ABSTRACT
HE, JIAN. Development and Evaluation of Earth System Models on Global and Regional
Scales: Aerosol Chemistry and Dynamics, Air-Sea Interactions, and Retrospective Decadal
Applications. (Under the direction of Drs. Yang Zhang and Ruoying He.)
Earth system models have been used for climate predictions in recent years due to
their capabilities to include coupled and interactive representations of Earth’s components
(e.g., atmosphere, ocean, land, and sea ice). The Intergovernmental Panel on Climate Change
(IPCC) Fifth Assessment Report (AR5) indicated that the uncertainties associated with cloud,
aerosol, and their feedbacks, as well as uncertainties in near- and long-term projections from
earth system models are emerging issues to be addressed by the scientific community. The
Community Earth System Model (CESM) is a global Earth system model that has been
developed to simulate the entire Earth system by coupling physical climate system with
chemistry, biogeochemistry, biology, and human systems, and it has been applied to simulate
global climate change as part of IPCC-AR5. In this work, to reduce the uncertainties
associated with predicted aerosol impacts on climate, several advanced chemistry and aerosol
treatments are implemented to Community Atmosphere Model (CAM), which is the
atmospheric component of CESM. Those treatments include two new gas-phase chemical
mechanisms (i.e., the 2005 Carbon Bond Mechanism with Global Extension (CB05_GE),
and the Model for OZone and Related chemical Tracers version 4 with extension
(MOZART-4x)), and several advanced inorganic aerosol treatments for condensation of
volatile species, ion-mediated nucleation, and explicit inorganic aerosol thermodynamics.
CESM/CAM with advanced chemistry and aerosol treatments is applied for decadal (20012010) global climate predictions. The results demonstrate that the improved model is capable
of predicting meteorology, radiation, and aerosol components, although large biases remain

in predictions on cloud variables, likely due to the uncertainties in cloud dynamics and
thermodynamics in the model. Sensitivity simulations using CESM/CAM with different gasphase mechanisms (i.e., CB05_GE and MOZART-4x) are also conducted to examine the
differences in the secondary organic aerosols (SOA) predictions resulted from the two
mechanisms and study the sensitivity of air quality and climate predictions to different gasphase mechanisms. The results show that MOZART-4x can predict better secondary organic
aerosols (SOA) than CB05_GE at four sites over continental U.S., but both largely
underpredict total organic carbon over Europe. The two gas-phase mechanisms result in a
global average difference of 0.5 W m-2 in simulated shortwave cloud radiative forcing, with
significant differences (e.g., up to 13.6 W m-2) over subtropical regions.
Regional Earth system modeling is also important since fine scale feedbacks
associated with interactions among Earth’s components can substantially influence regional
air quality and climate. The Coupled Ocean-Atmosphere-Wave-Sediment Transport
(COAWST) Modeling System enables integration of oceanic, atmospheric, wave and
morphological processes in the coastal ocean. In this work, to investigate the impacts of airsea interactions on regional air quality predictions, Weather Research and Forecasting model
with chemistry (WRF/Chem) turns on the option of1-D ocean mixed layer (OML) treatment
and is coupled with the 3-D Regional Ocean Modeling System (ROMS) within COAWST.
The sensitivity simulations are conducted over southeastern U.S. for July 2010. The results
show that compared to WRF/Chem without ocean treatments, the changes in the sea surface
temperature (SST) by WRF/Chem-OML and WRF/Chem-ROMS are 0.1 oC and 1.0 oC,
respectively, and the differences in surface O3 and PM2.5 can be as large as 17.3 ppb and 7.9
μg m-3, respectively. The largest changes in surface O3 and PM2.5 occur not only along coast

and remote ocean, but also over inland area, indicating the significant impacts of air-sea
interactions on chemical predictions. With coupling of 3-D ocean model, WRF/Chem-ROMS
predictions of most clouds and radiative variables are improved, especially over ocean.
WRF/Chem-ROMS predictions of surface chemical species such as SO2, HNO3, Max 1-h
and 8-h O3, SO42-, NH4+, NO3-, and PM10 are also improved.
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CHAPTER 1. INTRODUCTION
1.1 Background
Atmospheric gases and aerosols play important roles in climate change due to their
ability to directly or indirectly alter the Earth’s radiation balance. Atmospheric chemistry
determines the distribution of important oxidants and gaseous precursors for secondary air
pollutants such as ozone (O3) and fine particular matter. Aerosols can influence the Earth’s
radiative balance by directly scattering and absorbing radiation and indirectly affecting cloud
properties through acting as cloud condensation nuclei (CCN) and ice nuclei. The aerosol
effects on radiation depend critically on their chemical composition and physical properties.
Meanwhile, climate change can strongly influence atmospheric chemistry and air quality
(Jacob and Winner, 2009). Due to the nonlinear relationships between chemistry, aerosols,
and climate, it is important to accurately represent their interactions in a three-dimensional
global model.
Earth system models have been used for climate predictions in recent years due to
their capabilities to include coupled and interactive representations of Earth’s components
(e.g., atmosphere, ocean, land, and sea ice). The Community Earth System Model (CESM) is
a global Earth system model and used in this work for decadal and global climate predictions
due to its capability of simulating the entire Earth system by coupling physical climate
system with chemistry, biogeochemistry, biology, and human systems. It can also quantify
the certainties and uncertainties in Earth system feedbacks on time scales up to centuries and
longer and has been applied to simulate climate change as part of the Intergovernmental
Panel on Climate Change (IPCC) Fifth Assessment Report (AR5). However, due to the
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complexities in physical and chemical processes of aerosols, uncertainties remain in the
model treatments. In this work, several advanced chemistry and inorganic aerosol treatments
are implemented into the Community Atmosphere Model version 5.1, the atmospheric
component of CESM version 1.0.5, to reduce the uncertainties associated with some of those
model treatments and the resultant predictions of aerosol impacts on climate.
Compared to global atmospheric models, regional atmospheric models have higher
grid resolution and allow more detailed treatments for gaseous and aerosol physical and
chemical processes. 3-D regional atmospheric models, such as the Weather Research and
Forecasting model with chemistry (WRF/Chem, Grell et al., 2005; Fast et al., 2006), the
Community Multi-scale Air Quality (CMAQ, Binkowski and Roselle, 2003; Byun and
Schere, 2006) model, and the Comprehensive Air Quality Model with Extensions (CAMx,
ENVIRON, 1998, 2010 ) are often used for regional air quality studies. Most regional models
consist of an atmospheric component coupled with a land surface scheme and forced by
prescribed sea surface temperature (SST) over ocean. However, SST patterns can impact
precipitation patterns and therefore affect atmospheric heating through latent heat flux. As a
result, boundary layer conditions are impacted through air-sea interactions, resulting in
changes in the planetary boundary height, surface temperature, and surface wind. For
example, along coastal areas, air-sea interactions associated with the transfer of momentum,
heat, and moisture at the interface of the atmosphere and ocean can affect the distribution and
concentration of pollutants in the air and in the ocean, which can have significant impacts on
human health, environment, and ecology. Therefore, it is also important to include the
interactions among Earth components in the regional models based on geographical
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characteristics of the studying area, which makes regional earth system modeling important.
As a first step towards this goal, a Coupled Ocean-Atmosphere-Wave-Sediment Transport
(COAWST) Modeling System is used in this work for simulating the dynamic processes of
coastal zones (Warner et al., 2010). In this coupled system, the atmosphere model, WRF,
provides wind stresses, shortwave radiation, and net surface heat flux to the Regional Ocean
Modeling System (ROMS), and the resulting SST is fed back to WRF. In this work, building
on existing coupled WRF-ROM in COAWST, WRF/Chem is coupled with ROMS in
COAWST to study the effects of air-sea interactions on regional air quality and climate in
order to improve the predictions of air quality and climate over coastal zones
1.2 Objectives
The objectives of my Ph.D. research are:
(1)

To reduce uncertainties associated with predicted aerosol impacts on
climate through improving the model’s representations of atmospheric
gases and aerosols in CESM/CAM;

(2)

To evaluate the model’s capability in reproducing observations of climate
and air quality and characterize their long-term variation trends through
applying CESM/CAM for retrospective decadal simulations;

(3)

To examine the differences in the secondary organic aerosols (SOA)
predictions resulted from the two gas-phase chemical mechanisms and
study the sensitivity of air quality and climate predictions to different gasphase chemical mechanisms.
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(4)

To improve the predictions of regional air quality and meteorology/climate
over the coastal zones through coupling of a regional air quality model
with a regional ocean model and enabling more accurate representations of
air-sea interactions.

The ultimate goals are to enhance CESM/CAM5’s capability in representing present
atmosphere and projecting future climate change and demonstrate WRF/Chem-ROMS’s
capability in accurately predicting regional air quality and climate. In this work, we
hypothesize that chemistry and aerosol processes are important for climate predictions, and
fine scale feedbacks associated with air-sea interactions are important for regional air quality
and climate predictions. This work can therefore help answer several scientific questions
including: (1) how gas-phase chemistry, particle nucleation, and aerosol thermodynamics
will affect gas and aerosol predictions as well as their impacts on climate; (2) which is the
most important for model predictions among three processes; (3) how differences for SOA
predictions from different gas-phase chemical mechanism; (4) how air-sea interactions will
affect regional air quality and climate?
1.3 Overall Technical Approaches
The overall technical approaches are to improve an existing global earth system
model and couple a regional climate/air quality model with a regional ocean model to serve
as backbone for a prototype regional earth system model. The main tasks include model
development, improvement, application, and evaluation. The first component of my Ph.D.
research focuses on the global Earth system model development, improvement, and
evaluation. The model development work includes incorporation of a new nucleation
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parameterization and an inorganic aerosol thermodynamic module into CESM/CAM5.1 (see
Chapter 2), and coupling of new gas phase mechanisms (i.e., the 2005 Carbon Bond
Mechanism for Global Extension (CB05_GE) and the Model of OZone and Related chemical
Tracers version 4 with extension, MOZART-4x) with aerosol modules (see Chapter 4). The
aerosol module used in CESM/CAM5 includes independent submodules for individual
aerosol process such as condensation, nucleation, and coagulation. Under this structure, new
nucleation parameterization is added into existing nucleation submodule to enable the
nucleation based on new parameterization. New submodule based on new aerosol
thermodynamics is added into aerosol module to allow the gas-particle partitioning. The
second component of my Ph.D. research focuses on the regional Earth System by coupling
WRF/Chem with ROMS in the COAWST modeling system (see Chapter 5). The linkage
between WRF and ROMS is already developed in the COAWST system. The interfaces
between WRF and chemistry are also kept in the WRF modules. Chemistry package can be
fully coupled into WRF by modifying the model configurations in the namelist. Model
application and evaluation work includes the applications of CESM/CAM5.1 with those
advanced treatments for 2001-2010 (see Chapter 3) and applications of WRF/Chem-ROMS
for July 2010. All model simulation results are evaluated against various surface observations
and satellite observations to demonstrate the improvement of model performance.
The protocols for performance evaluation for CESM/CAM5 simulations include
spatial distributions and statistics. The analysis of the performance statistics focuses on mean
bias (MB), normalized mean bias (NMB), normalized mean error (NME), root mean square
error (RMSE), and correlation coefficient (Corr.). The meteorological and radiative variables
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are evaluated annually or seasonally, including temperature at 2-m (T2), specific humidity at
2-m (Q2), and wind speed at 10-m (WS10) from NCDC; total daily precipitation rate
(Precip) from GPCP; outgoing longwave radiation (OLR) from NOAA/CDC; downwelling
shortwave radiation (FSDS), downwelling longwave radiation (FLDS), surface net shortwave
flux (FSNS), surface net longwave flux (FLNS), shortwave cloud forcing (SWCF), and
longwave cloud forcing (LWCF) from the Clouds and the Earth's Radiant Energy System
(CERES); cloud fraction (CF), aerosol optical depth (AOD), cloud optical thickness (COT),
precipitating water vapor (PWV), and CCN from the Moderate Resolution Imaging
Spectroradiometer (MODIS), as well as CDNC and LWP from Bennartz (2007). Surface
chemical predictions are evaluated against various observational sites from each network.
Chemical concentrations evaluated include seasonal and annual averaged concentrations of
carbon monoxide (CO), O3, sulfur dioxide (SO2), ammonia (NH3), nitrogen dioxide (NO2),
nitric acid (HNO3), particulate matter (PM) with aerodynamic diameter less than 10 µm
(PM10) and 2.5 µm (PM2.5), and its major components (i.e., sulfate (SO42-), nitrate (NO3-),
and ammonium (NH4+), black carbon (BC), organic carbon (OC), and total carbon (TC) for
CONUS and Europe). The chemical observations over East Asia are very limited, and only
include surface concentrations of CO, SO2, NO2, O3, and PM10. Column concentrations of
tropospheric CO, NO2, SO2, and formaldehyde (HCHO), and tropospheric O3 residual (TOR)
are evaluated for the globe.
The protocols for performance evaluation for WRF/Chem simulations include
temporal variations, spatial distributions, column abundances, and performance statistics for
meteorological variables, radiative variables, and chemical concentrations from WRF/Chem
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output, and temporal and variability of meteorological and surface fluxes from ROMS
output. The chemical species evaluated for WRF/Chem are as the same as for CAM5, but
with additional species such as maximum 1-h and 8-h O3, and hourly PM2.5. Air-sea
interaction related variables are evaluated including SST and WS10 from the National Data
Buoy Center (NDBC); planetary boundary layer height (PBLH) derived from the National
Centers for Environmental Prediction (NCEP)/North American Regional Reanalysis
(NARR); SST, sensible heat flux (SHFLX) and latent heat flux (LHFLX) derived from the
Objectively Analyzed Air-Sea Fluxes (OAFlux).
Earth system models have been used to simulate climate over decadal to centennial
time scales to project Earth system changes in the coming decades. However, due to the
uncertainties in the model treatments, it remains a challenge to project those changes
accurately. This work can help reduce the uncertainties associated with atmospheric gas and
aerosols and their impacts on climate, which can in turn reduce the uncertainty in predicting
climate change. Applications of CESM/CAM5 with those advanced treatments can provide
valuable information about the model’s capability in capturing the decadal variation trend in
climate and its potential in projecting future climate changes. Coupling WRF/Chem with
ROMS can help link the air-sea interactions with air quality and climate and thus improve the
predictions of regional air quality and climate. The coupled WRF/Chem-ROMS can serve as
a backbone of a regional earth system to be used to downscale a global Earth system model
such as CESM/CAM5.
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CHAPTER 2. IMPROVEMENT AND FURTHER DEVELOPMENT IN
CESM/CAM5: GAS-PHASE CHEMISTRY AND INORGANIC
AEROSOL TREATMENTS
2.1 Introduction
Atmospheric gases and aerosols play important roles in the Earth system due to their
ability to alter the Earth’s radiation balance. Atmospheric chemistry determines the formation
of ozone (O3) and fine particular matter (PM2.5) through affecting the distribution of oxidants
and their gaseous precursors. Different chemical reactions and kinetic parameters can lead to
differences in the predictions of gases, secondary aerosols, new particle formation rate (J), as
well as climatic variables such as cloud condensation nuclei (CCN), cloud droplet number
concentration (CDNC), and radiative forcing (Faraji et al., 2008; Zhang et al., 2012a).
Meanwhile, climate change can strongly influence atmospheric chemistry and air quality.
Aerosol can influence the Earth’s radiative balance by directly scattering and
absorbing radiation and indirectly affecting cloud properties through acting as CCN and ice
nuclei (IN). Therefore, it is important to accurately simulate aerosol size distribution,
chemical composition, and properties, which can determine the magnitude of aerosol
radiative forcing (Koloutsou-Vakakis et al., 1998). Aerosol and its influence on climate have
been included in many global climate models (GCMs) such as the Community Climate
System Model (CCSM) (Collins et al., 2006), the 5th generation of global climate model
modified from European Centre for Medium-Range Weather Forecasts in Hamburg
(ECHAM5) (Stier et al., 2005), and Earth system models such as the Community Earth
System Model (CESM) (Ghan et al., 2012; Liu et al., 2012), the Integrated Global System
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Model (IGSM) (Dutkiewicz et al., 2005; Sokolov et al., 2005), and the Earth System Model
(ESM) (Dunne et al., 2012). However, due to the complexity of aerosol microphysical
processes and their interactions with cloud processes, it remains a challenge to accurately
represent those properties and processes in GCMs.
Inorganic aerosols comprise 25-50% of fine aerosol mass (Heintzenberg, 1989),
which mainly includes sulfate (SO42-), ammonium (NH4+), nitrate (NO3-), chloride (Cl-), and
sodium (Na+). Major gas-to-particle conversion processes of inorganic aerosols include
condensation, nucleation, and thermodynamics. An important factor that determines the
condensation of gases is the mass accommodation coefficient (α), which can be measured
through laboratory experiments. The measured α values, however, are subject to large
uncertainty and may vary in several orders of magnitudes under different laboratory
conditions. To simulate aerosol condensational growth, a constant value of α is therefore
often assumed in GCMs, which is a source of uncertainty in model predictions.
Homogeneous nucleation of sulfuric acid (H2SO4) vapor produces new particles that
can grow to form CCN. Different nucleation parameterizations are used in GCMs or global
aerosol models. For example, Sihto et al. (2006) derived empirical power laws with the firstor second-order dependencies of new particle formation rates (J) on H2SO4 vapor
concentration from observations based on cluster-activation or barrierless kinetic
mechanisms, which have been used in the Community Atmosphere Model (CAM) (Wang
and Penner, 2009), the Global-through-Urban Weather Research and Forecasting model with
Chemistry (GU-WRF/Chem) (Zhang et al., 2012b), and Global Model of Aerosol Processes
(GLOMAP) (Spracklen et al., 2006 ). An ion-mediated nucleation (IMN) model was
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developed to calculate J based on ambient atmospheric conditions, H2SO4 vapor
concentrations, ionization rate, and surface area of preexisting particles. It has been used in
GEOS-Chem (Yu et al., 2008), CAM (Yu et al., 2012), and GU_WRF/Chem (Zhang et al.,
2012b). Different nucleation parameterizations lead to significant differences in J predictions
by regional and global models (Zhang et al., 2010a) and CCN/CDNC (Zhang et al., 2012b;
Yu et al., 2012). Limited observations make it difficult to validate predicted J values and
appropriateness of various parameterizations.
A number of thermodynamic aerosol modules have been developed to understand
physical and chemical properties of inorganic aerosols. For example, EQUISOLV II
(Jacobson, 1999) has been used in a one-way nested (from global to local scales) gas,
aerosol, transport, radiation, general circulation, mesoscale, and ocean model (GATORGCMOM) (Jacobson, 2010). EQUISOLV II uses analytical equilibrium iteration and mass
flux iteration to solve equilibrium problems (Jacobson, 1999), which requires relatively large
computational cost. SCAPE2 is used in the California Institute of Technology (CIT) model
(Meng et al., 1998). ISORROPIA (Nenes et al., 1998) has been used in several global models
such as GEOS-Chem (Bey et al., 2001), the GISS Caltech (Liao et al., 2003), and the GUWRF/Chem (Zhang et al., 2012b) and regional models such as the Community Multiscale
Air Quality model (CMAQ) (Byun and Schere, 2006) and the Comprehensive Air Quality
Model with Extensions (CAMx) (ENVIRON, 2010). An updated version, ISORROPIA II
(Fountoukis and Nenes, 2007), has also been implemented in recent versions of CMAQ (e.g.,
CMAQ v4.7-Dust (Wang et al., 2012) and CMAQ v5.0, Appel et al., 2013) and GEOS-Chem
(Fountoukis and Nenes, 2007). The Multicomponent Equilibrium Solver for Aerosols
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(MESA) (Zaveri et al., 2005) has been used in the mesoscale WRF/Chem (Fast et al., 2006).
These modules assume that particles simulated in a given particle size range have the same
composition (i.e., internal mixture). Different aerosol thermodynamic models can lead to
different aerosol predictions (Nenes et al., 1998; Zhang et al., 2000; Zaveri et al., 2005).
Zhang et al (2000) reported average absolute differences of 7.7% - 12.3% in total PM
predictions between different thermodynamic modules under 400 test conditions but the
differences could be as large as 68% under some cases (e.g., high nitrate/chloride and
low/medium relative humidity, RH). Fountoukis and Nenes (2007) found the largest
discrepancies between ISORROPIA II and SCAPE2 in water concentration predictions exist
under low RH conditions (RH < 60%), primarily from differences in the treatment of water
uptake and solid state composition. The 3-D atmospheric models with these modules include
explicit thermodynamic treatments for sulfate, ammonium, nitrate, sodium, and chloride. The
equilibrium assumption, however, is not valid under some conditions (e.g., coarse particles
and cooler conditions) (Meng and Seinfeld, 1996). Kinetic approaches are therefore needed
to treat gas/particle mass transfer under such conditions. Kinetic approaches, on the other
hand, are computationally expensive (Zhang et al., 2004; Hu et al., 2008) and have only been
implemented in a few 3-D models (e.g., Meng and Seinfeld, 1996; Jacobson, 2005; Zhang
and Wexler, 2006; Zaveri et al., 2008). A hybrid approach that assumes equilibrium for fine
particles and solves gas/particle mass transfer for coarse particles has been thus developed,
which provides the best compromise between numerical accuracy and computational
efficiency (Capaldo et al., 2000; Kelly et al., 2010). A simple approach for gas/particle mass
transfer used in some GCMs, such as CAM5 is to treat sulfate and ammonium only with a
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full neutralization (the NH4+/SO42- molar ratio of 2 for a mode) through an irreversible
condensation.
In this section, a comprehensive gas-phase chemical mechanism and detailed
inorganic aerosol treatments for nucleation and aerosol thermodynamics are incorporated into
CAM version 5.1 (CAM5.1) in the CESM version 1.0.5 (CESM1.0.5). Several modifications
are also made to the existing treatments such as condensation and aqueous-phase chemistry.
The objectives are to improve the representations of gas-phase chemistry and inorganic
aerosol treatments in CESM/CAM5.1, and reduce associated uncertainties. The improved
model with enhanced capabilities can be applied for decadal simulations to study interactions
among atmospheric chemistry, aerosols, and climate change.
2.2 Model Development and Improvement
CESM is a fully-coupled global Earth system model, which includes land, ocean,
atmosphere, and sea ice components. The atmosphere component used in this study is
CAM5.1. Existing and new model treatments related to this study are described in this
section. Further details on CAM5.1 can be found at
http://www.cesm.ucar.edu/models/cesm1.0/cam/.
2.2.1 Existing Gas-Phase Chemistry and Aerosol Treatments in CESM/CAM5.1
CAM5.1 uses a simple gas-phase chemistry for sulfur species, which includes 1
photolytic reaction and 7 kinetic reactions among 6 gas-phase species (i.e., hydrogen
peroxide (H2O2), H2SO4, sulfur dioxide (SO2), dimethylsulfide (DMS), ammonia (NH3), and
semi-volatile organic gas, SOAG). A more comprehensive gas-phase mechanism with 40
photolytic reactions and 172 kinetic reactions among 103 species, i.e., the Model of OZone
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and Related chemical Tracers version 4 (MOZART-4) of Emmons et al. (2010), has been
incorporated into the official released CAM5.1. It was only coupled with the bulk aerosol
module (BAM) in CAM5.1 implemented in CESM 1.0.5 that is used in this work (It was
coupled with MAM in CESM v1.1). In addition to BAM, CAM5.1 contains the modal
aerosol model (MAM) that is based on modal representations of aerosols. In this study,
MAM is used because it can represent more accurate size distributions as compared to BAM.
There are two versions of MAM, one with seven lognormal modes (MAM7), and the other
with three lognormal modes (MAM3) (Liu et al., 2012), and both are coupled with the simple
gas-phase chemistry in the default model. MAM7 is used in this study because it contains
explicit treatments for ammonium and size distributions for dust, sea-salt, and primary
carbon compared to MAM3. MAM7 explicitly treats sulfate, ammonium, sea-salt, dust, black
carbon (BC), primary organic matter (POM), and secondary organic aerosol (SOA). It
simulates condensational growth of aerosol, nucleation, coagulation, dry deposition, wet
removal, and water uptake. Condensation is simulated based on a kinetic approach, in which
MAM7 treats H2SO4, NH3, and methanesulfonic acids (MSA) as completely non-volatile
species and treats SOAG as a volatile species, using a constant accommodation coefficient of
0.65 for all these condensing species based on Adams and Seinfeld (2002). NH3
condensation stops when the NH4+/SO42- molar ratio of a particle mode reaches 2 (i.e., fully
neutralized by SO42- ions). The net uptake rate, Inet, due to gas to particle mass transfer for
each species to each mode is simulated as,
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where Dp is the particle diameter; x is the logarithmic diameter of particle, = ln(Dp); dN/dx is
the log-normal particle number density distribution; Inet is the gas condensation rate; Kn is the
Knudsen number; α is the accommodation coefficient of condensable vapor; Dg is the gas
diffusivity, and F(Kn, α) is the Fuchs-Sutugin correction factor that describes the resistance
to uptake caused by gas-phase diffusion. Equation (1) is solved using the Gauss-Hermite
quadrature of order 2. Based on Eq. (3), as α approaches zero, F(Kn, α) approaches zero.
Consequently, Icond (i.e., the uptake rate) approaches zero in Eq. (1).
There are three nucleation parameterizations in MAM7. The empirical power law of
Wang and Penner (2009) (WP09) is used in the planetary boundary layer (PBL), which
includes a first-order dependence on H2SO4 vapor with a prefactor of 1×10-6. The binary
H2SO4-H2O homogeneous nucleation of Vehkamaki et al. (2002) (VE02) and ternary H2SO4NH3-H2O homogeneous nucleation of Merikanto et al. (2007) (ME07) are used above PBL.
MAM7 also only considers the neutralization of SO42- by NH4+ during condensational
growth. A more detailed description of MAM can be found in Liu et al. (2012).
2.2.2 New and Modified Model Treatments Implemented in This Work
Highly simplified gas-phase mechanism as used in default CAM5.1 can result in large
uncertainties in the predictions of oxidants and gaseous precursors for secondary aerosols.
Therefore, a new gas-phase mechanism, the 2005 Carbon Bond Mechanism for Global
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Extension (CB05_GE) (Karamchandani et al., 2012) has been implemented into CAM5.1
using the same chemical preprocessor as MOZART-4 (Lamarque et al., 2012) and coupled
with both MAM3 and MAM7. CB05_GE was developed to simulate major chemical
reactions for global-through-urban applications as illustrated in Zhang et al. (2012b). A more
detailed description of CB05_GE can be found in Karamchandani et al. (2012). In this study,
gas precursors for SOA in CB05_GE are mapped to SOAG to make it compatible in MAM7.
As the first study of CESM/CAM5.1 with CB05_GE, this work focuses on the impact of gasphase chemistry. The heterogeneous chemistry on the surface of aerosol is turned off.
CB05_GE implemented in CESM/CAM5 contains a total of 273 reactions including 50
photolytic reactions and 223 kinetic reactions among 93 gas-phase species in this study. The
gas-phase chemical system is solved using an implicit backward Euler method.
Ions generated by cosmic radiation and natural radioactive decay have been studied
for a long time as an important source to enhance nucleation (Raes et al., 1986). An IMN
model is developed by Yu (2010) (Yu10) for H2SO4-H2O system, and explicitly solves the
dynamic equations in terms of temperature, RH, H2SO4 vapor concentration, ionization rate,
and surface area of preexisting particles. Different from classic binary nucleation theory,
which is based on the minimization of changes in Gibbs free energy (Seinfeld and Pandis,
2006), IMN is based on a kinetic model that considers the interactions among ions, neutral
and charged clusters, vapor molecules, and preexisting particles (Yu, 2010). The global
ionization rates due to cosmic rays are calculated based on the schemes given in Usoskin and
Kovaltsov (2006) and the contribution of radioactive materials from soil to ionization rates is
parameterized based on the profiles given in Reiter (1992). To reduce the computing cost
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using IMN in 3-D models, Yu et al. (2008) developed lookup tables with simple interpolation
subroutines to calculate nucleation rates under typical atmospheric conditions. In this work,
IMN based on YU10 is implemented into MAM7 and combined with default nucleation
parameterizations (VE02, ME07, and WP09) in order to improve the J predictions and
aerosol number concentrations in upper troposphere. The J value above PBL is taken as the
maximum value among predictions from IMN (YU10) and homogeneous nucleation (VE02
or ME07), and the J value within PBL is taken as the maximum value among predictions
from IMN (YU10), homogeneous nucleation (VE02 or ME07), and the first-order
parameterization (WP09).
Gas-particle partitioning is an important process in the formation and evolution of
secondary aerosols. Several factors affect gas-particle partitioning, such as temperature, RH,
saturation vapor pressures of species, the physical state of the condensed-phase, and the
interactions among aerosol components (Zuend et al., 2010). Most models focus on inorganic
aerosols. Fountoukis and Nenes (2007) developed a computationally-efficient
thermodynamics equilibrium model, ISORROPIA II, for the magnesium (Mg2+) - potassium
(K+) - calcium (Ca2+) - NH4+- Na+ - SO42-- NO3-- Cl-- H2O aerosol system. An important
difference between ISORROPIA II and most other thermodynamics equilibrium models is
that ISORROPIA II simulates crustal species, such as Mg2+, K+, and Ca2+, which are
important constituents of atmospheric aerosols, in particular, mineral dust. Therefore, to
explicitly simulate aerosol thermodynamics, ISORROPIA II has been implemented into
MAM7 and applied for accumulation, Aitken, fine sea-salt, and fine dust modes to explicitly
simulate thermodynamics of SO42-, NH4+, NO3-, Cl-, and Na+ as well as the impact of crustal
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species associated with fine dust modes on aerosol thermodynamics. The concentrations of
K+, Ca2+, and Mg2+ as the input for ISORROPIA II are calculated from dust concentrations,
using the mass ratios of 1.022×10-3, 1.701×10-3, and 7.084×10-4, respectively (Van Pelt and
Zobeck, 2007). The resulted concentrations of aerosol components from ISORROPIA are
mapped back to fine aerosol modes based on their mass ratios to the total mass over all fine
modes at the previous time step.
Aerosol thermodynamics involving coarse particles (in coarse sea-salt and dust
modes) is currently not treated explicitly in this work, given the high computational cost (by
at least a factor of 3 compared to the cost for fine particles) for solving the non-equilibrium
system involving coarse particles. Instead, the simple kinetic approach used in the default
CAM5.1 is used to simulate the condensation of inorganic gases onto coarse modes (see
section 2.2.4). For fine mode particles, before thermodynamic calculation using ISORROPIA
II, the condensation and nucleation processes are simulated to allow a more realistic
allocation of gaseous H2SO4 between these two competing processes. Such a treatment for
fine mode particles is similar to the kinetic approach used in regional air quality models,
except that the condensation is assumed to be irreversible with lower limit values of mass
accommodation coefficients in this work.
MAM 7 does not treat NO3- and it treats NaCl as one species. In this work, MAM7 is
modified to explicitly simulate NO3-, Cl-, and Na+ using a similar method to the condensation
of H2SO4 and NH3. NO3- and Cl- are simulated in all modes except for primary carbon mode.
Na+ is simulated in sea-salt modes. The source of Na+ is calculated based on the mass ratio of
Na and Cl from sea-salt emissions. The source of Cl- includes sea-salt emissions, and the
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condensation of HCl resulted from HCl emissions and gas-particle partitioning of total
chloride.
Species-dependent accommodation coefficients are used for H2SO4, NH3, HNO3, and
HCl, with the values of 0.02, 0.097, 0.0024, and 0.005 (Zhang et al., 1998; Sander et al.,
2003), respectively. Since by default the model treats the condensation of inorganic volatile
gas species as irreversible process (no evaporation) (see Eq.1), the lower limit values of mass
accommodation coefficients are used for these species to represent their net fluxes from the
gas-phase to the liquid/solid phases. Such lower limit values correspond to uptake
coefficients, which represent the net fluxes and are smaller than mass accommodation
coefficients. To ensure electroneutrality in each mode after kinetically condensing H2SO4,
NH3, HNO3, and HCl at different condensation (or uptake) rates, the condensation of NH3
will stop when the mole concentration of cations (i.e., NH4+) is equal to sum of those of
anions (i.e., [NH4+] = 2×[SO42-]+[NO3-]+[Cl-]). While such an approach allows the
gas/particle portioning of those volatile species over both fine and coarse modes, the
irreversible condensation with lower limit mass accommodation coefficients assumed in this
work, however, may contribute to model biases in simulating condensation of volatile species
on coarse mode particles. A more accurate method (i.e., reversible condensation) should be
used for volatile species for future work. The original MAM7 treats NH3(g)/NH4+ in cloud
water. In this work, the dissolution and dissociation of HNO3 and HCl to produce NO3- and
Cl- in cloud water are added in the model based on Marsh and McElroy (1985) and Seinfeld
and Pandis (2006), i.e.,
𝑯𝑵𝑶𝟑 (𝒈) ⇌ 𝑯𝑵𝑶𝟑 (𝒂𝒒) ⇌ 𝑯+ + 𝑵𝑶−
𝟑
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𝑯𝑪𝒍(𝒈) ⇌ 𝑯𝑪𝒍(𝒂𝒒) ⇌ 𝑯+ + 𝑪𝒍−

