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ABSTRACT 

Anthropogenic and biomass burning emissions impact atmospheric chemistry and many 

other natural processes that affect air quality and human health. Biomass burning emissions 

released in the boundary layer can be quickly lofted to the free troposphere by deep convection. 

Accurately simulating this process in chemical transport models (CTMs) will improve our 

understanding of the link between local pollution sources and global scale transport.  

This study investigated the convective transport of biomass burning emissions during the 

summer phase of NASA’s Arctic Research of the Composition of the Troposphere from Aircraft 

and Satellites (ARCTAS) campaign using the Weather Research and Forecasting (WRF) model 

with chemistry (WRF-Chem). Three cumulus parameterization schemes were tested to identify 

which performs best: Kain-Fritsch (KF), Betts-Miller-Janjic (BMJ), and Grell-Devenyi (GD). 

To test the cumulus parameterizations, simulated meteorological parameters were 

quantitatively compared against point observations, and daily precipitation fields were compared 

against the Global Precipitation Climatology Project (GPCP) dataset using the Method for 

Object-Based Diagnostic Evaluation (MODE), an object-based verification tool. CO vertical 

mass fluxes were evaluated at various altitudes and times during the simulation period. Daily 

averaged total column CO and mixing ratios at three altitudes were quantitatively compared 

against daily averaged values from the Atmospheric InfraRed Sounder (AIRS) using MODE.  

Results show that the choice of cumulus parameterization is critical when simulating the 

convective transport of biomass burning emissions using WRF-Chem. Although spatial 

differences are not great at most individual times, they accumulate over time leading to large 

magnitude differences in precipitation, upward CO mass flux, and long-range CO plume 

transport. The KF cumulus parameterization scheme vertically transports more CO than the BMJ 

and GD schemes, and outperforms the other schemes when compared to GPCP and AIRS 

dataset. In situations similar to this study, not using KF cumulus parameterization may 

underestimate the convective transport of CO and subsequently its long-range transport. The 

current results demonstrate that the choice of a cumulus parameterization scheme in a CTM can 

affect many aspects of its output. 
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CHAPTER ONE 

INTRODUCTION 

 

Anthropogenic and biomass burning emissions impact atmospheric chemistry and many 

other natural processes. Since political boundaries are not barriers to pollution transport, local 

and regional sources of emissions have global-scale influences (National Research Council, 

2010), including effects on human health (Regalado et al., 2006) and air quality (Jacob et al., 

1999). Accurately modeling pollution transport requires a better understanding of the associated 

chemical transformations, aerosol dispersion and meteorological processes that are involved 

(Dabberdt et al., 2004). 

Biomass burning pollutants are released in the surface boundary layer. However, the 

polluted air must be lifted to the free troposphere (FT) for long range transport to occur since 

winds are stronger at higher altitudes. Three important mechanisms for lofting boundary layer air 

to the FT are: 1) orographic lifting due to sloping terrain (Donnell et al., 2001), 2) frontal 

systems and warm conveyor belts associated with middle latitude cyclones (Bey et al., 2001b; 

Liu et al., 2003; Kiley et al., 2003; Eckhardt et al., 2004; Ding et al., 2009), and 3) deep 

convection (Pickering et al., 1996; Park et al., 2001; Doherty et al., 2005; Kiley and Fuelberg, 

2006; Zhao et al., 2009). Although all three mechanisms are important redistributors of surface 

pollutants, this study focuses on convective transport. Accurately simulating the convective 

transport of biomass burning emissions will improve our understanding of the link between local 

pollution sources and global scale transport. 

 Numerical simulations and in-situ observations have shown that biomass burning 

emissions can be quickly lofted by convection into the upper troposphere, and large amounts can 

be transported in a short time period (Pickering et al., 1989, 1996; Hannan et. al., 2003; Doherty 

et al., 2005; Forster et al., 2007; Zhao et al., 2009; Halland et al., 2009).  Pickering et al. (1996) 

found that during convective transport episodes in Brazil, mixing ratios of carbon monoxide 

(CO) in the downwind plumes were a factor of three greater than mean background values. 

Although most studies recognize that the greatest CO vertical mass flux during convective events 

occurs in the mid- and upper-troposphere (e.g., Pickering et al., 1996; Halland et al., 2009), 

shallow convection also is an efficient mechanism for vertical transport (Choi et al., 2005). 
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Numerous studies have described the impact of trans-Pacific transport of Asian and 

Russian pollution on air quality in the western United States (Jacob et al., 1999; Bey et al., 

2001b; Liu et al., 2003; Fuelberg et al., 2010). This long range transport is partly due to 

convective transport near the sources of emissions. During the anomalously large Asian boreal 

forest fire activity of Summer 2003, trans-Pacific transport led to the exceedance of air quality 

standards along western North America (Jaffe et al., 2004).  Any increases in boreal forest fires 

in Asia and Russia due to climate change may lead to more episodes of poor air quality in 

western North America (National Research Council, 2010). 

Meteorological and chemical transport models (CTMs) are important tools for 

understanding source-receptor relationships during convective transport. The two general 

categories of transport models are ―offline‖ and ―online‖. Until recently, most CTMs were 

offline, meaning that the meteorological and chemical components were separate (i.e., the 

chemistry model ingests meteorological fields from a separate meteorological model). The 

Lagrangian particle dispersion model FLEXPART (Stohl et al., 2005) is an example of an offline 

chemical transport model. However in the real atmosphere, both meteorological and chemical 

processes influence transport. Meteorology can affect the evolution of chemical species through 

dispersion and transport, whereas the chemical species can affect radiative properties and aerosol 

interactions of cloud condensation nuclei (CCN) (Grell et al., 2005). 

Online chemical transport models combine the meteorological and chemical components, 

using the same grid scheme, physics, and time step.  The Weather Research and Forecasting with 

Chemistry (WRF-Chem) model (Grell et al., 2005) is an example of an online meteorological-

chemical transport model.  WRF-Chem is a non-hydrostatic, regional model that includes 

numerous dynamical, physical, and chemical options, and is both mass and scalar conserving. 

Compared to offline transport models, no temporal interpolation is needed. Grell et al. (2005) 

provide details on WRF-Chem, and study specific information is found in Chapter 2. 

Convection occurs at horizontal scales of a few kilometers (Cotton and Anthes, 1992); 

however, many regional and global CTMs have grid resolutions of 1–2 deg (Park et al., 2004). 

Therefore, these models do not resolve the convection explicitly, but instead parameterize it 

using various schemes that represent the effects of the convection on the larger scale model 

environment (Feichter and Crutzen, 1990).  Although online chemical transport models such as 

WRF-Chem are a state-of-the-science approach to accurately simulate the environment, both 
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meteorologically and chemically, CTMs nonetheless exhibit uncertainties in simulating 

convective transport and other processes (Zhao et al., 2009; Lin et al., 2010). For example, the 

various cumulus parameterizations that can be used within CTMs can produce substantially 

different results (Doherty et al., 2005). Evaluating WRF-Chem and its suite of cumulus 

parameterizations, combined with convective transport studies of large outbreaks of biomass 

burning emissions, is a relatively new area of research that has not been documented adequately. 

Space-borne platforms are useful tools to evaluate the ability of chemical transport 

models to simulate pollutant transport, both in the short and long term. Results from CTMs 

generally correlate well with satellite-derived measurements early in their simulations. However, 

model error increases over time, implying that data assimilation techniques are useful for 

extended model runs (Heald et al., 2003). Various sensors onboard NASA’s A-Train series of 

polar orbiting platforms that are in sun-synchronous orbits provide global coverage every one to 

two days.  Among the sensors are the Moderate Resolution Imaging Spectroradiometer (MODIS) 

(Justice et al., 2002; Giglio et al., 2003) on NASA's Earth Observing System (EOS) satellites 

Terra and Aqua.  The Cloud-Aerosol Lidar and Infrared Satellite Observation (CALIPSO) 

satellite contains a high vertical resolution instrument, the Cloud-Aerosol Lidar with Orthogonal 

Polarization (CALIOP), which provides vertical profiles of aerosol and cloud features (Winker et 

al., 2004; http://www-calipso.larc.nasa.gov/). Finally, although the Atmospheric InfraRed 

Sounder (AIRS, http://airs.jpl.nasa.gov/) provides coarser vertical resolution than CALIOP, it is 

a valuable source of information about the horizontal extent of CO plumes (Stohl et al., 2007; 

Zhang et al., 2008).  

This study investigates the convective transport of biomass burning emissions in 

southeastern Russia during a seven day period of NASA's Arctic Research of the Composition of 

the Troposphere from Aircraft and Satellites (ARCTAS) 2008 campaign (Jacob et al., 2010). 

Specifically, the research tests three cumulus parameterization schemes that can be used in 

WRF-Chem. The study assesses WRF-Chem's ability to simulate the convective transport of 

biomass burning emissions by evaluating CO mass fluxes during convective episodes, and noting 

the differences among the three widely used cumulus parameterization schemes. This is done 

subjectively and using a series of statistical verification techniques.  Chapter 2 provides details 

about the WRF-Chem configurations that were used, the fire and chemical emissions data 

ingested into WRF-Chem, specifics of the satellite-derived data used in verifying the convective 
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transport, and details about the statistical approach to verify the simulations. Results are 

presented in Chapter 3, and Chapter 4 concludes with a summary and conclusions. 
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CHAPTER TWO 

DATA AND METHODOLOGY 

 

2.1 STUDY DOMAIN 

 

Our research domain was chosen based on observed weather phenomena and modeling 

considerations. Centered over southeastern Russia, the domain encompasses much of eastern 

Russia, the western North Pacific Ocean, and northeastern China (Fig. 1). The relatively coarse 

outer domain had a horizontal resolution of 36 km.  However, since our goal is to simulate 

convection and convective transport, a nested 12-km resolution inner domain (Fig. 1) was placed 

over the area of greatest interest. Both resolutions require that convection be parameterized. The 

vertical resolution of both grids consisted of 50 non-linear sigma levels packed densely in the 

boundary layer and the altitude of the jet stream. The coarser domain is sufficiently large to 

allow plumes to advect downwind of their source regions for several days. The features of 

greatest interest were located well within the boundaries of the outer domain to reduce lateral 

boundary errors as discussed by Warner et al. (1997). Additionally, an area of interest (AOI) was 

defined within the inner domain for the chemical flux calculations (Fig. 1).  

