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Abstract. The Weather Research and Forecasting model

with Chemistry (WRF-Chem) has been used to simulate a re-

gion of Brazil heavily influenced by biomass burning. Nested

simulations were run at 5 and 1 km horizontal grid spacing

for three case studies in September 2012. Simulations were

run with and without fire emissions, convective parameterisa-

tion on the 5 km domain, and aerosol–radiation interactions

in order to explore the differences attributable to the parame-

terisations and to better understand the aerosol direct effects

and cloud responses. Direct aerosol–radiation interactions

due to biomass burning aerosol resulted in a net cooling, with

an average short-wave direct effect of −4.08± 1.53 Wm−2.

However, around 21.7 Wm−2 is absorbed by aerosol in the

atmospheric column, warming the atmosphere at the aerosol

layer height, stabilising the column, inhibiting convection,

and reducing cloud cover and precipitation. The changes

to clouds due to radiatively absorbing aerosol (traditionally

known as the semi-direct effects) increase the net short-wave

radiation reaching the surface by reducing cloud cover, pro-

ducing a secondary warming that counters the direct cooling.

However, the magnitude of the semi-direct effect was found

to be extremely sensitive to the model resolution and the use

of convective parameterisation. Precipitation became organ-

ised in isolated convective cells when not using a convec-

tive parameterisation on the 5 km domain, reducing both total

cloud cover and total precipitation. The SW semi-direct ef-

fect varied from 6.06±1.46 with convective parameterisation

to 3.61± 0.86 Wm−2 without. Convective cells within the

1 km domain are typically smaller but with greater updraft

velocity than equivalent cells in the 5 km domain, reducing

the proportion of the domain covered by cloud in all scenar-

ios and producing a smaller semi-direct effect. Biomass burn-

ing (BB) aerosol particles acted as cloud condensation nu-

clei (CCN), increasing the droplet number concentration of

clouds. However, the changes to cloud properties had negligi-

ble impact on the net radiative balance in either domain, with

or without convective parameterisation. The sensitivity to the

uncertainties relating to the semi-direct effect was greater

than any other observable indirect effects. Although the ver-

sion of WRF-Chem distributed to the community currently

lacks aerosol–cloud interactions in parameterised clouds, the

results of this study suggest a greater priority for the devel-

opment is to improve the modelling of semi-direct effects by

reducing the uncertainties relating to the use of convective

parameterisation and resolution before WRF-Chem can reli-

ably quantify the regional impacts of aerosols.

1 Introduction

Aerosol particles in the atmosphere have a major impact on

global climate but also contribute some of the greatest un-

certainties due to their heterogeneous distribution and com-

plicated interactions with clouds and radiation (IPCC, 2013).

The aerosol–radiation interactions, commonly known as the

direct effects, tend to result in a scattering of solar radiation

and cooling of the Earth’s surface (Haywood and Boucher,

2000; Zhang et al., 2008; Chand et al., 2009). However, many

aerosol particles also contain black carbon (BC), which ab-

sorbs radiation across a wide spectrum of wavelengths (Bond

et al., 2013). Whether an absorbing aerosol layer has a net

cooling or warming effect, as seen from the top of the atmo-
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sphere (TOA), depends greatly on whether it is over a low-

or high-albedo surface (Haywood et al., 1995; Haywood and

Boucher, 2000).

As well as their direct interactions with radiation, aerosol

particles can perturb the Earth’s radiative budget through

their impacts on clouds (Lohmann and Feichter, 2005;

Rosenfeld et al., 2008; IPCC, 2013; Possner et al., 2015). The

absorption of radiation changes atmospheric stability and cir-

culation and therefore cloud formation (IPCC, 2013). These

adjustments by the climate system are traditionally known

as the semi-direct effects (Hansen et al., 1997; Ackermann

et al., 2000). The sign and magnitude of the semi-direct ra-

diative forcings are sensitive to whether the aerosol layer is

over land or sea (Allen and Sherwood, 2010) and to the verti-

cal distribution, depending on whether the aerosol layer is be-

low, at or above cloud height (Johnson et al., 2004; Koch and

Del Genio, 2010). In addition, aerosol particles act as cloud

condensation nuclei (CCN; Andreae et al., 2004; McFiggans

et al., 2006; Hennigan et al., 2012). Polluted clouds have an

increased cloud droplet number, resulting in the first indirect

effect, whereby brighter clouds reflect more radiation back to

space (Twomey, 1974; Lohmann and Feichter, 2005; Poss-

ner et al., 2015). An increased droplet number may further

perturb cloud lifetime, height and the ability to initiate pre-

cipitation (Andreae and Rosenfeld, 2008; Chen et al., 2011).

The addition of aerosol particles can either inhibit or enhance

cloud formation: a small increase in CCN above pristine

conditions in deep convective clouds causes more droplets

to reach supercooled levels, increasing the amount of latent

heat release and invigorating convection (Rosenfeld et al.,

2008; Pöschl et al., 2010; Possner et al., 2015). Rosenfeld

et al. (2008) estimate the maximum invigoration point to be

at a CCN concentration of 0.4 % supersaturation (CCN0.4)

of approximately 1200 cm−3. Further increases in CCN re-

sult in the direct radiative effects dominating, which cool the

surface and inhibit convection.

The primary tool for estimating aerosol particles’ impact

on climate has been the use of global climate models (IPCC,

2013, and references therein). However, horizontal grid spac-

ing is typically in the order of a degree, meaning most clouds

are smaller than a grid box and must be parameterised, intro-

ducing uncertainties as to how the system responds to forc-

ings by aerosol particles (Johnson, 2004; Ghan et al., 2006;

Lohmann and Ferrachat, 2010). For example, the magnitude

and sign of the semi-direct effects show strong sensitivity to

the cloud parameterisation used (Cook et al., 2004).

At the other end of the resolution spectrum, large eddy

simulation (LES) models are capable of explicitly resolving

clouds with detailed bin microphysics at grid spacings in the

order of 10–100 m. Although LES models can only be used

over small areas, often with idealised boundary conditions,

they are useful to gain insight into how aerosols affect clouds

and are known to reproduce more realistic behaviour than

the parameterisations used in global models (Romakkaniemi

et al., 2009; Chen et al., 2011). Johnson (2004) compared

a single-column model, equivalent to a cloud parameterisa-

tion used in global models, with an LES model and found

the semi-direct effect over a stratocumulus deck was 5 times

stronger in the LES simulation, implying deficiencies in the

ability of global models to parameterise aerosol–cloud inter-

actions.

The need to better understand the impact of aerosol–

radiation–cloud interactions on a regional scale has driven

the development of “online” models with “full” couplings

between the air quality and meteorological components

(Baklanov et al., 2011; Grell and Baklanov, 2011; Baklanov

et al., 2014). The Weather Research and Forecasting model

with Chemistry (WRF-Chem) is one such model (Grell et al.,

2005; Fast et al., 2006). Unlike in offline chemical trans-

port models, the gas-phase chemical and aerosol fields are

transported using the same time step and physical parame-

terisations as the core numerical weather prediction model.

By linking aerosol optical properties to the radiation scheme

and CCN potential to the microphysics scheme, feedbacks

between aerosols and meteorology can be modelled (Chap-

man et al., 2009; Barnard et al., 2010; Zhao et al., 2011).

However, the publicly available version of WRF-Chem is

currently limited by having no aerosol–cloud interactions in

parameterised convective clouds, and no linkages exist in

the model between aerosol particles and ice nuclei (Chap-

man et al., 2009). Studies into indirect effects with WRF-

Chem have therefore tended to focus on marine stratocumu-

lus, which can be resolved at coarser resolutions (e.g. Yang

et al., 2011; Saide et al., 2012).

