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Abstract 

Clouds and precipitation play crucial roles in the radiation balance and hydrological 

cycle on the Earth. Their properties can be changed by atmospheric aerosols through aerosol-

radiation interactions (ARIs) and aerosol-cloud interactions (ACIs). The understanding of how 

and to what extent aerosols can modify clouds and precipitation is important for weather and 

climate prediction, yet it still has large uncertainty. This dissertation investigates the role of 

aerosols in shaping the cloud and precipitation in the Amazon during the dry season using an 

online coupled meteorology-chemistry model, WRF-Chem, based on which deeper insights are 

gained concerning the individual and joint effects of ARIs and ACIs on the clouds and 

precipitation from cloud microphysical to regional scales. 

A comprehensive assessment was first made for the impacts of biomass burning (BB) 

aerosols, the most important aerosol component recognized in the Amazon during the dry 

season, on the Amazon clouds and precipitation through ARIs and ACIs and their sensitivity 

to the inter-annual variations of BB aerosol emissions. The ARIs of BB aerosols tend to 

suppress low-level liquid clouds by local warming and increased evaporation and to facilitate 

the formation of high-level ice clouds by enhancing updrafts and condensation at high altitudes. 

In contrast, the ACIs of BB aerosol particles tend to enhance the formation and lifetime of low-

level liquid clouds by providing more cloud condensation nuclei (CCN) and to suppress the 

formation of high-level ice clouds by reducing updrafts and condensable water vapor at high 

altitudes (> 8 km). For scenarios representing the lower and upper limits of BB emission 

estimates for recent years (2002–2016), total regional BB aerosol radiative forcings of –0.2 and 

1.5 W m–2 were obtained, respectively, showing that the influence of BB aerosols on the 

regional energy balance can range from modest cooling to strong warming. ACIs dominate at 

low BB emission rates and low aerosol optical depth (AOD), leading to an increased cloud 

liquid water path (LWP) and negative radiative forcing, whereas ARIs dominate at high BB 
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emission rates and high AOD, leading to a reduction of LWP and positive radiative forcing. In 

all scenarios, BB aerosols led to a decrease in the frequency of occurrence and rate of 

precipitation, caused primarily by ACI effects at low aerosol loading and by ARI effects at 

high aerosol loading. The dependence of precipitation reduction on BB aerosol loading is 

greater in a strong convective regime than under weakly convective conditions. Overall, the 

results show that ACIs tend to saturate at high aerosol loading, whereas the strength of ARIs 

continues to increase and plays a more important role in highly polluted conditions. 

As the ARI effect of BB aerosols can be significant in modulating the clouds and 

precipitation in the Amazon, in the second part of this dissertation, a process analysis study for 

the biomass burning episodes in 2010 and 2012 was conducted to advance the understanding 

of the ARI effect on precipitation from a macrophysical scale to a cloud microphysical scale. 

A microphysical process analysis module was developed and implemented into the Lin et al. 

microphysical scheme in WRF-Chem, which shows that the microphysical processes of 

raindrops accreting cloud droplets (RAW) and graupel melting (GMT) explain the ARI-

induced rain production change by 73% and 16%, respectively, different from the dominant 

process of collision-coalescence in the ACI effect. The ARIs can significantly modulate the 

precipitation evolution in a diurnal lifecycle of the locally generated convective system, 

inhibiting the precipitation initially while enhancing it later, causing a reduction in the 

amplitude of diurnal precipitation by up to 43%. The opposite ARI effects at the two stages 

were governed by distinct microphysical process responses rooted in atmospheric 

thermodynamic and dynamic changes. The warm rain process RAW dominates the former 

stage, whereas the cold rain processes including graupel accreting cloud droplets (GAW), 

graupel accreting snow (GAS), ice to snow transformation through Bergeron process (SFI), 

and GMT, and the warm rain process RAW almost equally contribute to the latter stage. 
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Moreover, the uncertainty in simulating aerosol itself will translate into the uncertainty 

of simulating aerosol-radiation-cloud interations. As secondary organic aerosols (SOAs) lead 

to a large amount of CCN in the Amazon upper troposphere (UT), the WRF-Chem deficiency 

in simulating the upper tropospheric CCN due to the uncertainty in the SOA treatment limits 

its accurate representation of ACIs. An attempt to improve the simulation of SOA-dominated 

CCN in the UT was made for the MOSAIC aerosol module coupled with the CRIMECH gas-

phase module in WRF-Chem. Newly developed modules of the organic nucleation induced by 

highly oxygenated molecules (HOMs) and the condensation of low volatile organic compounds 

(LVOCs) were incorporated into WRF-Chem, based on which simulations were conducted in 

September–October 2014 over the Amazon, and were evaluated in terms of the aerosol number 

and mass concentrations and their vertical distribution against aircraft measurements during 

the ACRIDICON-CHUVA campaign. The newly developed modules significantly improve the 

underestimation of the CCN at 0.52% supersaturation and organic aerosol (OA) mass in the 

UT in the default WRF-Chem while maintains an observation-comparable CN concentration 

simulated in the default WRF-Chem. The organic condensation of LVOC improves the CCN 

concentration in the UT in the default WRF-Chem by about 90%. The HOMs-induced organic 

nucleation provides additional new particles aside from the existing H2SO4-H2O binary 

nucleation mechanism, and leads to an improvement of over 50% and 14% in the CN and CCN 

number concentration in the UT under the condition of sufficient particle growth. Deep 

convection controls the occurrence of HOMs production in the UT by controlling the transport 

of biogenic organic vapors to the UT. The significant temperature effect on the HOMs-induced 

nucleation rate favors a high organic nucleation rate in the UT. The intensity of condensation 

of LVOC is sensitive to the assumption of the LVOC yield. A temperature dependant correction 

on the bulk assumption of LVOC yield based on laboratory experiments is suggested to better 

reproduce the observed organic aerosol mass. 
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1. Chapter 1 Introduction 

Atmospheric aerosols play a significant role in modifying the weather and climate on 

the Earth. The understanding of the aerosol effect on weather and climate is essential and urgent 

for the prediction and mitigation of future climate change by human beings. In this context, 

how and to what extent cloud and precipitation are influenced by aerosols are the key questions 

as cloud and precipitation are crucial branches of the hydrological cycle and energy balance of 

the Earth-Atmosphere system. 

However, the aerosol effect on cloud and precipitation are still far from being well 

understood that it constitutes the largest uncertainty in aerosol climate effect assessment (IPCC, 

2013). A thorough understanding of the aerosol effect is challenging because of the complexity 

of the aerosol-cloud-precipitation system and the complicate matrix of the spatially and 

temporally varying aerosols and wide range of cloud regimes. 

The dry season in the Amazon features an annual lowest rainfall amount and highest 

aerosol loading; the precipitation scarcity and potentially strong aerosol impact necessitate an 

investigation of the cloud and precipitation responses to aerosols in this period. Motivated by 

all the above, this PhD research focuses on the aerosol impact on cloud and precipitation 

formation in the Amazon region during the dry season. Specifically, the responses of cloud and 

precipitation to aerosols are explored and quantified from cloud process scale to regional scale 

based on an online coupled meteorology-chemistry model, and improvement for model 

representation of aerosol-cloud interactions has been made for this region. 

1.1 Atmospheric aerosols 

Atmospheric aerosols are particles of liquid or solid phase that suspend in the air. They 

exist with sizes spanning several orders of magnitude, i.e., from nanometer (nm) scale to tens 



2 
 

of micrometers (µm) in diameter, and with varying chemical composition. Aerosol size and 

chemical composition are important aerosol features for determining their optical and 

hygroscopic properties that ultimately control the climate effect of aerosols through their 

interaction with radiation flux and cloud microphysics. For the atmospheric aerosols, their size 

and chemical characteristics as well as concentration are dependent on their sources, sinks, and 

dynamic and chemical processes in the atmosphere. 

Aerosol size, though spanning several orders of magnitude, is observed in a repetitive 

manner to be with relatively higher frequency at certain ranges, which are named the ‘size 

modes’. Based on aerosol observations across the globe, aerosol size distribution typically 

exhibits four size modes: nucleation mode where the particles are less than 0.01 µm in diameter, 

Aitken mode with particle diameters varying from 0.01 to 0.1 µm, accumulation mode with the 

aerosol size coverage from 0.1 to 2.5 µm in diameter, and coarse mode in which the particle 

diameters are larger than 2.5 µm (Seinfeld & Pandis, 2016). The size spans and patterns of 

these modes are not rigidly fixed but may vary slightly in different conditions. Aerosols in the 

four modes are generated as a result of different aerosol processes. The nucleation mode 

contains aerosol particles formed from vapors (e.g., sulfuric acid vapor and low volatile organic 

compounds) by gas-to-particle conversion. Particles in this mode are susceptible to coagulation 

scavenging. The Aitken mode aerosols are usually made up of both particles that have grown 

up from nucleation mode size and particles directly emitted in particle phase, e.g., soot particles 

from combustion. The accumulation mode emerges due to inefficient atmospheric scavenging 

including coagulation scavenging and dry and wet deposition in this size range. The growth of 

Aitken mode aerosols, in-cloud processes, and direct emission are all possible sources for 

particles in this mode. The coarse mode forms when relatively large particles are emitted 

directly into the atmosphere from certain sources and mechanical processes, for instance, dust 

and sea salt particles from wind friction on the desert and ocean surfaces, respectively. The 
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four modes are of different activity in terms of interacting with radiation and clouds, e.g., 

aerosols in the accumulation and coarse modes are more efficient to be activated into cloud 

droplets compared with the finer modes. 

Atmospheric aerosols are observed to contain a variety of components, and the most 

important components globally are seasalt (composed of sodium, chloride), sulfate, nitrate, 

ammonium, dust, and carbonaceous materials (including black carbon, BC, and organic carbon, 

OC). The seasalt aerosol occupies a substantial mass fraction but is only distributed over marine 

areas. Sulfate, nitrate, and ammonium are common over both continents and oceans, with their 

highest loading over industrialized regions due to the large emissions of their precursors. 

Sulfate and nitrate aerosols are to a large extent generated from SO2 and NOx vapors through 

gas-to-particle conversion, respectively; while ammonium is usually formed in accompany 

with them through the neutralizing process. Organic matter is an important contributor to the 

aerosol mass in a number of continental areas. For example, in boreal and tropical forests, a 

large amount of organic matter form as biogenic secondary organic aerosols or from biomass 

burning events; in urban areas with large emission of high-molecular-weight organic vapors 

(e.g., polycyclic aromatic hydrocarbons), organic aerosol can account for large fraction of the 

dry aerosol mass (Chow et al., 2002). Black carbon is derived from combustion and distributes 

mainly at areas with fossil fuel combustion or biomass burning activities. Dust aerosol mainly 

originates from deserts as a result of wind erosion. The chemical composition plays a crucial 

role in controlling the optical property and hygroscopicity of aerosols. Black carbon and dust 

are the only two aerosol types that are acknowledged to be able to both scatter and absorb solar 

radiation while the rest components can only scatter solar radiation. 

The size distribution, chemical properties, and population of atmospheric aerosols are 

governed by their source and sink mechanisms which are complex and region-dependent across 
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the globe. Besides, they are modulated by physical and chemical processes they may undergo 

during aging in the atmosphere. 

Atmospheric aerosols originate either directly from natural and anthropogenic 

emissions (primary aerosols) or from gas-to-particle transformation proceeding in the 

atmosphere (secondary aerosols). For the primary aerosols, dust and seasalt are the primary 

species of natural origin (Seinfeld & Pandis, 2006); anthropogenic aerosols associated with 

open biomass burning, residential and traffic practices, power station, and industrial activities, 

etc. are mainly composed of sulfate, nitrate, ammonium, and carbonaceous materials (Andreae 

& Merlet, 2001; Streets et al., 2003). Specifically, for the anthropogenic sources, industrial and 

urbanization-related aerosol emissions are mainly in the Northern Hemisphere, whereas open 

biomass burning emission prevails in the tropics and Southern Hemisphere, mainly at the 

rainforest and savanna areas in the Amazon, Africa, Australia, and Southeast Asia. On the other 

hand, several secondary aerosol formation mechanisms, i.e., gas-to-particle conversion 

pathways, have been identified, e.g., new particle formation where low-volatile vapors such as 

H2SO4 and organic components with extremely low volatility nucleate into particle phase 

(Kulmala, 2003), condensation of gas precursors such as low volatile organic compounds onto 

existing particles (Calvo et al., 2013), and specific partitioning processes involving chemical 

reactions such as the in-cloud sulfate formation from sulfur dioxide vapor (Levin & Cotton, 

2009). The vapor precursors for the secondary aerosols are also from both natural and 

anthropogenic sources. In terms of the total aerosol mass (both primary and secondary) on a 

global scale, the contribution from natural sources substantially exceeds that from the 

anthropogenic sources (Seinfeld & Pandis, 2016). However, anthropogenic influence on the 

atmospheric aerosol loading should still be emphasized. That is because, regionally, 

anthropogenic input of aerosols may take the dominant role, e.g., urban areas in the Northern 

Hemisphere and the Amazon region during its dry season. Besides, the influence of 
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anthropogenic activities is beyond the direct emission since the natural aerosol emission is also 

susceptible to anthropogenic practices, such as land use change (Andreae & Rosenfeld, 2008). 

Once airborne, aerosol particles can go through a series of microphysical and chemical 

processes in the atmosphere, changing their size and chemical properties. Aerosol particles can 

grow/shrink through condensation/evaporation. For instance, the condensation of low volatile 

organic compounds onto preexisting aerosols via absorption and adsorption is an important 

pathway for the secondary organic aerosol formation. Aerosols of the same or different sizes 

can coagulate with each other, which has no impact on the total aerosol mass in the atmosphere 

but can substantially influence the aerosol number and size spectrum. The coagulation process 

serves as a significant depletion for small particles while contributes to the growth of large 

particles. Aerosol particles, when reaching a certain size determined by the ambient water 

vapor pressure and the aerosol hygroscopic property, can be activated as cloud condensation 

nuclei (CCN) and then participate in cloud processes. The CCN number concentration is 

observed to vary from less than 100 cm–3 in remote marine areas to several thousands cm–3 in 

polluted continental regions. Similarly, some types of aerosols such as dust and black carbon 

are able to act as ice nuclei (IN) and engage in the ice-cloud processes. 

Aerosol particles are removed out of the atmosphere through dry and/or wet 

deposition. Specifically, dry deposition involves processes of gravitational sedimentation, 

turbulent mixing, and impaction onto the ground and canopy surface; wet deposition includes 

below-cloud scavenging where aerosols are swept out of the atmosphere by rain, and in-cloud 

scavenging where aerosols are transformed into cloud droplets after being activated as CCN 

or IN. The deposition processes largely determine the residence time of aerosols in the 

troposphere. The lifetime of tropospheric aerosols is days to one week generally (Seinfeld & 

Pandis, 2006), which is much shorter than the greenhouse gases (several years). Therefore, in 

contrast to the greenhouse gases that can be distributed uniformly across the globe by 
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transportation, aerosols emitted at a certain location can only be transported within short 

range. This feature warrants the regional investigation of aerosol climate effects. 

1.2 Aerosol effects on cloud and precipitation 

Clouds are a collection of water droplets either in liquid phase or in ice phase. Clouds 

initially form when air parcels become supersaturated with respect to liquid or ice water 

droplets (Wallace & Hobbs, 2006). Clouds show different appearance and characteristics 

according to the ways the supersaturation is reached. Convective clouds occur where the 

atmospheric stratification is unstable and there is external forcing for air masses to ascend, e.g., 

the convective clouds driven by surface heating in the tropics, pyro-clouds fed by strong 

updrafts due to the energy from wildfires, frontal cloud systems induced by dynamic uplift in 

the stormtracks in the midlatitudes, orographic clouds formed out of the airlifting forced by the 

earth's topography. These convective cloud systems can reach deeply to the tropopause, 

involving both liquid and ice droplets. The stratocumulus clouds over the subtropical trade 

wind regions represent another type of clouds, which are formed under stable atmospheric 

stratification and self-maintained by the longwave radiative cooling at the cloud top. The 

stratocumulus clouds are mostly distributed within the lower atmosphere with mainly liquid 

cloud droplets. In contrast, cirrus clouds are clouds at higher atmosphere and consist solely of 

ice crystals. They usually form where the cold temperature and moisture sources are enough to 

generate ice crystals, e.g., contrails and anvils of deep cumulus. Besides this classification, 

clouds are also commonly categorized according to the phase of the hydrometers within the 

cloud. For instance, warm clouds consist of only liquid droplets; cold clouds may contain ice 

crystals; mixed-phase clouds are made of both ice crystals and supercooled water. 

To produce precipitation, cloud liquid and ice droplets need to grow to a certain size to 

transform into precipitating hydrometers, e.g., raindrop, snow, and graupel, and then fall out 

of the cloud systems. The droplet growth mechanisms for warm clouds mainly include 
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condensation of water vapor onto activated CCN and collision-coalescence of liquid droplets, 

and these mechanisms analogously apply to the ice crystal growth in the cold clouds. In mixed-

phase clouds, interactions between supercooled water and ice crystals additionally contribute 

to cloud droplet growth, e.g., the Wegener-Bergeron-Findeisen process by which ice particles 

promptly gain water mass from supercooled water droplets (Pruppacher & Klett, 2010). 

Clouds and precipitation are crucial constituents in the climate system of the Earth, 

serving as key agents in the radiation transfer and hydrological cycle on the planetary. Clouds 

affect the radiation budget either by reflecting the incoming solar radiation and therefore 

reducing the incident radiation on the Earth’s surface or by absorbing the outgoing terrestrial 

radiation and reemitting part of it back to the lower atmosphere. The two processes exert 

competing effects on the net radiation flux of the Earth-Atmosphere system as the former 

causes negative radiative forcing while the latter induces positive one. Cloud properties such 

as amount, optical characteristics, lifetime, and occurring time govern the net radiative effect 

of clouds. For instance, low clouds tend to act on the solar radiation and cool the climate 

whereas high clouds are characterized with greenhouse-like effect and warm the climate. The 

precipitation, as an important factor controlling the cloud microphysics and lifetime, can 

indirectly influence the radiative effects of clouds. Aside from their roles in radiation transfer, 

clouds and precipitation govern the atmospheric branch of the hydrological cycle and transport 

the moisture from the atmosphere to the Earth’s surface. 

Aerosols influence clouds and precipitation through manifold complex processes, 

which have been generally categorized into two bulk mechanisms: aerosol-radiation 

interactions (ARIs) and aerosol-cloud interactions (ACIs; IPCC, 2013). 

1.2.1 Aerosol-radiation interactions 

Aerosol particles interact with radiation by scattering and/or absorbing solar radiation 

and terrestrial radiation. The capability of absorbing solar radiation is determined by aerosol 
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optical property. In the atmosphere, black carbon and mineral dust are the only species that 

have been identified as light-absorbing aerosols–aerosols that are able to both scatter and 

absorb solar radiation; the other aerosol components do not absorb solar radiation and are 

categorized into light-scattering aerosols. The interactions between aerosol and radiation can 

impact the Earth’s climate. Specifically, the light-scattering aerosols scatter solar radiation, 

cause a negative radiative forcing to the climate, and therefore cool the Earth-Atmosphere 

system. By contrast, light-absorbing aerosols, though also scatter solar radiation as the light-

scattering aerosols do, can meantime absorb solar radiation and warm the atmosphere. The net 

radiative forcing of light-absorbing aerosols on the Earth-Atmosphere system is an outcome of 

the two competing effects, which has been estimated to be near zero globally but considerably 

large in some regions (Ramanathan & Carmichael, 2008). 

Such global climate cooling or warming induced by aerosols corresponding to their 

optical properties can exert systematic long-term influence on clouds and precipitation. Aside 

from this, some short-term mechanisms could cause fast and more intensive modifications on 

cloud systems. As mentioned above, light-absorbing aerosols can effectively absorb incident 

shortwave radiation and therefore heat the air layer they reside in, enhancing the evaporation 

of clouds (the ‘semi-direct’ effect; Hansen et al., 1997). Besides, both light-absorbing and light-

scattering aerosols can reduce the incident shortwave radiation reaching the surface, causing 

less sensible and latent heat flux from the surface to the atmosphere. With less convective 

driving force and moisture supply, clouds can be suppressed from forming and developing 

(Feingold et al., 2005). Moreover, aerosols can alter the atmospheric temperature stratification, 

change the thermodynamic stability, and hence influence cloud development (Saide et al., 

2015). Additionally, spatially different radiation responses due to inhomogeneously distributed 

aerosols can affect the horizontal temperature gradient, the air convergence/divergence, and 

therefore the convective cloud formation (Grant & van den Heever, 2014). 
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The effect of aerosol-radiation interactions on cloud and precipitation is complicated 

due to its sensitivity to a number of factors. Firstly, individual atmospheric aerosol particles 

usually contain a mixture of light-scattering and light-absorbing substances, and the overall 

optical properties depend on the way the two materials mix. For the ambient aerosols, their size 

distribution and total concentration are also determinants of aerosol-radiation interactions. As 

measures of the column integrated optical characteristics, the aerosol optical depth (AOD) is 

commonly used to illustrate the radiation extinction capability of aerosols and the single 

scattering albedo (SSA) is usually adopted to represent the absorbing-to-extinction ratio. Aside 

from the optical properties of aerosols themselves, environmental factors play a vital role in 

aerosol-radiation interactions, influencing the magnitude and even the sign of the resultant 

radiative forcing. Such environmental factors include the solar angle, the underlying albedo, as 

well as the relative vertical position of aerosol layers and clouds. The effect of aerosol-radiation 

interactions on cloud and precipitation formation, though comparably important, is not 

documented as extensively as the aerosol-cloud interactions, and the study on this field is at a 

relatively beginning stage waiting for more investigations to advance it. 

1.2.2 Aerosol-cloud interactions 

Another important pathway for aerosols affecting clouds and precipitation is aerosol-

cloud interactions, where aerosols act as CCN or IN, modify cloud microphysics, and impact 

the cloud properties such as cloud albedo and lifetime (IPCC, 2013). Meanwhile, dynamical 

feedbacks to the aerosol-induced cloud microphysical perturbation may lead to further 

adjustments in clouds and precipitation (Rosenfeld et al., 2008). 

