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ABSTRACT 

 

Investigation of the Aerosol-Cloud Interaction Using the Weather Research and 

Forecasting Framework. (August 2008) 

Guohui Li, B.S., University of Science and Technology of China; 

Ph.D., Institute of Atmospheric Physics, Chinese Academy of Sciences 

Chair of Advisory Committee: Dr. Renyi Zhang 

 

In this dissertation, a two-moment bulk microphysical scheme with aerosol 

effects is developed and implemented into the Weather Research and Forecasting (WRF) 

model to investigate the aerosol-cloud interaction. Sensitivities of cloud properties to the 

representation of aerosol size distributions are first evaluated using a simple box model 

and a cloud resolving model with a detailed spectral-bin microphysics, indicating that 

the three-moment method generally exhibits better performance in modeling cloud 

properties than the two-moment method against the sectional approach. A convective 

cloud event occurring on August 24, 2000 in Houston, Texas is investigated using the 

WRF model, and the simulation results are qualitatively in agreement with the 

measurements. Simulations with various aerosol profiles demonstrate that the response 

of precipitation to the increase of aerosol concentrations is non-monotonic. The maximal 

cloud cover, core updraft, and maximal vertical velocity exhibit similar responses as 

precipitation. The WRF model with the two-moment microphysical scheme successfully 

simulates the development of a squall line that occurred in the south plains of the U.S. 
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Model experiments varying aerosol concentrations from the clean background case to 

the polluted continental case show that the aerosol concentrations insignificantly 

influence the rainfall pattern/distribution, but can remarkably alter the precipitation 

intensity. The WRF experiment with polluted aerosols predicts 12.8% more precipitation 

than that with clean aerosols, as well as more intensive rainfall locally. Using the 

monthly mean cloudiness from the International Satellite Cloud Climatology Project 

(ISCCP), a trend of increasing deep convective clouds over the north Pacific in winter 

from 1984 to 2005 is detected. Additionally, through analyzing the results from the 

Global Precipitation Climatology Project (GPCP) version 2, we also show a trend of 

increasing wintertime precipitation over the north Pacific from 1984 to 2005. 

Simulations with the WRF model reveal that the increased deep convective clouds and 

precipitation are reproduced when accounting for the aerosol effect from the increasing 

Asian pollution outflow. 
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1. INTRODUCTION 

  

1.1 Modeling of the Aerosol-Cloud Interaction  

Atmospheric aerosols, formed from natural and anthropogenic sources [e.g., 

Penner et al., 2001; Zhang et al., 2004a], are a chemical mixture of solid and liquid 

particles suspended in the atmosphere, with diameters ranging from a few nanometers to 

several micrometers or more. Aerosols influence climate directly, by scattering or 

absorbing a fraction of the incoming solar radiation to cool or warm the atmosphere, and 

indirectly via their roles as cloud condensation nuclei (CCN) and ice nuclei (IN), by 

modifying optical properties and lifetime of clouds. The aerosol indirect effect, generally 

referred to as the influence of aerosols on cloud reflective properties and lifetime 

[Twomey, 1977; Houghton, 2001], has constituted the greatest uncertainty to global 

climate forcing, pointed out by recent IPCC reports [Intergovernmental Panel on 

Climate Change, 2001; 2007] (Figure 1.1). Additionally, the effects of pollution aerosols 

on precipitation have been identified as an important and yet poorly understood process 

that could have major implications to climate and water supplies [Levin and Cotton, 

2007]. 

For a given amount of condensable water vapor, elevated aerosol concentrations 

augment the number of cloud droplets and thence reduce their sizes, which enhances not 

only the reflective properties but also the lifetime of clouds through suppressing warm 

rain processes [Twomey, 1977; Albrecht, 1989]. Numerous studies using parameterized 

                                                 
  This dissertation follows the style of Journal of Geophysical Research. 
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models and in situ and remote sensing observations have confirmed the aerosol indirect 

effect, showing optically thicker clouds with clearly increased droplet number 

concentrations but decreased droplet sizes over ship tracks, biomass burning areas, or 

other polluted regions in comparison with less polluted cases [e.g., Radke et al., 1989; 

Kaufman and Fraser, 1997; Rosenfeld, 1999]. 

 

 

Figure 1.1 Global-average radiative forcing (RF) estimates and ranges in 2005 
[IPCC, 2007]. 
 
 

Recent analyses of satellite measurements have demonstrated strong systematic 

correlations among aerosol loading, cloud cover [Kaufman et al., 2005], and cloud 
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height over the Atlantic Ocean [Koren et al., 2005] and Europe [Devasthale et al., 2005], 

independent of geographical locations [Kaufman and Koren, 2006]. Furthermore, in situ 

observations have corroborated that the onset of precipitation is delayed from 1.5 km 

above the cloud base in pristine clouds to more than 5 km in polluted clouds and 7 km in 

the most extreme smoky clouds over the Amazon [Andreae et al., 2004]. 

The aerosol influence on precipitation processes remains highly uncertain due to 

the complexity of cloud processes which are determined by intricate thermodynamic, 

dynamical, and microphysical processes and their interactions [Hobbs, 1993; Levin and 

Cotton, 2007]. Observations have demonstrated that the effect of aerosols on rainfall is 

dependent on both the type of aerosols and precipitating environments. Using the 

satellite observations from Tropical Rainfall Measuring Mission (TRMM), Rosenfeld 

[1999, 2000] have suggested the precipitation suppress due to over-seeding from both 

smoke over Indonesia and urban pollution over Australia. On the other hand, 

precipitation enhancement has been documented around heavily polluted coastal urban 

areas [Ohashi and kida, 2002; Shepherd and Burian, 2003]. Based on statistical analysis, 

Cerveny and Balling [1998] have suggested that air pollution may enhance precipitation 

in near-coastal Atlantic Ocean areas. Lin et al. [2006] have found that high biomass 

burning derived aerosols are correlated with the more rainfall over the Amazon basin 

through analyzing multiplatform satellite data. Furthermore, a mid-week increase in 

precipitation over southeast U.S. has been suggested using the TRMM precipitation 

measurements and attributed to invigoration of rainstorms by air pollution [Bell et al., 

2008]. 
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Aerosols may also influence the mixed phase processes in cloud development by 

serving as IN [Wegener, 1911; Bergeron, 1935; Findeisen, 1939; Pruppacher and Klett, 

1997]. Although work has been performed to improve the process of ice initiation in 

clouds through laboratory measurements and field observations, major gaps in our 

knowledge of ice nucleation exist.  

Recently, the spectral bin microphysics (SBM) has been extensively utilized to  

verify the role of aerosols in cloud formation and development and precipitation in 

cloud-resolving models (CRMs) and regional models with fine resolution [Tao et al., 

2007]. Khain and Pokrovsky [2004] have employed a two-dimensional (2-D) CRM with 

a SBM to investigate effects of different size distributions of CCN on the evolution of 

deep convective clouds under dry unstable thermodynamic conditions and demonstrated 

a significant decrease in accumulated precipitation in smoky air.  Using the same model, 

Khain et al. [2005] have simulated a deep convective cloud under dry continental 

conditions and showed a decrease in precipitation with increasing aerosols from 100 to 

1260 cm-3. Cui et al. [2006] have obtained similar results when applying an 

axisymmetric cloud model with a sectional treatment of aerosol and hydrometeor 

microphysical processes to examine an isolated cloud in an environment with low wind 

shear and relatively dry air in the mid-troposphere and upper troposphere. Teller and 

Levin [2006] have utilized a 2-D CRM with spectral microphysics [Reisin et al., 1998] to 

verify the aerosol effect on a winter convective cloud in the eastern Mediterranean 

region. Their results have indicated that larger number concentrations of CCN can 

decrease accumulated precipitation. However, simulations using a 2-D CRM with a 
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SBM by Fan et al. [2007b] have suggested an increased total amount of precipitation 

with increasing aerosol concentrations at relatively lower aerosol loading over coastal 

regions. Moreover, the effects of aerosol chemical composition on precipitation 

processes have been studied by Fan et al. [2007a] using a 2-D CRM with a SBM. Lynn 

et al. [2005a, b] have implemented a SBM into the three-dimensional fifth-generation 

Pennsylvania State University–National Center for Atmospheric Research (NCAR) 

Mesoscale Model (MM5) to simulate a squall line that developed over Florida. Their 

results have shown that the utilization of a continental CCN concentration results in an 

overall delay in the growth of hourly rainfall and formation of a stronger squall line with 

higher updraft maxima, and the accumulated precipitation is larger with a lower aerosol 

concentration. These model studies have demonstrated that the SBM promises a valuable 

approach to investigate the effects of aerosols on cloud development and precipitation. 

However, in the SBM, each type of cloud hydrometeors and aerosols is described using 

size distribution functions containing several tens of bins of masses. The utilization of 

the SBM is usually confined within 2-D CRMs by the computational burden and 

memory constraints. 

Alternatively, computationally efficient bulk microphysics parameterizations are 

often employed to represent cloud processes in atmospheric models. Bulk microphysical 

schemes generally represent the size spectra of each precipitating hydrometeor category 

by a three-parameter gamma distribution function of the form , 

where  is the intercept, 

)exp()( 0 DDNDN λα −=

0N λ  is the slope, and α  is the shape parameter of the 

distribution. Changes to the distributions are modeled by predicting changes to these 
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parameters, by formulating the prognostic equations for one or more of the moments of 

the distribution function. Since each predicted moment is associated with one prognostic 

parameter, three predictive moment equations are required to determine the three 

parameters uniquely. Many available bulk schemes have followed the approach of 

Kessler [1969]. In those cases, one moment of the hydrometeor size distribution, 

proportional to the mass content, is predicted [e.g., Lin et al., 1983; Cotton et al., 1986; 

Walko et al., 1995; Kong and Yau, 1997] and λ  is the prognostic parameter, while  

and 

0N

α  are held constant. The two-moment scheme has been introduced, in which both 

the mass and the total number concentration of the hydrometeor categories are 

independently predicted, with λ  and  being the independent prognostic variables and 0N

α  being a constant [e.g., Nickerson et al., 1986; Ziegler, 1985; Wang and Chang, 1993; 

Ferrier, 1994; Meyers et al., 1997; Reisner et al., 1998; Cohard and Pinty, 2000]. 

Milbrandt and Yau [2005] developed a three-moment scheme in which the radar 

reflectivity of the hydrometeor categories is predicted, in addition to the mass and the 

total number concentration, and all the three parameters are independently determined.  

A one-moment microphysical scheme is unsuitable for investigation of the 

aerosol effects on clouds because it only predicts the mass of the cloud droplet but fails 

to represent its number concentration. In the two-moment microphysical scheme, both 

the mass and the total number concentration of cloud droplets are predicted. The size 

distribution and chemical composition of CCN, along with supersaturation, jointly 

determine the size distribution of newly nucleated cloud droplets. Cohard and Pinty 

[2000] have applied a comprehensive two-moment warm microphysical bulk scheme to 



 7

study the sensitivity of the microphysical fields and precipitation patterns to the upwind 

CCN activation spectrum. Wang [2005] have employed a three-dimensional (3-D) two-

moment cloud-resolving model to investigate the responses of cloud physical processes 

of a developing tropical deep convection to increasing CCN concentrations. Ekman et al. 

[2004; 2006] have used a cloud-resolving (two-moment scheme) model coupled with an 

interactive explicit aerosol module to examine the cloud-aerosol interaction in a 

cumulonimbus cloud. Van den Heever et al. [2006] have utilized the Regional 

Atmospheric Modeling System (RAMS) and a two-moment bulk microphysical scheme 

to investigate the sensitivity of a thunderstorm over the peninsula of Florida to variations 

in the concentrations of nucleating aerosols. Sensitivity studies have shown that different 

combinations of CCN, Giant CCN, and IN have a different impact on both 

microphysical and dynamical characteristics, as well as on the accumulated surface 

rainfall. 

Most of the previous model studies using two-moment microphysical schemes to 

consider the aerosol effects are confined to isolated clouds. It is necessary to develop a 

two-moment microphysical scheme with aerosol effects to investigate the aerosol-cloud 

interaction for mesoscale convective systems (MCSs) or large-scale meteorological 

systems. 

 

1.2 Representation of Aerosol Size Distributions 

One of the most important issues to evaluate the aerosol indirect effect in cloud 

simulations is related to appropriate representation of the aerosol size distribution. 
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Generally speaking, the sectional and modal approaches are most frequently used to 

represent the aerosol size distribution in atmospheric models. In the sectional approach, 

each type of aerosols is described utilizing size (mass) distribution functions containing 

several tens of bins of masses. In the modal representation, the size spectra of the various 

modes of the particle population are represented by analytical functions (usually log-

normal distribution). Different modal formulations simulate the number, mass, and 

surface area for each mode and predict the mean diameter and standard deviation (three-

moment) or simulate the number and mass and hold standard deviation fixed (two-

moment). 

Currently, the sectional approach is principally applied in 2-D CRMs to 

investigate the aerosol-cloud interaction [Khain et al, 1999, 2004, 2005; Cui et al., 2006; 

Fan et al., 2007a, b; Tao et al., 2008]. Only Lynn et al. [2005] have implemented the 

sectional approach into the MM5 to examine the aerosol effects on the development of a 

squall line. The modal approach has been extensively used in regional or global aerosol 

models [e.g., Environmental Protection Agency (EPA), 1999; Horowitz et al., 2003], but 

seldom implemented into cloud simulations. A multi-modal two-moment aerosol module 

has been coupled into a CRM to investigate the effects of aerosol chemical composition 

and aerosol physics on the development of a cumulonimbus cloud [Ekman et al., 2004; 

2006]. Li et al. [2008] have incorporated a three-moment aerosol module into the 

Weather Research and Forecasting (WRF) model to explore the response of cloud 

microphysics to the aerosol concentrations. 
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Apparently, the sectional approach represents more accurately the aerosol size 

distributions than the modal approaches. However, the utilization of the sectional 

approach is generally confined within 2-D CRMs due to the available computational 

capability and memory constraints in cloud simulations. The modal approach (two-

moment or three-moment) corresponds to a more efficient choice to represent the aerosol 

size distributions compared with the sectional approach.  

Zhang et al. [2002] have employed a one-dimensional version of a climate-

aerosol-chemistry model with both modal and sectional size representations to 

systematically evaluate the impact of the aerosol size representation on modeling 

aerosol-cloud interaction in shallow stratiform clouds. Their results have demonstrated 

that both modal (two-moment and three-moment) and the sectional approaches (with 12 

and 36 sections) predict the total number and mass for interstitial and activated particles 

that are generally within several percent comparing to a high-resolution 108-section 

approach. However, the vertical velocity is prescribed and only one maximal 

supersaturation is obtained in clouds in Zhang et al. [2002]. Khain et al. [2000] have 

pointed out that if a realistic increase in vertical velocity with height above the cloud 

base is taken into account, supersaturation within the cloud updraft can exceed the local 

maximum at the cloud base. Therefore, further studies need to be conducted to evaluate 

the impact of aerosol size distributions on cloud simulations, especially concerning 

cumulus clouds, that possess highly varied supersaturations. 
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1.3 Objective 

Our principal objective in the present study is to develop a two-moment 

microphysical scheme with aerosol effects to investigate the interaction between 

aerosols and clouds in the Weather Research and Forecasting (WRF) model. The 

specific tasks of this study include: (1) Develop a two-moment bulk microphysical 

scheme with aerosol effects and incorporate it into the WRF model; (2) Develop a three-

moment aerosol module to represent aerosol size distributions in the WRF model and 

evaluate the impact of the modal method (two- and three-moment) against the sectional 

approach on modeling cloud properties and development in a simple box model and a 

CRM with a SBM; (3) Evaluate the performance of the new microphysical scheme and 

verify the effects of aerosols on cloud physical processes in a convective cloud event; (4) 

Examine the aerosol effect on the development of a squall line occurring in the south 

plains of the U.S. and compare the two-moment microphysical scheme with three single-

moment schemes in the WRF model including the Lin, WSM6, and Thompson scheme; 

(5) Based on the trend analyses of deep convective clouds and precipitation in winter 

over the north Pacific, simulate a frontal system to explore the effect of aerosols from 

the increasing Asian pollution outflow on the storm intensity and precipitation associated 

with the storm track over the winter Pacific. 
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2. MODEL DESCRIPTION 

 

Simulations of aerosol effects on cloud properties and precipitation are chiefly 

performed using the Weather Research and Forecasting (WRF) model into which a two-

moment bulk microphysical scheme with aerosol effects are incorporated. In order to 

verify the impacts of aerosol representations on simulations of clouds, especially with 

regard to deep convective clouds, a two-moment and three-moment aerosol modules are 

also implemented into a two-dimensional (2D) cloud-resolving model (CRM) with a 

spectral-bin microphysics, which is especially devised to account for the effect of 

atmospheric aerosols on cloud development and precipitation formation through utilizing 

33 bins to represent the aerosol size distribution. The description about these models or 

modules is presented as follows. In addition, statistical methods used to evaluate the 

overall properties of clouds or cloud systems are also provided. 

 

2.1 WRF Model 

The WRF Model [Skamarock et al., 2005] is a next-generation mesoscale 

numerical weather prediction (NWP) system designed to serve both operational 

forecasting and atmospheric research needs. It features multiple dynamical cores, a 3-

dimensional variational (3DVAR) data assimilation system, and a software architecture 

allowing for computational parallelism and system extensibility. The WRF model is 

suitable for a broad spectrum of applications across scales ranging from a few meters to 

thousands of kilometers and is a fully compressible, nonhydrostatic model (with a 
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hydrostatic option). Its vertical coordinate is a terrain-following hydrostatic pressure 

coordinate. The grid staggering is the Arakawa C-grid. The model uses the Runge-Kutta 

2nd and 3rd order time integration schemes, and 2nd to 6th order advection schemes in 

both horizontal and vertical directions. It uses a time-split small step for acoustic and 

gravity-wave modes. The dynamics conserves scalar variables. Currently, several 

physics components have been included in WRF: microphysics (bulk schemes ranging 

from simplified physics suitable for mesoscale modeling to sophisticated mixed-phase 

physics suitable for cloud-resolving modeling), cumulus parameterizations (adjustment 

and mass-flux schemes for mesoscale modeling including NWP), surface physics (multi-

layer land surface models ranging from a simple thermal model to full vegetation and 

soil moisture models, including snow cover and sea ice), planetary boundary layer 

physics (turbulent kinetic energy prediction or non-local K schemes), and atmospheric 

radiation physics (longwave and shortwave schemes with multiple spectral bands and a 

simple shortwave scheme). Cloud effects and surface fluxes are also included. A detailed 

description of the WRF model can be found in the WRF web-site http://www.wrf-

model.org/index.php.  

However, the present WRF model employs several single-moment microphysical 

bulk schemes that predict only the mass concentrations of hydrometeors, which prohibits 

the evaluation of the aerosol-cloud interaction using the WRF model. 