As computing resources have improved, WRF-Chem has

been increasingly run at fine resolutions with horizontal grid

spacings of less than 10km (e.g. Grell et al., 2011; Wu et al.,

2011a, b; Saide et al., 2012; Shrivastava et al., 2013; Fast

et al., 2014). These scales (commonly known as the “grey

zone”) are challenging to model because the assumptions

behind the deep-convective parameterisations begin to break

down, but the model cannot be expected to resolve all con-

vection explicitly (Hong and Dudhia, 2012). The Grell-3-D

convective parameterisation has in part been developed to be

used over these intermediate horizontal resolutions by allow-

ing “subsistence spreading” to neighbouring grid cells (Grell

and Freitas, 2014). However, it is currently unclear how ef-

fectively cloud responses to aerosol in the grey zone are sim-

ulated with this parameterisation. Through further nesting,

WRF-Chem can be run on scales where no cumulus param-

eterisation should be used (1x. 4 km), bridging the gap be-

tween global climate and LES models to explicitly resolve

aerosol–cloud interactions in warm convective clouds. How-

ever, even on these fine scales questions remain as to how

well some structures, such as shallow cumulus clouds, are

simulated (Hong and Dudhia, 2012).

This modelling study investigates how regional aerosol–

radiation–cloud interactions are captured in WRF-Chem, us-

ing a period during the South American Biomass Burning

Analysis (SAMBBA) project as an example. The modelled
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aerosol direct, semi-direct and indirect effects are calculated

for several different model configurations. These cover two

different horizontal grid spacings and include running with

and without a convective parameterisation and with and with-

out fire emissions. Using these results, the uncertainties in

representing these processes within models, and the difficul-

ties in making accurate predictions, are illustrated. Knowl-

edge about how these processes interact with, and feed back

to, each other and the general model configuration is impor-

tant for determining the best manner in which to run mod-

els such as WRF-Chem. How these processes, and the feed-

backs between them, are configured varies between differ-

ent limited-area coupled models or global climate models.

This kind of detailed analysis therefore has to be done for

each model (rather than assuming that certain interactions be-

tween processes will all behave in the same manner in every

model). This study is intended to show how these processes

interact within WRF-Chem and provide impetus for further

developments to improve the realism of these simulations, as

well as consistency through the different model scales.

The test case used is a region of Brazil known to be heav-

ily polluted by biomass burning aerosol (BBA) during the

dry season. The aerosol haze layer is characterised as be-

ing highly radiatively absorbing (single scattering albedo be-

tween 0.8 and 0.9), optically thick (aerosol optical depths be-

tween 0.4 and 1.2), vertically elevated to cloud level through

biomass burning plume processes and efficient at acting as

CCN (Reid et al., 2005a, b; Martin et al., 2010; Archer-

Nicholls et al., 2015). The high aerosol concentrations in this

region should provide a strong signal for aerosol–radiation

and aerosol–cloud interactions for the study.

WRF-Chem has been previously used to investigate the

impact of BBA on weather and climate. For example, Grell

et al. (2011) found a modest improvement to the mod-

elled representation of the vertical temperature profile when

biomass burning emissions and aerosol feedbacks were in-

cluded in runs over Alaska. Zhang et al. (2014) evaluated

the direct radiative effects of BBA over northern sub-Saharan

Africa and found that impact vary widely depending on the

emission inventory used. Wu et al. (2011b) ran simulations

over Brazil at 36 and 4 km horizontal grid spacing, with no

convective parameterisation on the 4 km domain. They found

BBA to inhibit afternoon convection over the domain, re-

ducing daytime precipitation but increasing it at night, albeit

with a net decrease in precipitation. The 36 and 4 km simu-

lations were qualitatively similar.

This paper follows on from Archer-Nicholls et al. (2015),

which aimed to characterise the BBA population in Brazil in

the 2012 fire season. The model output was evaluated against

remote sensing and in situ aircraft measurements from the

SAMBBA campaign. The model fields from Archer-Nicholls

et al. (2015) are used to drive initial and boundary conditions

for two nested domains with 5 and 1 km horizontal grid spac-

ing in this study. The 5 km domain was chosen to be within

the grey zone in order to probe how the WRF-Chem simu-

Table 1. Eight-bin MOSAIC size grid.

Bin number Particle dry diameter (nm)

1 39.0625–78.125

2 78.125–156.25

3 156.25–312.5

4 312.5–625

5 625–1250

6 1250–2500

7 2500–5000

8 5000–10 000

lates aerosol interactions and impacts, while the 1 km domain

has no need for a convective parameterisation. Several runs

were conducted using different emission scenarios and op-

tions for aerosol–radiation interactions to separate the instan-

taneous radiative effects of the aerosol from aerosol–cloud

interactions. The sensitivity of the semi-direct and indirect

effects to convective parameterisation and horizontal resolu-

tion is also investigated. Due to the limited area and duration

of the model runs, simulating the full changes to circulation

as a result of the forcings is beyond the scope of the current

study, and so only short-term responses are investigated.

2 Model description

This study uses WRF-Chem version 3.4.1 with changes made

to use the Model for Simulating Aerosol Interactions with

Chemistry (MOSAIC) aerosol scheme (Zaveri et al., 2008)

and the updated Carbon Bond Mechanism (CBM-Z) gas-

phase chemistry scheme (Zaveri and Peters, 1999) and fire

emissions from the Brazilian Biomass Burning Emissions

Model (3BEM) (Longo et al., 2010), as described by Archer-

Nicholls et al. (2015). As an online coupled model, the me-

teorological, transport, chemical and aerosol components are

integrated at the same time. Forcings from the chemical and

aerosol fields can feed back to the meteorology and vice

versa (Grell et al., 2005). These feedbacks primarily occur

through the aerosol–radiation interactions and aerosol parti-

cles acting as CCN to influence cloud properties. A robust

approach to describe the aerosol population and their inter-

actions with clouds and radiation is therefore needed.

2.1 The MOSAIC aerosol mechanism

The MOSAIC mechanism is a sectional scheme, whereby

the aerosol size distribution is described as a set of discrete

size bins (Zaveri et al., 2008). This study uses eight size bins

across a range of 39 nm to 10 µm, as shown in Table 1. MO-

SAIC carries five inorganic ions, which can react in the aque-

ous phase and partition with the gas-phase mechanism, plus

three unreactive primary aerosol species: black carbon (BC),

particulate organic matter (POM) and other inorganics (OIN;
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Fast et al., 2006; Zaveri et al., 2008). All chemical compo-

nents within each size bin are assumed to be internally mixed

(i.e. evenly mixed within the same particles), whilst different

size bins are assumed to be externally mixed (Zaveri et al.,

2008).

The version of MOSAIC used in this study does not

carry secondary organic aerosol (SOA). Current conventional

treatments are unable to capture frequently observed SOA

behaviour, such as the formation of sufficient mass from

known precursors or the oxygen to carbon ratio (O : C) of

the material. Alternative treatments are available, such as the

volatility basis set (VBS; Donahue et al., 2011; Shrivastava

et al., 2011, 2013), but remain unconstrained for the current

application. In particular, it is unclear how previously used

treatments can capture behaviour such as that summarised in

the meta-analysis of Jolleys et al. (2012), which described

the lack of increase in organic mass from biomass burning

sources but an increase in O : C. Ongoing developments of

the VBS are in progress to explore mechanisms by which ob-

served organic aerosol (OA) behaviour is best captured, but

they are beyond the scope of the current work. However, it

is expected that the current approach will reasonably capture

the OA mass and hence the POM : BC ratio.

Whilst uncertainties in the model representation of aerosol

composition (particularly POM : BC ratio), size distribution

and optical properties can result in uncertainties in predicted

radiative forcings (Matsui et al., 2013; Kodros et al., 2015),

an investigation of these uncertainties is beyond the scope of

the current study. Notwithstanding the discussed limitations,

using a sectional representation of aerosol provides a reason-

ably robust approach for calculating the aerosol optical prop-

erties and interactions with clouds, as described below.