The concentration of H+ (thus the pH value of the solution) is obtained by solving the electroneutrality equation using the bisection method. The aqueous-phase chemical system is solved
analytically.
2.3 Model Configurations and Evaluation Protocols
2.3.1 Model Setup and Simulation Design
Table 2.1 summarizes the CESM/CAM5.1 simulations that are designed to examine
the impacts of individual new and modified treatments on model predictions. The first set of
simulations includes two simulations with the same default MAM7 coupled with different
gas-phase mechanisms: one uses the simple gas-phase chemistry (MAM_SIM) with a total of
37 prognostic species and one uses the CB05_GE (MAM_CB05_GE) with a total of 127
prognostic species. A comparison of the two simulations provides an estimate of the impacts
of gas-phase chemical mechanisms. The second set of simulations consists of five
simulations that use the same CB05_GE gas-phase mechanism but with modified and new
aerosol treatments individually and jointly. The first one is MAM_CON that uses an explicit
treatment for NO3-, Cl-, and Na+ and species-dependent mass accommodation coefficients for
condensation and that includes the aqueous-phase chemistry of HNO3/NO3- and HCl/Cl-.
This simulation includes a total of 139 prognostic species. The second one is
MAM_CON/IMN that uses the same treatments as MAM_CON but with IMN as one of the
nucleation mechanisms and a prefactor of 1.0×10-8 in WP09. The third one is
MAM_CON/ISO that uses the same treatments as MAM_CON but with ISORROPIA II for
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aerosol thermodynamics assuming metastate equilibrium (i.e., liquid only). The fourth one is
MAM_NEWA that uses the same treatments as MAM_CON but with all new and modified
aerosol treatments and a prefactor of 1.0×10-9 for WP09. The fifth one is MAM_NEWB that
uses the same treatments as MAM_NEWA, but with ISORROPIA II assuming a stable
condition (i.e., solid and liquid coexist). A comparison of MAM_CB05_GE with
MAM_CON indicates the impact of modified condensation and aqueous-phase chemistry. A
comparison of MAM_CON/IMN, MAM_CON/ISO, and MAM_NEWA with MAM_CON
indicates the impacts of IMN, ISORROPIA II, and combined new and modified aerosol
treatments, respectively. Comparison of MAM_NEWB with MAM_NEWA indicates the
impacts of thermodynamic conditions on gas-aerosol partitioning. The 3rd set of simulation
includes one simulation using the same configuration as MAM_NEWA but with adjusted
emissions (MAM_NEW/EMIS). Its comparison with MAM_NEWA indicates the impacts of
uncertainties in emissions on model predictions. The 4th set of simulation includes one
simulation using the same configuration as MAM_SIM but with prescribed SST for a 5-year
period during 2001-2005 (MAM_SIM_5Y), and two simulations both using the same
configuration as MAM_NEW/EMIS for 2001-2005, but one with prescribed SST
(MAM_NEW_5YA), and the other in a fully-coupled mode (MAM_NEW_5YB).
All these simulations use the same approach for photolytic rates calculations based on
Lamarque et al. (2012), the same aqueous-phase chemistry of Barth et al. (2000), and the
same physical options as those in MAM_SIM. Major physical options include the cloud
microphysics parameterization of Morrison and Gettelman (2008), the moisture PBL scheme
of Bretherton and Park (2009), the shallow convection scheme and deep convection scheme
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of Park and Bretherton (2009) and Zhang and McFarlane (1995), respectively, the aerosol
activation parameterization of Abdul-Razzak and Ghan (2000), and the Rapid Radiative
Transfer Model for GCMs (RRTMG) of Iacono et al. (2003, 2008) for long and short-wave
radiation. The land surface processes are simulated by the Community Land Model (CLM) of
Lawrence et al. (2011) in CESM that is coupled with CAM5.1.
All simulations except for MAM_SIM_5Y and MAM_NEW_5YA are performed
with fully-coupled CESM1.0.5 with standard B_1850-2000_CAM5_CN configuration,
which represents 1850 to 2000 transient conditions and includes all active components in
CESM with biogeochemistry in the land model. MAM_SIM_5Y and MAM_NEW_5YA are
performed with standard F_AMIP_CAM5 configuration, which uses a climatological dataset
for SST provided by NCAR for ocean model. The simulations are conducted for the full-year
of 2001 and 2001-2005 at a horizontal resolution of 0.9o×1.25o and a vertical resolution of 30
layers for CAM5.1. The initial conditions for ice and ocean models are from CESM default
settings. The initial conditions for the land model are based on the output from the NCAR’s
CESM/CAM4 B_1850-2000_CN simulation. The initial conditions for CAM5 are derived
from a 10-yr (1990-2000) CAM5 standalone simulation with the MOZART chemistry
provided by NCAR. A 1-year (January 1-December 31, 2000) CESM/CAM5 simulation
using NCAR’s CESM B_1850-2000_CAM5_CN component set is performed as spinup to
provide the initial conditions for meteorological variables and chemical species that are
treated in both MOZART and CB05_GE. An additional 3-month (October 1-December 31,
2000) CESM/CAM5 simulation based on a 10-month (January-October, 2000)
CESM/CAM5 output using initial conditions from NCAR’s CESM B_1850-
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2000_CAM5_CN is performed as spinup to provide initial conditions for chemical species
that are treated in CB05_GE but not in MOZART. All production simulations of 2001 are
from January 1 - December 31, 2001 and those of 2001-2005 are from January 1, 2001December 31, 2005. The offline anthropogenic emissions used in all simulations except for
MAM_NEW/EMIS are taken from Zhang et al. (2012b) (see Table 2 of Zhang et al. (2012b)
for the sources of those anthropogenic emissions). Anthropogenic emissions used in
MAM_NEW/EMIS are adjusted emissions based on those of Zhang et al. (2012b), with
adjustment factors of 0.7, 0.5, and 1.2 for SO2 over CONUS, Europe, and Asia, respectively,
and 1.2 for NH3, BC, and organic carbon (OC), and 1.3 for carbon monoxide (CO) over all
three regions. Those emissions are adjusted based on the comparison with the emission
inventories from the Representative Concentration Pathways (RCPs), the MOZART version
4 (MOZART-4), the Reanalysis of the TROpospheric chemical composition (RETRO), the
Global Fire Emissions Database (GFED) version 2, and preliminary evaluation of
CESM/CAM5.1 with modified and new gas and aerosol treatments using available
observations. The online emissions include biogenic volatile organic carbon (Guenther et al.,
2006), mineral dust (Zender et al., 2003), and sea-salt (Martensson et al., 2003).
2.3.2 Available Measurements for Model Validation
A number of observational datasets from surface networks and satellites are used for
model evaluation. They are summarized along with the variables to be evaluated in Table
2.2. Global surface networks include the Baseline Surface Radiation Network (BSRN) and
the National Oceanic and Atmospheric Administration Climate Diagnostics Center
(NOAA/CDC). The satellite datasets include the Moderate Resolution Imaging
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Spectroradiometer (MODIS), the Clouds and Earth's Radiant Energy System (CERES), the
Total Ozone Mapping Spectrometer/the Solar Backscatter UltraViolet (TOMS/SBUV), the
Measurements Of Pollution In The Troposphere (MOPITT), and the Global Ozone
Monitoring Experiment (GOME). Other satellite-based data include the MODIS-derived
CDNC from Bennartz (2007) (BE07).
Regional observational networks include the Clean Air Status and Trends Network
(CASTNET), the Interagency Monitoring of Protected Visual Environments (IMPROVE),
and the Speciation Trends Network (STN) over CONUS; the European Monitoring and
Evaluation Program (EMEP), the Base de Données sur la Qualité de l'Air (BDQA), and the
European air quality database (AirBase) over Europe; the Ministry of Environmental
Protection of China (MEP of China), the National Institute for Environmental Studies of
Japan (NIES of Japan), and Taiwan Air Quality Monitoring Network (TAQMN) over East
Asia. The observational data for particle formation rate J is compiled from Kulmala et al.
(2004) and Yu et al. (2008), which include land-, ship-, and aircraft-based measurements.
2.3.3 Evaluation Protocol
The protocols for performance evaluation include spatial distributions and statistics,
following the approach of Zhang et al. (2012b). The analysis of the performance statistics
will focus on mean bias (MB), normalized mean bias (NMB), normalized mean error (NME),
and root mean square error (RMSE). The radiative variables are evaluated annually,
including downwelling shortwave radiation (SWD) and downwelling longwave radiation
(LWD) from BSRN; outgoing longwave radiation (OLR) from NOAA/CDC; shortwave
cloud forcing (SWCF) from CERES; cloud fraction (CF), aerosol optical depth (AOD), cloud
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optical thickness (COT), cloud water path (CWP), precipitating water vapor (PWV), and
CCN from MODIS; as well as CDNC from BE07. Chemical concentrations evaluated
include seasonal and annual averaged concentrations of CO, O3, SO2, NH3, nitrogen dioxide
(NO2), nitric acid (HNO3), PM, and its major components (i.e., SO42-, NO3-, and NH4+, BC,
OC, total carbon (TC) for CONUS and Europe). The chemical observations over East Asia
are very limited, and they only include surface concentrations of CO, SO2, NO2, O3, and
PM10. Column concentrations of tropospheric CO and NO2, and tropospheric O3 residual
(TOR) are evaluated for globe.
All observational data used for evaluating 2001 simulations are based on 2001 only
except for particle formation rates (J) that are based on different years compiled from
Kulmala et al. (2004) and Yu et al. (2008). All observational data used for evaluating 20012005 simulations are based on 2001-2005.
2.4 Model Evaluation for MAM_SIM Based on Original Model Treatments
Tables 2.3a and b show MBs and NMBs of radiative/cloud and chemical predictions,
respectively. The model performance of the baseline simulation, MAM_SIM, is discussed
below, and that for all other simulations will be discussed in section 2.5.
As shown in Table 2.3a, radiative variables such as LWD and SWD are
underpredicted by 3.4 W m-2 (~ -1.1%) and 2.0 W m-2 (~ -1.1%), respectively, whereas OLR
and SWCF are overpredicted by 8.8 W m-2 (~ 4.1%) and 3.2 W m-2 (~ 7.9%) respectively.
Cloud variables such as CF and PWV are slightly underpredicted, whereas COT, CWP,
column CCN at a supersaturation of 0.5% (CCN5), and CDNC are largely underpredicted,
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with NMBs of -77.8% to -55.6%, which is likely due to the limitations in the current model
treatments of cloud microphysics and aerosol-cloud interactions in CAM5.1.
AOD is also underpredicted by 36.1%, which is likely due to inaccurate predictions
of aerosol concentrations and uncertainties in the assumed hygroscopicity of aerosol
components in the calculation of optical properties and water uptake. For example, as shown
in Table 2.3b, PM2.5 concentrations over CONUS and Europe, and PM10 concentrations over
CONUS, Europe, and East Asia are underpredicted, with NMBs of -67.5% to -31.8%, which
is due to the inaccurate predictions of SO42-, NH4+, and organic aerosols, and missing major
inorganic aerosol species such as nitrate and chloride. The concentrations of BC, OC, and TC
are underpredicted (by ~ 50%), which is likely due to the uncertainties in the BC and primary
OC emissions as well as treatments for SOA formation. In particular, the SOA treatment used
in CAM5.1 is based on a highly-simplified aerosol yield approach with a single lumped
semi-volatile organic gas (i.e., SOAG). For gaseous species, SO2 concentrations over
CONUS and Europe are significantly overpredicted by 10.3 μg m-3 (~ 264.8%) and 6.6 μg m3

(~ 97.5%), respectively, whereas SO2 concentrations over East Asia are largely

underpredicted by 7.9 μg m-3 (by ~63.0%). NH3 concentrations over Europe are also largely
underpredicted by 82.0%. These large biases in SO2 and NH3 are likely due in part to the
uncertainties in the emissions of SO2 and NH3, which in turn affect the predictions of SO42and NH4+. The J values in PBL are highly underpredicted by 99.6%, which is mainly due to
the inaccurate calculation of H2SO4 vapor concentration that participates in the nucleation
and uncertainties in the nucleation parameterizations used in the default CESM/CAM5.1.
2.5 Sensitivity Simulations
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2.5.1 Impacts of New Gas-Phase Chemistry
Compared to simple gas-phase chemistry, many more gaseous species and chemical
reactions simulated in CB05_GE can affect secondary aerosol formation through gas-toparticle mass transfer and aqueous-phase chemistry and affect climatic variables through
chemistry feedbacks to the climate system. Figure 2.1a shows the absolute differences of
H2O2, SO2, SO42-, and SOA between MAM_CB05_GE and MAM_SIM. MAM_CB05_GE
treats more gaseous species and chemical reactions than MAM_SIM, leading to large
changes in the concentrations of gaseous and PM species. Compared with MAM_SIM,
MAM_CB05_GE predicts higher H2O2 by 0.4 ppb, SO2 by 7.3 ppt, SO42- by 0.01 µg m-3, and
SOA by 0.06 µg m-3 in terms of global mean. Those changes are mainly caused by different
gas-phase chemical mechanisms used in MAM_SIM and MAM_CB05_GE. While
MAM_CB05_GE explicitly simulates OH, HO2, NO3, and O3, MAM_SIM uses climatology
data for these species. OH simulated by MAM_CB05_GE is lower than that prescribed by
MAM_SIM by up to 2.8×106 molecules cm-3, or higher by up to 3.0×106 molecules cm-3 in
different regions (Figure not shown), with a higher global mean by MAM_CB05_GE.
MAM_SIM includes the production of H2O2 from the self-destruction of HO2 and the loss of
H2O2 through its photolytic reaction and its reaction with OH. Higher H2O2 in
MAM_CB05_GE is mainly due to greater production of H2O2 from additional chemical
reactions (e.g., OH+OH) than loss of H2O2 through the reactions of OH + H2O2, O + H2O2,
Cl + H2O2, and Hg + H2O2. Different predictions in H2O2 can in turn affect OH mixing ratios
in MAM_CB05_GE but not in MAM_SIM. In addition, the photolytic reactions of VOCs
(e.g., HCHO, peroxyacyl nitrates (PAN), and peroxyacetic and higher peroxycarboxylic
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acids, PACD) and other gases (e.g., HNO3, HONO, HNO4, HOCl, and HOBR) treated in
MAM_CB05_GE can produce OH. Figure 2.1b shows the absolute differences between the
mixing ratios of major oxidants predicted from MAM_CB05_GE and climatology values
used in MAM_SIM. The global mean mixing ratios of oxidants are higher in
MAM_CB05_GE than climatology data in MAM_SIM, leading to more oxidation of VOCs
and therefore more SOA in MAM_CB05_GE. Higher O3 predicted from MAM_CB05_GE
over most of the domain is mainly due to more O3 precursors (e.g., NO2 and VOCs) treated
in the model. Despite higher OH mixing ratios in MAM_CB05_GE, many gaseous species
such as NOx, SO2, HNO3, HONO, and other VOCs are oxidized by OH to form secondary
inorganic and organic aerosols. Those oxidation reactions compete for limited OH, leading to
less oxidation of SO2, thus higher SO2 mixing ratios over most land areas by
MAM_CB05_GE. Lower SO2 mixing ratios over the oceanic areas in MAM_CB05_GE is
due to the combined effects of less production of SO2 from lower DMS mixing ratios (due to
increased OH levels) and greater SO2 oxidation from higher OH mixing ratios.
The changes in the concentrations of PM and its components are due to the change in
the mixing ratios of gaseous precursors. CB05_GE contains more photolytic reactions, which
affect the mixing ratios of OH, SO2, and H2SO4, and subsequently the concentration of SO42through condensation and homogeneous nucleation. Higher SO2 mixing ratios in
MAM_CB05_GE result in more H2SO4 thus more SO42-. For example, both SO2 mixing
ratios and SO42- concentrations are higher over eastern China in MAM_CB05_GE. More
SO42- over the oceanic areas is mainly due to more oxidation of SO2 by OH. Due to the
simplification of aerosol thermodynamics in default MAM7, the concentrations of SO42- can
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affect the concentrations of NH4+ directly and therefore NH3 mixing ratios and PM number
concentrations (PMnum). For example, the increase of SO42- results in an increase in NH4+ and
PMnum, and a decrease in NH3. The increase of SO42- and PMnum can increase AOD, CF,
COT, CWP, PWV, and CDNC and therefore affect radiation by increasing LWD and SWD
(Figures not shown, see changes in performance statistics of these affected variables in Table
2.3a). The increase of SOA is due to the inclusion of more gaseous precursor emissions (e.g.,
isoprene, terpene, xylene, and toluene) in MAM_CB05_GE, which contribute to SOAG and
thus SOA through gas-to-particle conversion.
Figure 2.2 shows the spatial distributions of CO, O3, NO2, HNO3, hydrochloric acid
(HCl), and isoprene (ISOP) that can be predicted by MAM_CB05_GE but not by
MAM_SIM. CO mixing ratio is higher in most Asia, central Africa, South Africa, and
eastern U.S., which is mainly due to higher CO emissions in those regions and the production
of CO from the photolytic reactions of VOCs (e.g., formaldehyde, acetaldehyde, and
isoprene). Higher O3 mixing ratios in the northern hemisphere than southern hemisphere are
mainly due to much higher mixing ratios of O3 precursors. Higher O3 mixing ratios over
Mediterranean Sea are mainly due to the transport of O3 and its precursors from source
regions and less deposition onto ocean surface. Higher O3 mixing ratios over Tibet are
mainly due to the stratospheric influences from high altitude and no titration of O3 due to low
NO mixing ratios (< 0.2 ppb) in this region. Higher mixing ratios of NO2 over most Asia,
eastern U.S, Europe, and Central Africa are mainly due to higher NOx emissions over those
regions, which also result in higher HNO3 in those regions. Higher mixing ratios of HCl over
Europe, India, and East Asia are mainly due to the higher anthropogenic HCl emissions in
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those regions. In addition, MAM_CB05_GE includes oceanic emissions of HCl, leading to
higher HCl over ocean. Higher isoprene mixing ratios over South Africa, central Africa, and
Oceania are mainly due to higher isoprene emissions in those regions, which also contribute
to the formation of SOA in those regions.
The aforementioned changes in the concentrations of gaseous species and PM due to
new gas-phase chemistry implemented in the model and its feedbacks to radiation through
the climate system result in a change in predicted cloud properties and radiation balance that
in turn affect the predictions of all chemical species during subsequent time steps. As a
consequence of interwoven changes due to complex feedback mechanisms, the two
simulations perform differently, with noticeable improvement by MAM_CB05_GE. As
shown in Table 2.3a, compared with MAM_SIM, MAM_CB05_GE reduces MB of LWD by
17.6%, OLR by 8.0%, CF by 28.6%, COT by 1.0%, PWV by 28.0%, AOD by 5.5%, and
CDNC by 1.8%, leading to 0.3-2.2% absolute reduction in their NMBs. Although
MAM_CB05_GE increases MB of SWD by 26.2%, the increases in their NMBs are only
1.2%. Table 2.4 shows the probability of differences in radiative/cloud predictions between
paired-simulation. As shown in Table 2.4, the changes in most cloud and radiative variables
between MAM_SIM and MAM_CB05_GE are statistically significant. As shown in Table
2.3b, MAM_CB05_GE also reduces MBs of SO2 by 2.5% and PM10 by 8.1% over East Asia,
NH3 by 1.3% and SO42- by 12.5% over Europe, OC by 11.1%, TC by 8.3%, and PM2.5 by
3.3% over CONUS, leading to 0.8-6.5% absolute reductions in NMBs. Despite the model
improvement by CB05_GE, large biases still remain for some chemical species. For
example, CO over East Asia is largely underpredicted with an NMB of -82.1% (see Table
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2.3b), which results from the uncertainties in the CO emissions over East Asia. However, the
column CO over globe is predicted very well, with an NMB of -5.7%. Large biases in SO2
predictions over CONUS, Europe, and East Asia are mainly due to the uncertainties in the
SO2 emissions over those regions. Large biases in O3 over Europe are likely due to the
uncertainties in the O3 precursor emissions (e.g., NOx) and inaccurate predictions of radiation
over Europe. In particular, the large underpredictions in NO2 concentrations (likely due to the
uncertainties in the NOx emissions and overpredictions in radiation, see section 5.5 for more
detailed discussions) indicate insufficient NOx for titration of O3, leading to a large
overprediction in O3 concentrations in Europe. The large biases in HNO3 are due to no
treatment for gas-particle partitioning in both simulations.
2.5.2 Impacts of Condensation and Aqueous-Phase Chemistry
The mass accommodation coefficient (α) for H2SO4 vapor is subject to considerable
uncertainty. The default condensation module with a default α value of 0.65 gives a very low
concentration of H2SO4, resulting in very low nucleation rates and aerosol number
concentrations. Considering that the original model treats H2SO4 and NH3 condensation as an
irreversible process, the default α value of 0.65 for H2SO4 and NH3 is reduced to 0.02 and
0.097, respectively, based on Zhang et al. (1998). This change in α value provides sufficient
H2SO4 and NH3 for nucleation with a typical H2SO4 concentration range of 106~108
molecules cm-3. Because HNO3 and HCl are semi-volatile species, the lower limits of α
(0.0024 and 0.005, respectively) based on Sander et al. (2002) are selected for their
irreversible condensation process. NH4+ from NH3 condensation will be constrained by the
available SO42-, NO3-, and condensed Cl- to neutralize the system.
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Figure 2.3 shows the absolute differences of NH3, SO2, HNO3, HCl, H2SO4, total
particulate ammonium (TNH4), total particulate sulfate (TSO4), total particulate nitrate
(TNO3), and total particulate chloride (TCL) in all the modes except primary carbon mode,
and PM2.5 between MAM_CON and MAM_CB05_GE in June, July, and August (JJA), 2001.
Due to the inclusion of HNO3 and HCl condensation in MAM_CON, the concentrations of
HNO3 and HCl decrease by 0.1 ppb (~72%) and 0.097 ppb (~84%), respectively. NO3- is not
simulated in the original model and the concentration of NO3- is assumed as zero in
MAM_CB05_GE. Therefore, the concentration of NO3- increases due to the condensation of
HNO3 in MAM_CON. The concentration of TCL in MAM_CB05_GE is calculated from the
mass ratio of chloride in sea-salt. Over land, TCL increases significantly due to the
condensation of HCl to form Cl-. The change of TCL over ocean is mainly due to the change
of sea-salt emissions. The changes of SO2 mixing ratios are mainly due to the differences in
mixing ratios of species in sulfur chemistry in the two simulations. For example, compared to
MAM_CB05_GE, the increase of SO2 over eastern U.S. in MAM_CON is likely due to less
SO2 oxidation in clouds (Figure not shown), which results from lower CF. The decrease of
SO2 mixing ratios over most oceanic areas is likely due to the combined effects of DMS
oxidation and SO2 oxidations in MAM_CON. More SO2 can result in more H2SO4 and
therefore more SO42- through condensation and homogeneous nucleation of H2SO4. The
changes in H2SO4 concentrations are the results of changes of SO2 mixing ratios. The mass
accommodation coefficient of H2SO4 is reduced significantly (by a factor of 32.5), allowing
more H2SO4 to participate in binary/ternary homogeneous nucleation and produce more
secondary SO42-, improving predictions of SO42- over CONUS but degrading the
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performance of SO42- over Europe (see Table 2.3b). Although the mass accommodation
coefficient of NH3 is reduced significantly (by a factor of 67), more available NH3 can
participate in the ternary homogeneous nucleation and produce secondary NH4+. Meanwhile,
the secondary NH4+ formed from NH3 condensation is also constrained by available SO42-,
NO3-, and condensed Cl-. As a result, the concentrations of NH3 decrease and those of NH4+
increase. Due to more available H2SO4 participating in the nucleation, J has been improved
significantly, reducing the NMB from -99.5% to -12.8%. With an inclusion of the dissolution
and dissociation of HNO3 and HCl in cloud water, more NH3 is required to dissolve to
maintain cation-anion equilibrium in the cloud water, which further reduces the mixing ratios
of NH3, HNO3, and HCl.
As shown in Table 2.3b, compared with MAM_CB05_GE, MAM_CON gives better
performance against observations in terms of CO, NO2, O3, HNO3, PM2.5, and PM10 over
Europe, CO and PM10 over East Asia, O3, HNO3, SO42-, NH4+, BC, OC, TC, and PM2.5 over
CONUS, and column CO, column NO2, TOR, and J over globe. As also shown in Table 2.3a,
the improved chemical predictions improve the predictions of OLR, SWCF, CF, COT, CWP,
AOD, and CDNC. As shown in Table 2.4, the changes in most cloud /radiative variables
between MAM_CB05_GE and MAM_CON are statistically significant, indicating the
significant impacts of the modified condensation and aqueous-phase chemistry treatments on
radiation. Treating condensation and aqueous-phase chemistry of HNO3 and HCl enables an
explicit simulation of NO3- and Cl- in MAM7. However, the mass concentrations of SO2
remain significant overpredictions, with NMBs of 301.2% for CONUS, and 123.0% for
Europe, mainly because of the uncertainties in SO2 emissions over those regions. Due to the
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simplified irreversible treatment for gas condensation, the mass concentrations of SO42-,
NH4+, NO3-, and Cl- are overpredicted, although the lower limit of mass accommodation
coefficient for each precursor is used in MAM_CON. As shown in Table 2.3b, the
concentrations of SO42-, NH4+, NO3-, and Cl- from MAM_CON are overpredicted by 1.7%,
20.0%, 198.2%, and 359.9%, respectively, for CONUS, and 40.3%, 85.0%, 67.8%, and
102.8%, respectively, for Europe. The large NMBs of NO3- and Cl- in MAM_CON are due to
the small observed values for NO3- (i.e., 1.0 μg m-3 over CONUS and 2.0 μg m-3 over
Europe) and Cl- (i.e., 0.1 μg m-3 over CONUS and 0.7 μg m-3 over Europe), the uncertainties
in treating HNO3 and HCl as non-volatile species using their lower limits of accommodation
coefficients, and lack of treatments for NO3- and Cl- thermodynamics.
2.5.3 Impacts of New Particle Formation
Figure 2.4 shows the annual-mean vertical distributions of particle formation rate (J)
values and aerosol number concentrations, and simulated J values averaged between the
ground level and 1000-m overlaid with observations within the same layers. In
MAM_CON/IMN, IMN is combined with three default nucleation parameterizations to
predict J throughout the atmosphere. In MAM_CON, J over ocean is overpredicted by factors
of 5-50, despite a seeming good NMB of -12.8% in the globe mean (see Table 2.3b). J values
at several sites over land are underpredicted by factors of 1-10, which compensates the large
overpredictions at most sites over ocean. The large underpredictions at those sites are likely
due to the uncertainties in SO2 emissions and nucleation parameterizations, and the missing
species that may have participated in nucleation. For example, several other species may
contribute to the new particle formation, including methanesulfonic acid (van Dingenen and
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Raes, 1993), hydrochloric acid (Arstila et al., 1999), organic compounds (Berndt, et al.,
2014), iodine-containing compounds (Hoffmann et al., 2001), and amines (Berndt et al.,
2014). Limited observations also introduce some uncertainties in the model validation. The
overprediction of J over ocean is mainly due to the use of the prefactor of 1×10-6 in WP09.
This prefactor is derived from limited in-situ measurements (Sihto et al., 2006). It can vary
by up to 3-4 orders of magnitude based on measurements in different areas and seasons
(Zhang et al., 2010a), introducing a large uncertainty for its application to the global scale. In
MAM_CON/IMN, a prefactor of 1×10-8 is used in WP09 in PBL over the globe, which then
decreases J and aerosol number concentrations in PBL (see Figure 2.4). J in PBL is very
sensitive to the prefactor in WP09, and the uncertainty of the prefactor can result in a large
bias in predictions of J and aerosol number in PBL. With the implementation of IMN, J
values in the troposphere increase by factors of 2-10, which in turn increase the aerosol
number concentrations in the troposphere. Due to a stronger radiation in the upper layer,
more available ions can contribute to the new particle formation, therefore increasing the
aerosol number concentrations in the middle/upper troposphere and lower stratosphere by
factors of 2-4.
Figure 2.5 shows the absolute differences of PM2.5, AOD, column CCN5, CF, SWCF,
and SWD between MAM_CON and MAM_CON/IMN for 2001. Aerosol number can
directly affect CCN, which can affect cloud formation and properties as well as radiation.
Changes of PM concentrations also have impacts on AOD, CCN, CF, COT, and SWCF
through both aerosol direct and indirect effects. As a net result of all those interwoven
changes initially triggered by the increase of aerosol number concentrations in
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troposphere/stratosphere, AOD and column CCN5 increase by 0.004 (or by 3.3%) and
2.1×107 cm-2 (or by 11.9%), respectively, and SWCF and SWD decrease by 0.1 W m-2 (or by
0.2%) and 0.8 W m-2 (or by 0.5%), respectively, in terms of global mean. As shown in Table
2.4, the changes in SWD, AOD, and cloud variables such as column CCN5, CDNC, and
COT between MAM_CON and MAM_CON/IMN are statistically significant, indicating the
significant impacts of IMN on aerosol number concentration and cloud prediction.
Compared with MAM_CON, IMN (MAM_CON/IMN) improves the predictions of
SO2, NO3-, and PM2.5 over CONUS, SO2, SO42-, NH4+, NO3-, Cl-, PM2.5, and PM10 over
Europe, PM10 over East Asia (see Table 2.3b). The improved performance in aerosol
concentrations and increased aerosol numbers in the troposphere and lower stratosphere
contribute to the improved performance of aerosol and cloud parameters, with increased
AOD, CCN, and CDNC, and consequently increased CF, COT, CWP, and SWCF, as shown
in Table 2.3a. However, there are still large biases for some chemical species predictions. For
example, CO mixing ratio is underpredicted over East Asia, which is mainly due to the
uncertainty in CO emissions in this region. Large biases in SO2 predictions over CONUS,
Europe, and East Asia are mainly due to the uncertainties in SO2 emissions in those regions.
Large biases in NO2 and HNO3 predictions over Europe are mainly due to the uncertainties in
NOx emissions and inaccurate predictions of radiation over this region. The performance of J
degrades with NMBs from -21.8% to -49.6% in the globe, which is due to the use of a
smaller prefactor of WP09 in MAM_CON/IMN than in MAM_CON. J in PBL is very
sensitive to the prefactor in WP09. Although the prediction of J over ocean in PBL has been
improved in MAM_CON/IMN, J over land areas in PBL is largely underpredicted by factors

