly supports the us&able 2. Experiments design.
of nudged SST in analyzing smoke radiative effects, which,

while not ideal, is reasonable for this study. Baseline S1 S2 S3
According to the database compiled by Barnard et OC/BC 10 35 17 10

al. (2010), and also as described in Zhao et al. (2010), the BC/particle mass 56% 156% 3.3% 5.6%

shortwave refractive index for BC and OC is not wavelength  agrosol radiative effect yes yes yes no

dependent in this study. The refractive index of BC in this
study is assigned the value aB5+:0.79 for both shortwave
and longwave. The refractive index of OC (dry) is 1.45 for
shortwave, and for longwave it is in the range of 1.22—-2.50
(real part) and 0.01-0.5 (imaginary part). The density of BC
and OC is assumed to be 1.7 gcfrand 1gcn?, respec-
tively. The hygroscopicity (size growth factor) is assumed to
be 0.14 for OC and a very small nonzero value &dor BC

FLAMBE, and consistent with Herner et al. (2005), Lim and
Turpin (2002). The remaining 10 % of the total smoke parti-
cle mass is not considered in the simulation since the uncer-
tainty of the optical property of those masses could be quite
large. All numerical simulations are initiated at 00:00 UTC
n 20 September 2006, and ended at 00:00 UTC on 2 Novem-

(Ghan et_ al., 2001), and hence the We.t _mode radius for Bg;er 2006. However, only data during 1-31 October 2006 are
can be diagnosed from RH, hygroscopicity and other relate . L
analyzed, during which time the most smoke events occurred

parameters. The optical properties are computed with Mie

parameterizations that are a function of wet surface modéWang et al., 2013). Except in Fig. 9b, all variables in the

radius and refractive indices of wet aerosols in each modé' nalysis are monthly averages of October 2006.

(Zhang, 2008). The size distributions of OC and BC emis-
sions are both represented as an accumulation mode with &  gaseline results (OC/BG= 10)
mean volume diameter of 0.3 um and a standard deviation

of 2. 3.1 Smoke radiative effect at surface and TOA

2.2 Experiment design Monthly averaged aerosol, radiation, and cloud features for
October 2006 are presented in Fig. 1. This corresponds to a
The relative mass fraction of BC and OC in smoke particlespost-monsoonal shift and regional drying event that leads to
can vary significantly, depending on the composition of thethe largest El Nifio-based fire events in the region (Reid et
biomass burned, the fire temperature regulating the phasea., 2012). Discussion of regional meteorology for this spe-
of flaming and smoldering in the combustion, and the parti-cific period can be found in Wang et al. (2013). Two regions
cle age (Andreae and Merlet, 2001; Kleeman et al., 2000with high AOD and high absorption aerosol optical depth
Liousse et al., 1996; Reid et al., 2005b, 2012, 2013). Al-(AAOD) values are found in the monthly mean (all-sky con-
though BC typically accounts for 4—-8 % smoke particle dry dition) of model simulations (Fig. 1a and b); they are respec-
mass and approximately 50—65 % of mass is attributable tdively located at the Kalimantan and the Sumatra regions with
organic carbon, the review by Reid et al. (2012) showed verylarge fire emissions (Wang et al., 2013) and relatively low to-
large differences in the literature-reported particle proper-pography (Fig. 1c). The all-sky AOD average in this study
ties, in particular with regards to particle carbon budgets. Inat these locations is 30-50 % lower than that from MODIS
the study of Akagi et al. (2011), emission factor of BC and AOD retrievals (as showed in Xian et al., 2013). One rea-
OC from tropical forest is 0.52 and 4.71 gig respectively,  son is MODIS AOD is only reliable in clear-sky conditions,
with a corresponding estimate of the natural variation of 0.28but the model simulation is all-sky AOD (Zhang and Reid,
and 2.73, and emission factors of BC and OC from peat-2009). Another reason for smaller simulated AOD is that
land can be 0.20 and 6.23 with variation of 0.11 and 3.60,0only smoke particle emissions were considered in the model.
respectively. He admitted that large uncertainties still existBased on the model simulation by Xian et al. (2013) that con-
for these emission factors because only a limited number okiders non-smoke aerosol sources, we expect that the maxi-
fire types and smoke-processing scenarios have been samrum contribution from non-smoke AOD on average should
pled with currently available instruments. In this study, threebe~ 0.1 in our study.
ratios of OC/BC as 3.5, 10 and 17 are selected and used Higher TOA shortwave direct radiative forcing (SWDRF)
in WRF-Chem. In doing so, we can obtain a wider range in(Fig. 1e) induced by smoke aerosol particles mainly occur
model climate response, thus offering a perspective on the@ver areas previously mentioned that are associated with high
radiative impacts of BC aerosols over the Southeast Asiarsmoke AOD, and where the positive value of SWDRF may
Maritime Continent. Four sets of simulations are performedbe larger than 15 W r?. The SWDRF here is the net down-
in this study and the detail can be seen in Table 2. In allward SW flux difference at TOA between the simulation that
simulations, the total amount of emitted particulate organicconsiders smoke radiative effect and the simulation that does
matter (1.5« OC mass) and BC amount are kept at the samenot consider it (similar to the definition in Zhao et al., 2010).
90 % of the total smoke particle mass that is estimated inThere is a higher contrast, as well as spatial discontinuity, in
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SWDRF between land and ocean than that of AOD. Larger (@ o (b) _ aaop (C) Topography __ m
H H H H =0 <4 1.3 =4 0.20 Y? = & 1200

values are not only over the land with high smoke emission, € g ' (K €. i

but also over the ocean southwest of Sumatra (Fig. 1e). The&? & 22 ' <

Il 08 0.12 M\Karimatg, “ 650
positive forcing at the TOA can be understood through two : D\gpg 0 %ﬁ 008 w | ors
factors: (a) the single-scattering albedo of smoke particles,” o | o ~ 00 W oos |/ NgBomeols [ o,