2.2 Calculation of aerosol optical properties

Within MOSAIC, each aerosol chemical component has its

own associated complex refractive index, with BC being the

most absorbing (Barnard et al., 2010). The overall complex

refractive index is calculated for each bin using a mixing

rule to approximate the internal structure of the aerosol par-

ticles. Assuming an internal mixture of BC with other com-

ponents can result in an overestimation of the particle ab-

sorption cross section (Bond and Bergstrom, 2006). Describ-

ing particles using a spherical BC core with other compo-

nent shells (a “shell–core” mixing rule) is often regarded as

the most robust approach for 3-D model applications (Bond

et al., 2006; Bond and Bergstrom, 2006; Barnard et al., 2010;

Matsui et al., 2013) but was found to be unstable in WRF-

Chem version 3.4.1. In this study, the Maxwell-Garnett mix-

ing rule is used, whereby aerosol particles are assumed to

be made up of randomly distributed spheres of BC through-

out a mixture of all other components (Bohren and Huffman,

1983, chapter 8). The Maxwell-Garnett rule does not suffer

from the anomalous absorption enhancement of the internal

mixing rule (Bond and Bergstrom, 2006).

Mie calculations are used to calculate the intermediate op-

tical properties for each bin, which are summed over all size

bins to give the bulk extinction coefficient (bext), scattering

coefficient (bs), single scattering albedo (ω0 = bs/bext) and

asymmetry factor (g). Each of these variables are functions

of the size parameter (x = 2πr/λ), where λ is the wavelength

of light and r is the wet radius at the centre of the aerosol bin

(Fast et al., 2006). To save on computation, the methodol-

ogy of Ghan et al. (2001) is employed to carry out the full

Mie calculations only on the first call to the subroutine. The

net radiative impacts are calculated by passing the bulk op-

tical properties of the aerosol layer to the radiative transfer

parameterisation. This study uses the rapid radiative transfer

model (RRTMG, Mlawer et al., 1997; Iacono et al., 2000) for

both short-wave (SW) and long-wave (LW) radiation follow-

ing Zhao et al. (2011). Optical properties in the SW are calcu-

lated at four wavelengths (λ= 300, 400, 600 and 1000 nm).

For intermediate λ, bext is estimated using an Ångström co-

efficient, whereas ω0 and g are linearly interpolated. A full

description of the optical property calculations is given by

Fast et al. (2006) and Barnard et al. (2010).

2.3 Calculation of aerosol–cloud interactions

A key process in simulating aerosol–cloud interactions is the

activation of CCN to form cloud droplets. The Köhler et al.

(1936) theory describes the equilibrium state of an aerosol

particle, assumed to be an aqueous salt solution, with ambi-

ent water vapour. The critical supersaturation (Scrit, defined

as the supersaturation at which an aerosol particle becomes

activated to form a cloud droplet) depends upon both aerosol

size and composition. Aerosol particles that are larger and/or

more hygroscopic are activated more easily and so have

a lower Scrit (McFiggans et al., 2006). Within MOSAIC, Scrit

is calculated for each bin using a mass-weighted average

of the associated hygroscopicity of all chemical components

within that bin using the methodology of Abdul-Razzak and

Ghan (2002).

The primary driver of cloud droplet activation is the up-

draft velocity (w): air parcels with higher w reach higher

maximum supersaturations (Smax). All particles with Scrit <

Smax will be activated, whereas those with Scrit > Smax re-

main unactivated within clouds and are known as intersti-

tial aerosols (Chapman et al., 2009). Greater CCN concen-

tration increases the total particulate surface area, increas-

ing competition for condensable water and reducing Smax.

Subgrid variation in updraft velocity (w) is described using

a Gaussian distribution function, with a minimum spread of

σw = 0.1 ms−1 (Ghan et al., 1997). The number and mass

fraction of activated CCN in each aerosol bin can then be

calculated by comparing Smax with Scrit at the sectional limits

of each bin (Abdul-Razzak and Ghan, 2002). Inversely, this

method can also estimate the CCN concentration at given su-

persaturations. WRF-Chem carries six diagnostic variables

showing the concentration of particles that can potentially
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activate at given supersaturations of 0.02, 0.05, 0.1, 0.2, 0.5

and 1 % (CCN0.02, CCN0.05, CCN0.1, CCN0.2, CCN0.5 and

CCN1.0 respectively).

Recently, Simpson et al. (2014) have shown that the

Abdul-Razzak and Ghan (2000) parameterisation produces

unrealistic activated fractions of aerosol in some atmospher-

ically relevant conditions when compared with an explicit

bin-resolving cloud-parcel model. The scheme was shown

to overpredict activation when the aerosol population me-

dian diameter was & 300 nm. However, given that the me-

dian diameter in BBA populations is generally between 100

and 150 nm (Janhall et al., 2010), this behaviour should not

negatively impact the simulations in this study.

To model the indirect effects the cloud activation scheme

needs to be coupled with a double-moment microphysical

parameterisation that carries both number and mass load-

ings for hydrometeors. Following Yang et al. (2011), the

double-moment Morrison et al. (2005, 2009) parameterisa-

tion has been coupled with MOSAIC aerosol, such that the

number concentration of liquid droplets is controlled by ac-

tivated aerosol. The couplings are currently only for warm-

cloud processes, with no direct links between aerosol and ice

nuclei (Chapman et al., 2009). A major limitation in using

WRF-Chem to assess aerosol–cloud interactions is that the

couplings are only computed in explicitly resolved clouds,

not convective clouds simulated by the cumulus parameter-

isation (Chapman et al., 2009; Yang et al., 2011). Work is

being conducted to include aerosol interactions with parame-

terised cloud (e.g. Grell and Freitas, 2014; Berg et al., 2015).

However, these developments were not available for general

WRF-Chem release at the time of this study.

Wet removal is one of the main sinks of particulate mass.

Wet scavenging of interstitial and activated aerosol, both in

and below cloud, are parameterised following scavenging ef-

ficiencies described by Slinn (1984). Wet deposition of MO-

SAIC aerosol species is treated for explicitly resolved clouds

via precipitation of cloud-phase aerosol, and impaction–

interception wet scavenging of aerosol below cloud. For pa-

rameterised convective clouds there is washout of a fraction

of aerosol species in the same grid cell as the parameterised

cloud (based on the precipitation rate from that cell, without

dependence on aerosol size or composition), but no below-

cloud wet scavenging. Once aerosol particles are attached to

hydrometeors, they are assumed to be immediately deposited

out of the atmosphere, without the possibility of resuspen-

sion following evaporation (for more details see Yang et al.,

2015).

In deep convective clouds, secondary activation of aerosol

has been observed (Heymsfield et al., 2009) and modelled

(e.g. Segal et al., 2003; Yang et al., 2015), whereby further in-

terstitial aerosol particles are activated above cloud base due

to supersaturation not being fully offset by droplet growth,

as hydrometeors are scavenged in the cloud column. This is

a process unrepresented in the current model setup, as the

Abdul-Razzak and Ghan (2002) parameterisation assumes

all activation at cloud base. If secondary activation were in-

cluded in the model, it would primarily act to increase the

efficiency with which aerosol is scavenged from cloud and

reduce the amount of aerosol transported to the mid and up-

per troposphere (Yang et al., 2015). However, representing

this process is challenging on this scale of the model, without

bin microphysics or fully resolved updraft velocities. Use of

the aerosol-aware Kain–Fritsch parameterisation (Berg et al.,

2015) could enable consideration of this process in parame-

terised clouds for future studies.

3 Experimental methods

This section describes the model setup and rationale for the

experiments conducted for this study. The objective is to

probe the response of the WRF-Chem model to aerosol–

radiation and aerosol–cloud interactions across a range of

scales and meteorological conditions. The high levels of el-

evated, highly absorbing aerosol over Amazonia during the

dry-to-wet season transition provide a good test bed for the

experiments by producing a strong signal of aerosol forc-

ings. Several scenarios were constructed to isolate the var-

ious aerosol impacts, as described below.