35

of 1-100, resulting in degraded J performance in terms of globe mean. The underprediction of
J over land in PBL is likely due to the uncertainties in the nucleation parameterizations (e.g.,
the missing species as mentioned previously). Large NMBs still remain for COT, CWP, and
CCN, indicating the uncertainties in the treatments of related atmospheric processes such as
cloud microphysics and aerosol-cloud interactions.
2.5.4 Impacts of Gas-Aerosol Partitioning
The inclusion of ISORROPIA II changes the mass concentrations of major PM2.5
species and their gaseous precursors. Changes in PM concentrations then affect predictions
of cloud variables and therefore radiation. Changes of radiation can also affect SO2 oxidation
by OH, which affects H2SO4 concentrations. Figure 2.6a and b show the absolute differences
of H2SO4, fine particulate sulfate (SO4f), NH3, fine particulate ammonium (NH4f), HNO3,
fine particulate nitrate (NO3f), HCl, and fine particulate chloride (CLf) for summer (June,
July, August, JJA) and winter (December, January, and February, DJF) 2001 between
MAM_CON and MAM_CON/ISO. Compared to MAM_CON, MAM_CON/ISO gives
higher H2SO4 mixing ratios but lower SO4f concentrations. SWD increases with the global
mean of 8.9 W m-2 (~ 5.8%) in MAM_CON/ISO, which allows more production of OH from
photolytic reactions of VOCs, HONO, HNO3, HNO4, H2O2, HOCl, and HOBr, and therefore
enhanced oxidation of SO2 to form H2SO4. As shown in Figure 2.6a, the mixing ratios of
H2SO4 either increase up to 0.76 ppt or decrease as large as 1.14 ppt, leading to a net increase
of 0.002 ppt in terms of global mean. The mass concentration of SO4f is mainly affected by
H2SO4 condensation. Although the mixing ratios of H2SO4 increase with the global mean
change of 0.002 ppt, SO4f concentrations decrease with the global mean of 0.02 μg m-3,
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which are mainly due to less condensation of H2SO4 under higher temperature conditions. In
summer, the increase or decrease of H2SO4 can result in an increase or a decrease of SO4f
(e.g., over most oceanic areas). However, the decrease of SO4f with the increase of H2SO4
over the India Ocean is mainly due to less H2SO4 condensation. For the regions where SO4f
increases over land, the increase of SO4f is due to more oxidation of SO2 by OH. Compared
to MAM_CON, the concentrations of NH3, HNO3, and HCl increase significantly over most
land areas, whereas NH4f, NO3f, and Clf decrease significantly over most land areas in
MAM_CON/ISO. Such changes can be explained based on the chemical regimes and their
spatial distributions as shown in Figure 2.7.
The chemical regimes is the controlling factor for gas-aerosol equilibrium
partitioning, which is determined based on the ratio of SO42- molar concentrations to total
molar concentrations of cations and their respective gases (referred to as TCAT/TSO4)
(Zhang et al., 2000). Three regimes are defined based on the values of TCAT/TSO4: (1) if
TCAT/TSO4 < 2, the system contains excess sulfate and is in a sulfate-rich regime; (2) if
TCAT/TSO4 = 2, the system contains just sufficient sulfate to neutralize the cation species
and is in sulfate-neutral regime; (3) if TCAT/TSO4 > 2, the system contain insufficient
sulfate to neutralize the cation species and is in sulfate-poor regime. Over land, the major
cation is NH4+, and there are also crustal species (K+, Ca2+, and Mg2+) associated with dust
emissions, whereas over ocean, the major cation is Na+, which is a non-volatile species.
Therefore, the gas-aerosol equilibrium partitioning behaves differently over land and over
ocean. Figure 2.7 shows the distributions of TCAT/TSO4 in MAM_CON and
MAM_CON/ISO, and their absolute differences for summer and winter, 2001. In summer,
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compared to MAM_CON, TCAT/TSO4 in MAM_CON/ISO either increases up by 80.1
(mostly over ocean) or decreases up by 51.8 (over both land and ocean), leading to a net
increase of 0.7. In MAM_CON, most regions are in sulfate-poor regime, whereas Greenland,
southeast U.S., North Africa, a small portion of Asia and North Atlantic Ocean, and some
areas in North Pole are in sulfate-rich regime in summer. However, due to the simplified
thermodynamics treatment in MAM_CON, NH3 is underpredicted and NH4+ is overpredicted
(see Table 2.3b). With the inclusion of ISORROPIA II, most sulfate-poor regions over land
and over part of Pacific Ocean and most Atlantic Ocean become less sulfate-poor. The
sulfate-poor regime can drive HNO3/HCl to produce NO3-/Cl- by neutralizing excess NH4+. If
the amount of NO3-/Cl- is insufficient to neutralize NH4+, sulfate-poor regime can drive NH4+
to the gas phase to produce NH3. Therefore, the increase of NH3 and decrease of NH4+ in
MAM_CON/ISO are mainly due to insufficient NO3-/Cl- to neutralize NH4+ under sulfatepoor regime. Insufficient NO3-/Cl- results from the thermodynamic partitioning under higher
temperature conditions that favors the production of HNO3 and HCl from NO3-/Cl- to
produce HNO3 and HCl under higher temperature conditions. The slight increase of NO3over Pacific Ocean and South Atlantic Ocean is due to much higher Na+ concentrations yet
insufficient SO42- in those regions compared with those over the land areas. Unlike a sulfatepoor regime, a sulfate-rich regime (e.g., small portion of North Atlantic Ocean, South China
Sea, and Greenland), requires more cations such as NH4+ and Na+ to neutralize excess SO42in the system and the thermodynamics favors the partitioning of volatile species such as NO3and Cl- in the gas phase as HNO3 and HCl. Therefore, despite the increased temperatures, the
decrease of NH4+ due to its evaporation back to the gas-phase is not as significant as that of
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NO3- and Cl-, because NH4+ needs to stay in the system to neutralize SO42-. In winter, as
shown in Figure 2.6b, compared with MAM_CON, the mixing ratios of H2SO4 in
MAM_CON/ISO either increase by up to 4.3 ppt, or decrease by up to 1.0 ppt, leading to a
net increase with the global mean of 0.001 ppt. NH3 increases over most regions except
Europe, eastern China, and some regions in North Pole. HNO3 decreases over most oceanic
areas, Northeastern China, and East Europe, whereas increases over South Asia, North Pole,
southern U.S., Africa, and most land areas in southern hemisphere. HCl increases over most
areas except the northeastern portion of Asia and eastern Europe.
Compared with MAM_CON, MAM_CON/ISO predicts higher HNO3 and HCl over
some land areas. As shown in Figure 2.7, in MAM_CON, most regions are in sulfate-poor
regime, whereas Greenland, North Pole, North Africa, some portions of Asia and western
Pacific Ocean are in sulfate-rich regime. For example, northeastern China is in sulfate-poor
regime, driving HNO3 and HCl partitioning to the aerosol phase to neutralize excess NH4+.
This results in an increase in NO3f and Clf, changing sulfate-poor regime to less sulfatepoor. North Pacific Ocean and southern oceanic areas are also in sulfate-poor regime, and the
increase of NO3f is due to the partitioning HNO3 to the aerosol phase to neutralize Na+,
whose concentration is relatively higher compared to that over land areas. Therefore, more
anions such as NO3- are needed to neutralize the system. However, the decrease Cl- over
these regions is due to the equilibrium state of HCl under different atmospheric conditions.
The western Pacific Ocean is in sulfate-rich regime, driving NO3- and Cl- partition to the gas
phase, which results in a decrease in NO3f and Clf, and an increase in HNO3 and HCl over
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this region. With the inclusion of ISORROPIA II, the western Pacific Ocean changes from
sulfate-rich regime to less sulfate-rich regime.
Figure 2.8 shows the absolute differences of major inorganic gas and aerosol species
between metastable (MAM_NEWA) and stable (MAM_NEWB) conditions. Compared with
MAM_NEWA, the global average changes predicted by MAM_NEWB are overall small
(within 5%) for most gaseous and aerosol species. For example, the global average changes
are 0.01 µg m-3 (by 4.2%) for SO42-, 0.005 µg m-3(by 12.8%) for NH4+, 0.006 µg m-3(by 0.01%) for NO3-, and -4×10-4 µg m-3 (by 2.0%) for Cl-. The increase of SO42- results in an
increase in NH4+ (e.g., East Asia and Northeast U.S.). The differences between stable and
metastable conditions may be more significant under low RH conditions (RH < 50% for
nitrate, Fountoukis et al., 2009). However, based on the simulated global annual mean RH
values, most regions have RH values > 60-70% (exceptions are over desert/arid regions such
as Australia, the northern Africa, Arabian Desert, northwestern China, and western U.S.).
These results indicate that the assumption of metastable conditions is not a significant
sources of uncertainty for global model predictions of gaseous and aerosol species.
Compared to MAM_CON, the prediction of SWD in MAM_CON/ISO is improved
with the NMB decreasing from -6.5% to -2.2%. The predictions of involved species such as
NH4+, NO3-, and Cl- are improved significantly by 13.6%~345.4%, although there is a slight
degradation in the predictions of SO42- and O3 over CONUS, CO, O3, PM2.5, and PM10 over
Europe, PM10 over East Asia, and column CO, NO2, TOR, and J over globe.
MAM_CON/ISO improves the predictions of HNO3, NH4+, NO3-, Cl-, BC, OC, TC, and
PM2.5 over CONUS, SO2, NH3, NO2, SO42-, NH4+, NO3-, and Cl- over Europe, and CO and
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SO2 over East Asia, which leads to improved performance in SWD, column CCN5, and
SWCF over globe, as shown in Table 2.3a. As shown in Table 2.4, the changes in most
radiative and cloud variables between MAM_CON and MAM_CON/ISO are statistically
significant, indicating the significant impacts of ISORROIA II on the predictions of
radiation, aerosol, and cloud. ISORROPIA II calculates gas-aerosol partitioning under
different atmospheric conditions, significantly improving predictions of major gas precursor
(e.g., HNO3) over CONUS and secondary aerosols (e.g., NO3- and Cl-) over CONUS and
Europe. Large decreases in the concentrations of NO3- and Cl- result in a decrease in NH4+,
PM2.5, and PM10, thus decreasing CCN, CDNC, AOD, and the absolute value of SWCF.
MAM_CON/ISO assumes metastable conditions (i.e., assuming all salts in an
aqueous solution), which may introduce errors in gas/particle partitioning. The validity of
this assumption is examined by taking the absolute differences of the concentrations of major
inorganic gas and aerosol species between metastable (MAM_NEWA) and stable
(MAM_NEWB) conditions (i.e., Figure 2.8). Compared with MAM_NEWA, the global
average changes predicted by MAM_NEWB are within 5% for most gaseous and aerosol
species over non-desert/arid regions, indicating that the assumption of metastable conditions
is not a significant sources of uncertainty in this work. However, the irreversible gas-toparticle mass transfer treatment for coarse particles can potentially overpredict the
concentrations of coarse particles (e.g., overpredictions of Cl- and NO3- over Europe).
2.5.5 Overall Impacts of All New and Modified Model Treatments
Compared to MAM_CB05_GE, the simulations with modified or new aerosol
treatments (MAM_CON, MAM_CON/IMN, MAM_CON/ISO, MAM_NEWA) slightly
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degrade the prediction of LWD (increasing NMB from -0.9% to -1.4%), but improve the
predictions of OLR, CF, COT, and CWP slightly (with 0.6% - 10.4% decreases in their
NMBs) and CDNC significantly (reducing NMBs from -57.5% up to -13.4%). Although the
CCN predictions are somewhat degraded in MAM_CON and MAM_CON/IMN, they are
improved significantly in MAM_CON/ISO and MAM_NEWA (reducing NMBs from 61.6% to 1.8-6.3%). As shown in Table 2.4, changes in most radiative and cloud variables
between MAM_SIM and MAM_NEWA are statistically significant, indicating the significant
impacts of new and modified treatments on predictions of radiation and cloud. Among all
new and modified model treatments, the new gas-phase chemistry simulates more gaseous
species and improves the predictions of NH3 over Europe, PM2.5 over CONUS and PM10
over East Asia. The modified condensation and aqueous-phase chemistry simulate more
aerosol species (NO3- and Cl-) and improve the prediction of HNO3. MAM_CON also
improves J in the PBL due to more available H2SO4 involved in the homogeneous nucleation
using an accommodation coefficient of 0.02 for H2SO4 condensation, and improves the
predictions of CDNC and AOD significantly. MAM_CON/IMN increases PMnum above PBL
and PM2.5 and PM10 over Europe and improves the prediction of PM2.5 over CONUS and
Europe. MAM_CON/ISO improves the predictions of HNO3, NH4+, PM2.5, NO3-, and Cl over CONUS, NO3- and Cl - over Europe, and CCN over globe, and improves the predictions
of SWCF most (with an NMB of 1.6%).
Large biases in some variables remain in MAM_NEWA due to uncertainties in model
inputs (e.g., meteorology and emissions) and model treatments (e.g., multi-phase chemistry,
dust emission scheme, cloud microphysics, aerosol activation, SOA formation, and dry and
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wet deposition). The large NMBs of CO and SO2 over East Asia, SO2, NH3, and NO2 over
Europe, SO2, and BC over CONUS are likely due to the uncertainties of emissions and the
interpolation of emissions from a fine-grid scale in the original emission inventories (e.g.,
county-based emissions over CONUS) to a large-grid scale used in this work, which can
result in large NMBs in secondary aerosols (e.g., SO42-, NH4+, NO3-, thus PM2.5 and PM10).
Heterogeneous reactions are not included in this work, which may help explain to some
extent less oxidation and underpredictions for PM species predictions (e.g., sulfate and
nitrate) and overpredictions for gaseous species. The large NMB of O3 predictions over
Europe in MAM_NEWA (with an NMB of 62.7%) is mainly due to a lack of NOx titration
(as indicated by large underpredictions in NO2) and more production of O3 from the
photolytic reaction of NO2 resulted from overpredictions of SWD particularly in autumn and
winter. Table 2.5 shows the seasonal statistics for O3, NO2, and HNO3 over Europe in
MAM_NEWA. During autumn and winter, O3 is overpredicted by about 100% ~ 140%,
whereas NO2 is underpredicted by about -85% ~ -20%, indicating insufficient NOx for
titration of O3 titration. SWD is overpredicted by 45.0 W m-2 (or by 58.4%), favoring the
photolytic reactions of NO2 to produce O3.Due to the uncertainties in the NOx emissions,
NO2 is underpredicted, causing less NO2 to be oxidized to produce HNO3, which results in an
underprediction of HNO3 in winter. In autumn, SWD is overpredicted by 42.8 W m-2 (or by
37.9%). However, in autumn, although NO2 is underpredicted due to the uncertainties in the
NOx emissions, HNO3 mixing ratios are overpredicted. SWD is stronger in autumn than in
winter, and mixing ratios of OH are higher due to photolytic reactions of overpredicted O3
and additional photolytic reactions of VOCs. Therefore, OH can oxidize NO2 to produce
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HNO3, resulting in the overprediction of HNO3. Simple aqueous-phase chemistry is included
in this work, which could result in high uncertainty in predicting aerosols in clouds.
Decreased aerosol number concentrations can result in a decrease of CCN and AOD directly.
The underpredictions of CDNC are likely due to uncertainties in the model treatments for
aerosol activation and cloud microphysics, which then result in large NMBs in COT and
CWP. The large biases in OC and TC indicate the uncertainties in the emissions of BC and
primary OC, and the treatments for SOA formation. The large NMB in particle formation
rate J is likely due to uncertainties in model inputs (e.g., SO2 emissions) and model
treatments (e.g., the accommodation coefficient of H2SO4 and missing participants in the
current nucleation schemes).
2.5.6 Impacts of Adjusted Emissions
The evaluation and analyses of MAM_NEWA indicate that some large biases are
caused by inaccuracies in the emissions of CO, SO2, BC, OC, and NH3. The sensitivity
simulation with adjusted emissions of CO, SO2, BC, OC, and NH3 (MAM_NEW/EMIS) is
performed to further look into such impacts. For example, with 30% increase in CO
emissions and 20% increase in NH3 emissions over Europe, the NMBs of surface
concentrations of CO and NH3 change from-3.4% to 12.1%, -84.3% to -77.5%, respectively.
On a global scale, the increased CO emissions result in 3.0% absolute reduction in the NMB
of column CO. The 30% reduction in SO2 emissions and 20% increase in OC and BC
emissions over CONUS result in 139.6%, 8.6%, and 24.9% absolute reduction in their
NMBs. The 30% increase in CO emissions and 20% increase in SO2 over East Asia result in
3.3% and 7.8% absolute reduction in their NMBs.
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As shown in Table 2.3b, compared with MAM_NEWA, MAM_NEW/EMIS shows
an improved performance in the concentrations of SO2, HNO3, SO42-, NH3, and NH4+ over
Europe, SO2, HNO3, BC, OC, TC, NO3-, and Cl- over CONUS, CO and SO2 over Asia, and
column CO over globe. However, it degrades to some extent the performance of SO42- and
NH4+ over CONUS, PM2.5 and PM10 over Europe, PM10 over Asia, and J over globe.
Decreased SO2 emissions over CONUS result in a decrease of H2SO4 and therefore a
decrease of SO42-. Based on aerosol thermodynamic treatments, decreased SO42- will result in
decreased NH4+. Therefore, PM2.5 and PM10 decrease as well. Adjusted emissions can affect
secondary aerosol formations and therefore radiative variables can be affected due to the
direct and indirect effects of aerosols. As shown in Table 2.3a, compared with
MAM_NEWA, MAM_NEW/EMIS reduces MB of LWD by 9.3%, SWD by 37.5%, and CF
by 18.9%, leading to 0.1% - 1.6% absolute reduction in their NMBs. This illustrates the
sensitivity of radiation to the perturbations in emissions through chemistry feedbacks to the
climate system. As shown in Table 2.4, only column CCN5 and AOD are significantly
different between MAM_NEWA and MAM_NEW/EMIS, indicating the impacts of
emissions are more significant on predictions of gas and aerosol than radiative variables.
2.6 Evaluation of the Five-Year Simulations
2.6.1. Performance Evaluation
Tables 2.6a and b show the statistical performance for radiative/cloud variables and
chemical predictions, respectively, from the 5-year simulations using three different
configurations. Compared with MAM_SIM_5Y, MAM_NEW_5YA improves the
predictions of aerosol and cloud variables such as AOD, COT, CWP, CCN5, and CDNC
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(with 4.8% to 23.4% absolute reduction in their NMBs), and radiative variables such as
SWD, LWD, OLR, and SWCF (with 0.4-4.2% absolute reduction in their NMBs).
MAM_NEW_5YA also shows slight improvement for the predictions of SO42- and BC over
CONUS and SO2 over East Asia (with 0.3-2.3% absolute reduction in their NMBs), but
moderate-to-large improvements for the predictions of OC, TC, and PM2.5 over CONUS,
PM10 over East Asia, and SO2, PM2.5, and PM10 over Europe (with 5.2-20.1% absolute
reduction in their NMBs). Compared to TOR calculated based on O3 climatology used in
MAM_SIM_5Y, TOR predicted from MAM_NEW_5YA is slightly improved with 1.2%,
1.3%, and 0.3 absolute reduction in its NMB, NME, and RMSE, respectively. Tables 2.7a
and b show the evaluation of major radiative/cloud variables and chemical predictions are
also conducted for June, July, and August (JJA) of 2001-2005. Compared with full 5-year
(2001-2005) average, the simulation for JJA gives similar predictions for chemical species
but better model predictions for radiation (e.g., LWD, SWD, and OLR) and cloud (e.g., COT,
CWP, column CCN5, and CDNC) variables.
Tables 2.6a and b also show the performance of MAM_NEW_5YB in which CAM5
is fully coupled with land, ocean, and ice models. The performance is overall similar for all
radiative variables and most chemical species between MAM_NEW_5YA and
MAM_NEW_5YB (most within 5% differences in the absolute values of their NMBs). The
performance of HNO3 over CONUS and Europe, NH4+, NO3-, and Cl- over Europe, PM10
over Europe and East Asia is improved appreciably (with 4.2-17.9% reduction in the absolute
values of their NMBs), and that of SO2 over CONUS and Europe and NH4+, NO3-, and Clover CONUS degrades appreciably (with 4.3-8.5% increase in the absolute values of their
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NMBs). Those changes are mainly due to the interactions among Earth’s components,
particularly at the interface of earth components (e.g., air-sea, air-land, and sea-ice interfaces)
and feedbacks to the climate system, which in turn affects gaseous and aerosol concentrations
in the coupled system.
Large biases remain for some variables in MAM_NEW_5YA and MAM_NEW_5YB
due to uncertainties in model inputs (e.g., meteorology and emissions) and model treatments
(e.g., multi-phase chemistry, dust emission scheme, cloud microphysics, aerosol activation,
SOA formation, and dry and wet deposition), which have been illustrated in Section 5.5.
Large biases in Cl- predictions over Europe are likely due to the combined effects of a low
concentration of observed Cl-, uncertainties in HCl emissions, and inaccurate predictions of
coarse Cl- in the model since ISORROPIA II is only implemented for fine particles.
Uncertainties in the mass accommodation coefficients of volatile gas species can also result
in uncertainties in predictions of condensable gases.
2.6.2 Impact of New and Modified Treatments on 2001-2005 Simulations
Figure 2.9a shows the absolute differences of surface SO2, NH3, SO42-, NH4+, TC,
PM2.5, PM10, J, and aerosol number (PMnum) and Figure 2.9b shows the absolute differences
of radiative variables between MAM_SIM_5Y and MAM_NEW_5YA. The new and
modified model treatments in MAM_NEW_5YA cause changes in the concentrations of PM
and precursor gases, which affect radiative variables through aerosol direct and indirect
effects. The changes in radiative variables in turn affect gas-phase chemistry and aerosol
processes. As shown in Figure 2.7, the difference of SO2 between the two simulations varies
from -1.7 to 3.8 ppb, with a global mean difference of 4.2 ppt. The decrease of SO2 over
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most oceanic area is mainly due to the decrease of DMS resulted from less oxidation by OH
radicals. The increase of SO42- over East Asia and eastern U.S. drives more NH3 from gasphase to particulate phase to form NH4+ through thermodynamic equilibrium, increasing the
concentrations of NH4+ over these regions. However, the concentrations of SO42- decrease
over Europe due in part to less oxidation of SO2. Despite such a decrease, the concentrations
of NH4+ are higher over Europe due to the neutralization of NH3 by Cl- and NO3- that are
treated in MAM_NEW_5YA but not treated in in MAM_SIM_5Y. Compared with
MAM_SIM_5Y, J from MAM_NEW_5YA increases over globe with a global mean
difference of 0.066 cm-3 s-1, due to the use of a lower mass accommodation coefficient of
H2SO4 in MAM_NEW_5YA, resulting in more available H2SO4 vapor participating in
nucleation. The increases in J result in an increase in aerosol mass and number
concentrations and thus higher concentrations of PM2.5 and PM10 (which improve appreciably
their performance, see Table 2.6b).
As shown in Figure 2.9b, compared with MAM_SIM_5Y, AOD increases by 0.007,
column CCN5 increases by 3.8 × 107 cm-2, and CDNC increases by 16.1 cm-3 in
MAM_NEW_5YA. Higher PMnum in MAM_NEW_5YA allows more aerosol to grow into
the CCN size, leading to higher CCN in MAM_NEW_5YA. Higher aerosol concentrations in
MAM_NEW_5YA result in higher AOD. The increased aerosol number and mass
concentration result in an increase in the predictions of cloud variables through the aerosolcloud interactions. For example, with all the modified and new treatments, COT increases by
0.8, CWP increases by 4.1 g m-2, and PWV increases by 0.026 cm on global average. Due to
the aerosol direct and indirect effects, the difference in simulated SWD varies from -19.3 to
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10.4 W m-2 and decreases by 3.4 W m-2 (~ 2.0%) on a global average. The difference in LWD
varies from -4.2 to 8.5 W m-2 and increases by 1.0 W m-2 (~ 0.4%) on a global average
(Figure not shown). The difference in SWCF varies from -8.4 to 17.9 W m-2, with a net
increase of 2.7 W m-2 (~ 6.4%) on a global average.
Figure 2.10a shows the absolute differences of surface SO2, NH3, SO42-, NH4+, TC,
PM2.5, PM10, J, and PMnum and Figure 2.10b shows the absolute differences of cloud and
radiative variables between MAM_SIM_5Y and MAM_NEW_5YA for JJA average of
2001-2005. Compared with MAM_SIM_5Y, MAM_NEW_5YA predicts lower SO2 and
NH3 over East Asia with higher SO42- and NH4+ in this region. More SO2 is oxidized to form
SO42-, leading to enhanced acidity, which drives more NH3 partitioning into NH4+ to
neutralize the system in this region. SO42- decreases over CONUS whereas NH4+ increases,
driving more HNO3 and HCl partitioning into NO3- and Cl- to neutralize NH4+. Therefore, the
concentrations of PM2.5 and PM10 increase over CONUS. The overprediction of NH4+ over
Europe and CONUS is mainly due to additional anions (NO3- and Cl-) in the system, leading
to perturbations in the thermodynamic equilibrium. Similar to Figure 2.9a, J and PMnum
increase near the surface, resulting in an increase in AOD and cloud variable predictions such
as column CCN5, CDNC, and COT (see Figure 2.10b). As shown in Figure 2.10b, SWD
decreases by 3.2 W m-2 in global mean, which is due to the increased cloud predictions (e.g.,
column CCN5, CDNC, and COT). Due to aerosol direct and indirect effects, SWCF
increases by 2.6 W m-2 in global mean. Compared with 5-year annual average (ANU), the
absolute change of most radiative variables are smaller in JJA. The absolute changes of PM10
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are larger in ANU than in JJA, which is mainly due to the dust events during other months
(e.g., March-May over East Asia).
2.6.3 Global Burden Analysis
Table 2.8 shows the simulated global burdens of major gas and aerosol species for
2001-2005. The global burdens of most gaseous precursors of aerosol are higher in
MAM_NEW_5YA than MAM_SIM_5Y (except for NH3), due mainly to the incorporation
of ISORROPIA II in MAM_NEW_5YA. The global burden of tropospheric O3 is higher in
MAM_NEW_5YA than MAM_SIM_5Y, which is due to higher mixing ratios of O3
precursors (e.g., NO2 and VOCs) that are simulated in MAM_NEW_5YA. The global
burdens of most gas species are comparable with previous studies (Horowitz et al., 2006;
Lamarque et al., 2005; Williams et al., 2009; Liu et al., 2012) with absolute differences of
less than 20%. One exception is H2SO4, which is higher by a factor 5 in MAM_NEW_5YA
than in MAM_SIM_5Y. The higher burden of H2SO4 in MAM_NEW_5YA is likely due to
the less condensation of H2SO4 resulted from the use of a lower mass accommodation
coefficient. SO42- burden is higher by 8.3% in MAM_NEW_5YA than MAM_SIM_5Y,
which is likely due to greater SO2 oxidation in MAM_NEW_5YA. Higher SO42- burden
results from higher SO2 burden. Higher SO2 burden leads to more SO2 to be oxidized to
produce SO42-, which overweighs the impacts from less H2SO4 condensation due to lower
mass accommodation coefficient. More SO42- result in more NH4+. The burdens of BC and
POM are lower by 16.5% and 23.8%, respectively, in MAM_NEW_5YA than in
MAM_SIM_5Y, which is likely due in part to greater dry deposition fluxes and in part to a
slower primary carbon aging rate resulted from reduced condensation of gas species in
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MAM_NEW_5YA. Condensation onto the primary carbon mode produces aging of the
particles in this mode. A lower accommodation coefficient is used in MAM_NEW_5YA,
which results in less condensation. Therefore, the fraction of aged particles has decreased.
The global burdens of most aerosol species are in the range of previous studies. For example,
global burdens of SO42- and NH4+ from MAM_SIM_5Y and MAM_NEW_5YA are 23.4%
and 17.0%, respectively, and 16.7% and 12.5%, respectively, lower than Liu et al. (2012),
which is likely because MAM_SIM_5Y contains no SO42- emissions but Liu et al. (2012)
included additional SO42- emissions of 1.66 Tg S yr-1. Higher SO42- emission leads to more
SO42- concentrations thus more NH4+ in Liu et al. (2012). Compared with Horowitz et al.
(2006), global burdens of BC and OC from MAM_NEW_5YA are lower by 72.9% and
52.3%, respectively. Compared with Liu et al. (2012), MAM_NEW_5YA gives comparable
BC and POM burdens but much lower SOA (by a factor of 3.0). Compared with Textor et al.
(2006), POM burden is a factor of 3.5 lower in MAM_NEW_5YA. The lower BC, OC,
POM, and SOA burdens are likely due to the uncertainties in the BC and OC emissions used
as well as differences in the model treatments for SOA formation and POM aging.
2.7 Summary
In this section, a new gas-phase chemistry mechanism and several advanced inorganic
aerosol treatments have been incorporated into CESM/CAM5.1-MAM7. These include (1)
the CB05_GE gas-phase chemical mechanism coupled with MAM7; (2) the condensation
and aqueous-phase chemistry involving HNO3/ NO3- and HCl/ Cl-; (3) an ion-mediated
nucleation (IMN) parameterization for the new particle formation from ions, (4) an inorganic
thermodynamic module, ISORROPIA II, that explicitly simulates thermodynamics of SO42-,
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NH4+, NO3-, Cl-, and Na+ as well as the impact of crustal species, such as Ca2+, K+, and Mg2+,
on aerosol thermodynamics. CB05_GE with new and modified inorganic aerosol treatments
in MAM7 simulates 139 species with 273 chemical reactions, which is more accurate than
simple gas chemistry coupled with default MAM7. Seven 1-yr simulations for 2001 and three
5-year simulations for 2001-2005 with different model configurations are performed to
evaluate the capabilities of the original and improved CESM/CAM5 and the mechanisms
underlying differences among model predictions.
Comparing to the simple gas-phase chemistry, the 2001 simulation with CB05_GE
can predict many more gaseous species, and give improved performance for predictions of
organic carbon and PM2.5 over CONUS, NH3 and SO42- over Europe, SO2 and PM10 over
East Asia, and cloud properties such as CF, CDNC, and SWCF on the global scale.
MAM_CON simulates NO3- and Cl-, which are important inorganic aerosols. With speciesdependent accommodation coefficients for gas condensation, more H2SO4 can participate in
homogeneous nucleation, resulting in the improvement of predictions of PM2.5, PM10, J,
CDNC, and SWCF. IMN can increase the predictions of J and PMnum in the upper
atmosphere and thus improve the predictions of AOD, CCN, and cloud properties, and
SWCF over globe, PM2.5 over CONUS and Europe, PM10 over Europe and East Asia, and
PM composition over Europe. The 2001 simulation with ISORROPIA II can improve the
predictions of major gas and aerosol species significantly, including HNO3, NH4+, NO3-, Cl-,
BC, OC, TC, and PM2.5 over CONUS, SO2, NH3, NO2, SO42-, NH4+, NO3-, and Cl- over
Europe, and CO and SO2 over East Asia. Such improvements lead to improved predictions of
SWD, SWCF, and CCN5 over globe. The 2001 simulation with the new and modified
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inorganic aerosol treatments appreciably improve the predictions of OLR, CF, COT, CWP,
PWV, CCN, CDNC, SWCF, J on the global scale, and HNO3 (CONUS and Europe), NH4+
(CONUS), PM2.5 (CONUS and Europe), and PM10 (Europe and East Asia). The 2001
sensitivity simulation with adjusted emissions further improves model predictions of CO and
SO2 over East Asia, SO2, HNO3, NO3-, Cl-, BC, OC, and TC over CONUS, SO2, NH3, NH4+,
HNO3, NO3-, and Cl- over Europe, and column CO and SWD over globe. The change of
emissions can affect primary gaseous precursors directly, and secondary gaseous species
indirectly through gas-phase chemistry. Meanwhile, secondary aerosols can be affected by
gaseous precursors, and therefore have impacts on cloud properties as well as direct and
indirect effects on radiation. Reducing the uncertainty of emissions can thus help reduce the
model biases significantly.
The comparison of the 5-year simulations with prescribed SST shows that
MAM_NEW_5YA with CB05_GE can appreciably improve the predictions of AOD, COT,
CWP, CCN5, CDNC, SWD, LWD, OLR, and SWCF on global scale and OC, TC, and PM2.5
over CONUS, PM10 over East Asia, and SO2, PM2.5, and PM10 over Europe. The
performance is overall similar for all radiative variables and most chemical species between
MAM_NEW_5YA with prescribed SST and MAM_NEW_5YB in a fully-coupled mode.
In addition to uncertainties in emissions, additional uncertainties exist in the model
treatments. For example, the large biases in the predictions of O3 over Europe and East Asia
are mainly due to insufficient NOx titration resulting from the uncertainties in the NOx
emissions. The large biases in PM10 over East Asia and Europe may be mainly due to the
inaccurate predictions of dust. The large bias in Cl- over Europe may be due to the inaccurate
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predictions of HCl and coarse Cl-, resulted from the irreversible condensation of HCl over
coarse mode particles, and the uncertainty in the mass accommodation coefficient of HCl
used. A reversible condensation treatment should be used for volatile species in the future,
which can more accurately simulate the gas/particle partitioning of those volatile species over
coarse mode particles. Assumptions associated with equilibrium partitioning for fine particles
such as metastable conditions may be responsible for biases over desert/arid regions under
low RH conditions. In the default and modified nucleation treatments, it only considers
H2SO4, NH3, H2O, and ions involved in the new particle formation. Missing species (e.g.,
organics, iodine compounds, and DMS) may also contribute to the new particle formation.
Uncertainties in treating organic gas-aerosol partitioning may contribute to the inaccurate
predictions of SOA, OC, TC, and PM. The large biases in CDNC, COT, and CWP indicate
the uncertainties in cloud microphysics schemes and aerosol-cloud interaction
parameterizations, which also limit the ability of climate and Earth system models to quantify
aerosol indirect effects (Stephens, 2005; Gettelman et al., 2008). In addition to uncertainties
in the model treatments, uncertainties in the model simulation settings such as the use of a
coarse grid resolution and a large model time step of 1800 seconds for solving the chemical
system in this work may contribute to the model biases. The representations of some of the
aforementioned uncertain processes in CESM/CAM5.1 are being further improved by the
authors’ group. Decadal simulations using improved CESM/CAM5.1 will be conducted in
the future to study the interactions among atmospheric chemistry, aerosol, and climate
change and reduce associated uncertainties.
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Table 2.1. Simulation design and purposes
Index Run
MAM_SIM