The study period coincided with a large outbreak of wildfires in southeastern Russia 

during the summer phase of ARCTAS. Seven-day WRF-Chem simulations were initialized on 

0000 UTC 21 June 2008 and ending on 27 June.  The first 24 h of each simulation were 

neglected to allow sufficient model spin-up, similar to that done in previous modeling studies 

(e.g., Zhang et al., 2008; Sessions et al., 2010). Atmospheric flow patterns during the study 

period mostly were quiescent, except that a polar low was displaced over northern Russia which 

enhanced transport to the Arctic (Fuelberg et al., 2010).  Diurnal and terrain-induced convection 

occurred in the AOI (Fig. 1) throughout the study period (22–27 June 2008). 
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Fig. 1. The WRF-Chem domain used in this study showing the outer domain (36 km resolution), the fine-
scale (12 km) inner nest (blue box), and the AOI for chemical flux calculations (red polygon). 
 

 

2.2 WRF-CHEM 
 

Our transport simulations were performed using WRF-Chem Version 3.1.1 which is 

based on the Advanced Research WRF (ARW) core developed by the National Center for 

Atmospheric Research (NCAR) (Skamarock et al., 2008). WRF-Chem is a state-of-the-science, 

fully compressible, non-hydrostatic, and terrain-following mesoscale model that uses Runge-

Kutta 2nd and 3rd order time integration schemes. Damping was employed at the model’s 50 hPa 

top to prevent gravity wave reflection at the upper boundary. Meteorological boundary and initial 

conditions for the WRF-Chem simulations were obtained from the National Centers for 

Environmental Prediction (NCEP) Global Forecast System (GFS) on a 0.5 × 0.5 deg horizontal 

grid with 64 unequally-spaced sigma levels (Global Climate and Weather Modeling Branch, 

2003). Additional details on the WRF-Chem configurations and settings used in this study are 

provided in Table 1. 
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The WRF-Chem simulations were updated, or nudged, using GFS Final Analysis data at 

six-hourly intervals. Nudging improves the model simulations over their duration by 

incorporating the observed data. Observations used in nudging can include both ―direct‖ (e.g., 

surface and radiosonde reports), and more recently satellite-derived ―indirect‖ observations. In 

this study, observational data from NCEP global surface and upper air datasets are used as part 

of the WRF Pre-Processing System (WPS). A variety of observational sources are included, e.g., 

surface reports, radiosonde-derived profiles, satellite information, as well as data from aircraft, 

ships, and buoys. The WRF-supported nudging program, OBSGRID, ingests these observations 

and incorporates them into six-hourly files to update the simulation. Each report is quality-

controlled by performing gross error checks, removing spikes from temperature and wind 

profiles, and adjusting temperature profiles to remove superadiabatic layers.  

 

Table 1. WRF-Chem model configurations used in the study. 

        Field       Setting 

 

Horizontal Resolution    36 km (12 km inner nest) 

Vertical Resolution    50 non-linear sigma levels 

Shortwave Radiation    Goddard (Chou et al., 2001) 

Longwave Radiation    Rapid Radiative Transfer Model  

Microphysics     Lin Microphysics (Lin et al. 1983) 

Land Surface Physics    Noah Land Surface Model (Ek et al., 2003) 

Planetary Boundary Layer   Yonsei University (YSU, Hong et al., 2006) 

Cumulus Parameterization Scheme  Various (KF, BMJ, GD) 
______________________________________________________________________________ 
 

2.3 CUMULUS PARAMETERIZATION 

 

There are numerous approaches to cumulus parameterizations (Xie et al., 2002; Tost et 

al., 2006), and WRF Version 3.1.1 supports six of them. This study investigated three widely 

used procedures — the Kain-Fritsch (KF) (Kain and Fritsch, 1993; Kain, 2004), Betts-Miller-

Janjic (BMJ) (Betts and Miller, 1993; Janjic, 1994), and Grell-Devenyi ensemble (GD) (Grell 

and Devenyi, 2002) schemes. 
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The basic premise behind cumulus parameterization was developed during the 1960s 

(Manabe et al., 1965). The simplest scheme utilizes moist convective adjustment in which if the 

lapse rate exceeds the moist adiabatic lapse rate, the vertical moisture and heat profiles are 

adjusted to make the layer saturated and the lapse rate equal to the moist adiabatic rate. The 

excess moisture is considered to be rain.  

The KF cumulus parameterization scheme (Kain and Fritsch, 1993; Kain, 2004) uses the 

Lagrangian parcel method and satisfies sub-grid scale convection through a mass-flux approach 

with three important steps. The scheme first identifies whether instability exists and then 

determines if the existing instability will lead to cloud growth. It then calculates properties of the 

convective clouds.  These tasks are accomplished over several steps, first by identifying potential 

source layers, or updraft source layers (USLs). The second compares the temperature of the 

environment (Tenv) with that of the parcel (Tpar). If Tpar is less than Tenv (negative buoyancy), a 

temperature perturbation is assigned to the parcel based on the strength of the vertical motion. 

This typically increases Tpar by 1–2 K. The two temperatures again are compared, and if Tpar is 

still less than Tenv, the base of the USL is moved up one model level and the process is repeated. 

If Tpar is warmer than Tenv, the parcel is released at its lifting condensation level (LCL) based on 

its original unperturbed temperature and vertical motion profile. Updrafts in the KF scheme are 

represented using a steady-state entrainment/detrainment plume model in which greater 

entrainment (detrainment) is favored by large (small) parcel buoyancy and moist (dry) 

environments. Finally, the KF closure assumption is based on a Convective Available Potential 

Energy (CAPE) removal process. The updraft, downdraft, and environmental mass fluxes are 

rearranged in the mass column until 90% of the CAPE is removed. 

The BMJ cumulus parameterization (Betts and Miller, 1993) differs fundamentally from 

the KF scheme in that BMJ is a moisture adjustment scheme that primarily relaxes the sounding 

to a referenced well-mixed profile. This adjustment is completed by ensuring that the vertical 

temperature and moisture profiles are realistic. Convective regions have documented temperature 

and moisture profiles that are used as a basis for relaxing the profiles toward this observed quasi-

equilibrium. The scheme determines the LCL and cloud top, and if the parcel is not positively 

buoyant at any level, the convective scheme is not activated. If the difference between the cloud 

base and top is less (greater) than 200 hPa, then the shallow (deep) convection scheme is 

triggered. The model’s temperature and moisture profiles then are checked to the first-referenced 
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profile to see if enthalpy is conserved (the amount of latent heat released is proportional to the 

amount of water vapor removed). The temperature and moisture adjustment process is repeated 

until conservation is achieved. Unlike other cumulus parameterization schemes, BMJ is based 

solely on thermodynamics, not momentum. Precipitation is calculated directly from the amount 

of latent heat released. Thus, vertical motion has no direct impact. However the scheme can be 

activated through moistening the low and mid levels. 

The GD ensemble cumulus parameterization scheme (Grell and Devenyi, 2002) is ideal 

for high resolution domains (ARW WRF User’s Guide, 2009). The scheme employs a variety of 

mass-flux and closure assumptions, feedback assumptions, and trigger functions at each grid 

point. The various closure assumptions include vertical advection of moisture, vertical velocity, 

and CAPE removal, similar to that in KF. The feedback assumptions include perturbations based 

on cloud size and entrainment strength and detrainment from updrafts. The differences in static 

control (cloud properties) are combined with differences in dynamic control (the modulation of 

the convection by the environment) which are based on CAPE, vertical velocity, and moisture 

convergence. Using ensemble and data assimilation techniques, the GD scheme statistically 

determines the best approach to ingest back to the model.  

 

2.4 EMISSIONS AND WILDFIRE DATA 

 

2.4.1  Source Emissions and Chemistry 

The gas phase chemical mechanisms in WRF-Chem Version 3.1.1 are derived from the 

Regional Acid Deposition Model 2 (RADM2, Chang et al., 1991). Many chemical species are 

available in RADM2; we used CO as a biomass burning tracer because of its relatively long 

lifetime (approximately 1 month) which allows for full plume development (Dickerson et al., 

1987; Pickering et al., 1992; Halland et al., 2009).  The chemical initial and boundary conditions 

are based on an idealized clean northern Hemisphere environment from the National Oceanic 

and Atmospheric Administration (NOAA) Aeronomy Lab Regional Oxidant Model (NALROM; 

Liu et al., 1996).  Aerosols are represented in WRF-Chem by the Goddard Chemistry Aerosol 

Radiation and Transport model (GOCART).  GOCART is a simple bulk aerosol scheme that 

calculates only the change in the total mass of the aerosols. GOCART is implemented using the 
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Kinetic PreProcessor (KPP; Damian et al., 2002).  KPP reads the chemical reactions and rate 

constants from an input file and generates code for the chemistry integration.   