which is about 0.8 (based upon AOD and AAOD shown in =

Fig. 1) and which governs the portion of solar energy that is a2 ™4 rrm O oo e (0 supre, cia<o0s sme
lost in the atmosphere due to absorption by the smoke par-; [~ J& & &

ticles; and (b) the underlying surface or cloud properties of§ S £ 4

the aerosol layer that regulates the amount of solar energy; °f&

being re-directed, through reflection or multi-scattering, for -«
the smoke particles to either absorb or reflect (Hansenetal. (@  osw wme () acsw
1997). Detailed analysis shows that (b) is a dominate factor

in our study region because (i) in October boundary clouds£ »
are generally persistent throughout the region, particularlyf [\
in the west Sumatran Low (Reid et al., 2012, 2013); (ii) * et )
neither the distribution of AOD (with high spatial variation s o s e R
from 0.1 to 1.1, Fig. 1a) nor the absorption of aerosol optical

depth (AAOD with small spatial variation from 0.17 to 0.20, Fig. 1. Distribution of monthly averaged variables in October 2006.
Fig. 1b) over the 8S-0 zone reflect the land—ocean discon- (2) aerosol optical depth (AOD) in 600 nrth) aerosol absorption
tinuity of SWDRF:; (iii) large positive SWDRF are in the lo- ©Ptical depth (AAOD) in 600 nm(c) topography in metergd) out-
cations where outgoing shortwave flux (O-SW) at the TOA is 30!"d shortwave (SW) at top of amosphere (TOA), O-SW-TOA,

. . L . (e) aerosol shortwave direct radiative forcing (SWDRF) at TQA,
also high (Fig. 1d) due to a large cloud fraction; and (iv) the aerosols SWDRF at TOA for column cloud fraction less than 0.05,

discontinuity (e.g, less than 60 W) of outgoing ShO!’t- (g) net shortwave flux at the ground (GSWh) difference of GSW
waves at TOA between the land and sea reflects the impagi gsw), (i) AGSW for column cloud fraction less than 0.05. The

of sea breezes (Wang et al., 2013) and the resultant IOW'ClOUdifference of each Variab|e§(‘/) isdefined ag\V = VRa— Vhon-Ra
fraction during daytime along the coast. Similar results wereThe OC/BC ratio is 10 in the simulation.
found over the Amazon region during the dry season (Koren
et al., 2004), where satellite data showed that scattered cu-
mulus cloud cover was reduced by smoke particles, and this more important role than mid-level and high-level clouds
response can reverse the regional smoke instantaneous forie causing the positive forcing of smoke aerosols.
ing of climate from—28 W m~2 in cloud-free conditions to As a result of the extinction of solar radiative flux by
8Wm2. smoke particles in the atmosphere, the net shortwave flux at
The analysis of the vertical profile of smoke aerosols andsurface or ground (GSW) is reduced (Fig. 1h). Large reduc-
clouds over the smoke source region during this month intions are in regions where the cloud fraction (as indicated by
Wang et al. (2013) showed that a significant amount of smokehe outgoing shortwave at TOA, Fig. 1d) is low and AOD
particles are within and above the low-level cloud layer (see(Fig. 1a) is relatively high. As much as 60 Whof GSW
the later discussion of Fig. 6). To further confirm that the is reduced in the Kalimantan region and in the area of the
warming at the TOA is due to aerosol particles both aboveKarimata Strait nearest to Kalimantan, ard@0W m2 of
and mixing with the cloud, we also analyzed the SWDRF reduction occurs in the downwind ocean region, which re-
in clear-sky conditions (average SWDRF when the cloudspectively corresponds te 20% and 10 % of the net so-
fraction of less than 0.05, Fig. 1f) and found a strong neg-lar input (or GSW) at the surface (Fig. 1g). The distribu-
ative forcing of up to—20WnT 2. This also partially ex- tion of GSW (Fig. 1g) generally exhibits an opposite pattern
plains some of the negative forcing in all-sky conditions suchto that of the outgoing shortwave at TOA (Fig. 1d), show-
as in the area around Borneo Island that has a lesser clouidg larger values (an increase ©f100 W nT2 compared to
fraction. By restricting the analysis of SWDRF at TOA in that over land) along the coastal ocean due to the sea-breeze-
conditions of a cloud fraction less than 0.05 respectivelyinduced small cloud fraction. Analysis of the change of GSW
for low-level clouds, mid-level clouds, and high-level clouds (AGSW) by smoke particles in clear-sky conditions (with a
only (Fig. Sla—c), we found that SWDRF with a low-level cloud fraction less than 0.05, Fig. 1i) shows a much larger re-
cloud fraction of less than 0.05 (Fig. S1a) is very similar to duction of GSW than the counterparts in all-sky conditions,
that in conditions with a column cloud fraction of less than especially over the smoke source region (the area where the
0.05 (Fig. 1f). SWDRFs for both middle-level and high-level monthly averaged AOD is larger than 0.5 in Fig. 1a); this dif-
cloud fractions less than 0.05 are similar in all-sky condi- ference again underscores the importance of a relative verti-
tions. The above analysis suggests that low-level clouds plagal position between aerosols and clouds in estimating all-
sky aerosol radiative effects.
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With a climate model at a spatial resolution of 375 less reflects the availability of water at the surface and the
longitude by 2.5 latitude, Davison et al. (2004) estimated surface wind speed (Fig. 5a and c), with both having higher
the smoke radiative forcing at the surface which resultedvalues over the ocean than over land. Due to less availability
from the Indonesian forest fires in September 1997 to beof soil moisture and precipitation at land area south o%2
~200WnT?2 or a 75% reduction of the total incident SW (Fig. 3c), LH there is lower compared to the northern land
flux. The difference between our estimate and that in Davi-region. The partition of net radiative energy at the surface in
son et al. (2004) may in part be due to the difference in smokehe form of SH is smaller than that in the form of LH except-
emission. The smoke emission in September—October 20081g the land region south of°Z, which is consistent with
is estimated as-3.48 Tg after the doubling of FLAMBE's the Bowen ratio (ratio of sensible to latent heat) distribution
emission (Wang et al., 2013) and thus is much lower thanwith values of~ 0.05 over oceany 0.5 over land areay 0.2
26.07 Tg for the same two months in 1997 (Davison et al.,for tropical forests and- 1-10 in dry land to deserts (Stull,
2004), although both estimates bear uncertainty by a facto2000).
of 2 (Reid et al., 2013). As aresult of the reduction of GSW, both sensible heat flux