3.1 Domain setup and methods

Archer-Nicholls et al. (2015) described a parent domain

run for the whole of September 2012 with 226× 196 grid

cells at 25 km horizontal grid spacing covering most of

South America, 41 vertical levels up to 50 hPa with 18

levels within the lowest 3 km and a Lambert conformal

conic projection. The meteorological input and boundary

conditions were driven by the operational, deterministic

(high-resolution) 1-day forecasts of the European Centre for

Medium-Range Weather Forecasts (ECMWF, http://www.

ecmwf.int/). Chemical and aerosol boundary conditions were

derived from the MACC-II reanalysis (Monitoring Atmo-

spheric Composition and Climate – Interim Implementation;

Hollingsworth et al., 2008; Flemming et al., 2013).

This study focuses on the output of two nested domains,

with 5 and 1 km grid spacing respectively. The location of

the 5 km nest encompasses a region of high aerosol opti-

cal depths (AODs) over Rondônia state. The 1 km domain

is positioned over a region with high AODs, flat topogra-

phy and heavy precipitation on 18 September 2012. A map

of all three domains is shown in Fig. 1. The nests were run

for three 36 h case study periods with contrasting meteoro-

logical conditions, starting at 00:00 UTC on 14, 18 and 23

September 2012 respectively (where local time: UTC−4 h).

The ndown utility was used to generate hourly offline bound-

ary conditions for the 5 km nests from the 25 km runs. The 5

and 1 km nests were run online without feedback between

nests.

www.atmos-chem-phys.net/16/5573/2016/ Atmos. Chem. Phys., 16, 5573–5594, 2016
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Table 2. Summary of physical parameterisations and other options used in parent and nested simulations.

Option d01, 25 km parent d02, 5 km nest d03, 1 km nest

Horizontal grid cells (ni × nj ) 226× 196 151× 171 141× 116

Horizontal grid spacing 25 km 5 km 1 km

Cumulus Grell 3-D Grell 3-D none

Subsistence spreading 1 3 NA

Dynamical time step (s) 120 30 6

Chemistry time step (min) 2 1 1

Boundary conditions ECMWF/MACC offline, ndown online, no feedback

 

Figure 1. Map of domains used for study. Outer map of parent do-

main with 25 km horizontal grid spacing, with squares showing ex-

tents of 5 km (d02) and 1 km (d03) nests.

Except where otherwise stated, the 5 km domain uses

the Grell-3-D convective scheme with subsidence spreading

turned on so as to be applicable for use below 10 km grid

spacing (Grell and Freitas, 2014). No convective parameter-

isation is used on the 1 km nest, allowing explicit aerosol–

cloud interactions in convective clouds. The differences in

model setup between domains are summarised in Table 2.

All other physical parameterisations are the same between

the nested and parent domains and are described in more de-

tail in Archer-Nicholls et al. (2015).

3.2 Scenarios

Two emission scenarios are considered in this study: fire

emissions (FE) and no fire emissions (nFE). FE uses the

3BEM fire emissions with the Freitas et al. (2007) plume-

rise parameterisation and modifications for the 2012 biomass

burning season described in Archer-Nicholls et al. (2015).

The nFE scenario has no fire emissions but has the same

anthropogenic emissions, biogenic emissions and boundary

conditions as the FE scenario. Both of these scenarios were

Table 3. Summary of scenarios: fire emissions (FE), no fire emis-

sions (nFE), fire emissions with no aerosol–radiation interactions

(nARI) and a control simulation with no fire emissions or aerosol–

radiation interactions (Ctrl). Scenarios without convective param-

eterisation on the 5 km domain (FE_nCU, nFE_nCU, nARI_nCU

and Ctrl_nCU) were run only for the 18 September case study.

Scenario Fire Aerosol–radiative Convective

emissions feedback parameterisation

on 5 km domain

FE On On On

nFE Off On On

nARI On Off On

Ctrl Off Off On

FE_nCU On On Off

nFE_nCU Off On Off

nARI_nCU On Off Off

Ctrl_nCU Off Off Off

run for the entirety of September on the 25 km domain

without aerosol–radiation interactions. The meteorological

fields were reinitialised from ECMWF fields at the start of

each nested simulation run to minimise synoptic-scale error

growth and ensure that any differences within the nested do-

mains were due to processes being investigated within the

nests.

To separate the impacts of aerosol–radiation interactions

from cloud–aerosol interactions, the nested domains were

run with aerosol–radiation interactions both turned on and

off. References to the FE and nFE scenarios refer to sce-

narios with aerosol–radiation interactions on. The scenario

with no fire emissions or aerosol–radiation interactions is

used as a control simulation (Ctrl) and behaves as a WRF

simulation would (i.e. with negligible aerosol effects). An-

other scenario with fire emissions but no aerosol–radiation

interactions (nARI) is used to isolate the impacts of cloud–

aerosol interactions. Finally, each scenario was also run with

the Grell-3-D convective parameterisation turned off over the

5 km domain (denoted with the suffix “_nCU”) for the 18

September 2012 initialisation. The scenarios are summarised

in Table 3.
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3.3 Meteorological and aerosol fields

Figure 2 shows accumulated precipitation and winds at

700 hPa over the three case study periods over the 5 km do-

main. The meteorological input conditions of each nested

simulation case study are derived from the ECMWF data,

whereas the chemical and aerosol input conditions are inter-

polated from the 25 km domain. The first 6 h of integration

of each run are discarded as spin-up.

The modelled meteorological conditions differ markedly

for each case study. The driest conditions are on 14 Septem-

ber, with only limited convective precipitation. Prevalent

winds are easterly or north-easterly. Extensive fire emis-

sions and minimal precipitation over the region between 10

and 14 September result in high modelled aerosol loadings

(Fig. 3). By 18 September the transition into the wet sea-

son has begun, with widespread precipitation across the 5 km

domain and the location of the 1 km nest. Aerosol loadings

are lower than on the 14 September but still high. There is

heavy precipitation and easterly winds over the northern half

of the domain on 23 September but north to north-westerly

winds and little precipitation over the southern half (where

the 1 km nest is located). By 23 September, prolonged rain-

fall has washed out much aerosol. However, the model shows

higher aerosol loadings compared to measurements on this

date (see Archer-Nicholls et al., 2015, for more details).

The dates of the case studies coincide with the SAMBBA

flight numbers B731, B734 and B739. The model output

from the parent 25 km domain was evaluated against these

in situ flight measurements by Archer-Nicholls et al. (2015).

Modelled POM and PM2.5 mass was of similar magnitude to

flight measurements on 14 and 18 September, although suf-

ficient aerosol mass was achieved by scaling up emissions

to match observed AOD from the MODIS satellite product

in the region. On 23 September, aerosol mass was overesti-

mated in the model compared to flights, which was attributed

to a combination of emission fields not decreasing commen-

surately with the transition into wet-season meteorological

conditions and insufficient wet deposition of aerosol mass.

Due in part to poorly captured plume rise, the vertical distri-

bution was biased high in the model between the boundary

layer top and 4 km above ground. Although there were some

discrepancies in POM : BC ratio between model and obser-

vations, single scattering albedo compared reasonably well.

Overall, the model reproduced aerosol fields well enough to

capture the broad impacts of BBA, acknowledging uncertain-

ties due to an imperfect representation of aerosol vertical dis-

tribution and optical properties.

3.4 Radiative flux calculations

The public version of WRF-Chem carries 16 diagnostic vari-

ables for assessing simulated radiative fluxes. These are first

split into SW and LW portions of the spectrum and can be

calculated at the TOA or the surface (e.g. SWTOA, SWSfc),

in either the up or down direction (SW
↑

TOA, SW
↓

TOA). Finally,

they can be calculated for “all-sky”, including the effects of

clouds (SW
↑

TOA); or for “clear sky”, ignoring the effects of

clouds (SW
↑

TOA,clr). Note that the clear-sky variables are not

only calculated in the grid points where there is no cloud but

for every grid point giving the value that would be returned

if no cloud existed.