Anthropogenic emissions were incorporated into WRF-Chem using the REanalysis of the 

TROpospheric dataset (RETRO, http://retro.enes.org). RETRO is a 40-year historical chemical 

composition project whose data are mapped globally onto a 0.5 × 0.5 deg grid using a mapping 

program called prep_chem_sources (PCS). Developed by the Brazillan Centro de Previsao de 

Tempo e Estudos Climaticos (CPTEC), PCS maps the global emission and wildfire dataset onto 

the WRF forecast domain. 

We used active fire data from the MODIS sensors onboard Aqua and Terra. These 

satellites provide global coverage every one to two days. Terra has local overpass times of 10:30 

and 22:30; whereas Aqua has overpass times of 1:30 and 13:30 local standard time (LST) 

(Lillesand and Kiefer, 1999). The MODIS fire dataset for the study period was obtained from the 

University of Maryland Fire Information for Resource Management System (FIRMS; 

http://maps.geog.umd.edu/firms) and mapped onto a 1 × 1 deg grid that is read by WRF-Chem 

using PCS. Considering the polar orbits of Terra and Aqua, fire data were updated only daily, 

and each fire was assumed to burn during the entire 24 h period, similar to the technique of 

Fuelberg et al. (2010). The data are quality-controlled and come with a confidence index 

between 0 and 100.  We only used fires with a score 75 or greater, similar to Stohl et al. (2007). 

  

2.4.2  WRF-Chem 1-D Plume Rise Model 

The injection height, or terminal height, of surface-based emissions is a crucial but 

difficult to determine parameter in CTMs (Freitas et al., 2007; Sessions et al., 2010). Biomass 

burning creates positive buoyancy and emits hot gases and particles, with accompanied adiabatic 

cooling due to expansion during convective ascent. Furthermore, microscale eddies form during 

interactions between the smoke and the environment that can entrain colder environmental air, 

thereby reducing buoyancy (Freitas et al., 2010). The terminal height is determined largely by 

the thermodynamic stability of the environment and the surface heat flux released by the fires.  

However, strong horizontal winds can lead to a ―bent-over‖ plume, thus prolonging the time to 

reach the condensation level and increasing lateral entrainment. This has been found to be 

especially true for weaker and smaller fires (Freitas et al., 2007; Freitas et al., 2010). The one-

dimensional (1-D) plume rise model used in WRF-Chem Version 3.1.1 incorporates these 

http://maps.geog.umd.edu/firms
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considerations, although the impact of horizontal winds is not yet included (Sessions et al., 

2010). 

 

2.5 WORLD-WIDE LIGHTNING LOCATION NETWORK 

 

 The World Wide Lightning Location Network (WWLLN) provides near-global flash 

coverage using sensors that detect radiation in the Very Low Frequency (VLF, 3-30 kHz) band.  

It is hosted by the University of Washington (http://webflash.ess.washington.edu). The lightning 

induced VLF impulses, called sferics, have a range of thousands of kilometers due to reflections 

off the ionosphere. To accurately retrieve lightning stroke information, the time of group arrival 

(TOGA) must be detected by at least five WWLLN sensors.  Since there are only ~ 40 sensors 

(as of 2010) with an average spacing of 3000 km, the globally averaged detection efficiency 

(DE) is ~ 30%; however, in our study domain, the DE has been documented to be 10–20% 

(Rodger et al., 2009). Although no evaluation has examined the location accuracy (LA) for our 

study region, Abarca et al. (2010) found that the LA for the United States when compared to the 

National Lightning Detection Network (NLDN) was 4.03 km in the north-south direction, with 

an east-west location error of 4.98 km. Although location biases in the U.S. cannot be assumed to 

be similar to those in different geographic regions due to different sensor configurations, 

different lightning climatologies and Earth-ionosphere waveguide conditions, Abarca et al. 

(2010) argue that low biases from evaluations across several geographic regions indicate that the 

WWLLN location accuracies are realistic. We used the WWLLN data to confirm the occurrence 

and location of model-derived convective episodes in the AOI during the study period and to 

determine whether the convection was collocated with the wildfires detected by the MODIS 

sensors.    

 

2.6 VERIFICATION AND EVALATION TECHNIQUES 

 

2.6.1  Model Evaluation Tools Point-Stat Verification 

 We calculated verification statistics between WRF-derived parameters and observations 

in the study domain for basic meteorological variables (e.g., temperature, wind speed, 

geopotential height, and dew point) to quantify differences in the output of the three cumulus 

http://webflash.ess.washington.edu/
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parameterization schemes. The observed surface and upper-air data were obtained from the 

National Centers for Environmental Prediction (NCEP). Following error checks and quality-

controls, the final Binary Universal Form for the Representation of meteorological data (BUFR) 

data, called PREPBUFR, are used in various NCEP operations (e.g., North American Model 

(NAM), GFS, and the Global Data Assimilation System (GDAS)). The data exhibiting the 

highest confidence and quality are placed at the beginning of the dataset.  

 We used the Model Evaluation Tools (MET) Point-Stat (PS) program (Developmental 

Testbed Center, 2010) to calculate conventional verification statistics (e.g., mean absolute error 

(MAE) and root mean square error (RMSE)). MET is a state-of-the-science model verification 

package developed by the Developmental Testbed Center (DTC, 

http://www.dtcenter.org/met/users/) at NCAR that combines both conventional and new forecast 

verification techniques. The PS tool matches the gridded WRF-Chem output to point locations of 

observations using several interpolation approaches. In this study, the nearest-neighbor approach 

is used, where ―nearest‖ is the closest horizontal point. 

  

2.6.2  Method for Object-Based Diagnostic Evaluation 

 As numerical weather prediction has evolved to higher resolutions, the traditional 

approaches for evaluating simulations have become increasingly inadequate (Davis et al., 

2006a). Point-to-point verification procedures (e.g., the MET Point-Stat tool) provide statistics 

that are useful for measuring performance over relatively long time periods, but offer little 

insight on how well or poorly, or in what ways, shorter term simulations perform because the 

method treats all incorrect simulations equally, despite differences in the nature of the errors. 

Figure 2 illustrates the limitations in using traditional point-to-point verification. Although a 

person subjectively would score Figs. 2a-d differently, each ―forecast‖ actually has a Critical 

Success Index (CSI) of zero. Conversely, Fig. 2e would be scored the highest by the traditional 

approach.  
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Fig. 2. Schematic showing the limitations of using a traditional point-to-point verification approach on 
various spatial fields of observed (O) and forecast (F) information. Figs. 2a-d each have a CSI score of 0, 
while Fig. 2e would be scored higher using point-to-point verification. A person subjectively would score 
each example differently (adapted from Davis et al. 2006a).  
 

 The Method for Object-Based Diagnostic Evaluation (MODE) within the MET software 

package attempts to correct for these deficiencies in forecast verification by defining ―objects‖ in 

any continuous field (e.g., precipitation) using fuzzy logic.  MODE delineates objects in both the 

simulated and observed fields, calculates attributes for each simulated object, and matches 

similar objects in the observed fields (Fig. 3). Summary statistics describing the object pairs are 

produced, allowing the user to discern weaknesses and strengths in the simulation by analyzing 

the correlations and difference statistics.  

 We used MODE to analyze two spatial fields. First, WRF-simulated total daily 

precipitation fields were compared with those from the Global Precipitation Climatology Project 

(GPCP, http://precip.gsfc.nasa.gov) dataset. GPCP was established by the World Climate 

Research Programme to quantify the global distribution of precipitation using multiple 

observation sources. The 1-Degree Daily (1DD) GPCP dataset is a 1 × 1 deg global product 

based on rain gauges, geostationary and low-orbit infrared satellite data, passive microwave 

information, and sounding observations.  
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Fig. 3. An example of MET’s MODE verification program for simulated (WRF-Chem) and observed 
(GPCP) precipitation fields on 23 June 2008. MODE uses the raw data (Fig. 3a,c) to create simulated 
objects (Fig. 3b) based on user-defined intensity and spatial thresholds.  These objects are matched with 
the similarly color-coded objects in the observed field (Fig. 3d). The blue area in the observed objects 
(Fig. 3d) represents an unmatched object in the simulated field. Summary statistics (not shown) are 
aggregated for all objects on each day.  
 

 We also used MODE to evaluate the effects of the differing cumulus parameterization 

schemes on plume structure in the AOI.  Specifically, we compared WRF-Chem daily averaged 

total column CO with its counterpart from AIRS, and mixing ratios of CO at three altitudes. 

AIRS provides ~70 percent daily global coverage on a 1 × 1 deg grid (McMillan et al., 2005), 

which allowed us to evaluate the downwind transport of the simulated WRF-Chem plumes.  

 Various skill score statistics are produced by MODE. We used the critical success index 

(CSI) and frequency bias (FB) in our evaluations. CSI is commonly referred to as the threat score 

(TS) and is given by  
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                    , (1) 

 

where the first (second) subscript represents whether the simulated (observed) event did (1) or 

did not (0) occur. CSI is the ratio of the number of times an event was correctly simulated to the 

number of times it was either simulated or occurred, and does not account for correct rejections 

(n00). CSI scores range from 0 to 1, where 1 is a ―perfect‖ simulation with maximum skill.  

FB is a measure of ―over‖ or ―under‖ simulating an event and is computed using 

 

                         . (2) 

 

It is the ratio of the total number of simulations of an event to the total number of observations of 

the event. A ―perfect‖ FB score is 1, whereas a score greater (less) than 1 represents an event that 

is simulated too frequently (infrequently). 