A further detailed contrast of Fig. 1c with Fig. 1h reveals at the surface (SH) (Fig. 2b) and latent heat (LH) (Fig. 2d) are
the impact of topography on the smoke transport and its asdecreased by up to 20 WTA in the Kalimantan and Suma-
sociated radiative effects. Simulated at a spatial resolutioriran regions. The large reduction of both SH and LH is con-
of 27 km, the results show a very minimal effect of smoke fined mainly over the land, particularly in the smoke source
on GSW over the Barisan mountain range along the westermegion (Fig. 2b and d), while no evident change of SH and
side of Sumatra Island and the Tama Abu Mountain that covLH can be found over the ocean. Similarly, the change of
ers half of north Borneo Island. Due to the obstruction of theT2 (AT?2) as a result of the smoke radiative interaction is
Barisan range, the smoke transport pathway under southerlgnore significant over land than over open oceans that have
trade winds bifurcates into two branches confined respeca much larger heat capacity and latent heat release (Levi-
tively at the eastern and western sides of the Barisan rangeus et al., 2012). Note that since WRF-Chem does not have
leading to a divergence of smoke concentration and consea multi-layer ocean model, simulated here for the ocean is
quently a smaller reduction of GSW over the mountainousthe bulk sea surface temperature rather than the sea surface
area. In fact, the spatial distribution of both simulated an out-skin temperature. When compared to the land surface tem-
going shortwave radiation (Fig. 1d) and GSW (Fig. 1g), andperature, the monthly mean of sea surface temperature gen-
reflected the influence of topography and land use changeerally shows much less variation and is more regulated by
Regions with high (low) elevation generally have low (high) the oceanic currents and deep mixing that are not simulated
surface albedo and hence larger (lower) GSW and less (moréh the WRF-Chem. Hence, the changes of SH and LH due to
outgoing shortwave radiation. Such fine-scale topographythe smoke radiative effect are restricted to the land (as shown
related features of the radiative transfer calculation are notn Fig. 2b and d), which is also consistent with Wang and
manifested in the results by Davison et al. (2004) and OttChristopher (2006).
et al. (2010) from coarser-resolution model simulations, and, Because of the large reduction of GSW at the surface,
consequently, the aerosol loading and smoke forcing over th@2 decreases by up to 1K and 0.5K, respectively, during
Indian ocean shown in their studies may have an overestimadaytime (between 08:00 LT and 19:00 LT) over the Kaliman-
tion as the mountain’s blocking of smoke transport is not welltan and Sumatran regions that have a high loading of smoke
resolved in the model. A similar kind of overestimation can aerosols (Fig. 2f). This decrease also has a residual effect at
be found in Duncan (2003), in which the transport of smokenight, leading to a decrease in night temperature by 0.1 K in
particles from the 1997 Indonesian wildfire events is simu-both regions (Fig. 2h). In contrast, because of the enhanced
lated with a GEOS-Chem model (Goddard Earth Observingheating ¢ 2—-3 K day ! during noon, Fig. 6e) due to the ab-
System) at 2.5longitude by 2 latitude horizontal resolu- sorption of solar radiation by smoke particldsat 2200 m
tion. above the surface increases by up to 0.6 K and 0.2 K, respec-

In response to a smoke-induced change of radiation atively, during the daytime in the Kalimantan and Sumatra
both the surface and TOA, the change of surface energy budegions (Fig. 2j). However, this increase has nearly a zero
get and the surface temperature is quite large as depicted iresidual effect at night (Fig. 2l). Note that the model cap-
Fig. 2. Over the land region, both sensible heat (SH, Fig. 2a}fures well the highe? 2 over land (except regions with high
and latent heat (LH, Fig. 2c) show a south—north gradienttopography) and lowef'2 over the ocean during daytime
with highest SH and lowest LH, respectively, in the south. (Fig. 2e). The opposite contrast happens during the nighttime
The pattern of SH is consistent with the spatial distribution (Fig. 2g). However, neither such day-to-night contrasts nor
of GSW and also 2 m temperaturEZ) (Fig. 2e). Generally, land-to-ocean contrasts are seen at 2200 m above the surface,
fewer clouds lead to more downward GSW radiation andreflecting the low boundary layer height in this region (Wang
hence highefl2. Higher SH can be found in the southern et al., 2013), and the efficient mixing of heat in the atmo-
part of Kalimantan, the southeastern region of Sumatra, andphere above the planetary boundary layer height (PBLH).
Java southern Sulawesi (Fig. 2a). The pattern of LH more or

Atmos. Chem. Phys., 14, 15974, 2014 www.atmos-chem-phys.net/14/159/2014/



C. Ge et al.: Mesoscale modeling of smoke transport 165

Latitude (deg)
o

=0 =4 100 =4
37 S g
10 Vi A ﬁ/ g~

- 3 0 -
_10 e Rl QQQowP
K
(€ 2D () arzp
~0 =4 {3& 304 <4 gﬁ
& 10 V| I /58 b
E &l 200 Al o0 Al 200 Al o0
3
K] " 5 o o
e 296 T =10 3 ‘ 296 = -1.0
-10 g | = e | e e |
. K . K K K
(1) T at 2200 m D () AT at 2200 m D (k)T at 2200 m N (1) AT at 2200 m N
& =4 gﬂ 290 <4 ‘g&\ 06 Y & 290 < gﬂ 0.6
N
= 289 0.3 289 0.3
? o - - s / S
E AN 2o Al o0 288 Al o0
=}
R RN e o RN
ki G ¢ 5 o
. 286 - -0.6 . 286 - -0.6
-10 Seeers Sy sy S
95 105 115 125 95 105 115 125 95 105 115 125 95 105 115 125
Longitude (deg) Longitude (deg) Longitude (deg) Longitude (deg)