In the atmosphere, the presence of aerosols is necessary for cloud formation. It is of 

little possibility in the real atmosphere that pure water vapor homogeneously nucleates into 

liquid droplets or ice crystals which can grow spontaneously, because the required 

supersaturation for homogeneous nucleation is too high to be achieved in the ambient 
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conditions. However, the presence of aerosol particles is effective at lowering the energy 

barriers for the formation of liquid droplets or ice crystals (Köhler, 1936). The potential 

capability of an aerosol particle being activated as a CCN is defined by its size and 

hygroscopicity. Specifically, lower supersaturation is required for the activation of particles 

with larger size and higher hygroscopicity (Köhler, 1936). On the other hand, aerosols facilitate 

ice crystal formation by serving as IN. By now, it remains unclear regarding the aerosol species 

and mechanisms that lead to IN production. Some physical processes responsible for aerosols 

becoming IN include: deposition nucleation where the water vapor pressure in the air reaches 

the supersaturation with respect to ice over the particle surface and then deposits onto the 

aerosol particle; contact nucleation where aerosol particles contact with liquid cloud droplets 

and cause the latter to freeze at temperatures higher than –38 °C; freezing nucleation where 

aerosol particles already existing in the liquid cloud droplets cause the droplets to freeze at 

temperatures higher than –38 °C (Wallace & Hobbs, 2006). Only particles of specific types can 

act as IN due to their special structure characteristics such as crystalline structure. Mineral dust, 

soot, and some primary biological aerosols have been found with the ability to work as IN 

(Hoose & Mohler, 2012; .)et al., 2010 Pöschl  

Based on the two basic functions (CCN and IN) aerosols act in the cloud, several 

mechanisms for the influence of ACIs on cloud and precipitation have been proposed. Firstly, 

the addition of aerosols into a cloud can lead to more and smaller cloud liquid droplets. The 

modification on the cloud microphysics results in increased cloud albedo, less solar radiation 

on the surface and in the atmosphere, and hence a cooler climate system (Twomey, 1977). 

Meanwhile, the smaller cloud droplets due to increased aerosol concentration slow down their 

transformation to raindrops and therefore the precipitation efficiency is reduced while the cloud 

lifetime is prolonged (Albrecht, 1989). As a subsequent stage of the precipitation inhibition, 

invigoration of convection and precipitation by aerosols can occur because the smaller cloud 
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droplets in larger numbers are easier to be lifted to high altitudes and the accompanied latent 

heat release can promote the convection development (Rosenfeld et al., 2008). For cold clouds 

such as cirrus clouds, the addition of IN would result in larger numbers of smaller ice crystals 

so that the cloud optical properties are changed accordingly (Krishnakumar et al., 2011). 

Despite these physically based mechanisms, the effects of ACIs on cloud and 

precipitation are not straightforward due to complex atmospheric processes and feedbacks at 

different scales and their sensitivity to environmental factors. Studies of the aerosol-cloud 

interactions have shown results that diverge not only in the magnitude but also in the sign of 

the response of cloud and precipitation properties, e.g., the precipitation response (Guo et al., 

2014; Kogan et al., 2012; Planche et al., 2010; Tao et al., 2012; Teller & Levin, 2006), the 

cloud lifetime response (Jiang & Feingold, 2006; Kaufman et al., 2005; Norris, 2001), and even 

the cloud albedo response (Chameides et al., 2002; Twohy et al., 2005). Hence, accurate model 

representations of the cloud and aerosol processes and cloud regime-based studies are needed 

to lower the uncertainties in qualitatively understanding and quantitatively assessing the ACIs. 

In summary, the aerosol effects on cloud and precipitation either by ARIs or by ACIs 

are still highly uncertain in terms of both mechanisms and quantitative assessment. In the 

context of practically improving the understanding, modeling simulations combined with 

observations are needed. Particularly, the regional modeling studies based on advanced 

atmosphere-chemistry models are essential. On one hand, the aerosol-radiation-cloud-

precipitation system in the atmosphere is more complex than an ideally designed single cloud 

in simplified cloud models such as box models and 2-D cloud models and the simplification 

could cause uncertainty to these model results. On the other hand, the dependence of the ACI 

and ARI on so many factors such as cloud categories (Khain et al., 2005), meteorological 

conditions (Fan et al., 2009; Khain et al., 2005), as well as aerosol properties (Chang et al., 

2015) makes the scientific question of aerosol impact on cloud and precipitation a complex 
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matrix. An overall global examination could not reveal the regionally dependent 

characteristics; moreover, an accurate representation of the atmospheric processes in a global 

model requires huge computing resources that cannot be achieved now. Hence, regional 

studies, especially fine-resolution simulations by advanced models, are desired to get deep 

insights into the aerosol effects on cloud and precipitation and to provide relatively more 

accurate assessments for the specific regions (Stevens & Feingold, 2009). 

1.3 Aerosols, cloud, and precipitation in the Amazon during the dry season 

The Amazon basin, located in the tropical area, is of vital importance in the global 

climate system. This region, working as a part of the tropical band, absorbs the largest amount 

of solar radiation on the globe and drives the global atmospheric circulation (Nobre et al., 

2009). The Amazon river embedded in it contributes significantly to the global hydrological 

cycle as ~17% of global freshwater is discharged into the ocean by it (Dai & Trenberth, 2002). 

The rainforest and soils in the Amazon are estimated to have a substantial storage of carbon 

(Malhi et al., 2006), which considerably govern the CO2 concentration and may potentially 

influence the global warming. The cloud and precipitation in this region significantly influence 

the radiation transfer, hydrological balance, and the vegetation there. The resilience of the 

Amazon cloud and precipitation to forcings from human activities, e.g., aerosol emission, is 

therefore of great concern. Especially in the dry season when the humidity is relatively low, 

the sensitivity of the ecosystem there to the rainfall from cloud systems is more accentuated. 

Aside from regional influence, changes in the cloud and precipitation properties in the Amazon 

Basin can cause significant large-scale or remote atmospheric perturbation, e.g., mitigation of 

the Intertropical Convergence Zone (ITCZ; Wang & Fu, 2002), due to the interactions between 

regional climate and large-scale atmospheric circulation. 
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1.3.1 Aerosol sources 

Aerosols in the Amazon basin exhibit distinctive characteristics for the wet and dry 

seasons. In the wet season, the particle concentration is as low as that over the remote areas 

(Andreae, 2009). By contrast, the dry season features remarkably high particle concentration, 

generally 500–2000 cm−3 based on long-term observation, being an order of magnitude higher 

than that in the wet season (Andreae et al., 2015). During the dry season, aerosols in the 

Amazon originate from several sources. Biomass burning, as a primary aerosol emission 

source, is significant for the aerosol population in this region. Other minor primary aerosol 

sources include traffic and industry in cities within this region (Kuhn et al., 2010), canopy-

emitted primary biological aerosols such as pollen, bacteria, and fungal (Elbert et al., 2007), 

and episodic aerosol influx by long-range transport, mainly including dust, biomass burning, 

and volcanic particles from the African continent (Martin et al., 2010; Pöhlker et al., 2018). In 

addition to the primary aerosol sources, the secondary organic aerosol (SOA) originated from 

the biogenic organic vapors plays a considerable role in the aerosol population, causing the 

aerosol concentration in the upper troposphere to be as high as that near the surface (Andreae 

et al., 2018). 

The biomass burning aerosol emission in the Amazon accounts for a subsitaintial 

fraction of the global sum (Wiedinmyer et al., 2011). Biomass burning causes drastic aerosol 

concentration increase in the dry season in the Amazon and is the most important aerosol source 

for vast areas within the region, especially for those near the fire spots (Tegen et al., 1997). 

Biomass burning activities in the Amazon are performed at the forest- and savanna-covered 

areas mainly for agricultural practices (Andreae et al., 2002), with the majority of the biomass 

burning events being carried out at the edge of the Amazon rainforest (Guyon et al., 2005). 

During biomass burning, smoke particles are injected directly into the atmosphere and can be 

lifted hundreds of meters upwards by the heat released from the fire, and can then be 
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transported rapidly over the whole Amazon region (Reddington et al., 2019). Biomass burning 

results in a mixture of black carbon, organic materials, soil dust, ash, and other inorganic 

species (Andreae et al., 1998). Although the exact composition fraction is modulated by factors 

such as the vegetation type and combustion completion level (Andreae, 2019), generally, OC 

and BC account for ∼50–60% and ∼5–10% of the biomass burning aerosols (Reid et al., 2005). 

With such chemical composition, the hygroscopicity of the smoke particles is generally at the 

level of 0.1–0.2 (Pöhlker et al., 2018), which corresponds to an activation diameter of ~0.07–

0.1 µm at the supersaturation of 0.5% (Su et al., 2010). As the majority of freshly emitted 

biomass burning aerosols is in the aitken and accumulation mode (Martin et al., 2010), the 

smoke particles can act as efficient cloud condensation nuclei in the atmosphere. Besides, the 

smoke particles tend to increase their hygroscopicity during the particle aging process (Reid et 

al., 2005). One significant characteristic of the biomass burning aerosol emission in the 

Amazon is its pronounced interannual variation, which is caused by the interannual variation 

of precipitation amount and the factors related to the deforestation practice such as economic 

growth and government control policies. 

Although SOA is incomparable to biomass burning aerosols in magnitude near the 

surface, SOA dominates the remarkably high concentration of aerosols in the upper troposphere 

where the aerosol loading can be as large as that near the surface (Andreae et al., 2018; Schulz 

et al., 2018). Such high SOA concentration in the Amazon is driven by the large emission of 

BVOCs from the canopy in this region, which poses an SOA hotspot area in the global SOA 

distribution (Rasmussen & Khalil, 1988). The most important SOA precursors in the Amazon 

are isoprene (C5H8) and monoterpenes that are mainly constituted by α-pinene and β-pinene. 

After emission, BVOCs can be oxidized by atmospheric oxidants such as OH, O3, and NO3. 

The oxidation by OH is prominent for the tropical region due to the high concentration of OH 

(Lelieveld et al., 2008). The oxidized products of BVOCs are gases with a variety of volatility, 
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and some of them are low volatile so that they condense efficiently onto preexisting aerosols 

to form SOA. Another mechanism of SOA formation in the atmosphere is through organic 

nucleation (Kirkby et al., 2016). Some oxidized products of BVOCs possess extremely low 

volatility and can nucleate into stable clusters and then combine into particles with diameters 

around 1 nm. Such phenomenon is rarely observed near the surface in the Amazon (Krejci et 

al., 2005; Rissler et al., 2006). However, recent aircraft observations detected enhanced number 

concentration in both cloud-active-sized and ultrafine-sized particles in the upper troposphere 

over the Amazon during the dry season (Andreae et al., 2018). Meanwhile, observations show 

the indication that the upper tropospheric SOA is related to the oxidation products of BVOCs 

through new particle production and particle growth (Schulz et al., 2018). 

1.3.2 Cloud and precipitation 

The meteorology of the Amazon Basin is governed by two distinct seasons: the wet 

season which lasts from December–June in the next year and the dry season which starts in 

June and ends in November (Andreae et al., 2015) as a result of seasonal movement of Southern 

Hemisphere frontal systems (Wang & Fu, 2002). The total precipitation amount is much higher 

in the former season than during the latter period (Tanaka et al., 2014). However, the individual 

rainfall events during the dry season have been found with stronger intensity compared with 

the ones in the wet season, demonstrating as both larger convection inhibition (CIN) and 

convective available potential energy (CAPE; Andreae et al., 2018; Cifelli et al., 2004), higher 

frequency of lightning (Williams et al., 2002), and larger local rainfall rates. Satellite 

observations have observed that the convection characteristics during the wet season are close 

to those of the tropical oceanic convection (Petersen & Rutledge, 2001) while the convections 

in the dry season are characterized by continental convection features (Petersen & Rutledge, 

2001). Among the weather systems that drive the convection, the troughs in the easterly waves 

and the squall line systems are important sources for the cloud and precipitation events during 
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the wet season (Greco et al., 1990), while the dry season is primarily governed by locally 

generated convection (Zhuang et al., 2017) and only occasionally affected by the propagating 

mesoscale convective systems (Rickenbach, 2004). 

The local convection, as the primary weather system in the Amazon region during the 

dry season, originates from local land-atmosphere interactions driven by the heating of the 

ground surface. Therefore, the local convective clouds usually start in the morning and fully 

develop in the afternoon, usually forming as composites of cloud cells with a radius of 2–3 km. 

The local convective clouds can be shallow or deep depending on the local thermodynamic and 

moist conditions. Shallow convection develops within limited vertical altitudes and therefore 

involves mainly warm cloud processes. Raindrops from shallow clouds grow from cloud 

droplets by vapor condensation and collision and coalescence of smaller droplets, usually 

exhibiting as drizzle (Petty, 1999; Schumacher & Houze, 2003; Short & Nakamura, 2000). 

Initial shallow convections can transform into deep convection as they develop in favorable 

conditions (Wright et al., 2017; Zhuang et al., 2017). Deep convections in the Amazon region 

can stretch up to high altitudes and some can even grow up to the height of the tropopause, 

generating anvil clouds (Zipser & Lutz, 1994). Therefore, deep convective clouds include 

warm, cold, and mixed-phase cloud processes. The ice-phase precipitating hydrometers like 

graupel and snow as well as mixed-phase cloud processes are important for the rainfall in deep 

convections (Benmoshe & Khain, 2014). 

The cloud and precipitation in the Amazon region exhibit interannual variability due to 

the variations of large-scale atmospheric circulation such as the Atlantic SST pattern (Uvo et 

al., 1998), the ENSO in the equatorial Pacific (Ropelewski & Halpert, 1987), and the position 

and strength of the ITCZ (Nobre & Shukla, 1996). 
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1.3.3 Current understanding of aerosol effect on cloud and precipitation in the Amazon 

The dry season in the Amazon features the smallest rainfall and the largest amount of 

aerosols during an annual cycle, which especially necessitates an accurate assessment of the 

aerosols’ impact on cloud and precipitation. Previous studies have accumulated substantial 

observational and modeling results for the dry season, which are important for our 

understanding of the responses of cloud and precipitation to aerosols in this region. 

As one pathway, the ARI is pronounced in the Amazon during the dry season due to 

the high aerosol loading. The aerosols there both scatter and absorb solar radiation and the 

light-absorbing effect is mainly attributable to the black carbon from prevailing biomass 

burning. The light-absorbing aerosols reduce the radiation reaching the ground while attaining 

more energy in the atmosphere. Numerical simulations (Feingold et al., 2005; Jiang & 

Feingold, 2006) show that the decreased incident solar radiation at the ground surface reduces 

the surface sensible and latent heat, the main energy and moisture source of the locally 

originated convections, and effectively suppresses the convection. On the other hand, the 

smoke aerosols warm the surrounding air and alter the atmospheric thermodynamic structure, 

but the ultimate impact on convection is largely controlled by the vertical location of the smoke 

aerosols (Feingold et al., 2005). Specifically, smoke aerosols embedded at cloud level act to 

facilitate the evaporation of cloud and therefore reduce the cloud cover; those close to the 

ground surface tend to destabilize the planetary boundary layer and enhance convection and 

cloud cover. A similar large eddy simulation (Johnson et al., 2004) demonstrates that absorbing 

aerosols located immediately above the PBL can increase cloud cover below due to the 

strengthened temperature gradient across the capping inversion and the lowered entrainment 

of dry air into the PBL. Based on these results, the radiative effect of biomass burning aerosols 

on cloud and precipitation in the Amazon could be an outcome of the suppression by the 

reduced surface flux exchange and the complicated cloud adjustments induced by 
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thermodynamic changes. Case studies by regional models show that a vertical difference could 

happen regarding the cloud response to biomass burning aerosols (Zhang et al., 2008); the 

rainfall tends to be organized into a fewer but more intense pattern with an overall reduction 

(Kolusu et al., 2015). 

Acting as CCN, biomass burning aerosols can increase the number and decrease the 

size of cloud droplets in the Amazon, as simulated by cloud-resolving models (Chang et al., 

2015; Reutter et al., 2009). The decreased cloud droplet size has also been observed by satellite 

(Andreae et al., 2004). However, the expected cloud albedo increases due to the more but 

smaller droplets is negligible in the Amazon, which is believed to be attributable to the already 

large optical thickness of the clouds in this region (Platnick & Twomey, 1994; Roberts et al., 

2003). The modification of cloud microphysics by biomass burning aerosols has a complicated 

impact on cloud development and precipitation. Cloud-resolving model simulations of a single 

cumulus cloud suggest that the cloud water content and precipitation efficiency respond 

nonlinearly to the aerosol concentration (Chang et al., 2015). In other words, at a certain 

concentration range, the presence of CCN can enhance the cloud water content and 

precipitation in a cumulus cloud, while at a higher concentration, the addition of extra CCN 

may suppress the convection and rainfall. Simulations of cloud ensemble suggest that the 

inhibition of warm rain may lead to the invigoration of convection in the later stage (Khain et 

al., 2005). Satellite observation in this area found that clouds influenced by smoke plumes need 

to develop to a higher altitude to form precipitation than those in clean conditions, but the 

ultimate rainfall rate is greater in polluted clouds (Andreae et al., 2004). Besides the biomass 

burning aerosols, primary biogenic aerosols, whose size distribution is dominated by the coarse 

mode, are found to be able to act as giant CCN, being activated at supersaturations as low as 

0.1%. This effect can enhance the collision-coalescence process and therefore influence the 

precipitation efficiency (Yin et al., 2000). However, due to their marginal fraction, the giant 
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CCN effect of primary biogenic aerosols may not be prominent in the Amazon (Braga et al., 

2017). Aerosols can act as ice nuclei, modifying the cold cloud processes and subsequent 

precipitation. The locally emitted primary biogenic aerosols and long-range transported dust 

are observed as an important source of ice nuclei in the Amazon (Prenni et al., 2009; Pöschl et 

al., 2010). However, the aerosol characteristics required for IN and the detailed mechanism for 

IN activation are still not clear and therefore the IN effect of aerosols is open to further 

investigation. Besides these, the issue that aerosols are activated at high altitude is worth 

examining for the cloud system in the Amazon. Previous model simulations in the Amazon 

presume that aerosols are activated as CCN only at the cloud base. However, the secondary in-

cloud activation of CCN above the cloud base, which has been proven efficient in deep 

convection (Braga et al., 2017; Phillips et al., 2007), would complement the current assessment 

of aerosol-cloud interaction in the Amazon region. 

The joint effects of the aerosol-radiation interactions and aerosol-cloud interactions on 

clouds and precipitation in the Amazon have been investigated by regional models and in-situ 

and satellite observations. A satellite observation reported that the cloud response to biomass 

burning aerosols transits from an enhancement at a low AOD to a reduction with increasing 

AOD (Koren et al., 2008). Besides, satellite measurements found nonlinear precipitation to 

biomass burning aerosols (Lin et al., 2006). In-situ observation suggests that precipitation is 

enhanced by biomass burning aerosols at unstable atmospheric conditions while is suppressed 

when the atmospheric stratification is stable (Goncalves et al., 2015). Regional simulations 

show an increasing trend of cloud optical depth (COD) with increasing AOD when AOD is 

low, and an opposite COD response at higher AOD (Ten Hoeve et al., 2012). A 30-yr regional 

simulation found a regional overall reduction in cloud cover and precipitation by biomass 

burning aerosols (Thornhill et al., 2018). 
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1.4 Research objectives 

As described in previous sections, the impact of aerosols on cloud and precipitation in 

the Amazon during the dry season is an important yet uncertain scientific question. Despite a 

number of observation and modeling studies that have been made, several issues remain 

unaddressed. Figure 1.1 illustrates three unaddressed questions regarding the aerosol impacts 

on cloud and precipitation in the Amazon which will be further investigated in this dissertation. 

1) Previous model studies present results either on one aspect of aerosol-radiation interactions 

and aerosol-cloud interactions or their overall effect, while the studies examining the two 

pathways separately and jointly, especially in the context of varying emission intensity, are 

scarce. Meanwhile, observations can provide the overall impact of aerosols on cloud and 

precipitation, yet without coordinated simulation taking the two pathways (aerosol-radiation 

interactions and aerosol-cloud interactions) into consideration, it’s difficult to interpret the 

observation results. 2) Aerosol-cloud interactions have been extensively investigated from 

cloud microphysical scale to macrophysical scale, but studies regarding aerosol-radiation 

interactions have mostly been conducted at macrophysical scale. Little is known about the 

cloud microphysic response to the aerosol radiative effect, which hinders the deep 

understanding of the aerosol-radiation interactions. 3) CCN concentration in the free 

troposphere over the Amazon has been underestimated by models, affecting the estimatation 

of the secondary in-cloud activation of CCN and therefore the aerosol-cloud interactions. 
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Figure 1.1. Graphical overview of the structure of this dissertation. The grey arrows represent 

the main processes in the atmosphere relating to the ARI and ACI in the Amazon. The three 

dashed boxes show questions addressed in this dissertation: ① assessing the ARI and ACI 

impacts of BB aerosols on the cloud and precipitation formation individually and jointly based 

on variant emission scenarios, ② revealing the cloud microphysical mechanism behind the 

rainfall change by the ARI of BB aerosols, and ③ improving the ACI treatment in the model 

by improving the simulation of SOA-dominated CCN in the upper troposphere, which 

correspond to the sub-topics in Chapter 2, 3, and 4, respectively. 

 

The main aim of the research presented in this dissertation is to advance the 

understanding of aerosols’ role in the cloud and precipitation formation over the Amazon in 

the dry season, by comprehensively revealing the two main pathways (aerosol-radiation 

interactions and aerosol-cloud interactions) and cloud microphysical processes behind them 

and by improving model representation ability of aerosol processes in high altitudes. 

To accomplish this goal, the Weather Research and Forecasting model coupled with 

chemistry (WRF-Chem), an online coupled meteorology-chemistry model (Grell et al., 2005), 
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was used to reproduce the cloud and aerosol fields for the Amazon dry season in a coupled way 

that allows fully interactions among aerosols, radiation, clouds, and precipitation. 