The change to any of these variables due to the emission

of BBA is calculated by finding the difference between the

FE scenario and nFE scenario. For example, the change in

downward SW radiation at the surface can be found by

1SW
↓

Sfc = SW
↓

Sfc,FE−SW
↓

Sfc,nFE. (1)

Likewise, the difference in upwelling SW radiation at the

TOA is given by

1SW
↑

TOA = SW
↑

TOA,FE−SW
↑

TOA,nFE. (2)

The radiative balance (RB) is defined as the difference be-

tween the radiation going into the system and the outwelling

radiation at the TOA:

RB= SW
↓

TOA+LW
↓

TOA−SW
↑

TOA−LW
↑

TOA, (3)

with a positive RB indicating a net increase in energy in

the system. As such, the RB is generally positive during the

day and negative at night. RB can similarly be calculated for

clear-sky conditions:

RBclr = SW
↓

TOA,clr+LW
↓

TOA,clr−SW
↑

TOA,clr

−LW
↑

TOA,clr. (4)

The change in radiative balance (1RB) is defined as the

difference between a particular scenario and the control sim-

ulation (Ctrl) which has no aerosol effects. Given the incom-

ing radiation at the TOA is the same for all scenarios, 1RB

is equal to the difference in outgoing radiation, e.g.

1RBFE = RBFE−RBCtrl = (SW
↑

TOA+LW
↑

TOA)|Ctrl

− (SW
↑

TOA+LW
↑

TOA)|FE, (5)

making 1RBFE the instantaneous change to the net radiative

flux due to the aerosol population. Similar calculations can

be made for the clear-sky variables direct aerosol effects from

changes to the cloud fields:

1RBFE,clr = RBFE,clr−RBCtrl, clr. (6)

BBA contains a high proportion of highly absorbing black

carbon. The total radiative flux absorbed by the atmosphere

can be calculated by finding the difference between fluxes

into and out of the atmospheric column:

ASW= SW
↓

TOA+SW
↑

Sfc−SW
↑

TOA−SW
↓

Sfc. (7)
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Figure 2. Maps of total precipitation and wind vectors at 700 hPa from the Ctrl scenario, accumulated over 24 h from dawn to dawn for

each case study period over the 5 km domain, with black box outlining the 1 km domain. Panel (a): from 10:00 UTC 14 September; panel

(b): from 10:00 UTC 18 September 2012; and panel (c): from 10:00 UTC 23 September.

Figure 3. Panels (a–c): temporally averaged column AOD at 550 nm from 5 km domain. Panels (d–f): vertical profiles of extinction coefficient

bext at 550 nm (km−1), averaged over interpolated pressure level planes at 25 hPa intervals. All data from FE scenario; (a) and (d) from

06:00 UTC 14 September; (b) and (e) from 06:00 UTC 18 September; (c) and (f) from 06:00 UTC 23 September 2012.

The 16 diagnostic radiative flux variables in the public ver-

sion of WRF-Chem do not, however, provide enough infor-

mation to fully disentangle the direct, semi-direct and indi-

rect effects. Following Ghan et al. (2012), we have added

double calls to the radiation driver in each column to calcu-

late an extra set of eight “clean-sky” variables (SWcln and

LWcln), which ignore the radiative effects of aerosol by set-

ting the refractive index of all aerosol species to zero. With

these extra diagnostics, the influence of aerosol effects on

water uptake and absorption can be removed, giving enough
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information to calculate the direct, semi-direct and indirect

effects of biomass burning aerosol.

The direct SW radiative forcing (SWDIRECT) is defined as

the difference in upwelling SW radiation at the TOA between

the FE and nFE scenarios, with the radiative effects of water

vapour removed by subtracting the clean-sky value:

SWDIRECT =1SW
↑

TOA−1SW
↑

TOA,cln. (8)

The indirect effect is calculated from the scenarios with no

aerosol radiative interactions:

SWINDIRECT =1SW
↑

TOA,nARI,cln

= SW
↑

TOA,nARI,cln−SW
↑

TOA,Ctrl,cln. (9)

Finally the semi-direct effect is the remainder after taking

away the direct and indirect effects:

SWSEMIDIRECT =1SW
↑

TOA−SWDIRECT

−SWINDIRECT. (10)

Equivalent variables for LW radiation are also calculated. For

more details and discussion, see Ghan et al. (2012).

3.5 Statistical methods

For the radiative variables defined above, sample means and

standard deviations (s), over the domain (ignoring the five

outermost cells of each domain to avoid boundary issues) are

calculated. An estimation of the uncertainty is given using

the standard error (SE), following a similar method to Ko-

lusu et al. (2015). The SE is typically calculated by divid-

ing the standard deviation by the square root of the number

of independent data points N . However, the grid points of a

model run show strong spatial and temporal autocorrelation.

Assuming all grid points are independent results in an erro-

neously small SE and therefore too high a significance. We

therefore apply a correction factor k (Bence, 1995):

SE=
s
√
N
k, (11)

where

k =

√
1+ ρ
√

1− ρ
. (12)

The autocorrelation factor ρ varies from −1 (perfect anti-

correlation) to 1 (perfect correlation). Spatial autocorrelation

is estimated using the 2-D Moran’s-i method for neighbour-

ing points. Thus, if ρ is positive, the correction acts to in-

crease the SE. For the derived variables defined above, the

net SE is estimated by adding the errors for the constituent

variables in quadrature. For example, for SWDIRECT:

SE(SWDIRECT)

=

√√√√√SE(SW
↑

TOA,FE)
2
+SE(SW

↑

TOA,nFE)
2

+SE(SW
↑

TOA,FE,cln)
2
+SE(SW

↑

TOA,nFE,cln)
2.

(13)

This method reasonably estimates the uncertainty associated

with domain averages, with uncertainty increasing appro-

priately as the number of grid cells decreases. However, it

does not account for the systematic error associated with the

boundary conditions of a nested domain, such as the 1 km

domain in this study,

4 Results

To assess how the WRF-Chem model simulates the re-

gional impacts of BBA under various model setups and me-

teorological conditions, the analysis first evaluates the in-

stantaneous direct radiative effects of aerosol–radiation in-

teractions, temporarily ignoring the influence of clouds, in

Sect. 4.1. Changes to the atmospheric stability, and how this

in turn affects cloud formation and precipitation, are then

presented (Sect. 4.2). The radiative balance is evaluated with

regard to the cloud response to identify the semi-direct ef-

fects, testing the sensitivity of the cloud responses to reso-

lution and convective parameterisation (Sect. 4.3). Finally in

Sect. 4.4, aerosol–cloud interactions in the model are inves-

tigated. Output from the 5 km and 1 km domains and runs

with no convective parameterisation over the 5 km domain

are analysed, testing how much of an impact the lack of

aerosol–cloud interactions in parameterised clouds has on the

simulations.

4.1 Direct aerosol–radiative interactions and changes

to atmospheric stability

Total column AOD at 550 nm in the FE model scenario is

highest on the 14 September case study, with values between

0.8 and 1.2 over the domain (Fig. 3a). AOD on the other two

days is lower, between 0.4 and 1.0 (Fig. 3b–c). The majority

of the aerosol layer is in the lower 4 km of the model’s at-

mosphere. Fresh emissions are injected at altitude during the

local afternoon of each day (Fig. 3d–f). Note that the AOD is

non-zero in the nFE scenario, generally between 0.2 and 0.4,

owing to contributions from anthropogenic emissions, dust

and other long-range-transported aerosols.

Figure 4 shows maps of the differences in clear-sky (ig-

noring cloud effects) radiation fluxes between the FE and

nFE scenarios and time series for the four main scenar-

ios averaged over the 5 km domain for 14 September 2012.