Fig. 2. Distribution of monthly averaged variables in October 2Q@§Sensible heat flux at the surface (SH) without consideration of smoke
radiative interaction(b) difference of SH ASH) due to the smoke radiative interacti¢eI) are all paired similarly to the pair ¢&) and(b)

but for latent heat (LH), 2 m air temperatufB?) at daytimeT'2 at night, temperature at 2.2 km above terrain at daytime, and temperature at
2.2 km above terrain at nighttime, respectively. The difference of each variablgié defined ag®\V = Vra— Vnhon-rRa D donates daytime,

i.e., the time period between 08:00 LT and 19:00 LT, and N donates nighttime, i.e., between 20:00 LT and 07:00 LT. The OC/BC ratio is 10.

3.2 Smoke radiative effect on boundary layer processes Figure 3c and d show the distribution of precipitable water
and its change due to smoke radiative impact. October is a
transition time for ITCZ moving southward, and from the

To a large extent, the distribution of the PBLH (Fig. 3a) re- distribution of precipitable water we can see the distinct line

sembles that of SH arii2 (Fig. 2a and e) and is opposite to at~ 1° S between the wet region at the north and the dry area

that of cloud cover as indicated in the outgoing shortwave inat the south. When considering the smoke aerosols’ radiative

Fig. 1d. With less cloud cover and warmer land surface, thenteraction, the increase of precipitable water occurs over the

PBLH on average is higher over the two smoke source refire area and the most downwind region, and a larger increase

gions of south Sumatra and south Kalimantan (Fig. 3a). Alsooccurs over the Karimata Strait.

the nearby ocean of south Kalimantan has high PBLH due to To reveal the dynamical processes that contribute to the

less cloud cover and a warmer surface. In response to the dehange of PBLH as a result of smoke radiative interaction,

crease of surface temperature and the increase of the heatiriglg. 4 shows a vertical cross section centered at the lati-
rate in the atmosphere due to smoke absorption, the atmdude of P S (extends 2 grid points into and out) that passes
spheric stability is increased in the lower troposphere, and théhrough the densest smoke of the smoke source region. In-
turbulent mixing process within the PBL is decreased. Thiscluded are monthly averages of Ryimass concentration,
consequently results in a reduction of PBLH up to 120 m (orPBLH simulated with the radiative effect of smoke aerosols
~ 10 %) over Sumatra and the Kalimantan region in monthly (solid line) and PBLH simulated with (solid line) and without
averages (24 h) (Fig. 3b). The distribution of this reduction (dotted line) the radiative effect of smoke, as well as the dif-
is similar to the change of SH (Fig. 2b) with minimal values ferences of temperaturé& (") and precipitable watert\PW).

over the ocean. Although more stability is introduced to theThe response of air temperature to the smoke radiative heat-

PBL by the smoke aerosol over the fire area and the mosing in the atmosphere and radiative cooling near the surface

downwind region, the regions over a narrow belt of the Kari- depends highly on the aerosol vertical profile that also has

mata Strait and the south coastal ocean of the Kalimanta@n important diurnal variation as a result of the boundary

PBL seem unstable (Fig. 3b). The reason for this will be ex-layer process (Wang and Christopher, 2006 _ENREF_19).

plored further in Sect. 3.3. Because of the dominant subsidence in the upper troposphere
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m with high smoke aerosols between 1 and 2.5km is decou-
120 pled from the nocturnal boundary layer (Fig. 4i). This de-
&6 coupling is also associated with the shift of upward motion
to the downward motion around 1 km at night (Fig. 4i). The
temperature change during night is essentially a residual ef-
~40 fect from daytime (Fig. 4k).
120 As discussed in Sect. 3.1, the air temperature chan@® (

due to smoke particles in the boundary layer is more com-
(c) Precipitable water mm (d) APrecipitable water mm plex because the warming due to smoke absorption can be
20 el ' | 2 overwhelmed by the cooling from the surface through turbu-

(a) PBLH
20

,_.
(=]

Latitude (deg)
o

-10

‘ a2 =
) 1 Qﬂ . lent mixing. Indeed, Fig. 4c and g show that cooling occurs
' g - | / 3‘; . nearly everywhere in the boundary layer, but only over the
NG smoke source region, regardless of the time of day. During
- d S 6{%4 -1 the morning, when the elevated smoke layer is lying above
n i =0 . -2 the PBLH and there is not much smoke aerosol below 1 km
e s 1 s e e e s above the surface, the radiative extinction contributed by the
Longitude (deg) Longitude (deg) elevated smoke layer leads to a strong cooling within the
Fig. 3. Distribution of monthly averaged variables in October 2006. .PBL' During late afternopn, .the mcrease of smokg a?rOSdS
(a) Planetary boundary layer height (PBLH) without considering induces strongest warming in m|d-alt|tgde. And within the
the radiative effect of smoke aerosds) difference of PBLH due I~ BL Smoke aerosols induce both warming (through absorb-
to the radiative effect of smoke aerosdts.and(d) are respectively  iNg) and cooling (through scattering); overall the cooling ef-
same aga) and(b) but for precipitable water. The OC/BC ratiois fect overwhelmed but much weaker compared with that dur-
10 in the simulation. ing morning time.