The specific scientific goals in this dissertation are: 

1) To give a thorough examination on how ARIs and ACIs related with biomass burning 

aerosols affect the cloud and precipitation formation over the Amazon area individually and 

jointly, which would be conducted for both the diurnal cycle and the monthly mean state. 

2) To quantitatively illustrate the relative significance of the two pathways at reality-

based variant biomass burning emission scenarios. In other words, the sensitivity of the two 

pathways to the changes in aerosol loading would be explored. It has been recognized in single 

cloud simulations that the aerosol-cloud interactions respond nonlinearly to aerosol 

concentration (Chang et al., 2015). However, no systematic study has been made regarding the 

sensitivity of both ACI and ARI to the aerosol loading. 

3) To reveal how rain formation-related microphysical processes and subsequent 

precipitation are altered by biomass burning aerosols when the aerosol-radiation interactions 

are taken into account on a regional scale. 

4) To improve the model performance of CCN simulation in the upper troposphere in 

the Amazon. This would provide a basis for implementing the parameterization of secondary 

CCN activation in numerical models and advancing the understanding of aerosol-cloud 

interaction mechanisms in this region. 

The dissertation is organized as follows: Chapter 2 is dedicated to assessing the impact 

on cloud and precipitation by ARIs and ACIs of biomass burning aerosols in the Amazon dry 

season as well as examining their relative role with varying emission scenarios. Chapter 3 

further probes deeper into the modification of cloud microphysical processes and subsequent 

precipitation by biomass burning aerosols, with a focus on the ARIs. The process analysis 

method is utilized to explicitly quantify individual responses of the multiple cloud 
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microphysical processes. In Chapter 4, an effort of improving the model parameterization of 

aerosol-cloud interactions is made by improving the CCN simulation at a higher altitude over 

the Amazon. Newly developed modules of organic nucleation and condensation are integrated 

into the WRF-Chem model. Chapter 5 summarizes the conclusions reached in this work and 

discusses future perspectives for the investigations on this scientific topic. 
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2. Chapter 2 Relative roles of aerosol-cloud and aerosol-radiation interactions in cloud 

and precipitation formation 

2.1 Introduction 

Biomass burning (BB) aerosols were reported to cause a negative direct radiative 

forcing ranging from several to tens of watts per square meter (W m−2) at the top of the 

atmosphere (TOA) over the Amazon area (Kolusu et al., 2015; Procopio et al., 2004; Sena et 

al., 2013; Zhang et al., 2008). However, when it comes to the BB aerosol total radiative forcing 

which not only includes the aerosol direct radiative effect but also involves the radiative 

disturbance by aerosol-induced cloud adjustments, it is inconsistent in both sign and magnitude 

between different modeling estimates (Archer-Nicholls et al., 2016; Kolusu et al., 2015; Ten 

Hoeve et al., 2012). It indicates that the cloud responses to BB aerosols in different simulations 

may play a key role in causing the unagreeable BB aerosol radiative forcing estimates among 

studies, which should be examined deeply. 

The inconsistent cloud responses to BB aerosols over the Amazon were reported by 

both observation and models. Satellite remote sensing measurements showed both suppression 

and enhancement of cloud fraction with the presence of BB aerosols in the Amazon (Kaufman 

& Fraser, 1997; Kaufman & Koren, 2006; Koren et al., 2004; Koren et al., 2008). Simulations 

by both cloud-resolving models and regional atmosphere-aerosol coupled models found 

enhanced cloud water burdens due to the microphysical effects of BB aerosols (Wu et al., 

2011b). Their radiative effect was shown by large-eddy simulation to efficiently diminish 

liquid cloud amount by evaporating cloud droplets. Precipitation from convective clouds was 

also reported to be either inhibited or invigorated based on observations from in situ, aircraft, 

and satellite remote sensing measurements (Andreae et al., 2004; Gonçalves et al., 2015; Lin 

et al., 2006). 
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Cloud-resolving modeling provided some clues for the varying cloud and precipitation 

response estimates by finding nonlinear relationships between aerosol loading and precipitation 

in the ACIs of BB aerosols (Carslaw et al., 2013; Chang et al., 2015). Indeed, interannual 

variability is a prominent characteristic of the biomass burning intensity in the Amazon (Bevan 

et al., 2009; Kaufman & Fraser, 1997; Pöhlker et al., 2019). However, most previous studies 

assessed the climate response to  BB aerosols based on the BB emission scenario of 1 specific 

year (Archer-Nicholls et al., 2016; Kolusu et al., 2015; Ten Hoeve et al., 2012; Wu et al., 

2011b; Zhang et al., 2008; Zhang, Fu, et al., 2009). Given the possible nonlinear relationship 

between convection and aerosol concentration (Carslaw et al., 2013; Chang et al., 2015), the 

necessity of a thorough assessment of cloud and precipitation responses to BB aerosols over 

an extensive range of emissions is underscored. 

To investigate the effects of BB aerosols on the Amazon clouds and precipitation 

quantitatively and mechanistically, WRF-Chem simulations over the Amazon Basin in 

September 2014 were performed for a ‘clean’ condition, defined by the absence of influence 

from biomass burning, and for a set of emission scenarios resembling the realistic interannual 

emission variability in the dry season. Comparison of the precipitation in central Amazonia in 

the year 2014 with that averaged over 18 years (1998–2016) indicates that the atmospheric 

conditions in this region in 2014 are climatically representative (Pöhlker et al., 2016). 

Therefore, the present study based on September 2014 may serve to represent the typical 

sensitivity behaviour of the dry season climate to BB aerosol concentration variations. As case 

study simulations imply that the initial convection response may influence secondary 

convection (Khain et al., 2005), monthly averaged effects of BB aerosols were assessed here 

to demonstrate an overall characteristic for the whole month. Individual processes of ARI and 

ACI were disentangled in our simulations, based on which the relative significance of the two 

pathways and their sensitivity to emission intensity were quantified. 
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2.2 Model description, configuration, and numerical experiments. 

WRF-Chem is an online coupled meteorology-chemistry model that integrates 

meteorology and chemistry with aerosol-radiation-cloud feedbacks (Grell et al., 2005). WRF-

Chem version 3.9.1 was used in this study to investigate the impact of BB aerosols on the 

energy budget and hydrological cycle over the Amazon Basin. The Carbon-Bond Mechanism 

version Z (CBMZ) gas phase chemistry mechanism (Zaveri & Peters, 1999) and the Model for 

Simulating Aerosol Interactions and Chemistry (MOSAIC) aerosol module (Zaveri et al., 

2008) were selected. The aerosol size distribution is described by eight discrete size bins 

defined by their lower and upper dry particle diameters ranging from 39 nm to 10 µm. Aerosols 

are assumed internally mixed in each bin to engage in microphysical processes. Other major 

schemes utilized, e.g., the RRTMG longwave and shortwave radiation scheme (Mlawer et al., 

1997; Pincus et al., 2003), the Lin et al. microphysics scheme (Lin et al., 1983), and the Grell-

Devenyi cumulus parameterization (Grell & Devenyi, 2002), are described in Table 2.1. 

Table 2.1. WRF-Chem configuration. 

Atmospheric Process WRF-Chem Option 
Longwave radiation RRTMG 
Shortwave radiation RRTMG 
Surface layer Monin-Obukhov 
Land surface RUC 
Boundary layer YSU 
Microphysics Lin et al. 
Cumulus Grell-Devenyi ensemble scheme in the 75 km and 15 km 

simulations; no cumulus scheme in the 3 km simulation 
Gas-phase chemistry CBMZ 
Aerosol module MOSAIC 
Aqueous-phase chemistry Fahey and Pandis 
Photolysis Fast-J 
Anthropogenic emissions EDGAR-HTAPv2 
Biogenic emissions MEGAN 
Biomass burning emissions FINNv1.5 

 

To participate in the radiative processes, each aerosol component in the MOSAIC 

aerosol module is prescribed with a refractive index based on the values suggested in Barnard 

(2010). To avoid the overestimation of the particle absorption cross section when using the 
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internal mixing of BC with other aerosol components (Bond & Bergstrom, 2006), the Maxwell-

Garnett mixing rule assuming spheres of BC distributed randomly throughout a mixture of 

other aerosol components was applied in this study (Bond & Bergstrom, 2006). Note that the 

process of BC aging (Peng et al., 2016; Wang et al., 2018) has not been implemented in the 

model. In the future, it would be desirable to implement BC aging (Peng et al., 2016; Wang et 

al., 2018) in order to more accurately simulate the mixing state of BC-containing aerosols. 

With the mixed refractive indices, the aerosol extinction efficiency, single-scattering albedo, 

and asymmetry factor are computed using a Mie algorithm for each size bin and wavelength. 

The total optical properties are then obtained by integrating over all of the size bins and used 

as inputs to the RRTMG radiation transfer model for the shortwave (Fast et al., 2006) and 

longwave spectrum (Zhao et al., 2013). Aerosol-cloud interactions are accounted for in the 

model through three pathways: activation of aerosol particles to form cloud droplets as well as 

their resuspension from evaporating cloud droplets, aqueous chemistry, and wet deposition 

(Chapman et al., 2009). Aerosols are treated as ‘interstitial’ or ‘cloud-borne’ according to 

whether they are activated as CCN, and the calculation of the activation process follows the 

methodology of Abdul-Razzak (Abdul-Razzak & Ghan, 2002). The two-moment Lin et al. 

microphysics scheme (Lin et al., 1983; Rutledge & Hobbs, 1984) was employed in this study, 

where prognostic cloud droplet number is treated based on activated aerosols following Ghan 

et al. (1997), and the autoconversion of cloud droplets to rain droplets is dependent on droplet 

number (Liu et al., 2005) so that aerosols are allowed to potentially influence the rain rate and 

liquid clouds (Chapman et al., 2009; Ghan et al., 1997). The aerosol-aware Lin et al. 

microphysics scheme has been used previously in investigating aerosol impacts on synoptic 

cyclones (Ye et al., 2019), regional fog (Lee et al., 2016), and local convection systems (Wu et 

al., 2011b). In order to validate the response of our model to increasing CCN, monthly mean 

domain-averaged cloud droplet radii and corresponding cloud-base CCN concentrations were 
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calculated for simulations with different emission rates, shown in Fig. 2.2. The sensitivity of 

cloud droplet radius to increasing CCN concentration is pronounced at lower CCN 

concentrations, while the response tends to saturate at higher CCN concentrations. The 

saturation of the response of droplet radius to aerosol concentration has also been observed by 

satellite (Breon et al., 2002). These observations suggested a saturation point at AOD of 0.3, 

which corresponds to the relatively higher aerosol concentration scenario (EMIS3) in our study. 

Cloud-borne aerosols and trace gases dissolved in cloud water interact through aqueous 

chemistry, which may modify aerosol composition and content. The aqueous phase chemistry 

is based on the Carnegie Mellon University (CMU) bulk aqueous-phase chemical mechanism 

(Fahey & Pandis, 2001). Wet deposition of aerosols includes in- and below-cloud removal 

through being collected by rain, graupel, and snow (Chapman et al., 2009) and through being 

scavenged by precipitation washout (Easter et al., 2004), respectively. 

 

Figure 2.1. Model domain and orography. The outer map represents the parent domain with 

75 km horizontal grid spacing, and the embedded squares show the extents of the 15 km (d02) 

and 3 km (d03) nested domains. The red dot denotes the AERONET monitoring station; the 

triangle represents the ATTO site. 
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Figure 2.2. Relationship of monthly mean domain-averaged cloud droplet effective radius and 

cloud-base CCN concentrations for all emission scenarios derived from experiments of 

CCNR3 and PCNR3_EMISX (Table 2.2). The dashed line indicates the EMIS1 scenario. Error 

bars represent the 25th and 75th percentiles of all domain-averaged data in each simulation. 

In this study, three nested domains with horizontal resolutions of 75, 15, and 3 km were 

set up over South America (Fig. 2.1). Domain1 covers most of the South American continent, 

with the biomass burning source region included. Domain3 centers around the Amazon Tall 

Tower Observatory (ATTO) site to represent the typical climate and environment of the central 

Amazon Basin (Andreae et al., 2015) and uses cloud-resolving grid spacing with the Grell 

cumulus parameterization turned off (Table 2.1). Vertical layers of 29 levels extending from 

ground to 50 hPa were employed for all domains. The outer domains were two-way coupled 

with initial and boundary meteorological and chemical conditions from the 6 h National 

Centers for Environmental Prediction (NCEP) Final Analysis (FNL) data and Model for Ozone 

and Related Chemical Tracers, version 4 (MOZART-4), global chemical transport model 

output (Emmons et al., 2010), respectively. The Four Dimensional Data Assimilation (FDDA) 

of temperature, horizontal wind, and moisture was applied for the outer domains to reduce 

meteorological biases (Otte et al., 2012). The innermost domain was driven one way by initial 



30 
 

and boundary inputs from the outer domain. No nudging was used in the innermost domain. 

The aerosol-induced perturbations were estimated with the meteorological fields simulated in 

domain3. Anthropogenic emissions were from the EDGAR-HTAPv2, a global gridded air 

pollution emission dataset with a resolution of 0.1° × 0.1° (Janssens-Maenhout et al., 2015). 

The biogenic emissions were generated online by Model of Emissions of Gases and Aerosols 

from Nature (MEGAN; Guenther et al., 2006). The Fire Inventory from NCAR version 1.5 

(FINNv1.5; Wiedinmyer et al., 2011), which provides global estimates of the trace gas and 

particle emissions from open fires updated daily with 1 km resolution, was used to provide the 

biomass burning emissions. The primary organic matter (POM) emission rate was converted 

from OC emission based on an observed ratio of 1.5 between the mass of POM and OC (Reid 

et al., 2005). The conversion factor 1.5, broadly used in WRF-Chem simulations for biomass 

burning emission (Archer-Nicholls et al., 2015; Ge et al., 2014), represents the lower end of 

the range of POM/OC ratios for fresh aerosol emissions from biomass burning (Andreae, 

2019). Plume ascent from fire emission sources is calculated by a plume rise parameterization 

(Freitas et al., 2007; Grell et al., 2011). The simulation spans from 24 August to 30 September 

2014, when the Amazon Basin was undergoing its dry season with biomass burning prevalent. 

The simulation was conducted at 72 hr time slots, with the last 48 hr being used for analysis. 

In each recycle, the meteorological field was reinitialized, while the chemical field was 

restarted from the preceding run. The first 6 days of the simulation were used as spinup. Details 

on model configurations are listed in Table 2.1. In order to quantify the impact of BB aerosols 

on radiation, cloud, and precipitation, a set of BB aerosol emission scenarios generated by 

multiplying different aerosol emission factors (X) with the original BB aerosol emission was 

applied to all domains. As sub-grid convective parameterization can cause uncertainties to the 

impacts from BB aerosols due to the lack of aerosol-cloud interactions in the sub-grid 

convective parameterization (Archer-Nicholls et al., 2016), the analysis of BB aerosol effects 
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in the following section is based on the domain3 simulation where convections are explicitly 

resolved at 3 km resolution. Simulations of domain3, namely PC3_EMISX, were conducted 

using the BB aerosol emission scenario (EMISX) and chemical boundary conditions from the 

outer-domain simulation with the corresponding emission scenario (Table 2.2). A control 

simulation CC3 was conducted without influence of biomass burning emissions. Then the total 

effects of BB aerosols can be evaluated from the difference between the PC3_EMISX and CC3 

simulations. 

 

Table 2.2. Description of numerical experiment design. 

Experiment 

identification 
Experiment description 

CC3 Clean case at 3 km resolution without BB emission. 
CCNR3 Clean case at 3 km resolution without BB emission. 

The aerosol radiation feedback is turned off. 
PC3_EMISX Polluted case at 3 km resolution with BB emission scenario EMISX. 

EMISX represents scenario with BB aerosol emission rate scaled by a 

factor of X based on original BB emission. 
PCNR3_EMISX Polluted case at 3 km resolution with BB emission scenario EMISX. 

The aerosol radiation feedback is turned off. 

 

 

Figure 2.3. Annual variation in PM10 emission during September over domain1 based on 

FINNv1.5. 

As shown in Fig. 2.3, the biomass burning emissions during September undergo large 

annual variations, e.g., the emission in 2007 is 6 times as much as that in 2014. The variation 

pattern of PM10 emitted from BB in September is consistent with an interannual variation in 
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MODIS-retrieved AOD over the Amazon (Sena et al., 2013). Based on the range of emission 

intensities from 2002 to 2016, three emission scenarios representing different emission strength 

were chosen: EMIS1 for emission in 2014; EMIS3 for an average intensity over all the years; 

and EMIS6 for the emission intensity in 2007, which corresponds to the maximum emission 

intensity from 2002 to 2016. In addition, emission scenario EMIS0.5 was added to mimic the 

reduced BB emissions projected assuming the influence of enhanced government regulation 

policy (Streets, 2007). The domain3-averaged AOD in the simulations for the EMIS0.5, 

EMIS1, EMIS3, and EMIS6 emission scenarios is used to represent the aerosol concentration 

under the corresponding emission scenarios in the analysis in next section. 

To assess the ACI and the ARI effect of BB aerosols separately and jointly, the ACI 

and ARI effects were calculated following the method used in Archer-Nicholls et al. (2016). 

Parallel simulations with PC3_EMISX and CC3 were performed in the absence of aerosol 

radiative feedbacks, namely PCNR3_EMISX and CCNR3, respectively (Table 2.2). The ACI 

effect of BB aerosols in each emission scenario can be assessed from the difference between 

PCNR3_EMISX and CCNR3, where aerosols were radiatively inactive and only the aerosol 

effect on cloud microphysics was included. Then the ARI effect of BB aerosols was obtained 

by deducting the ACI effect from the aerosol total effect (Archer-Nicholls et al., 2016). This 

way of calculating the ARI of BB aerosols enables assessments of the ARI solely from BB 

aerosols without the influence of aerosols from other origins (Ghan et al., 2012). 

2.3 Results 

2.3.1 Model evaluation 

The WRF-Chem simulation with the EMIS1 scenario was evaluated for the 

meteorological conditions and the aerosol field using satellite and ground-based measurements 

which are listed in Table 2.3. 
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Table 2.3. Observation datasets. 

Variable Dataset Description reference 

Precipitation TRMM Satellite observations of tropical and 

subtropical (50 °S–50 °N) 

precipitation. The 3B42 rainfall 

dataset produces 3-hr averaged high-

quality infrared and microwave 

precipitation estimates at a resolution 

of 0.25°×0.25° 

 

(Huffman et al., 

2007) 

Liquid water 

path 

The Moderate 

Resolution Imaging 

Spectroradiometer 

(MODIS) Level 3 

Satellite-derived daily estimates of 

cloud properties at a resolution of 

1°×1°. The measurements time of 

Aqua is approximately at 13:30 local 

time. Model outputs at the satellite 

detection time were used when 

comparing against MODIS data. 

(Platnick, S., et 

al., 2015) 

Ice water 

path 

Cloud cover 

AOD The Aerosol Robotic 

Network (AERONET) 

Level 2.0 

TheAOD at 550 nm was interpolated 

using corresponding measurements at 

675 nm and 440 nm for the site 

Manaus_EMBRAPA (2.89 °S, 

59.97 °W) over September 2014. 

(Holben et al., 

2001) 

Extinction 

coefficient 

profile 

The Cloud-Aerosol 

Lidar and Infrared 

Pathfinder Satellite 

Observations 

(CALIPSO) Level 3 

Global gridded dataset with a 

horizontal resolution of 2°×5°. The 

clear-sky aerosol extinction at 532 

nm of both daytime and nighttime 

measurements over the studied region 

was used. 

(Tackett et al., 

2018) 

CCN number 

concentration 

Amazon Tall Tower 

Observatory (ATTO) 

The CCN number concentration 

measurements at 60 m height by a 

CCN counter with supersaturation 

cycling through a set of levels 

ranging from 0.11% to 1.1% were 

used. 

(Andreae et al., 

2015; Pöhlker 

et al., 2016; 

Pöhlker et al., 

2018). 
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The daily retrievals of cloud fraction, total cloud water path (LWP), and total ice water 

path (IWP) from the MODIS Aqua measurements are used to evaluate the simulation 

performance for cloud properties by WRF-Chem. The domain3 simulation results are averaged 

over the domain area to compare with the corresponding variables from the satellite 

measurements, as shown in Fig. 2.4. The simulated total LWP, calculated as the sum of liquid 

cloud and rainwater, correlates well with observations with a moderate underestimation. The 

total IWP from the model, as the sum of cloud ice, snow, and graupel, basically shows a 

positive correlation with the observations. However, a large underestimation of the total IWP 

from the model exists compared to the remote-sensed data. The model performs relatively well 

for the extreme low and high IWP regimes, with values being approximately 25% of the 

observations. The simulation of the total IWP by the WRF model has been found to produce a 

seasonally averaged underestimation by up to 80% compared with satellite measurements 

(Baro et al., 2018). The uncertainties inherent in the satellite dataset, e.g., eliminating data 

points with unrecognized cloud ice, would bias the observation results towards higher values 

and thus to some extent account for the discrepancy between model and observation. Besides, 

uncertainties associated with the ice-phase microphysical processes, e.g., the lack of IN 

parameterization, may also be a potential reason for this discrepancy (Su & Fung, 2018). 

Generally, the total cloud fraction from the model shows a linear correlation with the 

observations, falling between 25%–75% of the observed values. Figure 2.5 shows the time 

series of domain-averaged 3-hr accumulated precipitation from the domain3 simulation and 

corresponding TRMM measurements during September 2014. Despite some underestimation 

of the rainfall, e.g., on 8 Sep and 17 Sep, the overall precipitation simulated by WRF-Chem is 

comparable with TRMM observations in terms of time variation and intensity, which illustrates 

the model’s ability to represent the convective activity during the study period. 
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Figure 2.4. Scatter plots of (a) cloud fraction, (b) total liquid water path, and (c) total ice water 

path from WRF-Chem domain3 simulations and MODIS satellite measurements. The dashed 

lines are 1:4, 1:1, 4:1 from top to bottom, respectively. 