 

 

 

http://www.wrf-model.org/index.php
http://www.wrf-model.org/index.php
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2.2 Two-Moment Microphysics 

In the present work a two-moment microphysical scheme initially developed by 

Hu and He [1987] and discussed by Lou et al. [2003] and Wang and Chang [1993a] has 

been modified and implemented into the WRF model to consider the effects of aerosols 

on cloud formation and development. The microphysical scheme originally calculates 

the mass mixing ratio of water vapor (Qv), cloud droplets (Qc), raindrops (Qr), ice 

crystals (Qi), snow flakes (Qs), and graupels (Qg) and the total number concentration of 

raindrops (Nr), ice crystals (Ni), snow flakes (Ns) and graupels (Ng). In order to account 

for the aerosol effects, a new prognostic variable is incorporated into the scheme: the 

total number concentration of cloud droplets (Nc) which plays a key role in taking into 

account the aerosol effects in the two-moment microphysical scheme. In addition to its 

impact on the formation of raindrops, the prediction of the cloud droplet number 

concentration is also important in cloud chemistry and radiative transfer. 

The size distributions of the five types of hydrometeors are represented by the 

gamma function,  

)exp()( 0 xxxxx DDNDN x λα −=        (2.1) 

where  refers to cloud, rain, ice crystal, snow, and graupel, respectively, 

N0x is the intercept, λx is the slope, and αx is the shape parameter of the distribution. 

Empirically, it is assumed that the mass mx of a particle in a hydrometeor category is 

related to its diameter Dx by , where Amx and Bmx are the coefficients 

[Mason, 1971]. The terminal velocity, Vx(Dx), for a particle of size, Dx, is given by 

, where Avx and Bvx are the coefficients. The values of 

],,,,[ gsircx ∈

mxB
xmxxx DADm =)(

vxB
xvxxx DADV =)( xα , Amx, Bmx, Avx 
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and Bvx are listed in Table 2.1. The width of the cloud droplet spectrum is determined by 

αc (the shape parameter for cloud droplets).  

 

Table 2.1 Values of the parameters for the droplet spectrum, mass-diameter relations, 
and terminal speed. 
 

 
Cloud Rain Ice Snow Graupel 

    α* 2 0 1 1 0 

    Am 0.524 
(g cm-3) 

0.524 
(g cm-3) 

0.001 
(g cm-2) 

0.003 
(g cm-2) 

0.065 
(g cm-3) 

    Bm 3 3 2 2 3 

    Av - 2100 
(cm0.2 s-1)

70 
(cm2/3 s-1) 

100 
(cm2/3 s-1) 

500 
(cm0.2 s-1) 

    Bv - 0.8 1/3 1/3 0.8 
 
* The α value is taken on the basis of observations. For rain and graupel, the exponential distributions (α 
= 0) [Marshall and Palmer, 1948] are used. For ice crystal and snow, the measured distributions are 
between exponential and log-normal distributions [Hobbs, 1974], and the value is set to be 1. The value of 
cloud droplets is equal to 2, following Cohard and Pinty [2000]. 
 

Most of the microphysical processes in the two-moment bulk microphysics 

scheme by Lou [2003] are similar to those described in details by Wang and Chang 

[1993a]; only the main features pertinent to the present work are discussed in Appendix 

A. For the warm rain process, the analytic solutions to the stochastic collection equation 

(SCE) by a polynomial approximation for the collection kernel [Long, 1974] are used 

according to Cohard and Pinty [2000]. This procedure takes into account the number 

concentration of cloud droplets. A key step in the warm rain process is the 

autoconversion process whereby large cloud droplets collect small ones and become 

embryonic raindrops. In the present work, seven types of autoconversion 
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parameterizations are evaluated and compared in the cloud simulation (see details in the 

Appendix B). 

A total of thirty-two microphysical processes related to cloud droplets, rain 

drops, ice crystals, snow flakes and graupels are considered in the two-moment 

microphysical scheme. These include 1) autoconversion of cloud droplets to rain and 

graupel, ice crystal to snow, and snow to graupel, 2) freezing of cloud droplets and rain, 

3) melting of ice crystal, snow, and graupel, 4) nucleation of ice crystals, 5) accretion of 

cloud droplets by rain, snow, and graupel, 6) accretion of ice crystals by rain, snow, and 

graupel, 7) accretion of rain by ice, snow, and graupel, 8) accretion of snow by rain and 

graupel, 9) self-accretion of cloud droplets, rain, ice crystals, and snow, 10) 

condensation/evaporation of cloud droplets and rain, and 11) sublimation of ice crystals, 

snow, and graupel. The transformation rates among the different hydrometeor categories 

and the calculation schemes are according to Lou et al. [2003], Wang and Chang 

[1993a], and Cohard and Pinty [2000] (Appendix A). As discussed in Appendix A, ice 

initiation occurs by deposition nucleation, immersion-freezing, and contact-freezing. 

Secondary ice production is considered according to Hallett and Mossop [1974]. Melting 

of ice, snow, and graupel is assumed to occur below the freezing level, and only liquid 

water exists below the melting level.  
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2.3 Two- and Three-Moment Aerosol Modules 

The aerosol size distribution is represented as a log normal size distribution: 
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where D is the aerosol diameter, N is the number concentration of aerosols in the 

distribution,  is the geometric mean diameter, and gD gσ  is the geometric standard 

deviation. For the two-moment aerosol approach, two new prognostic variables are 

considered: mass mixing ratio (Qa) and total number concentration (Na) of aerosols. In 

the three-moment aerosol approach, surface area (Sa) of aerosols is predicted 

additionally. 

The three-moment approach is utilized in the WRF model to represent aerosol 

size distributions. The conservation equations for aerosols are considered in the WRF 

model, 
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Where dµ  represents the mass of the dry air in the column.  and  are the 

horizontal and vertical turbulent diffusions, respectively.  denotes the aerosol loss 

due to the nucleation process in clouds. We do not include the aerosol sources such as 

sulfur chemistry, emissions, and release from cloud droplet evaporation or ice crystal 

hTM vTM

Nucl
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sublimation. Except for the activation process in clouds, no other aerosol sink is 

considered in the present study [Khain et al., 1999; 2000; 2004]. 

For the nucleation of cloud condensation nuclei (CCN), the aerosol spectrum is 

divided into 92 sections from 0.002 µm to 2.5 µm. The critical radius of dry aerosols is 

calculated from the Köhler theory using the supersaturation of water vapor predicted 

from the WRF model [Rogers and Yau, 1989; Pruppacher and Klett, 1997]. When 

aerosols in a section are activated, the mass of water condensing on CCN is calculated 

under the equilibrium assumption (Köhler equation), if the radius ( ) of dry aerosols is 

less than 0.03 µm; if the radius is greater than 0.03 µm, the mass of water condensing on 

these CCN at zero supersatruation is calculated as 

ar

waw rKm ρπ 3

3
4

= , where 3 < K < 8 

[Khain et al., 2000]. When droplets with a high number concentration are competing for 

available water vapor, supersaturation within the cloud can be substantially reduced. 

When the cloud water mass of the total nucleated particles is equal to the available 

supersaturated water vapor, the nucleation process is terminated to avoid the fact that the 

air becomes subsaturated after nucleation. 

 

2.4 GCE Cloud-Resolving Model 

The 2-D version of the Goddard Cumulus Ensemble (GCE) CRM is used in this 

study, which is developed at National Aeronautics and Space Administration 

(NASA)/Goddard Space Flight Center (GSFC) [Tao et al., 2003]. Originally, the GCE 

model was developed by Soong and Ogura [1980] and Soong and Tao [1980]. Subgrid-
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scale (turbulent) processes in the GCE model are parameterized based on work by Klemp 

and Wilhelmson [1978], and the effects of condensation on the generation of subgrid-

scale kinetic energy are also coupled into the model [Soong and Ogura, 1980]. The 

advection of vector quantities (u and w) is performed using a fourth-order accurate 

advection scheme. A multidimensional positive definite advection scheme 

[Smolarkiewicz and Grabowski, 1990] is used for scalar transport. More details on the 

descriptions of the GCE model can be found by Tao and Simpson [1993] and Tao et al. 

[2003]. 

The spectral-bin microphysical module used in the GCE model is developed by 

Khain et al. [2000], Khain et al. [2004], and Khain et al. [2005], predicting eight size 

distributions for water drops (cloud droplets and raindrops), ice crystals (columnar, 

plate-like and dendrites), snowflakes, graupels, hail/frozen drops by solving stochastic 

kinetic equations. Each size distribution is represented by 33 mass doubling categories 

(bins). Detailed descriptions of nucleation of CCN, ice nucleation, diffusion growth 

(condensation, evaporation, deposition, and sublimation) of all hydrometeors, freezing of 

water drops, ice particle melting, collision/coalescence of drop-drop, drop-ice, and ice-

ice can be found in Khain et al. [1996, 2000, 2004, 2005]. Additionally, the module is 

especially devised to account for the effect of atmospheric aerosols on cloud 

development and precipitation formation through utilizing 33 bins to represent the 

aerosol size distribution. The CCN nucleation is same as 2.3, but in 33 bins. 
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2.5 Statistical Methods 

 In order to evaluate the overall response of clouds or cloud systems to the 

changes in aerosols, involved with the chemical composition, the concentration, or the 

representation approach, the statistics of a given model variable, e.g., the mean value 

averaged over the entire domain or a specific region and throughout the integration 

period or a particular interval, is much more meaningful than the instant distribution of 

this variable at a given time step. Therefore several statistic quantities are employed in 

the study, same as suggested by Wang [2005a]. The cloud area mean quantities 

(hereinafter a-mean) are defined as a function of output time step (t) by the following 

formula: 
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where c represents a given quantity. The calculation using Equation 6 only applies to the 

grid points where both the mass concentration q and number concentration n of a 

hydrometeor or the summation of several hydrometeors exceed their given minima. The 

total number of the grid points at a given output time step t is represented by N(t). The 

area means are chiefly utilized to present the average quantities of a given variable at a 

given time step or to calculate the maximal or minimal value of these means. 

The population mean (p-mean hereinafter) of a given variable over all qualified 

grid points and for a given integration interval is defined as: 

( )
(∑ ∑

∑ =
>
>

=

=
2

1
min
min

2

1

,,1 T

Tt
nn
qq

T

Tt

p
tyxc

tN
C )        (2.7) 



 20

where T1 and T2 are the start and end output time steps, respectively. 
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3. IMPACTS OF THE REPRESENTATION OF AEROSOL SIZE 

DISTRIBUTIONS ON CLOUD SIMULATIONS 

 

Appropriate representation of the aerosol size distribution is important to 

evaluation of both direct and indirect effects of aerosols in model simulations. In this 

section, a simple box model, that only considers the nucleation process and neglect the 

advection and mixing of aerosols, is first designed to investigate sensitivities of 

nucleated cloud condensation nuclei (CCN) to the two-moment and three-moment modal 

methods against the sectional approach. The two-moment modal method (MOM2) yields 

droplet activation similar to those from the three-moment modal (MOM3) and sectional 

methods (SECT) if there is only one maximal supersaturation achieved in clouds. 

However, for a variable cloud supaersaturation with multiple maxima, the MOM3 

predicts nucleated droplets in better agreement with the SECT than the MOM2. 

Furthermore, a two-moment and three-moment aerosol modules are also incorporated 

into a cloud-resolving model (CRM) with a detailed spectral-bin microphysics (SBM) 

and, particularly, utilizing 33 bins to represent the aerosol size distribution. Simulations 

of a deep convective event occurring in Houston, Texas on 24 August, 2000, are 

conducted using the MOM2, the MOM3, and the SECT, under three aerosol scenarios: 

clean aerosols with a number concentration of 200 cm-1, polluted aerosols with a 

concentration of 2000 cm-1, and extremely polluted aerosols with a concentration of 

20000 cm-1 at the surface level. The MOM2 and the MOM3 yield more cloud droplets 

than the SECT in the cloud base, due to the mixing of aerosols inside and outside of the 
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cloud, which cause the shift of aerosol size distributions in the cloud base toward larger 

sizes. However, the MOM3 simulates cloud droplets more consistent with the SECT 

than the MOM2. For the simulations of cloud water content, rain water, cloud ice, 

precipitation, and maximal updraft, the MOM3 generally exhibits better performance 

than the MOM2 against the SECT. Hence, considering the available computational 

capability and memory allocation in cloud simulations, as well as the accuracy and 

complexity in treating aerosol and nucleation process in clouds, the MOM3 appears to 

be more applicable in atmospheric models. 

 

3.1 Box Model Evaluations 

A simple box model is devised to evaluate the sensitivity of nucleated CCN to 

the MOM2 and the MOM3 against the SECT, assuming that only the activation process 

is considered and the supersaturation varies with height. Two sensitivity studies are 

conducted: (a) the supersaturation reaches a maximum at the cloud base and decreases 

monotonically with height (Figure 3.1a) and (b) the supersaturation reaches a first 

maximum at the cloud base and a second maximum (greater than the first peak) at 500 m 

above the cloud base (Figure 3.1b). In each sensitivity study, three types of 

supersaturation profiles (Figures 3.1a and 3.1b) are considered with different maximal 

supersaturation. Aerosols containing only ammonium sulfate ((NH4)2SO4) are assumed 

as the initial conditions of the box model. A set of 500 initial aerosol size distributions, 

with the number concentrations ranging from 200 to 10000 cm-3 with an increment of 

200 cm-3 and the mass ranging from 1 µg m-3 to 10 µg m-3 with an increment of 1 µg m-3, 
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is used in each sensitivity study. The geometric standard deviation of initial aerosol size 

distributions is set to 2.0 and the log normal distribution is assumed during the activation 

process when the MOM2 and MOM3 are used. In the SECT, 92 size sections are utilized 

to represent the aerosol size distributions. 

 

 
 
Figure 3.1 Comparison of activated CCN concentration from moment approaches (two-
moment and three-moment) and section representations of aerosols (bottom) under 
different supersaturation conditions in clouds (top). (a) Three supersaturation profiles 
with one peak (solid, dotted, and dash) are assumed and (b) three supersaturation profiles 
with two peaks (solid, dotted, and dash) are assumed. (c) and (d) correspond to the 
activated CCN concentration for the supersaturation profiles depicted in (a) and (b), 
respectively. The green line in (c) and (d) denotes the sectional method. 
 
 

Figures 3.1c and 3.1d compare the activated CCN concentrations between the 

SECT, the MOM2, and the MOM3 when air parcels containing different initial aerosol 
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size distributions move along the supersaturation profiles in Figures 3.1a and 3.1b, 

respectively. When only one maximal supersaturation is attained at the cloud base 

(Figures 3.1a and 3.1c), the activated CCN concentration from the MOM2 and the 

MOM3 both resemble those from the SECT, consistent with that suggested by Zhang et 

al. [2002]. However, when the second maximal supersaturation (greater than the first 

peak) exists in the cloud (Figures 3.1b and 3.1d), the activated CCN concentration from 

the MOM2 is substantially lower than that from the SECT, while the results from the 

MOM3 are closer to the SECT. In the MOM2, the shape of the aerosol size distribution 

is invariant ( gσ is a constant). After the nucleation process, larger size aerosols are 

activated and the aerosol size distribution is shifted toward smaller sizes. In the MOM3, 

the shape of the aerosol size distribution varies in the nucleation process. The activation 

process results in a largest reduction in the aerosol mass but a smallest reduction in the 

aerosol number, and an intermediate reduction of the surface area between those of the 

mass and the number of aerosols, mathematically decreasing the gσ . Therefore, the 

aerosol size distribution is also shifted toward smaller particles, but the size distribution 

is widened in the MOM3 compared to the MOM2. The shift of aerosol size distributions 

toward smaller sizes explains the agreement among the MOM2, the MOM3, and the 

SECT when only one maximal supersaturation is achieved in the cloud. In addition, the 

MOM2 and the MOM3 also produce slightly more nucleated cloud droplets than the 

SECT, due to the approximation of a log-normal distribution in the modal representaion. 

With a second maximal supersaturation, more aerosol particles are activated in the 

MOM3 due to the widened size distribution, resulting in the better agreement between 
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the MOM3 and the SECT. For the MOM2, the particle activation is unfavorable unless 

the second maximal supersaturation is large. The assumption of a continuous spectrum 

of aerosol size distributions does not offset the under prediction of the nucleated cloud 

droplets in the MO2 and MOM3 compared to the SECT. 

The supersaturation variation in clouds is much more complicated than the 

devised in the simple box model, and also dependent upon the nucleated droplet 

concentration which determines the water vapor condensation efficiency. In addition, the 

advection and turbulent mixing play an important role in reforming the aerosol size 

distributions in clouds, which substantially influence the nucleation process. Therefore, 

it is more appropriate to evaluate the impact of the aerosol size representation on cloud 

properties and development in cloud-resolving models (CRMs). 

 

3.2 Cloud-Resolving Model Evaluations 

3.2.1 Case Description 

A deep convective event with precipitation occurring on 24 August 2000 in 

Houston, Texas, is simulated using the GCE 2-D CRM. The sounding data at -95.54°W, 

+29.95°N is taken as the initial conditions of the 2-D CRM (Figure 3.2). The vertical 

temperature and dew point profiles reveal a moderate instability in the atmosphere, with 

an estimated convective available potential energy (CAPE) of 960 J kg-1 integrated from 

the surface. The cumulus development is triggered by a warm bubble of a 20-km wide 

and a maximum temperature anomaly of 5°C at the height of 3 km. The total integration 
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time in the simulations is 180 min with a 6 s time step. The detailed model setup and 

validation can be found in Fan et al. [2007a]. 

 

 

Figure 3.2 The atmospheric sounding in Houston (-95.54°W,+29.95°N) at 1658 UTC on 
August 24, 2000. The black line corresponds to the temperature, and the purple line 
represents the dew point temperature. 
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Table 3.1 Case names in the cloud-resolving model simulations. 

                     Method 
Aerosols Two-moment Three-moment Section 

Clean C-MOM2 C-MOM3 C-SECT 
Polluted P-MOM2 P-MOM3 P-SECT 

Extremely Polluted X-MOM2 X-MOM3 X-SECT 

 
 

In order to evaluate the impacts of aerosol representations on the simulation of 

cumulus clouds, we have also coupled a two-moment and three-moment aerosol module 

into the GCE model. The aerosol size distribution is represented as a log normal size 

distribution as described in 2.3. For the two-moment aerosol module, two new 

prognostic variables are included in the GCE model: mass mixing ratio (Qa) and total 

number concentration (Na) of aerosols. In the three-moment aerosol module, surface area 

(Sa) of aerosols is predicted additionally. The CCN nucleation in the two-moment and 

three-moment module is same as the sectional approach in the GCE model when the 

aerosol size distribution is divided into 33 bins as in the sectional representation. 

Three experiments are devised to take into account various aerosol conditions in 

the atmosphere: a clean condition with a surface aerosol number concentration of 200 

cm-3 (referred to as the C-case), a polluted condition with a concentration of 2000 cm-3 

(referred to as the P-case), and an extremely polluted condition with a concentration of 

20000 cm-3 (referred to as the X-case). The aerosol particles are assumed to only consist 

of ammonium sulfate. The initial aerosol size distributions are assumed to be a log-

normal distribution with a geometric standard deviation of 2.0. An exponential decrease 

is assumed for the height dependence of the aerosol concentration in all experiments 

[Fan et al., 2007a]. In each experiment, three model runs are conducted using the SECT, 
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the MOM2, and the MOM3, respectively. Totally nine model runs are performed in the 

study (See table 3.1). 