It should be noted that dynamics and radiative effects are
coupled; the warming by smoke particles confined over the
smoke source region in the morning (10:00 LT) can produce
an updraft above the PBLH (Fig. 4b). Then the updraft in
lower troposphere combined with the overwhelming down-

over the smoke source region (Fig. 4a; also Wang et al.draft in the upper troposphere (Fig. 4a) further result in a
2013), the transport of smoke particles to the middle atmodocal convergence around the altitude of 2-3km. Also the
sphere is suppressed, and a high concentration of smoke paspdraft in mid-altitude would transport more smoke parti-
ticles can be found around 2—-3 km above the boundary layecles from the PBL, and thus constitutes a positive feedback
(Fig. 4a). Note that this smoke layer may not be well char-on smoke concentration above the boundary layer. This hy-
acterized by CALIOP because of the co-existence of cloudpothesis is supported by the following model results: (a) in
layer and overlying cirrus clouds (Wang et al., 2013). Nev-the morning (10:00 LT) the smoke radiative effects result in
ertheless, this layer is very distinct from the boundary layeran increase in smoke concentration ty} ug m 3 over 2—
during the morning when boundary layer convection has not3.5 km and a similar decrease between 1 and 2 km, suggest-
been well developed (Fig. 4a). Correspondingly, during theing a local convergence at 1-2 km above surface; (b) such an
morning (10:00LT), an increase of air temperature by up toincrease of PMs at 2—-3.5 km and a decrease between 1 and
0.3K can be clearly seen at 1-3 km altitude (Fig. 4c), which2 km are even stronger up to 10 pg#in the later afternoon
is above the boundary layer over the smoke source region. (17:00LT), suggesting an enhancement due to the positive
As time progresses to the late afternoon (17:00 LT) wheneffect.
the convective boundary layer is well developed, the smoke To illustrate the change of surface BMintroduced by
particles are not only well mixed within the boundary layer, smoke, we used one of the smoke source regions, Borneo Is-
but also are transported and mixed with the particles thatand (the location of Borneo Island can be seen in Fig. 1¢) as
already exist at 1-3km from the previous smoke emissionan example. Borneo Island experienced a distinct alternation
(Fig. 4e). Indeed, the contrast between Fig. 4a and e showsf sea breeze and land breeze (Wang et al., 2013). Sea breeze
that the subsidence is much weaker in the middle tropospheris very strong in the afternoon (Fig. 5a), and land breeze is
(~3-6km) in the late afternoon as compared to the morn{prominent at midnight (Fig. 5¢). When aerosol radiative in-
ing, which is favorable for the vertical transport of smoke teraction is considered, sea breeze (Fig. 5a) (or land breeze
particles from the boundary layer to the middle troposphere(Fig. 5c)) at daytime (or nighttime) along the south coastal
A corresponding increase of air temperature by 0.6 K canline of Borneo is weakened (or strengthened) up to 0.3ms
be seen over the smoke source region and-#1-0.4K At daytime, due to the weakened sea breeze, a surface con-
over nearby ocean at an altitude of 3—6 km (Fig. 4g). Dur-vergence occurs over the southern part of Borneo, and the de-
ing the night, however, PBLH is lower, and a residual layer crease of smoke aerosols up to 2 pgfnean be found there

Latitude (deg)
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Fig. 4. Top row: vertical cross section of monthly averaged variables in October 2006 at 10:00(&) Rivl> 5 andu-w wind speed{b)

change of PM 5, APM> 5; (c) change of temperatur& T; and(d) change of precipitable watet PW. Second and third row are the same

as the top row but at 17:00 LT and 24:00 LT, respectively. All variables are averaged along the vertical cross section centered at the latitude
of 1° S (extends 2 grid points into and out). The terrain is also shown as gray shading in each panel. The difference of eacthAV&yiable (
defined asAV = VrRa— Vhon-Ra The OC/BC ratio is 10 in the simulation. Also overlaid in some panels are the PBLH simulated with the
radiative effect of smoke aerosols (black line) and PBLH without the radiative effect of fires (dotted line).

(Fig. 5b). At nighttime a divergence occurs over the south-perturbation of PW within or above PBLH during the day-
ern part of Borneo induced by the strengthened land breezdime became more prominent as shown in Fig. S2a and b.
and the increase of smoke aerosols can be up to 5Jicatn  As time progressed toward afternoon, such a dichotomy was
nighttime (Fig. 5d). To summarize, the smoke aerosols carfurther amplified, with more water vapor trapped in the PBL
cause significant change in the wind circulation at differentand less water vapor above the PBL (Fig. 4h). The less water
scales, both vertically and horizontally, and all these changesapor above the PBL is further exacerbated by the updraft as-
can in turn modify the distribution of aerosols. sociated with the local convergence due to the smoke heating,
Unlike the smoke particles that are injected into the atmo-and hence more water vapor can be seen between 3 and 6 km.
sphere through fire-produced thermal buoyancy, water vapof he change in water vapor during nighttime (Fig. 4l) never-
is added into the atmosphere through surface evaporatiortheless can be considered as a residual effect from the day.
Over the smoke source region where soil is dry comparedOver ocean (106—-12@), the aerosol radiative interaction
to the ocean, a large part of the water vapor is from ocearyields more low-level convergence (Fig. 4f) and a slightly
brought by the sea breeze (Fig. 3c). The smoke radiative efunstable PBL structure (Fig. 3b), which will also be illus-
fect results in reduction of PBLH and the more stable PBL;trated in Fig. 7 of Sect. 3.3. Since there is no shortage of
hence more water vapor is trapped in the PBL, which in turnwater over an ocean, the resultant low-level convergence can
leads to a lesser water vapor amount above the PBL in théransport more water vapor upward. Hence, on a monthly ba-
morning (Fig. 4d). The perturbation of entrainment of dry- sis this may result in an overall increase of precipitable water
ing could be another reason for the change in water vaporover the Karimata Strait (Fig. 3d).
Over the fire area during daytime (Fig. 4d and h), decreased To focus on the area with maximum emissions, the
PBLH can reduce the entrainment drying and increase PWnonthly averaged vertical profiles of BM concentration,
within the PBL. Right above PBLH (about 1 km), because heating rate, temperature and also their changes due to the
the warmer air induces a slight updraft, the entrainment ofsmoke radiative interaction averaged for all grid boxes over
drying could be enhanced and so PW would be decreasedhe smoke source region at four different times are repre-
This is consistent with the simulations by Yu et al. (2002) of sented in Fig. 6. The surface smoke concentration was at
strongly absorbing aerosols above the PBL. When the smoka minimum in the morning (08:00 LT). The column burden
aerosol became more absorbing (with OC/BC as 3.5), suclof smoke mass increases rapidly after the fire activity starts
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Anomaly of surface wind and monthly averages of surfac& BM s 10 in the simulation. The smoke source region is the area where