 

 

Figure 2.5. Time series of region averaged 3-hr accumulated precipitation (mm) over domain3 

from TRMM satellite observations and WRF-Chem simulations during September 2014. 
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Table 2.4. Comparison of AOD and SSA at 550 nm obtained from model simulation in 

domain3 and observation. 

 Observation Modela 

AOD 

Manaus_EMBRAPA 

(AERONET) 

0.24±0.10 (average of Sep 2014) 0.21±0.05 

(Rb=0.54) 

SSA 

TT34c (Rizzo et al., 2013) 0.87±0.06 (average of Jul–Dec 2008–2010) 0.89±0.01 

ATTOd (Saturno et al., 2018) 0.88 (average of Aug–Nov 2012–2017) 0.90±0.01 
 

a) Model results with EMIS1, averaged for September 2014. 

b) R represents the correlation coefficient between the observation and model simulation. 

c) The SSA values at this site are for 637 nm. Calculation of SSA at 550 nm is not conducted due to 

incomplete information on Angstrom exponent in Rizzo et al. (2013). 

d) The SSA observation for the ATTO site is obtained from Saturno et al. (2018) by extrapolating the 

original value at 637 nm to that at 550 nm using the Angstrom exponents in Saturno et al. (2018). 

 

Table 2.4 shows the comparison of the modeled AOD against the AERONET 

observation at Manaus_EMBRAPA, a forest reservation site representative of the central 

Amazon environment (Artaxo et al., 2013). The model simulation generally captures the 

absolute value and the temporal variation of the observed AOD, with the mean bias and 

correlation coefficient being –0.03 and 0.54, respectively (Table 2.4). This is basically 

consistent with the AOD prediction accuracy in the Amazon by global models using the same 

fire emission inventory (Pan et al., 2020; Reddington et al., 2019). The slightly low bias in the 

AOD value could be related to an underestimated BB emission intensity due to errors in the 

detection of fires by satellite (Rosario et al., 2013) and/or an underestimation of the 

transatlantic transport from Africa (Holanda et al., 2020). Besides, the lack of SOA production 

in the model may also account for the bias in the AOD simulation (Bond & Bergstrom, 2006). 

The simulated SSA is compared with observations from previous studies, as shown in Table 

2.4. Compared with the in-situ measured SSA of 0.87±0.06 at 637 nm at the TT34 tower (Rizzo 

et al., 2013) in the central Amazon, a slightly higher value of 0.89±0.01 is obtained by the 

model simulation. Similarly, the modeled monthly mean SSA of 0.90 for the location of the 
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ATTO site is relatively higher than an extrapolated value of 0.88 at 550 nm from multi-year 

observations for the dry season at the ATTO site (Saturno et al., 2018). Given the substantial 

influence of BB particles on the aerosol SSA (Saturno et al., 2018), the difference between 

model results and observation may be associated with the mismatched average time periods for 

the comparison. Generally, the simulated SSA does not deviate greatly from the observed 

value, which reflects a reasonable representation of the aerosol optical characteristics in the 

model. 

 

Figure 2.6. Monthly mean clear-sky aerosol extinction coefficient at 532 nm averaged over 

domain3. 

The aerosol vertical distribution is evaluated using the CALIPSO-measured monthly 

mean clear-sky aerosol extinction profile averaged over the domain3 (Fig. 2.6). The simulation 

data was processed to align with the observation by using outputs corresponding to the passing 

time of the satellite, excluding cloudy grids with a cloud criterion of 1 g kg–1 and interpolating 

the extinction coefficient at 550 nm to 532 nm. The model reproduced the observed high 

aerosol extinction coefficient below 3 km and accurately captured the location of the two peaks 

at the surface and near 2 km respectively. Compared with the observation, the model 
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overestimates the aerosol extinction above 3 km, which was also found in Wu et al. (2011a). 

This discrepancy may be associated with an overestimated exchange between PBL and the free 

atmosphere by turbulent mixing and convective transport, an underestimation of precipitation 

scavenging, and/or an overestimated plume rise at some fire spots. Generally, the model 

reasonably simulated the aerosol vertical distribution, illustrating an acceptable performance 

of the plume rise parameterization. The ability of the model to reproduce the aerosol vertical 

pattern provides reliable aerosol input for investigating the aerosol-radiation-cloud interaction, 

given the important role of the vertical distribution of light-absorbing aerosols in affecting the 

aerosol radiative effect (Johnson et al., 2004). 

 

 

Figure 2.7. Monthly averaged CCN number concentrations at different supersaturations from 

ATTO observations and WRF-Chem simulations. Error bars represent the standard deviation. 

 

A comparison of CCN concentrations at different supersaturations between in-situ 

observation and the WRF-Chem simulation for the ATTO site is presented in Fig. 2.7. The 

calculation of CCN number concentration at observed supersaturation level from model outputs 

followed the method in Su et al. (2010). The model results show an overall agreement in 
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magnitude with observations for the supersaturation range of 0.2–0.5%, which represents the 

typical atmospheric conditions during the dry season in the Amazon (Archer-Nicholls et al., 

2016). The variation of CCN number with supersaturation level matches the pattern obtained 

by observation (Pöhlker et al., 2018), indicating a reasonable sensitivity of aerosol activation 

ability to varying supersaturation situations. 

2.3.2 Response of cloud 

Figure 2.8 shows the diurnal and vertical distribution of domain-averaged changes in 

cloud water and cloud ice concentration caused by BB aerosols. By serving as CCN, BB 

aerosols create more cloud droplets and cause a reduction in the cloud droplet size (Table 2.5) 

due to competition for water vapor, which slows down the transfer rate from cloud to rain 

(Braga et al., 2017; Chang et al., 2015; Rosenfeld et al., 2008). Consequently, cloud water in 

the free troposphere is increased by the ACI effect throughout the day (Fig. 2.8) at the expense 

of rainwater concentration, while the diminished cloud water within the PBL corresponds to 

the warmer air temperature (Fig. 2.9a) and suppressed moisture flux from the ground surface 

(Table 2.5). The response of cloud water to ARI also varies with altitude. The increased RH 

within the PBL by the aerosol radiative effect (Fig. 2.9b) lowers the cloud base height (Table 

2.5) and favors cloud persistence, resulting in higher cloud water content (Johnson et al., 2004). 

In contrast, the aerosol radiative heating near the top of the PBL (Fig. 2.9b) decreases the RH 

and therefore ‘burns off’ the liquid clouds (Feingold et al., 2005; Huang et al., 2016). Such 

contrasting cloud water responses to the BB aerosol radiative effect between different layers 

were also found by a large-scale RegCM3 simulation covering South America (Zhang et al., 

2008). The increased cloud water in the lower troposphere (0–2 km) was attributed to large-

scale moisture convergence. Here, the simulation over a smaller region located in the central 

Amazon Basin shows that the local modification of the thermodynamic structure by BB 

aerosols is able to contribute to the effect as well. 
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Figure 2.8. Diurnal variation in the vertical distribution of the domain-averaged difference in 

cloud water (shaded; in mg kg−1) and cloud ice (contour lines; in 0.1 mg kg−1) caused by BB 

aerosols’ (a) ACI, (b) ARI, and (c) total effect in the EMIS1 emission scenario. The thick black 

line represents the PBL height. 

 

Figure 2.9. Domain-averaged difference in air temperature (shaded, in intervals of 0.01 ºC), 

relative humidity (contour lines, in intervals of 0.1 %), and updraft velocity (arrows) caused by 

BB aerosols’ (a) ACI, (b) ARI, and (c) total effect in the EMIS1 emission scenario. 

 

Integrated over the atmosphere, the cloud LWP is enhanced by the ACI but reduced by 

the ARI effect (Ackerman et al., 2000; Feingold et al., 2005; Johnson et al., 2004). Therefore, 

the overall change in cloud water amount by BB aerosols results from the competition between 

the ACI and ARI effects. Figure 2.10a displays the dependence of the overall response of cloud 

water on the emission intensity (represented as AOD). Weaker emission scenarios yield higher 
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cloud water, driven by the ACI effect, while stronger emissions lead to an opposite response 

of cloud water, dominated by the ARI effect. The simulated dependence of cloud water change 

on aerosol amount agrees with satellite measurements of the total cloud fraction over the 

Amazon region (Koren et al., 2004). 

 

 

Figure 2.10. Changes in (a) cloud LWP and (b) cloud IWP with increasing BB emission 

intensity (indicated by domain-averaged AOD in each emission scenario). The vertical dotted 

line in each plot indicates the EMIS1 scenario. Error bars denote the standard error. 

 

The cloud ice content is invigorated by BB aerosols, driven by the ARI effect (Fig. 

2.10b). Through radiation absorption, BB aerosols heat the air, evaporate liquid cloud, and 

promote upward flux of vapor and moisture to higher altitudes (Fig. 2.9b), facilitating cloud 

ice formation there. Similar ice enhancement due to aerosol radiative heating was also seen in 

simulations of dust-radiation interaction (Dipu et al., 2013). This positive response of cloud ice 

and updraft velocity to ARI corresponds to the thermodynamic invigoration mechanism 

proposed in Wang et al. (2013), which suggested larger CAPE above PBL could be induced by 

the absorbing aerosols in the lower troposphere. In contrast, the ACI tends to act in opposition 

to the ARI effect but in a minor magnitude, showing a moderate negative response (Fig. 2.8a). 
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The ACI effect has been reported to invigorate deep convection when more abundant, smaller 

cloud drops are uplifted to boost the cloud microphysical processes at higher altitudes 

(Rosenfeld et al., 2008), which, however, is sensitive to the background environment (Fan et 

al., 2009; Khain et al., 2005). Hints of this effect are only seen during a narrow time span 

around 18:00 and 22:00 UTC, as indicated by increased cloud ice (Fig. 2.8a) and precipitating 

hydrometeors (Fig. 2.12a). However, the enhancement is insignificant in magnitude and 

overwhelmed by the negative responses that persist during the rest of the diurnal cycle, which 

may result from different cloud types and environmental conditions from those in Rosenfeld et 

al. (2008). Generally, the monthly mean domain-averaged results show a negative effect of the 

ACI on cloud ice water path (Fig. 10b). 

Such nonlinear patterns of cloud LWP and IWP responses to BB aerosols are consistent 

with those of the BB aerosol shortwave and longwave radiative forcing (RF) at TOA (Fig. 

2.11a), respectively, implying the importance of cloud adjustments for affecting BB aerosol 

RF. Unlike the negative shortwave RF at TOA in clear-sky (Table 2.5), the all-sky shortwave 

RF at TOA by the ARI, which not only involves the aerosol direct radiative forcing but also 

contributed by the radiative forcing of ARI-induced cloud adjustments, show positive value 

and increase in magnitude with increasing BB aerosol concentration. The reason for it is that 

the cloud LWP reduction by the ARI of BB aerosols cause more solar radiation to reach the 

surface and less to be reflected, which even overruns the BB aerosol direct RF at TOA in 

magnitude and strengthens with the increase of BB aerosol loading (Fig. 2.10a). The shortwave 

RF at TOA by the ACI of BB aerosols also follows the corresponding ACI-induced cloud LWP 

change, being negative at the presence of more liquid cloud amount (Fig. 2.10a). The total 

shortwave RF (ARI+ACI) at TOA is −0.3 and 0.6 W m−2 for the EMIS1 and EMIS6 scenarios, 

respectively (Table 2.5), corresponding to the sign variation of the cloud LWP responses (Table 

2.5). Similar in magnitude, a modeling study in the Amazon dry season using the HadGEM3-
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GA3 model showed a monthly mean shortwave RF of 1.35 W m−2 with AOD increasing from 

0.19 to 0.67 (Thornhill et al., 2018). The longwave RF by BB aerosols is of comparable 

magnitude to the shortwave radiative forcing (Table 2.5). The ARI effect is the driving force 

for the positive longwave RF, as the outgoing infrared radiation can be directly trapped by 

black carbon contained within the BB particles (Ramachandran & Kedia, 2010). In addition, 

high clouds mainly comprised of ice are also efficient at blocking outgoing longwave radiation 

(Hartmann et al., 1992), yielding a positive longwave RF at TOA. Therefore, the ARI-induced 

larger amount of cloud ice content (Fig. 2.10b) can result in positive longwave RF as well. The 

positive longwave RF resulting from increased ice cloud is in agreement with the satellite 

observations of tropical deep convection, where a strong warming was caused by increased 

convective cloud anvils impacted by aerosols (Koren et al., 2010). The all-band RF (shortwave 

plus longwave) of BB aerosols changes sign with increasing emission intensity of BB aerosols, 

with values of −0.2 and 1.5 W m−2 for the EMIS1 and EMIS6 scenarios, respectively. 

It should be noted that uncertainties associated with BB aerosol effects on cloud ice 

exist, because of the lack of IN parameterization (Fan et al., 2018). Field observations 

suggested that the BC in the BB aerosols could contribute substantially to ice nucleation 

(McCluskey et al., 2014), which may influence the estimate of the response of cloud ice to BB 

aerosols as well as the associated longwave RF of BB aerosols. 
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Figure 2.11. Changes in (a) shortwave, (b) longwave, and (c) total radiation budgets at TOA 

with increasing BB emission intensity (indicated by domain-averaged AOD in each emission 

scenario). The vertical dotted line in each plot indicates the EMIS1 scenario. 

 

Table 2.5. Summary of monthly mean perturbations caused by the ARI and ACI of BB 

aerosols in the EMIS1 and EMIS6 emission scenarios. 

Variable ARI ACI 

EMIS1 EMIS6 EMIS1 EMIS6 

Clear-sky TOA solar radiation (W m–2) –0.7 –3.7   

TOA solar radiation (W m–2) 0.4 2.0 –0.7 –1.4 

TOA solar + IR radiation (W m–2) 0.5 3.0 –0.7 –1.5 

Surface solar radiation (W m–2) –5.7 –30.5 –0.6 –1.3 

Sensible heat flux (W m–2) –2.3 –14.4 –0.1 –0.2 

Latent heat flux (W m–2) –2.0 –11.8 –0.5 –1.1 

Surface temperature (°C) –0.03 –0.20 +0.00 +0.01 

PBL height (m) –8 –58 +0 2 

Cloud droplets number (cm–2) –0.7×105 –6.0×105 4.0×105 14.5×105 

Cloud droplets radius (μm) –0.7 –0.5 –1.0 –2.6 

Cloud base height (m) –6 –40 1 5 

LWP (g m–2) –0.6 –3.8 0.7 1.7 

LWP in PBL (g m–2) 0.03 0.14 –0.01 –0.04 

LWP in FT (g m–2) –0.6 –3.9 0.7 1.7 

IWP (g m–2) 0.04 0.26 –0.02 –0.07 

Precipitation (mm day–1) 0.01 –0.11 –0.06 –0.10 
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2.3.3 Response of precipitation 

To show the response of precipitation, the diurnal and vertical distribution of domain-

averaged changes in precipitating hydrometeors (sum of rain, snow, and graupel) based on the 

EMIS1 scenario is presented in Fig. 2.12. The domain-averaged rainwater below the freezing 

level height of about 5 km shows a prominent negative response to ACI during most of the 

daytime (Fig. 2.12a). As discussed before, by acting as CCN, the BB aerosols reduce cloud 

droplet radius, slow down the conversion rate from cloud to rain, and therefore inhibit warm 

rain formation. On the other hand, consistent with the responses of cloud ice, precipitating 

hydrometeors are enhanced by the ACI effect in the local afternoon and early night due to the 

invigorated convection. Generally, an overall reduction in precipitation is induced by the ACI, 

similar to previous WRF-Chem simulations of BB aerosol microphysical effects in the Amazon 

(Wu et al., 2011b). The results of the ARI effect show an overall positive impact on 

precipitating hydrometeor concentrations (Fig. 2.12b) and consequent surface precipitation 

(Fig. 2.13a) in the EMIS1 scenario. With the influence of the ARI effect, significant 

enhancement appears in the precipitating hydrometeors above the freezing level beginning in 

the early morning, indicating cold rain processes. Specifically, the graupel concentration, 

which is mainly responsible for the cold rain response (Chang et al., 2015), is promoted as 

more supercooled cloud droplets efficiently feed the growth of graupel. The increased 

supercooled cloud water concentration could be a result of the enhanced updraft promoted by 

the ARI (Fig. 2.9b). By 17:00–18:00 UTC, the precipitation reaching the surface is increased 

correspondingly. The increase in precipitation by the local ARI effect was also found in 

previous simulations of light-absorbing aerosols, including black carbon (Lin et al., 2016) and 

mineral dust (Dipu et al., 2013; Huang et al., 2019; Shi et al., 2014). Influenced by the overall 

effect of both the ACI and ARI mechanisms, a reduction of precipitating hydrometeors is 

prominent in the morning and afternoon, while enhanced precipitating hydrometeor abundance 
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occurs in a narrow time span from local noon to early afternoon. The variation in convection 

response throughout the convective evolution cycle implies a possible dependence of aerosol-

radiation-cloud interactions on environmental stabilization, which is also shown by the 

observation that BB aerosols tend to increase precipitation under unstable conditions 

(Gonçalves et al., 2015). 

 

Figure 2.12. Diurnal variation in the vertical distribution of the domain-averaged difference in 

precipitating hydrometeor (QRAIN+QSNOW+QGRAUP) concentrations caused by BB 

aerosols’ (a) ACI, (b) ARI, and (c) total effect in the EMIS1 emission scenario. 

The response of the precipitation rate to different emission intensities of BB aerosols 

(represented as AOD) is shown in Fig. 2.13a. The precipitation reduction by ACI is climatically 

significant in all emission scenarios, with a monthly mean change of −7% and −11% at EMIS1 

and EMIS6, respectively. The precipitation rate is slightly increased by the ARI at low aerosol 

loading due to invigorated daytime precipitation as discussed above. However, at high emission 

intensity, the strong radiative dimming effect of BB aerosols dramatically reduces surface 

heating (Table 2.5), which damps the ARI-induced convection invigoration and leads to an 

overall suppression of convection and a significant reduction of precipitation (Rosenfeld et al., 

2008). This dimming effect is even more pronounced than the ACI effect in reducing 

precipitation for the EMIS6 scenario (Fig. 2.13). Taking the ACI and ARI effects together, the 

monthly mean precipitation rate is decreased by BB aerosols at all emission scenarios used in 



47 
 

this study. A reduction of −5% and −23% is calculated for the EMIS1 and EMIS6 emission 

scenarios, respectively, aligning in magnitude with a precipitation change by −14.5% for the 

switch of aerosol loading from the low-emission to the high-emission scenario in the Amazon 

found by Thornhill et al. (2018). 

 

Figure 2.13. Changes in domain-averaged (a) precipitation rate and (b) precipitation 

occurrence with increasing BB emission intensity (indicated by domain-averaged AOD in each 

emission scenario). The vertical dotted line in each plot indicates the EMIS1 scenario. 

To examine the precipitation responses at different precipitation intensities (Fig. 2.14), 

a threshold of daily maximum 3-hr accumulated precipitation exceeding 3 mm, the upper 

boundary of the domain-averaged amount (Fig. 2.5), is used to distinguish the intensive 

precipitation grids from the light precipitation ones. High convective strength indicated by 

larger CAPE (Fig. 2.14) corresponds to intensive precipitation, whereas relatively weaker 

convection is associated with the light precipitation regime. Intensive precipitation shows a 

significant nonlinear ARI response, whereas light precipitation tends to be reduced 

monotonically by the ARI. The precipitation reduction by ACI at low aerosol concentration is 

less prominent in heavy than in light rainfall, due possibly to the dynamic feedbacks in deep 

convection (Rosenfeld et al., 2008). By contrast, a stronger ACI effect at larger aerosol amounts 

is shown in heavy precipitation as a result of the larger potential for CCN activation in strong 
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convection (Reutter et al., 2009). The dependence of precipitation change on aerosol 

concentration is greater for the intensive precipitation than the light precipitation regime, given 

that the precipitation responses in the EMIS1 and EMIS6 scenarios are −3% and −27%, 

respectively, for the intensive regime and −8% and −17%, respectively, for the light 

precipitation. This is consistent with the rainfall sensitivity to increasing aerosol concentration 

for strong and weak convection in Chang et al. (2015). The dominance role of ARI over ACI 

at high aerosol loadings is found at both regimes. The precipitation occurrence (calculated as 

the ratio of precipitating grid cells to the total domain grid cells over the simulation period), 

which is approximately 11% in the clean case, is reduced noticeably by both the ACI and ARI 

effects (Fig. 2.13). The more extensive dry area coverage due to the presence of BB aerosols 

may act to aggravate the precipitation shortage for the Amazon forest in the dry season (Cox 

et al., 2008). 

 

Figure 2.14. Changes in domain-averaged precipitation rate with increasing BB emission 

intensity (indicated by domain-averaged AOD in each emission scenario) in (a) the intensive 

precipitation regime and (b) light precipitation regime. 

2.4 Conclusions 

In this chapter, a comprehensive assessment of the impacts of BB aerosols on the 

regional cloud and precipitation and their sensitivity to interannual variations in BB aerosol 
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emissions was made. The effects of ARI and ACI were quantified individually and jointly; 

their relative significance with varying aerosol concentration was compared. 

The shortwave RF of BB aerosols is the outcome of a competition between positive RF 

by the ARI effect and negative RF by the ACI effect, which is driven largely by the cloud 

response. The positive shortwave RF associated with cloud reduction due to the ARI effect of 

the BB aerosols counteracts the negative direct shortwave RF and constitutes the dominant 

component of ARI-induced effective shortwave RF. Contrarily, the ACI-induced more 

numerous but smaller cloud droplets increase cloud albedo and thereby exert a negative indirect 

shortwave RF. The relative significance of the ACI and ARI effects varies with aerosol loading, 

with a dominant role of the former at low aerosol emission rate, while the latter dominates at 

high emission intensity. The positive longwave RF by BB aerosols is driven by the ARI effect, 

through both aerosol direct radiative forcing and subsequent adjustment of enhanced ice cloud. 