 

2.6.3  Verification with CALIPSO 

 CALIOP data were our final verification tool. Although a quantitative analysis was not 

possible due to cloud contamination and other data limitations, CALIOP’s vertical slice data 

provided qualitative remotely sensed information as to whether WRF-Chem properly simulated 

the horizontal and vertical structure of CO plumes.  CALIOP is a two-wavelength polarization-

sensitive lidar that provides high-resolution vertical profiles of aerosols and clouds (Winker et 

al., 2004). CALIOP utilizes three receiver channels: one measuring the 1064 nm backscatter 

intensity and two channels detecting the orthogonally polarized components of the 532 nm 

backscattered signal. CALIOP provides higher vertical resolution than other sensors.  CALIPSO 

is in a sun-synchronous, polar orbit at an altitude of 705 km above the Earth’s surface.  

 We compared cross sections of WRF-Chem CO along the tracks of CALIPSO during the 

study period, using the 532 nm attenuated backscatter and vertical feature mask (VFM) products 

to aid in the analysis (Vaughan et al., 2004). The VFM product classifies and distinguishes 

between clear air, dust, aerosols, clouds, smoke, and stratospheric features in a visually-

appealing color-coded graphic. 
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CHAPTER THREE 

RESULTS 

 

 We first describe the meteorological setting of the study period, discuss the convective 

episodes in the AOI, and analyze the associated precipitation totals from each cumulus scheme. 

We then present verification statistics of WRF-Chem derived precipitation compared to the 

GPCP counterpart using MET’s MODE tool, and point verification of additional meteorological 

parameters. Next, we analyze the structure of the CO plumes, examine CO convective transport 

in the source region, and compare simulated WRF-Chem CO long-range plume transport with 

that of the CALIOP sensor. Results of vertical CO mass flux follow. Finally, WRF-Chem 

derived total column CO and mixing ratios are evaluated against AIRS using MODE. 

 

3.1 METEOROLOGY 

 

Topographic and land-use features greatly influence the initial transport of biomass 

burning emissions during the study period. The domain includes various mountain ranges, 

complicated coastlines, and major cities. The major sources of biomass burning emissions are 

located in the Stanovoy Mountain Range, just west of the Sea of Okhotsk (Fig. 4). The Cherskiy 

Mountain Range is located north of the source region, and the Beijing, China area is farther 

south. The source region includes various terrain features, including the Stanovoy Range (A in 

Fig. 5) and the Dzhugdzhur Range (B in Fig. 5).  

On the synoptic scale, the source region is influenced by a strong (5800 m), persistent 

upper-level anticyclone (Fig. 6d-f) that produces subsiding air, dries the region and ultimately 

produces conditions that are conducive for increased fire activity. The 850 hPa geopotential 

heights and streamlines show a middle-latitude cyclone progressing northeastward over the 

North Pacific Ocean, with the dominant upper-level anticyclone also evident. The upper-level 

anticyclone dictates the eventual transport pathway of the CO plume, discussed further in the 

chemistry section below.  

Wildfires were ongoing in the study region prior to the integration period, most likely due 

to the continued presence of the large anticyclone. Terrain induced diurnal convection initially is 
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responsible for lightning activity (Fig. 7a-c) during the simulation period; however, a sagging 

shortwave trough leads to increased lightning episodes during the latter half of the period (25–27 

June 2008; Fig. 7d-f). The lightning activity progresses toward the southeast, with maximum 

lightning occurring on 25 and 26 June in the primary source region.  

 

 
Fig. 4. Topographic map (m) of  the 36 km parent domain showing the Cherskiy Mountain Range in far 
north-eastern Russia, the Stanovoy Mountain Range in the center, and the Sea of Okhotsk to the east. 
 
 

 
Fig. 5. Topographic map of the nested 12 km domain showing the Stanovoy Mountain Range (A), the 
Dzhugdzhur Mountain Range (B), and the Sea of Okhotsk (C). 
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Fig. 6. Geopotential heights (m; color filled contours) and streamlines at 850 hPa (a-c) and 500 hPa (d-f) 
on June 22 (a,d), 24 (b,e), and 27 June (c,f) 2008 at 0000 UTC. 



19 
 

 
Fig. 7. Locations of MODIS-derived active fires (black crosses) and WWLLN flashes (red bolts) on 22–
27 June 2008 (a-f, respectively). 
 

 



20 
 

3.2 PRECIPITATION COMPARISONS 

 

3.2.1 Qualitative Precipitation Comparison 

Each cumulus parameterization scheme produces fields of simulated sub-grid scale 

precipitation, and it is the traditional parameter that is used to analyze the utility of each scheme. 

Figures 8–9 show daily total precipitation from each scheme and the GPCP counterpart on 22–24 

June and 25–27 June 2008, respectively. The variations between these fields highlight how each 

scheme simulates vertical motion and the ensuing precipitation. A qualitative comparison with 

GPCP follows, while a statistical verification is discussed later. 

The KF scheme consistently produces the greatest precipitation in the study region (Figs. 

8-9). The most striking difference in the AOI occurs on 24 June when BMJ precipitation (Fig. 8j; 

6–10 mm day-1) is approximately half that of KF (Fig. 8i; 14–18 mm day-1). GD (Fig. 8k) 

produces values of 10–14 mm day-1. Compared to GPCP in the AOI, the daily total is between 

6–10 mm and displaced to the northwest of the WRF-Chem simulations. The latter of the period 

(25–27 June) exhibits similar spatial similarities with magnitude differences within WRF-Chem. 

On 25 June, large magnitude differences between the WRF-Chem simulations exist in the AOI. 

Compared to GPCP, the AOI precipitation is displaced to the north.  

By 27 June, the primary convective event moves south and east of the Stanovoy Range 

(black arrows in Figs. 9i-l), although GPCP places the greatest rainfall in the center of the AOI. 

The KF scheme (Fig. 9i) continues to produce the greatest rainfall, with large areas exceeding 18 

mm day-1, compared to lesser, near equal amounts from the BMJ and GD schemes over smaller 

areas (Fig. 9j-k). KF and GPCP agree most similarly on the final day of the simulation.  

Six-day total precipitation (Fig. 10) further illustrates differences in the three cumulus 

parameterization schemes. KF (Fig. 10a) produces approximately twice the precipitation as the 

BMJ in the AOI (Fig. 10b; 45 mm compared to 25 mm), and is nearly 20% greater than GD (Fig. 

10c; 30–35 mm). Although all three schemes exhibit similar spatial patterns, precipitation from 

the KF scheme covers a much larger area and is greater in magnitude. Thus in the AOI, KF 

produces the greatest amount of precipitation, with the BMJ and the GD schemes yielding near 

equal but smaller amounts. Compared to GPCP (Fig. 10d), the six-day maximum is displaced 

slightly to the north in the AOI compared to WRF-Chem; although KF is most similar. Outside 

the AOI, all three WRF-Chem simulations greatly over-simulate precipitation in the western and 
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southern parts of the domain compared to GPCP. A full statistical analysis between each WRF-

Chem simulation against GPCP will further highlight the discrepancies between location and 

intensity of precipitation. 

The similarities between KF and GD (and the differences with the BMJ) make physical 

sense due to the fundamental processes each scheme uses to produce precipitation. It is important 

to note these large differences in magnitude and small spatial differences because the chemical 

flux calculations that are described later depend on the vertical motion associated with the 

precipitation. 
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Fig. 8.  Daily total precipitation (mm) for each cumulus parameterization scheme and GPCP for 22–24 
June 2008.  The AOI is denoted by the black box. 
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Fig. 9. As in Fig. 8, but for 25–27 June 2008. The black box denotes the AOI, while the arrows depict the 
convective features moving out of the AOI on 27 June. 
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Fig. 10. Total WRF-Chem simulated precipitation (mm) for the entire six-day study period from each 
parameterization scheme and GPCP. The black box denotes the AOI. 
 
 

3.2.2   Object-Based MODE Precipitation Verification 

 Daily total precipitation simulated by WRF-Chem in the full domain (Figs. 8-9) is 

statistically verified against its GPCP counterpart using the MODE object-based program. Two 

different intensity and radius thresholds were employed in MODE (Table 3) to test weak and 

broad precipitation fields, as well as localized, more intense amounts.  

 
Table 2.  Combinations of precipitation amounts (mm day-1) and radial coverage (km) used as thresholds 
in MODE for the WRF-Chem / GPCP precipitation comparison. 
 

 

Amount (mm day-1) Radius (km) 

Threshold 1 2 48 

Threshold 2 18 12 

 

 Figure 11 shows the Critical Success Index (CSI; Fig. 11a) and Frequency Bias (FB; Fig. 

11b) during the simulation based on Threshold 1 (Table 3).  This threshold seeks to evaluate total 

precipitation amounts equal or exceeding 2 mm day-1 over at least 48 km radial areas i.e., light 

and broad-scale precipitation. Results illustrate a clear temporal trend, with CSI scores 

decreasing each day during the simulation. Greatest scores occur on the first day (22 June) with 

CSI scores of 0.65 (KF), 0.45 (BMJ), and 0.55 (GD). KF outperforms BMJ and GD on each 
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subsequent day by relatively small margins. GD initially has greater CSI scores than BMJ, but by 

27 June BMJ has slightly greater scores. The FB scores follow similar patterns. Each scheme 

exhibits near ―perfect‖ FB scores on 22–23 June, followed by the two worst-scoring (over-

prediction) days on 24–25 June, and then two days of under-prediction. The KF and GD schemes 

more often score closer to 1.0, while BMJ deviates the most from this standard. 