respectively ata) daytime andc) nighttime. Difference of surface  the monthly averaged AOD is larger than 0.5 (Fig. 1a).
wind anomaly and surface PM in monthly averages due to smoke

radiative effect a{b) daytime and(d) nighttime. The anomaly of
surface wind is the difference between the wind at certain local time
and the wind of monthly mean. The OC/BC ratio is 10 in the sim- |t is worth noting that within~ 200—300 m above the sur-
ulation. face, PMs concentration is increased in the morning and
night, with a larger increase during the night (20:00LT).
As discussed above (Fig. 4), different from at other times,
in the morning (08:00 LT) and achieves maximum values inat 16:00LT the PM5 decreases all the way below 2 km.
the early night (20:00 LT) (Fig. 6a). As PBL progresses from In the morning (08:00 LT), the near-surfageHeating rate
morning toward nighttime, with stronger turbulence mixing is negative with a small magnitude-0.5 K day 1), and at
(and upward motion, Fig. 6¢) together with the more inten-about 100 m above the surfageHeating rate turns to pos-
sified fire activities, a well-mixed vertical smoke distribu- itive with 0.2 K day ! (Fig. 6e). At 16:00 LT theAHeating
tion can be found at 16:00 and 20:00 LT within 2km. The rate is—2 K day ! near the surface, and above the surface
residue effect of smoke concentrations (00:00LT) is obvi-it increases from less warming to the peak value which is
ous in nighttime within the whole column and more promi- near 6 Kday! at ~2.5km. The response oAT to the
nent at around 1.5 km. Consistent with our interpretation inAHeating rate involves the heat transfer through turbulent
Fig. 4, the increase of temperatur® ) induced by smoke  mixing within the PBL. At 00:00 LT AT is negative with a
particles is generally found to be between 1.5 and 3 km withsmall magnitude (0.15K) that appears near the surface due
a peak around 2km (Fig. 6e), which leads to an increasdo the residual effect oAT in the daytime. In the morning
of upward motion at this altitude range and to more sta-(08:00LT) as the sun rises, thel" is more negative (cooler)
bility (or overall slight decrease of upward motion) below near the surface and becomes positive (warming) 00 m.
this altitude (Fig. 6d). Consequently, the increase of,BM In the afternoon, in association with the stronger mixing, the
is found at 2-3.5 km with a peak around 3 km (Fig. 6b); the critical layer at which theA T shifts from negative to positive
decrease of Phk andT due to the smoke radiative effectis is near 2km at 16:00 and 20:00 LT.
found mainly below 2 and 1.5 km, respectively, during day- An analysis of a case study during a heavy smoke event
time. The staggering feature supports the hypothesis of théFig. S4) and also for several other big events in October
secondary circulation, e.g., an updraft above the boundarp006 (Fig. S6) shows that the aerosol radiative impacts are
layer, introduced by the smoke absorption, as supported bynore prominent compared to the monthly averaged effects.
the wind vector change in Fig. 4, although large-eddy simu-For the afternoon time during a heavy smoke event dur-
lations at a finer scale are needed to further test this hypothing 12:00-16:00 LT on 31 October 2006, the positive value
esis. of SWDRF can be up to 60 Wn? over downwind area
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Fig. 7. Distribution of monthly averaged variables in October 20@§. (c) and(e)in top row are simulated for daytin{@) low-level cloud
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(e) but for nighttime.(g) is the difference betweg(d) and(c); (h) is the difference of column cloud between nighttime and daytime. All the
difference showed here with 95 % confidence by paired sampéss. Clouds below 2000 m are considered low-level clouds. Note in panel
(e) and(f) the color-filled contours represent the wind speed. The OC/BC ratio is 10 in the simulation.

(Fig. S4f) with high AOD (higher than 2.5) and AAOD Over the Malay Peninsula, Sumatra Island and Borneo
(around 0.5) over Borneo Island. The GSW can be decreaseldland, the low-level cloud fraction during daytime is de-

by 400 W n12 from 800 W n12 (Fig. S4g), and the resul- creased by more than 10% in the simulation (Fig. 7¢c) due
tant reduction off2 and PBLH can reach up to 2K (from likely to the smoke-induced reduction of evaporation at the
304 K) and 800 m (from 1600 m), respectivelfy;increases  surface (Fig. 2d), the increase of atmospheric stability in the
at 2200 m (Fig. S4i) can be 2 K (much lager than the monthlyboundary layer (Fig. 3b), and the increase of the solar heat-
average value of 0.6 K). Over most the downwind area ating rate around 2 km (Fig. 6c¢), all of which are discussed in