 

 

Figure 3.3 2-D fields of cloud droplet number concentrations (cm-3) at 20 min. 
 
 
3.2.2 Model Results 

The change in the representation of aerosol size distributions in cloud simulations 

is directly reflected in the variation of the cloud droplet number concentration (CDNC). 

Figure 3.3 displays the distributions of the CDNC at 20 min, when there is no occurrence 

of the conversion from cloud water to rain water. Under different aerosol conditions, 
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both the MOM2 and the MOM3 predict CDNC patterns in good agreement with the 

SECT, but the MOM2 and the MOM3 yield considerably higher CDNC than the SECT 

in the cloud base, particularly with regard to the MOM2 in the C-case and the MOM3 in 

the P-case and X-case. On the contrary, according to the experiments in the simple box 

model, the MOM2 and MOM3 both underestimate the nucleated cloud droplets under 

various supersaturations in clouds compared with the SECT. One of the prominent 

defects of the simple box model is negligence of the impact of advection and turbulent 

mixing on the aerosol size distribution in clouds. We assume two adjacent grid cells in 

the vertical: One is located in the cloud base and the other is outside of the cloud. The 

supersaturation in the cloud base is assumed to hold invariant. In the SECT, apparently, 

the nucleation process halt if there is no injection of aerosols from outside of the cloud. 

For the modal approach, the assumption of a spectrum represented by an analytic 

function determines a continuous nucleation process, which tends to facilitate 

overactivation of aerosols. However, as stated in the box model, the continuous 

nucleation does not contribute to the overactivation in case of lack of the outside aerosol 

transport, due to the successive shift of aerosol size distribution toward smaller sizes 

which are unfavorable for the aerosol nucleation. When the advection and turbulent 

mixing are accounted for, a small amount of aerosols without activation in the cell 

outside of the cloud is transported into the cell in the cloud base. The nucleation process 

only occurs to the small amount of aerosols transported from outside in the SECT, 

without perturbation to the aerosols originally in the cloud base. Nevertheless, for the 

MOM2 and MOM3, the transported aerosols from outside mingle with that in the cloud 
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base, causing the variation in the aerosol size distribution with the shift toward larger 

sizes which are subject to activation. Compared to the SECT, the MOM2 and MOM3 

produce more nucleated cloud droplets because of mixing of aerosols inside and outside 

of the cloud, by which the freshly activated droplets have the contribution from the 

aerosols originally in the cloud base and physically incapable of nucleating. In the 

MOM2 and the MOM3, the continuity of the aerosol spectrum and its successive shift 

toward larger sizes due to transport in the cloud base inevitably cause the overactivation 

unless the supersaturation is very low. Additionally, the effect of widening of aerosol 

size distributions in the MOM3, discussed thoroughly in the box model, is also 

remarkable within the cloud core, leading to enhanced nucleation of aerosols compared 

to that in the MOM2 and hence more consistent predictions of the CDNC against the 

SECT. On the other hand, in the cloud base, the widening effect in the MOM3 also 

contributes to more overactivation of aerosols compared with the MOM2 in the P-case 

and X-case. It is, however, worthwhile to note that, in the C-case, the MOM2 yields 

more cloud droplets than the MOM3 in the cloud base, which is contradictory to the 

spectrum widening in the MOM3. In clouds, the CDNC is principally determined by 

supersaturations if the collision and coalescence of cloud droplets are insignificant; but 

vice versa, it also changes the supersaturation by influencing the condensation efficiency 

of water vapor. Low aerosol concentrations correspond to a small amount of nucleated 

cloud droplets, on which the water vapor condensation is inefficient. A large amount of 

surplus of water vapor, accompanied with the updraft, significantly augment the 

supersaturation in clouds. For example, the maximal supersaturation in the cloud base at 
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10 min in the C-case is 60% higher than that in the P-case and the X-case. In simulations 

of an adiabatic parcel model by Lohmann et al. [2004], the supersaturation is more 

slowly depleted in the case with the smaller number of cloud droplets than that with the 

high CDNC. The aerosol size distribution predicted by the MOM3 is broader compared 

with that kept by the MOM2, on the other hand indicating that more aerosol particles are 

concentrated in a size range around the mean diameter of the distribution in the MOM2 

than that in the MOM3. If the supersaturation in clouds is large enough to activate the 

particles with the diameter less than the mean value of the distribution, the MOM2 

predicts more nucleated cloud droplets than the MOM3. Hence, in the C-case, the 

elevated supersaturation in the cloud base due to inefficient condensation of water vapor 

results in higher CDNC in the MOM2 that preserves a narrower spectrum of aerosol size 

distributions compared with the MOM3. 

In order to evaluate the overall response of the CDNC to the representations of 

aerosol size distributions, we also compare the temporal evolution of the a-mean of the 

CDNC under different aerosol conditions (Figure 3.4). In the C-case, the MOM2 and 

MOM3 both track well the variation of the CDNC compared with the SECT, but both of 

them predicts more cloud droplets, demonstrating the impact of transportation from 

outside of clouds on the nucleation process in clouds. The MOM2 yields the CDNC 

closer to the SECT before 45 min in the P-case. After 45 min, the MOM3 exhibits a 

better prediction of the CDNC than the MOM2 against the SECT.  On the contrary, in 

the X-case, the MOM3 follows well the variation of CDNC against the SECT before 45 

min. Then the MOM2 appears to be superior to the MOM3 in terms of the magnitude of 
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the CDNC compared to the SECT, but the MOM3 better tracks the variation of the 

CDNC than the MOM2. 

 

 

 

 
 
Figure 3.4 Time dependence of the a-mean of the cloud droplet number concentrations. 
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Generally speaking, it is difficult in Figure 3.4 to evaluate the overall 

performance of the MOM2 and the MOM3 against the SECT. Statistical methods are a 

useful tool for the kind of evaluations, usually used to evaluate the model results versus 

observations. In the study of Fox [1981] and Willmott [1982], the average difference 

between predictions and measurements is described by the root mean square error 

(RMSE), which has the form 
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where pi and oi are the predicted and observed variable, respectively. N is the number of 

cases. The skill level of the model is regarded as high if the RMSE is smaller than the 

standard deviation of the observations. The decrease of RMSE means the improvement 

of the model performance. 

Willmott [1981, 1982] and Willmott and Wicks [1980] have also proposed and 

utilized an “index of agreement” (IOA) to describe the relative difference between the 

model and observation. d is defined as 
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where pi and oi are defined as above, and o denotes the average of the observation. The 

model index ranges from 0 to 1, with 1 indicating the perfect agreement between the 

model and observation. The index (IOA) is intended to be a descriptive measure, and it is 

both a relative and bounded measure. 
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The RMSE and IOA are utilized to verify the overall performance of the MOM2 

and the MOM3 against the SECT, assuming that the SECT simulations were the 

‘observation’ and the modal approach results were ‘predictions’. Table 3.2 presents the 

RMSE and IOA for the time sequence of the a-mean of the CDNC under different aerosol 

conditions. Distinctly, the MOM3 yields better predictions of the CDNC in terms of 

IOA. Furthermore, the RMSE of the CDNC in the MOM3 is also smaller than that in the 

MOM2 in the C-case and P-case. In the X-case, the MOM3 fails to produce better 

predictions of the CDNC compared to the MOM2 concerning the RMSE. 

 

Table 3.2 RMSE and IOA for the time sequence of the a-mean of the CDNC. 

 C-MOM2 C-MOM3 P-MOM2 P-MOM3 X-MOM2 X-MOM3 

RMSE(cm-3) 1.2 0.74 9.6 7.2 58.2 66.8 
IOA 0.93 0.97 0.87 0.94 0.80 0.85 
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Figure 3.5 illustrates the distributions of cloud water content (CWC) at 20 min. 

Although the MOM2 and MOM3 yields more nucleated cloud droplets in the cloud base 

compared with the SECT, the prediction of the CWC in the modal approach is in good 

agreement with that in SECT, except the underestimation in the MOM2 within the cloud 

core in the X-case. 

 

 

Figure 3.5 2-D fields of cloud water content (g m-3) at 20 min. 
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In the comparison of rain water simulations at 40 min (Figure 3.6), the difference 

of rain water distributions among the MOM2, the MOM3, and the SECT is almost 

negligible, indicating that the aerosol size distributions have marginal contributions to 

the formation of rain water. Similarly, the cloud ice simulations at 60 min exhibit the 

same response to the aerosol size distributions, excluding the overestimation in the 

MOM2 in the X-case within the cloud core (Figure 3.7). 

 

 

Figure 3.6 2-D fields of rain water (g m-3) at 40 min. 
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Figure 3.7 2-D fields of cloud ice (g m-3) at 60 min. 
 
 

Moreover, in Figure 3.8, the simulated rain rate variation with time in the MOM2 

and MOM3 are also consistent with that in the SECT, but the MOM3 predicts the 

domain average precipitation in better agreement with the SECT than the MOM2 in the 

C-case and P-case. In the X-case, the MOM3 slightly underestimates the precipitation 

compared with the MOM2. 
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Figure 3.8 Rainfall rate (mm/hr) variation with time. 
 
 

Figure 3.9 presents the temporal evolution of the maximal updraft in different 

aerosol cases. The MOM2 and MOM3 track well the variation of the maximal updraft 

compared to the SECT in the C-case, with the IOA greater than 0.99. In the P-case, the 

peak time of the maximal updraft in simulations of the MOM2 and MOM3 is delayed 

compared to that in the SECT. When the aerosol concentrations are extremely high, the 

MOM3 simulates the time sequence of the maximal updraft more consistent with the 

SECT than the MOM2, in particular after 140 min when a secondary convective cloud is 

initialized and starts to develop.  
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Figure 3.9 Time dependence of the maximal updraft. 
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3.3 Summary and Conclusions 

The representation of the aerosol size distribution on the activated CCN 

concentrations is first evaluated using a simple box model, in which only the nucleation 

process is accounted for and supersaturations are varied with height. For cloud 

supersaturation with a single maximum, the MOM2 and MOM3 yield droplet activation 

similar to the SECT. However, for a variable cloud supaersaturation with multiple 

maxima, the MOM3 produces results in better agreement with the SECT than the 

MOM2. 

A two-moment and three-moment aerosol modules are implemented into the 

GCE model with a spectral-bin microphysics and the sectional representation of the 

aerosol size distribution. Simulations of a deep convective event occurring in Houston, 

Texas on 25 August, 2000 are performed using the MOM2, the MOM3, and the SECT 

under various aerosol conditions. 

In the comparison of the CDNC and CWC predicted by the MOM2 and MOM3 

against the SECT under different aerosol conditions, the MOM3 has better performance 

to predict the nucleated cloud droplets than the MOM2 if the simulations in the SECT 

are taken as the benchmark. The simulations of rain water, cloud ice, maximal updraft, 

and rainfall rate in the MOM3 is generally more consistent with those in the SECT than 

the MOM2. 

The most prominent deficiency of the modal approach (MOM2 and MOM3) 

deals with the shift of aerosol size distributions toward larger sizes due to the mixing of 

aerosols inside and outside of clouds, which is resulted from the advection and turbulent 
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mixing. The continuous shift causes more activated cloud droplets in the cloud base in 

the modal approach than the sectional method. However, according to the comparison of 

the hydrometers, precipitation, and development of clouds, the modal approach in 

general yields predictions in agreement with the sectional method, particularly, with 

regard to the three-moment approach, which is superior to the two-moment approach 

especially in terms of cloud droplet simulations that are also important in cloud 

chemistry and radiative transfer. The discrepancy of the CWC simulations among the 

MOM2, the MOM3 and the SECT is almost negligible, so accurate predictions of the 

CDNC become crucial importance for calculation of the cloud optical depth, which plays 

an important role in the development of clouds. Hence, considering the requirement of 

the accuracy and efficiency in cloud simulations, the three-moment approach appears to 

be more applicable in atmospheric models. 
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4. PERFORMANCE OF THE TWO-MOMENT MICROPHYSICAL SCHEME 

 

In the present section, the effects of aerosols on cloud properties are investigated 

utilizing the two-moment bulk microphysical scheme in a cumulus cloud occurring on 

August 24, 2000 in Houston, Texas. The modeled evolution of the distribution of radar 

reflectivity in the y-z section, the cell lifetime, and averaged accumulated precipitation 

with the aerosol concentration under the polluted urban condition are qualitatively 

consistent with the measurements. Simulations are performed using a set of aerosol 

profiles with the number concentrations ranging from 200 to 50000 cm-3 and mass 

ranging from 1 to 10 µg m-3 at the surface level. The response of precipitation to the 

increase of aerosol concentrations is non-monotonic, showing that the variation in the 

aerosol concentration distinctly affects the precipitation efficiency. The maximal cloud 

cover, core updraft, and maximal vertical velocity exhibit similar responses as 

precipitation. Comparisons are also made to evaluate the effects of different 

autoconversion parameterizations and bulk microphysical schemes on cloud properties. 

 

4.1 Design of Numerical Experiments 

The spatial resolution adopted in this study is 2 km horizontally and about 0.5 km 

vertically. A model domain of 50 × 50 × 40 grid boxes along the x, y, and z directions, 

respectively, is used to provide a 100 km × 100 km horizontal and 20 km vertical 

coverage. A deep convective cloud with precipitation event occurring in the south of 

Houston, Texas at 1658 UTC on August 24, 2000 is simulated. The sounding data at -
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95.54°W, +29.95°N (See Figure 3.1) is taken as the initial conditions of the WRF model. 

Open boundary conditions are applied in the simulations, in which all horizontal 

gradients of variables are equal to zero at the lateral boundaries. The atmosphere is 

moderately instable determined from the sounding data. The magnitude of the low level 

wind shear in this cumulus case is about 2 m s-1. Additional simulations are performed 

using a 200 km × 200 km domain to evaluate the impact of the horizontal domain size on 

cloud properties. Comparison results demonstrate that the discrepancies in precipitation, 

core updraft/downdraft, and maximum/minimum vertical velocity are insignificant (less 

than 0.5%); the difference in the radar reflectivity is also small (less than 1%). In 

addition, the response of cloud properties to the change in the aerosol concentration is 

insensitive to the variation in the model resolution. 

Cumulus clouds occur when air becomes highly buoyant and rises vertically in a 

localized region, as typically treated by warm bubble initialization with a temperature 

perturbation in model simulations [Khain et al., 2005; Fan et al., 2007a, b]. In the 

present work, the cumulus development is triggered by a warm bubble of a 15-km wide 

and a maximum temperature anomaly of 5°C at the height of 1.0 km. The size of the 

warm bubble is estimated from the measured radar reflectivity by changing the width of 

the bubble to achieve a cloud size comparable with measurements. We find that the 

cumulus cannot be initiated when the maximum perturbation temperature of the warm 

bubble is less than 5°C. When the maximum temperature is equal to or more than 5°C, 

the cumulus development is insensitive to the temperature perturbation because the ice 
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process is triggered to release additional latent heat to sustain the cloud development and 

the initial temperature perturbation no longer plays a key role. 

 Measurements from the Texas Air Quality Study (TexAQS) 2000 showed that 

ammonium sulfate consisted of more than 40% of the total PM2.5 mass and organic 

carbon contributed to less than 30% of the total PM2.5 mass [Allen, 2000]. In the present 

work, we consider only ammonium sulfate aerosols in the simulations, with a log normal 

distribution. An initial geometric standard deviation of σg = 1.8 is assumed [Ekman et al, 

2004]. As aerosols activate to form cloud droplets, the aerosol size distribution varies 

and the σg value at a later time-step is determined from the three-moment approach. A 

set of 25 initial surface-level aerosol size distributions, with the number concentrations 

ranging from 200 to 50000 cm-3 and mass ranging from 1 to 10 µg m-3, is used in the 

numerical experiments to verify the response of the modeled cloud properties to the 

changes in initial aerosol size distributions. These aerosol distributions represent the 

cases ranging from clean maritime air mass to much polluted urban plume over the 

coastal region in Houston. An exponential decrease is assumed for the height 

dependence of the aerosol concentration in the model simulations [Fan et al., 2007a]. 

For simplicity, the initial concentration of CCN (hereinafter [CCN]) with a 1.0% 

supersaturation in the cloud bottom is used to represent the aerosol distribution in each 

numerical experiment. In order to investigate the response of the microphysical scheme 

to an extremely high aerosol concentration, an additional case with [CCN] of about 

20000 cm-3 is included in simulations. The case with [CCN] of 5000 cm-3 is considered 

as the base-run simulation for comparison with the measurements; the corresponding 
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aerosol and CCN concentrations represent the typical values in the Houston region, on 

the basis of measurements and simulations [Zhang et al., 2004b; Li et al., 2005; Fan et 

al., 2005; Fan et al., 2006]. Aircraft measurements using a CCN counter in the 

downwind of Houston, Texas showed a CCN concentration of about 5000 cm-3 for the 

typical polluted urban condition in this region [D. Collins, Private communication]. 

Several assumptions and simplifications have been adopted for the processes related to 

aerosols. The spatial distributions of aerosols are determined by initial and boundary 

conditions.  

 Model simulations are performed to evaluate the different parameterizations of 

the autoconversion process, each including 26 runs with various initial aerosol profiles 

described above. The reference case used to compare and analyze all simulations 

corresponds to the autoconversion parameterization (NR6_PCR discussed in Appendix 

B) developed by Liu and Daum [2004]. The other six autoconversion parameterizations 

include those by Kessler [1969], Liu et al., [2004], Sundqvist [1978], Liu et al. [2006], 

Berry [1968], and Berry [1974]. Detailed descriptions of the autoconversion 

parameterizations are provided in Appendix B. 

 

4.2 Model Results 

4.2.1 Comparisons with Radar and Precipitation Measurements 

The results of cloud properties from the base-run simulation (i.e., with [CCN] = 

5000 cm-3 and using NR6_PCR) are compared with observations from a WSR-88D radar 

and precipitation data in Houston. The evolution of the highly reflective cell averaged 
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over the cumulus core in the y-z section is shown in Figure 4.1 at selected times. The 

total radar reflectivity factor Z is calculated from the sum of the reflectivity for all 

hydrometeors except for cloud water, as suggested by Wang and Chang [1993b]. Cloud 

water is not included in the radar reflectivity calculation since its contribution is 

negligible. 

A significant radar echo at 35 min is obtained from the simulation. The 

reflectivity intensifies at 65 min with heavy precipitation at the surface level. The 

reflective cell starts to decay after 95 min. Compared with the radar observation, the 

development and the pattern of the simulated radar reflectivity of the cumulus are 

qualitatively reproduced by the present two-moment bulk microphysical scheme in the 

WRF model. The prominent melting band with radar reflectivity more than 50 dBz is 

also replicated in the simulation at 65 min. Some discrepancies exist between the 

simulation and the observation. The simulated convective cell at 35 min is located at 

about 5 km height, higher than that from the radar observation. The simulated radar 

reflectivity of 10 dBz reaches up to 12 km at 65 min, but the observed height is lower 

than 10 km. 

A comparison of the temporal evolution between the modeled and predicted echo 

top (with radar reflectivity of 30 dBz) is displayed in Figure 4.2. The simulation 

reproduces the evolution of the radar echo top, but predicts a higher radar echo top 

initially. At 60 min, the model simulated cloud top is about 13 km, while the observed 

cloud top height is only 9 km. The simulated maximal radar reflectivity is 60.2 dBz, 

close to the observed value of 57.8 dBz. The averaged precipitation of 10.4 mm 
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observed in the area where the deep convection occurs from 1800 to 2100 UTC agrees 

with the modeled value of 9.6 mm. 