 We hypothesized that a cumulus parameterization scheme might perform differently in 

various precipitation types. Figure 12 shows Threshold 2 statistics that evaluate 18 mm day-1 

over 12 km radial areas. The threshold tests WRF-Chem’s ability to simulate more localized and 

intense precipitation patterns. The KF scheme continues to consistently produce the greatest CSI 

scores. In fact on two days, KF outperforms the other schemes by a large margin (e.g., ~0.60 

compared to ~0.40 for BMJ and GD on 23 June). In addition on 25 June, CSI scores for KF are 

less than 0.20, while BMJ scores near 0. The KF scheme’s CSI scores rebound the most during 

the final two days of the simulation. 

 The FB scores for Threshold 2 show that KF over-predicts the amount of rainfall each 

day. Conversely, GD and BMJ under-predict rainfall on four of the six-days. The exception is 

24–25 June (the worst scoring days), when the schemes greatly over-predict precipitation, similar 

to the KF. By 26–27 June, all three schemes converge toward the standard 1.0 line.  

 To summarize, the KF scheme is superior to the BMJ and GD schemes when simulating 

weaker and expansive precipitation patterns. However, increasing the precipitation rate and 

decreasing the coverage in the MODE program dramatically decreases skill scores and the ability 

to discern the best scheme. KF performs best in some instances - yet on a few occasions (e.g., 24 

and 25 June), GD performs best. Thus, at the more intense precipitation threshold, it is not 

possible to determine the consistently best scheme.  
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Fig. 11. Critical Success Index (Fig. 11a) and Frequency Bias (Fig. 11b) for MODE Threshold 1 of full 
domain daily total precipitation for each WRF-Chem cumulus parameterization scheme compared to the 
daily GPCP data. The red line in the FB plot denotes a ―perfect‖ forecast, and numbers on the x-axis 
represent the month and day in 2008 (mmdd). 



27 
 

 

Fig. 12. As in Fig. 11, but for MODE Threshold 2. 
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3.2.3    Point Verifications of Additional Parameters 

 We next provide a quantitative verification of several additional meteorological 

parameters that are influenced by cumulus parameterizations. Point verification is used to 

examine the effect of varying the cumulus parameterization scheme on fields of temperature and 

wind speed. These parameters are important in understanding pollution lofting and convective 

development, both of which influence long-range transport. 

 Traditional verification statistics are presented using MET’s PS tool, with the NCEP 

PREPBUFR observational dataset from the entire study region serving as verification ―truth‖. 

Figure 13 shows a time series of the mean absolute error (MAE) in 2-m temperature. The 2-m 

temperatures are important for determining convective initiation since slight changes lead to 

different thermodynamic and stability profiles. Small MAE suggests better skill compared to the 

point PREPBUFR observations. The KF scheme exhibits the smallest scores at all hours, 

whereas the BMJ performs worst throughout the study period. Each scheme follows a similar 

pattern with a relatively flat MAE plot during the first 60 h (~1.5–1.8 K), with increases to 

greater than 2.5 K at hour 72, and finally diminishing to ~ 2.0 K at hour 132. The increase in 

MAE scores around day 4 occurs on a day with enhanced precipitation. 

 Near-surface wind speed is important for lofting surface pollutants from the boundary 

layer into the FT. MAE scores for 10-m wind speed (Fig. 14) exhibit a pattern that is similar to 

the 2-m temperature statistics (Fig. 13). MAE scores initially are approximately 3.0 m s-1, then 

increase to 5–6 m s-1 by hour 84, and then decrease to 3–4 m s-1. Once again, KF produces the 

best scores throughout the simulation, except for a short period around hour 84 when the GD 

scheme performs slightly better. Although differences between the schemes are minimal, it is 

important to note that the BMJ consistently scores worst throughout the simulation.  

 Mean error (ME) (bias) statistics for 700 hPa temperature (Fig. 15) provide insight into 

the thermal effects of the parameterizations in the lower troposphere. During the first 60 h of the 

simulation, each scheme produces a slight cold bias (~ -0.1 K), but afterwards the three schemes 

diverge greatly. KF yields a warm bias at hour 84 with a maximum of 0.60 K. The BMJ and GD 

schemes mostly produce a cold bias between 0 and -0.40 K from hours 60–132.  

 Finally, deep convection can alter upper level wind patterns, and Fig. 16 shows the root 

mean square error (RMSE) of wind speed at 400 hPa. During the first 48 hours each scheme 
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performs similarly with RMSE scores beginning at 3.5 m s-1 and then slightly decreasing to 2.75 

m s-1. At hour 72, the BMJ RMSE increases to nearly 5 m s-1, while KF and GD only increase to 

~ 4.0 m s-1. This stark difference may be attributed to differences in WRF-Chem’s ability to 

simulate deep convection, particularly the BMJ scheme’s inability to correctly depict 

convectively influenced wind speeds at 400 hPa. The remaining 48 hours of the period feature a 

uniform decrease in RMSE, followed by another increase in all schemes to ~ 4.5 m s-1.  

 To summarize, point verification provides insights on the affects of cumulus 

parameterization on temperature and wind at several levels. The KF scheme outperforms both 

the GD and BMJ at most hours during the simulation. It is important to note that BMJ performs 

most differently, and often the worst.  

 

 
Fig. 13. Time series of mean absolute error (MAE) for 2-m temperature.  

 

 
Fig. 14. Time series of mean absolute error (MAE) for 10-m wind speed. 
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Fig. 15. Time series of mean error (ME) for 700 hPa temperature. 

 

 
Fig. 16. Time series of root mean square error (RMSE) for 400 hPa wind speed. 

 

 

3.3 CHEMISTRY COMPARISIONS 

 

A major goal of the study is to examine the effects of the different cumulus 

parameterization schemes on various aspects of atmospheric chemistry. We examine patterns of 

daily averaged CO at 10 km and total column CO, and qualitatively compare to CALIPSO. 

 

3.3.1   Daily Averaged CO at 10 km 

We first present daily averaged CO mixing ratios at 10 km above ground level (AGL). 

The 10 km height represents the upper-troposphere and enhanced CO that is indicative of 

significant lofting. Figure 17 shows CO mixing ratios (ppbv) on 22–24 June. The KF scheme is 
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the only parameterization to produce enhanced CO at 10 km on 22 June (Fig. 17 a-c). However 

by 23 June (Fig. 17d-f), two regions of CO lofting are evident: an extensive area between Beijing 

and Lake Baikal and another localized plume developing in the southeast corner of the AOI. By 

24 June (Fig. 17g-i), there is evidence of a clockwise rotating CO plume (black arrows in Fig. 

17g-i), with the large area moving north and west towards the Arctic. Only KF and GD produce 

isolated enhanced CO values in the AOI. GD produces slightly greater average mixing ratios (92 

ppbv) compared to KF (88 ppbv). BMJ’s lack of isolated maxima suggests that weaker updrafts 

prohibit lofting to the same level as KF and GD. This is confirmed by CO values at lower 

altitudes (e.g., 8 km, not shown). The dissimilarity between 10 km mixing ratios of the BMJ and 

other schemes is consistent with the contrasts in the daily total precipitation fields (Figs. 8–9).  

Figure 18 shows daily averaged 10 km CO mixing ratios for the next three day period of 

the simulation (25–27 June). The panels for 25 June (Fig. 18a-c) show curvature and clockwise 

motion in the Arctic bound plume that agree with the blocking anticyclone in the upper 

troposphere (Fig. 6). In the AOI, convective pulsing continues, causing the CO plume to become 

larger. The area of maximum concentration shifts south, consistent with the southward moving 

convective episodes. BMJ finally shows evidence of convective pulsing, with GD yielding 

slightly greater amounts than KF (94 ppbv compared to 90 ppbv). It should be noted that KF 

produces a greater eastward extension of the AOI plume than the other schemes (Fig. 18a).  

The panels for 26 June (Fig. 18d-f) show the Arctic-bound plume elongating and 

reaching the Arctic, with the KF scheme producing the greatest amounts (86 ppbv compared to 

only ~82 ppbv in the BMJ and GD). The AOI plume increases significantly, with greatest 

average CO mixing ratios approximately 96 ppbv for the KF scheme, slightly less in GD, and 

much less BMJ. All three parameterizations are similar in their eastward extension of the plume.  

The last series of plots is for 27 June (Fig. 18g-i) when the Arctic plume continues to 

rotate clockwise and becomes oriented southwest to northeast. The AOI plume has almost 

completely exited the source region and extends eastward across the southern domain. Each 

scheme similarly simulates this feature spatially, yet in the terms of magnitude, KF exhibits 

several embedded pulses of enhanced daily averaged CO (92–94 ppbv) that are not fully 

replicated by the other schemes. The curvature of the plume agrees with the 850 and 500 hPa 

geopotential heights and winds (Fig. 6f) which show the mid-latitude cyclone moving to the 

north and east in the same region.  
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To summarize, daily averaged CO at 10 km indicates simulated lofting due to convection 

from each cumulus parameterization scheme.  There are minimal spatial differences; the greatest 

contrast is seen in magnitudes within the source region and downwind transport, both in the 

Arctic-bound plume and the eastward plume. 
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Fig. 17. Daily averaged CO mixing ratio (ppbv) at 10 km AGL on 22–24 June 2008.  The black box 
denotes the AOI, and the black arrows represent the rotating, Arctic-bound plume. 
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Fig. 18. As in Fig. 17, but for 25–27 June 2008. 
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3.3.2     Daily Averaged Total Column CO 

  
 The daily averaged total column CO simulated by WRF-Chem from each cumulus 

parameterization scheme is compared to its AIRS counterpart (Figs. 19–20). The first two days 

(Fig. 19a-h) of the period are characterized by relatively small values of total column CO and 

only a few embedded areas of enhanced values. Compared to AIRS, all three WRF-Chem 

simulations (Fig. 19a-c) appear to under-simulate the amount of CO. This result is expected due 

to the long lifetime of CO and the wildfires existing prior to the start of the simulation. By 24 

June (Fig. 19i-l) WRF-Chem and AIRS exhibit better agreement, particularly between AIRS and 

KF. BMJ produces the smallest total column CO values and does not simulate as successfully the 

maxima located near the source region as GD and KF.  