Similar figures for 18 and 23 September are included in

the Supplement. Downwelling clear-sky SW radiation at the

surface (SW
↓

Sfc, clr) on 14 September 2012 is reduced by
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Figure 4. Maps and time series of changes to clear-sky radiation fields (ignoring the effects of clouds) due to BBA over 14 September 2012.

Panels (a–c) show maps over the 5 km domain of the difference between the FE and nFE scenarios, averaged over 24 h, from dawn to

dawn, between 10:00 UTC 14 and 10:00 UTC 15 September. Panels (d–f) show model output averaged over the 5 km domain at each hour of

simulation for the FE, nFE, nARI and Ctrl scenarios, with (d) and (e) plotting the difference from the Ctrl scenario. Panels (a) and (d): change

in downwelling SW radiation at the surface1SW
↓

Sfc, clr
. Panels (b) and (e): change in radiative balance (1RBclr) at the top of the atmosphere

(TOA). Panels (c) and (f): SW radiation absorbed by the atmospheric column (ASWclr).

a maximum of −109.5 Wm−2 compared to the nFE sce-

nario (Fig. 4a and d). The clear-sky radiative effects in the

18 and 23 September case studies are qualitatively similar to

14 September. The difference in clear-sky radiative balance

between the FE and nFE scenarios (1RBclr) is negative (i.e.

the aerosol layer has a net cooling effect at the TOA if cloud

effects are ignored; Fig. 4b and e).

Although the high BC content of BBA makes it highly

absorbing, it has a net negative forcing because the aerosol

layer is predominantly over forest, which has a low albedo of

0.12 in the model. Averaged over 24 h, from dawn to dawn,

the difference in RBclr between the FE and nFE scenarios is

−5.0 Wm−2.

Over the same period, around 28 Wm−2 more SW radia-

tion is absorbed by the atmospheric column in the FE sce-

nario than the nFE scenario on 14 September (Fig. 4c and f),

compared to 19 and 18 Wm−2 on 18 and 23 September re-

spectively. The full tables of domain-averaged radiative bud-

gets are summarised in the Supplement. These results are

comparable in magnitude and sign to a similar study con-

ducted over the same case study area using the Met Office

Unified Model (Kolusu et al., 2015). Overall, the net direct

radiative effects of the aerosol layer are to reduce the total

energy in the system, cool the surface and warm the lower

troposphere.

4.2 Cloud responses to aerosol forcings

The presence of BBA in the simulations affects the dynamics

and stability of the atmosphere, resulting in multiple changes
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Figure 5. Difference plots between the FE and nFE scenarios with data averaged over interpolated pressure levels with 20 hPa spacing.

Panels (a–c): difference in potential temperature θ (K); panels (d–e): difference in sum of all cloud variables (QCLOUD+QRAIN+QICE+

QGRAUP+QSNOW; mgkg−1). Panels (a) and (d): from 06:00 UTC 14 September; panels (b) and (e): from 06:00 UTC 18 September;

panels (c) and (f): from 06:00 UTC 23 September 2012.

to cloud formation and evolution. Changes can be observed

in the vertical profile of the domain-averaged potential tem-

perature θ (Fig. 5a–c). On each day after local sunrise (ap-

proximately 10:00 UTC), the surface layer and lower plane-

tary boundary layer (PBL) is cooler in the FE scenario and

warmer between 850 and 500 hPa. The changes in θ are in-

dicative of the aerosol layer stabilising the column, inhibiting

the initiation of convection and reducing the amount of cloud

(Fig. 5d–f). In all three case studies, there is a reduction in

cloud formation in the FE scenario during the onset of pre-

cipitation around 18:00 to 21:00 UTC (14:00 to 17:00 local

time). This change is less dramatic in the 14 September case

study, as there was less precipitation on this day compared

to the others. On 18 September, the presence of BBA consis-

tently reduces all cloud types into the night. On 23 Septem-

ber, there is some displacement of peak precipitation in the

FE scenario, resulting in longer cloud lifetimes and some pe-

riods with greater quantities of graupel and snow in the FE

scenario. On 18 and 23 September, there is a reduction in

nighttime high-altitude ice clouds in the FE scenario.

When the radiative effects of cloud fields are considered

for the analysis of model output, the radiative impacts of

BBA are dramatically different (Fig. 6). In the mornings, be-

fore convective storms occur, 1RBFE is negative and similar

to the clear-sky case in Fig. 4e. In the afternoon, a strong

positive forcing is observed in the FE scenario as there is

much reduced cloud cover resulting in less SW radiation be-

ing reflected to space (see Fig. S3 in Supplement). This dif-

ference is greatest on 18 September (the case study with the

most precipitation and cloud cover across the domain), peak-

ing at +70 Wm−2. This cloud response more than counters

the clear-sky direct radiative cooling of the aerosol over the

same period.

Similar effects have been found by other modelling stud-

ies investigating the impact of BBA over continental regions.

For example, Zhang et al. (2008) found a peak negative clear-

sky forcing of −8 Wm−2 over the highest AOD region in

the Amazon but with reductions in cloud cover resulting

in localised surface forcings as high as ≈ 22 Wm−2 when

changes to clouds were included. Kolusu et al. (2015) also

show a reduced all-sky forcing magnitude compared to clear

sky and a decrease in precipitation due to BBA over the same

SAMBBA period using the Met Office Unified Model (Me-

tUM). In Africa, BBA has also been shown to inhibit con-

vection and cloud formation over land (Sakaeda et al., 2011;

Tosca et al., 2013).

At nighttime, there is a net negative forcing of approxi-

mately −10 Wm−2 in the FE run on 18 and 23 September,

which occurs because there are fewer ice clouds at high alti-

tude in the FE scenario (Fig. 6). Cirrus clouds efficiently trap

LW radiation, and so the thinner ice clouds in the FE simu-

lations result in an increase in LW
↑

TOA. Whilst we are unsure

of the physical significance of this effect, the forcings due to

changes in nighttime ice clouds are comparable in magnitude

to the daytime forcings and so have an appreciable impact on

the accumulated radiative balance.

The 24 h averaged radiative budgets for each scenario are

summarised in Tables S1–S3 in the Supplement, with av-
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Figure 6. Changes to radiation balance at the TOA over the 5 km domain for each of the three case study days, including the effects of

clouds. Panels (a–c) show maps over the 5 km domain of the difference between the FE and nFE scenarios (RBFE−RBnFE), averaged over

24 h, from dawn to dawn, from 10:00 UTC for (a) 14, (b) 18 and (c) 23 September 2012. Panels (d–f): time series of change in radiative

balance from Ctrl scenario (1RB) averaged over the 5 km domain at each hour of simulation. Calculations of derived variables are explained

in Sect. 3.4

erages of basic meteorological variables in Tables S4–S6.

Comparing the FE scenario with the nFE and Ctrl scenar-

ios shows the total aerosol impact. Differences between the

nARI and Ctrl scenario are indicative of aerosol–cloud inter-

actions. In each of the case studies, SW
↓

Sfc is lower in the FE

scenario, but the net forcing is less consistent. The reduction

in cloud cover in the FE scenario adds a semi-direct warming

effect which acts counter to the direct cooling of the aerosol,

largely cancelling out any net impact.

To quantify this semi-direct effect, we use the methodol-

ogy of Ghan et al. (2012) to decompose the radiative forc-

ing into SW and LW direct, semi-direct and indirect effects.

These are presented for each of the case studies in Fig. 7.

The diurnally averaged SWDIRECT is −5.26± 1.26,

−3.34±2.68 and−3.65±1.87 Wm−2 respectively on the 14,

18 and 23 September case studies. When decomposed, the

positive change in radiative balance seen in the afternoon in

Fig. 6d–f is due to the positive SWSEMIDIRECT. Diurnally av-

eraged SWSEMIDIRECT is 3.51±1.19, 6.06±1.46 and 5.18±

1.82 in the three case studies respectively. At nighttime, the

reduction in nighttime cirrus clouds in the FE scenario results

in a negative LWSEMIDIRECT in the 18 and 23 September case

studies of−4.54±0.96 and−2.80±1.07 Wm−2 respectively.