MAM_CB05_GE

MAM_CON

MAM_CON/IMN

MAM_CON/ISO

MAM_NEWA

MAM_NEWB

MAM_NEW/EMIS

MAM_SIM_5Y

Model Configuration
Simple gas-phase chemistry
coupled with default MAM7
CB05_GE coupled with default
MAM7
Same as MAM_CB05_GE, but
with explicit treatments for NO3-,
Cl-, and Na+; HNO3 and HCl
condensation and aqueous-phase
chemistry; species-dependent
accommodation coefficients
Same as MAM7_CON, but
combine IMN with modified
default nucleation
parameterizations with a prefactor
of 1.0×10-8
Same as MAM7_CON, but with
ISORROPIA II for aerosol
thermodynamics under metastable
conditions
Same as MAM7_CON, but with
all modified and new treatments
and using a prefactor of 1.0×10-9
for default nucleation
parameterization
Same as MAM_NEWA, but with
ISORROPIA II under stable
condition
Same as MAM7_NEW, but with
adjusted emissions of SO2, NH3,
BC, POM, and CO over CONUS,
Europe, and East Asia
Same as MAM_SIM, but with
prescribed SST for 2001-2005

MAM_NEW_5YA

Same as MAM_NEW/EMIS, but
with prescribed SST for 20012005

MAM_NEW_5YB

Same as MAM_NEW/EMIS, but
with fully-coupled model for
2001-2005

Purpose
A baseline run for the 1st set of
simulations (see text)
Differences of MAM_SIM and
MAM_CB05_GE indicate the
impacts of gas-phase chemical
mechanisms
A baseline run for the 2nd set of
simulations; differences of
MAM_SIM and MAM_CB05_GE
indicate the impact of modified
condensation and aqueous-phase
chemistry treatments
Differences of MAM_CON and
MAM_CON/IMN indicate the
impacts of IMN and the lower
prefactor for WP09
Differences between MAM_CON
and MAM_IMN/ISO indicate the
impacts of explicit aerosol
thermodynamics
Differences between
MAM_CB05_GE and
MAM_NEWA indicate the impacts
of all new and modified treatments
for inorganic aerosols
Differences between MAM_NEWA
and MAM_NEWB indicate the
impacts of thermodynamic
conditions on gas-aerosol
partitioning
Differences between MAM_NEWA
and MAM_NEW/EMIS indicate the
impact of emissions
A baseline run for 4th set of
simulations
Differences between
MAM_SIM_5Y and
MAM_NEW_5YA indicate the
indicate the impacts of all new and
modified treatments for inorganic
aerosols
Difference between
MAM_NEW_5YB and
MAM_NEW_5YA indicate the
impacts of processes from
component models in the fullycoupled Earth system
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Table 2.2. Datasets for model evaluation
Species/Variables
Downwelling longwave radiation (LWD)
Downwelling shortwave radiation (SWD)
Outgoing longwave radiation (OLR)
Cloud fraction (CF), Cloud optical thickness (COT)
Cloud water path (CWP), Precipitating water vapor
(PWV), Aerosol optical depth (AOD), Column cloud
condensation nuclei (ocean) at S = 0.5% (CCN5)
Cloud droplet number concentration (CDNC)
Shortwave cloud radiative forcing (SWCF)
Carbon monoxide (CO)
Ozone (O3)

Sulfur dioxide (SO2)

Nitric acid (HNO3)
Ammonia (NH3)
Nitrogen dioxide (NO2)
Sulfate (SO42-)
Ammonium (NH4+)
Nitrate (NO3-)
Chloride (Cl-)
Organic carbon (OC), Black carbon (BC),
Total carbon (TC)
Particulate matter with diameter less than 2.5 μm
(PM2.5)
Particulate matter with diameter less than 10 μm
(PM10)
Column CO
Column NO2
Tropospheric ozone residual (TOR)
New particle formation rate (J)

Dataset
BSRN
BSRN
NOAA/CDC
MODIS
BE07
CERES
Europe: EMEP
East Asia: NIES of Japan, TAQMN
CONUS: CASTNET
Europe: Airbase, BDQA, EMEP
East Asia: TAQMN
CONUS: CASTNET
Europe: Airbase, BDQA, EMEP
East Asia: MEP of China, NIES of Japan,
TAQMN
CONUS: CASTNET
Europe: EMEP
Europe: Airbase, EMEP
Europe: Airbase, BDQA, EMEP
East Asia: NIES of Japan, TAQMN
CONUS: CASTNET, IMPROVE, STN
Europe: Airbase, EMEP
CONUS: CASTNET, IMPROVE, STN
Europe: Airbase, EMEP
CONUS: CASTNET, IMPROVE, STN
Europe: Airbase, EMEP
CONUS: IMPROVE
Europe: Airbase, EMEP
CONUS: IMPROVE, STN
CONUS: IMPROVE, STN
Europe: BDQA, EMEP
Europe: Airbase, BDQA, EMEP
East Asia: MEP of China, NIES of Japan,
TAQMN
Globe: MOPITT
Globe: GOME
Globe: TOMS/SBUV
Globe: Kulmala et al. (2004); Yu et al. (2008)

BSRN: Baseline Surface Radiation Network; NOAA/CDC: National Oceanic and Atmospheric Administration Climate
Diagnostics Center; MODIS: Moderate Resolution Imaging Spectroradiometer; BE07: Bennartz, 2007; CERES: Clouds and
Earth's Radiant Energy System; TOMS/SBUV: the Total Ozone Mapping Spectrometer/the Solar Backscatter UltraViolet;
MOPITT: the Measurements Of Pollution In The Troposphere; GOME: Global Ozone Monitoring Experiment; CASTNET:
Clean Air Status and Trends Network; IMPROVE: Interagency Monitoring of Protected Visual Environments; STN:
Speciation Trends Network; EMEP: European Monitoring and Evaluation Program; BDQA: Base de Données sur la Qualité
de l'Air; AirBase: European air quality database; MEP of China: Ministry of Environmental Protection of China; TAQMN:
Taiwan Air Quality Monitoring Network; NIES of Japan: National Institute for Environmental Studies of Japan.
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Table 2.3a. Mean bias (MB) and normalized mean bias (NMB, in %) of radiative/cloud predictions for the 2001 simulations
Simulations
Species/Variables

Dataset

MAM_
MAM_
MAM_
MAM_
MAM_
MAM_
MAM_
SIM
CB05_GE
CON
CON/IMN
CON/ISO
NEWA
NEW/EMIS
309.2/
309.6/
308.4/
308.0/
308.3/
308.7/
309.1/
LWD (W m-2)a
BSRN
312.5
-3.4/-1.1c
-2.9/-0.9
-4.2/-1.3
-4.5/-1.4
-4.2/-1.3
-3.8/-1.2
-3.5/-1.1
179.2/
177.0/
169.4/
170.2/
177.3/
174.5/
177.0/
SWD (W m-2)b
BSRN
181.2
-2.0/-1.1
-4.2/-2.3
-11.8/-6.5
-11.0/-6.1
-3.9/-2.2
-6.8/-3.7
-4.2/-2.3
NOAA223.2/
222.4/
219.3/
219.3/
220.7/
221.2/
221.2/
OLR (W m-2)
214.4
CDC
8.8/4.1
8.1/3.8
4.9/2.3
4.9/2.3
6.2/2.9
6.9/3.2
6.9/3.2
-37.8/
-38.4/
-43.2/
-43.3/
-40.4/
-40.7/
-40.5/
SWCF (W m-2)
CERES
-41.0
-3.2/-7.9
-2.7/-6.5
2.2/5.3
2.3/5.6
-0.7/-1.6
-0.4/-0.9
-0.6/-1.4
65.6/
65.9/
67.5/
67.6/
66.4/
66.5/
66.6/
CF (%)
MODIS
66.9
-1.4/-2.0
-1.0/-1.5
0.5/0.8
0.7/1.0
-0.5/-0.8
-0.4/-0.6
-0.3/-0.5
6.9/
7.1/
8.7/
8.8/
7.7/
7.7/
7.7/
COT
MODIS
17.1
-10.2/-59.5
-10.1/-58.8
-8.4/-49.2
-8.3/-48.4
-9.4/-55.1
-9.4/-54.9
-9.4/-55.2
33.0/
33.5/
42.3/
42.7/
36.4/
36.5/
36.2/
CWP (g m-2)
MODIS
148.1
-115.1/
-114.7/
-105.8/
-105.4/
-111.7/
-111.7/
-111.9/
-77.7
-77.4
-71.4
-71.2
-75.4
-75.4
-75.5
1.9/
1.9/
1.9/
1.9/
1.9/
1.9/
1.9/
PWV (cm)
MODIS
1.9
-2.5×10-2/
-1.8×10-2/
-3.3×10-2/
-3.9×10-2/
-1.8×10-2/
-1.4×10-2/
-1.2×10-2/
-1.3
-0.9
-1.7
-2.0
-0.9
-0.7
-0.6
9.8×10-2/
1.0×10-1/
1.2×10-1/
1.3×10-1/
1.0×10-1/
1.0×10-1/
1.0×10-1/
AOD
MODIS
1.5×10-1
-5.5×10-2/
-5.2×10-2/
-3.0×10-2/
-2.6×10-2/
-5.3×10-2/
-5.0×10-2/
-5.2×10-2/
-36.1
-33.9
-19.8
-17.1
-34.4
-32.9
-34.0
5.8×107/
5.2×107/
1.8×108/
2.0×108/
9.1×107/
8.5×107/
8.2×107/
Column CCN5
MODIS
2.4×108
-1.9×108/
-1.9×108/
-6.7×107/
-4.6×107/
-1.5×108/
-1.6×108/
-1.6×108/
(ocean) (cm-2)
-76.4
-78.6
-27.5
-18.8
-62.7
-65.3
-66.6
45.5/
46.7/
89.7/
93.1/
65.0/
66.7/
67.0/
-3
CDNC (cm )
BE07
113.1
-67.7/-59.9
-66.5/-58.8
-23.4/-20.7
-20.0/-17.7
-48.1/-42.5
-46.4/-41.0
-46.1/-40.8
a
The pair of observation and simulation is removed in the statistical calculation if the observed LWD value is lower than 50 W m -2 or higher than 700 W m-2
(http://www.pangaea.de).
b
The pair of observation and simulation is removed in the statistical calculation if the observed SWD value is lower than -10 or higher than 3000 W m-2
(http://www.pangaea.de).
c
The values of modeled results (Sim), MBs, and NMBs are expressed as Sim/MB/NMB.
Obs.
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Table 2.3b. Mean bias (MB) and normalized mean bias (NMB, in %) of chemical predictions for the 2001 simulations
Species/
variablesa
CO

SO2
NH3
NO2

O3

HNO3
SO42NH4+
NO3Cl-

Simulations
Domain

Obs.