The all-band aerosol RF is −0.2 and 1.5 W m−2 for BB aerosols in the EMIS1 and EMIS6 

scenarios, respectively. The response of cloud LWP to BB aerosols is driven in opposite 

directions by the ARI and ACI effects. The surface cooling generated by radiation extinction 

together with the atmospheric heating from absorption of solar radiation stabilizes the 

atmosphere, inhibits convection development, and thereby decreases the cloud LWP. In 

contrast, higher cloud LWP is produced by the ACI effect through inhibited warm rain 

formation. The relative significance of the competing effects depends on the aerosol amount, 

consistent with the aerosol shortwave radiative forcing response, implying a crucial role of 

cloud adjustments in determining aerosol radiative forcing on the Earth-Atmosphere system. 

Lower precipitation occurrence is induced by both the ARI and ACI effects, which implies a 

larger fraction of dry areas in the Amazon Basin when affected by BB aerosols and threatens 

to exacerbate the droughts during the dry season. The domain-averaged precipitation rate is 

diminished substantially by ACI consistently over all the emission scenarios used in this study. 
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Strong suppression of warm rain formation is responsible for the overall precipitation reduction 

caused by the ACI, but in the lower-emission scenarios, an ACI-induced invigoration of deep 

convection occurs during a narrow period, due to latent heat release from more abundant 

smaller droplets aloft (Rosenfeld et al., 2008). The precipitation response to the ARI effect is 

nonlinear possibly associated with the participation of mixed-phase precipitation. At low BB 

aerosol emission rates, enhanced precipitation is found, but the enhancement disappears in the 

high-emission scenarios with overwhelming suppression of convection by BB aerosols. 

Reduction in monthly mean precipitation rate by the overall effects of BB aerosols is found for 

all emission scenarios and intensifies with aerosol loading, which may imply a positive 

feedback between precipitation scavenging and aerosol concentration for intense BB events. A 

reduction of monthly mean precipitation rate by −5% and −23% is estimated for the EMIS1 

and EMIS6 scenarios, respectively, suggesting a strong sensitivity of precipitation to aerosol 

concentration. The sensitivity of precipitation change to aerosol concentration is more 

prominent in the intensive precipitation regime than in the light precipitation case. 

The high-sensitivity and nonlinear relationship between regional cloud, precipitation, 

and BB aerosol abundance highlights the importance of comprehensive assessments of BB 

aerosol effects in the Amazon with multiannual aerosol emission scenarios. The variation in 

the ACI and ARI effects with increasing aerosol emission revealed a saturating tendency for 

the ACI, in contrast to a continuingly increasing effect of the ARI at high aerosol loadings. 

This may shed light on the climatic importance of the ARI in highly polluted regions and during 

episodes with severe smoke emissions such as intensive wildfires, industrialization-related 

fossil fuel combustion, and agricultural crop waste burning. The key role of the ARI also 

highlights the importance of accurate representation of aerosols and their optical properties in 

models when addressing their climate effects. 
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3. Chapter 3 Impact of aerosol-radiation interactions on cloud microphysics and 

precipitation by process analysis 

3.1 Introduction 

According to the results in the last chapter as well as several recent studies that 

investigated the aerosol climate effects by examining the ACI and ARI jointly and separately 

(Fan et al., 2015; Shi et al., 2014; Wu et al., 2011b), The ARI plays a significant role in the 

cloud and precipitation change on a regional scale. However, how and to what extent ARIs 

affect regional cloud and precipitation remain largely unknown (Koch & Del Genio, 2010). 

Modeling studies have found that ARI influences precipitating mesoscale convective 

systems through disturbing local energy balance, atmospheric stability, and circulation (Deetz 

et al., 2018; Dipu et al., 2013; Feingold et al., 2005; Fu et al., 2017; Huang et al., 2019; Huang 

et al., 2016; Jiang & Feingold, 2006; Shi et al., 2014). However, the estimated net effects 

diverge as to the sign and magnitude. For instance, absorbing aerosols were found to suppress 

(Feingold 2005; Jiang & Feingold, 2006; Shi et al., 2014) or enhance (Dipu et al., 2013; Huang 

et al., 2019) or exert unnoticeable influence (Fu et al., 2017; Deetz et al., 2018) on convective 

precipitation. 

For explaining the mechanism behind the ARI effect on precipitation, most of the 

studies investigating the influence of ARI conducted analyses in terms of cloud macrophysics, 

thermodynamics, and dynamics, e.g., cloud top height, cloud water path, temperature, 

supersaturation, and vertical velocity (Feingold 2005; Jiang & Feingold, 2006; Shi et al., 2014; 

Dipu et al., 2013; Huang et al., 2019; Fu et al., 2017; Deetz et al., 2018). The macrophysical 

diagnoses enable practical comparison with observation, but it is limited in revealing the full 

mechanism for precipitation change, e.g., it is unexplainable that different precipitation 

responses occur under resembling thermodynamic modification by ARI (Shi et al., 2014; 

Huang et al., 2019). This is because the detailed changes in microphysical processes which 
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eventually govern the source and sink of precipitating hydrometeors (Lin et al., 1983; Mao et 

al., 2018; Morrison & Grabowski, 2011) are not linear with thermodynamic changes due to 

complicated transformation among hydrometeors (Chang et al., 2015; Cheng et al., 2010; Jiang 

et al., 2016). For instance, the microphysical processes related to rainwater can differ 

considerably at a subtle change of updraft velocity (Chang et al., 2015). Hence, without probing 

into the cloud microphysical processes, the mechanism of aerosols affecting cloud and 

precipitation via ARI would be ambiguous and the aforementioned diverse ARI effects on 

precipitation could not be reconciled. 

The cloud microphysical process analysis was applied for studies on the ACI effect 

(Cheng et al., 2010; Chang et al., 2015; Jiang et al., 2016), where the presence of aerosols 

lowers the critical supersaturation for CCN/IN activation in the atmosphere and therefore alters 

cloud droplet number and size as well as subsequent cloud microphysical processes. However, 

by far it has not reached the ARI investigation. Theoretically, the thermodynamic perturbation 

due to the ARI would inevitably alter the cloud microphysical processes, for example, the 

temperature modification by ARI could alter the atmospheric supersaturation condition and 

therefore the CCN/IN activation, and the turbulence change induced by ARI may influence the 

collision processes between cloud hydrometers (Lin et al., 1983; Morrison & Grabowski, 

2011). Therefore, without filling in the blank of microphysical process analysis for ARI, the 

whole mechanism of how aerosols influence cloud microphysics and precipitation is 

incomplete and the observed aerosol impact on cloud microphysics cannot be interpreted 

concretively. 

Motivated by that, in this study, a process analysis module was developed in a 

meteorology-chemistry coupled model, WRF-Chem v 3.9.1, intending to elucidate the 

microphysical processes accounting for the precipitation response to ARI. The precipitating 

cloud systems in the Amazon in the dry season are mostly composed of the locally generated 
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clouds, which form on atmospheric updrafts by the surface heating from solar insolation and 

therefore feature a prominent diurnal lifecycle. This type of cloud exists extensively on the 

globe, especially over continents (Dai et al., 1999; Greco et al., 1990), and therefore the study 

here for the Amazon can be generalized to other regions with clouds of this type. 

3.2 Model development, configuration, and numerical experiments. 

For the simulation in this chapter, the model WRF-Chem v3.9.1 (Grell et al., 2005) was 

utilized again. Besides, the same selection of the physical and chemical schemes as in the last 

chapter (Table 2.1) was chosen, which ensures the proceedings of both the aerosol-radiation 

interactions and aerosol-cloud interactions in the model in the way that is described in Section 

2.2. 

A process analysis module was integrated into the Lin et al. microphysics scheme (Lin 

et al., 1983). The Lin et al. scheme addresses 6 classes of hydrometeors: rain, graupel, snow, 

cloud water, cloud ice, and water vapor and the first three are precipitating matters. The time 

variation of each hydrometeor on each grid is governed by the following conservation 

equations (Lin et al., 1983): 

For water vapor, cloud water, and cloud ice: 

𝜕𝑞𝑖

𝜕𝑡
= −𝑉⃑ ∙ ∇𝑞

𝑖
+ ∇ ∙ 𝐾∇𝑞

𝑖
+ 𝑃𝑞𝑖

                                   (Eq. 3.1) 

For snow, graupel, and rain: 

𝜕𝑙𝑖

𝜕𝑡
 = −𝑉⃑ ∙ ∇𝑙𝑖 + ∇ ∙ 𝐾∇𝑙𝑖  + 𝑃𝑙𝑖

+ 
1

𝜌

𝜕

𝜕𝑧
(𝑈𝑖𝑙𝑖𝜌)                        (Eq. 3.2) 

where qi represents the mixing ratio of vapor, cloud water, or cloud ice whose terminal 

falling velocity is neglected, while li represents the mixing ratio of snow, graupel, or rain for 

which the terminal velocity is parameterized empirically based on observation (Lin et al., 

1983). The first two terms on the right side describe the advection and convection transport as 

well as the turbulent diffusion, respectively. The last term in Eq. 3.2 is the fallout term, which 
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is only applied for precipitable substances, i.e., snow, graupel, and rain, where Ui is the terminal 

falling velocity for each hydrometeor. The Pqi and Pli terms denote the production/sink term for 

each hydrometeor associated with microphysical processes. The main microphysical processes 

related to precipitation particles are listed in Table 3.1 and the detailed description and 

calculation for each process are documented in Lin et al. (1983). A scaling analysis study of 

the governing equations for the hydrometeors shows that microphysical terms contribute 

significantly to the concentration of hydrometeors compared with dynamical processes (Lu et 

al., 2002). Simulation of moisture and energy budget of tropical convection system using 

general circulation models (GCMs) also illustrates the important role of microphysical sources 

and sinks in determining the amount and vertical distribution of vapor budget in tropical 

cumulus ensembles (Sui et al., 1994). 

The surface precipitation is related to the vertical integrals of Eq. 3.2, that is, 

∫
𝜕𝑙𝑖

𝜕𝑡
𝑑𝑧 =

𝑧0

0
− ∫ 𝑉⃑ ∙ ∇𝑙𝑖 𝑑𝑧 + ∫ ∇ ∙ 𝐾∇𝑙𝑖 𝑑𝑧

𝑧0

0
+ ∫ 𝑃𝑙𝑖

𝑑𝑧
𝑧0

0
+ 𝑃𝑠

𝑧0

0
         (Eq. 3.3) 

where Z0 is the top of the domain, and Ps is the instant surface precipitation rate. 

Because of the absence of severe weather system producing hails, such as squall lines, and 

because of the high temperature in the lower troposphere in tropics, the precipitating substance 

falling to the surface in our simulation is only rainwater. From Eq. 3.3, microphysical processes 

regarding rainwater are directly related to the surface precipitation amount. 

Instant hydrometeor concentration (in kg kg–1) in hourly time interval on grids within 

the domain, and hourly-accumulated microphysical process rate (in kg kg–1 hr–1) were output 

together. Thereby the change of hydrometeor concentration at every hour could be related with 

the change of individual hourly-accumulated microphysical process rate, which was done in a 

way of domain average and column integration so that the response of horizontal advection 

within the domain region and vertical transport of the hydrometeor on each layer was 

eliminated, respectively. Since turbulent motion is significant mainly within the PBL, while 
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the cloud is mostly distributed above the top of the PBL, the influence of turbulent diffusion 

perturbation could be of minor significance compared to the response in microphysical terms 

for the cloud hydrometeors’ responses. Correspondingly, based on Eq. 3.3, the aerosol impact 

on regional precipitation could be interpreted by aerosol-induced changes in the domain-

averaged microphysical budget of rainwater. 

 

Table 3.1. The abbreviation and description for microphysical processes. 

Abbreviation Process description 

RAU Autoconversion of cloud water to form rain 

RAW Accretion of cloud water by rain 

SAW Accretion of cloud water by snow to form rain 

GAW Accretion of cloud water by graupel to form rain 

SMT Melting of snow to form raindrops 

GMT Melting of graupel to form raindrops 

REP Evaporation of raindrops 

IAR Accretion of rain by ice to form snow/graupel 

SAR Accretion of rain by snow to form snow/graupel 

GAR Accretion of rain by graupel 

GFR Freezing of rain to form graupel 

SFI Reduction of cloud ice to form snow by Bergeron process 

SAI Accretion of ice by snow 

SDP Deposition of vapor on snow 

SAU Ice crystal aggregation to form snow 

RAS Accretion of snow by rain to form graupel 

SUB Sublimation of snow to vapor 

GAS Accretion of snow by graupel 

GAI Accretion of ice by graupel 

GDP Deposition of vapor on graupel 

GUB Sublimation of graupel to vapor 

GMP Evaporation of melted graupel 

 

 

Three domains were set up with 75 km, 15 km, and 3 km horizontal resolution 

respectively (Fig. 3.1), and 29 vertical layers from near ground surface to 50 hPa for all. The 

two outer domains were two-way coupled with external meteorological and chemical inputs, 

while the innermost domain was run separately as driven by larger-scale forcing from the outer 
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domains. The meteorological and chemistry input for the outer domains as well as emissions 

were obtained the same as those in Chapter 2 (Table 2.1). This study focuses on the finest grid 

domain with the cloud-resolving resolution. The resolution of 3 km was employed to better 

capture the diurnal variation of convection given that previous simulations suggested 

increasing model resolution to cloud-resolving scales at 2.8−4 km can effectively improve the 

simulation of the diurnal convection development (Birch et al., 2016; Fosser et al., 2015). 

Indeed, the 3-km resolution can reasonably capture the precipitation in both magnitude and 

distribution pattern (Fig. 3.2a). Besides, it also well reproduced the AOD field (Fig. 3.2b), 

demonstrating its reasonable performance in simulating the aerosol condition in the Amazon 

area. It should be noted that no nudging was applied to this 3-km resolution domain so that the 

cloud and precipitation can respond freely to the aerosol forcing. 

 

 

Figure 3.1. Model domain and orography. Outer map represents parent domain with 75 km 

horizontal grid spacing (D01), and squares show extents of 15 km (D02) and 3 km (D03 and 

D04, for the central and eastern Amazon basin, respectively) nests. 
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Figure 3.2. Spatial distribution of observed and simulated (a) 3-hr precipitation rate and (b) 

AOD average over the simulation period. The precipitation and AOD observation data are from 

TRMM and MODIS AQUA, respectively. 

 

The simulations of the 3-km resolution domain were conducted by WRF-Chem for the 

periods of 5–15 Sep 2010 and 3–13 Sep 2012 for the central Amazon region and the periods of 

13–23 Sep 2010 and 4–13 Sep 2012 for the eastern Amazon region (Fig. 3.1). The year 2010 

and 2012 represent a relatively high and an average level of biomass burning aerosol emission 

intensity in the Amazon based on the records from 2006–2016, respectively (Fig. 2.3). 

Meanwhile, two domains covering the central and eastern Amazon feature biomass burning 

aerosols from forest and savanna fires, respectively (Reddington et al., 2019). Simulations for 

the two years and the two regions showed similar ARI effects (Fig. 3.7a and Fig. 3.8), and the 

following analysis only specify the case of the central Amazon from 5 Sep to 15 Sep 2010. 

To separate the ARI and ACI effect of BB aerosols on precipitation, three sets of 

simulations (Table 3.2) were performed following the way used in Wu et al. (2011b): the ARI 

effect was quantified by switching on and off the aerosol-radiation feedback, i.e., the difference 

between CTRL (polluted case with BB emission) and NORAD (polluted case with BB 

emission but excluding aerosol-radiation feedback); and ACI effect was obtained as the 
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difference between NORAD and BASE (clean case). Although the ARI effect of aerosols not 

from BB emission is included in the ACI calculation, the uncertainty could be neglected, as 

BB emission is the primary source of aerosols during the dry season over the Amazon region 

(Martins et al., 2009), especially given that the periods simulated here (September 2010 and 

September 2012) are characterized with relative strong BB emission (Sena et al., 2013). 

 

Table 3.2. Description of numerical experiment design. 

Experiment identification Experiment description 

BASE Simulation at 3-km resolution without BB aerosol emission; including 

aerosol-radiation feedback. 

NORAD Simulation at 3-km resolution with BB aerosol emission, excluding 

aerosol-radiation feedback. 

CTRL Simulation at 3-km resolution with BB aerosol emission, including 

aerosol-radiation feedback. 

 

3.3 Results 

3.3.1 Cloud microphysical processes in the Amazon in the dry season 

Figure 3.3 depicts the diurnal and vertical distribution of cloud total hydrometeor 

concentration and microphysical processes related to the precipitating matters i.e., rainwater, 

snow, and graupel in the CTRL case. Different colors in each pie chart represent the relative 

contributions of microphysical processes to the total mass on that grid. The cloud is 

characterized by a growth phase in the daytime and a gradual decaying phase during night, 

with their vertical development reaching up to the upper troposphere. As an important 

rainwater-related process, the collision-coalescence (or autoconversion, RAU) takes place at 

levels higher than the cloud base (Fig. 3.3b), reflecting that cloud droplets activated at the cloud 

base need to be lifted to grow in size before transforming into raindrops. The accretion of cloud 

water by raindrops (RAW) serves as the primary source for rainwater mass from the cloud base 

to the freezing level (about 5 km). At the freezing level, the graupel melting (GMT) acts as the 
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most efficient pathway for rainwater formation. The graupel and snow, the cold-rain 

precipitating hydrometers, are mainly gained from the graupel accreting cloud water (GAW) 

and the Bergeron process (SFI; Hsie et al., 1980), respectively. After formation, all graupel is 

converted to rainwater as it melts below the freezing level, whereas snow contributes to rain 

by transforming to graupel (by GAS) as intermediation. The main microphysical processes 

accounting for the rain formation here are similar to that in the tropical and mid-latitude locally 

generated deep convective systems (Chang et al., 2015; Cui et al., 2014; Lin et al., 1983), while 

little difference was shown in the mid-latitude frontal system where interactions between snow 

and rain are more pronounced (Mao et al., 2018). 

 

 

Figure 3.3. Diurnal and vertical distribution of domain- and time-averaged (a) concentration 

of total cloud substances (sum of cloud, ice, rain, graupel and snow, in unit of mg kg–1, shaded) 

and PM10 (in unit of μg m–3, line in black) and (b) contribution of microphysical processes 

related with precipitating hydrometeors (sum of rainwater, graupel and snow). The dashed 

orange and red lines in (a) represent the PBL height and cloud base height respectively. The 

abbreviations of microphysical processes in (b) are described in Table 3.1. 



60 
 

 

Figure 3.4. Same as Fig. 3.3, but for the NORAD case. 

 

By contrast, the clouds in the simulation without ARI (NORAD; Fig. 3.4a) are mainly 

distributed from 10:00 to 20:00 LT, with only a marginal concentration within a lower altitude 

remaining at night. Besides, the cloud microphysical processes in this case (Fig. 3.4b) are 

different from those in the CTRL case (Fig. 3.3b). The difference in the rainwater-related 

microphysical processes between the CTRL and NORAD cases can explain the precipitation 

change by the ARI of BB aerosols (calculated as the precipitation difference between CTRL 

and NORAD) given the close correlation between the aerosol-induced changes in column-

integrated rainwater microphysical budget and that in surface precipitation (Fig. 3.5). The 

precipitation modification by ARI and the underlying microphysical process responses will be 

explored in the next section. 
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Figure 3.5. Scatter plot of domain-averaged hourly precipitation change versus the 

perturbation in net rainwater microphysical budget change due to BB aerosols over the 

simulation period. 

 

3.3.2 Changes of cloud microphysics and precipitation 

Despite the spatial inhomogeneity of aerosols in the domain of interest (Fig. 3.2b), the 

ARI-induced precipitation changes, however, show no obvious regional patterns from large-

scale convergence/divergence (Fig. 3.6), implying the dominance of local dynamical and 

microphysical processes in precipitation responses. Fig. 3.7a compares the simulated diurnal 

precipitation averaged over the studied period and domain with the corresponding observation 

from TRMM which provides diurnal measurements due to its geostationary orbit (Yang & 

Slingo, 2001). The observation shows an increasing trend of precipitation from morning to 

afternoon and a maximum at around 17:00 LT, a few hours lagging the insolation peak (Fig. 

3.10c). The rainfall rate then undergoes a slow decaying till the next morning and shows a 
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smaller peak in midnight. This diurnal pattern agrees with a typical locally generated 

convection in the Amazon reported previously (Greco et al., 1990; Zhuang et al., 2017). The 

simulations reproduced the basic pattern of convection growth and dissipation in the daytime 

and nighttime, respectively. However, the simulations without ARI (i.e., NORAD and BASE) 

cannot accurately capture the exact precipitation phase observed by TRMM, showing an earlier 

initiation and much larger diurnal amplitude, even though the cloud-resolving resolution was 

used to optimize the model performance in diurnal simulation. Taking the ARI into 

consideration significantly improves the diurnal results by lowering and enhancing the daytime 

and nighttime precipitation, respectively (see also Fig. 3.8). Fig. 3.7b demonstrates the diurnal 

variation of the ARI, ACI, and the total effect of BB aerosols on precipitation. While the ACI 

generally suppressed the rainfall throughout the day, the impact of ARI on precipitation shows 

pronounced diurnal variation: the precipitation is suppressed during 10:00–19:00 LT (Phase 1) 

by up to 100% and enhanced over 20:00–09:00 LT (Phase 2) by up to 100% relative to a daily 

mean precipitation amount. Accordingly, the amplitude of the diurnal precipitation is reduced 

by 43%. With the opposite daytime and nighttime precipitation responses to ARI offsetting 

each other, the ultimate daily mean precipitation shows a comparable response to ARI (0.004 

mm hr–1, 5%) and ACI (–0.006 mm hr–1, –8%), although in opposite directions. The magnitude 

of hourly precipitation changes by ARI is much more significant compared to the ACI effect, 

indicating an important role of the ARI in modifying the instantaneous rainfall production 

during the convection evolution. 
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Figure 3.6. Spatial distribution of precipitation changes due to the ARI, ACI, and total aerosol 

effect of BB aerosols. 

 

 

Figure 3.7. Diurnal variation of domain-averaged (a) rain rate from TRMM observation and 

model simulations and (b) rain rate changes due to ARI and ACI of BB aerosols. The error bars 

in (b) denote the standard error; the relative changes in (b) are obtained by the ratio of rain rate 

changes to daily mean rain rate. 
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Figure 3.8. Diurnal variation of domain-averaged rain rate from TRMM observation and 

model simulations for (a) eastern Amazon Basin in 2010, (b) central Amazon Basin in 2012, 

and (c) eastern Amazon Basin in 2012. 