 

 
 
Figure 4.1 Comparison of modeled radar reflectivity from the reference simulation with 
the observations at different time steps. 
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Figure 4.2 Comparison of the temporal evolution of the radar echo top (with radar 
reflectivity of 30 dBz). Blue line represents modeled radar echo top from the reference 
simulation and red line represents the measurement. 
 
 

The discrepancies between modeled and measured radar reflectivity may be 

partially explained due to the initialization of the cumulus by the warm bubble approach. 

In addition, the cloud top height and vertical velocity in cumulus clouds are determined 

by atmospheric dynamic and thermodynamic conditions (such as atmospheric instability, 

latent heat release, wind shear, etc.). In the current simulations, the atmospheric 

soundings are taken from a nearby meteorological station and may differ from the true 

atmospheric vertical profiles at the location where the cumulus develops. 

 From the evolution of the modeled maximum and minimum vertical velocities 

within the domain, the lifetime of the convective cell is defined (Figure 4.3). The 

maximum updraft increases rapidly within 40 min after initialization and reaches about 

17 m s-1. The maximum updraft stabilizes at about 0.3 m s-1 after 140 min during the 

dissipation of the cumulus. The lifetime of the simulated cumulus is about 110 min, 

comparable to the 120-minute cell lifetime determined from the radar observations.  
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Figure 4.3 Temporal variation of the maximum (blue line) and minimum (red line) 
vertical velocity in the reference simulation. 
 
 

4.2.2 Response of Cloud Properties to Changes in Aerosols 

 The impact of the initial aerosol concentration on the simulated cloud properties 

is evaluated by varying the number and mass of aerosols, as is reflected in the changes in 

the number concentrations of CCN and cloud droplets. The change of cloud droplets 

subsequently results in changes in the condensation and the timing and efficiency of the 

autoconversion process from cloud to rain water.  

4.2.2.1 Microphysical Properties 

 Figure 4.4a illustrates the dependence of the p-mean of the cloud droplet number 

concentration (CDNC) with [CCN], showing an increasing CDNC with increasing 

[CCN]. For the [CCN] from 150 to 20000 cm-3, the CDNC varies from 8 to 4000 cm-3. 

The increasing CDNC is consistent with more activation of aerosols to form cloud 

droplets with increasing [CCN], as have been found in previous numerical studies [e.g., 
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Fan et al., 2007a; 2007b]. In contrast, the p-mean of the effective droplet size decreases 

with increasing [CCN] (Figure 4.4b), reflecting a reduced supersaturation when a large 

number of cloud droplets are competing for a fixed amount of available water vapor. 

With the [CCN] from 150 to 20000 cm-3, the effective droplet size is reduced from about 

20 µm to less than 5 µm. 

 

 
 
Figure 4.4 (a) Modeled p-mean cloud droplet number concentration and (b) p-mean 
effective radius as a function of the initial [CCN]. 
 
 

Figure 4.5 compares the vertical profiles of mass concentrations (time-averaged 

and summed over the horizontal domain) of hydrometeors under three aerosol 

conditions, a low [CCN] of 180 cm-3, an intermediate [CCN] of 3300 cm-3, and a high 

[CCN] of 9300 cm-3. Within the cloud, the cloud water content (CWC) attains the 

highest in the high [CCN] case and the lowest in the low [CCN]. This is explained since 

a higher [CCN] leads to more condensation of water vapor on activated aerosols and the 

suppression of the conversion from cloud water to rain water, which hence withholds a 

larger CWC in the cloud. Because the vertical CWC profile is averaged over the time 
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and the horizontal domain and the condensation of water vapor occurs mainly below the 

freezing level, the height of the maximal CWC for the three aerosol conditions does not 

differs significantly, although the heights of the maximal CWC for the intermediate and 

high aerosol conditions is a little higher than that for the low aerosol condition. In 

contrast to the CWC, the rain water content within the cloud achieves the highest in the 

low [CCN] case and the lowest in the high [CCN] case. As illustrated in Figure 4.5b, the 

p-mean of the effective radius of cloud droplets is reduced with increasing [CCN], 

hindering the conversion of cloud droplets to rain drops. Collision/coalescence occurs 

most efficiently in the low [CCN] case and vice versa in the high [CCN] case. Figure 

4.5b shows less precipitation reaching the ground level in the low [CCN] case compared 

to the intermediate [CCN] case as well. This occurs because precipitation particles (rain 

drops and graupels) are larger when the [CCN] is higher, as summarized in Table 4.1. 

Table 4.1 also shows that the time of initial precipitation is delayed, but the maximum 

updraft before rain formation is enhanced with increasing the [CCN]. An increased 

updraft allows for a longer growth time and a larger size for precipitating particles, 

enabling them to survive evaporation after falling to a sub-saturated condition below the 

cloud base. In the high [CCN] case, precipitation particles (mainly graupels) are larger, 

but their concentrations are much lower since ice nucleation is hindered due to formation 

of large concentrations of cloud droplets. In the high [CCN] case, the largest size of rain 

drops is caused from melting graupels (Table 4.1). In Figure 4.5b, the largest gradient in 

the rain water profile below 4 km for the low [CCN] case is indicative of more 

evaporation of smaller precipitating particles. In contrast, the smallest rain water 
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gradient below 4 km for the high [CCN] case implies that most precipitation particles 

reach the surface because of their larger sizes. 

 

 
 
Figure 4.5 Vertical profiles of time-averaged masses of hydrometeors under low (180 
cm-3, blue), intermediate (3300 cm-3, green), and high (9300 cm-3, red) [CCN] for (a) 
cloud water, (b) rain water, (c) ice crystal, (d) snow, and (e) graupel. 
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 In the high [CCN] case, ice production is minimal because of inefficient ice 

nucleation. Immersion freezing is dependent on the droplet size [Pruppacher and Klett, 

1997], and is suppressed with the formation of large amounts of small droplets. In 

addition, anvil formation is hindered in the high [CCN] case because of a large mass 

loading of small droplets to decrease buoyancy and less latent heat release from droplet 

freezing. The intermediate [CCN] case corresponds to the largest amounts of ice and 

snow (Figures 4.5c and 4.5d), because of the strongest convection strength (to be 

discussed in 4.2.2.4) and efficient ice nucleation. In this case, ice crystals are efficiently 

converted to snow by aggregation. The low [CCN] case corresponds to more ice 

formation, but less snow formation than the high [CCN] case, reflecting less effective 

conversion of ice to snow because of smaller ice crystals.  

 

Table 4.1 Time-averaged precipitable cloud properties under three aerosol conditions.* 

 Low Intermediate High 
Time of initial formation of rain 20 min 30 min 35 min 
Maximum updraft before rain formation 2.6 m s-1 4.6 m s-1 5.9 m s-1 
P-mean of effective radius of rain drop 298 µm 506 µm 584 µm 
P-mean of effective radius of graupel 520 µm 682 µm 901 µm 

 
* The [CCN] value is 180, 3300, and 9300 cm-3 for the low, intermediate, and high conditions, 
respectively.   
 
 
 The largest graupel mass occurs in the low [CCN] case because a large amount 

of rain drops is transported and frozen in the cold cloud regime. However, the size of 

graupels is much smaller than those in the other two [CCN] cases (Table 4.1).  On the 
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contrary, fewer graupel particles are produced in the high [CCN] case, because of 

inhibited ice nucleation, but, once formed, the graupel particles are larger.      

 

4.2.2.2 Precipitation 

 The accumulated total precipitation exhibits a complex variation with the [CCN], 

showing a nonlinear relationship (Figure 4.6). When the [CCN] is relatively small, the 

total precipitation is not very sensitive to the [CCN] and increases slightly (by about 

30%) with the [CCN] from 100 to 1000 cm-3. There is a marked increase in the total 

precipitation from 0.05 to 0.1 mm, when the [CCN] is from 1000 cm-3 to 3000 cm-3. The 

total precipitation decreases sharply when the [CCN] is over 5000 cm-3, and the 

precipitation is completely suppressed with a [CCN] of 20000 cm-3. The enhanced 

precipitation with increasing aerosols at a lower [CCN] is explained by suppressed 

conversion of cloud droplets to rain drops but enhanced convective strength, which 

cause less efficient warm rain but more efficient mixed-phase processes. In addition, the 

sounding used in simulations corresponds to a humid atmosphere above the boundary 

layer and a small wind shear in the lower level, indicating that hydrometeors fall within 

a relatively wet air. In such a case, the loss of the precipitating mass falling from high 

levels by sublimation and evaporation is low. This likely explains the increase in the 

precipitation with the increase in the aerosol concentration, as previously discussed by 

Khain et al. [2005; 2008]. However, at the extremely high [CCN], the total precipitation 

is significantly decreased. In the high [CCN] case, ice production is minimal because of 

inefficient ice nucleation and hindered anvil formation due to a large mass loading of 
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small droplets (reduced buoyancy) and less latent heat release from droplet freezing. 

Hence, hydrometeors cannot grow to sufficiently large sizes to survive evaporation. In 

addition, the deep cumulus simulated in this study corresponds to relatively small wind 

shear (about 2 m s-1) and humid air (about 70% RH at the surface), which also likely 

explain that the total precipitation is decreased or completely suppressed only under 

extremely high aerosol conditions.  

 

 
 
Figure 4.6 Modeled cumulative precipitation inside the model domain (mm) as a 
function of the initial [CCN]. 
 
 

Using satellite observations from the TRMM, it has been shown that warm rain 

processes, in convective tropical clouds infected by heavy smoke from forest fires 

[Rosenfeld, 1999] and for clouds with the top temperatures of about -10ºC under urban 

and industrial air pollution [Rosenfeld, 2000], can be completely suppressed. Khain et al. 

[2005] simulated a deep convective cloud under dry continental conditions and showed a 

decrease in precipitation with increasing aerosols from 100 to 1260 cm-3. The decrease 

in precipitation efficiency of the cumulus cloud was attributed to loss of the precipitating 
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mass due to sublimation of ice and evaporation of drops when falling from high levels 

through a deep layer of dry air outside the cloud. Cui et al. [2006] obtained similar 

results when studying an isolated cloud in an environment with low wind shear and with 

relatively dry air in the mid-troposphere and upper troposphere. Lynn et al. [2005a, b] 

implemented the SBM into the three-dimensional fifth-generation Pennsylvania State 

University–National Center for Atmospheric Research (NCAR) Mesoscale Model 

(MM5) to simulate a squall line that developed over Florida. Their results demonstrated 

that the use of a continental CCN concentration resulted in an overall delay in the growth 

of hourly rainfall and formation of a stronger squall line with higher updraft maxima. 

Their accumulated precipitation was larger with a lower aerosol concentration. However, 

enhancement of rainfall downwind of paper mills [Eagen et al., 1974] and over major 

urban areas [Braham, 1981] has been reported. Also, precipitation enhancement has 

been observed around heavily polluted coastal urban areas such as Houston [Shepherd 

and Burian, 2003] and Tokyo [Ohashi and kida, 2002]. Furthermore, it has been 

suggested that air pollution enhances precipitation on a large scale in northern America 

[Cerveny and Balling, 1998] and polluted aerosols transported from the Asian continent 

intensify storms and cause more precipitation over the north Pacific [Zhang et al., 2007]. 

Simulations using a 3-D model and a bulk microphysical scheme by Wang [2005] and a 

2-D SBM scheme by Fan et al. [2007a; 2007b] (developed and described by Khain et al. 

[2004]) also suggested an increased total amount of precipitation with increasing aerosol 

concentrations at relatively lower aerosol loading over the tropics and coastal regions, 

respectively. The modeled reduced precipitation under very high aerosol loading was 
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also reported by Fan et al. [2007b]. Hence, the responses of aerosols on precipitation are 

likely non-monotonic and vary under different meteorological and aerosol conditions, 

because of the complicated coupling between cloud microphysics and dynamics. 

4.2.2.3 Cloud Coverage 

 Figure 4.7 displays the dependence of the maximum cloud cover, defined as the 

cloud anvil area [Wang, 2005], with initial aerosol concentrations. The variation of the 

maximum cloud cover with the [CCN] exhibits a similar pattern as precipitation. When 

the [CCN] is between 100 and 600 cm-3, the cloud cover increases by about 30%. For the 

[CCN] between 600 cm-3 and 5000 cm-3, the maximum cloud overage becomes 

insensitive to the changes in the [CCN]. When the [CCN] is greater than 5000 cm-3, the 

maximum cloud cover deceases with [CCN]. The reduced cloud coverage at the very 

high [CCN] is also explained by suppressed microphysical processes (i.e., inefficient 

coalescence and less ice nucleation) and enhanced downdraft (to be discussed below) by 

a large mass loading of small droplets and larger graupels to cause evaporation of 

precipitation particles. The result suggests that the maximum cloud coverage increases 

from clean maritime aerosol conditions to polluted urban aerosol conditions, but in the 

case of highly polluted aerosol conditions cloud formation can be completely 

suppressed. 

 Our simulated dependence of the maximum cloud cover with initial aerosol 

concentrations is similar to that by Wang [2005] for a developing tropical deep 

convection. From the results of Wang [2005], the maximal cloud cover increases with 

the [CCN] from 50 to 6000 cm-3, comparable with the present results. Using daily 
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MODIS (MODerate resolution Imaging Spectroradiometer) [Salomonson et al., 1989] 

Level 3 data from the Terra over the North Atlantic Ocean, Koren et al. [2005] found 

that an increase in the aerosol concentration from a baseline (aerosol optical depth, 

AOD, of 0.06) to the average (AOD of 0.21) values is associated with a 0.05 ± 0.01 

increase in the cloud fraction. Their results are similar to our modeled behavior of 

maximum cloud cover when the [CCN] is less than 5000 cm-3. 

 

 
 
Figure 4.7 Simulated maximal cloud coverage with different [CCN]. 
 
 
4.2.2.4 Convective Strength 

 The convective strength of the modeled cumulus is measured by the p-mean 

updraft and downdraft in a core area, defined by the absolute vertical wind speed greater 

than 1 m s-1 and total condensed water mixing ratio greater than 0.01 g kg-1 [Wang, 

2005]. The p-mean of the core updraft increases from about 2.0 to 3.5 m s-1 when the 

[CCN] is between 100 and 5000 cm-3, but decreases when the [CCN] is greater than 

5000 cm-3 (Figure 4.8a). The increase in the core updraft for the [CCN] less than 5000 
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cm-3 is attributable to more efficient mixed phase processes, releasing more latent heat 

(from droplet freezing) compared to the warm rain process.  

However, unlike precipitation, the core draft decreases to about 2.7 m s-1 at the 

[CCN] of 20000 cm-3, corresponding to the latent heat released from droplet 

condensation. In contrast, the p-mean of the downdraft increases steadily with the [CCN] 

(Figure 4.8b). Such an increase in the core down draft may be explained because of a 

large mass loading of hydrometeors to decrease buoyancy, enhanced evaporation cooling 

of small droplets to increase downdrafts and decrease updrafts, or growth of larger 

graupels to induce locally large downdraft with increasing the [CCN]. 

 

 
 
Figure 4.8 (a) Simulated population means of updraft and (b) downdraft in the core area 
(defined as an area where the absolute vertical velocity of wind is greater than 1 m s-1 
and the total condensed water content is greater than 10-2 g kg-1). 
 
 

Similarly, the maximum updraft, an indicator of the largest local latent heat 

release, increases with the [CCN] until the [CCN] reaches 600 cm-3 (Figure 4.9a). When 

the [CCN] is between 600 and 5000 cm-3, the maximum updraft is not very sensitive to 
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changes in the [CCN]. The maximum updraft decreases when the [CCN] is greater than 

5000 cm-3. The maximum downdraft generally increases with increasing the [CCN] 

(Figure 4.9b). 

 

 
 
Figure 4.9 (a) Modeled maximum and (b) minimum vertical velocity as a function of the 
initial [CCN]. 
 
 
4.2.3 Response of Cloud Properties to Autoconversion Parameterizations 

The conversion that large cloud droplets collect small ones and become 

embryonic raindrops represents a key step in the warm rain process. In the bulk 

microphysical scheme, the conversion of cloud droplets to rain drops is formulated by an 

autoconversion parameterization. Several autoconversion parameterizations have been 

developed for rain initialization by collision and coalescence of cloud droplets. Accurate 

representation of the auto-conversion is of critical importance to simulations of cloud 

formation and development in atmospheric models. Recent theoretical advances 

[McGraw and Liu, 2004; 2006] have provided a physical base for improved 
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understanding of the cloud droplet to rain drop conversion that has been applied to 

develop parameterizations [e.g., Liu et al., 2004].  

There are broadly three types of autoconversion commonly used in cloud-

resolving models: the Kessler, Sundqvist, and curve-fitting parameterizations. The 

autoconversion parameterization proposed by Kessler [1969] has been used widely in 

cloud modeling studies due to its simplicity (KSL69). Another Kessler-type 

parameterization has been derived by Liu and Daum [2004], in which the incorrect 

and/or unnecessary assumptions inherent in the Kessler-type parameterizations are 

eliminated (NR6). The approach by Liu and Daum [2004] exhibits a different 

dependence on liquid water content and droplet concentration. In addition, a relative 

dispersion of the cloud droplet size distribution is explicitly included in this 

parameterization. Liu et al. [2004] introduced another parameterization by assuming that 

the critical radius is not fixed, on the basis of the analytical expression for a derived 

critical radius using the cloud liquid water content and the droplet number concentration 

(NR6_PCR). The expression for the autoconversion rate by Sundqvist [1978] is based on 

the consideration that the change of the autoconversion rate near the threshold is smooth, 

not discontinuous (Sqvt78). This parameterization is reformulated by Liu et al. [2006] by 

combining the autoconversion function derived in Liu and Daum [2004], the expression 

for the critical radius derived in Liu et al. [2004], and the generalized Sundqvist-type 

threshold function (GSqvt_PCR). Berry [1968] developed an autoconversion scheme 

theoretically from a model of initial cloud growth by condensation and coalescence of 

cloud-sized particles (BR68). Another parameterization by Berry [1974] is built on the 
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observation that characteristic water content of small drops develops steadily over a 

characteristic time-scale (BR74). 