Europe

123.0

-

112.4/-10.6/-8.6

115.0/-8.0/-6.5

107.9/-15.1/-12.3

114.0-9.0/-7.3

118.8/-4.2/-3.4

113.6/-9.4/-7.6

MAM_NEW/
EMIS
137.9/14.9/12.1

East Asia

0.6

-

0.1/-0.5/-82.1

0.1/-0.5/-82.0

0.1/-0.5/-81.8

0.1/-0.5/-81.8

0.1/-0.5/-82.0

0.1/-0.5/-81.7

0.1/-0.5/-78.7

CONUS

3.9

14.2/10.3/264.8b

14.4/10.5/270.1

15.6/11.7/301.2

15.1/11.2/286.1

15.4/11.5/295.8

15.3/11.4/291.8

15.3/11.4/293.0

9.8/5.9/152.2

Europe

6.8

13.4/6.6/97.5

13.8/7.0/103.2

15.2/8.4/123.0

13.6/6.8/100.3

14.6/7.8/114.7

15.7/8.9/130.7

14.5/7.7/114.0

6.8/0.0/0.3

East Asia

12.5

4.6/-7.9/-63.0

4.8/-7.7/-61.3

4.8/-7.7/-61.4

4.8/-7.7/-61.8

4.9-7.6/-61.0

4.8/-7.7/-61.2

4.8/-7.7/-61.2

5.8/-6.7/-53.4

Europe

9.4

1.7/-7.7/-82.0

1.8/-7.6/-80.8

1.2/-8.2/-86.8

1.1/-8.3/-87.8

1.4/-8.0/-84.7

1.5/-7.9/-84.3

1.1/-8.3/-84.0

2.1/-7.3/-77.5

Europe

20.2

-

4.6/-15.6/-77.0

5.2/-15.0/-74.1

4.7/-15.5/-76.5

5.0/-15.2/-75.2

5.2/-15.0/-74.1

4.9/-15.3/-75.7

4.9/-15.3/-75.9

East Asia

14.0

1.6/-12.4/-88.4/

1.7/-12.3/-88.0

1.7/-12.3/-88.2

1.6/-12.4/-88.4

1.7/-12.3/-88.3

1.6/-12.4/-88.5

1.7/-12.3/-88.2

CONUS

34.6

-

44.6/10.0/28.9

42.6/8.0/23.0

42.5/7.9/22.7

44.4/9.8/28.4

44.1/9.5/27.4

43.7/9.1/26.4

44.4/9.8/28.1

Europe

53.5

-

90.2/36.7/68.6

84.4/30.9/57.7

84.5/31.0/58.0

87.6/34.1/63.7

87.0/33.5/62.7

87.7/34.2/63.9

88.4/34.9/65.2

East Asia

26.4

42.8/16.4/62.2

42.7/16.3/61.7

40.7/14.3/54.3

42.6/16.2/65.9

42.1/15.7/59.6

43.0/16.6/63.0

42.5/16.1/61.2

CONUS

1.5

-

2.5/1.0/68.1

0.6/-0.9/-60.2

0.6/-0.9/-59.7

1.7/0.2/15.8

1.8/0.3/17.7

1.8/0.3/19.0

1.6/0.1/4.1

Europe

0.5

-

1.8/1.3/268.5

0.3/-0.2/-34.1

0.3/-0.2/-35.8

0.9/0.4/86.1

0.9/0.4/83.6

1.0/0.5/103.8

0.9/0.4/73.8

CONUS

2.6

2.5/-0.1/-5.1

2.4/-0.2/-7.2

2.6/4.4×10-2/1.7

2.6/4.2×10-2/1.6

2.4/-0.2/-7.9

2.4/-0.2/-6.3

2.5/-0.1/-5.5

1.9/-0.7/-28.4

Europe

2.2

3.0/0.8/36.5

2.9/0.7/33.1

3.1/0.9/40.3

3.0/0.8/35.8

2.9/0.7/32.6

3.1/0.9/39.4

3.0/0.8/36.8

2.0/-0.2/-7.2

CONUS

1.4

1.0/-0.4/-32.1

0.8/-0.6/-39.6

1.7/0.3/20.0

1.7/0.3/19.7

1.3/-0.1/-6.4

1.3/-0.1/-6.5

1.3/-0.1/-4.3

1.2/-0.2/-13.1

MAM_SIM

MAM_CB05_GE

MAM_CON

MAM_CON/IMN MAM_CON/ISO

MAM_NEWA

MAM_NEWB

Europe

1.2

1.1/-0.1/-9.1

1.0/-0.2/18.3

2.2/1.0/85.0

2.0/0.8/65.7

1.8/0.6/49.4

1.9/0.7/54.8

1.7/0.5/37.7

1.6/0.4/32.5

CONUS

1.0

-

-

3.0/2.0/198.2

2.9/1.9/192.7

1.0/-4.8×10-2/-4.8

0.9/-0.1/-9.6

1.0/-2.2×10-2/-2.1

1.0/4.0×10-3/0.4

Europe

2.0

-

-

3.4/1.4/67.8

3.0/1.0/49.4

1.9/-0.1/-4.3

2.0/-4.0×10-2/-2.0

1.8/-0.2/-12.5

2.1/0.1/5.2

-2

0.1/-1.5×10 /-14.5 0.1/-1.8×10-2/-17.5 0.1/-1.5×10-2/-12.1 0.1/-2.8×10-3/-2.8

CONUS

0.1

-

-

0.5/0.4/359.9

0.5/0.4/373.1

Europe

0.7

-

-

1.4/0.7/102.8

1.3/0.6/89.9

0.7/2.1×10-3/0.3

0.7/1.4×10-2/2.0

0.6/-0.1/-14.5

-4.7×10-2/-6.7

BC

CONUS

0.6

0.3/-0.3/-54.6

0.3/-0.3/-55.8

0.3/-0.3/-54.7

0.3/-0.3/-54.6

0.3/-0.3/-53.8

0.3/-0.3/-54.3

0.3/-0.3/-54.9

0.4/-0.2/-29.4

OC

CONUS

1.1

0.8/-0.3/-22.7

1.0/-0.1/-12.1

1.0/-0.1/-11.4

1.0/-0.1/-11.9

1.0/-0.1/-8.6

1.0/-0.1/-9.1

1.0/-0.1/-11.3

1.0/5.6×10-3/0.5

TC

CONUS

2.5

1.3/-1.2/-47.9

1.4/-1.1/-43.1

1.4/-1.1/-42.2

1.4/-1.1/-42.5

1.4/-1.0/-40.9

1.5/-1.0/-41.1

1.4/-1.1/-42.5

1.6/-0.9/-35.0

CONUS

7.9

4.9/-3.0/-37.6

5.0/-2.9/-36.8

9.5/1.6/20.1

6.6/1.3/16.7

7.8/-0.1/-1.7

6.9/-1.0/-13.2

7.2/-0.7/-8.8

6.8/-1.1/-13.5

Europe

14.5

8.4/-6.1/-41.8

7.9/-6.6/-45.3

13.7/-0.8/-5.5

14.4/-0.1/-0.9

11.0/-3.5/-24.4

11.9/-2.6/-17.7

10.9/-3.6/-24.9

10.6/-3.9/-27.2

PM2.5

Europe

25.7

17.5/-8.2/-31.8

16.5/-9.2/-35.8

22.5/-3.2/-12.3

23.0/-2.7/-10.5

20.1/-4.8/-18.5

21.4/-4.3/-16.6

20.7/-5.0/-19.4

20.9/-4.8/-18.8

East Asia

118.5

38.5/-80.0/-67.5

44.9/-73.6/-62.1

55.9/-62.6/-52.8

58.8/-57.7/-48.7

48.5/-70.0/-59.1

65.5/-53.0/-44.7

55.6/-62.9/-53.1

48.2/-70.3/-59.3

Col.CO

Globe

1.3×1018

-

1.2×1018/
-7.4×1016/-5.7

1.2×1018/
-5.7×1016/-4.4

1.2×1018/
-6.3×1016/-4.8

1.2×1018/
-6.4×1016/-4.9

1.2×1018/
-6.3×1016/-4.8

1.2×1018/
-5.6×1016/-4.3

1.2×1018/
2.3×1016/1.8

Col.NO2

Globe

4.7×1014

-

6.7×1014/
1.9×1014/40.5

6.2×1014/
1.4×1014/30.4

6.2×1014/
1.4×1014/30.0

6.5×1014/
1.8×1014/37.5

6.5×1014/
1.8×1014/37.2

6.5×1014/
1.8×1014/37.9

6.5×1014/
1.8×1014/37.3

TOR

Globe

30.3

29.8/-0.5/1.6

29.2/-1.1/-3.7

27.6/-2.7/-9.0

27.4/-2.9/-9.6

28.8/-1.5/-4.9

28.7/-1.6/-5.2

28.6/-1.5/-5.0

28.6-1.5/-4.9

PM10

Globe
0.6
0.003/-0.6/-99.6
0.1/-0.5/-99.5
0.5/-0.1/-12.8
0.3/-0.3/-49.6
0.8/0.2/36.1
0.3/-0.3/-53.1
0.3/-0.3/-51.7
0.3/-0.3/-62.0
J
a
The units are CO, ppb (over Europe) and ppm (over East Asia); SO2, ppb (over East Asia) and μg m-3 (over CONUS and Europe); O3, ppb (over CONUS) and μg m-3 (over Europe); column CO and NO2,
molecules cm-2; TOR, DU; J, cm-3s-1. All other concentrations are in μg m-3. bThe values of modeled results (Sim), MBs, and NMBs are expressed as Sim/MB/NMB.
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Table 2.4. Probability of differences in radiative/cloud predictions between paired-simulation
Paired-simulation
Species/Variables
MAM_SIM/
MAM_CB05_GE/
MAM_CON/
MAM_CON/
MAM_SIM/
MAM_NEWA/
MAM_CB05_GE
MAM_CON
MAM_CON/IMN MAM_CON/ISO MAM_NEWA MAM_NEW/EMIS
LWD
SWD
OLR
SWCF
CF
COT
CWP
PWV
AOD
Column CCN5
(ocean)
CDNC

0.7
8.1×10-3
4×10-4
2×10-4
8.7×10-5
2.3×10-3
3.7×10-3
0.4
7.9×10-5

0.6
0
0
1.2×10-12
1.2×10-12
0
0
0.08
0

0.2
0.03
0.9
0.4
0.05
3.9×10-3
0.06
0.5
3.1×10-6

0.8
5.1×10-12
1.6×10-10
0
5.3×10-12
1.5×10-12
5.4×10-12
0.1
3.8×10-13

0.5
1.3×10-12
4.6×10-13
5.7×10-12
0
2.3×10-12
6.8×10-13
0.2
1.8×10-11

0.7
0.3
0.8
0.2
0.4
0.3
0.2
0.9
0.03

5.3×10-12

0

3.3×10-12

0

0

0

2.7×10-10

2.6×10-12

9.8×10-9

0

6.4×10-13

0.5

*

Probability value is expressed in fraction, with a minimum value of 0 and a maximum value of 1. A value less than 0.05 (i.e., 5%)
indicates that the differences between the simulation pairs are statistically significant at the 95% confidence level.
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Table 2.5. The observed values and the mean bias (MB) and normalized mean bias (NMB,
in %) of predictions of O3, NO2, and HNO3 mixing ratios over Europe in MAM_NEWA
Network
Airbase
Winter

BDQA
EMEP
Airbase

Spring

BDQA
EMEP
Airbase

Summer

BDQA
EMEP
Airbase

Autumn

BDQA
EMEP

a

O3
NO2
O3
NO2
O3
NO2
HNO3
O3
NO2
O3
NO2
O3
NO2
HNO3
O3
NO2
O3
NO2
O3
NO2
HNO3
O3
NO2
O3
NO2
O3
NO2
HNO3

Obs
(μg m-3)

Sim
(μg m-3)

MB/NMB

37.7
26.0
31.0
30.6
50.7
9.0
0.5
63.1
20.0
59.6
23.6
75.0
5.9
0.4
64.9
16.2
64.5
18.7
72.2
4.7
0.5
40.5
21.7
35.7
24.8
51.7
6.6
0.6

75.2
7.6
74.2
5.6
75.7
8.3
0.5
100.8
4.6
98.9
3.1
101.9
4.9
0.9
93.5
4.4
94.5
3.6
91.2
4.4
1.3
79.5
5.3
80.9
3.7
78.2
5.2
0.9

37.5/99.6a
-18.4/-70.9
43.2/139.2
-25.0/-81.9
25.0/49.3
-0.7/-7.8
-4.9×10-3/1.0
37.7/59.7
-15.4/-77.1
39.3/65.9
-20.5/-87.0
26.9/35.9
-1.0/-17.2
0.5/144.5
28.6/44.0
-11.8/-72.8
30.0/46.5
-15.1/-80.9
19.0/26.3
-0.3/-6.2
0.8/169.6
39.0/96.4
-16.4/-75.6
45.2/126.5
-21.1/-85.2
26.5/51.2
-1.4/-21.1
0.3/45.0

The values of MBs and NMBs are expressed as MB/NMB.

60

Table 2.6a. Statistical performance of radiative/cloud predictions (average of the 2001-2005 simulations)
Species/Variables

Dataset

Obs.

LWD (W m-2)a

CERES

SWD (W m-2)b

Simulations
MAM_SIM_5Y

MAM_NEW_5YA

MAM_NEW_5YB

307.6

302.9/-4.7/-1.5/2.9/11.6c

303.9/-3.6/-1.1/2.8/11.3

304.4/-3.1/-1.0/2.9/11.3

CERES

163.9

169.9/5.9/3.6/7.0/14.1

166.5/2.5/1.5/6.5/13.8

167.0/3.1/1.9/6.7/13.7

OLR (W m-2)

NOAA-CDC

215.9

222.5/6.6/3.1/3.5/8.9

220.7/4.8/2.2/3.4/9.1

221.4/5.5/2.6/3.5/9.0

SWCF (W m-2)

CERES

-41.0

-38.8/2.2/-5.4/-21.5/12.0

-41.5/-0.5/1.2/-21.4/12.5

-40.8/0.2/-0.5/-22.2/12.4

CF (%)

MODIS

67.1

66.6/-0.6/-0.8/15.2/13.3

67.3/0.2/0.3/14.7/13.0

66.6/-0.6/-0.9/15.5/13.7

COT

MODIS

17.3

7.1/-10.3/-59.3/70.2/15.1

7.9/-9.4/-54.5/65.7/14.6

7.8/-9.6/-55.2/65.6/14.5

CWP (g m-2)

MODIS

86.0

38.2/-47.8/-55.5/55.7/52.9

43.2/-42.8/-49.8/50.0/49.2

43.4/-42.6/-49.5/49.7/49.2

PWV (cm)

MODIS

1.93

1.96/0.03/1.5/11.6/0.3

1.99/0.06/2.9/10.9/0.3

1.97/0.04/1.8/13.8/0.3

AOD

MODIS

0.2

0.1/-0.07/-44.1/54.5/0.1

0.1/-0.06/-39.2/51.3/0.1

0.1/-0.06/-36.3/49.5/0.1

7

8

7

8

Column CCN5
(ocean) (cm-2)

MODIS

2.5×108

5.3×10 /-1.9×10 /
-78.6/78.6/5.7×108

8.6×10 /1.6×10 /
-65.2/65.2/5.5×108

8.6×107/1.6×108/
-65.3/65.3/5.5×108

CDNC (cm-3)

BE07

112.6

44.2/-68.3/-60.7/61.6/84.3

69.2/-43.4/-38.6/44.2/66.8

68.8/-43.8/-38.9/45.5/67.9

a

The pair of observation and simulation is removed in the statistical calculation if the observed LWD value is lower than 50 W m-2 or higher than 700 W m-2
(http://www.pangaea.de).
b
The pair of observation and simulation is removed in the statistical calculation if the observed SWD value is lower than -10 or higher than 3000 W m-2
(http://www.pangaea.de).
c
The values are expressed as Sim/MB/NMB/NME/RMSE. Sim: simulated values; MB: mean bias; NMB: normalized mean bias (%); NME: normalized
mean error (%); RMSE: root mean squared error.
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Table 2.6b. Statistical performance of chemical predictions (average of the 2001-2005 simulations)
Species/
Domain
variablesa
CO

SO2

NH3
NO2

O3

HNO3
SO42NH4+
NO3-

Simulations
Obs.

MAM_SIM_5Y

MAM_NEW_5YA

MAM_NEW_5YB
b

East Asia

562.0

-

139.7/-422.3/-75.1/75.1/451.8

CONUS

3.4

9.6/6.2/183.9/184.6/9.9

10.1/6.7/198.8/199.1/10.6

10.3/6.9/203.1/203.5/10.9

Europe

6.6

6.0/-0.6/-9.3/73.3/7.9

6.6/-0.06/-0.9/77.2/8.3

6.2/-0.4/-5.5/74.6/8.0

East Asia

3.4

3.4/0.04/1.1/76.0/5.0

3.4/0.01/0.4/76.2/5.0

3.4/-0.05/-1.6/73.1/4.8

Europe

6.3

3.0/-3.3/-52.0/81.0/25.3

2.4/-3.9/-61.3/79.7/25.3

2.4/-3.9/-62.0/79.3/25.3

Europe

23.5

-

5.8/-17.7/-75.4/76.5/21.5

5.5/-18.0/-76.7/77.7/21.7

East Asia

13.5

-

2.3/-11.2/-83.3/83.3/12.2

2.3/-11.2/-83.6/83.6/12.2

CONUS

35.1

-

43.9/8.8/25.1/27.3/11.3

44.1/9.0/25.7/27.7/11.6

Europe

52.7

-

86.6/33.9/64.5/64.6/36.4

89.2/36.5/69.3/69.4/38.8

East Asia

27.4

-

45.6/18.2/66.4/66.4/19.2

45.5/18.1/66.0/66.0/19.1

CONUS

1.4

-

1.6/0.2/16.3/39.5/0.7

1.6/0.2/12.1/38.2/0.7

Europe

0.7

-

1.0/0.3/45.8/83.5/0.8

1.0/0.3/37.9/79.8/0.8

CONUS

2.6

2.3/-0.3/-13.4/26.9/1.0

2.3/-0.3/-13.1/23.0/0.8

2.3/-0.3/-12.8/24.2/0.9

Europe

2.3

2.3/-0.04/-1.9/37.3/1.4

2.0/-0.3/-11.1/34.1/1.3

2.0/-0.3/-13.0/35.5/1.4

CONUS

1.2

0.9/-0.3/-20.8/33.4/55.0

1.5/0.3/22.2/43.2/0.8

1.5/0.3/26.4/44.3/0.8

Europe

1.0

0.8/-0.2/-16.8/36.9/0.5

1.6/0.6/62.8/68.7/0.9

1.5/0.5/53.8/60.3/0.8

CONUS

1.1

-

1.6/0.5/41.3/85.4/1.4

1.6/0.5/49.8/90.2/1.5

Europe

1.8

-

2.3/0.5/30.3/51.1/1.2

2.2/0.4/24.7/47.0/1.1

CONUS

0.1

-

0.1/3.1×10 /2.7/105.8/0.4

0.1/8.7×10-3/7.8/110.1/0.4

Europe

0.3

-

2.4/2.1/681.2/681.2/2.9

2.3/2.0/663.3/663.6/2.8

BC

CONUS

0.4

0.3/-0.1/-17.9/44.4/0.3

0.3/-0.1/-15.6/44.0/28.2

0.3/-0.1/-17.7/44.3/0.2

OC

CONUS

1.2

0.9/-0.3/-23.2/59.3/1.0

1.1/-0.1/-7.7/56.7/1.0

1.1/-0.1/-11.0/54.3/0.9

TC

CONUS

3.1

1.4/-1.7/-54.4/62.8/2.8

1.7/-1.4/-45.7/57.1/2.6

1.6/-1.5/-47.1/57.1/2.7

CONUS

8.8

7.2/-1.6/-17.9/37.0/4.3

9.2/0.4/4.1/33.5/3.9

8.7/-0.1/-1.1/29.4/3.6

Europe

14.6

6.7/-7.9/-53.9/54.6/10.6

9.7/-4.9/-33.8/37.6/8.6

10.0/-4.6/-31.7/36.1/8.4

Europe

26.3

15.1/-11.2/-42.6/46.8/15.9

18.7/-7.6/-28.8/36.1/13.9

19.9/-6.4/-24.4/33.5/13.1

East Asia

107.9

45.4/-62.5/-58.0/59.3/70.7

52.5/-57.4/-53.2/54.2/66.0

57.8/-50.1/-46.5/50.0/61.6

Col.CO

Globe

1.4×1018

-

1.3×1018/-1.4×1017/
-10.2/16.5/3.1×1017

1.2×1018/-1.5×1017/
-11.0/17.2/3.2×1017

Col.NO2

Globe

5.3×1014

-

8.4×1014/3.1×1014/
59.2/70.0/5.4×1014

8.3×1014/3.0×1014/
57.6/69.2/5.4×1014

Cl-

PM2.5

PM10

-3

137.0/-425.0/-75.6/75.6/454.0

Globe
30.4
29.9/-0.5/1.6/16.3/6.1
30.5/0.1/0.4/15.0/5.8
29.9/-0.5/-1.7/16.4/6.1
TOR
-3
The units are CO, ppm (over East Asia); SO2, ppb (over East Asia) and μg m (over CONUS); O3, ppb (over CONUS) and μg
m-3 (over Europe); column CO and NO2, molecules cm-2; TOR, DU. All other concentrations are in μg m-3.
b
The values are expressed as Sim/MB/NMB/NME/RMSE. MB: mean bias; NMB: normalized mean bias (%); NME:
normalized mean error (%); RMSE: root mean square error.
a
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LWD (W m )

Table 2.7a. Statistical performance of radiative/cloud predictions during JJA, 2001-2005
Simulations
Dataset
Obs
MAM_SIM_5Y
MAM_NEW _5YA
CERES
320.3
317.3/-3.0/-0.9/3.0/13.0a
318.0/-2.3/-0.7/3.0/12.8

SWD (W m-2)

CERES

192.4

197.9/5.5/2.9/9.7/25.1

194.1/1.7/0.9/9.5/24.3

196.2/3.8/2.0/9.5/23.6

NOAA-CDC

220.6

227.0/6.4/2.9/4.4/11.8

224.9/4.3/2.0/4.0/11.1

224.9/4.3/2.0/4.0/11.1

SWCF (W m )

CERES

-41.3

-40.1/1.2/-2.8/-25.9/16.4

-42.8/-1.5/3.6/-26.4/16.6

-41.2/0.1/-0.3/-26.3/16.2

CF (%)

MODIS

69.9

65.3/-4.6/-6.5/13.7/12.5

66.0/-3.9/-5.6/13.0/12.2

65.5/-4.4/-6.3/13.6/12.3

COT

MODIS

17.1

8.5/-8.6/-50.6/65.1/14.9

9.4/-7.7/-45.0/60.7/14.5

9.0/-8.1/-47.5/60.0/14.1

CWP (g m )

MODIS

87.9

41.7/-46.2/-52.6/53.3/54.5

47.2/-40.7/-46.3/47.4/50.7

46.6/-41.3/-47.0/47.8/51.4

PWV (cm)

MODIS

2.1

2.1/0.05/2.4/12.8/36.0

2.1/0.07/3.2/12.1/34.2

2.1/0.01/0.6/13.2/37.0

AOD

MODIS

0.2

0.2/-0.06/-34.1/54.5/0.2

0.2/-0.05/-29.0/51.3/0.2

0.2/-0.04/-25.0/48.7/0.2

Column CCN5
(ocean) (cm-2)

MODIS

2.3×108

6.1×107/-1.7×108/
-74.2/74.7/2.6×108

9.1×107/-1.4×108/
-59.8/61.9/2.3×108

9.1×107/-1.4×108/
-60.2/62.0/2.3×108

CDNC (cm-3)

BE07

117.4

48.5/-68.9/-58.8/61.1/87.7

69.5/-47.9/-40.8/49.7/76.2

67.7/-49.7/-42.3/50.8/77.1

Species/Variables
-2

-2

OLR (W m )
-2

-2

MAM_NEW _5YB
318.1/-2.2/-0.7/2.9/12.6

a

The values are expressed as Sim/MB/NMB/NME/RMSE, where Sim is modeled value; MB is mean bias; NMB is normalized mean bias (%); NME is
normalized mean error (%); and RMSE is root mean square error.
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Table 2.7b. Statistical performance of chemical predictions during JJA, 2001-2005
Variablesa
CO
SO2
NH3
NO2

O3

HNO3
SO42NH4+
NO3Cl-

Domain

Simulations

Obs.

East Asia

535.4

MAM_SIM_5Y
-

MAM_NEW_5YA
119.4/-416.1/-77.7/77.7/441.1b

MAM_NEW_5YB
114.8/-420.6/-78.6/78.6/444.7

CONUS

2.0

8.3/6.3/309.8/312.1/9.6

8.2/6.2/309.0/311.4/9.6

8.0/6.0/297.5/299.9/9.3

Europe

5.3

6.0/0.7/12.4/85.2/7.1

6.0/0.7/13.3/87.3/7.3

6.3/1.0/19.2/90.1/7.5

East Asia

3.7

2.3/-1.4/-37.2/57.6/2.5

3.2/-0.5/-12.6/59.2/3.5

3.2/-0.5/-14.9/58.0/3.6

Europe

6.0

2.7/-3.2/-54.4/84.0/18.0

2.2/-3.8/-62.9/82.6/18.0

2.4/-3.5/-59.1/82.7/18.0

Europe

18.5

-

4.2/-14.3/-77.4/78.2/17.8

4.4/-14.1/-76.4/77.3/17.6

East Asia

13.2

-

2.1/-11.1/-84.2/84.2/12.1

2.1/-11.1-84.5/84.5/12.1

CONUS

39.4

-

47.4/8.0/20.2/23.9/11.7

46.9/7.5/19.2/22.9/11.2

Europe

64.9

-

93.8/28.9/44.5/44.6/32.0

96.2/31.3/48.2/48.3/34.4

East Asia

21.7

-

34.2/12.5/57.5/57.5/13.7

33.9/12.2/56.4/56.4/13.3

CONUS

1.6

-

1.8/0.2/10.5/40.9/0.9

1.6/0.04/2.5/38.7/0.8

Europe

1.0

1.8/0.8/87.4/118.0/1.3

1.9/0.9/94.8/125.8/1.4

CONUS

3.6

3.2/-0.5/-12.4/22.1/1.1

3.2/-0.4/-10.3/19.9/1.0

3.1/-0.5/-12.7/19.1/0.9

Europe

2.4

2.9/0.5/20.5/46.7/1.6

2.8/0.4/17.4/42.2/1.5

2.9/0.5/22.0/44.7/1.5

CONUS

1.3

1.3/-0.02/-1.3/20.2/0.4

1.4/0.1/9.8/31.8/0.6

1.4/0.1/11.0/28.1/0.5

Europe

0.8

1.0/0.2/30.3/46.8/0.6

1.6/0.8/95.0/99.7/1.1

1.6/0.8/96.0/100.6/1.1

CONUS

0.5

-

0.7/0.2/37.8/84.5/0.6

0.8/0.3/57.1/97.9/0.7

Europe

1.3

-

1.5/0.3/22.0/55.1/1.0

1.5/0.3/26.5/52.2/1.0

CONUS

0.1

-

-3

0.1/-4.0×10 /-5.3/98.5/0.2

0.1/-4.0×10-3/-5.4/101.2/0.2

Europe

0.1

1.1/1.0/650.0/650.0/1.4

1.1/1.0/666.8/666.8/1.4

BC

CONUS

0.4

0.4/-0.02/-5.0/42.3/0.2

0.4/-0.02/-4.8/42.3/0.2

0.4/-0.02/-5.7/41.3/0.2

OC

CONUS

1.7

1.1/-0.6/-34.8/50.5/1.1

1.5/-0.2/-13.6/50.6/1.1

1.4/-0.3/-15.6/45.9/1.0

TC

CONUS

3.5

1.5/-1.9/-55.8/60.0/2.5

2.1/-1.4/-40.6/49.7/2.2

2.0/-1.5/-42.8/50.3/2.2

CONUS

10.6

8.4/-2.2/-20.5/35.5/4.9

10.0/-0.6/-5.6/27.0/4.1

9.9/-0.7/-6.3/19.4/2.6

Europe

13.1

8.7/-4.4/-33.6/34.8/5.4

10.1/-3.0/-23.0/30.4/5.0

11.9/-1.1/8.7/26.1/4.3

Europe

25.9

16.4/-9.5/-36.6/41.4/12.5

18.3/-7.6/-29.4/34.5/11.7

21.6/-4.3/-16.7/26.6/9.7

East Asia

85.4

31.5/-54.0/-63.2/65.0/59.0

39.9/-45.6/-53.3/54.6/51.2

45.4/-40.0/-46.8/51.3/48.4

1.2×1018/-1.1×1017/
-8.2/26.8/4.4×1017
9.0×1014/3.1×1014/
52.2/65.0/5.2×1014
31.1/-1.0/-3.0/14.2/5.9

1.2×1018/-1.3×1017/
-10.0/28.1/4.7×1017
8.8×1014/2.9×1014/
48.9/62.4/5.1×1014
30.4/-1.7/-5.4/15.4/6.2

PM2.5
PM10
Col.CO

Globe

1.3×1018

-

Col.NO2

Globe

5.9×1014

-

TOR

Globe

32.1

29.8/-2.3/-7.4/18.9/6.9

a

The units are CO, ppm (over East Asia); SO2, ppb (over East Asia) and μg m-3 (over CONUS); O3, ppb (over
CONUS) and μg m-3 (over Europe); column CO and NO2, molecules cm-2; TOR, DU. All other concentrations
are in μg m-3.
b
The values are expressed as Sim/MB/NMB/NME/RMSE, where Sim is modeled value, MB is mean bias;
NMB is normalized mean bias (%); NME is normalized mean error (%); RMSE is root mean squared error

64

Table 2.8. Global burdens of major gaseous and aerosol species from the 2001-2005 simulations
MAM_SIM_5Y
MAM_NEW_5YA
Previous studies
a
c
Tropospheric CO (Tg)
N.A.
322.06
337-354 d
Tropospheric O3 (DU) a
29.7 c
30.5
34.04 e
a
c
Tropospheric O3 (Tg)
324.14
332.87
372 e
DMS (Tg S)
0.051
0.058
0.067 f
SO2 (Tg S)
0.276
0.281
0.34 f
H2SO4 (Tg S)
3.8×10-4
1.9×10-3
4.2×10-4 f
0.116 Tg N
7.6×1014
Tropospheric NOx a, b
N.A. c
14
-2
(8.24×10 molecules cm )
molecules cm-2 g
b
c
NOy (Tg N)
N.A.
3.26
N.A. c
NH3 (Tg N)
0.074
0.059
0.064 f
b
c
VOCs (Tg C)
N.A.
7.63
N.A. c
a
c
Tropospheric HCHO (Tg C)
N.A.
0.391
0.335-0.349 d
SO42- (Tg S)
0.36
0.39
0.84 e ,0.47 f, 0.66 h
c
NO3 (Tg N)
N.A.
0.11
0.01-0.14 i
NH4+ (Tg N)
0.20
0.21
0.24 f , (0.27-0.44) i
Na+ (Tg)
2.93
3.04
2.98 e , (0.38-5.19) i
Cl- (Tg)
4.52
4.47
4.60 e , (0.59-8.02) i
BC (Tg)
0.091
0.076
0.28 e , 0.093 f
OC (Tg)
0.45
0.61
1.28 e
POM (Tg)
0.63
0.48
0.68 f , 1.70 h
c
SOA (Tg)
N.A.
0.38
1.15 f , 0.59 j
Dust (Tg)
25.78
26.43
24.7 f , (7.9-35.9) i
a