 

The ARI-induced change in the rainwater microphysical budget is shown in Fig. 3.9a. 

The RAW and GMT are the main processes responsible for the rainwater production change 

by the ARI of BB aerosols throughout the convection lifecycle (Fig. 3.9a), accounting for 73% 

and 16% of the overall rainwater production change, respectively. Specifically, during Phase 

1, prominent RAW reduction dominantly undermines rainwater formation, with the GMT 

reduction playing the secondary role. During Phase 2, the increase in GMT and RAW nearly 

equally leads to more rainwater production. The change in rainwater production was offset 

partly by the change in rainwater sinks, especially by rain evaporation (REP) which is 

parameterized proportional to the rainwater mass (Lin et al., 1983). Due to its dependence on 

temperature (Lin et al., 1983), the REP response is larger during phase 1 in the daytime than 
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phase 2 in the nighttime. Consequently, the rain production enhancement in phase 2 retained 

more of its effect and contributed to an overall increase of the daily mean precipitation. 

 

    

 

Figure 3.9. Changes in (a) microphysical budgets of rainwater, (b) microphysical source of 

graupel and (c) snow due to the ARI of BB aerosols for different phases of the convection 

evolution (indicated in Fig. 3.7b). 

 

Based on that, further insight was taken into the microphysical mechanism behind the 

RAW and GMT modification. The RAW, the accretion of cloud droplets by raindrops, is 

sensitive to the liquid cloud amount, and therefore the diminished and invigorated cloud water 

in phases 1 and 2 (Fig. 3.10) leads to a reduction and enhancement in RAW, respectively. As 

the GMT is proportional to the graupel amount, the changes in source terms of graupel are 

calculated (Fig. 3.9b). The graupel production change arises mainly from the graupel accreting 

cloud water (GAW) and secondarily from the accretion of snow (GAS) which is further traced 
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back to the primary snow production term, the ice to snow conversion through the Bergeron 

process (SFI; Fig. 3.9c). Therefore, it can be speculated that the GMT change is mostly 

determined by both the liquid and ice phase cloud supply. The liquid and ice cloud modification 

by the ARI derives from the ARI effect on surface fluxes and the atmospheric thermodynamic 

state as suggested by previous studies. 

 

 

Figure 3.10. Changes in (a) cloud water concentration (shade for liquid phase and contour lines 

for ice phase) and (b) thermodynamic structure (shade for air temperature and contour lines for 

vertical velocity in intervals of 3 mm s–1) caused by the ARI of BB aerosols; and diurnal 

variation of (c) incident solar radiation at surface and (d) CAPE for the CTRL and NORAD 

cases. 

 

By scattering and absorbing solar radiation, BB aerosols reduce incident solar radiation 

reaching the ground surface (Fig. 3.10), which leads to a subsequent decrease in surface latent 

and sensible heat fluxes as a balance. This gives rise to a weaker updraft and moisture supply 

for the cloud compared with the convective condition absent from BB aerosols (Feingold et al., 

2005; Jiang & Feingold, 2006). Meanwhile, the heating near the PBL top (Fig. 3.10) as a result 

of radiation absorbtion by BB aerosols stabilizes the PBL, increasing the barrier for convection 

development (Huang et al., 2016). The heating from BB aerosols distributed within the cloud 
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directly lowers the supersaturation and cause more cloud droplet evaporation (Koch & Del 

Genio, 2010). These thermodynamic changes by BB aerosols explain the suppression of cloud 

early development during phase 1. Accompanied by the convection suppression by BB 

aerosols, the release of convective energy and moisture is inhibited, leading to larger CAPE in 

the atmosphere (Fig. 3.10). This reservoir of CAPE accounts for the enhanced convection 

during phase 2, as the release of excessive energy and moisture promotes convective updraft 

and the transport of moisture from PBL to high altitude and therefore facilitates the 

development of liquid and ice cloud. Phase 2 occurs between 16:00–19:00 LT depending on 

the background convective condition and aerosol loading (Fig. 3.12). The triggering of it is 

determined by the instantaneous atmospheric convective strength versus convective inhibition, 

which are controlled by the atmospheric thermodynamic state (Holton, 1992). Several 

mechanisms may account for the triggering, for example, fully developed PBL has stronger 

entrainment of dry air that weakens the temperature inversion and convective inhibition, or the 

radiative cooling after sunset acts to lower the cloud condensation level (LCL) and therefore 

the convective inhibition. Further detailed investigation for the triggering mechanism is 

warranted. 
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Figure 3.11. Same as Figure 3.9, but for the ACI effect. 

 

In contrast to the ARI effect, the dominant process for the ACI-induced rainwater 

change is RAU (Fig. 3.11) which is consistent with previous recognitions (Gettelman et al., 

2013; Suzuki et al., 2013). In both phases, although the overall change in rainwater 

microphysical processes is larger in ARI than ACI, the RAU is consistently in a smaller 

magnitude in the ARI effect than in ACI. This reflects that the RAU process is mainly modified 

through ACI while the diabatic process is of minor importance, which is supportive of previous 

results (Braga et al., 2017). In addition, the main process regulating the graupel change is 

different between the ACI and ARI, with IAR being responsible for ACI and GAW for ARI. 

During the individual phase, the ARI-induced overall change of microphysical processes 

dominates over the ACI-induced one, and therefore determines the eventual precipitation 

response to BB aerosols. This suggests that the observed precipitation invigoration may not 

only result from ACI even though the sign for ACI-invigoration, a decrease in cloud droplets 
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radius and RAU, is detected, since ARI could contribute substantially by modifying other rain-

related processes such as RAW, GAW, GAS, and SFI. 

3.3.3 Sensitivity to convection intensity and aerosol loading 

The studied domain covers a region from southern Amazon (12 ºS) to northern Amazon 

(0 ºS), with distinctive more and less polluted conditions at south and north of 6ºS, respectively 

(Fig. 3.2b), and based on this, the domain was divided into the high aerosol (HAOD, south of 

6ºS) and low aerosol (LAOD; north of 6ºS) regions. Deep and shallow convections were further 

classified with the daily mean CAPE of 1000 J kg–1 as a criterion (Zhuang et al., 2017). Hence, 

three regimes (Deep_HAOD, Shallow_HAOD, Deep_LAOD; Table 3.3) based on aerosol 

concentration and convection intensity difference were generated for examining the sensitivity 

of the ARI effect to aerosol and convection conditions. 

 

Table 3.3. Description of the cases divided based on the background convective intensity and 

aerosol loading. 

Case Region Period CAPE (J kg–1) AOD 

Deep_HAOD Northern Amazon 11 Sep– 15 Sep 1100 1.5 

Shallow_HAOD Northern Amazon 05 Sep– 10 Sep 400 1.7 

Deep_LAOD Southern Amazon 05 Sep– 15 Sep 1500 0.8 

 

The ARI-induced precipitation changes show differences among different aerosol and 

background convection conditions (Fig. 3.12). During Phase 1, precipitation suppression is 

found in all the three cases, suggesting an inhibition impact of ARI on the initiation of 

convective precipitation. Then, the precipitation in Deep_LAOD is significantly enhanced 

during Phase 2, resulting in an overall daily mean precipitation increase of 0.012 mm hr–1. The 

precipitation enhancement is also noticeable for the Deep_HAOD, but in an earlier and shorter 

time span (16:00–00:00 LT), which almost offset the precipitation reduction in Phase 1. The 
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Shallow_HAOD shows only a slight precipitation enhancement signal in Phase 2, so that its 

daily mean precipitation amount is substantially decreased (–0.005 mm hr–1). 

 

 

Figure 3.12. Diurnal variation of domain-averaged rain rate changes by ARI in different 

conditions: Deep_HAOD, Shallow_HAOD, and Deep_LAOD as described in Table 3.3. 

 

The start of Phase 2 induced by the release of the CAPE is dependent on background 

conditions. In Deep_HAOD, the strong aerosol heating at the top of PBL triggers the CAPE 

release starting from 16:00 LT (Fig. 3.14a) with enhanced updrafts (Fig. 3.13a) and entrainment 

to the PBL (Lee et al., 2014; Martinez & Chaboureau, 2018). Accordingly, cold-rain 

microphysical processes, GMT and SFI, are enhanced (Fig. 3.13a), leading to more 

precipitation (Fig. 3.12), even though the overall cloud concentration does not show positive 

responses until 20:00 LT (Fig. 3.14d). For deep convection in the low aerosol loading 

condition, the release of larger CAPE occurs at nighttime (20:00 LT), when water vapor from 

daytime cloud evaporation condensates into cloud droplets and subsequently invigorate cloud 

development (Fig. 3.14f). Correspondingly, the processes of RAW and GMT are increased 

(Fig. 3.14c) and account for the larger rainfall (Fig. 3.12). In shallow convection, the CAPE 

increase does not result in substantial convection invigoration, possibly due to the relatively 

stable atmosphere condition that is unfavorable for triggering the CAPE release. 
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Figure 3.13. Changes in air temperature (shaded) and vertical velocity (contour lines, in 

intervals of 3 mm s–1) caused by the ARI of BB aerosols for (a) Deep_HAOD, (b) 

Shallow_HAOD, and (c) Deep_LAOD. 

 

Figure 3.14. Diurnal variation of ARI-induced perturbations on (a–c) cloud microphysical 

processes, (d–f) liquid and ice cloud concentration, and (g–i) CAPE and surface solar radiation 

for the case Deep_HAOD (a, d, and g), Shallow_HAOD (b, e, and h), and Deep_LAOD (c, f, 

and i). 
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3.4 Conclusions 

Based on the analysis of the ARI-induced precipitation, microphysical processes, and 

atmospheric thermodynamic condition perturbations, mechanisms for the ARI of BB aerosols 

on precipitation from a microphysical perspective are summarized in Fig. 3.15. The overall 

ARI effect on daily precipitation involves two competing pathways. First, the convection 

suppression by ARI through surface fluxes reduction and atmospheric heating diminishes 

liquid cloud amount and therefore inhibits the raindrop accretion growth (RAW) that is fed on 

cloud water. At this stage, the warm-rain process RAW determines the precipitation reduction 

while the cold-rain processes also contribute to but take a less important role in rainwater 

response. Second, the convection invigoration energized by the release of previously reserved 

energy and moisture promotes cloud water and ice formation. The warm rain production from 

the accretion of cloud water (RAW) is enhanced accordingly. Meantime, more snow generated 

from ice through the Bergeron process SFI was converted into more graupel, which together 

with enhanced graupel accretion of cloud water (GAW) act to boost the graupel concentration 

and subsequent graupel melting (GMT), causing more rainwater mass. The two microphysical 

pathways dominate at an earlier and later stage of a diurnal cloud evolution in the Amazon 

region, respectively, yielding an attenuated diurnal amplitude of precipitation under the ARI 

effect of BB aerosols. The two alternating microphysical mechanisms for the precipitation 

response to ARI hold for different conditions in the Amazon, yet the relative importance of the 

two phases tends to be sensitive to the aerosol loading and the background conditions. The 

precipitation invigoration appears more pronounced in less polluted deep convection while the 

precipitation suppression appears overwhelmingly in shallow or highly polluted conditions. 

Here, the microphysical process analysis is shown to be able to well explain the precipitation 

modification by aerosols for the locally generated convection. For precipitating occasions 

where advection of precipitating hydrometers is significant such as the outflow part within a 
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cloud or the region undergoes the passage of frontal systems, additional analyses of 

hydrometeor transport are needed to comprehensively reveal the mechanism lying behind. 

 

 
 

Figure 3.15. Scheme of cloud microphysical mechanisms for precipitation modification by the 

ARI of BB aerosols. 

 

The microphysical process analysis in this study showed the complexity of the 

microphysical mechanisms regulating the precipitation response to aerosols, as the 

mechanisms involve more processes aside from broadly recognized processes, such as RAU, 

and encompass different phases in a diurnal period. This provides some implications for 

observation studies of the aerosol-precipitation interaction. Firstly, although observations of 

cloud droplet size change by aerosols can suggest the participation of ACI in changing 

precipitation, the dominant mechanism for the observed precipitation change cannot be 

determined without understanding the ARI’s relative role and the key processes for rainwater 

change. Therefore, microphysical process-resolved models that include both ARIs and ACIs, 
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coordinated with the observations are needed to interpret the observed precipitation changes. 

Secondly, the diurnal variation of the aerosol effect on rainfall indicates that the satellite 

observation of aerosol impact on precipitation represents an instantaneous aerosol effect for a 

certain time of a day but may not be able to reflect the daily overall effect. In-situ observations 

with high temporal resolution are needed to provide an observational constraint on daily overall 

rainfall changes by aerosols. 

The diurnal variation of convection and precipitation is a crucial factor for local climate 

and atmospheric chemistry. However, accurate simulation of the diurnal convective pattern 

remains a great challenge in atmosphere models since the diurnal evolution is coupled to 

complex physical processes such as radiation transfer, surface-atmosphere exchange, PBL 

turbulence, and cloud microphysics. Here, a significant improvement in diurnal precipitation 

simulation was achieved by taking ARI into account, which builds a smoother transition 

between different development stages of the convection compared with an ARI-absent cloud-

resolving-resolution simulation. This result suggests the consideration of ARI in models as a 

potential way to improve the model simulation performance of diurnal convective variation. 
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4. Chapter 4 Model improvement for the aerosol-cloud interactions–CCN production in 

the upper troposphere by biogenic organics 

4.1 Introduction 

As described in Section 1.2.2, serving as CCN is an important pathway for aerosols to 

engage in ACIs. Therefore, an accurate representation of the CCN concentration is essential 

for investigating the ACI effect. As shown in Fig. 2.7, using the broadly utilized aerosol and 

gas chemistry configuration–the MOSAIC aerosol module coupled with the CBMZ gas 

chemistry module (Zhang, Dubey, et al., 2009), the WRF-Chem is able to capture the observed 

CCN characteristics in the lower atmosphere. However, recent aircraft observation in the 

ACRIDICON-CHUVA campaign detected a large number of aerosols with cloud active size 

in the upper troposphere of the Amazon (Andreae et al., 2018). Meantime, aerosol component 

analysis unveiled their origin from the oxidation of biogenic organics (Schulz et al., 2018). The 

existence of biogenic SOA in the upper troposphere poses challenges for the current WRF-

Chem model since the mechanism of biogenic organic vapor converting into SOA is not 

included in the MOSAIC and CBMZ modules. Even for the WRF-Chem aerosol and gas 

modules that include the SOA mechanism, e.g., MOSAIC aerosol module coupled with 

SAPRAC99 gas chemistry module (Shrivastava et al., 2017) and RADM aerosol module 

coupled with MADE/SORGARM gas chemistry module (Schell et al., 2001), and for other 3-

D models considering the SOA formation (Mann et al., 2012; Wang et al., 2011), the SOA 

parameterization is highly uncertain (D'Andrea et al., 2013). It can be speculated that the 

discrepancy in upper tropospheric CCN simulation in previous studies may to some extent be 

caused by the insufficient SOA representation in the models (Mann et al., 2012; Wang et al., 

2011; Watson-Parris et al., 2019). It is necessary to improve the SOA parameterization in the 

WRF-Chem model so that the large number of SOA-dominated CCN in the upper troposphere 

in the Amazon would not be missed by the model. 
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Although the transformation of interstitial CCN to cloud-borne state occurs commonly 

at the cloud base (Wallace & Hobbs, 2006), the interstitial CCN residing above the cloud base, 

i.e., in the middle to upper troposphere, can also be activated into cloud droplets through 

secondary in-cloud activation and therefore engage in the aerosol-cloud interactions. The 

secondary CCN activation above the cloud base was found to occur through several pathways. 

Firstly, the entrainment of cloud droplet-free air can add additional CCN to the cloud; such 

additional CCN, especially those with lower critical supersaturation, could be activated when 

the entrained air parcel is lifted rapidly by the strong updraft within the cloud (Paluch & 

Baumgardner, 1989; Warner, 1969b). Secondly, A prompt increase of the vertical velocity 

above the cloud base can give rise to a higher supersaturation condition within a short time so 

that the water vapor has a higher chance to contribute to the activation of CCN rather than to 

the cloud droplets growth (Warner, 1969a). Thirdly, a strong decrease in droplet concentration 

due to intense rainfall and droplet collision would lead to an increase in supersaturation and 

therefore cause the secondary in-cloud activation (Khain et al., 2012). The in-cloud activation 

was found as an important process in both shallow and deep convective clouds (Phillips et al., 

2005; Phillips et al., 2007; Pontikis & Hicks, 1993), accounting for approximately 40% of the 

cloud droplets (Slawinska et al., 2012). An accurate simulation of CCN in the free troposphere 

is an important prerequisite for calculating the in-cloud activation, and therefore, should be 

addressed in the model. 

Two mechanisms may govern the CCN production from biogenic SOA. The first relates 

to the biogenic new particle formation (NPF) where aerosol particles form out of nucleation of 

gas-phase biogenic precursors and subsequently grow to larger sizes; the second involves the 

condensation of biogenic low volatile organics, which causes the existing particles to grow to 

the cloud active size. The biogenic vapors need to be oxidized into low volatile compounds in 

order to engage in either the nucleation or the condensation, which is especially true for the 
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nucleation for it requires extremely low volatile compounds (Ehn et al., 2014). The NPF by 

biogenic organic vapors was discovered in laboratory experiments where biogenic organics 

such as α-pinene and β-pinene trigger nucleation through being oxidized as highly oxygenated 

organic molecules (HOMs) and boost efficient aerosol growth with their low volatile oxidation 

products (Burkholder et al., 2007; Kirkby et al., 2016). The biogenic NPF signature has been 

observed in the ambient atmosphere and was shown to play crucial role in the atmospheric 

aerosol budget, especially in the upper troposphere region (Ehn et al., 2014; Jokinen et al., 

2015; Kulmala et al., 2004). Attempts of including the biogenic organic nucleation mechanism 

into atmospheric models have been taken to investigate the new particle formation by biogenic 

organic vapors (Dunne et al., 2016; Ekman et al., 2008; Gordon et al., 2017; Gordon et al., 

2016; Jokinen et al., 2015; Metzger et al., 2010; Riccobono et al., 2014; Trostl et al., 2016; Zhu 

& Penner, 2019, 2020; Zhu et al., 2019). It was shown that the pure organic nucleation 

mechanism is predominant over the sulfuric acid-mediated organic nucleation for the 

troposphere and is larger in magnitude than the inorganic nucleation mechanism in the 

continental upper troposphere (Zhu & Penner, 2019). The biogenic organic nucleation can 

contribute substantially to atmospheric aerosol concentration (Gordon et al., 2017; Zhu & 

Penner, 2019) and cause appreciable direct and indirect climate effects (Gordon et al., 2016; 

Zhu & Penner, 2019). However, uncertainties exist in the simulation results due to the 

treatments parameterizing the laboratory results into the model frameworks. For example, the 

different identification of the organic nucleation agents (Riccobono et al., 2014; Trostl et al., 

2016), the approximation of the biogenic precursors (α-pinene and β-pinene) in the models 

(Dunne et al., 2016; Jokinen et al., 2015; Metzger et al., 2010; Riccobono et al., 2014; Trostl 

et al., 2016; Zhu & Penner, 2019; Zhu et al., 2019), the extension of the laboratory-based HOMs 

production processes to the model chemistry schemes (Dunne et al., 2016; Gordon et al., 2016; 

Gordon et al., 2017; Jokinen et al., 2014; Riccobono et al., 2014; Troestl et al., 2016; Zhu & 
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Penner, 2019; Zhu et al., 2019), and the approximation of equilibrium state of HOMs when 

calculating their concentration (Dunne et al., 2016; Gordon et al., 2016; Gordon et al., 2017; 

Jokinen et al., 2014; Riccobono et al., 2014; Troestl et al., 2016). As a consequence, the model 

results diverse largely, such as the vertical distribution of the nucleation occurrence (Zhu & 

Penner et al., 2019; Zhao et al., 2020) and the magnitude of the aerosol perturbation by the 

biogenic organic nucleation (Gordon et al., 2017; Zhao et al., 2020). Hence, a model that 

represents, in a consistent way with laboratory measurements, the targeted organic precursors, 

oxidation processes as well as the organic nucleation and condensation processes is desired for 

better understanding the biogenic NPF. 

Secondly, if there are enough preexisting aerosols from transport or inorganic 

nucleation, the condensation of low volatile organic compounds onto these preexisting aerosols 

could also lead to a large number of CCN-sized particles in the upper troposphere. With certain 

parameterization of preexisting aerosols, the condensation of organics has been proven to bring 

the CCN concentration closer to observation compared with the case where this aerosol growth 

mechanism is absent (D'Andrea et al., 2013). In summary, it remains inconclusive the detailed 

mechanisms and quantitative assessments of the BVOC-driven nucleation and condensation 

proceeding in the atmosphere (Kulmala et al., 2006; Trostl et al., 2016; Williamson et al., 

2019). 

Motivated by this, the study implements the pure organic nucleation mechanism based 

on laboratory measurements and the state-of-art condensation process of organics into the 

WRF-Chem model to complement the missing SOA representation and to improve the 

simulation of SOA-related CCN in the upper troposphere. Besides, this work aims to 

characterize the contribution to the CCN production in the upper troposphere by the pure 

organic nucleation (HOMs-induced nucleation) and the condensation of organics, both of 

which are driven by the biogenic VOCs emitted in the canopy. Finally, this work aims to find 
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out the controlling environmental factors that drive the occurrence of the pure organic 

nucleation and the condensation of organics in the high altitudes. 

4.2 Model development, configuration, and numerical experiments. 

For the simulation in this chapter, the model WRF-Chem v3.9.1 (Grell et al., 2005) was 

employed again. The WRF-Chem configurations used are listed in Table 4.1. Unlike the gas-

phase chemistry mechanism CBMZ used in Chapter 2 and 3, the Common Reactive 

Intermediates gas-phase Mechanism (CRIMECH) scheme (Jenkin et al., 2008; Watson et al., 

2008) was used in this Chapter for its explicit description of the α-pinene and β-pinene, which 

enables an direct transplantation of the experimental results regarding the HOMs production 

from oxidation of α-pinene and β-pinene; other selections of the physical and chemical options 

are same as in Chapter 2 and 3. 