By 25 June (Fig. 20a-d), the area of greatest total column CO shifts south and eastward, 

as seen in the 10 km daily averaged CO mixing ratios (Figs. 17–18) and the precipitation patterns 

associated with the convective episodes (Figs. 8–9).  The total column CO patterns on 25 June 

agree spatially with the AIRS retrievals, with their magnitudes most similar to those of KF. 

Interestingly, on the final day in the simulation (27 June; Fig. 20i-l), total column CO decreases 

across the entire domain. This decrease is observed both in the WRF-Chem simulations and 

AIRS. Unfortunately, missing AIRS data over the source region and downwind plume prevent a 

more detailed examination on this day. However, BMJ exhibits clearly the greatest differences 

by the end of the period, similar to that observed in the daily averaged 10 km CO.  
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Fig. 19. Daily averaged total column CO (kg m-2) simulated by the KF, BMJ, and GD cumulus 
parameterization schemes and AIRS sensor for 22 (a-d), 23 (e-h), and 24 June (i-l). 
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Fig. 20. As in Fig. 19, but for 25–27 June 2008. 
 

3.3.3     Comparisons with CALISPO 

 The CALIOP sensor aboard the CALIPSO satellite provides a qualitative verification of 

the simulated CO vertical profiles. We matched CALIPSO tracks to WRF-Chem simulated CO 

on two days. The CALIPSO track for 26 June 2008 was along 55°N, 138°E southwestward to 

37.5°N, 131.7°E (Fig. 21a). The CALIOP 532-nm attenuated backscatter (Fig. 21b) shows 

several features. Farther north (left) along the track, there is an extensive layer of enhanced 

attenuated backscatter near 10–15 km altitude, with similar features around 5 km. Farther south 

and west (right) along the path, there is a broad, uniform area of lower altitude values between 
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0–3 km and another thin layer near the surface. Finally, there is a weak but discernible area at 10 

km near 37°N, 131°E. Comparing CALIOP with the three WRF-Chem simulated cross sections 

of CO and using the vertical feature mask (VFM; Fig. 21c) to aid in the comparisons, it is clear 

that all three cumulus parameterization schemes (Fig. 21d-f) produce similar low- and mid-level 

CO layers that agree favorably with the orange colored aerosol areas in the VFM. We assume 

that the aerosols are co-located with CO as done by Labonne et al. (2007) and Sessions et al. 

(2010). It is encouraging that all three parameterizations simulate the small area of CO and 

aerosols around 10 km in the southern (right) end of the track, indicating that WRF-Chem 

successfully represents even small-scale features, not just large plumes. An unfortunate 

disadvantage of CALIOP is the cloud-contaminated attenuation that limits a more detailed and 

quantitative analysis. 

 The CALIOP track on 27 June (Fig. 22a) is farther south and east than on 26 June (Fig. 

21a), extending southwest from Kamchatka. The backscatter panel (Fig. 22b) reveals a broad, 

circular area of both enhanced and weak aerosols, ranging in altitude from 4–13 km. The VFM 

(Fig. 22c) indicates that the stronger backscatter areas mostly are clouds (cyan) with embedded 

aerosols (orange). All three simulated cross sections (Fig. 22d-f) place CO in the same circular 

shape as CALIOP, but their greatest concentrations are lower in altitude than CALIOP and also 

farther north (left in the plot).  One should note that although the KF scheme produces smaller 

CO mixing ratios than BMJ and GD in the lower altitudes (Fig. 22e), KF yields greater 

concentrations near 15 km that are not represented by the BMJ scheme and only weakly in the 

GD scheme.  
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Fig. 21. a) CALIPSO track at 1700 UTC 26 June 2008 with the area of interest shown in pink, b) 
CALIOP 532-nm attenuated backscatter, c) CALIOP vertical feature mask (VFM), where orange and 
cyan colors represent aerosols and clouds, respectively. WRF-Chem simulated CO plumes along the 
CALIPSO track from the d) BMJ, e) KF, and f) GD cumulus parameterization schemes. The WRF-Chem 
cross sections correspond to the unshaded portion of the CALIOP panels (b,c). 
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Fig. 22. As in Fig 21, but for 1600 UTC 27 June 2008.  
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3.4 CO VERTICAL MASS FLUX  

 

We used several approaches to analyze simulated CO vertical mass flux due to the 

convective transport of biomass burning emissions. We first present spatial fields of CO vertical 

mass flux at three different altitudes, followed by a time series of vertical flux in the AOI, and 

ending with vertical profiles of the flux. Area-averaged CO mass flux within the AOI was 

calculated following Halland et al. (2009) and given by 

 

               , (3) 

 

where   is the total CO (metric tons) transported per time increment,    is the mass 

concentration of CO (kg m-3),   is the vertical velocity (m s-1),   is the time period (60 min), and   is the area of the grid box in the WRF-Chem domain. MC is calculated from the ideal gas law 

using output from WRF-Chem and given by 

 

                   , (4) 

 

where    is the pressure level of the mass flux calculation,   is the molecular weight of CO,   is 

the universal gas constant,   is temperature, and   is the CO concentration in ppbv. 

 

3.4.1    Spatial Maps of CO Vertical Mass Flux 

Figure 23 shows distributions of daily averaged CO upward (red) and downward (blue) 

mass flux (metric tons day-1) in the AOI on 24 June at 9.5 km AGL (Fig. 23a-c), 6.0 km (Fig. 

23d-f), and 3.5 km (Fig. 23g-i). At 3.5 km (Fig. 23g-i), a large area of upward CO flux is located 

along 57°N from 125°E to 135°E. Although it is simulated by all three parameterization 

schemes, BMJ (Fig. 23h) produces the weakest values with only a few embedded areas of 

stronger upward flux (4–6 metric tons day-1). Both KF (Fig. 23g) and GD (Fig. 23i) produce 

similar patterns, although KF exhibits areas of greater values between 125°E and 130°E (8–10 

compared to 6–8 metric tons day-1).   
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Spatial patterns of CO vertical mass flux at 6.0 km (Fig. 23d-f) are similar to those at 3.5 

km. The KF (Fig. 23d) and GD (Fig. 23f) schemes are most similar, although KF produces a few 

isolated areas of greater upward flux that exceed 10 metric tons day-1. Although the BMJ 

scheme’s upward flux at 6.0 km (Fig. 23e) is not as broad as the other schemes, it still contains 

two areas of intense upward flux (10 metric tons day-1).  

 At 9.5 km (Fig. 23a-c), magnitudes of upward flux are much weaker than at the two 

lower altitudes. This is expected since only the strongest updrafts extend to this level. Maximum 

upward flux from the BMJ scheme north of 55°N (Fig. 23h) is broken into two small areas, while 

GD (Fig. 23i) concentrates the flux in one area that coincides with the weakest area in BMJ. KF 

(Fig. 23g) produces multiple areas of greatest upward mass flux (~8 metric tons day-1) that are 

not represented in either BMJ or GD.  

Figure 24 shows horizontal distributions of daily averaged CO upward and downward 

mass flux two days later (26 June) at the same altitudes as Fig. 23. At 3.5 km (Fig. 24g-i) the 

area of greatest upward flux is shifted south and east in agreement with the shift in precipitation 

fields described earlier (Fig. 9d-f).  In addition, values of upward CO flux are greater than before 

with extensive areas of 10 metric tons day-1. All three schemes produce maxima at similar 

locations (50°N, 135°E) although KF’s maximum contour (Fig. 24g) is much broader. Patterns 

of mass flux at 6.0 km are similar to those at 3.5 km, with KF (Fig. 24d) and GD (Fig. 24f) most 

similar in distribution and magnitude. BMJ (Fig. 24e) is weaker and only includes scattered areas 

of 10 metric tons day-1. Finally, at 9.5 km, KF (Fig. 24a) again exhibits the greatest values of 

upward CO flux, while BMJ (Fig. 24b) and GD (Fig. 24c) produce similar magnitudes and 

distributions.  

One should note that patterns of CO upward mass flux on these two days mimic the 

simulated precipitation fields (Figs. 8–9). This occurs because the parameterizations use vertical 

velocity to generate precipitation.  Thus, one expects larger mass fluxes to correspond to greater 

amounts of simulated precipitation. The CO fluxes generally agree with precipitation patterns 

each day, with the greatest differences in the magnitudes of the fluxes, not their distributions. 
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Fig. 23. Daily averaged CO vertical mass flux (metric tons day-1) of upward (red contours) and downward 
(blue contours) transport at 9.5 km (Fig. 23a-c), 6.0 km (Fig. 23d-f), and 3.5 km (Fig. 23g-i) on 24 June 
2008.  
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Fig. 24. As in Fig. 23, but for 26 June 2008. 
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3.4.2    Time Series of CO Vertical Mass Flux 

 Figure 25 shows a time series of AOI area averaged upward (Fig. 25a), downward (Fig. 