Borneo Island the low-level cloud fraction during afternoon the previous section. The change in cloud fraction is consis-

time is decreased by 40 % in the simulation (Fig. S40). tent with past studies. For example, the dominant effect of
the aerosols to reduce clouds and precipitation in the after-
3.3 Cloud noon was found in Wu et al. (2011a, b) when they studied

the biomass burning event in the dry season of South Amer-
Over the Southeast Asian Maritime Continent, cloud coverijca, Koren et al. (2004) reported that scattered cumulus cloud
(Fig. 7a and b) is persistent during both day (denoted as D}over over the Amazon region can be reduced by 38 % due to
and night (denoted as N). This large cloud cover is primarily smoke semi-direct effects. Zhang et al. (2008) did ensemble
contributed by the high-level clouds (6000 m above surface simulations about the impact of biomass burning aerosol on
Fig. S3c and g), although the fraction of low-level clouds |and—atmosphere interactions over the Amazon, and found
(2000 m above surface) is also important, with a monthly av-cloudiness decreases in early afternoon due to the absorp-
erage of 0.6 over ocean and 0.25 over land (Fig. 7a and b)ion of solar radiation by smoke aerosols. However, what is
The mid-level cloud fraction over both land area and oceanynexpected is an increase of cloud cover over a narrow belt
region is generally below 0.1 (Fig. S3b and f). Because of thisregion of the Karimata Strait and the south coastal ocean of
small amount of middle-level clouds and also because smokgalimantan (Fig. 7c). Compared to the daytime, a distinct
is seldom transported to above 6 km to alter the high-levelgifference in the nighttime is the increase of cloud fraction
cloud fraction in any radiatively discernable quantity, our over most areas of the the Karimata Strait and the Java Sea
analysis focused on the change in low-level clouti€foud  (Fig. 7d), and virtually no decrease of cloud fraction in heavy
= Cloudkra — Cloudhon-ra due to the smoke radiative effect. smoke regions. The increase of cloud fraction in both day-
Indeed, the change in low-level clouds (Fig. 7c and d) is reptjime and nighttime can be attributed to the change of the low-
resentative of the change of columnar cloud cover in bothjeye| wind pattern AWind = Windra — Windyon-ra (Fig. 7e
day and night (Fig. d and S3h). We noticed that the changeind f). During daytime, the southeast trade winds increase
of cloud was contributed to by the semi-direct effect and did over most regions south of1°S (the red shaded area in
not include the influence of an indirect effect since the indi- F|g 7e), and decrease after Crossing the Equator (the blue
rect effect is turned off in all the simulations and is thought shaded area in Fig. 7e). Consequently, a dynamic low-level

to be relatively very small over MC in this particular strong convergence is formed over the Karimata Strait and the south
biomass burning period.
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coast of Kalimantan, favoring the low-level cloud formation. (@  SSA (3.5) (b)  SSA (17)
- . ¢ R

In contrast, during nighttime, a larger area with more conver-
gence and hence increased formation of clouds (Fig. 7f) can_
be seen over both the Karimata Strait and the Java Sea. @_ﬂ
The contrast of the changes of cloud cover due to the g
smoke radiative effect between night and day, and betweers
the ocean and land, reflects the importance of considering the=
surface properties. Over land, smoke semi-direct effect is im-
portant in daytime as it increases stability and the saturation
of water vapor pressure through the heating within clouds
(Fig. 6f), reducing the cloud cover. However, there is virtu-
ally a zero effect at night. Over most ocean areas, the smoke=
semi-direct effect is much less. The large day-night differ-
ence of columnar cloud fraction due to a smoke radiative ef-
fect is mainly located in the coastal regions (Fig. 7g), and §
is primarily contributed by the change in the low-level cloud
fraction (Fig. 7h). This suggests that the change of sea breez: o 105 o5 GEn 65 o P o
likely plays a role in changing the cloud fraction by extend- Longitude (deg) Longitude (deg)

ing the offshor nvergence zone; th im r in-
g the offshore convergence zone; the daytime dec ease(r]:ig. 8. Distribution of monthly averaged variables in October 2006

crease) of low-level (middle-level) air temperature over Iandfor (a) single-scattering albedo (SSA) in 600 nfg) SWDRF with
weakens the sea breeze, while the nighttime decrease of U5, g ratio 3.5 (b) and (d) are same aga) and (c) but with

face temperature over the land enhances the land breeze. §c/gc ratio 17.

tude (dem)

1

-10

4 Sensitivity experiments to the OC/BC ratio (<5%), while other variables have a larger response espe-
cially when the OC/BC ratio changed from 3.5 to 10. A re-

By conducting a sensitivity experiment with respect to the duction of~ 20 % can be found for PBLH['2, CLD, GSF,
change of OC/BC ratio, we can re-examine the processekH, SH, AAOD, and SWDRF when the OC/BC ratio is
relative to smoke particle absorption. When the OC/BC ratiochanged from 3.5 to 10. Interestingly, a net change of cloud
changed from a smaller to a larger value, the total mass of OGraction increases the ratio, and such an increase gets smaller
and BC is unchanged, meaning scattering aerosols increasex aerosols become more scattering (or as the OC/BC ratio
and absorbing aerosols decreased. Processes should respads larger). Analysis focusing separately on daytime versus
differently to the change in smoke absorption and also the renighttime shows that this overall increase in cloud fraction is
sultant change of atmospheric temperature profile. When thelue to the large increase in cloud fraction at night (Fig. 7d).
OC/BC ratio was changed from 3.5 to 17, the average SSANhat is shown in Fig. 9a can also be found for a big event
over Kalimantan and Borneo changed from roughly 0.65 toon 31 October 2006 (Fig. 9b). The aerosol radiative impact
0.9 (Fig. 8a and b). A change in the OC/BC ratio from 10 of this big event is much more prominent compared to the
in a base case to 3.5 (17) results in a factor of 2 increasenonthly averaged impacts; detailed analysis can be seen in
(decrease) in the SWDRF (Fig. 8). A smaller OC/BC ratio Sect. 5.
leads to more warming in the atmosphere, while increases of Figure 10 shows the 30-day averages of the vertical dis-
the OC/BC ratio lead to more cooling at the surface. Indeedjribution of PM, 5 concentrations, temperature (black line)
SWDREF is negative over the east part of Karimata Strait forand the difference (colored line) of each variabife=t Vra—
the cases with an OC/BC ratio of 17, and close to zero ovefV,,on-ra caused by the radiative effect of smoke aerosol with
most land regions. Hence, Fig. 8 verifies that the positivevarying OC/BC ratios averaged in the smoke source re-
SWDRF in baseline cases is due to the absorptive smoke pagion in October. The change in R concentration and
ticles within and above the low-level clouds. As mentioned in temperature shows a similar pattern for varying OC/BC ra-
previous sections, over a smoke source region, the CCN cortios, and the higher concentration of BC always enhances
centration likely has a saturated association with convectivdhe change. Most smoke aerosol can be found within 2 km
clouds. The indirect effects are not considered in this studyabove the surface. The aerosol mass increase near the surface
While the indirect effects might become critically important is ~ 1.5 pgn13 for OC/BC of 10 and 17~ 2 ugnt3 for
over the area further out from the MC. OC/BC of 3.5. The decrease in BMlconcentration occurs