CESM/CAM5 simulations use 30 model layers, with atmospheric pressures from ~1000 mb (layer 30) to ~3
mb (layer 1). Troposphere refers to model layers below tropopause height.
b
NOx = NO + NO2; NOy = NOx + nitrogen trioxide (NO3) + dinitrogen pentoxide (N2O5) + nitrous acid
(HONO) + nitric acid (HNO3) + pernitric acid (HNO4) + peroxyacyl nitrate (PAN) + ≥C3 peroxyacyl nitrate
(PANX) + other organic nitrate (NTR); VOCs-volatile organic compounds including acetaldehyde (ALD2),
carboxylic acid(AACD), long-chain alkanes (ALKH), Cresol and higher phenols (CRES), ethene (ETH), ethane
(ETHA), ethanol (ETOH), formaldehyde (FORM), internal olefinic carbon bond (IOLE), methanol (MEOH),
olefinic carbon bond (OLE), paraffin carbon bond (PAR), polycyclic aromatic hydrocarbons (PAH), toluene
(TOL), xylene (XYL), isoprene (ISOP), and terpene (TERP).
c
N.A – not available, it refers to the species that are not treated in MAM_SIM_5Y or species having no burden
data from previous studies. Tropospheric O3 burden in MAM_SIM_5Y is from climatology. N.A. in SOA is due
to no SOAG emission for MAM_SIM_5Y.
d
Williams et al. (2009)
e
Horowitz et al. (2006)
f
Liu et al. (2012)
g
Lamarque et al. (2005)
h
Textor et al. (2006)
i
Tsigaridis et al. (2006)
j
Heald et al. (2008)
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MAM_CB05_GE - MAM_SIM

Figure 2.1a. Absolute differences of H2O2, SO2, SO42-, and SOA between MAM_CB05_GE and MAM_SIM for 2001.
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MAM_CB05_GE - Climatology

Figure 2.1b. Absolute differences between the mixing ratios of surface OH, HO2, NO3, and O3 predicted from MAM_CB05_GE
and climatology values used in MAM_SIM for 2001.
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MAM_CB05_GE

Figure 2.2. Surface distribution of CO, O3, NO2, HNO3, HCl, and isoprene (ISOP) in MAM_CB05_GE for 2001.
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MAM_CON – MAM_CB05_GE

Figure 2.3. Surface distribution of total ammonium, total sulfate, total nitrate, total chloride,
PM2.5, NH3, SO2, H2SO4, HNO3, and HCl between MAM_CON and MAM_CB05_GE for
summer (June, July, and August, JJA), 2001.
69

MAM_CON

MAM_CON/IMN

Figure 2.4. Vertical distribution of new particle formation rate (J) and aerosol number
(PMnum) simulated by MAM_CON/IMN for 2001. The overlay plots show the distribution
of J in bottom 1000-m. Circles on overlay plots represent observations for J. Different colors
of circles represent different values of J, using the same color scale as simulated J.
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MAM_CON/IMN - MAM_CON

Figure 2.5. Absolute differences of PM2.5, AOD, column CCN5, CF, COT, and SWCF
between MAM_CON/IMN and MAM_CON for 2001.
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MAM_CON/ISO - MAM_CON

Figure 2.6a. Absolute differences of major PM species and their gas precursors between
MAM_CON/ISO and MAM_CON for summer, 2001.
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MAM_CON/ISO - MAM_CON

Figure 2.6b. Absolute differences of major PM species and their gas precursors between
MAM_CON/ISO and MAM_CON for winter, 2001.
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JJA, 2001

DJF, 2001

MAM_CON

MAM_CON/ISO

MAM_CON/ISO - MAM_CON

Figure 2.7. Surface distribution of TCAT/TSO4 in MAM_CON and MAM_CON/ISO and absolute differences of TCAT/TSO4
between MAM_CON/ISO and MAM_CON for summer and winter, 2001.
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MAM_NEWB – MAM_NEWA

Figure 2.8. Absolute differences of major aerosol species and their gas precursors between
metastable and stable conditions.
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MAM_NEW_5YA – MAM_SIM_5Y

Figure 2.9a. Absolute differences of major aerosol species and their gas precursors, new particle formation rate (J), and aerosol
number between MAM_NEW_5YA and MAM_SIM_5Y for 2001-2005.
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MAM_NEW_5YA – MAM_SIM_5Y

Figure 2.9b. Absolute differences of major cloud and radiative variables between MAM_NEW_5YA and MAM_SIM_5Y for
2001-2005.
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MAM_NEW_5YA – MAM_SIM_5Y (JJA, 2001-2005)

Figure 2.10a. Absolute differences of major aerosol species and their gas precursors, new particle formation rate (J), and aerosol
number between MAM_NEW_5YA and MAM_SIM_5Y for June, July, and August (JJA), 2001-2005.
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MAM_NEW_5YA – MAM_SIM_5Y (JJA, 2001-2005)

Figure 2.10b. Absolute differences of major cloud and radiative variables between MAM_NEW_5YA and MAM_SIM_5Y for
June, July, and August (JJA), 2001-2005.
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CHAPTER 3. DECALDAL SIMULATION AND COMPREHENSIVE EVALUATION
OF CESM/CAM5 WITH ADVANCED CHEMISTRY, AEROSOL
MICROPHYSICS, AND AEROSOL-CLOUD INTERACTIONS
3.1 Introduction
A number of Earth system models have been developed in recent years to understand
climate change and variability by including biogeochemical cycles, human impacts, as well
as coupled and interactive representations of Earth system components (e.g., atmosphere,
ocean, land, and sea ice). Table 3.1 summarizes current Earth system models that are used in
the community. The Hadley Centre Global Environmental Model version 2 including Earth
system components (HadGEM2-ES, Collins et al., 2011a) developed by U.K. Met Office
Hadley Centre is designed for simulating and understanding the centennial-scale evolution of
climate including physical, chemical, and biological processes among Earth system
components. Bellouin et al. (2011) evaluated HadGEM2-ES 1860-2100 simulations in terms
of aerosols and discussed the importance of aerosols in the climate system. The Earth System
Model version 2 (ESM2, Dunne et al., 2012, 2013) developed by the Geophysical Fluid
Dynamics Laboratory (GDFL) was designed to study carbon-climate interactions and
feedbacks within climate systems under the diverse anthropogenic perturbations (e.g., fossil
fuel emissions, agriculture and forestry, and aerosol chemistry) within a single self-consistent
system. Dunne et al. (2012) evaluated the GDFL-ESM2 100-year simulations and discussed
the impacts of ocean dynamics on climate variability. The new Max-Planck-Institute Earth
System Model (MPI-ESM, Giorgetta et al., 2013) developed by the Max Planck Institute for
Meteorology is designed through diverse model configurations for a series of climate change
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experiments to estimate climate sensitivity and transient climate change. MPI-ESM
simulations through diverse model configurations and experiments associated with different
climate forcings have contributed to the Coupled Model Intercomparison Project phase 5
(CMIP5, Giorgetta et al., 2013). The Integrated Global System Model (IGSM, Dutkiewicz et
al., 2005; Sokolov et al., 2005) developed by the Massachusetts Institute of Technology
(MIT) consists of an economic model, a coupled atmosphere-ocean-land surface model with
interactive chemistry, and natural ecosystem models. It is designed to analyze the global
environmental changes that may result from anthropogenic causes, quantify the uncertainties
associated with the projected changes, and assess the costs and environmental effectiveness
of proposed policies to mitigate climate risk. Since IGSM consists of a two-dimensional
atmospheric component, Monier et al. (2013) coupled IGSM with the Community
Atmosphere Model (CAM) developed by the National Center for Atmospheric Research
(NCAR) to address regional climate change.
As one of the recent Earth system models, the Community Earth System Model
(CESM, Hurrell et al., 2013) developed by NCAR consists of component models with many
capabilities that can be coupled in different configurations for different purposes. These
capabilities include interactive carbon-nitrogen cycling, human impacts on vegetation and
land use change, a marine ecosystem-biogeochemical module, and new chemical and
physical processes to study both the direct and indirect effects of aerosols on climate. CESM
can simulate the entire Earth system by coupling the physical climate system with chemistry,
biogeochemistry, biology, and human systems. It can also quantify the certainties and
uncertainties in Earth system feedbacks on time scales up to centuries and longer. It has been
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applied to simulate climate change as part of the Intergovernmental Panel on Climate Change
(IPCC) Fifth Assessment Report (AR5). However, due to the complexities in physical and
chemical processes of aerosols, significant uncertainties remain in the treatments of such
processes in the models. For example, many Earth system models do not include chemistry
or use prescribed or highly simplified gas/aerosol treatments in the model simulations.
However, gas-phase chemistry and subsequent gas-to-particle conversion processes (e.g.,
new particle formation, condensation, and thermodynamic partitioning) have large impacts
on climate as they influence the amounts and distributions of gaseous precursors and
secondary aerosols. Aerosols can influence the Earth’s radiative balance by directly
scattering and absorbing radiation and indirectly affecting cloud properties through acting as
cloud condensation nuclei (CCN) and ice nuclei (IN). Therefore, it is important to accurately
simulate aerosol size distribution, chemical composition, and physical and chemical
properties, which determine the magnitude of the aerosol radiative forcing (KoloutsouVakakis et al., 1998). Uncertainties associated with aerosol-cloud interactions as well as their
feedbacks are also among the emerging issues that are to be addressed by the scientific
community. To reduce the uncertainties associated with some of those model treatments and
the resultant predictions of aerosol impacts on climate, advanced treatments for chemistry
and inorganic aerosol (He and Zhang, 2014), secondary organic aerosol (SOA, Glotfelty et
al., 2013), as well as aerosol activation (Gantt et al., 2014) have recently been implemented
into the Community Atmosphere Model version 5.1 (CAM5.1), the atmospheric component
of CESM version 1.0.5 (CESM1.0.5), by North Carolina State University (NCSU, referred to
as CESM_NCSU in Table 3.1).
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A comprehensive model evaluation must be performed to assess the model’s
capability to reproduce the current atmosphere before it can be applied to project future
climate change. Most Earth system model evaluations have been performed for a single
species or component model. For example, Keppel-Aleks et al. (2013) evaluated CO2
variability predicted by CESM. Lamarque et al. (2012) evaluated the chemistry model in
CESM. Liu et al. (2012) and Ghan et al. (2012) evaluated the aerosol model and aerosol
radiative forcing in CAM5. Lipscomb et al. (2013) evaluated the Glimmer Community ICE
Sheet model in CESM. He and Zhang (2014) implemented advanced gas-phase mechanism
and inorganic aerosol treatments into CESM/CAM5 and evaluated the chemistry/aerosol
performance from the model simulations with a fully coupled mode and with prescribed SST.
Gantt et al. (2014) implemented an advanced aerosol activation scheme and evaluated the
model performance in simulating aerosol and cloud properties and their impacts on climate
using CESM/CAM5 with the advanced aerosol activation scheme. Simulations with each of
the updates in the model’s representations of chemistry, aerosol, and aerosol-cloud
interactions used in this work have been evaluated in He and Zhang (2014) and Gantt et al.
(2014) to illustrate the individual impact of each updated treatment on the overall model
predictions.
In this section, a comprehensive evaluation of multiple variables and species from
CESM/CAM5.1 is conducted through applying the CESM/CAM5.1 with advanced
chemistry/aerosol treatments and their interactions with clouds for retrospective decadal
simulations during 2001-2010. The objectives of this work are to comprehensively evaluate
the capability of the fully-coupled CESM with advanced chemistry/aerosol treatment in
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reproducing observations (or re-analyses) of climate and air quality variables in 2001-2010,
characterize their seasonal and interannual variability, and study interactions among
atmospheric chemistry, aerosols, and clouds, as well as their impacts on climate via
atmospheric radiation and aerosol direct/indirect effects. Such comprehensive evaluations
can provide information to assess the appropriateness of the model for future climate
simulations and identify uncertainties/limitations for future model improvement. Through
this work, several scientific questions will be addressed. For example, can the improved
CESM-CAM5 reproduce the meteorological and chemical observations and their time
evolution during a decade-long period? How is its skill for decadal climate modeling
compared to the skill of CESM-CMIP5? What are additional uncertainties/limitations in the
model treatment for accurate model predictions? What are the contributions of anthropogenic
emissions to global radiation and climate for a present-day atmosphere?
3.2 Model Description
CESM/CAM5.1 used in this work, is based on version 1.0.5 that was released by
NCAR and further developed and improved at NCSU (Glotfelty et al., 2013; He and Zhang,
2014; Gantt et al., 2014). The gas-phase chemical mechanism is based on the 2005 Carbon
Bond Mechanism for Global Extension (CB05_GE) of Karamchandani et al. (2012). The
aerosol module used in the NCSU’s version is based on the 7-mode modal aerosol module
(MAM7) of CESM/CAM5.1, but with several modifications. First, the new particle
formation treatments include a combination of the default nucleation parameterizations of
Vehkamaki et al. (2002) and Merikanto et al. (2007), a newly added ion-mediated aerosol
nucleation (Yu, 2010) above the planetary boundary layer (PBL), and a combination of the
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three and an additional parameterization of Wang and Penner (2009) in the PBL. Second, the
inorganic aerosol thermodynamics is based on ISORROPIA II of Fountoukis and Nenes
(2007) which explicitly simulates the thermodynamics of sulfate (SO42-), ammonium (NH4+),
nitrate (NO3-), sodium (Na+), and chloride (Cl-) in the Aitken, accumulation, and fine sea-salt
modes, as well as the impact of crustal species associated with the fine dust mode. Other
updates to the chemistry and aerosol treatments include splitting sea-salt aerosol in MAM7
into sodium and chloride to enable chlorine chemistry in ISORROPIA II, the addition of
aqueous-phase dissolution and dissociation of nitric acid (HNO3) and hydrochloric acid
(HCl), and the use of species-dependent accommodation coefficients for sulfuric acid
(H2SO4), ammonia (NH3), HNO3, and HCl, with values of 0.1, 0.097, 0.0024, and 0.005,
respectively. For aerosol-cloud interactions, the NCSU version of CESM/CAM5.1 contains
an advanced aerosol activation scheme based on Fountoukis and Nenes (2005, hereinafter
FN05) with additional updates based on Kumar et al. (2009, hereinafter K09) and Barahona
et al. (2010, hereinafter B10) by Gantt et al. (2014, hereafter referred to as the FN05 series
parameterization). FN05 is based on Nenes and Seinfeld (2003) and includes explicit
calculations of mass transfer, condensation coefficient, integration over the aerosol size
distribution, and kinetic limitations. K09 accounts for insoluble adsorption, which leads to
the activation of some particles that would not easily activate under Köhler theory. B10
parameterization accounts for the slow condensation upon internally-limited droplets in the
calculation of the droplet surface area and maximum supersaturation in a cloud updraft. With
all those updates, the advanced aerosol activation scheme accounts for adsorption activation
from insoluble CCN and giant CCN equilibrium timescale on aerosol activation. More
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detailed descriptions of the NCSU version of CESM/CAM5 can be found in He and Zhang
(2014) and Gantt et al. (2014).
In this work, several additional developments and updates have been performed in the
NCSU version of CESM/CAM5.1. First, the heterogeneous chemistry has been implemented
into CB05 based on Karamchandani et al. (2012); it includes 14 heterogeneous reactions on
aerosol particles/cloud droplets and 10 heterogeneous reactions in polar stratospheric clouds
(PSCs). Additionally, six kinetic reactions pertaining to the oxidation of anthropogenic and
biogenic volatile organic compounds (VOCs) by OH are included in this work; the products
of those reactions are linked with the organic gas/aerosol partitioning for SOA formation.
Second, a volatility-basis-set (VBS) approach has been implemented into CAM5.1 (Glotfelty
et al., 2013) to provide an advanced treatment for SOA, which can potentially improve model
performance with respect to organic aerosols (OA). VBS provides an empirical
representation of the aging and volatility of the OA and its precursors (Donahue et al., 2006;
Lane et al., 2008; Andreae, 2009; Jimenez et al., 2009; Ahmadov et al., 2012). Using VBS,
VOCs are oxidized primarily by OH to form semi volatile organic compounds (SVOCs). The
SVOCs partition in both the gas- and the condensed phases. The SOA formed from these
SVOCs is represented with different volatility bins defined by different effective saturation
concentrations. Over time, the SVOCs will be oxidized further and move from the higher
volatility bins to the lower volatility bins, where they are more likely to condense to the
particulate phase. This approach has been extended to a two-dimensional model that accounts
for changes in the oxidation state indicated by the O:C ratio (Donahue et al., 2011, 2012).
The increases in the O:C ratio increase the likelihood that the SVOC will condense and
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increase the hygroscopicity of the OA formed (Jimenez et al., 2009). These improvements
include the VBS representation of biogenic SOA and anthropogenic SOA formation and the
linking of the volatility of SOA to the hygroscopicity of the aerosol. Compared to the work
of He and Zhang (2014), the version of CESM/CAM5.1-MAM7 used in this work includes
the above updates and the aforementioned FN05 series parameterization for aerosol
activation as implemented by Gantt et al. (2014).
3.3 Model Configurations and Evaluation Protocols
3.3.1 Model Setup and Inputs
The simulation is performed with fully coupled CESM1.0.5 with standard B_18502000_CAM5_CN configuration, which represents 1850 to 2000 transient conditions and
includes all active component models in CESM with biogeochemistry in the land model. The
simulation is conducted for 2001-2010 at a horizontal resolution of 0.9o×1.25o and a vertical
resolution of 30 layers for CAM5.1.
The initial conditions for ice and ocean models are from CESM default settings. The
initial conditions for the land model are based on the output from the NCAR CESM/CAM4
B_1850-2000_CN simulation. The initial conditions for CAM5.1 are derived from a 10-yr
(1990-2000) CAM5.1 standalone simulation with the MOZART chemistry provided by
NCAR. A 1-year (January 1-December 31, 2000) CESM/CAM5.1 simulation using the
NCAR CESM B_1850-2000_CAM5_CN component set is performed as a spin-up to provide
the initial conditions for the meteorological variables and chemical species that are treated in
both MOZART and CB05_GE. An additional 3-month (October 1-December 31, 2000)
CESM/CAM5.1 simulation based on a 10-month (January-October, 2000) CESM/CAM5.1
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output using initial conditions from NCAR’s CESM B_1850-2000_CAM5_CN is performed
as a spin-up to provide initial conditions for chemical species that are treated in CB05_GE
but not in MOZART.
Table 3.2 shows the emission inventories that are used for the 2001-2010 simulations.
The emissions representative of three time periods are used for the CESM simulations of
2001-2003, 2004-2006, and 2007-2010, respectively. Emissions for the first period are based
on Zhang et al. (2012) with adjustment factors of 0.7, 0.5, and 1.2 for sulfur dioxide (SO2)
over the continental U.S. (CONUS), Europe, and East Asia, respectively, and 1.2 for
ammonia (NH3), black carbon (BC), and organic carbon (OC), and 1.3 for carbon monoxide
(CO) over all three regions. Those emissions are adjusted based on the comparison with
several global emission inventories and preliminary evaluation of the NCSU CESM/CAM5.1
against available observations. Emissions for the second period are based on the 2005
Emission Database for Global Atmospheric Research (EDGAR), with regional updates based
on the 2006 emissions from Air Quality Modeling Evaluation International Initiative Phase II
(AQMEII) over North America and the 2006 emissions from the Multi-resolution Emission
Inventory for China (MEIC) over China. Emissions for the third period are based on the 2008
EDGAR emissions, with regional updates from the 2010 AQMEII emissions over North
America and Europe, and from the 2010 MEIC emissions over China. The emissions for
missing species in EDGAR (e.g., dimethyl sulfide (DMS) and hydrogen gas, H2) are based
on Zhang et al. (2012) with inclusion of DMS and H2 emissions from biomass burning,
which are from the Atmospheric Chemistry and Climate Model Intercomparison Project
(ACCMIP). The online emissions include those of biogenic VOCs simulated with the Model
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of Emissions of Gases and Aerosols from Nature version 2 (MEGAN 2, Guenther et al.,
2006), mineral dust (Zender et al., 2003), and sea-salt (Martensson et al., 2003).
The simulation includes a total of 139 prognostic species in tracer advection. The
simulation calculates photolysis rates based on Lamarque et al. (2012) and uses the aqueousphase chemistry described by He and Zhang (2014). Major physical options include the cloud
microphysics parameterization of Morrison and Gettelman (2008), the moisture PBL scheme
of Bretherton and Park (2009), the shallow and deep convection schemes of Park and
Bretherton (2009) and Zhang and McFarlane (1995), respectively, and the Rapid Radiative
Transfer Model for GCMs (RRTMG) of Mlawer et al. (1997) and Iacono et al. (2003, 2008)
for long and short-wave radiation. The land surface processes are simulated by the
Community Land Model (CLM) of Lawrence et al. (2011) in CESM that is coupled with
CAM5.1. A sensitivity simulation of 2001-2010 using CESM-CAM5 with the same
configurations as baseline but with 80% reductions in the anthropogenic emissions is also
conducted. The results from this sensitivity simulation are compared with the baseline
simulation to quantify the impacts of chemical species including both gases and aerosol
species on climate through various feedbacks mechanisms.
3.3.2 Available Measurements
A number of observational datasets from surface networks and satellites are used for
model evaluation. They are summarized along with the variables to be evaluated in Table
3.3. Global surface networks include the National Climatic Data Center (NCDC), the Global
Precipitation Climatology Project (GPCP), and the National Oceanic and Atmospheric
Administration Climate Diagnostics Center (NOAA/CDC). The National Centers for
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Environmental Prediction (NCEP) reanalysis data are from a joint project between the NCEP
and NCAR. The satellite datasets include the Moderate Resolution Imaging
Spectroradiometer (MODIS), the Clouds and Earth's Radiant Energy System (CERES), the
Total Ozone Mapping Spectrometer/the Solar Backscatter UltraViolet (TOMS/SBUV), the
Aura Ozone Monitoring Instrument in combination with Aura Microwave Limb Sounder
(OMI/MLS), the Measurements Of Pollution In The Troposphere (MOPITT), the Global
Ozone Monitoring Experiment (GOME), and the SCanning Imaging Absorption
spectroMeter for Atmospheric CHartographY (SCIAMACHY). Other satellite-based data
include the MODIS-derived cloud droplet number concentration (CDNC) and cloud liquid
water path (LWP) from the University of Wisconsin-Madison (UW-M), which are derived
based on Bennartz (2007).
Regional observational networks include the Clean Air Status and Trends Network
(CASTNET), the Interagency Monitoring of Protected Visual Environments (IMPROVE),
and the Speciation Trends Network (STN) over CONUS; the European Monitoring and
Evaluation Program (EMEP), the Base de Données sur la Qualité de l'Air (BDQA), and the
European air quality database (AirBase) over Europe; the Ministry of Environmental
Protection of China (MEPC), the National Institute for Environmental Studies of Japan
(NIESJ), Taiwan Air Quality Monitoring Network (TAQMN), and the Korean Ministry Of
Environment (KMOE) over East Asia. Traffic and industrial sites from AirBase and BDQA
are excluded for the chemical evaluation because the horizontal grid resolution used in this
work is too coarse to reproduce observations at those sites.
3.3.3 Evaluation Protocols
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The protocols for performance evaluation include spatial distributions and statistics,
following the approach of Zhang et al. (2012). The analysis of the performance statistics
focuses on mean bias (MB), normalized mean bias (NMB), normalized mean error (NME),
root mean square error (RMSE), and correlation coefficient (Corr.). The meteorological and
radiative variables are evaluated annually or seasonally, including temperature at 2-m (T2),
specific humidity at 2-m (Q2), and wind speed at 10-m (WS10) from NCDC; vertical
temperature profile, vertical relative humidity (RH) profile, and vertical specific humidity
(Q) profile from NCEP/NCAR reanalysis data; total daily precipitation rate (Precip) from
GPCP; outgoing longwave radiation (OLR) from NOAA/CDC; downwelling shortwave
radiation (FSDS), downwelling longwave radiation (FLDS), surface net shortwave flux
(FSNS), surface net longwave flux (FLNS), shortwave cloud forcing (SWCF), and longwave
cloud forcing (LWCF) from CERES; cloud fraction (CF), aerosol optical depth (AOD), cloud
optical thickness (COT), precipitating water vapor (PWV), and CCN from MODIS; and
CDNC and LWP from UW-M. CDNC is calculated as an average value of layers between
850 and 960 mb for comparison with the satellite-derived values of UW-M. Surface chemical
predictions are evaluated against various observational sites from each network (see Table
3.3). Chemical concentrations evaluated include seasonal and annual averaged concentrations
of CO, ozone (O3), SO2, NH3, nitrogen dioxide (NO2), HNO3, particulate matter (PM) with
aerodynamic diameter less than 10 µm (PM10) and 2.5 µm (PM2.5), and its major components
(i.e., SO42-, NO3-, NH4+, BC, OC, and total carbon (TC) for CONUS and Europe). The
chemical observations over East Asia are very limited, and only include surface
concentrations of CO, SO2, NO2, O3, and PM10. Column concentrations of tropospheric CO,