Figure 4.10a shows that all autoconversion parameterizations predict nonlinear 

variations of the total accumulated precipitation with the [CCN]. When the [CCN] is less 

than 5000 cm-3, a similar variation of total precipitation with the [CCN] is produced by 

the different autoconversion parameterizations except for Sqvt78. However, the total 

precipitation exhibits a large variation among the different autoconversion 

parameterizations, with the largest difference of up to 100%. When [CCN] is extremely 

high (20000 cm-3), the precipitation is completely suppressed in NR6, NR6_PCR, and 

BR74. The threshold function in the Sundqvist-type autoconversion parameterizations 

(Sqvt78 and GSqvt_PCR) is smooth and continuous, so that even under the extremely 

high [CCN] the autoconversion rate is greater than zero, leading to the occurrence of 

non-zero precipitation. In KSL69, the autoconversion process is not associated with the 

cloud droplet number concentration or the [CCN]. When the mass mixing ratio of cloud 

water exceeds a threshold value, the autoconversion process is initialized. In KSL69, the 

total precipitation is the highest, but precipitation is not reduced considerably when the 

[CCN] is high. Because there is no threshold function in BR68, the autoconversion 

process occurs once clouds form. The precipitation is not completely suppressed even 

under the condition of the extremely high [CCN] in BR68. As discussed above, the 

modeled non-monotonic behavior in precipitation is physically meaningful from 

fundamental microphysical considerations: in the very high [CCN] case ice nucleation 

becomes inefficient and anvil formation is hindered because of a large mass loading of 
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small droplets (reduced) and less latent heat release from droplet freezing, leading to 

completely suppressed precipitation. Furthermore, observation evidence also exists to 

support the completely reduced precipitation when aerosol concentrations are very high 

[i.e., Rosenfeld, 1999; Rosenfeld, 2000]. Hence, it is reasonable to conclude that the 

NR6, NR6_PCR, and BR74 parameterizations are physically more meaningful. 

 

 
 
Figure 4.10 Modeled cumulative precipitation (mm) inside the model domain (top) and 
maximal mass mixing ratio of cloud water (bottom) as a function of the initial [CCN] for 
various autoconversion schemes: KSL69 (black dot), NR6 (black dash), NR6_PCR 
(black solid), Sqvt78 (red solid), GSqvt_PCR (red dot), BR68 (blue dot), and BR74 
(blue solid). 
 
 

In Figure 4.10b, the maximal cloud water is insensitive to the changes of the 

[CCN] in KSL69, Sqvt78, and BR68, while in the other four parameterizations the 

maximal cloud water generally increases with the [CCN]. Using a 2-D SBM, Fan et al. 

[2007b] revealed that the maximal cloud water increases with aerosols and approaches a 

maximum value (4.2 g m-3) under the condition of the extremely high [CCN]. Only the 

simulations of NR6, NR6_PCR, and BR74 are comparable with the results of Fan et al. 
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[2007b]. For NR6_PCR, the maximal cloud water approaches 4.2 g m-3 when the [CCN] 

is 10000 cm-3, consistent with the SBM simulations by Fan et al. [2007b]. Hence, if the 

responses of precipitation and the maximal cloud water to the changes in the [CCN] are 

considered among the seven types of autoconversion parameters, the simulations using 

NR6_PCR appear to be more reasonable. Clearly, more validation is needed on the 

available autoconversion schemes, particularly by comparing the model simulations with 

measured cloud properties. 

4.2.4 Comparison with Other Bulk Microphysical Schemes in the WRF Model 

 Several bulk microphysical schemes have been developed to represent the cloud 

microphysical processes in the WRF model. These microphysical schemes include the 

Kessler scheme [Kessler, 1969], Lin scheme [Lin et al., 1983; Rutledge and Hobbs, 

1984], Thompson scheme [Thompson et al., 2004], a WRF single moment (WSM) 3-

class simple ice scheme [Hong et al., 2004], WSM 5-class scheme [Hong et al., 2004], 

and a WSM 6-class graupel scheme [Hong et al., 2004]. 

Figure 4.11 presents a comparison of the cumulative precipitation among the 

different microphysics schemes. The total domain precipitation from the present 

microphysical scheme (AERO) predicts that the mean total domain precipitation ranges 

from 0.040 mm to 0.097 mm, with a mean value of 0.067 mm for the [CCN] between 

200 and 50000 cm-3. There is a large variation in the predicted mean total domain 

precipitation from the other six microphysical schemes, with a minimum value of 0.050 

mm by the WMS3 scheme and a maximum value of 0.10 mm by the Lin scheme. 

Similarly, a large variation is predicted for the core updraft from the six microphysical 
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schemes, with a minimum value of 3.0 m s-1 by the Kessler scheme and a maximum 

value of 4.2 m s-1 by the WSM6 scheme (Figure 4.12). Most of the previous schemes 

predict the core updrafts larger than the core updraft of 2.2 to 3.6 m s-1 from the present 

scheme under the different [CCN] conditions (Figure 4.12a). The predicted core 

downdraft by the various bulk schemes differs by 15% and compares favorably with the 

range of 1.4 to 2.4 m s-1 from the present scheme (Figure 4.12b). 

 

 
 
Figure 4.11 Comparison of cumulative precipitation inside the domain among the 
different bulk microphysics schemes. The shaded bar shows the range of cumulative 
precipitation from different [CCN] in the present microphysical scheme. 
 
 

Note that all previous bulk schemes in the WRF model are single-moment, in 

comparison with the present two-moment bulk microphysical scheme to include the 

aerosol-cloud interaction. In the Thompson scheme [2004], the CDNC can be employed 

as an input parameter in the WRF model to consider the aerosol-cloud interaction, and 

the results of the Thompson scheme can be dependent on the assumed droplet 

concentration. An additional sensitivity study is performed, showing that the simulated 
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total domain precipitation is insensitive to the change in the CDNC when the CDNC is 

increased from 100 cm-3 to 4000 cm-3 in the Thompson Scheme [2004]. With a CDNC 

of 100 cm-3, the total domain precipitation is about 0.10 mm, and with a CDNC of 4000 

cm-3 the total domain precipitation is decreased to 0.093 mm.  Hence, the Thompson 

Scheme [2004] fails to represent the reasonable response of clouds to aerosols by only 

changing the CDNC. 

 

 
 
Figure 4.12 (a) Comparison of population means of updraft and (b) downdraft in the core 
area among the different bulk microphysics schemes. The shaded bar shows the range of 
population means of updraft and downdraft from the different [CCN] in the present 
microphysical scheme. 
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4.3 Summary and Conclusions 

A convective cloud event occurring on August 24, 2000 in Houston, Texas is 

investigated using the WRF model, and the model results are compared with available 

radar and rain gauge measurements. The development of the cumulus is qualitatively 

reproduced by comparing the evolution of the distribution of radar reflectivity in the y-z 

section with the measurements. The convective cell intensity, cell lifetime, and averaged 

accumulated precipitation are consistent with the observations. The impact of aerosol 

concentrations on the cloud properties and convective strength are evaluated using the 

WRF model initialized by a set of 26 initial aerosol profiles, with number concentrations 

ranging from 200 to 50000 cm-3 and mass ranging from 1 to 10 µg m-3. The response of 

precipitation to the increase of aerosol concentrations is non-monotonic. The results 

show that the effects of aerosols on precipitation likely vary under different 

meteorological and aerosol conditions, because of the complicated interaction between 

cloud microphysics and dynamics. The precipitation increases with aerosol 

concentrations from clean maritime to continental background conditions, but is 

considerably reduced and completely suppressed under highly polluted conditions. The 

enhanced precipitation with increasing aerosols at lower [CCN] is attributable to the 

suppressed conversion of cloud droplets to rain drops, which causes less efficient warm 

rain but more efficient mixed-phase processes. At the extremely high [CCN], ice 

production is inhibited because ice nucleation becomes inefficient and anvil formation is 

hindered due to a large mass loading of small droplets (reduced buoyancy) and less 

latent heat release from droplet freezing. The maximal cloud cover, core updraft, and 
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maximal updraft exhibit similar behaviors to precipitation with increasing aerosols. 

Different types of autoconversion parameterizations and bulk microphysical bulk 

schemes are compared and evaluated. 
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5. AEROSOL EFFECTS ON THE DEVELOPMENT OF A SQUALL LINE 
 
 

A squall line occurring in the south plains of the U.S. has been investigated using 

the WRF model with the two-moment bulk microphysical scheme. Simulations 

assuming the same aerosol chemical composition of ammonium sulfate but different 

number concentrations have been conducted to evaluate aerosol effects on the 

convective storm development and precipitation. Two aerosol scenarios are considered 

in the WRF model experiments, including the clean background aerosols with a mean 

surface number concentration of 200 cm-1 and the polluted continental aerosols with a 

concentration of 2000 cm-1. The simulated temporal evolution of composite radar 

reflectivity and the 24-h accumulated precipitation pattern in the polluted aerosol 

experiment are in good agreement with the measurements. The aerosol concentrations 

insignificantly influence the rainfall pattern/distribution, but can remarkably alter the 

precipitation intensity. The WRF experiment with polluted aerosols predicts 12.8% more 

precipitation than that with clean aerosols, as well as more intensive rainfall locally. 

Both the convection zone and the storm convective strength are increased in the polluted 

aerosol experiment in response of the increase in aerosol concentrations. Furthermore, 

the two-moment microphysical scheme with the aerosol effect have also been compared 

with three single-moment bulk schemes in the WRF model including the Lin, WSM6, 

and Thompson scheme. All of the schemes successfully reproduce the precipitation and 

radar reflectivity pattern. However, the Thompson scheme and the two-moment scheme 

agree better with observations in terms of radar reflectivity, with a leading convective 
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line and a trailing stratiform precipitation regime. Only the two-moment scheme yields 

the best precipitation simulation compared with the measurement. Other three one-

moment schemes significantly overestimate the precipitation, especially with regard to 

the Lin scheme. 

 

5.1 Experiment Setup 

5.1.1 Case Description 

 Of interest in the present study is a middle-latitude squall line that developed 

over the south plains of the United States from 0000 UTC 31 October to 0600 UTC 1 

November 2005. The squall line convection initially developed along a very long, well 

defined cold front, and then moved out of, and away from the front, thus giving the 

squall line its ‘prefrontal’ character. As its peak, a line of convection extended all the 

way from Illinois to the southwest Texas. 

At 0000 UTC 31 October, 2005, a large-scale surface cold front extended from 

Quebec, Canada to the Texas Panhandle, U.S., with a low pressure center located over 

the intersection of New Mexico and Colorado (Figure 5.1). The surface circulation 

shows an anti-cyclonic northerly cold current associated with the high pressure center 

over northwestern U.S. and a warm moist southerly flow ahead of the cold front, 

resulting in the convergence zone along the front.  
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Figure 5.1 Surface synoptic analysis for 0000 UTC 31 October, 2005. 
 
 

At 500 hPa, there was a baroclinic trough corresponding to the surface front, with 

the base of the trough located southwest of the surface front (Figure 5.2). At 300 hPa, an 

upper-level jet streak was present, which appeared to provide a favorable environment 

for the development of deep convection based upon the mass momentum adjustment 

argument by Uccellini and Johnson [1979] (Figure 5.3). This prefrontal environment 

provided favorable conditions for the development of convections 6 h later. During the 

followed 24 h, the surface front system along with the 500 hPa trough moved toward 

southeast, with extending to the western Texas. The deep convections started to occur 

over the western Oklahoma at 06 UTC. At 1000 UTC, the radar composite analysis 

indicated that the majority of the precipitation was occurring over the zone located in 
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advance of the surface cold front, aligned along the orientation of the surface cold front. 

From 1000 to 2200 UTC, the squall line was moving toward southeastern together with 

the surface cold front, causing the intensive rainfall over Texas (Figures are not shown). 

 

 
 
Figure 5.2 As in Figure 5.1, except for 500 mb. 
 
 
5.1.2 Model Configuration 

The WRF Model is integrated for the 30-h period from 0000 UTC 31 October to 

0600 UTC 1 November 2005 over the domain shown in Figure 5.4. It is configured with 

two one-way nested grids with spacing of  (domain 1) 12 km (231 × 231 grid points) and 

(domain 2) 3 km (401 × 401 grid points) centered at 31°N and 97°E. Thirty-five vertical 
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levels are used in a stretched vertical grid with spacing ranging from 100 m near the 

surface, to 500 m at 2.5 km AGL and 1km above 14 km. The modeling system employs 

the Yonsei University (YSU) PBL scheme [Noh et al., 2001], the thermal diffusion land-

surface scheme based on the MM5 5-layer soil temperature model, a longwave radiation 

parameterization [Mlawer et al., 1997], and a shortwave radiation parameterization 

[Dudhia, 1989]. Kain-Fritsch cumulus parameterization scheme [Kain and Fritsch, 

1990, 1993] is used in 12 km domain and no cumulus parameterization is used in 3 km 

domain. The initial condition and lateral boundary conditions (updated every 3 h) are 

obtained from Eta operational model analyses. 

 

 
 

Figure 5.3 As in Figure 5.2, except for 300 mb. 



 74

 
 
Figure 5.4 Nested grid domains. The red box in domain 2 is defined as the study domain 
and the blue dots represent the monitoring sites with hourly precipitation measurement. 
 
 
 To evaluate the role of aerosols in the development of MCSs, two initial aerosol 

distributions (clean background case – the C-case and polluted continental case – the P-

case) are applied in simulations of the squall line. The C-case is assumed to contain 

ammonium sulfate with a number concentration of 200 cm-3 at the surface. An 

exponential decrease is assumed for the height dependence of the aerosol concentration 

in the C-case [Fan et al., 2007a]. For the P-case, the initial and boundary aerosol 

distributions are interpolated from the daily average ammonium sulfate output of 

modeling ozone and related chemical tracers (MOZART), a global chemical transport 

model [Horowitz et al., 2003]. The mean initial aerosol number concentration in the P-

case is about 2000 cm-3 at the surface. Figure 5.5 displays the vertical profile of the 

domain average initial aerosol number concentrations in the C-case and P-case. Since the 

MOZART aerosol output can be quantitatively taken as the representation of the current 
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aerosol condition, the results from the P-case are compared with the measurement for the 

model performance validation. 

 

 
 
Figure 5.5 Domain-averaged vertical aerosol profiles. 
 
 

Several single-moment bulk microphysical schemes have been developed to 

represent the cloud processes in the WRF model. To verify the difference between one-

moment and two-moment bulk parameterization schemes to reproduce microphysical 

features of clouds, three kinds of one-moment microphysical schemes are chosen to 

compare with the two-moment scheme [Li et al., 2008]. These schemes include Lin 

scheme [Lin et al., 1983; Rutledge and Hobbs, 1984], Thompson scheme [Thompson et 

al., 2006], and the WRF single moment (WSM) 6-class graupel scheme [Hong et al., 

2004], all of which predict bulk mass mixing ratios of five hydrometeors as the two-

moment scheme but not number concentrations. Furthermore, the P-case results are 

applied to compare with that of other schemes and all the analyses are conducted in the 

study domain defined in Figure 5.4. 
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5.2 Model Results 

5.2.1 Comparisons with Radar and Precipitation Measurements 

 Composite radar reflectivity (the maximum reflectivity in a vertical column) has 

become a common post-processing product of both research and operational model, with 

advantages to compare with readily available, observed composite equivalent reflectivity 

products [Koch et al., 2005].  

 

 

 
 
Figure 5.6 Observed and modeled composite radar reflectivity at 1800 UTC 31 October. 
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Figure 5.6 shows the observed and simulated composite radar reflectivity at 1800 

UTC 1 November, 2005. The observed squall line lies in the central Texas and the 

southeast of Oklahoma, aligned along the southwest-northeast direction. The squall line 

consists of a convective line approximately 30-40 km wide and a stratiform precipitation 

region to the rear. After 3 h (Figure 5.7), the stratiform precipitation region becomes 

wider and more remarkable.  

 

 

 
 
Figure 5.7 As in Figure 5.6, except for 2100 UTC 31 October, 2005. 
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Figure 5.8 As in Figure 5.7, except for 0000 UTC 1 November, 2005. 
 
 

At 0000 UTC 1 November (Figure 5.8), the convective line reaches the coastline 

of Mexico Gulf in Texas. Compared with the measurement, the WRF model tracks well 

the development of the squall line. For example, an evident leading convective line and a 

stratiform precipitation regime are successfully replicated in the simulation. The 

magnitude of the radar reflectivity is also reasonable in comparison with the observed. 

However, the development of the squall line is delayed about one hour in the simulation. 
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The modeled squall line is wider and longer than the measurement. It is worthy noting 

that it is not possible to make a strict comparison between composite radar reflectivity 

calculated from a model grid point and that measured by scanning radar. Since the radar 

resolution degrades with distance from the transmitter, scanning radars cannot detect 

hydrometeors in the lower atmosphere due to the earth’s curvature effect and numerous 

other considerations. 

The rainfall measurement used in the present study for the pattern comparison is 

from GCIP/EOP Surface: Precipitation NCEP/EMC 4KM Gridded Data (GRIB) Stage 

IV Data (http://data.eol.ucar.edu/codiac/dss/id=21.093). The observed and simulated 

spatial distributions of accumulated precipitation from 0600 UTC 31 October to 0600 

UTC 1 November are displayed in Figure 5.9. The observed heavy rainfall is mainly 

concentrated in the west of Texas and Okalahoma, with three chief precipitation centers 

located in the west of Okalahoma, in the northwest of Texas, and around the Houston 

area. The measured maximal accumulated rainfall amount is more than 80 mm. The 

pattern of the simulated cumulative precipitation is in good agreement with the 

observation, but the simulation produces more rainfall at certain locations. The average 

accumulated rainfall amount over the study domain is 14.4 mm, greater than the 

observed 10.4 mm.  

 

http://data.eol.ucar.edu/codiac/dss/id=21.093
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Figure 5.9 (a) Observed and (b) modeled 24-h precipitation from 0600 UTC 31 October 
to 0600 1 November, 2005. 
 
 

Figure 5.10 presents the temporal variation of modeled and observed rainfall rate 

averaged over 72 monitoring sites in Texas. The WRF model generally well tracks the 

rainfall rate variability with time. For example, the increase of rainfall rate from 1200 

UTC to 1800 UTC 30 October is replicated, and the falloff of rainfall rate from 1800 
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UTC 30 October to 0000 UTC 1 November is also simulated. However, the WRF model 

overestimates the rainfall rate in general. 

 

 
 
Figure 5.10 Temporal evolution of the rainfall rate averaged over 72 monitoring sites 
(shown in Figure 5.4).  
 
 
5.2.2 Response of Cloud Properties to Changes in Aerosols 

5.2.2.1 Number Concentrations and Sizes of Hydrometeors 

 The influence of the initial aerosol concentrations on the microphysics of MCSs 

is first reflected in the change of the cloud droplet number concentration (CDNC) and 

cloud water contents (CWC). Figure 5.11 illustrates the impact of the initial aerosol 

concentration on CDNC and CWC in the P-case compared to the C-case at 2100 UTC 1 

October. A dramatic increase in the maximal CDNC is found in the P-case, in response 

to the increase in the initial aerosol concentrations. The maximal CDNC along the 

leading convective line in P-case ranges from 50×106 to 1000×106 kg-1, about 3-8 times 

more than that in the C-case. The enhancement of the maximal CWC in P-case is not 

very remarkable in comparison with that in the C-case, showing that the condensable 
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water vapor is not influenced significantly by the change in the initial aerosol 

concentrations and the water condensing in clouds is controlled fundamentally by the 

temperature and the atmospheric motions. 

 

     

     

Figure 5.11 Simulated maximal cloud droplet number concentration and maximal cloud 
water in the P-case and the C-case at 2100 UTC 31 October, 2005. 
 
 
 In order to evaluate the overall response of the modeled clouds in MCSs to 

changes in the initial aerosol concentrations, the p-mean of a given variable in the study 

domain and during a given integration period is used. Figure 5.12 illustrates the p-mean 
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of number concentrations and effective sizes of five kinds of hydrometeors in the P-case 

and C-case.  