To summarize, averaged quantities with different OC /BC between 0.6 km and 2km with a peak value-of pug n13
ratios in October 2006 over the smoke source region ardgfor OC/BC of 3.5), and—2.5ugnt2 (for OC/BC of 10
shown in Fig. 9a. Overall, for the variations of OC/BC ra- and 17) at 1.5km. Around 3km above the surface, only a
tio from 3.5 to 10, and to 17, AOD has the smallest changesslight increase in Pls occurs for OC/BC of 17, and the
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Fig. 9. (a) Monthly and domain averages over the smoke source
region simulated with different OC/BC ratios in October of 2006
for AOD and AAOD, as well as the change 2, CLD, PBLH,
SWDRF, GSW, SH, and LH due to the consideration of smoke ra-
diative effect. The change of each variable is defined as the differ-
ence between the simulation with and without the smoke aeroso
radiative interaction AV = VRa— Vhon-Ra- (b) same aga) but

for hourly averages of the daytime (08:00-17:00LT) on 31 Octo-
ber 2006. (In the case of OC/BC as 3.5, 10 and 17, respectively).

peak value is 2.5 and 3.2 ugrhfor OC/BC of 10 and 3.5,
respectively. Air temperature increases above 1.2km have a
peak value of 0.3 K at 2 km for OC/BC of 3.5, and decreases
below 1.2 km have a peak value 0.4 K at the surface for

an OC/BC value of 3.5. The change in air temperature for
OC/BC of 17 and 10 is minimal, with a maximum decrease
(—0.25K) at the surface, and a maximum increase of 0.1 K
at 2 km. Overall, stronger absorption leads to a more stable
lower troposphere, along with the enhancement of aerosols
above the PBL and near the surface, and the reduction of
aerosols in the middle-to-upper fraction of the PBL.

5 Summary

The direct and semi-direct radiative impact of smoke par-
ticles over the Southeast Asian Maritime Continent (MC,
10° S-10 N, 90-150 E) during October 2006 were stud-
ied in the online-coupled Weather Research and Forecasting
model with Chemistry (WRF-Chem). The unique vertical po-
sition between absorbing smoke particles and clouds led to
a chain of interesting perturbations of boundary layer pro-
cesses and of low-level cloud formations in the context of an
already interesting meteorological regime that includes the
sea breeze and trade winds. Due to a dearth in observation,
we were not able to do a realistic comparison, so most results
showed the possibilities only under the physical mechanism

www.atmos-chem-phys.net/14/159/2014/

tively).

represented in the model. Key findings from this study can
pe summarized as the following:

1. Persistent and large low-level cloud cover in this re-
gion is found to enhance the net absorption of the
surface/atmosphere with smoke particles within and
above the low-level clouds. This results in a pos-
itive forcing of smoke particles at the top of the
atmosphere, with a monthly and domain-averaged
value of ~20W ni2 over Borneo and Sumatra and
~ 60 W m~2 during the afternoon of 31 October over
Borneo for an OC/BC ratio of 10.

2. The decrease of land surface temperature (up to 1K
for a monthly average and 2K during the afternoon
of 31 October) as a result of smoke radiative extinc-
tion of solar input leads to decreases in turbulence,
and in the PBLH (100 m for monthly average and more
than 800 m during the afternoon of 31 October), and to
the weakening of the sea breeze. The aerosol-induced
updrafts above BPL in turn favor an upward turbu-
lent transport and thus lead to the increase of monthly
smoke concentration by 4 pgnT3 (monthly after-
noon time can increase 10 ug nT3) over 2-3.5km.
Surface PM5 of monthly afternoon times showed
smaller increases right over the center of the fire area,
and increased up to 40 ugrhduring afternoon times
on 31 October. At night, land breeze is enhanced by the
decrease of land surface temperature due to the smoke
radiative effect during daytime.

Over land, the smoke semi-direct effect is important
in daytime as it increases stability and reduces the
cloud cover, but has virtually zero effect at night. Over
the Malaysian Peninsula, Sumatra Island and Borneo

3.
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modeling tools to resolve the processes at the local and re-
gional scales toward a fuller understanding of smoke direct
and indirect effects in that region. In addition, large inter-
annual variations of fire activities were found over the south-
eastern Asia region, although high cloud cover in this region
is persistent even in the dry season (Reid et al., 2012). Hence,
we expect that the conceptual model in Fig. 11 can be gen-
eralized for other years in this region, although year-by-year

- - “‘: A variations of smoke can be more likely than those of clouds
=Y s, ™ ’rgol:;\-’ - @ ; to lead to variations of the strength of each process in the
IR i conceptual model. Caution needs to be taken in applying this
: ) conceptual model to other tropical biomass burning regions
‘ such as the Amazon forest where significant change in cloud
cover and resultant change in smoke radiative effects can be
found between drier and wetter years (Yu et al., 2007).

strengthened \%,.,"I'T ADowndrafts
PR ¢ <$ Surface PM, ¢

Land breeze i

With aerosols radiative effect

No aerosols radiative effect

Fig. 11. A conceptual model that illustrates the radiative effect of
smoke aerosols on the change of aerosol concentration, PBLH, . . L
Supplementary material related to this article is

wind, and cloud fraction over the Southeast Asian Maritime Con- ilabl i htto:// h h 114/
tinent. 1 denotes increase, arjddenotes decrease. See the text in available online athttp:/www.atmos-chem-phys.ne
159/2014/acp-14-159-2014-supplement.pdf
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