In all three case studies, the indirect effects are small relative

to the direct and semi-direct forcings, with a signal typically

smaller than the estimated error.

Although the broad conclusions using this extended anal-

ysis are similar and roughly equivalent to the analysis of

the change in radiative balance, the quantification of differ-

ent forcings enables a greater understanding of the processes

and impacts being investigated. However, the results are still

specific to the case studies and model setup being studied

and should not be extrapolated due to the small scope of the

study.
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Figure 7. Radiative forcings over 5 km domain over each case study day: 14 September (left), 18 September (middle) and 23 September

(right). Instantaneous net forcings (top) and decomposition into short-wave (middle) and long-wave (bottom) direct, semi-direct and indirect

forcings. LWDIRECT is small and so is not plotted.

4.3 Sensitivity to model resolution and a convective

parameterisation

There are only major differences to the radiative forcings

between the 5 and 1 km domains in the 18 September case

study because this is the only day with extensive cloud cover

over the 1 km domain region. In the 1 km domain, convection

initiates faster and more energetically in the early afternoon

compared to the same runs on the 5 km domain. Clouds are

better resolved, covering a smaller portion of the total do-

main. Therefore, a greater amount of SW radiation reaches

the ground in the 1 km domain compared to the same region

of the 5 km domain (Fig. S5a).

The analysis of radiative forcings in the 1 km domain is

limited by its small size. As the region of the 5 km do-

main that the 1 km domain covers is not representative of the

whole, displacements of clouds in the 5 km domain can have

a large impact on the net forcing in the 1 km domain and sig-

nals are correspondingly noisier. This is highlighted by the

large errors of variables calculated over the 1 km domain re-

gion from the 5 km domain (Fig. 8). However, sensitivities to

the model resolution can be inferred from how forcings dif-

fer over the same area between the 1 and 5 km simulations.

SWSEMIDIRECT is weaker in the 1 km domain compared to

the same region of the 5 km domain (Fig. 8a, c and e), due

to the smaller, more cellular structure of convective clouds

in the 1 km domain. Assuming the representation of convec-

tive clouds is more realistic in the 1 km domain, the differ-

ence between the two domains suggests that the Grell-3-D

parameterisation, even with subsidence spreading, may re-

solve clouds and their radiative properties too poorly for the

accurate simulation of semi-direct effects.

To separate changes due to the aerosol fields from ef-

fects due to the convective parameterisation, a set of four

scenarios without the Grell-3-D convective parameterisation

over the 5 km domain were run for the 18 September case

study. Peak precipitation rates (which occur between 20:00

and 21:00 UTC on 18 September) for the FE and FE_nCU

scenarios are compared with data from the Tropical Rain-

fall Measurement Missions (TRMM) 3B42 product (Huff-

man et al., 2001) in Fig. 9. In the FE scenario, precipita-

tion is less intense and covers a larger area, whereas in the

1 km domain and FE_nCU scenario, precipitation organises

itself into isolated convective cells with a greater portion of
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Figure 8. Radiative forcings averaged over the 1 km region of the 5 km domain (left) and the 1 km domain (right) on 18 September. Instan-

taneous net forcings (top), with decomposition into short-wave (middle) and long-wave (bottom) direct, semi-direct and indirect forcings.

the domain receiving no precipitation. The FE scenario cor-

respondingly has a larger portion of the domain covered by

cloud at any one time. However, total precipitation over both

domains is greater in the FE scenario than the FE_nCU sce-

nario. Although the TRMM product is relatively coarse (with

a grid spacing of 0.25◦), precipitation can be seen to occur in

small convective cells, suggesting that the FE_nCU scenario

is more realistic.

The spread of accumulated precipitation in the FE_nCU

scenario is closer to that of the TRMM data set than the FE

scenario (Fig. 10), with more grid cells receiving little to no

precipitation and a greater proportion of total precipitation

being received from grid cells with high precipitation. The

average accumulated precipitation over the 5 km domain on

18 September is 2.30, 1.43 and 1.49 mm for the FE, FE_nCU

and TRMM data set respectively. Thus, the model scenarios

without convective parameterisation perform better for both

total accumulated precipitation and distribution over the do-

main for this case study.

The runs without convective parameterisation have re-

duced deep convection in the local afternoon, resulting in

more downwelling SW radiation at the surface (Fig. S6a).

The change in surface SW radiation in the local afternoon is

approximately twice as sensitive to the use of convective pa-

rameterisation as to the presence of BBA. Overall, the after-

noon peak semi-direct effect is weaker when running without

convective parameterisation in both the 5 and 1 km domain

(Fig. 11). The diurnally averaged value is 3.61± 8.55, com-

pared with 6.06±1.46 Wm−2 over the same period from the

runs with convective parameterisation. There is also no neg-

ative nighttime LW semi-direct forcing, due to the lack of

high-altitude nighttime clouds in the runs without convective

parameterisation. Even with aerosol–cloud interactions be-

ing present in simulations without convective parameterisa-
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Figure 9. Peak precipitation rate over 5 km and 1 km domains from FE and FE_nCU scenarios between 20:00 and 21:00 UTC on 18 Septem-

ber 2012, compared with the precipitation rate over the same region from TRMM data at 21:00 UTC on 18 September.

Figure 10. Histogram of 24 h accumulated precipitation over the

5 km domain between 10:00 UTC 18 September and 10:00 UTC

19 September 2012, comparing FE and FE_nCU scenarios with

TRMM data. Model output averaged over 5× 5 grid (25 km) to be

of the equivalent resolution to TRMM data (0.25× 0.25◦).

tion in the 5 km domain, the indirect effects are small with no

signal above noise. The strong sensitivity of the semi-direct

effect to the use of convective parameterisation, combined

with low indirect forcings in this region, highlights the need

to better develop parameterisations that can accurately simu-

late aerosol feedbacks on cloud formation.

4.4 Evidence of aerosol–cloud interactions

To show that BBA are activating to become cloud droplets in

the model, we estimate the maximum supersaturation Smax

in each column of the model with cloud by comparing the

maximum droplet number in a vertical column (Nd, max) with

the CCN concentrations at the base of the cloud. For exam-

ple, if Nd, max > CCN0.02 but Nd, max < CCN0.1, then Smax

must be between 0.02 and 0.1 %. This approach implicitly

assumes that peak Smax is at cloud base, which is a rea-

sonable assumption given the representation by the Abdul-

Razzak and Ghan (2002) activation parameterisation, but it

might not be the case in a parcel model or reality.

Figures 12 and 13 show an increase in Nd, max and a corre-

sponding decrease in Smax in the FE scenario, consistent with

increased CCN activation. Because the Abdul-Razzak and

Ghan (2002) parameterisation estimates the activated frac-

tion based on a Gaussian distribution of the updraft velocity

(w),Nd, max and Smax are both implicitly sensitive tow. How-

ever, most clouds over this period and region were convective

and parameterised on the 5 km domain, meaning the sub-

grid variation in vertical velocities is unresolved. To identify

any aerosol–cloud interactions in convective systems, sim-

ulations on cloud-resolving scales must be run. Comparing
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Figure 11. Radiative forcings from scenarios with no convective parameterisation on the 5 km domain for the 18 September case study. In-

stantaneous net forcings (top), with decomposition into short-wave (middle) and long-wave (bottom) direct, semi-direct and indirect forcings.

Averaged over the 5 km domain (left), the 1 km region of the 5 km domain (middle) and the 1 km domain (right).

clouds in the same region of the 5 and 1 km domain, Smax

and Nd, max are both approximately twice as high in the 1 km

simulations in both FE and nFE scenarios, implying higher

resolved updraft velocities (Fig. 13). More CCN per unit vol-

ume are activated in the 1 km domain due to w being explic-

itly resolved. However, there is no corresponding increase in

scattered radiation, as may be expected from the first indirect

effect, because deep convective clouds are already optically

thick. Cloud optical depth is most sensitive to an increase

in droplet number if the liquid water path is low (Twomey,

1974).