91

NO2, SO2, and formaldehyde (HCHO), and tropospheric O3 residual (TOR) are evaluated for
the globe. Following the regions suggested by Rausch et al. (2010), interannual variations of
PM, column CCN at supersaturation of 5% (CCN5), AOD, and SWCF are analyzed over the
marine stratocumulus regions of near Australia (AUS, 30oS-40oS, 88oE-103oE), North
America (NAM, 15oN-35oN, 115oW-140oW), South East Asia (SEA, 0oN-40oN, 105oW150oW), Southern Africa (SAF, 5oS-25oS, 10oW-15oE), and South America (SAM, 8oS-28oS,
70oW-90oW).
Model performance is also compared with CESM1-CAM5 ensemble simulations
under historical and Representative Concentration Pathway (RCP) 4.5 scenarios from
CMIP5. All observational data used for evaluating 2001-2010 simulations were based on
2001-2010 except for several variables with data during a limited time period including LWP
from UW-M (2001-2008), chemical observations from KMOE (2006-2010), tropospheric
SO2 from SCIAMACHY (2005-2010), tropospheric HCHO from GOME (2001-2002) and
SCIAMACHY (2003-2010), TOR from TOMS/SBUV (2001-2004) and OMI/MLS (20052010), and tropospheric NO2 from GOME (2001-2002) and SCIAMACHY (2003-2010).
3.4 Model Evaluation and Intercomparison
3.4.1 Evaluation of Improved CESM/CAM5.1
Table 3.4a shows the statistical performance for major meteorological and radiative
variables and Figure 3.1 shows the absolute differences between model simulation and
observations/reanalysis data averaged for 2001-2010. Compared with NCDC observations,
meteorological variables such as T2, Q2, and WS10 are underpredicted by 2.9 oC (~ -22.1%),
1.0 g kg-1 (~ -11.4%), and 0.4 m s-1 (~ -9.7%), respectively, whereas Precip is overpredicted
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by 0.1 mm day-1 (~ 6.6%), with a correlation coefficient of 0.5 to 0.9. Compared with NCEP
data, meteorological variables such as T2 and Q2 are underpredicted by 2.6 oC (~ -45.1%)
and 1.3 g kg-1 (~ -15.8%), respectively, whereas WS10 is overpredicted by 2.5 m s-1 (~
58.4%). The underprediction of T2 is mainly due to the underprediction of the heat flux at the
surface. As shown in Figure 3.1, there are large discrepancies for T2 between model
simulation and the NCEP/NCAR reanalysis data, especially over higher latitudes. There is a
large cold bias (> 5 oC) between 60o N and 90o N, whereas there is a warm bias between 50o S
and 70o S. The T2 biases are less than 2 oC over most continental areas and oceanic areas in
the low and middle latitudes. The large underprediction of T2 over higher latitudes is due to
the inaccurate predictions of the net flux (FSNS + FLNS) at the surface. Since FSNS
represents the heating effect and FLNS represents the cooling effect, the combination of
underpredicted FSNS (by 4.8%) and overpredicted FLNS (by 5.7%) contributes to the further
underprediction of T2. Compared with NCEP/NCAR reanalysis data, Q2 is underpredicted
by 0.5-4.9 g kg-1 (1-15%) over most regions except for the Sahara desert, western Asia,
Australia, and the western U.S., whereas WS10 is overpredicted by 0.5-7.3 m s-1 (20-200%)
over most regions especially over oceanic areas in the middle and higher latitudes. Figures
3.2a and b compare meteorological variables with NCEP over North America, South
America, Africa, Asia, Europe, and Australia for December-January-February (DJF) and
June-July-August (JJA), respectively. Temperature profiles from CESM agree reasonably
well with NCEP for both JJA and DJF, despite some discrepancies near the surface for some
regions. For example, the temperature near the surface (925 mb) from CESM is about 4 oC
lower than NCEP over Asia (JJA and DJF), Africa (DJF), and North America (DJF). For
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other regions, the temperature differences are less than 4 oC. Specific humidity profiles from
CESM agree very well with NCEP for both JJA and DJF over six regions although there are
discrepancies (< 1.2 g kg-1) near the surface over Asia, Europe, and North America in JJA.
The underprediction of Q2 is likely due to the overprediction of Precip. There are large
discrepancies for relative humidity (RH) profiles between CESM and NCEP although their
distribution patterns are similar. RH from CESM is overall higher than that from NCEP. The
overprediction of RH is likely due to the underprediction of temperature and overprediction
of moisture fluxes from overprediction of Precip. The different performance of WS10 against
NCDC and NCEP is mainly due to different data pairs used in the model evaluation as well
as the different degrees of uncertainties in the observations and reanalysis data. Due to the
limited observations, observational sites in NCDC do not cover the entire global domain
whereas NCEP data cover each grid cell. It is possible that some grid cells with large biases
in NCEP are not taken into account in NCDC due to the unavailability of observations. On
the other hand, reanalysis data are processed in global forecast models based on multiple
sources of observations. Uncertainties in observations and model treatments can propagate to
the reanalysis data. Smith et al. (2001) showed that there was a significant underestimation in
near-surface wind speed by NCEP reanalysis data, which can partly explain the
overpredictions of WS10.
Radiative variables such as OLR, FSDS, FLNS, FLDS, and FSNS show excellent
agreement with observations, with NMBs within 6%; and SWCF and LWCF show
reasonably good agreement, with NMBs of 10.6% and -19%, respectively. All predicted
radiation variables show high correlation with observations, with Corr values of 0.9 to 0.99.
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While CF is well predicted, moderate overpredictions or underpredictions occur for CDNC,
AOD, COT, and LWP, with NMBs of 26.7%, -35.4%, -41.7%, and -31.2%, respectively, and
large underpredictions occur for column CCN5 over oceanic areas with an NMB of -82.2%.
Due to the underpredictions of cloud variables (e.g., COT, LWP, and CCN5), OLR is slightly
overpredicted by 1.4 W m-2 (or by 0.7%) and LWCF is underpredicted by 4.4 W m-2 (or by
19.4%). As shown in Figure 3.1, CDNC is largely overpredicted by 40-369 cm-3 (or by 40752%) over most oceanic areas, East Asia, Europe, and eastern U.S. Cloud droplet formation
is sensitive to both particle number concentration and updraft velocity (Reutter et al., 2009).
The overprediction of CDNC is due partly to high activation fractions (e.g., inclusion of
adsorption activation from insoluble CCN and effective uptake coefficient of 0.06 by Gantt et
al., 2014) as well as the uncertainties in the model treatments for cloud microphysics (e.g.,
resolved clouds and subgrid-scale cumulus clouds) and satellite retrievals (e.g., error
propagation of the input variables to derive CDNC) (Bennartz, 2007). For example, a
constant condensation coefficient of water vapor with a value of 0.06 is used to determine
size-dependent water vapor diffusivity in FN05. However, this value is uncertain and may
vary by a factor of five for pure water (i.e., 0.1-0.3) (Ghan et al., 2011; FN05). It varies from
0.04 to 0.06 for aged atmospheric droplet and can be further reduced by the presence of
organic films (Chuang, 2003; Ghan et al., 2011; FN05). In K09, empirical constants of AFHH
(e.g., 2.25 used in this work) and BFHH (e.g., 1.20 used in this work) are used to determine the
water vapor saturation ratio of an insoluble particle in equilibrium with surrounding water
vapor. However, AFHH and BFHH have been found to vary from 0.1 to 3.0 and from 0.5 to 3.0,
respectively, from experimental studies (Sorjamaa and Laaksonen, 2007; K09). Therefore,
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these constant parameters used in this work may contribute to the uncertainties in predicting
CDNC. On the other hand, MODIS is known to provide very high values for the retrieved
effective radius, especially over those remote oceanic areas that are dominated by broken
cumulus clouds. This possibly is a retrieval artifact caused by cloud inhomogeneites (Zhang
and Platnick, 2011) or drizzle/rain contamination (Nakajima et al., 2010). Such a high bias in
effective radius would result in an underestimation of MODIS-derived CDNC, which is
based on the retrieved MODIS effective radii (Bennartz, 2007). The statistical evaluation of
CDNC over land and oceanic areas indicates that most overpredictions occur over ocean, due
mainly to the underestimated MODIS-CDNC. The underpredictions of AOD over oceanic
areas can be attributed to the uncertainties in the sea-salt emissions as well as inaccurate
predictions of other PM components (e.g., marine organic aerosols) over the ocean and
overestimation of oceanic AOD in the MODIS collection 5.1 (Levy et al., 2013). COT is
largely overpredicted by 5-77 (or by 20-529%) over Southeast Asia, South Africa, South
America, and northern Australia, and slightly overpredicted over western Europe and eastern
U.S., whereas it is largely underpredicted by 10-48 (or by 50-100%) over continents of 50o N
- 90o N and regions within 60o S - 90o S. Overpredictions in CDNC and COT can increase
cloud albedo and therefore, increase SWCF, leading to its overpredictions by 10-99.6 W m-2
(or by 20-250%) mainly over the low and middle latitudes. The underpredictions in COT and
LWP may be caused by limitations and uncertainties associated with the microphysics
treatments for resolved and cumulus clouds. The large underpredictions of LWP and COT
over polar regions can be also attributed to the uncertainties in plane-parallel visible-nearinfrared retrievals with low solar zenith angle (Seethala and Horváth, 2010) as well as the
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influence of radiatively active snow on overlying cloud fraction (Kay et al., 2012).
Underpredictions in COT can decrease SWCF as well, leading to underpredictions of SWCF
over higher latitudes. The opposite performance of CDNC (overprediction) and COT
(underprediction) is likely due to the fact that COT (i.e., mixed-phase clouds) is affected by
both aerosol activation and ice nucleation (Lance et al., 2011; Xie et al., 2013). CDNC is
evaluated between 850 and 950 mb, whereas COT is evaluated over entire model layers.
Uncertainties in ice clouds predictions can result in uncertainties in COT predictions. The
moderate and poor correlation coefficients of cloud variables (e.g., CCN5, COT, CDNC, and
LWP) suggest the uncertainties both in the model treatments for microphysics and in the
satellite retrievals.
Figures 3.3-3.5 compare AOD, CDNC, and SWCF with observations for the 10-year
average of 2001-2010 (ANU), December-January-February (DJF), March-April-May
(MAM), June-July-August (JJA), and September-October-November (SON). AOD is
underpredicted over most regions except North Africa, the tropical Atlantic Ocean, and West
Asia for MAM, JJA, and SON. The model captures the hot spots for observed AOD over
East Asia, North Africa, the tropical Atlantic Ocean, and West Asia (e.g., in MAM and JJA),
whereas it fails to predict the hot spot for South Africa in SON. The hot spots for AOD are
mainly due to the high concentration of dust, indicating the uncertainties in the dust
emissions. The underprediction of AOD over 40oS - 70oS is mainly due to a bias in satellite
products (i.e., MODIS Collection 5.1), which does not account for the wind speed-dependent
whitecap and foam fraction on the ocean surface (Levy, 2013). Unlike AOD, CDNC is
overpredicted over most regions. The model can also capture the hot spots for observed
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CDNC over Europe, East Asia, and East U.S. (e.g., in DJF, MAM, and SON). The hot spots
for CDNC are mainly due to the high PM concentrations over those regions. The
overpredictions of CDNC are likely due to uncertainties in the treatment of insoluble CCN
activations (e.g., BC and dust) and effective uptake coefficient used for aerosol activation as
well as the uncertainties in the model treatments for cloud microphysics (e.g., resolved
clouds and subgrid-scale cumulus clouds) and satellite retrievals as discussed previously.
Similar to CDNC, SWCF is also overpredicted in all seasons especially over oceanic areas in
low and middle latitudes as well as land areas such as East Asia, eastern U.S., Europe, South
America, South Africa, and Australia. Due to the overpredictions of CDNC over these
regions, cloud albedo increases and more solar radiation is reflected, resulting in
overpredictions of SWCF. However, SWCF over polar regions is underpredicted, especially
in JJA. The underpredictions of SWCF over the polar regions are likely due to the
underpredictions of COT over those regions (see Figure 3.1).
Table 3.4b shows the statistical performance for major chemical species and Figure
3.6 compares simulated and observed surface concentrations of chemical species over
various sites from different surface networks including CASTNET, IMPROVE, EMEP,
MEPC, TAQMN, and NIESJ. CO mixing ratios and NO2 concentrations over East Asia are
largely underpredicted with NMBs of -56.1% and -82.7%, respectively; these results are
likely due to uncertainties in the CO and NOx emissions over this region. SO2 concentrations
are moderately underpredicted with absolute NMBs less than 20% over Europe (but the
NMBs can be as high as 244.7% over the EMEP sites as shown in Figure 3.6) and East Asia
(with an NMB of 18% over the NIESJ sites), but largely overpredicted with an NMB of
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219.1% over CONUS (with an NMB of 244.7% over the CASTNET sites), which is likely
due to uncertainties in the SO2 emissions and wet deposition, and measurements. He and
Zhang (2014) investigated the sensitivity of the chemical predictions to emissions; the results
showed that with a 30% reduction in SO2 emissions, the NMB of SO2 predictions is reduced
by about half, from 291.8% to 152.2%. Precip is also underpredicted over the middle/eastern
U.S., resulting in less SO2 wet deposition. NO2 concentrations are largely underpredicted
over Europe, with an NMB of -77.7%, whereas NH3 and HNO3 concentrations are
overpredicted over Europe, with NMBs of 31.9% and 41.8%, respectively The biases of
predictions in NH3 and NO2 concentrations could be due to the uncertainties in NH3 and NOx
emissions. The overprediction of HNO3 over Europe is likely due in part to overestimated
oxidation of NO2 resulted from overestimated OH concentrations, and/or underestimated dry
deposition of HNO3. FSNS is overpredicted over Europe (see Figure 3.1), allowing more
photolytic reactions to produce OH (e.g., photolytic reactions of O3 and VOCs), and
therefore more OH can oxidize NO2 to produce HNO3. In addition, the observed surface OH
concentrations vary from 0 to 6 ×106 molecules cm-3, with a mean maximum value of
4.2×106 molecule cm−3 in summer over Europe (Michoud et al., 2012). The summer (JJA)
average of simulated OH over Europe is about 0.05-0.35 ppt (or 1-7 ×106 molecules cm3

),indicating possible OH overpredictions. O3 concentrations are predicted reasonably well

over CONUS with an NMB of 16.2%, whereas they are largely overpredicted over Europe
and East Asia, with NMBs of 47.8% and 48.5%, respectively. As shown in Figure 3.6,
surface O3 is overpredicted by 5.7 ppb (or by 16.2%) over the CASTNET sites, whereas it is
overpredicted by 15 μg m-3 (or by 23.0%) over the EMEP sites and overpredicted by 10.5
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ppb (or by 36.6%) over the TAQMN sites. The overpredictions of O3 over Europe and East
Asia are likely due to the underprediction of O3 titration resulting from the underprediction of
NOx. SO42- concentrations are predicted reasonably well over CONUS and Europe, whereas
NH4+ and NO3- concentrations are overpredicted over these regions, with NMBs of 37.459.8% to 44.8-93.2%. The overpredictions of HNO3 concentrations over CONUS and Europe
result in the overpredictions of NO3- concentrations over these regions. The overpredictions
of NH4+ concentrations over CONUS and Europe are due possibly to the uncertainties in NH3
emissions as well as overpredictions of HNO3 over these regions, which can partition into
NO3- to neutralize excess NH4+ through thermodynamic equilibrium. Cl- concentrations are
well predicted over CONUS but are largely overpredicted over Europe with an NMB of
376.0%, which is likely due to the uncertainties in the HCl and sea-salt emissions as well as
treatments for coarse particulate chloride. The model only treats gas/particle equilibrium
thermodynamics for fine inorganic particles and the condensation of major inorganic volatile
gases (e.g., H2SO4, NH3, HNO3, and HCl) onto all aerosol modes is treated as irreversible,
which can result in overpredictions of inorganic aerosol concentrations in the coarse mode,
thus overpredictions of inorganic aerosol concentrations over all the modes (e.g., NH4+, NO3, and Cl- over Europe). The concentrations of OC, BC, and PM2.5 are well predicted over
CONUS, with absolute NMBs less than 16% whereas TC concentrations are underpredicted
with an NMB of 37.9%. The discrepancy between OC/BC and TC performance is mainly due
to the different observational datasets used for the evaluation. The OC observations are from
IMPROVE, whereas BC and TC observations are from IMPROVE and STN. PM2.5 and PM10
concentrations are moderately underpredicted over Europe and East Asia, with an NMB of -
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37.2% to -6.3%. As shown in Figure 3.6, the surface PM2.5 concentration is underpredicted
by 1.0 μg m-3 (or by 16.1%) over the IMPROVE sites and underpredicted by 1.3 μg m-3 (or
by 11.2%) over the EMEP sites, whereas the surface PM10 concentration is underpredicted by
39.25 μg m-3 (or by 36.2%) over the MEPC sites. The underpredictions of PM2.5/PM10 are
likely due to the underpredictions of organic aerosol concentrations. The underpredictions of
organic aerosol concentrations can be attributed in part to the uncertainties in the VOCs and
OC emissions. Several studies indicated the uncertainties in the emission data used over
CONUS, Europe, and Asia. For example, power plant and industry NOx emissions over
eastern U.S. have decreased by 50% between 1999 and 2003/2004 (Frost et al., 2006;
Hudman et al., 2007). It is not clear whether the U.S. National Emission Inventory has
included such information. Langmann et al. (2008) suggested an updated emission by
considering the changes in heating practices in Europe to improve the SOA predictions. The
anthropogenic NOx emissions over mainland China have increased from 3.8 TgN yr−1 in
2000 (Zhang et al., 2007) to 6.3 TgN yr−1 in 2006 (Zhang et al., 2009). Emission inventories
over all those regions, on the other hand, are not updated on a yearly basis. For example, the
U.S. EPA updates the NEI every 3-4 years. In this work, emissions during 3 years, i.e., 2001,
2005, and 2008 are used to represent emissions for 2001-2010 based on the best available
emissions from global and regional emission inventories. The lack of yearly varied emissions
may lead to some inaccuracies in representing the emission interannual variations of the
individual species, and therefore explaining some uncertainties in the model predictions. In
He and Zhang (2014), a sensitivity simulation with emission adjustment was conducted to
investigate the impacts of emissions on model predictions, which indicated that
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anthropogenic emissions on major chemical species, such as CO, SO2, NO2, NH3, OC, and
BC have significant impacts on the model predictions. The underpredictions of organic
aerosol concentrations may also be attributed in part to the uncertainties in the model
treatments for SOA formation. The current VBS representation for SOA formation included
in this work only includes biogenic VOCs and anthropogenic VOCs partitioning in both the
gas- and the condensed phases without consideration of SVOC and aging and volatility of
POA. Including SVOC emissions and their subsequent oxidation has been shown to have a
considerable impact on OC predictions over Europe (Couvidat et al., 2012, 2013a).
Furthermore, the aqueous-phase oxidation of VOCs in clouds is not taken into account;
although it is not a major SOA formation pathway, it can contribute several % in some areas
and seasons over Europe (Couvidat et al., 2013b).
The global tropospheric SO2 column is underpredicted with NMB of -28.4%, which is
likely due to uncertainties in SO2 emissions. Tropospheric CO and NO2 columns are largely
overpredicted whereas surface concentrations of CO and NO2 are underpredicted, suggesting
the uncertainties in CO and NO2 emissions in terms of spatial allocations as well as
convective transport treatments. The global TOR is slightly underpredicted with an NMB of 3.5%. The global tropospheric HCHO column is largely underpredicted with an NMB of 44.6%, which is likely due partly to no biogenic HCHO emissions as well as uncertainties in
biogenic isoprene emissions and its secondary HCHO formation. Figure 3.7 shows emission
trends for SO2, NH3, NOx, primary OC (POC), and BC. Emissions of SO2, NH3, and POC
decrease from 2001 to 2008, whereas CO and NOx emissions are higher in 2005 than 2001
and 2008, and BC emissions are lower in 2005 than 2001 and 2008. The corresponding
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aerosol burdens such as SO42-, NH4+, NO3-, OC, and BC have strong correlations with the
emission trends of SO2, NH3, NOx, OC, and BC, respectively, due to the impacts of
emissions on aerosol predictions. Meanwhile, other processes can affect chemical species
predictions, such as kinetic reactions, condensation, and dry/wet deposition. For example, the
reaction rate for oxidation of CO by OH is likely to decrease due to underpredictions of
temperature, resulting in smaller loss of CO and OH and higher CO column concentrations.
In addition, the uncertainties in the model treatments for dry and wet deposition can result in
uncertainties in the removal of chemical species through those processes. For example,
precipitation is underpredicted over 30o N - 60o N, which can result in overpredictions of
chemical concentrations in this region, whereas it is overpredicted over 30oS - 30oN, which
can result in underpredictions of chemical concentrations. The accommodation coefficients
are usually measured under laboratory conditions, therefore, uncertainties may exist when
they are extrapolated to ambient atmospheric conditions to simulate the formation of
secondary aerosols through condensation of gaseous precursors under different atmospheric
conditions and at the global scale.
Table 3.5 shows the simulated 10-year average global burdens of major gaseous and
aerosol species for three emission periods. The global burdens of some gaseous species (e.g.,
tropospheric O3, HCHO, NOx, and NOy, and total column of DMS, SO2, and NH3) are within
25% of differences comparing with previous studies, whereas there are large differences for
other gaseous species such as CO, H2SO4, and HNO3. Compared with the results of He and
Zhang (2014), the 10-yr mean global CO burden is about 105.5% higher but that of H2SO4
burden is about 69.5% lower in this work. The higher CO burden is likely due to the different
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kinetic reaction rate calculation for CO+OH used in this work, which is based on superfast
chemistry in default CAM5. However, it turned out there was a typographical error in the
rate constant for CO+OH in default CAM5 (Lamarque et al., 2013, supporting information),
which could result in underprediction of CO loss from CO+OH and overprediction of CO
burden. Precipitation, especially over 30o N - 60o N (e.g., Europe and the middle/eastern
U.S.), is underpredicted by 10-50%, resulting in low wet deposition. The reaction rate of
oxidation CO by OH is affected by temperature and pressure. Temperature is underpredicted,
decreasing the reaction rate of oxidation, which is likely to increase the CO burden. The
lower H2SO4 burden is due to greater condensation of H2SO4 resulting from a larger mass
accommodation coefficient of 0.1 compared to the value of 0.02 that was used by He and
Zhang (2014). However, compared with other studies, the H2SO4 burden is still relatively
higher (e.g., a mass accommodation coefficient of 0.65 is used in Liu et al., 2012), indicating
the uncertainties in the H2SO4 condensation associated with its mass accommodation
coefficient. The HNO3 burden in this work is comparable with that from He and Zhang
(2014), but it is about 76% lower than William et al. (2009). The lower HNO3 burden is
likely due in part to the uncertainties in the NOx emissions and overprediction of Precip in
the low and middle latitudes.
As shown in Figure 3.7, chemical burdens are strongly correlated with emissions. In
Table 3.4, the SO42- and NH4+ burdens decrease during 2001-2010, whereas the NO3- burden
increases from 2001-2003 to 2004-2006 and then decreases to 2007-2010. Most inorganic
aerosol burdens are in the range of previous studies except those of SO42- and NH4+. The
SO42- burden is slightly lower, which is likely due to the lower SO2 emissions compared to