25b), and net CO vertical mass flux (Fig. 25c) during the six-day study period at an altitude of 

3.5 km.  Hour 0 corresponds to the beginning of the study period (after the 24 h model spin-up) 

at 0000 UTC 22 June. Greatest values (both upward and downward) occur on the days with 

greatest precipitation (24–26 June). Diurnal peaks are evident in upward mass flux since greater 

surface heating during the day leads to strongest updrafts and downdrafts, with a corresponding 

weakening at night.  The KF scheme produces maxima of 30–40 metric tons h-1 within the AOI. 

GD yields much smaller values when, for example, at hour 55 (the peak for 24 June), the upward 

flux is half that of KF (15–20 metric tons h-1 less). For the total six-day simulation period over 

the AOI (Table 2), upward CO mass flux from the KF scheme is 3241 metric tons, compared to 

only 2641 metric tons from GD, and 2292 metric tons from BMJ. 

Downward mass flux exhibits a similar diurnal curve with greatest values coinciding with 

peaks in upward flux (Fig. 25b). BMJ produces the greatest downward mass flux, with daily 

peaks between 16–24 metric tons h-1, compared to 8–16 metric tons h-1 for KF, and 12–16 metric 

tons h-1 for GD. The net flux (Fig. 25c) is important in understanding the overall vertical 

transport of CO at each altitude. Totals for the six-day period (Table 2) are 1509 metric tons 

(KF), -58 metric tons (BMJ), and 525 metric tons (GD).   

The mass fluxes at 6.0 km AGL (Fig. 26) exhibit similar temporal variations to those at 

3.5 km. Diurnal peaks are evident in each scheme and day, and each parameterization produces 

similar maxima, although variations among the schemes are less than at 3.5 km. However, by 

hour 110, KF diverges from the BMJ, and somewhat from the GD. This is reflected in the period 

totals, where the upward flux from KF (2966 metric tons) surpasses the BMJ (2206 metric tons) 

and GD (2491 metric tons). The net mass flux (Fig. 26c) reveals greater differences among the 

three schemes, with KF producing 1418 metric tons, compared to 199 metric tons from BMJ and 

579 metric tons by GD.  

Finally, at 9.5 km (Fig. 27) the diurnal peaks diminish because most updrafts do not reach 

this high altitude.  Only the days with strongest convection (24–26 June) exhibit fluctuations in 

the upward plots (Fig. 27a). The variability among the schemes is further reduced, with the KF 

scheme simulating a six-day total upward flux of 2296 metric tons compared to 1665 metric tons 

(BMJ) and 1822 metric tons (GD). Finally, KF produces the greatest net mass flux (Fig. 27c) at 
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9.5 km altitude. On the days with strongest convection (24–26 June),  KF produces a net flux of 

10–20 metric tons h-1, compared to only 5–10 metric tons h-1 for the GD scheme, and ~ 0 metric 

tons h-1 for the BMJ scheme. 

In summary, each cumulus parameterization exhibits similar patterns in the time series of 

CO vertical mass flux. However, the magnitudes differ considerably, especially during the 

diurnal peaks, with the KF fluxes much greater during the six-day simulation than the other two 

schemes. Aggregated over time, the overall amounts of upward, downward, and net CO flux vary 

greatly. These differences are consistent with the precipitation comparisons described earlier.  

 



47 
 

 
Fig. 25. Time series of area averaged CO mass flux (metric tons h-1) at 3.5 km AGL within the AOI for 
upward (Fig. 25a), downward (Fig. 25b), and net flux (Fig. 25c). Values are plotted at hourly intervals. 
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Fig. 26. As in Fig. 25, but at 6.0 km AGL. 
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Fig. 27. As in Fig. 25, but at 9.5 km AGL. 
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Table 3.  Summary of composite six-day upward, downward, and net CO vertical mass flux (metric tons) 
for each cumulus parameterization scheme at three altitudes (9.5, 6.0, and 3.5 km AGL). Values were 
computed over the AOI. 
 

    9.5 km   
  KF BMJ GD 

Upward 2296 1665 1822 

Downward 1300 1686 1563 

Net 996 -21 259 

        

    6.0 km   

  KF BMJ GD 

Upward 2966 2206 2491 

Downward 1548 2007 1912 

Net 1418 199 579 

        

    3.5 km   

  KF BMJ GD 

Upward 3241 2292 2641 

Downward 1732 2349 2116 

Net 1509 -58 525 

 

3.4.3    Vertical Profiles of CO Vertical Mass Flux 

It is important to investigate vertical profiles (surface to 16 km AGL) of daily AOI 

averaged CO vertical mass flux (Fig. 28) since they are important in determining CO 

concentrations at individual altitudes and the resulting long range horizontal transport. Each 

profile exhibits similar bi-modal maxima with the greatest upward flux between 4–8 km AGL 

(25–30 metric tons day-1). These altitudes exhibit the strongest convective updrafts. A secondary 

maximum is at ~ 12 km (15–20 metric tons day-1). Although convective updrafts at this altitude 

are weaker than those below, the CO mixing ratios are slightly greater than at other altitudes (not 

shown). These height maxima are consistent with previous studies that found greatest upward 
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CO mass flux occurring in the mid- to upper-troposphere (Pickering et al., 1996; Halland et al., 

2009).  

At the surface, each parameterization scheme produces an average daily CO flux of ~ 10 

metric tons day-1, with KF yielding the greatest value each day, albeit by only 2–4 metric tons 

day-1. The KF scheme clearly produces the strongest vertical transport each day, with the greatest 

separation in profiles occurring in the mid-levels on 22 June (Fig. 28a), 24 June (Fig. 28c), and 

27 June (Fig. 28f). Early in the simulation period, the upward flux from the BMJ and GD 

schemes resemble each other, but by 25–26 June (Fig. 28d,e respectively), BMJ is weakest.  

Examining the upper-level secondary maxima, the GD scheme produces the greatest 

daily average mass flux on three days: 23 June (Fig. 28b), 24 June (Fig. 28c), and 26 June (Fig. 

28e).  BMJ exhibits much weaker values at these altitudes, especially on 24 June (Fig. 28 c) 

onward, with upward CO mass flux between 10–15 metric tons day-1, while KF and GD produce 

local maxima between 15–20 metric tons day-1. At 16 km, each scheme converges towards zero 

metric tons day-1. 

Finally, the average change in CO concentration (ppbv day-1) due to vertical transport 

was computed during the six-day period at three altitudes (9.5, 6.0, and 3.5 km AGL, Table 4). 

The daily averaged CO change was computed by taking the difference in the average ppbv for 

each day and the initial CO concentration from the beginning of the simulation. At 9.5 km, the 

KF scheme dominates with an average daily increase of 8.7 ppbv day-1, while the GD is 7.8 ppbv 

day-1, and BMJ is 7.1 ppbv day-1. At 6 km, the CO change is slightly less, with KF producing the 

greatest daily change (6.4 ppbv day-1). GD produces a daily change of 5.9 ppbv day-1 and BMJ 

produces changes ~ 5 ppbv day-1. Finally, closer to the surface, average daily CO changes at 3.5 

km are smaller, with all schemes yielding  between 5–6 ppbv day-1. Thus, the greatest daily 

average CO change during the six-day period occurs in the mid- to upper-troposphere. 

To summarize, the current profiles of vertical CO mass flux are consistent with previous 

studies, highlighting two maxima: a mid-tropospheric maximum between 4-6 km AGL, and a 

secondary local maximum near jet stream level. The daily plots show that the KF scheme 

produces the greatest upward flux, particularly in the low and mid-levels. While differences are 

not great on any particular day, they become important when aggregated over time. 
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Fig. 28. Vertical profiles of daily AOI averaged upward CO vertical mass flux (metric tons) for each day 
of the simulation (June 22–27 respectively) from each cumulus parameterization scheme. 
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Table 4. Average change in CO concentration (ppbv day-1) in the AOI for each cumulus parameterization 
scheme at three altitudes (9.5, 6.0, and 3.5 km AGL). 
 

 9.5 km  

KF 8.7 
BMJ 7.1 
GD 7.8 
  
 6 km 

KF 6.4 
BMJ 5.1 
GD 5.9 
  
 3.5 km 

KF 5.8 
BMJ 5.2 
GD 5.7 

 
 

3.4.4   Total Column CO Verification Using MODE  

 As a final examination of the effects of cumulus parameterizations on CO, we 

quantitatively compare patterns of daily averaged total column CO to its AIRS counterpart (Fig. 

29). Scores quantify the differences observed in the spatial patterns of total column CO (Figs. 

19–20). This verification includes the entire study domain area, and utilizes the MODE object-

based procedure. Results show that each scheme performs similarly each day, with most CSI 

scores approximately 0.60 (Fig. 29a). The exception is 22 June (CSI scores of ~0.40). KF 

produces the highest CSI score each day, though by a small amount, while BMJ yields the lowest 

scores. Results for GD are in between. The greatest separation in CSI between schemes is ~ 0.10.   