Although CCN are activated in cloud within the model,

the net radiative balance was largely not sensitive to aerosol–

cloud interactions during the case studies, resulting in small

indirect effects (Figs. 7 to 11). We believe the small indirect

effect is because most of the cloud in the domain is a result

of deep convection, which tends to be optically thick even

without the inclusion of additional aerosol as described by

the Twomey (1974) effect. An exception is on the morning

of 23 September 2012 between 11:00 and 14:00 UTC, when

there is a small negative SWINDIRECT forcing (Fig. 7f). The

large central region in Fig. 12a shows a high droplet number

in the FE scenario, whereas there is little cloud over the same

region of the nFE run (Fig. 12c). This cloud is a ground-

level radiation fog, which forms in the high morning hu-

midity of the forest and is enhanced by the added presence

of CCN from BBA. This example is the only period of the

case studies where BBA aerosol influences the optical prop-

erties of resolved clouds in the 5 km domain, producing a

SWINDIRECT forcing of greater magnitude than the simulta-

neous SWSEMIDIRECT forcing.

5 Conclusions

WRF-Chem model simulations for three 36 h case studies

over nested domains at a 5 and 1 km horizontal grid spacing

were conducted over a region of Brazil heavily influenced

by biomass burning aerosol (BBA) to evaluate the regional

impact of aerosol–radiation and aerosol–cloud interactions.

These nested domains were driven by model fields from

a WRF-Chem simulation at a 25 km grid spacing over South

America, which was run for September 2012 and evaluated

by Archer-Nicholls et al. (2015) against in situ aircraft mea-

surements. The Grell-3-D convective parameterisation was

Atmos. Chem. Phys., 16, 5573–5594, 2016 www.atmos-chem-phys.net/16/5573/2016/



S. Archer-Nicholls et al.: ARCI modelling in SAMBBA 5589

Figure 12. Comparison of maximum droplet number in column Nd, max (cm−3) and estimated maximum cloud supersaturation Smax (%)

between the FE and nFE scenarios over the 5 km domain on 10:00 UTC (approximately 06:00 LT) 23 September 2012. Panels (a) and (c):

plots of Nd, max; panels (b) and (d): plots of Smax. Panels (a) and (b) for FE scenario; panels (c) and (d) for nFE scenario.

used on the 5 km domain, using the recommended subsis-

tence spreading option for running on this scale (Grell and

Freitas, 2014). Different scenarios were conducted to probe

how effectively the impacts are modelled in WRF-Chem and

test sensitivity to model resolution and use of convective pa-

rameterisation over the 5 km domain. As a result of the small

size of domains, short case studies and a single model ver-

sion, the results from this study apply to the specific case

studies and model setup presented. Caution should be used

when extrapolating from the results of these case studies to

draw more general conclusions about aerosol–cloud interac-

tions (especially if applying these findings to other limited

areas or to global climate models).

Over the 5 km domain, in the 18 September case study,

the short-wave direct effects of BBA particles over the re-

gion have a negative forcing of −3.34± 1.47 Wm−2, which

is countered by a positive semi-direct effect of 6.06±

1.46 Wm−2. The short-wave indirect effect is a relatively

small 0.266± 1.06 Wm−2. Long-wave semi-direct and indi-

rect effects are larger on this case study day, with values of

−4.54± 0.96 Wm−2 and −1.53± 0.69 Wm−2 respectively.

These are largely a result of decreases in nighttime cirrus

clouds in the runs with BBA. Overall, there is a net negative

forcing of −2.67± 1.27 Wm−2.

Further nested simulations at a 1 km grid spacing were run

to explicitly resolve convection. In the finer-resolution do-

main, deep convective clouds have much reduced horizontal

spread but a higher cloud droplet number within cloud com-

pared to the 5 km domain. The reduction in cloud cover due

to the presence of BBA over the 1 km domain therefore has

a reduced impact on the net radiative balance, and the mag-

nitude of the semi-direct effect is smaller compared to the

same region of the 5 km domain. The modelled semi-direct

effect is thus highly sensitive to the model resolution. Indirect

effects from resolved aerosol–cloud interactions in the 1 km

domain were smaller than the semi-direct effect, although the
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Figure 13. Comparison of maximum droplet number Nd, max (cm−3) and maximum cloud supersaturation Smax (%) between the FE and

nFE scenarios over the 5 and 1 km domains at 18:00 UTC (approximately 14:00 LT) 18 September 2012. Panels (a), (c), (e) and (g): plots of

Nd, max; panels (b), (d), (f) and (h): plots of Smax. Panels (a–d): for FE scenario; panels (e–h): for nFE scenario.

small size of the 1 km domain and the sensitivity to boundary

conditions from the 5 km domain results in a noisy signal.

Simulations run without a convective parameterisation on

the 5 km domain had reduced daytime convection and pre-

cipitation. Comparisons with the TRMM data set suggest that

the 5 km simulations without convective parameterisation or-

ganise the structure of convective systems better as isolated

cells rather than widespread precipitation. The positive semi-

direct effect is lower in the scenarios without convective pa-

rameterisation due to the clouds being more cellular, but the

negative nighttime long-wave semi-direct effect is also di-

minished. The net forcing from the scenarios with no con-

vective parameterisation in the 18 September case study is

1.04±0.78 Wm−2. The large sensitivity to the use of convec-

tive parameterisation highlights the uncertainties with simu-

lating aerosol–radiation–cloud interactions in this regime.

The BBA CCN are efficiently activated in the model, as

shown by an increase in droplet number and a decrease in

maximum supersaturation in clouds. With the exception of an

enhanced fog formation event on the morning of 23 Septem-

ber, aerosol–cloud interactions did not cause a noticeable

change to the radiative balance. More CCN are activated

in deep convective clouds in runs with fire emissions and

convective parameterisation, but without resolving the high

in-cloud updraft velocities, the physical significance of the

modelled droplet number and grid-scale cloud properties of

parameterised cloud is questionable. The runs with explicitly

resolved convection at 1 km and no cumulus parameterisa-

tion at 5 km also show minimal indirect effects, likely due to

the deep convective clouds being optically thick and there-

fore not sensitive to increased droplet number. The model

does not produce an aerosol “cloud-invigoration” effect, as

seen by Rosenfeld et al. (2008) and Fan et al. (2013), al-

though this may be because aerosol–ice nucleation processes

are required to reproduce this effect. Overall, these findings

suggest that resolving indirect processes in parameterised

cloud is of secondary importance for the current case stud-

ies. Instead, the representation of semi-direct aerosol feed-

backs has a greater impact on the net radiative balance and

associated uncertainties.

Simulating convective systems with the effects of aerosol

included, particularly at horizontal grid spacings of less than

10 km, is a challenging task and work is being conducted to

develop new parameterisations for this purpose (e.g. Grell

and Freitas, 2014; Berg et al., 2015). The semi-direct effects

are impossible to quantify reliably in this WRF-Chem setup

due to this high sensitivity to the use of convective parame-

terisation and model resolution. More coordination between

parameterised and explicit treatments of aerosol, cloud and

radiation interactions is needed in order to make modelling

of these processes at the transition between fully parame-

terised and fully explicit schemes more consistent. To con-

strain the simulation of these interactions, in situ observa-

tions of aerosol size distribution and composition properties,

measured before, during and after cloud processing, need

to be considered alongside remote sensing observations of

changes to cloud cover and net radiation in regions of high

aerosol loading. Without a consistent methodology for sim-
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ulating aerosol–radiation–cloud interactions across scales, it

is impossible to be sure how much of an impact the aerosol

should be having on cloud properties and lifetime.

The Supplement related to this article is available online

at doi:10.5194/acp-16-5573-2016-supplement.
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