 

 

 

Figure 5.12 Histogram of p-mean number concentrations and effective sizes of 
hydrometeors.  Green denotes the P-case and red represents the C-case. 
 
 

The P-case predicts much more cloud droplets but less rain and graupel particles 

than the C-case. In the P-case, the enhancement of CDNC is correspondent to the high 

level aerosol concentrations, also hampering the conversion of cloud water to raindrops 

to decrease the formation of raindrops. The reduction of graupel concentrations is 

explained by the inefficient immersion ice nucleation due to the formation of large 
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concentrations of cloud droplets in the P-case. The number concentration of ice crystals 

and snow flakes in the P-case and the C-case does not differ significantly, although there 

are a little more ice crystals and snow flakes in the P-case than the C-case (Figure 

5.12a).  The effective radius of cloud droplets exhibits a large reduction from the C-case 

to the P-case, consistent with the Twomey effect [Twomey, 1977]. In opposite to the case 

of cloud droplets, the characteristic size of raindrops and graupels in the P-case is larger 

than that in the C-case, perhaps mainly caused by an enhanced collection of smaller 

liquid particles because of increased CDNC in the P-case or efficient growth of graupels 

in the mixed phase. The P-case predicts slightly larger ice crystals and snow flakes than 

the C-case (Figure 5.12b). 

5.2.2.2 Precipitation 

 The modeled spatial distribution of surface rainfall in the C-case is presented in 

Figure 5.13a to compare with that in the P-case (Figure 5.9a) in order to examine the 

response of the precipitation pattern to the variation of the initial aerosol concentrations. 

The comparison indicates that the impact of the initial aerosol concentrations on the 

precipitation pattern is unsubstantial. Both the P-case and the C-case reproduce the three 

major precipitation centers compared with the measurement. However, significant 

changes of precipitation intensity are found in Figure 5.13b showing the surface rainfall 

difference between the P-case and the C-case. The precipitation difference is more than 

10 mm/day in most of the area where the heavy rainfall occurs in the study domain. The 

area with increased precipitation is larger than that with reduced precipitation. The total 
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rainfall in the P-case is increased by 12.8% compared with that in the C-case, indicating 

that the polluted aerosols have a positive contribution to the precipitation.  

 

 

 

Figure 5.13 (a) Simulated 24-h precipitation in the C-case and (b) the precipitation 
difference between the P-case and the C-case. 
 
 

Precipitation enhancement has been documented around heavily polluted coastal 

urban areas such as Houston [Shepherd and Burian, 2003] and Tokyo [Ohashi and kida, 
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2002]. Furthermore, it has been suggested that air pollution enhances precipitation in 

near-coastal Atlantic Ocean areas [Cerveny and Balling, 1998]. High biomass burning 

derived aerosols have been found to be correlated with the more rainfall over the 

Amazon basin [Lin et al., 2006]. In addition, model studies have also demonstrated that 

polluted aerosols increase precipitation in a moist, unstable atmosphere [Wang, 2005; 

Zhang et al., 2007; Fan et al., 2007b; Li et al., 2008]. The precipitation is increased by 

5-10% per 100 years from 1900 in the east of Texas, according to Karl et al. [1996]. 

Considering the air pollution due to the industrialization and urbanization in Texas 

during the last century and the simulated precipitation variation between the P-case and 

C-case, the polluted aerosols might partly contribute to the precipitation trend in the east 

of Texas.  

Figure 5.14a depicts the temporal evolution of the modeled surface rainfall rate 

averaged in the study domain. The averaged rainfall rate in the P-case is greater than that 

in the C-case during the whole period from 0600 UTC 31 October to 0600 UTC 1 

November. In particular, the enhancement of the averaged rainfall rate in the P-case is 

more significant when the heavy rainfall occurs. The enhanced precipitation with 

increasing aerosols from the C-case to the P-case is explained by the suppressed 

conversion of cloud droplets to rain drops but enhanced convective strength due to more 

latent heat release in the elongated condensation process and the delayed downdraft, 

which causes less efficient warm rain process but more efficient mixed-phase processes. 

The precipitating particles (raindrops and graupels) can grow to sufficiently large sizes 
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to survive evaporation after falling to a sub-saturated condition below the cloud base 

(Figure 5.12b).  

 

 

 

 

Figure 5.14 Temporal evolutions of (a) domain-averaged rainfall rate, (b) area 
percentage with rainfall rate greater than 16 mm/hr, and (c) maximal rainfall rate.  



 88

 
It is worthy noting that the rainfall onset is not delayed in the P-case compared to 

the C-case in Figure 5.10, different from the simulations by Tao et al. [2008] in which 

the rain suppression is evident under the high CCN concentration during the early stages 

of the simulations. The strong convergence in the squall line can trigger the ice 

nucleation process to initialize rainfall, whether the warm rain process is suppressed or 

not. Hence, the almost simultaneous rainfall occurs in the P-case and C-case.  

The ratio of grids with the rainfall rate greater than 16 mm/hr (the lower limit of 

very heavy rain) to the total grids in the study domain is shown in Figure 5.14b. 

Compared with the C-case, the increase of the area with more than 16 mm/hr rainfall 

rate is remarkable in the P-case. Totally the area is increased by more than 100%, while 

the total rainfall in the study domain is only enhanced by 12.8%. This indicates that 

aerosol induced precipitation enhancement is not distributed evenly but concentrated in 

some locations. In addition, the simulated maximal rainfall rate in the P-case is also 

larger than that in the C-case during the entire study period (Figure 5.14c), indicating 

that the rainfall is more intensive in the P-case than in the C-case. 

5.2.2.3 Convective Strength 

 As an indicator of the largest local latent heat release, the maximal updraft 

velocity is often applied in cloud simulations to determine impacts of aerosols on the 

convective intensity [Khain et al., 2005; Lynn et al., 2005; Fan et al., 2007a; Tao et al., 

2008]. When only an isolated cloud is simulated, it is reasonable to use the indicator to 

evaluate the convective strength. However, if a cloud system is taken into account in 

simulations, the maximal updraft velocity is no longer a suitable indicator to reflect the 
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convective strength due to the different timing of convective cells. Figure 5.15 displays 

the temporal evolution of the maximal vertical velocity in the study domain in the P-case 

and the C-case. No consistent and determining conclusion can be made to verify the 

aerosol effect on the convective strength from the comparison of the maximal updraft 

velocity between the P-case and the C-case. 

 

 
 
Figure 5.15 Temporal evolution of the maximal vertical velocity.  
 
 

In order to better measure the convective strength of modeled cloud systems, 

Wang [2005] suggested the p-means of the updraft and downdraft in the core area with 

the absolute vertical wind speed greater than 1 m s-1 and total condensed water mixing 

ratio greater than 0.01 g kg-1, which represent the overall characteristics of the cloud 

systems in a specific domain and during a given integration period.  
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Figure 5.16 Temporal evolution of (a) core area percentage, (b) core updraft, and (c) 
core downdraft. 
 
 

The time sequences of the percentage of the core updraft area in the study 

domain in the P-case and C-case are presented in Figure 5.16a. The core area in the P-
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case is increased, indicating that polluted aerosols can increase the convection zone in 

the squall line simulation. In the calculation of the p-mean updraft and downdraft using 

Equation (2.7) defined in 2.4, T1 is set equal to T2 to account for temporal variation of 

the convective strength in the study domain (Figure 5.16b and 5.16c). The core 

downdraft is not sensitive to the changes in the initial aerosol concentrations, with a 

negligible difference between the P-case and the C-case. The core updraft is enhanced 

significantly in the P-case at most of times compared to the C-case. Hence, generally the 

convection is intensified with the increase of the initial aerosol concentrations. 

Another approach used to determine the convective strength is the radar 

reflectivity. The most intense convection is defined with the radar reflectivity greater 

than 57 dBZ. Figure 5.17 shows time sequences of the ratio of the area with the most 

intense convection to the study domain in the P-case and C-case. There are more the 

most intense convections in the P-case than in the C-case, demonstrating that polluted 

aerosols also increase intensive rainfall locally. 

 

 

Figure 5.17 Temporal evolution of area percentage with radar reflectivity greater than 57 
dBZ. 
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5.2.3 Comparison with Other Bulk Microphysical Schemes in the WRF Model 

 In the current version of the WRF model, three different one-moment bulk 

microphysical schemes predict the mass mixing ratios of cloud water, rain, ice crystal, 

snow flake, and graupel, including the Lin scheme, the Thompson scheme, and the 

WSM6 scheme. The Lin and WSM6 scheme are basically based on Lin et al. [1983] and 

Rutledge and Hobbs [1984], but the WSM6 scheme has revised ice microphysics 

proposed by Hong et al. [2004]. The most prominent feathers of the Hong et al. [2004] 

are the assumption that the ice nuclei number concentration is dependent on temperature 

and the amount of ice. The associated ice processes are varied correspondingly. The 

saturation adjustments are based on Tao et al. [2003] and separately treat the ice and 

water saturation processes. A detailed description of the WSM6 scheme with all the 

source/sink terms and the computational procedures can be found in Hong and Lim 

[2006]. Different from the other two schemes, the Thompson scheme [Thompson et al., 

2006] additionally predicts the ice number concentration. The intercept parameters are 

not constant and all hydrometeors are represented by a generalized gamma distribution 

instead of the purely exponential distribution. The intercept parameter of rain is 

diagnosed from rain mixing ratio and/or from equivalent melted snow/graupel diameter 

relationships. The snow intercept parameter is dependent upon both temperature and 

snow water content to correspond to observations. The graupel intercept parameter 

depends on its mixing ratio to allow the graupel category to mimic both graupel and hail. 

In addition, CDNC can be employed as an input parameter of the autoconversion 
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parameterization in the Thompson scheme. According to the p-mean CDNC in the P-

case, a CDNC of 100 cm-3 is employed in the present simulations. 

5.2.3.1 Comparison of Radar Reflectivity 

 Figure 5.18 presents the WRF-modeled composite radar reflectivity from three 

single-moment schemes and the two-moment scheme (Hereinafter Aero scheme) at 2100 

UTC 31 October. In general, the position of the squall line is successfully replicated by 

the four types of microphysical schemes compared with the measurement (Figure 4), 

indicating that the microphysical process parameterization has slight impact on the 

simulation of the storm track. Both the Lin scheme and the WSM6 scheme simulate a 

very remarkable leading convective line but a thin stratiform precipitation regime 

compared to the observation. The radar reflectivity in the convective zone is also 

significantly overestimated by the two schemes. These results can be explained by more 

warm rain but less ice particles produced by the two schemes. In addition, it is 

reasonable for the two schemes to produce similar results because they are both basically 

based on the same microphysical parameterizations [Lin et al., 1983; Rutledge and 

Hobbs, 1984]. However, the stratiform precipitation regime in the WSM6 scheme is 

slightly broader than in the Lin scheme due to the smaller falling velocities of graupel 

and a different radiation feedback in the revised ice-microphysics in the WSM6 scheme 

[Hong et al., 2007].  
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Figure 5.18 Composite radar reflectivity distributions at 2100 UTC 31 October, 2005 
from different microphysical schemes. 
 
 

A leading convective line and a wide trailing stratiform regime comparable to the 

observed are produced by the Thompson scheme and the Aero scheme, but there is a 

noticeable discontinuation in the convective line in the simulation of the Thompson 

scheme. The manifest improvement of the radar reflectivity simulation in the Thompson 

scheme is attributable to the diagnosed intercept parameters which play an important 

role in determining the vertical velocity and microphysical growth rates of 

hydrometeors. The snow size distribution is assumed to be dependent on both ice water 
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content and temperature (larger intercepts at higher altitudes). The snow is also assumed 

to be non-spherical and represented by a sum of exponential and gamma distribution. 

Constants for the snow terminal velocity are chosen to be consistent with vertically 

pointing radar data [Thompson et al., 2006]. Therefore, the simulated snow is mainly 

distributed at high altitude, which would produce a larger trailing stratiform region [Tao 

et al., 2008]. As a two-moment scheme, the Aero scheme accounts for the sedimentation 

of the bulk mass and number of hydrometeors. Since the bulk mass and the bulk number 

sediment at different falling velocities, and since the mass-weighted falling velocity is 

always larger than the number concentration-weighted falling velocity, sedimentation 

would result in a realistic gravitational size-sorting mechanism whereby the mean sizes 

are redistributed in the vertical with larger (smaller) mean sizes appearing at relatively 

lower (higher) levels. A large amount of precipitatable particles with smaller fall 

velocity are withheld at high levels to form the larger stratiform regime. 

5.2.3.2 Rainfall Comparison 

 Figure 5.19 shows the pattern of the simulated 24-h precipitation from 0600 UTC 

31 October to 0600 UTC 1 November from four different microphysical schemes. 

Generally speaking, the WRF model successfully predicts the precipitation pattern 

compared with the measurement (Figure 5.9a) notwithstanding employing different 

microphysical schemes. The major intensive rainfall centers are captured by all the 

schemes. However, it is obvious that all the schemes overestimate the precipitation 

amount, especially with regard to the Lin scheme and the WSM6 scheme. The most 

intensive cumulative precipitation is simulated by the Lin scheme, more than 100 mm 
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day-1. Compared with the other three single-moment schemes, the cumulative 

precipitation produced by the Areo scheme is in better agreement with the measurement. 

 

    

    

Figure 5.19 24-h precipitation distributions from 0600 UTC 31 October to 0600 1 
November, 2005 from different microphysical schemes. 
 
 

The better performance of the Areo scheme can also be found in Figure 5.20 

showing the temporal variation of the modeled and observed rainfall rate averaged over 

72 monitoring sites in Texas. The Lin scheme significantly overestimates the rainfall 

rate. The WSM6 scheme and the Thompson scheme fairly improve the rainfall rate 

simulation, nevertheless the overestimation is yet remarkable, especially with regard to 
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the WSM6 scheme. The best simulation is presented by the Aero scheme, demonstrating 

the advantage of the two-moment microphysical scheme to represent the cloud 

processes. The realistic gravitational size-sorting mechanism due to predictions of both 

the bulk mass and the bulk number of hydrometeors in the two-moment microphysical 

scheme is favorable for the sedimentation of larger precitpitable particles but retains 

smaller precitpitable particles at high levels. The smaller precipitable particles are 

subject to evaporation with lower falling speed, which efficiently decreases the surface 

precipitation. The diagnosed intercept parameters and the adjustable terminal velocity of 

snow in the Thompson scheme also cause snow to be withheld at high levels. The 

evaporation loss of snow during sedimentation contributes to the reduction of the surface 

precipitation. The simulation of the surface precipitation by the WSM6 scheme is 

improved compared with that by the Lin scheme due to a small but nevertheless 

important decrease of falling velocities of graupels in the WSM6 scheme.  

 

 

Figure 5.20 Temporal variation of the rainfall rate averaged over 72 monitoring sites 
from the observation and different microphysical schemes. 
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5.3 Summary and Conclusions 

 A squall line that occurred in the south plains of the U.S. from 0000 UTC 31 

October to 0600 UTC 1 November 2005 has been examined using the WRF model with 

the two-moment bulk microphysical scheme with aerosol effects. Effects of aerosol 

concentrations on the evolution of the convective storm have been evaluated through 

two model experiments with different aerosol scenarios: the clean background aerosols 

are assumed to be ammonium sulfate with a number concentration of 200 cm-3 at the 

surface (C-case), and polluted continental aerosols are from the MOZART ammonium 

sulfate output to quantitatively represent the current aerosol condition (P-case). The 

results from the P-case are employed to compare with the measurements. 

 Compared with the observed composite radar reflectivity, the WRF model with 

the two-moment microphysical scheme tracks well the development of the squall line, 

with the successful simulations of an evident leading convective line and a trailing 

stratiform precipitation regime. The magnitude of the simulated radar reflectivity is also 

comparable to the observed. The pattern of the simulated accumulated rainfall is in good 

agreement with the observation, but the WRF model produces 38% more precipitation in 

the study domain. The modeled and observed rainfall rates averaged over 72 monitoring 

sites in Texas also well match.  

 With varying the aerosol concentrations from the clean background case to the 

polluted continental case, the number of activated aerosols increases significantly, 

leading to a remarkable enhancement in the CDNC and a considerable reduction in the 



 99

droplet size. The enhanced CDNC not only hampers the conversion of cloud water to 

rain water but the formation of graupels by suppressing the immersion ice nucleation. 

Correspondingly, the number concentration of raindrops and graupel particles is 

decreased in the polluted aerosol case, but they can grow to large sizes perhaps due to 

the enhanced collection of smaller liquid particles because of the augmented CDNC or 

efficient growth of graupels in the mixed phase. The aerosol concentrations have 

significant effects on the precipitation intensity but inconsiderably influence the rainfall 

pattern. The precipitation averaged in the study domain is increased by 12.8% in the P-

case compared to the C-case. This is explained since the raindrops with a larger size and 

a faster falling speed in the P-case have more probabilities to survive evaporation after 

falling to a sub-saturated condition below the cloud base. More intensive rainfall also 

occurs in the P-case than the C-case, consistent with the increase of convection zone and 

convective strength in the P-case. 

Additionally, the two-moment microphysical scheme with the aerosol effect have 

also been compared with three other WRF single-moment bulk schemes (the Lin, 

WSM6, and, Thompson scheme). All of the schemes successfully reproduce the 

precipitation and radar reflectivity pattern, indicating that the microphysical schemes do 

not have a major effect on the storm track. However, the Thompson scheme and the two-

moment scheme agree better with observations in terms of radar reflectivity, with a 

leading convective line and a trailing stratiform precipitation regime. Only the two-

moment scheme yields the best precipitation simulation compared with the measurement 

because the realistic gravitational size-sorting mechanism caused by predictions of both 
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the bulk mass and the bulk number of hydrometeors in the two-moment scheme facilitate 

the sedimentation of larger precitpitable particles but retains smaller precitpitable 

particles at high levels. The smaller precipitable particles are subject to evaporation with 

lower falling speed, which efficiently decreases the surface precipitation. It is expectable 

that the three-moment microphysical scheme suggested by Milbrandt and Yau [2005] 

would have potentially significant improvement to represent cloud processes. 
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6. INTENSIFICATION OF PACIFIC STORM TRACK LINKED TO 

INCREASING ASIAN POLLUTION 

 

Using the monthly mean cloudiness from the International Satellite Cloud 

Climatology Project (ISCCP), a trend of increasing deep convective clouds over the 

north Pacific in winter from 1984 to 2005 is detected. Additionally, through analyzing 

the results from the Global Precipitation Climatology Project (GPCP) version 2, we also 

show a trend of increasing wintertime precipitation over the north Pacific from 1984 to 

2005 and the precipitation increases by about 1.5 mm/year in winter. The increasing 

Asian pollution outflow provides strong input of aerosols into the atmosphere over the 

north Pacific in winter, with potential impacts on precipitation and cloud properties.  The 

WRF model with the two-moment bulk microphysical scheme has been employed to 

consider the effects of the increasing Asian pollution outflow on wintertime storms in 

the North Pacific. Simulation results of a storm event demonstrate that the WRF 

experiments reproduce the increased deep convective clouds and the precipitation when 

accounting for the aerosol effect from the increasing Asian pollution outflow, which 

results in large-scale enhanced convection and precipitation and hence an intensified 

storm track over the winter Pacific. Therefore we suggest that the increasing Asian 

pollution outflow is one of the most possible reasons for the observed increasing deep 

convective clouds and precipitation in winter over the north Pacific. 
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6.1 Data Analysis 

6.1.2 Deep Convective Clouds 

The data utilized in the present study are monthly average cloudiness from the 

ISCCP which, begun in 1983, provides a global climatology of cloud amounts, cloud-top 

heights, and optical thicknesses inferred from thermal infrared and visible radiances 

measured by all available operational geostationary and polar orbiting weather satellites 

[Rossow and Schiffer, 1991]. ISCCP Clouds are also described in weather reports from 

the earth’s surface, in which visual observations are used to estimate the fractional 

coverage of the sky by clouds and to identify clouds by morphological type [WMO, 

1974; 1975; 1987]. We provide here an analysis of the deep convective clouds (DCCs) 

from 1984 to 2005 from the ISCCP data, classified by the measured values of the cloud 

optical thickness (23–379) and cloud top pressure (440–50 hPa). 