Table 4.1. WRF-Chem configuration. 

Atmospheric Process WRF-Chem Option 

Longwave radiation RRTMG 

Shortwave radiation RRTMG 

Surface layer Monin-Obukhov 

Land surface RUC 

Boundary layer YSU 

Microphysics Lin et al. 

Cumulus Grell-Devenyi ensemble 

Gas-phase chemistry CRIMECH 

Aerosol module MOSAIC 

Aqueous-phase chemistry Fahey and Pandis 

Photolysis Fast-J 

Anthropogenic emissions EDGAR-HTAP V2 

Biogenic emissions MEGAN 

Biomass burning emissions FINNv1.5 

 

CRIMECH contains up to 112 non-methane volatile organic compounds (VOCs), 

including α-pinene and β-pinene (Archer-Nicholls et al., 2014; Watson et al., 2008), and adopts 

652 chemistry reactions regarding inorganic species, organic vapors, and their oxidation 

intermediates, based on the Master Chemical Mechanism (MCM), which enables it to provide 

the gas-phase precursors, i.e., α-pinene and β-pinene, for the organic nucleation. The MOSAIC 
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aerosol module uses discrete size bins to describe the aerosol size distribution (Zaveri et al., 

2008). This study employed the 4-bin version with the size bins distributed as listed in Table 

4.2. In the WRF-Chem version 3.9.1 MOSAIC aerosol module, the H2SO4-H2O binary 

nucleation mechanism is included (Wexler et al., 1994), in which a critical concentration of 

H2SO4 is calculated based on air temperature and relative humidity. The H2SO4 with a 

concentration higher than this threshold is parameterized into aerosols. The organic nucleation 

and condensation of organic vapors are not accounted for. The coagulation process of particles 

is parameterized by the mass conserving semi-implicit numerical scheme of Jocobson et al. 

(1994) using the Brownian coagulation kernels. 

 

Table 4.2. Description of aerosol size bins in MOSAIC. 

Default bins Modified bins 

Bin name Lowa Highb Centerc Bin name Low High Center 

    01 0.6 2.4 1.2 

    02 2.4 10 5 

    03 10 39 20 

01 39 156 78 04 39 156 78 

02 156 625 312 05 156 625 312 

03 625 2500 1250 06 625 2500 1250 

04 2500 10000 5000 07 2500 10000 5000 

a, b, c: low boundary, high boundary and geometric mean diameter of the bin in nm, respectively. 

 

Based on the aforementioned CRIMECH gas-phase chemistry scheme and MOSAIC 

aerosol scheme, a new module resolving the purely organic nucleation has been added to WRF-

Chem. The developments include implementing the production of HOMs in the CRIMECH 

scheme, resetting the sectional bins in the aerosol model, and adding parameterizations of pure 

organic nucleation mechanisms and aerosol condensational growth by HOMs. 

The concentration of HOMs was calculated previously as the ratio of its production and 

condensation sink assuming that the HOMs were in a thermo-equlibrium state (Gordon et al., 

2016; Kirkby et al., 2016). In this study, the kinetic calculations of the production and 

condensation sink of HOMs are implemented separately, which enables a more accurate 
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representation of the concentration of HOMs. To achieve this, 4 reactions regarding the 

oxidation of α-pinene and β-pinene by ozone and hydroxyl radical are added to the CRIMECH 

mechanism based on the reaction coefficients and yield rates suggested by laboratory 

experiments (Atkinson et al., 2006). Then, the production of HOMs is computed using the KPP 

module. The condensation sink of HOMs is represented according to the algorithm of 

Kerminen et al. (Kerminen et al., 2004). 

α-pinene + O3 = HOMs: 0.029×1.01 × 10−15𝑒
−732

𝑇                             (R4.1) 

α-pinene + OH = HOMs: 0.012×1.2 × 10−11𝑒
444

𝑇                                         (R4.2) 

β-pinene + O3 = HOMs: 0.0012×1.5×10–17                                         (R4.3) 

β-pinene + OH = HOMs: 0.0058×2.38 × 10−11𝑒
357

𝑇                                     (R4.4) 

 

The 4-bin MOSAIC scheme in WRF-Chem simulates aerosols with diameters from 39 

nm to10 μm, which does not cover the size range of newly formed aerosols whose diameters 

are in the magnitude of the nanometer (Kulmala, 2003) and therefore incapable of explicitly 

representing the nucleation process of aerosols. In this study, the lower end of the aerosols size 

range simulated in the MOSAIC scheme is extended from 39 nm to 0.6 nm by introducing 3 

additional size bins whose boundaries are set following the same lognormal size distribution 

law as the original 4 bins (Table 4.2). The modification of size bins based on the 4-bin instead 

of the 8-bin MOSAIC scheme assures a high computation efficiency. 

Aside from the existing H2SO4 binary nucleation, pure biogenic nucleation mechanisms 

induced by HOMs are integrated into the MOSAIC module. The mechanisms of organic 

nucleation were investigated in CLOUD (Cosmics Leaving OUtdoors Droplets) Chamber 

experiments (Kirkby et al., 2016), suggested by which, the HOMs-induced pure organic 

nucleation rate (Jorg, unit: cm–3 s–1) can be represented by the combination of the neutral (Jn) 

and the ion-induced (Jiin) nucleation rate. The detailed parameterization of the Jn and Jiin is as 

following. 
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𝐽𝑜𝑟𝑔 = 𝐽𝑛 + 𝐽𝑖𝑖𝑛                                                 (Eq. 4.1) 

𝐽𝑛 = 𝑎1 [𝐻𝑂𝑀]
𝑎2+

𝑎5
[𝐻𝑂𝑀]                                           (Eq. 4.2) 

𝐽𝑖𝑖𝑛 = 2[𝑛±]𝑎3[𝐻𝑂𝑀]
𝑎4+

𝑎5
[𝐻𝑂𝑀]                                      (Eq. 4.3) 

Where HOMs here are in the unit of 107 molecules per cubic centimeter and obtained 

by chemical kinetic calculation as described above; the ai represent free parameters and their 

values were suggested by Kirkby et al. (2016) where a1, a2, a3, a4, and a5 equaled to 0.04001, 

1.848, 0.001366, 1.566, and 0.1863, respectively. 

n_± is the ion concentration produced by radon and galactic cosmic rays and is 

parameterized as: 

[𝑛±] =
(𝑘𝑖

2
+4𝛼𝑞)

0.5
−𝑘𝑖

2𝛼
                                            (Eq. 4.4) 

Where q (in cm–3 s–1) represents the ion-pair production rate and adopts the value of 10 

cm–3 s–1 (Horrak et al., 2008). α represents the ion-ion recombination coefficient (in cm3 s–1) 

and was set to 1.6e–6 cm3 s–1 here. The ion loss rate, ki, is due to the ion condensation sink (CS) 

onto aerosols and the ion-induced nucleation: 

𝑘𝑖 = 𝐶𝑆 +
𝐽𝑖𝑖𝑛

2[𝑛±]
                                                (Eq. 4.5) 

In this study, the condensation sink term is calculated according to the empirical 

parameterization proposed by Horrak (2008). The HOMs nucleation rate Jorg is then modulated 

by temperature. Unlike the approximated temperature correction suggested in Dunne et al. 

(2016), a temperature dependence associated with the Gibbs free energy for forming the critical 

cluster based on the classical homogeneous nucleation theory (Yu et al., 2017) is used here. 

Temperature correction to the Jn and Jorg was applied by multiplying it by a correction factor, 

exp(ΔGn/k*(1/T–1/278)) and exp(ΔGiin/k*(1/T–1/278)), respectively, and the ΔGn and ΔGiin 

are based on the smog chamber results (Kirkby et al., 2016). Based on the functions above, the 

organic nucleation can be calculated. The newly formed particles are added into the smallest 
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bin and undergo subsequent processes such as coagulation, transport, and deposition. The 

condensation of HOMs on all aerosol particles is represented by partitioning the condensable 

HOMs (described above) onto each aerosol bin and applying the moving-center growth 

algorithm (Jacobson, 1997). 

Additionally, a new module addressing the condensation of the low volatile organic 

compound (LVOC) is integrated into the WRF-Chem. The LVOC was oxidation products of 

α-pinene, β-pinene, and isoprene by ozone, hydroxyl and nitrate radicals. A yield of 13% for 

monoterpene oxidation products and 3% for isoprene oxidation products were used in Scott et 

al. (2014). However, laboratory chamber experiments found the temperature dependence of 

SOA yield from α-pinene oxidation (Saathoff et al., 2009). Therefore, temperature-corrected 

yields based on the laboratory experiment results (Saathoff et al., 2009) are applied to the 

LVOC production by monoterpene and isoprene oxidation for the model here. 

In this study, two nested domains with a horizontal spacing of 75 km and 15 km were 

set up over South America (Fig. 4.1), with Domain1 covering most of the South American 

continent, while Domain2 over the Amazon Basin area. Vertical layers of 29 levels extending 

from the ground surface to the height of 50 hPa were applied for all domains. The 

meteorological and chemistry input as well as emissions were obtained the same as those in 

Chapter 2 (Table 2.1). The simulation was conducted from 24 Aug to 01 Oct 2014, and the first 

6 days of the simulation were used as spin up. The comparisons between model outputs and 

aircraft measurements in the next section were made using the results from Domain2. 

Additionally, a rectangular area focusing on the Central Amazon, as shown in Fig. 4.1, was 

used in the analysis in the next section. 
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Figure 4.1. Model domain and tracks of flight AC07 to AC20 from the ACRIDICON-CHUVA 

campaign. The outer map and the embedded magenta square represent the domains with 75 km 

and 15 km horizontal grid spacing, respectively. The black rectangle in (a) denotes the region 

of the Central Amazon for further analysis in this study. 

 

To characterize the organic nucleation and condensation as well as investigate the 

controlling environmental factors for their occurrence, a series of sensitivity simulations were 

performed as listed in Table 4.3. A baseline simulation using the default WRF-Chem (BASE) 

was carried out, where the binary nucleation-generated aerosols were put into the 3rd bin to not 

only make sure the practical application of this nucleation parameterization (Wexler et al., 

1994) but also keep agreeable aerosol size range with the observation (i.e., starting from 20 

nm). Simulation using the improved version of WRF-Chem, CTRL, was conducted, where the 

new particles can be formed by organic nucleation aside from the default H2SO4 binary 

nucleation as in BASE and meantime the organic condensation process was also taken into 

consideration. In order to examine the effect of atmospheric vertical temperature variation on 
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the organic nucleation and condensation growth, sensitivity simulations were performed using 

the modified WRF-Chem model, but without temperature influence on the nucleation rate and 

the yield of the LVOC, namely BNUnoT and OCDnoT, respectively. For distinguishing the 

influence from the organic nucleation and the condensation of organics, an additional 

sensitivity simulation was made where only the condensation of organics was included in the 

BASE case, which was termed OCD. 

 

Table 4.3. Description of numerical experiment design. 

Experiment 

identification 

Aerosol 

size range 

Inorganic 

nucleation 

Biogenic 

HOMs-

induced 

nucleation 

(BNU) 

Temperature 

effect on 

BNU 

LVOCs 

organic 

condensation 

Temperature 

effect on 

LVOC yield 

BASE 0.01– 

10 μm 

Wexler et al. 

(1994) 

No No No No 

CTRL 0.0006–

10 μm  

Wexler et al. 

(1994) 

Yes Yes Yes Yes 

BNU 0.0006–

10 μm  

Wexler et al. 

(1994) 

Yes Yes No No 

OCD 0.0006–

10 μm  

Wexler et al. 

(1994) 

No No Yes Yes 

BNUnoT 0.0006–

10 μm  

Wexler et al. 

(1994) 

Yes No Yes Yes 

OCDnoT 0.0006–

10 μm  

Wexler et al. 

(1994) 

Yes Yes Yes No 

 

Aircraft measurements of aerosol profiles during the ACIRIDICON-CHUVA 

campaign conducted over the Amazon during September–October in 2014 (Wendisch et al., 

2016) were used to evaluate the model results. The ceiling altitude of the flights reached up to 

15 km, close to the tropopause (18 km; Wendisch et al., 2016), providing an observational 

constraint for the UT aerosol study (Andreae et al., 2018; Schulz et al., 2018). The model 

reasonably reproduced the meteorological condition (Fig. 4.2), the trace gases–O3 and NO 

vertical distribution, and the black carbon concentration (Fig. 4.3), showing its ability to 

capture the meteorological processes, basic atmospheric chemical processes, and primary 
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aerosol emission and transport processes. In addition, the simulated concentration of the 

biogenic organic vapors–α-pinene, β-pinene and isopere (Fig. 4.4) is in comparable magnitude 

with previous observation (Kuhn et al., 2010), indicating the reasonable model simulation of 

the biogenic emission. 

 

 

Figure 4.2. Comparison of (a) air temperature, (b) relative humidity and (c) wind speed 

averaged from all flight measurements and WRF-Chem simulation. 

 

Figure 4.3. Comparison of (a) O3, (b) NO, and (c) black carbon mass from flight measurements 

and model simulation. 
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Figure 4.4. Simulated (a) vertical profiles and (b) time series of α-pinene, β-pinene, and 

isoprene mixing ratio at the location of ATTO. 

4.3 Results 

4.3.1 CCN simulation in the upper troposphere 

Figure 4.5a–b show the profiles of number concentration of particles with a diameter 

above 20 nm and CCN at 0.52% supersaturation (hereinafter termed as CCN 0.52%) observed 

by aircraft during the ACRIDICON-CHUVA campaign (Fig. 4.1) and simulated by WRF-

Chem scenarios (Table 4.3) from the 15-km-resolution domain. The CCN 0.52% is 

approximately 90 nm in diameter that is calculated according to the algorithm of Su et al. 

(2010). Compared with the observation, the BASE case simulation generally reproduces the 

vertical distribution of CN and CCN 0.52% for the vertical range from the ground to 8 km 

which covers the lower (PBL; 0–4 km) and middle troposphere (MT; 5–8 km). Especially, the 

observed high values of CN and CCN concentration in the PBL and their minimum 

concentration at the height of 4–5 km (Andreae et al., 2018) are well captured by the BASE 

case, which demonstrates a reasonable model performance in simulating aerosol processes 

dominating in the PBL and MT such as emission, transport, and scavenging. However, in the 

upper troposphere (UT; 9–15 km), although the BASE case still simulates comparable CN 

concentration compared with the observation, it underestimates the observed CCN number by 
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up to 500 cm–3 (Table 4.4). The large discrepancy in CCN is indicative of a lack of particle 

growth for the smaller particles in the upper troposphere in the default WRF-Chem simulation. 

When adding the particle growth from the condensation of LVOC into the model (i.e., 

the OCD case), the simulated CCN number in the UT rises noticeably, with an increase of 

about 90% relative to the BASE case (Table 4.4). However, the larger particles from the 

condensation growth serve as scavengers and efficiently deplete the nanoscale particles, 

causing a dramatic CN concentration decrease. The lower bias of CN number under sufficient 

condensation growth may result from some missing mechanisms of new particle production in 

the UT (Gordon et al., 2016; Metzger et al., 2010). By further taking into account the organic 

nucleation (i.e., the CTRL case where both the organic nucleation and the condensation of 

LVOC are considered), the simulated CN number is considerably enhanced relative to the OCD 

case, resulting in substantially better agreements with the observation, while the CCN number 

in the model shows a much weaker increase (90 cm–3, about 14%; Table 4.4) and still remains 

close to the observation. Under sufficient condensation growth, the organic nucleation leads to 

an increase of over 2100 cm–3 (over 50%; Table 4.4) in CN concentration through replenishing 

new nanoparticles relative to the case without its contribution (OCD; Fig. 4.5c). In summary, 

the HOMs-induced nucleation and the condensation of LVOC, which are both driven by the 

biogenic precursors both, play important roles in maintaining the particle population and size 

spectrum in the UT. The HOMs-induced nucleation significantly affects the CN number but 

has a weak influence on the CCN 0.52% concentration, while the condensation of LVOC 

causes a significant increase in the CCN concentration. This is expected as the CN number 

dominated by relatively small particles (Andreae et al., 2018) is sensitive to the newly formed 

particles which can be produced by the nucleation process. However, the CCN 0.52% mainly 

encompasses particles in the accumulation and coarse modes and requires considerable particle 

growth. The particle growth solely from H2SO4 is marginal as most H2SO4 is consumed during 
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the upward transport and only little reaches the UT. Therefore, the condensation of LVOC in 

the UT is a crucial mechanism for particle growth and therefore remarkably affects the CCN 

population in the UT. 

Table 4.4. Averaged values of modeled and observed aerosol particle number concentration. 

 CN (cm–3) CCN 0.52% (cm–3) 

 PBL* MT* UT* PBL* MT* UT* 

Observation 1650±1030 2130±3070 7700±7970 880±630 410±150 840±440 

BASE 2229 2486 6134 804 492 348 

CTRL 2698 2223 6011 1103 581 750 

OCD 2392 2138 3896 1092 569 660 

OCDnoT 2653 2353 6163 1369 544 464 

*PBL, MT, and UT are defined as the altitude range of 0–4 km, 5–8 km, 9–15 km, respectively. 

 

 

Figure 4.5. Comparison of observed and simulated particle number of (a) CN with diameter 

above 20 nm and (b) CCN at 0.52% supersaturation. Also shown are (c) size distributions of 

particle number and surface area in the UT along the flight track from model simulations. 
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Figure 4.6. (a) Comparison of observed and simulated total OA mass; (b) contributions to OA 

mass from secondary organic aerosol formation processes. 

Fig. 4.6a compares the simulated organic aerosol (OA) mass from the BASE, CTRL, 

and OCDnoT cases with the AMS-measured data. The BASE case using the MOSAIC aerosol 

module and FINN biomass burning emission inventory shows a reasonable performance of OA 

representation in the PBL, which is also confirmed by previous evaluations for this region 

(Archer-Nicholls et al., 2015), but significantly underestimates the OA in the UT. The 

underestimation of OA mass in the UT in the BASE case is greatly improved by the CTRL 

case due to the aerosol processes in the UT driven by the biogenic precursors, rendering a fair 

agreement between the CTRL case and the observation. Fig. 4.6b demonstrates explicitly the 

contribution to the OA mass from individual processes associated with the biogenic precursors. 

The condensation of LVOC can nearly account for the mass gain in the OA from BASE to 

CTRL while the other two processes, HOMs nucleation and HOMs condensation, contribute 

little. To further examine the uncertainty of the LVOC condensation in terms of the LVOC 

yield, sensitivity simulations regarding the temperature dependence of the LVOC yield were 

performed. The OCDnoT case adopted a bulk assumption of a yield of 13% from monoterpene 

oxidation and 3% from isoprene oxidation (OCDnoT) suggested by Scott et al. (2014); while 

in the CTRL case, temperature dependence of SOA yield based on an α-pinene oxidation 
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experiment (Saathoff et al., 2009) was applied to the LVOC yield. The OCDnoT case produces 

a larger amount of boundary layer OA than the CTRL case, causing a higher bias in the model 

compared with the observation. A significant difference between the environment where these 

yields were originally based (Kroll et al., 2005) and the region investigated here may be the 

reason for the poor performance of using these bulk yields directly, as the temperature 

previously used is relatively lower than the tropical forest boundary layer condition. This could 

also explain the underestimation of OA mass in the OCDnoT for the UT where the temperature 

is far below the freezing point (Fig. 4.6a). 

4.3.2 Characteristics of organic nucleation and condensation 

To examine the spatial characteristics of the HOMs-induced nucleation, spatial 

distributions of the monthly mean α-pinene, HOMs and its condensation on existing aerosols, 

nucleation rate (Jorg), and convection-related variables (surface equivalent potential 

temperature, the upward flux of α-pinene to the UT, and precipitation) in the PBL, MT, and 

UT are shown in Fig. 4.7. α-pinene is used here as the surrogate of the biogenic organic 

precursors (α-pinene and β-pinene) given its dominant role in HOMs production (Zhu & 

Penner, 2019). Generally, HOMs concentration and the Jorg are closely linked (Figs. 4.7a and 

4.7b), which is legitimate as Jorg is parameterized by HOMs. High concentrations of organic 

precursors and/or small CS (low concentration of existing particles) would lead to a high 

concentration of HOMs and thus high Jorg. The fact that no evident spatial correlation is found 

between the oxidants (O3 and OH) and HOMs (Fig. 4.8) indicates that for the overall 

tropospheric condition in the simulated area, O3 and OH is high enough for their oxidation 

reactions with α-pinene and β-pinene to occur, and do not constitute limiting factors for the 

HOMs production in this region. 
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Figure 4.7. Spatial 

distribution of (a) 

HOMs, (b) organic 

nucleation rate, (c) 

condensation sink 

of HOMs, and (d) 

α-pinene mixing 

ratio at the PBL 

(left panel), MT 

(middle panel), and 

UT (right panel). 

Also shown are (e) 

equivalent potential 

temperature (ETH) 

at surface, (f) 

upward α-pinene 

flux at the UT, and 

(g) precipitaiton 

rate averaged over 

01 Sep–01 Oct 

2014. The black 

rectangle in (a) is 

the same as the 

marked area in Fig. 

4.1, denoting the 

region of the 

Central Amazon. 
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Figure 4.8. Horizontal distribution of (a) OH and (b) O3 averaged over 01 Sep–01 Oct 2014 

from the CTRL case. 