 FB (Fig. 29b) describes the under- and over-simulation of total column CO compared to 

the AIRS product. The first three days of the simulation (22–24 June) are slightly under-

simulated, followed by slight over-simulation during the final three days. The differences among 

schemes again are minimal. GD initially simulates closest to the 1.0 standard; however, during 

the final three days, KF performs slightly better. The observed shift from under-simulation to 

over-simulation may be due to fire emissions that existed prior to the integration period and are 

not represented in WRF-Chem. That omission would cause the initial WRF-Chem simulations to 

have fewer biomass burning emissions compared to the actual AIRS satellite observation, despite 

the model spin-up period. 
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 Although it is encouraging to see WRF-Chem produce positive CSI and FB scores with 

respect to AIRS, the relatively small differences between schemes suggests that the greatest 

variations due to varying the cumulus parameterization schemes occurs in the meteorological 

parameters, not total column CO. Nonetheless, the CO vertical mass fluxes from the three 

schemes clearly exhibit considerable differences in magnitude. This is reflected in the average 

daily change in CO mixing ratios (ppbv day-1) due to the vertical flux (Table 4). One reason for 

the small differences in the skill of total column CO is that precipitation and other 

meteorological fields evolve quickly compared to long-lived chemical fields such as CO. 

Therefore, changes in total column values are not as discernible in the verification process.  

 

 
Fig. 29. Critical Success Index (Fig. 29a) and Frequency Bias (Fig. 29b) of daily averaged total column 
CO for the full study domain compared to daily averaged AIRS total column CO and numbers on the x-
axis represent the month and day during 2008 (mmdd). 
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3.4.5   CO Mixing Ratio Verification Using MODE  

 The lack of large variability in the total column CO comparisons with AIRS may mask 

greater variability at individual altitudes (as was observed in the prior CO mass flux calculations; 

Figs. 23–28). Therefore, daily averaged CO mixing ratios from WRF-Chem were compared 

using MODE to daily averaged AIRS CO mixing ratios at 10 km, 7 km, and 5 km AGL (Fig. 30 

a-c, respectively). Although AIRS has a relatively coarse vertical resolution and is susceptible to 

missing data and attenuation, McMillian et al. (2005) showed that AIRS CO verticality is 

maximized between 400–600 hPa with a percent determined (PD) of 50%. Closer to the surface, 

PD decreases to near 25%, as it does above 400–600 hPa. We examine three altitudes where PD 

is large (5, 7, and 10 km AGL). 

Figure 30a shows CSI scores for CO mixing ratios at 10 km. All schemes yield CSI 

values between the 0.4 and 0.6.  No clear temporal trend is observed. KF outscores the other 

schemes every day, albeit by only a small margin. BMJ produces the poorest scores throughout 

the period. At 7 km (Fig. 30b) all CSI scores decrease significantly, with KF and GD yielding ~ 

0.3, and BMJ yielding ~ 0.2. Thus, KF and GD produce similar values of CSI, with BMJ the 

outlier. The lower scores in all schemes reflect the degradation of AIRS retrievals at lower 

altitudes. Finally, CSI scores at 5 km reflect the same trend (Fig. 30c), with most values slightly 

less than those at 7 km. KF again is the best performer on all days, with CSI scores between 0.2 

and 0.4. The BMJ scores are smallest on 22 June and 26–27 June.  

In summary, skill deteriorates with decreasing altitude, due to AIRS’ poorer performance 

at lower altitudes. There is somewhat greater variation in CSI scores of CO mixing ratios than 

scores of the observed total column CO (Fig. 29). The KF cumulus parameterization scheme 

usually performs the best against the AIRS derived values, but the GD is not far behind. The 

BMJ parameterization produces considerably less agreement with the AIRS CO patterns.  
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Fig. 30. Critical Success Index of daily averaged CO mixing ratio (ppbv) compared to daily averaged 
AIRS CO at 10 km AGL (Fig. 30a), 7 km AGL (Fig. 30b), and 5 km AGL (Fig. 30c) and numbers on the 
x-axis represent the month and day during 2008 (mmdd). 
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CHAPTER FOUR 

SUMMARY AND CONCLUSIONS 

 

The convective lofting of biomass burning emissions from the boundary layer to the free 

troposphere is an important mechanism for redistributing pollutants in the global atmosphere. It 

is crucial for CTMs to accurately simulate the meteorological and chemical fields and sub-grid 

physical processes that lead to convective lofting. For grid spacings greater than ~ 10 km, 

convection must be parameterized using various approaches. Testing the performance of 

cumulus parameterization schemes in an online CTM such as WRF-Chem during a biomass 

burning event with deep convection has not been well documented. 

This study examined three of WRF-Chem’s cumulus parameterizations and the resulting 

convective transport of biomass burning emissions. The study area was southeastern Russia 

during an anomalously large wildfire outbreak in summer 2008 during NASA’s ARCTAS field 

experiment. Seven day nested simulations were performed using WRF-Chem with MODIS-

derived active fire data. Three convective parameterization schemes were tested:  Kain-Fritsch 

(KF), Betts-Miller-Janjic (BMJ), and Grell-Devenyi (GD). Results of the WRF-Chem 

simulations were compared qualitatively against CALIOP and quantitatively against GPCP and 

AIRS satellite data using the MET statistical verification package. 

 Diurnal terrain induced convection, along with a southeast moving shortwave trough, led 

to extensive convective episodes during the period 22–27 June 2008. The KF scheme 

consistently simulated greater precipitation amounts each day in both the study’s AOI and in the 

full domain. The BMJ and GD schemes exhibited smaller amounts of precipitation than KF, with 

BMJ most different from the other two. 

 WRF-Chem’s simulated daily precipitation totals were compared quantitatively to GPCP 

daily precipitation using the MODE object-based verification package within MET. CSI and FB 

scores were produced for two rainfall intensity and coverage thresholds to assess WRF-Chem’s 

ability to simulate various types of precipitation. CSI scores degraded with time, ranging from an 

initial score of 0.60 to approximately 0.40 by the end of the six-day simulation. The KF scheme 

performed best, though by a small margin, while GD and BMJ produced similar scores. The KF 

scheme greatly over-predicted precipitation on most days in the two thresholds tested, while the 
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GD and BMJ schemes varied day-to-day. However, all schemes over-predicted the heavy 

precipitation on 24–25 June 2008. At the lower precipitation rate (2 mm day-1), the KF scheme 

clearly is the best choice in cumulus parameterization. However, at higher precipitation amounts, 

it is more difficult to discern which scheme is superior, as the score of each varies widely daily. 

 Daily averaged CO mixing ratios were analyzed at 10 km AGL for evidence of 

convective lofting. Convection in the source region produced two major plumes: an extensive 

plume gyrating northward toward the Arctic and a second elongated plume that moved 

southeastward with the large-scale flow. The three parameterization schemes simulated similar 

CO plume structures at 10 km; however, the KF and GD schemes produced much greater CO 

mixing ratios than the BMJ scheme. The vertical distributions of the CO plumes were 

qualitatively compared to those from the CALIOP sensor onboard CALIPSO. All three WRF-

Chem simulated CO plumes agreed well with CALIOP and differences among the various 

cumulus parameterization schemes were slight. Cloud contamination inhibited a more 

quantitative analysis. 

 Time series of CO vertical mass flux were shown at three altitudes (9.5, 6.0, and 3.5 km 

AGL).  Diurnal pulses were clearly evident, with the most intense pulses occurring on days with 

greatest precipitation. The six-day simulation totals showed that the KF scheme’s upward CO 

mass flux at 3.5 km was 3241 metric tons, compared to only 2641 metric tons (GD), and 2292 

metric tons (BMJ). At 6.0 km, upward CO mass fluxes from the KF, GD, and BMJ schemes 

were 2966 metric tons, 2491 metric tons, and 2206 metric tons, respectively. Similar trends were 

observed at 9.5 km AGL, although smaller in magnitude.  Vertical profiles of CO upward mass 

flux (surface to 16 km AGL) showed two maxima: between 4–6 km and near 12 km, consistent 

with previous studies. KF simulated the greatest upward flux in the low- to mid-troposphere, 

with the GD and KF schemes nearly equal in the upper-levels. BMJ provided the weakest 

vertical profiles on all days.  

Finally, the daily averaged change of CO mixing ratios was computed over the AOI at 

three altitudes to show that vertical transport altered the overall CO concentration by 

approximately 5-10 ppbv day-1, consistent with previous case studies of convective transport. 

The KF scheme exhibited the greatest change at 9.5 km (~ 9 ppbv day-1), compared to only ~7 

ppbv day-1 in BMJ, and ~ 8 ppbv day-1 in GD. 
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 WRF-Chem’s daily averaged total column CO was quantitatively compared to its AIRS 

counterpart using the MODE object-based program. Each scheme exhibited CSI scores of ~ 0.60, 

with the KF scheme performing slightly better than GD and BMJ. There was a relative lack of 

difference in total column CO. Daily averaged CO mixing ratios at three heights were then 

compared using MODE. As expected, CSI scores degraded with decreasing altitude, ranging 

from approximately 0.5 at 10 km to less than 0.2 at 5 km. The KF scheme performed best in this 

comparison, and the differences between schemes generally increased at lower altitudes. The 

greater variability between schemes in the precipitation verification suggests that changes in 

meteorology occur more quickly than changes in CO. 

 To summarize, the choice of a cumulus parameterization scheme was critical when 

simulating the convective transport of biomass burning emissions using WRF-Chem. While the 

results show that spatial differences are not great at most individual times, they do accumulate 

over time and lead to large magnitude differences in precipitation, upward CO mass flux, and 

long-range CO plume transport. The KF cumulus parameterization scheme vertically transports 

more CO than the BMJ and GD schemes, and outperforms the other schemes in the verification 

techniques. In situations similar to those in this study, not using the KF cumulus 

parameterization may underestimate the convective transport of CO and, subsequently, its long-

range transport.  

It should be noted that the above findings are based on a single study. Additional studies 

in different locations and with different convective scenarios must be performed.  Nonetheless, 

the current results demonstrate how the choice of a cumulus parameterization scheme in a CTM 

can affect many aspects of its output. 
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