Figure 6.1 illustrates the wintertime distribution of ISCCP DCC amounts 

averaged during the period of 1984-1994 and 1995-2005. There are three tropical 

maxima: central Africa, Brazil, and the largest feature, extending from the central Indian 

Ocean to the western Pacific. Particularly, the DCC amounts associated with the storm 

tracks over the Northern Hemisphere oceans are also exceedingly distinct. A comparison 

between the periods of 1984–1994 and 1995–2005 demonstrates a remarkable increase 

in the DCC amount over most of the north Pacific (Figure 6.1c). The DCC amounts 

during the latter period are increased by 20%-50% compared to the former one. It is, 

however, worthwhile to note that the variation in the DCC amounts is insignificant over 

the north Atlantic in winter, a season with frequent occurrences of storms. 
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Figure 6.1 Global cloud measurements from ISCCP. The wintertime distribution of deep 
convective cloud amounts from ISCCP averaged over the periods of (a) 1984–1994 and 
(b) 1994–2005; (c) Difference between b and a, i.e., b - a. The black box in c marks the 
north Pacific region with latitudes from 30°N to 50°N and longitudes from 140°E to 
230°W. 
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Figure 6.2 Time series of cloud measurements from 1984–2005. The time series of (a) 
deep convective cloud amounts from ISCCP and (b) frequencies of high clouds above 
200 mbar and (c) 300 mbar from HIRS averaged over the entire north Pacific, i.e., 
latitudes from 30°N to 50°N and longitudes from 140°E to 230°W (as labeled in the 
black box in Figure 6.1c). The dotted line corresponds to the maximum wintertime 
(December–February) values. 
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The temporal evolution of the DCC amount averaged over the north Pacific are 

displayed in Figure 6.2a. The seasonal fluctuation of the DCC amount is manifest, 

generally with a maximum in December/January associated with an active storm track 

and a minimum in July/August due to suppressed deep convection by the summer 

Pacific high. The inter-annual variability of the DCC amount exhibits a noticeable 

increasing trend in winter, especially with a prominent increase after 1990s. 

Additionally, analyses of cloud measurements from the High-Resolution Infrared 

Sounder (HIRS) also reveal a similar trend of increased wintertime high clouds over the 

north Pacific (Figure 6.2b and 6.2c).  

6.1.2 Precipitation 

The GPCP Version 2 (V2) data set, a monthly global precipitation (2.5°×2.5° 

latitude—longitude grid) from January 1979 to November 2005, is used for this study. 

The GPCP was established by the World Climate Research Program (WCRP) to address 

the problem of quantifying the distribution of precipitation around the globe over many 

years. The general approach is to combine the precipitation information available from 

each of several sources into a final merged product, taking advantage of the strengths of 

each data type. So the GPCP data set is a combination of gauge observations with 

satellite estimates and also contains estimates of uncertainty for each location and 

month. The satellite estimates are derived from infrared (IR) data (both geostationary 

and polar orbiter) and Special Sensor Microwave/Imager (SSM/I) data from the 

polarorbiting Defense Meteorological Satellite Program (DMSP) satellites. Additional 

low-Earth orbit estimates include the Atmospheric Infrared Sounder (AIRS data from the 
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NASA Aqua, and Television Infrared Observation Satellite Program (TIROS) 

Operational Vertical Sounder (TOVS) and Outgoing Longwave Radiation Precipitation 

Index (OPI) data from the NOAA series satellites. The gauge data are assembled and 

analyzed by the Global Precipitation Climatology Centre (GPCC) of the Deutscher 

Wetterdienst and by the Climate Prediction Center of NOAA. The currently operational 

analysis procedure for blending the various estimates together to produce the necessary 

global gridded precipitation fields is described in Adler et al. [2003] and has been used 

to produce the GPCP Version 2 Combined Precipitation Data Set, covering the period 

January 1979 through the present. 

 Figure 6.3 presents the wintertime distribution of GPCP precipitation averaged 

during the period of 1984-1994 and 1995-2005. Except the maxima in the Tropics in the 

intertropical convergence zone (ITCZ), in the South Pacific convergence zone (SPCZ), 

and over tropical Africa and South America, the precipitation associated with the storm 

tracks in the Northern Hemisphere oceans are also prominent (Figure 6.3a and 6.3b ). 

The precipitation ranges from 1 to 2 mm/day over most of the area of the north Pacific 

and Atlantic in winter. A comparison between the periods of 1984-1994 and 1995-2005 

exhibits a considerable increase in the precipitation over much of the north Pacific 

(Figure 6.3c). The increase of precipitation in the northwest Pacific is not very 

remarkable, ranging from 0.0 to 0.1 mm/day. However, the precipitation enhancement is 

more evident over most of the northeast Pacific and more than 0.1 mm/day. It is worthy 

noting that the averaged precipitation variation in the north Atlantic associated with the 

storm track is not significant. 
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Figure 6.3 Global precipitation distributions from GPCP. The wintertime distribution of 
the precipitation from GPCP averaged over the periods (a) 1984-1994 and (b) 1995-
2005; (c) Difference between b and a, i.e., b - a.. The black box in (c) marks the north 
Pacific region with latitudes from 30ºN to 50ºN and longitudes from 140ºE to 230ºW. 
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Figure 6.4 Time series of the wintertime precipitation averaged over the north Pacific (as 
labeled in the black box in Figure 6.3c) from 1984 to 2005. Blue dots represent the 
wintertime precipitation in each year. Red dotted and dashed lines denote the mean 
precipitation during the period of 1984-1994 and 1995-2005, respectively. The purple 
line is the linear regression of the 22-year precipitation. 
 
 

The time series of the wintertime precipitation averaged over the north Pacific (in 

the black box in Figure 6.3c) is displayed in Figure 6.4. Two approaches are applied to 

detect the trend in the wintertime precipitation. First, we fit the precipitation over the 

north Pacific by linear regression: f = a + bt, where t is time and f is the wintertime 

precipitation. The first term (a) represents the base state at t = 0 (1984) and the second 

term (bt) represents the changes associated with the linear trend. The significance of the 

linear trend is tested with the f-test. A significant trend (f-test significance greater than 

99%) is found and the precipitation over the north Pacific increases by about 1.5 

mm/year in winter. Second, since the linear trend of the precipitation is suggested in 

Figure 6.4, we simply divide the 22-year data into two epochs (1984-1994 and 1995-

2005) and contrast their means. The mean precipitation difference between the two 

epochs is about 0.4 mm/day, which means that the wintertime precipitation during the 
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period of 1995-2005 increases by about 36 mm compared with that during the period of 

1984-1994. The significance of the epoch mean differences is tested with the Student t-

test and the significance is also more than 99%. 

6.1.3 Possible Reasons 

The wintertime convection and precipitation over the North Pacific is directly 

associated with the Pacific storm track, so the variability of the Pacific storm track has 

the largest contribution to the convection and precipitation trend. There are two factors 

which impact the variability of the Pacific storm track: storm number and storm 

intensity. Sickmoeller et al. [2000] have performed cyclone tracking over the Northern 

Hemisphere for 1979-1997 using the 1000 hPa geopotential height from the ECMWF 

reanalysis and found the negative trends in the total number of winter cyclones over the 

Pacific. Same results have been also obtained by Gulev et al. [2001] using 6-hourly 

NCEP/NCAR reanalysis data for the period from 1958 to 1999. Hence, these analysis 

results reveal no positive correlation between the storm number and the convection and 

precipitation trends in winter, nevertheless indicating the intensification of the Pacific 

storm track. The other factor, the storm intensity, becomes the only one contributable to 

the variability of the Pacific storm track. We first investigate the fluctuation of the sea 

surface temperature (SST) over the north Pacific, witch thermodynamically influences 

the development of storms (Figure 6.5). The wintertime SST shows little variation over 

the north Pacific from 1984 to 2005, excluding its contribution to the variation of the 

Pacific storm track. Microphysically, recent cloud simulations by Wang [2005], Lynn et 

al. [2005], Tellyer and Levin [2006], Fan et al. [2006a, b], Tao et al. [2007] support the 
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possibility that in a moist, unstable atmosphere, pollution aerosols can invigorate 

convective clouds or storms and produce more rain. Considering the baroclinic 

instability and abundant moisture supply over the north Pacific in winter, which are 

favorable for aerosol-cloud interactions, the variation in aerosol concentrations might be 

one of the most possible reasons for the intensification of the Pacific storm track. 

 

 

Figure 6.5 Time series of sea surface temperature averaged over the north Pacific (as 
labeled in the black box in Figure 6.3c) from 1984–2005. The dashed line corresponds to 
the maximum wintertime (December–February) values. 
 
 

Rapid industrialization and urbanization accompanied with the fast economic 

expansion over the Asian continent have caused severe air pollution in many countries, 

especially in China and India [Lelieveld et al., 2001]. In the historical emissions for 

1980-2003 in Asia developed by Ohara et al. [2007], SO2 and NOx emissions have 

increased by 119% and 176%, respectively. In particular, NOx emissions in China have 

showed a remarkable increase of 280% over 1980 levels and accelerated impressively 

since 2000 [Irie et al., 2005; Ritchter et al., 2005]. Asian emissions in association with 
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energy consumption are expected to continue to increase in the next few decades. By 

inference, the increase in aerosols, produced primarily by the conversion of SO2 to 

sulfate, have also occurred in Asia during the same time period. Using total ozone 

mapping spectrometer (TOMS) observations, Massie et al. [2004] have showed that 

large increases in aerosol optical depths between 1979 and 2000 are present over the 

China coastal plain and the Ganges River basin in India and that aerosols increase by 

17% per decade during winter over the China coastal plain. It is also noted that aerosol 

concentrations have increased over the northwestern Pacific Ocean because of 

anthropogenic pollutants in East Asia [Nagao et al., 1999]. 

Furthermore, satellite measurements have indicated evident transpacific transport 

of the Asian pollution outflow in winter. Figure 6.6a shows the Moderate Resolution 

Imaging Spectroradiometer (MODIS) aerosol optical depth (AOD) averaged in winter 

during the period from 2002 to 2005. The maximum AOD varies from 0.5 to 1.0 with 

the highest values occurring in China, India, Central Africa, and South America. The 

contribution to the AOD from sea salt is also salient between 40º and 60º latitude in the 

southern hemisphere. In addition, the high AOD in East Asia noticeably extends to the 

north Pacific. A case of the transpacific transport of the Asian pollution outflow in 

winter is displayed in Figure 6.6b to 6.6e. A large plume with the high AOD is observed 

in the northwest Pacific near East Asia on December 12, 2002. After two-day 

transportation over the North pacific, the plume reaches the northeast Pacific close to the 

coastline of North America.  
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Figure 6.6 (a) The global aerosol optical depth distribution from MODIS averaged in 
winter during the period from 2002 to 2005 and a transpacific case of Asian pollution 
outflow from December 06 to 09, 2002 (b)-(e). The red box in (a) marks the region for 
the transportation in (b) to (e). 
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Figure 6.7 displays the wintertime AOD from MISR (Multi-angle Imaging 

SpectroRadiometer). MISR has retrieved the same AOD pattern as MODIS, however 

with more evident transpacific transport of the Asian pollution outflow. High 

concentrations of SO2 have been observed over China Sea, Yellow sea, and Sea of Japan 

under the outflow of anthropogenic pollutants from Asian continent [Akimoto and 

Narita, 1994; Thornton et al., 1999]. Model results by Liu et al. [2003] have also 

demonstrated that the Asia outflow flux reaches a maximum in January-March. We will 

next evaluate the impacts of the increasing Asian pollution outflow on the precipitation 

using the WRF model. 

 

 

Figure 6.7 Global aerosol optical depth distribution from MISR averaged in winter 
during the period from 2002 to 2005. 
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6.2 Model Setup 

The case chosen in the study is a storm event occurring over the north Pacific 

from 0000 UTC November 30 to 0000 UTC December 1, 2003. The WRF model is 

configured with two one-way nested grids with spacing of  (nest 1) 9 km (350 × 350 grid 

points) and (nest 2) 3 km (350 × 350 grid points) centered at 37°N and 145°E. The 

emphasis is on the higher resolution 3 km nest. Thirty-five vertical levels are used in a 

stretched vertical grid with spacing ranging from 100 m near the surface, to 500 m at 2.5 

km AGL and 1km above 14 km. The modeling system employs the Yonsei University 

(YSU) PBL scheme [Noh et al., 2001], the thermal diffusion land-surface scheme based 

on the MM5 5-layer soil temperature model, a longwave radiation parameterization 

[Mlawer et al., 1997], and a shortwave radiation parameterization [Dudhia, 1989]. No 

cumulus parameterization is used in simulations. Meteorological initial and boundary 

conditions in simulations are taken from NCAR/NCEP reanalysis 1°×1° data. 

In order to evaluate the impacts of the increasing Asian pollution outflow, two 

aerosol scenarios are devised: the base aerosols are assumed to contain (NH4)2SO4 with a 

number concentration of 400 cm-3 at the surface level and the polluted aerosols with an 

elevated concentration of 1000 cm-3. In addition, both scenarios are assumed to contain 

background maritime aerosols consisting of NaCl with a number concentration of 100 

cm-3 at the surface level. Therefore, we incorporate an additional three-moment aerosol 

module into the WRF model to account for the sea salt aerosols. An exponential 

decrease is assumed for the height dependence of the ammonium sulfate and sea salt 

aerosols [Fan et al., 2007a].  
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Figure 6.8 Simulations of the cloud optical depth for (a) base and (b) elevated aerosol 
cases after 15 h integration. 
 
 
6.3 Model Results 

 Figure 6.8 presents the cloud optical depth (COP) in the base and elevated 

aerosol cases after 15 h simulation. In the ISCCP data, DCCs are defined with the COP 
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greater than 23 and the cloud top above 440 hPa. In figure 6.8, the amount of DCCs can 

be represented by the distribution of the COP greater than 23 because, with the strong 

convergence in fronts, the cloud top grows generally higher than 440 hPa if the COP is 

more than 23 (the difference is less than 1%). The experiment with the elevated aerosols 

produces considerably more DCCs than that predicted with the base aerosols. The DCC 

amount is enhanced by over 20% in the entire domain in the elevated aerosol case 

caused by the increased liquid and ice water path. Consequently, the observed DCC 

enhancement over the north Pacific in winter is qualitatively reproduced in model 

simulations that account for the aerosol effect from the increasing Asian pollution 

outflow. 

 The impact of the increasing Asian polluted aerosols on cloud properties is also 

obvious, as illustrated in Figure 6.9. The p-mean of cloud droplet number concentrations 

is increased 2-3 times in the elevated case compared with that in the base case, but the p-

mean of cloud droplet effective radius is decreased in the elevated case in response to the 

increase in aerosol concentrations. Long-term observations and in situ measurements of 

aerosols and cloud microphysical properties over the Pacific are generally rather limited. 

Recent aircraft measurements conducted over the northwest Pacific have confirmed the 

correlation between elevated levels of aerosols and modified cloud microphysical 

properties [Adhikari et al., 2005]. The extent of the Asian pollution outflow is 

discernible from measurements of SO2 and aerosols outside of a cloud regime. For the 

case of relatively low background concentrations of SO2 and aerosols, larger droplet 

sizes but lower concentrations are measured within clouds, whereas with elevated 
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concentrations of SO2 and aerosols, smaller droplet sizes but higher concentrations are 

measured [Adhikari et al., 2005]. Those results demonstrated that high aerosol 

concentrations enhance cloud droplet number concentrations and decrease the effective 

cloud droplet radius under the Asian pollution outflow, qualitatively corroborating the 

simulation results. 

 

 

 

Figure 6.9 Temporal evolution of (a) p-mean cloud droplet number concentration and (b) 
p-mean of cloud effective radius. 
 

In order to further evaluate the convection variation due to the increasing Asian 

polluted aerosols, we compared the core updraft area and the p-mean updraft defined in 
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5.2.2.3 (Figure 6.10). The core updraft area is increased considerably in the elevated 

case compared to the base case, demonstrating that polluted aerosols can increase the 

convection regime in the front simulation. The experiment with the elevated aerosols 

predicts 27.6% more convection regime than that with the base aerosols on the average 

during the whole integration period. Furthermore, the core updraft is also enhanced in 

the elevated case, but the increase is insignificant. Hence the increasing Asian polluted 

aerosols principally contribute to increase the convection regime to intensify the storm. 

 

 

 

Figure 6.10 Temporal evolution of (a) core updraft area percentage and (b) core updraft. 
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Figure 6.11 Simulations of the 24-h precipitation from 0000 UTC 30 November to 0000 
UTC 1 December for (a) base and (b) elevated aerosol cases. 
 
 
 The spatial distribution of precipitation for each simulation from 0000 UTC 30 

November to 0000 UTC 1 December is shown in Figure 6.11. Heavy rainfall is chiefly 

concentrated in the convergence zone along northwest-southeast direction, with the 

maximal accumulated rain amount greater than 100 mm. A considerable increase in area 
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with rainfall greater than 50 mm is predicted in the elevated aerosol case compared with 

the base aerosol case. The total precipitation over the entire domain for the elevated case 

is 8% more than that from the base case. Therefore, the analyzed precipitation increase 

over the north Pacific in winter is reproduced in model simulations when taking into 

account the effect from the increasing Asian pollution outflow. 

The baroclinic instability and abundant moisture supply over the north Pacific in 

winter are favorable for aerosol-cloud interactions. In the low CCN condition associated 

with the base aerosols, clouds generally contain low droplet concentrations but large size 

and precipitate readily by coalescence growth. However, clouds with high CCN 

concentrations seeded by polluted aerosols contain high droplet concentrations but small 

size. Warm rain process is often suppressed in this kind of clouds and precipitation often 

involves more efficient mixed-phase processes (i.e., ice particles and super-cooled 

droplets) due to persistent updrafts from released latent heat during droplet condensation 

and the absence of precipitation-induced downdrafts. Consequently, the increasing 

polluted Asian outflows can provide high levels of CCN for the storms over the north 

Pacific. Elevated CCN levels increase the cloud droplet concentration and updraft 

velocity, but reduce the mean droplet size and delay the timing of downdraft, leading to 

suppressed coalescence and warm rain but efficient mixed-phase precipitation. 