 

High HOMs concentration and Jorg are found in the PBL and UT with a minimum in 

the MT. The high HOMs concentrations in the PBL can be explained by the abundant organic 

precursors sourced from the canopy vegetation (Fig. 4.7d). With surface sources, the organic 

precursors are most abundant in the PBL (Fig. 4.7d). The high value of HOMs in the PBL is 

located at the northern and eastern parts of the Amazon Basin with a relatively low 

condensation sink of HOMs (Fig. 4.7c). This spatial association indicates the CS as an 

important limiting factor for the content of HOMs in the PBL. Although the α-pinene is a factor 

of magnitude larger in the PBL than in the UT, the HOMs at the two levels are comparable, 

which is associated with the low CS (sink of HOMs) in the UT (Fig. 4.7c). Then, the 

temperature dependence of Jorg acts to foster a higher Jorg in the UT compared with the PBL 

due to a cold upper tropospheric condition. As shown in Fig. 4.9, when the temperature effect 
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is not considered, the Jorg in the UT is much lower than that with the temperature effect. The 

systematic low concentration of biogenic organic precursors and considerable condensation 

sink of HOMs could be the reason for the insignificant HOMs and Jorg in the MT (Fig. 4.7d and 

4.7c). Generally, the Jorg is dominated by the ion-induced nucleation at all levels but is 

contributed considerably by the neutral nucleation mechanism at the PBL (Fig. 4.10), which is 

consistent with the previous simulations (e.g., Zhu & Penner, 2019). 

 

 

Figure 4.9. Horizontal distribution of (a) HOMs and (b) organic nucleation rate averaged over 

01 Sep–01 Oct 2014 from the BNUnoT case. 
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Figure 4.10. Horizontal distribution of the (a) neutral organic nucleation rate, (b) ion-induced 

organic nucleation rate, and (c) H2SO4-H2O binary homogeneous nucleation rate at the PBL 

(left panel), MT (middle panel), and UT (right panel) averaged over 01 Sep–01 Oct 2014. 
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Figure 4.11a shows the daily variation of HOMs, Jorg, newly formed particle (N1.2, 

particles with a diameter of 1.2 nm) concentration, as well as meteorological factors averaged 

over the Central Amazon (marked with a black box in Fig. 4.1). The Jorg in the PBL shows a 

moderate daily variation with values larger than 1e–3 cm–3 s–1 on most days. On the contrary, 

the Jorg in the UT bears prominent daily variation with sporadically occurring high Jorg episodes 

(1e–2 to 1e–1 cm–3 s–1). These episodes show a correlation with the occurrence of precipitating 

deep convection, which will be discussed in the next section. The overall magnitude of Jorg 

throughout the troposphere is lower than the annual average of about 0.1 cm–3 s–1 in the 

Amazon region simulated previously (Zhu & Penner, 2019), possibly due to the omission of 

the ion sink in Zhu & Penner (2019). Note that the higher Jorg in the PBL does not lead to a 

substantial amount of newly formed particles as a result of the high CS in the PBL. By contrast, 

the high Jorg episodes in the UT result in a great abundance of fine particles. Following this, the 

days with the Jorg in the UT larger than 1e–2 cm–3 s–1 were defined as UT biogenic NPF episodes 

(Fig. 4.11a) to further analyze the UT NPF characteristics and related ambient properties. 

During the UT NPF days, The HOMs and Jorg demonstrate a clear diurnal cycle, with significant 

and negligible values in the daytime and nighttime, respectively. Although O3 and OH both 

serve as oxidants in the HOMs production, the reaction rates of OH are several orders faster 

than O3 (R4.1–4.2)and therefore may act as the dominant oxidant. Thus, the photolysis origin 

of OH (Fig. 4.11b–4.11c) can explain the daytime burst of the HOMs and Jorg. 
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Figure 4.11. Temporal vairaiton of the rate and precursors of biogenic nucleation as well as 

meteorological variables. (a) Daily variation of regional averaged HOMs, nucleation rate, 

number concentration of particles with diameter of 1.2 nm (N1.2), verticel wind at 8 km (w), 

precipitation, and surface air equvalent potential temperature. The dots above the figure mark 

the UT NPF episodes. The diurnal patterns of HOMs, nucleation rate, mixing ratio of α-pinene, 

O3 and OH, and condensation sink of HOMs average in the PBL (black) and UT (red) and 

verticel wind at 8 km and precipitation for (b) the UT NPF episodes and (c) non-NPF episodes. 

The analyzed region is indicated in Fig. 4.1. The bars denote the standard error. 

 



98 
 

4.3.3 Factors influencing organic-driven CCN in upper troposphere 

A positive correlation between the organic nucleation in the UT and precipitation can 

be found spatially (Fig. 4.7) and temporally (Fig. 4.11a). As revealed in the spatial distribution, 

the region where HOMs densely concentrate is analogous to the location of large upward α-

pinene flux to the UT, which is different from the α-pinene distribution in the lower atmosphere 

but identical to the precipitation pattern. It indicates that the deep convective activities which 

are often accompanied by precipitation play a crucial role in the availability of the precursors 

in the UT. Stronger convection manifested as large precipitation rate and vertical wind can be 

found in the upper tropospheric NPF days relative to the non-NPF days (Fig. 4.11b–4.11c). 

Specifically, the nighttime convective activity as an extension of the former day convection 

contributes to the upper tropospheric accumulation of the biogenic precursors. Consequently, 

in the UT, the HOMs and Jorg are almost zero in the non-NPF days limited by the biogenic 

precursors, while a high concentration of α-pinene at the NPF days gives rise to the formation 

of HOMs and subsequent organic nucleation. The reduced CS in the UT due to the nighttime 

precipitation scavenging in the deep convective condition may also act as a contributing factor 

to the following daytime increase of HOMs. 

On the other hand, the reinforced upward shortwave radiation (Fig. 4.12) associated 

with increased cloud amount in the convection weather favors the photolysis production of OH 

in the UT and subsequent oxidation of biogenic compounds. The daily variation of HOMs in 

the PBL tends to be oppositely correlated with the surface precipitation (Fig. 4.11a), revealing 

a different role of atmospheric convection in the HOMs formation in this layer. The higher 

cloud amount in the precipitation days reduces the incident solar radiation reaching the ground 

surface (Fig. 4.12), hinders the emission of monoterpenes (Fig. 4.12), and thus decreases the 

HOMs concentration near the surface. 
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Figure 4.12. The diurnal variation of radiation flux and α-pinene emission rate for the average 

of (a) NPF episodes and (b) non-NPF episodes. 

 

4.4 Conclusions 

In this work, new organic nucleation and condensation schemes were developed and 

integrated into the WRF-Chem model to investigate the aerosol production in the UT by 

BVOCs emitted from the forest canopy. Several sensitivity studies were conducted over a 

precursor-rich region, the Amazon Basin, in September–October 2014 to illustrate the relative 

contribution of the organic nucleation and condensation to the aerosol population in the UT, to 

characterize their temporal and spatial distribution, and to identify the driving mechanisms for 

their occurrence. 

The model evaluation against the aircraft measurements during the ACRIDICON-

CHUVA campaign shows that the addition of the pure organic nucleation and organic growth 

substantially improves the model prediction of the CCN at 0.52% supersaturation and the OA 

mass in the UT. The organic condensation of LVOC contributes significantly to the CCN 

concentration in the UT by serving as an efficient mechanism for particle growth. The organic 

condensation improves the CCN concentration simulated by the default WRF-Chem by about 

90% in the upper troposphere. The organic nucleation constitutes an important new particle 
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production pathway for the upper troposphere in the Amazon. Under sufficient particle growth, 

the nanoparticles produced from H2SO4-H2O binary nucleation is largely scavenged, and the 

organic nucleation can efficiently replenish the nanoparticles, causing an increase of over 50% 

and 14% in the CN and CCN number concentration in the UT. 

For the HOMs-induced organic nucleation, the simulation results show that HOMs can 

substantially form by the oxidation of biogenic organic vapors in the PBL and UT, while its 

formation at the MT is insignificant in the Amazon Basin. The concentration of HOMs in PBL 

and MT is limited by its condensation sink onto preexisting particles. Deep convection 

determines the HOMs formation in the UT through transporting biogenic organic vapors to the 

UT. Throughout the troposphere, the formation of HOMs is evident during the daytime 

associated with the hydroxyl radical produced from photolysis reactions. The pure organic 

nucleation is dominated by the ion-induced pathway rather than the neutral nucleation, and its 

spatial and temporal characteristics are similar to that of the HOMs, but the temperature effect 

on the nucleation rate favors the nucleation in the UT while curbs its intensity in the PBL. 

For the condensation of LVOC oxidized from biogenic organic vapors, the simulation 

results show that it takes an overwhelming role over the HOMs nucleation and HOMs 

condensation in SOA mass production. The SOA mass from the LVOC condensation is 

dependent on the yield of the LVOC. A bulk assumption of the LVOC yield used previously 

in boreal forest fails to reproduce the observed OA mass due to a different condition in the 

tropics. Sensitivity studies show that a temperature dependant correction of LVOC yield based 

on laboratory experiments is necessary for correcting the overestimation and underestimation 

of OA mass by the bulk LVOC yield assumption in the PBL and UT, respectively. 

  



101 
 

5. Chapter 5 Summary and Outlook 

5.1 Summary 

Clouds and precipitation play crucial roles in the radiation balance and hydrological 

cycle of the Earth. They have been found to be susceptiable to atmospheric aerosols via aerosol-

radiation interactions and aerosol-cloud interactions (IPCC, 2013), yet the impacts of ARI and 

ACI on clouds and precipitation are far from being well understood and accurately assessed. 

The challenge for this unsolved issue comes both from the complex nature of the aerosol-cloud 

systems where there are manifold feedbacks between multiple dynamical, thermodynamical, 

and microphysical processes on a wide range of temporal and special scales, and from the 

inadequate representation of these processes in numerical models which are used to make 

assessments of the aerosol impacts. This dissertation focuses on the regional aerosol effects on 

the clouds and precipitation in the Amazon during the dry season, which not only deepens our 

understanding of the aerosol-cloud-precipitation interaction mechanisms but also contributes 

to more accurate assessments of aerosol effects in the Amazon. The studies in this dissertation 

used the online coupled meteorology-chemistry model, WRF-Chem, which has comprehensive 

treatments of the atmospheric processes including the aerosol and cloud processes in a high 

sophistication level and allows the interactions between aerosol, radiation, clouds, and 

precipitation. This dissertation made a comprehensive assessment and a detailed mechanism 

analysis of the BB aerosol impacts on the clouds and precipitation in the studied region and 

period based on the WRF-Chem model shared in the community. Then, the development of the 

organic nucleation and condensation modules of WRF-Chem significantly improves the 

simulation of the upper tropospheric SOA-dominated CCN and the ACI representation in this 

model. 

The study in Chapter 2 assessed the BB aerosol impacts on cloud and precipitation by 

examining the different cloud and precipitation changes at different aerosol emission scenarios 
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and illustrating the detailed mechanisms through which the ARI and ACI effects on cloud and 

precipitation are realized. The ARI and ACI of BB aerosols have opposite effects on the cloud 

LWP. The surface cooling, atmospheric stabilization, and the atmospheric heating from the 

ARI of BB aerosols inhibit convection development and reduce the cloud LWP. Oppositely, 

the cloud LWP is enhanced by ACI since the smaller cloud droplet radius caused by ACI 

inhibits the transformation from cloud droplets to raindrops. The relative importance of the two 

competing effects is influenced by the aerosol loading, with the ACI dominating when the 

aerosol concentration is low while the ARI taking the main role at high aerosol loading. The 

response of the cloud IWP to BB aerosols is a factor of magnitude smaller than that of the cloud 

LWP. The cloud IWP is consistently enhanced by BB aerosols at all emission scenarios as the 

ARI takes a dominant role and acts to enhance the upward flux of water vapor. The shortwave 

RF of BB aerosols is the outcome of a competition between positive RF by the ARI effect and 

negative RF by the ACI effect, which is driven largely by the cloud response. Such cloud 

adjustments to the BB aerosols exert a significant influence on the aerosol radiative forcing of 

BB aerosols in the Amazon. Although BB aerosols themselves cause negative indirect 

shortwave RF, the cloud reduction by the ARI of BB aerosols results in so strong positive 

shortwave RF that the ultimate effective shortwave RF of BB aerosols turns to be positive. 

Contrarily, the ACI of BB aerosols causes a negative indirect shortwave RF because of the 

increased cloud albedo resulted from more but smaller cloud droplets. Similar to the cloud 

LWP, the relative role of the ACI and ARI effects in the total BB shortwave RF depends on 

aerosol loading, with the former dominating at low aerosol emission scenario, while the latter 

at high emission scenario. The positive longwave RF by BB aerosols is driven by the ARI 

effect, which corresponds to the enhanced ice cloud by the ARI. Ultimately, the all-band RF 

of BB aerosols in the Amazon is −0.2 and 1.5 W m−2 for the EMIS1 and EMIS6 scenarios, 

respectively. 
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The precipitation occurrence is reduced by both the ACI and ARI of BB aerosols. The 

domain-averaged precipitation rate is diminished substantially by ACI consistently over all the 

emission scenarios due to strong suppression of warm rain formation, although a weak 

invigoration of precipitation by the ACI occurs in the lower-emission scenarios possibly due 

to the mechanism proposed by Rosenfeld et al. (2008). The precipitation response to the ARI 

effect is nonlinear: enhanced precipitation is found in low-emission scenarios while 

suppression of precipitation is caused at high BB aerosol emission rates. Ultimately, the overall 

effects of BB aerosols result in a reduction in the precipitation rate and the reduction intensifies 

with increasing aerosol concentration, suggesting a positive feedback between the aerosol 

concentration and the precipitation. The monthly mean precipitation rate is estimated to be 

reduced by BB aerosols by −5% and −23% in the EMIS1 and EMIS6 scenarios, respectively, 

which reflects the strong susceptibility of precipitation to BB aerosol concentration. The 

precipitation susceptibility to aerosol concentration is more pronounced in the intensive 

precipitation conditions than in the light precipitation regime. 

The distinctive responses of cloud and precipitation at different BB aerosol 

concentrations prove that the whole picture of the aerosol effects in the Amazon where 

undergoes interannual emission variations needs a comprehensive assessment based on multi-

year aerosol emissions. The relative roles of the ACI and ARI effects vary with increasing 

aerosol loading, manifesting as a saturating trend of the ACI while a continuingly increasing 

strength of the ARI at high aerosol loadings. This phenomenon highlights the climatic 

significance of the ARI effect in highly polluted conditions and may provide implications for 

similar pollution cases such as heavily polluted urban areas and the crop waste burning season 

in agricultural areas. 

The ARI of BB aerosols plays an important role in the precipitation formation in the 

Amazon, yet the previous investigations of the ARI effect are limited on the macrophysical 
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scale, leaving the detailed cloud microphysical processes behind the ARI-induced precipitation 

change unknown. The study in Chapter 3 digs into the cloud microphysical processes 

underlying the precipitation response to the ARI of BB aerosols using a process analysis 

method. It proposes the microphysical mechanism for the ARI impact on the precipitation from 

the locally generated convective clouds on a diurnal cycle. The simulation results show that 

the overall ARI effect on daily precipitation from the locally generated clouds involves two 

competing pathways. First, the ARI suppresses convection through surface fluxes reduction 

and atmospheric heating; the resultant diminished liquid cloud inhibits the raindrop accreting 

cloud water (RAW) and therefore suppresses precipitation. At this stage, the warm-rain process 

RAW dominantly causes the precipitation reduction while the cold-rain processes also 

contribute to but take a less important role. Second, the convection is invigorated by the ARI 

as the release of previously reserved energy and moisture promotes cloud water and ice 

formation. Then, the warm rain production from the raindrops accreting cloud droplets (RAW) 

is enhanced due to increased cloud water. Meantime, more snow generated from the ice crystals 

through the Bergeron process SFI was converted into more graupel, which together with 

enhanced graupel accretion of cloud water (GAW) act to boost the graupel concentration and 

the subsequent graupel melting (GMT), giving rise to more rainwater mass. The two 

microphysical pathways dominate at an earlier and later stage of a diurnal cloud evolution in 

the Amazon region, respectively, yielding an attenuated diurnal amplitude of precipitation 

under the ARI effect of BB aerosols. The two alternating microphysical mechanisms for the 

precipitation response to ARI persistently occur for different conditions in the Amazon, yet the 

relative importance of the two phases tends to be sensitive to the aerosol loading and the 

background conditions. The precipitation invigoration appears more pronounced in less 

polluted deep convection while the precipitation suppression appears overwhelmingly in 

shallow or highly polluted conditions. The significant improvement in the diurnal precipitation 
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simulation by taking the ARI effect into account suggests the inclusion of ARI in models as a 

potential way to improve the model simulation performance of diurnal convective variation. 

The insufficient parameterization of secondary organic aerosol processes in the WRF-

Chem aerosol and gas chemistry module, MOSAIC coupled with CRIMECH, limits the model 

ability to reproduce the upper tropospheric SOA-dominated CCN concentration, affecting the 

model assessment of the aerosol-cloud interactions. To improve the WRF-Chem simulation of 

the CCN in the upper troposphere, in Chapter 4, new organic nucleation and condensation 

schemes were developed and implemented into the WRF-Chem MOSAIC+ CRIMECH aerosol 

and gas chemistry modules so that the CCN source from the organic nucleation and 

condensation by BVOCs emitted from the forest canopy could be taken into consideration. 

We incorporate the gas chemistry scheme CRIMECH with HOMs- and LVOC- 

generating reactions, extend the MOSAIC aerosol module to cover aerosol sizes from 0.6 nm 

to 10 µm in diameter, and integrate the laboratory result-based pure organic nucleation (HOMs-

induced nucleation) and LVOC condensation parameterization into the MOSAIC aerosol 

scheme. Simulations were conducted over the biogenic precursor-rich region, the Amazon 

Basin, in September−October 2014, and were evaluated in terms of the aerosol number and 

mass concentrations and their vertical distribution against aircraft measurements during the 

ACRIDICON-CHUVA. The newly developed modules significantly correct the 

underestimation of the CCN at 0.52% supersaturation and OA mass in the UT in the default 

WRF-Chem while maintains the comparable CN concentration to the observation simulated in 

the default WRF-Chem. 

Sensitivity studies isolate and estimate the contribution to the CN number and CCN 

number concentration from the individual aerosol processes. The organic condensation of 

LVOC significantly enhances the CCN concentration in the UT by acting as an efficient 

mechanism for particle growth while it meantime depletes the smaller particles and therefore 
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has a negative effect on the CN number in the UT. Quantitatively, the LVOC condensation 

improves the upper tropospheric CCN 0.52% in the default WRF-Chem by about 90%. The 

HOMs-induced organic nucleation provides additional new particles aside from the existing 

H2SO4-H2O binary nucleation mechanism. The organic nucleation causes an improvement of 

over 50% and 14% in the CN and CCN number concentration in the UT under the condition of 

sufficient particle growth. 

Characteristics and the driving environmental factors for the HOMs-induced organic 

nucleation and the condensation of LVOC can be derived from the model simulation. HOMs 

formed by the oxidation of biogenic organic vapors condensate substantially in the PBL and 

UT but marginally in the MT in the Amazon Basin. Deep convection controls the occurrence 

of HOMs production in the UT by controlling the transport of biogenic organic vapors to the 

UT. The large condensation sink onto preexisting particles limits the HOMs concentration in 

the PBL and MT while favors the HOMs maintenance in the UT. Generally, the HOMs 

formation is evident in the daytime corresponding to the hydroxyl radical produced from 

photolysis reactions. The pure organic nucleation is roughly similar to that of the HOMs in 

terms of the spatial and temporal characteristics but the significant temperature effect on the 

nucleation rate ultimately results in distinctively high and low organic nucleation in the UT 

and in the PBL, respectively. Within the pure organic nucleation mechanisms, the ion-induced 

pathway takes the dominant role over the neutral nucleation. For the SOA mass production, the 

condensation of LVOC contributes overwhelmingly over the HOMs nucleation and HOMs 

condensation. The SOA mass from the LVOC condensation is sensitive to the yield of the 

LVOC. A temperature dependant correction on the bulk assumption of LVOC yield based on 

laboratory experiments is suggested to better reproduce the observed OA mass. 
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5.2 Outlook 

To better understand and more accurately assess the aerosol impacts on the cloud and 

precipitation in the Amazon during the dry season, future work including more numerical 

simulation experiments and further model improvements is still needed. 

Firstly, as stated in Chapter 4, SOA in the upper troposphere is substantial in the 

Amazon and results in a significant abundance of CCN in the middle to high atmosphere. Such 

a high concentration of CCN can invoke the secondary in-cloud activation processes, which 

could be an important CCN activation pathway aside from the already existing cloud-base CCN 

activation mechanism. Therefore, including the treatment of the secondary in-cloud activation 

into the numerical model improves the model parameterization of the ACI. The study presented 

in Chapter 4 integrated newly developed organic nucleation and condensation modules into the 

WRF-Chem model and significantly improved the simulated CCN concentration in the free 

troposphere. This ensures correct CCN concentration input for the secondary in-cloud 

activation process. To fully enable the secondary in-cloud activation of CCN in the WRF-Chem 

model, an additional in-cloud activation scheme needs to be developed and implemented into 

the WRF-Chem model. 

Including the heterogeneous nucleation of IN would be another worthwhile work for 

improving the ACI in the WRF-Chem model. By now, the laboratory experiments have not 

provided adequate results for the exact species, the mechanism, and the parameterization of IN. 

With the development of the laboratory studies on this topic, it is desirable to include the 

process of heterogeneous nucleation into WRF-Chem to complete the model treatments of the 

ACI and to better quantify the aerosol effects on climate. 

Furthermore, the response of clouds and precipitation to aerosols was found to be 

influenced by the meteorological background conditions (Fan et al., 2009). The assessment of 

BB aerosol impact on cloud and precipitation in Chapter 2 is based on September 2014. Future 



108 
 

model investigations based on varying background meteorology are desired to characterize the 

influence of meteorological variations on the cloud and precipitation response. Besides, studies 

based on longer periods are needed to provide long-term climatic assessments. 

Another potential future work is to extend the regional model simulation to larger-scale 

simulation. The study in Chapter 2 and 3 focus on the regional effects of BB aerosols on the 

clouds and precipitation in the Amazon Basin, which is mainly limited by the computation 

resources required for cloud-resolving resolution. Modeling studies found that the large-scale 

dynamical perturbation by aerosols could affect the large-scale circulation and therefore 

redistribute precipitation spatially (Lee et al., 2014). With adequate computing capability in the 

future, it would be worthwhile to investigate the aerosol impacts on the cloud and precipitation 

on a larger-scale with cloud-resolving resolution. 
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