 

6.4 Summary and Conclusions 

A trend of increasing DCCs over the north Pacific in winter from 1984 to 2005 is 

identified through using the ISCCP data. In addition, a significant increasing trend of the 
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wintertime precipitation in the north Pacific from 1984 to 2005 is determined with the f-

test and t-test significance greater than 99% by analyzing the GPCP data. The wintertime 

precipitation in the north Pacific increases by 1.5 mm per year. Historical emissions and 

long-term satellite measurements have clearly shown increasing air pollution levels in 

Asia [Massie et al., 2004; Ohara et al., 2007]. The Asian pollution outflow provides 

maximum input of aerosols into the atmosphere over the north Pacific in winter [Liu et 

al., 2003]. The impacts of the increasing Asian pollution outflow on the wintertime 

convection and precipitation over the north Pacific are evaluated using the WRF model. 

When accounting for the effect of the increasing Asian pollution outflow, the WRF 

model predicts 8% increase in the precipitation and 20% enhancement in the DCCs over 

the entire model domain, indicating the intensified storm track over the winter Pacific. 

 Due to the favorable cloud dynamical and microphysical conditions in winter 

over the north Pacific, increasing aerosols from the Asian pollution outflow suppress the 

conversion of cloud droplets to rain drops, which leads to less efficient warm rain but 

more efficient mixed-phase processes to produce more convection and precipitation. The 

intensified storms over the Pacific in winter are climatically significant and represent a 

detected climate signal of the aerosol–cloud interaction associated with anthropogenic 

pollution. The intensified Pacific storm track likely has profound implications on 

climate, with variations in cloud reflective properties and corresponding impacts on the 

radiative budget over such a large regime. Furthermore, an intensified Pacific storm 

track can also influence the global general circulation because of its fundamental role in 

meridional and vertical heat transport and forcing of stationary waves [Hoskins and 
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Valdes, 1990]. In particular, a changed Pacific storm track will inevitably cause the 

transformation of the wintertime weather pattern over North America. 
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7. CONCLUSIONS 

 

The present work principally investigates the aerosol-cloud interaction using the 

WRF model into which a two-moment bulk microphysical scheme with the aerosol 

effect is incorporated. The microphysical scheme predicts time-dependent mass mixing 

ratios and number concentrations of cloud water, rain water, ice crystals, snow flakes, 

and graupels, as well as the aerosol mass mixing ratio, surface area, and number 

concentration. The Köhler theory is utilized for nucleation of aerosols to form cloud 

droplets. Sensitivities of nucleated cloud droplets to the representation of aerosol size 

distributions are first evaluated using a simple box model and a cloud resolving model 

with a detailed spectral-bin microphysics. The performance of the new microphysical 

scheme is evaluated and the effects of aerosols on cloud physical processes are 

investigated in a convective cloud event and a squall line. Moreover, the increasing trend 

of deep convective clouds and precipitation in the north Pacific in winter from 1984 to 

2005 is identified through analyzing the ISCCP data and GPCP data. Simulations of a 

storm event demonstrate that the WRF experiments reproduce the increased deep 

convective clouds and the precipitation when accounting for the aerosol effect from the 

increasing Asian pollution outflow, which results in large-scale enhanced convection and 

precipitation and hence an intensified storm track over the winter Pacific. 

In the evaluation of sensitivities of nucleated cloud droplets to the two-moment 

and three-moment modal methods against the sectional approach using a simple box 

model, the two- and three-moment modal methods yields droplet activation similar to 
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those from the sectional approach if there is only one maximal supersaturation achieved 

in clouds. However, for a variable cloud supaersaturation with multiple maxima, the 

three-moment method predicts activated droplets in better agreement with the sectional 

approach than the two-moment method. Furthermore, a two- and three-moment aerosol 

modules are also implemented into a cloud-resolving model with a detailed spectral-bin 

microphysics and, particularly, utilizing 33 bins to represent the aerosol size distribution. 

Simulations of a deep convective event occurring in Houston, Texas on 25 August, 

2000, are conducted using the two- and three-moment methods and sectional approach, 

under three aerosol scenarios: clean aerosols with a number concentration of 200 cm-1, 

polluted aerosols with a concentration of 2000 cm-1, and extremely polluted aerosols 

with a concentration of 20000 cm-1 at the surface level. The two- and three-moment 

methods yields more cloud droplets than the sectional method in the cloud base, due to 

the mixing of aerosols inside and outside the cloud, which cause the shift of aerosol size 

distributions in the cloud toward larger sizes and consequent overactivation. However, 

the three-moment method simulates cloud droplets more consistent with the sectional 

approach than the two-moment method. For the simulations of cloud water content, rain 

water, cloud ice, precipitation, and maximal updraft, the three-moment method generally 

exhibits better performance than the two-moment method against the sectional approach. 

Hence, considering the results from the box model and the cloud-solving model, as well 

as the requirement of the accuracy and efficiency, the three-moment approach appears to 

be more applicable in atmospheric models. 
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A convective cloud event occurring on August 24, 2000 in Houston, Texas is 

investigated using the WRF model, and the model results are compared with available 

radar and rain gauge measurements. The development of the cumulus is qualitatively 

reproduced by comparing the evolution of the distribution of radar reflectivity in the y-z 

section with the measurements. The convective cell intensity, cell lifetime, and averaged 

accumulated precipitation are in agreement with the observations. A set of 26 initial 

aerosol profiles, with number concentrations ranging from 200 to 50000 cm-3 and mass 

ranging from 1 to 10 µg m-3, is utilized in the simulations to investigate of the impact of 

aerosol concentrations on the cloud properties. The response of precipitation to the 

increase of aerosol concentrations is non-monotonic, indicating that the effects of 

aerosols on precipitation likely vary under different meteorological and aerosol 

conditions, because of the complicated interaction between cloud microphysics and 

dynamics. The precipitation increases with aerosol concentrations from clean maritime 

to continental background conditions, but is considerably reduced and even completely 

suppressed under highly polluted conditions. The enhanced precipitation with increasing 

aerosols at lower CCN concentrations is attributable to the suppressed conversion of 

cloud droplets to rain drops, which causes less efficient warm rain but more efficient 

mixed-phase processes. At extremely high CCN concentrations, ice production is 

inhibited because ice nucleation becomes inefficient and anvil formation is hindered due 

to a large mass loading of small droplets (reduced buoyancy) and less latent heat from 

droplet freezing. The maximal cloud cover, core updraft, and maximal updraft exhibit 

similar behaviors to precipitation with increasing aerosols. Different types of 
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autoconversion parameterizations and bulk microphysical bulk schemes are also 

compared and evaluated.  

In the simulations of a squall line that occurred in the south plains of the U.S. 

from 0000 UTC 31 October to 0600 UTC 1 November 2005 to examine the effects of 

aerosol concentrations on the evolution of the convective storm, two model experiments 

with different aerosol scenarios are devised: the clean background aerosols are assumed 

to be ammonium sulfate with a number concentration of 200 cm-3 at the surface and 

polluted continental aerosols are from the MOZART ammonium sulfate output to 

quantitatively represent the current aerosol condition. The results from the polluted case 

are employed to compare with the measurements. Compared with the observed 

composite radar reflectivity, the WRF model with the two-moment microphysical 

scheme tracks well the development of the squall line, with the successful simulations of 

an evident leading convective line and a trailing stratiform precipitation regime. The 

magnitude of the simulated radar reflectivity is also comparable to the observed. The 

pattern of the simulated accumulated rainfall is in good agreement with the observation, 

but the WRF model produces 38% more precipitation in the study domain. The modeled 

and observed rainfall rates averaged over 72 monitoring sites in Texas also well match.  

With varying the aerosol concentrations from the clean background case to the 

polluted continental case, the number of activated aerosols increases significantly, 

leading to a remarkable enhancement in the cloud condensation number concentration 

(CDNC) and a considerable reduction in the droplet size. The enhanced CDNC not only 

hampers the conversion of cloud water to rain water but the formation of graupels by 
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suppressing the immersion ice nucleation. Correspondingly, the number concentration of 

raindrops and graupel particles is decreased in the polluted aerosol case, but they can 

grow to large sizes perhaps due to the enhanced collection of smaller liquid particles 

because of increased CDNC or efficient growth of graupels in the mixed phase. The 

aerosol concentrations have significant effects on the precipitation intensity but 

inconsiderably influence the rainfall pattern. The precipitation averaged in the study 

domain is increased by 12.8% in the polluted case compared to the clean case. This is 

explained since the raindrops with a larger size and a faster falling speed in the polluted 

case have more probabilities to survive evaporation after falling to a sub-saturated 

condition below the cloud base. More intensive rainfall also occurs in the polluted case 

than the clean case, consistent with the increase of convection zone and convective 

strength in the polluted case. 

Additionally, the two-moment microphysical scheme with the aerosol effect have 

also been compared with three other WRF single-moment bulk schemes (the Lin, 

WSM6, and, Thompson scheme). All of the schemes successfully reproduce the 

precipitation and radar reflectivity pattern, indicating that the microphysical schemes do 

not have a principal effect on the storm track. However, the Thompson scheme and the 

two-moment scheme agree better with observations in terms of radar reflectivity, with a 

leading convective line and an evident trailing stratiform precipitation regime. Only the 

two-moment scheme yields the best precipitation simulation compared with the 

measurement because the realistic gravitational size-sorting mechanism caused by 

predictions of both the bulk mass and the bulk number of hydrometeors in the two-



 128

moment scheme facilitate the sedimentation of larger precitpitable particles but retains 

smaller precitpitable particles at high levels. The smaller precipitable particles are 

subject to evaporation with lower falling speed, which efficiently decreases the surface 

precipitation. 

A trend of increasing deep convective clouds and precipitation over the north 

Pacific in winter from 1984 to 2005 is identified through analyzing the ISCCP data and 

the GPCP data. The wintertime precipitation in the north Pacific increases by 1.5 mm 

per year. Historical emissions and long-term satellite measurements have clearly shown 

increasing air pollution levels in Asia [Massie et al., 2004; Ohara et al., 2007]. The 

Asian pollution outflow provides maximum input of aerosols into the atmosphere over 

the north Pacific in winter [Liu et al., 2003]. The impacts of the increasing Asian 

pollution outflow on the wintertime convection and precipitation over the north Pacific 

are evaluated using the WRF model. When accounting for the effect of the increasing 

Asian pollution outflow, the WRF model predicts 8% increase in the precipitation and 

20% enhancement in the deep convective cloud over the entire model domain, 

corroborating the intensified storm track over the winter Pacific. Due to the favorable 

cloud dynamical and microphysical conditions in winter over the north Pacific, 

increasing aerosols from the Asian pollution outflow suppress conversion of cloud 

droplets to rain drops, which leads to less efficient warm rain but more efficient mixed-

phase processes to produce more convection and precipitation.  Therefore we suggest 

that the increasing Asian pollution outflow is one of the most possible reasons for the 

observed intensified storm track in winter over the north Pacific. The intensified Pacific 
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storm track is climatically significant and represents possibly the first detected climate 

signal of the aerosol–cloud interaction associated with anthropogenic pollution. In 

addition to radiative forcing on climate, intensification of the Pacific storm track likely 

impacts the global general circulation due to its fundamental role in meridional heat 

transport and forcing of stationary waves. 

This work represents the first to implement a two-moment microphysical scheme 

into the WRF model to consider the aerosol effects on cloud and precipitation. Because 

of its broad application in numerical weather prediction, the WRF model with the two-

moment microphysics will greatly facilitate the assessment of aerosol-cloud interaction, 

ranging from individual cumulus to mesoscale convective systems. 
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APPENDIX A  

MICROPHYSICS 

 

Most of the transformation rates of microphysical processes in the two-moment 

bulk microphysics scheme by Lou et al. [2003] are similar to those described in details 

by Wang and Chang [1993a], which will not be repeated in this work. We discuss the 

main features pertinent to present work in this appendix. P (kg kg-1 s-1) represents mass 

transformation rate and R (1 kg-1 s-1) represents the number transformation rates. The 

autoconversion from cloud droplets to rain drops is discussed in Appendix B. 

The rate of self-collection of cloud water (ccc) is taken from Cohard and Pinty 

[2000], 

6
262 20160

)1(
)61( −⋅⋅=

+Γ
++Γ

= cc
c

cccc NKNKR λ
λµ

µ  

where , λc is the slope of the cloud droplet distribution, µ is the 

shape of the distribution, and Nc is the number concentration of cloud water. 

1315
2 1059.2 −−×= smK

The rate of self-collection and breakup of rain water (crr) is taken from Cohard 

and Pinty [2000], 

3
131 6

)1(
)31( −⋅⋅=

+Γ
++Γ

= rrc
r

rccrr NKENKER λ
λµ

µ  

where , λc is the slope of the rain drop distribution, Nr is the 

number concentration of rain water, and 

133
2 1003.3 −−×= smK

If mDr µ600< ,  
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1=cE ; 

If mDm r µµ 2000600 <≤ , 

( ){ }43 106105.2exp −×−×−= rc DE ; 

If mDr µ2000≥ , 

0=cE . 

The rate of collection of cloud water by rain water (ccr) is taken from Cohard 

and Pinty [2000], 

If mDr µ100≤ , 

( )66
2 72020160 −− ⋅+⋅= rcrccr NKP λλ , 

( )66
2 72043200 −− ⋅+⋅= rcrccr NKR λλ ; 

 If mDr µ100> , 

( )33
2 6336 −− ⋅+⋅= rcrccr NKP λλ , 

( )33
2 660 −− ⋅+⋅= rcrccr NKR λλ . 

Several processes are considered for ice nucleation in the cold phase of the cloud 

development. The number of ice crystals formed from deposition nucleation is related to 

temperature and ice supersaturation according to Pruppacher and Klett [1997] and Wang 

and Chang [1993a]: 
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where  is the number of ice crystals, ,  is temperature,  is 

saturation of water vapor,  is the supersaturation of water vapor with respect to ice, 

, , and 

iN 32
0 /10 mNi

−= T vQ

siQ

16.0 −= Ka 0.5=b ρ  is air density. The number production rate of newly 

nucleated ice crystals at a time step and a certain grid point, , is calculated from,  nucR

dt
dTaN

dt
dN

R i
i

nuc −==  

 The rate of drop freezing follows the immersion-freezing parameterization based 

on the stochastic hypothesis formulated by Bigg [1953] and homogeneous freezing by 

DeMott et al. [1994]. Contact-freezing of drops is from Meyers et al. [1992] and is 

negligible for temperatures warmer than −10°C. 

For the secondary ice crystal production, the rime-splintering mechanism by 

Hallett and Mossop [1974] is used. At T = −5°C, 250 collisions of droplets having radii 

exceeding 24 µm with graupel particles lead to the formation of one ice splinter.  

 Ice particles grow through deposition growth, aggregation among ice crystals, 

riming of supercooled droplets [Wang and Chang, 1993a; Lou et al., 2003]. A heavily 

rimed ice crystal is transferred to a graupel. When all ice particles fall below the freezing 

level, melting occurs by instantaneous conversion of these particles into liquid drops of 

equal mass. 
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APPENDIX B  

AUTOCONVERSION PARAMETERIZATIONS 

 

 Seven autoconversion parameterizations (three Kessler-types, two Berry-types, 

and two Sundqvist-types) have been considered in this study. A simple description of 

each type of autoconversion parameterization is presented in the followings. The gamma 

function is used to represent the size distribution of cloud water: 

                                   )exp()( 0 DDnDn ccc λµ −=

where n0c is the intercept, λc is the slope, and µ is the shape parameter of the distribution. 

In addition, Qc and Nc are the mass mixing ratio and number concentration of cloud 

water, respectively. Hacr represents the autoconversion rate in s-1. ε is the relative 

dispersion of cloud droplets and related to µ by . 12 −= −εµ

 

1. Kessler-type Autoconversion Parameterizations 

1.1 Kessler Parameterization (KSL69) 

 KSL69 was proposed by Kessler [1969] and has been used widely in cloud-

related modeling studies due to its simplicity. 

)/1(1 QcaHKHacr −⋅=  

The parameter K1 is the reciprocal of the 1/e “conversion time” of the cloud water and 

set to 10-3 s-1. The parameter a is a threshold cloud water content at which conversion is 

hypothesized to begin. Following Wang [2005], we assume a = 1 g kg-1. 

1.2 New R6 parameterization (NR6) 
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 This new Kessler-type parameterization is derived by Liu and Daum [2004], in 

which the incorrect and/or unnecessary assumptions inherent in the existing Kessler-type 

parameterizations are eliminated. R6 corresponds to the mean radius of the sixth moment 

of the cloud droplet size distribution. This scheme exhibits a different dependence on 

liquid water content and droplet concentration. In addition, relative dispersion of the 

cloud droplet size distribution is explicitly included in this parameterization. 

)( 66
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1311
2 109.1 −−×≈ scmκ      

R3 is the mean volume radius and R3c is the threshold mean volume radius equal to 10 

µm. R3c is commonly used as the threshold volume mean radius which has a physical 

meaning, and R6 is related to R3. Rp is defined as 
p

p
pR

/1

)1(
)1(1
⎭
⎬
⎫

⎩
⎨
⎧

+Γ
++Γ

=
µ

µ
λ

. When 3=p  

and , the relationship between R6 and R3 is obtained [Liu and Daum, 2004]. 6=p

1.3 New R6 parameterization with the predicted critical radius (NR6_PCR) 

 This parameterization is same as NR6 except that the critical radius is not fixed. 

The analytical expression for the critical radius is derived by Liu et al. [2004] using the 

cloud liquid water content and the droplet number concentration. 
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3/1
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1231015.1 −×= sconβ  

 

2. Sundqvist-type Autoconversion Parameterizations 

2.1 Sundqvist Autoconversion Parameterization (Sqvt78) 

 The expression for the autoconversion rate was proposed by Sundqvist [1978] 

based on the consideration that the change of the autoconversion rate near the threshold 

is expected to be smooth, not discontinuous.  
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Cs is an empirical constant and set to . Qs is the threshold cloud water 

content and set to 1 g kg-1.  

14100.1 −−× s

2.2 Generalized Sundqvist Autoconversion Parameterization (GSqvt_PCR) 

 This parameterization is presented by Liu et al. [2006] by combining the 

autoconversion function derived in Liu and Daum [2004], the expression for the critical 

radius derived in Liu et al. [2004], and the generalized Sundqvist-type threshold 

function. 
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where  is a constant in the Long collection kernel [Long, 1974], 

and 

13211101.1 −−×= scmgκ

2=µ  in this study. 

 

3. Curve-fit to Detailed Model Simulations 

3.1 Berry 1968 (BR68) 

 BR68 was first suggested by Berry [1968] and developed theoretically from a 

model of initial cloud growth by condensation and coalescence of cloud-sized particles 

with each other. 
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3.2 Berry 1974 (BR74) 

 The BR74 parameterization [Berry, 1974] is built on the observation that a 

characteristic water content L, of small drops develops steadily over a characteristic 

time-scale, τ. These two positive quantities are expressed in the range 

mDm c µµ 3620 <<  by 
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and 

6/12
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are the mean volume drop diameter and the standard deviation of the cloud-droplet size 

distributions, respectively. So, for given cloud conditions, a mean-mass autoconversion 

rate can be computed only if mc µσ 15> : 

cQLHacr //τ=  
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