104

the study of Liu et al. (2012) and missing SO42- emissions. The lower SO42- burden results in
lower NH4+ burden. Compared with Horowitz et al. (2006), global burdens of BC and OC are
lower by 76.1% and 59.4%, respectively. Compared with Liu et al. (2012), global burdens of
BC, primary organic matter (POM), and SOA are lower by 28.5%, 48.5%, and 89.6%,
respectively. The lower BC, OC, POM, and SOA burdens are likely due to uncertainties in
the BC and OC emissions used in the model as well as differences in the model treatments
for SOA formation and POM aging. For example, Liu et al. (2012) used the default CAM5
SOA formation treatments, whereas the VBS representation of SOA formation is included in
this work. Condensation onto the primary carbon mode produces aging of the particles in this
mode. A lower accommodation coefficient is used in this work compared to Liu et al. (2012),
resulting in less condensation. Therefore, the fraction of aged particles has decreased, which
affects BC and POM concentrations.
3.4.2 Impacts of the Anthropogenic Emissions
To quantify the overall impacts of anthropogenic emissions on air quality and climate
through atmospheric radiation and aerosol direct/indirect effects, anthropogenic emissions of
both gaseous and PM species are reduced by 80% to represent the clean/background
chemical conditions. Figures 3.8a-c compare the CESM simulations with baseline emissions
and with 20% of anthropogenic emissions from the baseline emissions. Primary aerosols
such as BC and OC can be directly affected by the emissions. Secondary aerosols can be
affected through chemical reactions and gas-particle partitioning. As shown in Figure 3.8a,
with 80% higher anthropogenic emissions, the 10-year average domainwide-mean surface
concentrations of SO42-, SOA, and POM increase by 0.4 μg m-3 (or by 79.8%), 0.07 μg m-3
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(or by 86.0%), and 0.23 μg m-3 (or by 81.4%), respectively. As a result, the surface
concentrations of PM2.5 and PM10 increase by 1.1 μg m-3 (or by 20.7%) and 1.5 μg m-3 (or by
6.1%) in the global mean. The smaller increase of PM10 compared to that of PM2.5 is mainly
due to the changes in online dust and sea-salt emissions through feedbacks from meteorology
(e.g., WS10). Aerosol can be activated as CCN and therefore affect cloud properties. With
80% higher anthropogenic emissions, as shown in Figure 3.8b, domainwide column CCN5,
CDNC, and COT increase by 2.8×107 cm-2 (or by 52.7%), 39.3 cm-3 (or by 40.4%), and 1.6
(or by 14.7%) in the global mean. Due to more clouds from more aerosols, domainwide
SWCF increases by 3.2 W m-2 (or by 3.1%) in the global mean. Because of more reflection
from aerosols and clouds, as shown in Figure 3.8c, FSDS decreases by 4.7 W m-2 (or by
2.9%), resulting in a domainwide decrease in T2 by 1.0 oC (or by 47.6%) in the global mean.
WS10 is not affected significantly (Figure not shown), but there is a 5% decrease in Precip in
the global mean, PBLH is also affected, with increases as large as 101.6 m (or by 24.6%) or
decreases as large as 169.2 m (or by 61.7%), and with a net decrease of 2.8 m (or by 0.8%) in
the global mean.
3.4.3 Intercomparison of Simulations With Improved CESM/CAM5.1 and Simulations
With CMIP5
Figure 3.9 shows the Taylor diagram (Taylor, 2001) comparing the model
performance of CESM-NCSU with that of the CESM1-CAM5 output from CMIP5. The
similarity between the two patterns is quantified in terms of their correlations (i.e., angle),
their standard deviations (i.e., y axis), and the ratio of their variances (i.e., x axis). Compared
with CESM-CMIP5, the bias of meteorological variables such as T2 and Q2 predicted by
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CESM-NCSU are larger whereas the bias of WS10 is similar and the bias of Precip is
smaller. The larger biases of T2 and Q2 in CESM-NCSU are mainly due to the perturbations
to the climate system resulting from higher aerosol concentrations as well as higher cloud
predictions in CESM-NCSU. The bias of radiative variables from CESM-NCSU and CESMCMIP5 are within the same range except for OLR, which shows a smaller bias in CESMNCSU. The biases of CF, LWP, and AOD are smaller in CESM-NCSU than in CESMCMIP5. The standardized deviations of most variables are lower in CESM-CMIP5 than in
CESM-NCSU, especially for LWP and AOD. The lower standard deviation in CESMCMIP5 is likely due to the lower variability from CESM-CMIP5 ensemble simulations.
Compared with observations, the correlation coefficients for LWP and AOD are higher in
CESM-NCSU than in CESM-CMIP5. The different model performance between CESMNCSU and CESM-CMIP5 indicates the sensitivity of the climate system to perturbations in
different model inputs (e.g., emissions) and model configurations (e.g., prescribed chemistry
used in CESM-CMIP5 simulations), as well as the effect of the incorporation of new model
treatments in CESM-NCSU.
Figure 3.10 compares zonal mean predictions from CESM-NCSU with CESMCMIP5 against observations or reanalysis data. T2 and Q2 predicted by CESM-NCSU
overall agree well with those by CESM-CMIP5, although T2 and Q2 from CESM-NCSU are
lower than those from CESM-CMIP5 in tropical regions and the Northern Hemisphere.
Compared with NCEP, the biases of T2 and Q2 from CESM-CMIP5 are smaller than those
from CESM-NCSU. Precipitation predicted by CESM-NCSU overall agrees well with those
predicted by CESM-CMIP5, although Precip from CESM-NCSU is lower than that from
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CESM-CMIP5 in 30o N - 60o N. Compared with NCEP, the bias of Precip from CESMCMIP5 is smaller than that from CESM-NCSU. Both CESM-NCSU and CESM-CMIP5
underpredict FSDS over tropical regions by 5-30 W m-2. Compared with CERES
observations, FLDS from CESM-NCSU is overall underpredicted (especially over higher
latitudes in the Southern Hemisphere and the entire Northern Hemisphere), whereas CESMCMIP5 underpredicts FLDS mainly over higher latitudes in the Northern Hemisphere (Figure
not shown). The underpredictions of FLDS and FSDS result in the underprediction of T2.
OLR from CESM-NCSU overall agrees well with that from CESM-CMIP5, although it is
about 5-10 W m-2 lower in the Northern Hemisphere. Compared with NOAA/CDC
observations, the bias of OLR (1.5 W m-2) from CESM-NCSU is smaller than that from
CESM-CMIP5 (5.8 W m-2).
CF from CESM-NCSU agrees well with that from CESM-CMIP5, although it is
higher in Northern Hemisphere, especially over the North Pole. Compared with MODIS data,
CF from CESM-NCSU and CESM-CMIP5 are lower over low-mid latitudes whereas they
are higher over the polar regions. AOD predicted by CESM-NCSU is higher over 10oN - 40o
N but agrees better with satellite observations than CESM-CMIP5, due in part to higher dust
concentrations in CESM-NCSU. However, AOD is still underpredicted especially over 50o S
- 90o S and 40o N - 90o N. The underprediction of AOD can be due to the uncertainties in the
optical properties and uncertainties in predictions of aerosol concentrations as well in the
retrievals of oceanic AOD from MODIS data. The aerosol optical properties are defined for
each mode of the MAM as described by Ghan and Zaveri (2007). Hygroscopicity
characteristics are specified for soluble species. For each shortwave band calculation, aerosol
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extinction, single scattering albedo, and asymmetry parameter are specified. For each
longwave band, mass specific absorption is specified. These optical properties are speciesdependent. Composition of organic aerosol and soil dust is highly complex and variable,
resulting in uncertainties in their optical properties. All such uncertainties can contribute to
the uncertainty in AOD predictions. While simulated and observed SWCF agree reasonably
well, large discrepancies exist between observed CDNC, COT, and LWP and simulated
values from CESM_NCSU, in particular, in the polar regions. This can be attributed in part
to the bias in these variables from MODIS at high latitudes and model’s limitation in
simulating cloud-related treatments.
Figure 3.11 shows the comparison of spatial distributions of T2, Precip, AOD, and
FSDS from observations, CESM-CMIP5, and CESM-NCSU. Compared with NCEP/NCAR
reanalysis data, T2 from CESM-CMIP5 agrees better than that from CESM-NCSU especially
over the tropical ocean (e.g., tropical Indian Ocean and tropical Pacific Ocean). T2 from
CESM-NCSU is underpredicted (< 2 oC) over these regions, which is due to the
underpredictions of SST. The underprediction of SST is due partly to the underprediction of
FSDS as well as the uncertainties in the ocean initial conditions. Precip from CESM-CMIP5
and CESM-NCSU agree well with that from GPCP. However, both CESM-CMIP5 and
CESM-NCSU overpredict the Intertropical Convergence Zone (ITCZ) in the Northern
Hemisphere and predict another ITCZ around 5-15oS. The double ITCZ has been identified
as a systematic error in most climate models, including those CMIP5 models. FSDS from
CESM-CMIP5 and CESM-NCSU agree well with that from CERES. However, both CESMCMIP5 and CESM-NCSU underpredict FSDS by 5-10 W m-2 over the tropical oceans, which
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is likely due to the overprediction of CDNC over these regions. Both CESM-CMIP5 and
CESM-NCSU capture hot spots for observed AOD over the Sahara and the Mediterranean
Sea, whereas CESM-CMIP5 failed to predict AOD over East Asia and CESM-NCSU largely
underpredicted AOD over most oceanic areas. The large underprediction of AOD is mainly
due to the inaccurate predictions of aerosol concentrations.
3.5 Interannual Variability
Figure 3.12a shows the time evolution along with interannual variations of
tropospheric column mass abundances of ozone, NO2, HCHO, and PM2.5/PM10 over AUS,
NAM, SAF, SAM, and SEA, and Figure 3.12b shows similar plots for AOD, column CCN5,
CDNC, and SWCF over the same five regions. The model in general can capture the
interannual variations of tropospheric ozone column and NO2, column with some exceptions
(e.g., TOR over SAF and SAM, and column NO2 over AUS and NAM). Compared with
TOMS/SBUV and OMI/MLS data, the tropospheric ozone column is relatively well
predicted over AUS, where it is slightly overpredicted over NAM and SEA and largely
underpredicted over SAF and SAM. The correlation between simulated and observed time
evolution of TOR is relatively well over AUS and SEA. The TOMS/SBUV and OMI/MLS
data show decreases of TOR during 2001-2010 over NAM and SEA indicated, however, the
model fails to predict the decreasing trend over NAM but captures the decreasing trend over
SEA. Compared with the SCIAMACHY data, the tropospheric NO2 column is slightly
overpredicted over SAM and SEA and largely overpredicted over AUS and NAM. The
tropospheric NO2 column is much higher over SEA than other regions, which is mainly due
to the higher NOx emissions over this region. The correlation of simulated and observed time
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evolution of tropospheric NO2 column is relatively good over SAF, SAM, and SEA. The
SCIAMACHY data indicate an increasing trend of tropospheric NO2 over SEA during 20012010, which is also captured in the model. Compared with the GOME and SCIAMACHY
data, the correlation of simulated and observed time evolution of tropospheric HCHO column
is relatively poor over AUS, NAM, SAF, and SAM. The HCHO column increases over AUS,
SAF, and SAM during 2001-2010, but the model fails to capture this trend. While the model
can capture interannual variations of tropospheric HCHO column in terms of the annual
crests over SEA, it largely underpredicts the annual troughs. The model largely underpredicts
tropospheric HCHO column over all five regions, which is mainly due to the uncertainties in
the emissions of HCHO and its precursors (e.g., biogenic emissions) as well as HCHO
retrievals.
The PM2.5/PM10 burdens over SAF and SEA are higher than those over AUS, NAM,
and SAM, with mean concentrations of 21.3/66.8 and 27.7/67.5 mg m-2, respectively. The
higher PM burden with mass fraction of coarse particles of 68.1% over SAF is mainly due to
the dust emissions, whereas the higher PM burden with a mass fraction of coarse particles of
59.0% over SEA is due partly to the emissions of dust, sea-salt, and higher anthropogenic
emissions. The higher mass fraction of coarse particles over AUS, NAM, and SAM are
mainly from sea-salt over oceanic areas. Higher PM burdens result in higher AOD and
column CCN5.
The interannual variations of PM, column CCN5, and AOD over AUS, NAM, and
SAM are not as strong as those over SAF and SEA. The variability of PM2.5/PM10 is larger
over SAF and SEA than AUS, NAM, and SAM, with standard deviations (SD) of 3.4/6.7 and
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3.1/9.6, respectively. Variation of AOD and column CCN5 over SAF and SEA correlates
strongly with PM, whereas CDNC does not always correlate with PM, which is likely due to
the impacts from other processes such as droplet nucleation, evaporation, and precipitation.
Compared with MODIS data, the model can capture the interannual variations of AOD and
CCN5, although the model underpredicts the magnitudes of AOD and CCN5 over most
regions. The underpredictions of AOD over SAF and SEA are mainly due to the uncertainties
in the model treatment of dust emissions. The underpredictions of CCN5 are mainly due to
the underpredictions of PM as well as uncertainties in the cloud microphysics. Compared
with the MODIS-derived CDNC data, the model in general can capture the interannual
variations of CDNC, however, it largely overpredicts CDNC over all five regions. The
overpredictions of CDNC are mainly due to the uncertainties in the model treatment (e.g.,
aerosol activation and cloud microphysics) as well as satellite data retrieval that have been
discussed previously. Compared with the CERES data, the model can capture the interannual
variation of SWCF very well over all five regions, although it slightly to moderately
overpredicts SWCF over NAM and SEA. The variability of SWCF is larger over AUS and
NAM than SAF, SAM, and SEA, with SD of 4.7 and 5.5, respectively, whereas the mean
SWCF is higher in NAM, SAM, and SEA, with regional mean of -75.5 W m-2, -72.2 W m-2,
and -78.4 W m-2, respectively. The variability of SWCF does not necessarily correlate with
CDNC, which is mainly due to impacts from other cloud variables such as COT.
3.6 Conclusions
In this work, a comprehensive evaluation has been conducted through applying
CESM/CAM5.1 with advanced chemistry-aerosol-cloud interactions treatments for

112

retrospective decadal simulations during 2001-2010. Meteorological and radiative variables
are overall well predicted with NMBs of --14.1% to -9.7% and 0.7% to 10.8%, respectively,
except T2, which is underpredicted by 22.2% compared to NCDC and 45.1% compared to
NCEP/NCAR reanalysis data CF and PWV are well predicted, with NMBs of -10.5% to
0.4%, whereas CCN, LWP, and COT are moderately-to-largely underpredicted, with NMBs
of -82.2% to -31.2%, and CDNC is overpredicted by 26.7%, suggesting the uncertainties in
the model treatments for cloud microphysics (e.g., resolved and subgrid-scale cumulus
clouds) and/or satellite retrieval algorithms (e.g., error propagations in deriving cloud
variables and plane-parallel visible-near-infrared retrievals with low solar zenith angle).
Concentrations of SO42-, Cl-, OC, and PM2.5 are relatively well predicted over
CONUS with NMBs of -12.8% to -1.18%, whereas O3 concentrations over CONUS are
slightly overpredicted with an NMB of 16.2% and BC concentrations are slightly
underpredicted with an NMB of -15.6%. Surface O3 mixing ratios (or concentrations) are
overpredicted by 5.7 ppb (or by 16.2%) over the CASTNET sites, by 15 μg m-3 (or by
23.0%) over the EMEP sites, and by 10.5 ppb (or by 36.6%) over the TAQMN sites.
Concentrations of SO2, SO42-, and PM10 are relatively well predicted over Europe with
NMBs of -20.8% to -5.2%. The surface PM2.5 concentrations are underpredicted by 1.0 μg m3

(or by 16.1%) over the IMPROVE sites and by 1.3 μg m-3 (or by 11.2%) over the EMEP

sites, and the surface PM10 5 concentrations are underpredicted by 39.25 μg m-3 (or by
36.2%) over the MEPC sites. SO2 concentrations are relatively well predicted over East Asia
with an NMB of -18.2%. TOR is well predicted over the globe with an NMB of -3.5%. Large
biases for some chemical predictions can be attributed to uncertainties in the emissions and
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model treatments. For example, SO2 concentrations over CONUS are largely overpredicted,
which is likely due to uncertainties in the SO2 emissions and measurements, as well as less
SO2 wet deposition from underpredictions of Precip. SO2 and PM10 over East Asia are
underpredicted, which is likely due to uncertainties in the emissions of SO2, PM constituents
(e.g., POC, dust, and sea-salt) as well as other PM precursors. O3 concentrations are
overpredicted over Europe and East Asia, likely due to the underprediction of O3 titration,
resulting from underprediction of NOx concentrations. The model only treats
thermodynamics for fine inorganic particles and condensation is treated irreversible, which
can result in overpredictions of inorganic aerosol concentration in coarse modes, and
therefore inorganic aerosol concentrations over all the modes (e.g., NH4+, NO3-, and Cl- over
Europe). OC is typically underpredicted. Uncertainties in emissions of SVOCs could be a
major cause of those underpredictions. Comparisons of the CESM simulation with baseline
emissions and 80% reduced anthropogenic emissions indicate the significant impacts of
anthropogenic emissions on radiation and climate predictions. With 80% higher
anthropogenic emissions, FSDS can decrease by 4.7 W m-2 (or by 2.9%) domain-wide mean
and as large as 14.6 W m-2 (or by 18.3%), and SWCF can increase by 3.2 W m-2 (or by 3.1%)
in the global mean, and as large as 21.1 W m-2 (or by 68.7%). These results indicate the
important role of anthropogenic emissions in the climate system and a need to develop cobenefited emission control strategies for air pollution control and climate mitigation.
Most meteorological and radiative variables predicted by CESM-NCSU overall agree
well with those by CESM-CMIP5, although the bias of T2 from CESM-NCSU is larger than
that from CESM-CMIP5. AOD predicted by CESM-NCSU is higher but agrees better with
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satellite observations than AOD from CESM-CMIP5, due in part to higher dust
concentrations in CESM-NCSU. Model inputs (e.g., emissions and ocean initial conditions),
model configurations as well as model treatments differ between CESM-NCSU and CESMCMIP5; these differences can result in different perturbations in the climate system, and thus
different meteorology and radiation predictions.
The model can generally predict the interannual variations of major chemical species,
such as tropospheric O3 column and tropospheric NO2 column with some exceptions (e.g.,
tropospheric O3 over SAF and SAM, and NO2 over AUS and NAM). The correlation of time
series of tropospheric O3 is relatively well over AUS and SEA and the model can capture the
decreasing trend of tropospheric O3 over SEA during 2001-2010. The correlation of time
series of tropospheric NO2 column is relatively good over SAF, SAM, and SEA and the
model can capture the increasing trend of tropospheric NO2 over SEA during 2001-2010. The
correlation of time series of tropospheric HCHO column is relatively poor over AUS, NAM,
SAF, and SAM and tropospheric HCHO column is largely underpredicted over the five
regions. The interannual variations of PM, column CCN5, and AOD indicate the strong
correlation of CCN and AOD with PM. CDNC does not always correlate with PM, due to the
impacts from other processes such as droplet nucleation, evaporation, and precipitation.
Likewise, SWCF does not always correlate with CDNC, due to the impacts from other cloud
variables such as COT.
Comparing to CESM-CMIP5, the results from the 2001-2010 decadal simulations of
CESM with advanced chemistry/aerosol treatment can provide a more accurate description of
the interactions among chemistry, aerosol, and climate in the current atmosphere. It will
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therefore be a promising model for current and future decadal climate simulations under
various emission scenarios to project climate change with reduced uncertainties associated
with such interactions.
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Table 3.1. Atmospheric component in the Earth system models
HadGEM2-ES a
HadGEM2-A g

GFDL-ESM2 b
AM2 g

MPI-ESM c
ECHAM6 g

MIT-IGSM-CAM d
CAM3 g

Gas-phase

O’Connor et al.,
2014

Prescribed

Prescribed

Prescribed

Aqueous-phase

SO2 oxidation by
H2O2

N.A.h

N.A.

N.A.

Barth et al. (2000)

Inorganic aerosol

Bellouin et al.
(2011)
Bellouin et al.
(2011)

Prescribed

Prescribed

Prescribed

Liu et al. (2012)

Prescribed

Prescribed

Prescribed

Liu et al. (2012)

N.A.

N.A.

N.A.

N.A.

1.25o × 1.875o

2o × 2.5o

1.9o

2o × 2.5o

38

24

47

26

Atmosphere model

SOA
Aerosol activation
Supported
horizontal resolution
Supported vertical
layers

NCAR-CESM e
CAM5 g
(1) Simple chemistry,
(2) Emmons et al.
(2010), (3) Lamarque
et al. (2012)

Abdul-Razzak and
Ghan (2000)
1.9o × 2.5o,
0.9o × 1.25o
26, 30

NCSU-CESM f
CAM5 g
CB05_GE g

He and Zhang
(2014)
He and Zhang
(2014)
Glotfelty et al.
(2013)
Gantt et al. (2014)
0.9o × 1.25o
30

a

HadGEM2-ES: the Hadley Centre Global Environmental Model version 2 including Earth system components (Collins et al., 2011a)
GFDL-ESM2: the Geophysical Fluid Dynamics Laboratory (GDFL) Earth System Model version 2 (Dunne et al., 2012, 2013)
c
MPI-ESM: the new Max-Planck-Institute Earth System Model (Giorgetta et al., 2013)
d
MIT-IGSM: the Massachusetts Institute of Technology Integrated Global System Model (Monier et al., 2013)
e
NCAR-CESM: the National Center for Atmospheric Research Community Earth System Model (Hurrell et al., 2013)
f
NCSU-CESM: the North Carolina State University Community Earth System Model used in this work
g
HadGEM2-A: HadGEM2 atmosphere model (Martine et al., 2011); AM2: the Atmospheric Model version 2 (GFDL, Global Atmospheric Model Development Team, 2004);
ECHAM6: the 6th generation of atmospheric general circulation developed by the Max Planck Institute for Meteorology (Stevens, et al., 2013); CAM3: Community
Atmosphere Model version 3 (Collins et al., 2004); CAM5: Community Atmosphere Mode version 5 (Neale et al., 2012); CB05_GE: the 2005 Carbon Bond mechanism with
global extension (Karamchandani et al., 2012).
h
N.A. - not available, it refers to no description about aerosol activation treatment in the model.
b
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Table 3.2. Sources of emission inventories used for 2001-2010 simulation
Species1
CO2
CO, NOx, SO2, NH3,
ALD2, ETH, ETHA, ETOH,
FORM, IOLE, MEOH, OLE,
PAR4, TOL, XYL

BC, OC

CH4, N2O, AACD, CRES
ALKH, PAH
CH3Cl, ClNO2, FMCL, CF2ClBr, CF3Br, CF2Cl2,
CFCl3, Hg(0), Hg(II)
DMS, H2
HCl
Biogenic VOCs
Mineral dust
Sea salt

Sources2
Zhang et al. (2012)
EDGAR v4.2
MEIC
Zhang et al. (2012)3
EDGAR v4.2
MEIC
AQMEII-CONUS
AQMEII-EU
Zhang et al. (2012)
EDGAR HTAPv1
EDGAR HTAPv2
MEIC
AQMEII-CONUS
AQMEII-EU
Zhang et al. (2012)
EDGAR v4.2
RCP4.5
EDGAR v4.2

Spatial (Temporal) Resolution
1o×1o (monthly)
0.1o×0.1o (Annual)
36 ×36 km (monthly)
1o×1o (monthly)
0.1o×0.1o (Annual)
36 ×36 km (monthly)
36 ×36 km (monthly)
36 ×36 km (monthly)
1o×1o (monthly)
0.1o×0.1o (Annual)
0.1o×0.1o (monthly)
36 ×36 km (monthly)
36 ×36 km (monthly)
36 ×36 km (monthly)
1o×1o (monthly)
0.1o×0.1o (Annual)
0.5o×0.5o (monthly)
0.1o×0.1o (Annual)

Year
2001
2005/2008
2006/2010
2001
2005/2008
2006/2010
2006/2010
2010
2001
2005
2008
2006/2010
2006/2010
2010
2001
2005/2008
2000
2005/2008

Available Domain
Global
Global
China mainland
Global
Global
China mainland
CONUS
Europe
Global
Global
Global
China mainland
CONUS
Europe
Global
Global
Global
Global

Zhang et al. (2012)

1o×1o (monthly)

2001

Global

2001
2005/2008
2001
2006/2010
N/A
N/A
N/A

Global
Global
Global
CONUS
Global
Global
Global

Zhang et al. (2012)
ACCMIP (biomass burning)
Zhang et al. (2012)
AQMEII-CONUS
Guenther et al. (2006)
Zender et al. (2003)
Martensson et al. (2003)

o

o

1 ×1 (monthly)
0.5o×0.5o (monthly)
1o×1o (monthly)
36 ×36 km (monthly)
Online
Online
Online

1

CO2, carbon dioxide; CO, carbon monoxide; NOx, nitrogen oxides (nitrogen dioxide (NO2) + nitric oxide (NO)); SO2, sulfur dioxide; NH3, ammonia; ALD2, acetaldehyde; ETH, ethane; ETHA,
ethane; ETOH, ethanol; FORM, formaldehyde; IOLE, internal olefinic carbon bond; MEOH, methanol; OLE, olefinic carbon bond; PAR, paraffin carbon bond; TOL, toluene; XYL, xylene; BC,
black carbon; OC, organic carbon; CH4, methane; N2O, nitrous oxide; AACD, carboxylic acid; CRES, cresol and higher phenols; ALKH, long-chain alkanes; PAH, polycyclic aromatic
hydrocarbons; CH3Cl, methyl chloride; ClNO2,chlorine nitrite; FMCL, formyl chloride; CF2ClBr, chlorobromomethane; CF3Br, trifluorobromomethane; CF2Cl2, dichlorodifluoromethane; CFCl3,
trichlorofluoromethane; Hg(0), mercury; Hg(II), mercury; DMS, dimethyl sulfide; H2, hydrogen gas; HCl, hydrochloric acid; VOCs, volatile organic compounds.
2
EDGAR, Emission Database for Global Atmospheric Research; HTAP, Hemispheric Transport of Air Pollution; MEIC, Multi-resolution Emission Inventory for China; AQMEII, Air Quality
Modeling Evaluation International Initiative Phase II; RCP, Representative Concentration Pathway; ACCMIP, Atmospheric Chemistry and Climate Model Intercomparison Project; CONUS,
Continental U.S.
3
Adjustment factors of 0.7, 0.5, and 1.2 for SO2 emissions are applied over CONUS, Europe, and Asia, and 1.2 for emissions of NH 3, BC, and OC, and 1.3 for CO over all three regions4 PAR =
0.955×Propane+0.965×Butane+0.972×Pentane+0.117×Trimethylbenzene+0.333×Propene
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Table 3.3. Datasets for model evaluation
Species/Variables
Temperature at 2-m (T2), Specific humidity at 2-m (Q2),
Wind speed at 10-m (WS10)
Vertical temperature profile (T), Vertical relative humidity
profile (RH), Vertical specific humidity profile (Q)
Precipitation (Precip)
Outgoing longwave radiation (OLR)
Cloud fraction (CF), Cloud optical thickness (COT),
Precipitating water vapor (PWV), Aerosol optical depth
(AOD), Column cloud condensation nuclei (ocean) at S =
0.5% (CCN5)
Cloud droplet number concentration (CDNC), Cloud liquid
water path (LWP)
Downwelling longwave radiation (FLDS), Downwelling
shortwave radiation (FSDS), Surface net longwave flux
(FLNS), Surface net shortwave flux (FSNS), Shortwave cloud
radiative forcing (SWCF), Longwave cloud radiative forcing
(LWCF)
Carbon monoxide (CO)
Ozone (O3)

Sulfur dioxide (SO2)
Nitric acid (HNO3)
Ammonia (NH3)
Nitrogen dioxide (NO2)
Sulfate (SO42-), Ammonium (NH4+), Nitrate (NO3-), Chloride
(Cl-)
Organic carbon (OC)
Black carbon (BC), Total carbon (TC)
Particulate matter with diameter less than 2.5 μm (PM2.5)
Particulate matter with diameter less than 10 μm (PM10)
Tropospheric CO
Tropospheric SO2, HCHO
Tropospheric NO2
Tropospheric ozone residual (TOR)

Dataset
NCDC
NCEP/NCAR
GPCP
NOAA/CDC
MODIS

UW-M

CERES

East Asia: NIESJ, TAQMN, KMOE
CONUS: CASTNET
Europe: Airbase, BDQA, EMEP
East Asia: TAQMN, KMOE
CONUS: CASTNET
Europe: Airbase, BDQA, EMEP
East Asia: NIESJ, TAQMN, KMOE
CONUS: CASTNET
Europe: EMEP
Europe: EMEP
Europe: Airbase, BDQA, EMEP
East Asia: NIESJ, TAQMN, KMOE
CONUS: CASTNET, IMPROVE, STN
Europe: EMEP
CONUS: IMPROVE
CONUS: IMPROVE, STN
CONUS: IMPROVE, STN
Europe: Airbase, BDQA, EMEP
Europe: Airbase, BDQA, EMEP
East Asia: MEPC, NIESJ, TAQMN, KMOE
Globe: MOPITT
Globe: SCIAMCHY
Globe: GOME, SCIAMCHY
Globe: TOMS/SBUV, OMI/MLS

NCDC: National Climatic Data Center; NCEP/NCAR: National Centers for Environmental Prediction and National Center for Atmospheric
Research; GPCP: Global Precipitation Climatology Project; NOAA/CDC: National Oceanic and Atmospheric Administration Climate
Diagnostics Center; MODIS: Moderate Resolution Imaging Spectroradiometer; UW-M: University of Wisconsin-Madison; CERES: Clouds
and Earth's Radiant Energy System; TOMS/SBUV: the Total Ozone Mapping Spectrometer/the Solar Backscatter UltraViolet; OMI/MLS:
the Aura Ozone Monitoring Instrument in combination with Aura Microwave Limb Sounder; MOPITT: the Measurements Of Pollution In
The Troposphere; the Global Ozone Monitoring Experiment; SCIAMCHY: the SCanning Imaging Absorption spectroMeter for
Atmospheric CHartographY; GOME: the Global Ozone Monitoring Experiment; CASTNET: Clean Air Status and Trends Network;
IMPROVE: Interagency Monitoring of Protected Visual Environments; STN: Speciation Trends Network; EMEP: European Monitoring
and Evaluation Program; BDQA: Base de Données sur la Qualité de l'Air; AirBase: European air quality database; MEPC: Ministry of
Environmental Protection of China; TAQMN: Taiwan Air Quality Monitoring Network; NIESJ: National Institute for Environmental
Studies of Japan; KMOE: Korean Ministry of Environment.
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Table 3.4a. Statistical performance of meteorological/radiative variables

Precip (mm day-1)
OLR (W m-2)
FLDS (W m-2)
FSDS (W m-2)
FLNS (W m-2)
FSNS (W m-2)
SWCF (W m-2)
LWCF (W m-2)
CCN5d (# cm-2)
CF (%)
COT
AOD
PWV (cm)

NCDCb
NCEP/NCARc
NCDC
NCEP/NCAR
NCDC
NCEP/NCAR
GPCP
NOAA/CDC
CERES
CERES
CERES
CERES
CERES
CERES
MODIS
MODIS
MODIS
MODIS
MODIS

Obs
13.1
5.7
8.3
8.3
3.7
4.3
2.3
216.4
306.3
163.5
-47.6
128.5
-40.7
22.7
2.4×108
67.2
17.0
1.6×10-1
1.9

Sim
10.2
3.2
7.3
7.0
3.3
6.8
2.4
217.9
292.6
161.8
-50.3
122.4
-45.1
18.3
4.3×107
67.5
9.9
1.0×10-1
1.7

MBa
-2.9
-2.6
-1.0
-1.3
-0.4
2.5
0.1
1.4
-13.8
-1.7
2.7
-6.2
4.3
-4.4
-2.0×108
0.3
-7.1
-5.5×10-2
-0.2

NMB (%)a
-22.2
-45.1
-11.4
-15.8
-9.7
58.4
6.6
0.7
-4.5
-1.0
5.7
-4.8
10.6
-19.4
-82.2
0.4
-41.7
-35.4
-10.5

NME (%)a
28.0
51.1
17.4
17.2
32.8
64.3
26.0
2.9
4.8
6.6
14.2
7.9
26.3
24.0
82.2
15.3
57.8
49.2
17.2

RMSEa
4.8
4.1
1.9
1.6
1.8
3.3
1.0
7.8
18.4
14.0
9.0
13.4
14.5
6.5
4.8×108
13.6
13.6
0.1
0.5

Corra
0.9
0.99
0.9
0.99
0.5
0.6
0.9
0.98
0.99
0.97
0.9
0.99
0.9
0.9
0.1
0.7
-0.2
0.6
0.98

CDNC (# cm-3)

UW-M

108.5

137.5

29.0

26.7

52.2

74.1

0.4

LWP (g m-2)

UW-M

85.7

59.0

-26.7

-31.2

34.2

38.3

0.5

T2 (oC)
Q2 (g kg-1)
WS10 (m s-1)

a

MB: mean bias; NMB: normalized mean bias (%); NME: normalized mean error (%); RMSE: root mean squared error; Corr.: correlation
coefficient
b
Results are based on NCDC sites mean
c
Results are based on global mean.
d
Column CCN (ocean) at supersaturation of 0.5%.
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Table 3.4b. Statistical performance of chemical species
Obs
CO (ppm)

Sim

MBa

NMB
(%)a
-56.1
219.1
-5.2
-18.2
31.9
-77.7
-82.7
16.2
47.8
48.5
48.5
41.8

NME
(%)a
56.4
219.6
65.9
65.9
75.2
78.6
83.0
20.6
48.7
49.1
60.1
84.0

RMSEa

Corra

East Asia
503.9
221.2
-282.7
315.9
0.4
CONUS
2.7
8.7
6.0
9.5
0.8
b
SO2
Europe
5.5
5.2
-0.3
6.5
0.4
East Asia
3.2
2.6
-0.6
3.6
0.3
-3
NH3 (μg m ) Europe
1.0
1.3
0.3
1.0
0.5
Europe
18.6
4.1
-14.4
17.4
0.2
NO2c
East Asia
12.8
2.2
-10.6
11.7
0.5
CONUS
35.1
40.8
5.7
9.0
0.5
O3d
Europe
54.9
81.2
26.2
29.0
0.3
East Asia
28.7
42.6
13.9
15.7
0.2
CONUS
1.2
1.8
0.6
0.9
0.6
HNO3
-3
(μg m )
Europe
0.8
1.1
0.3
0.9
0.2
Col. CO
Globe
1.4×1018
2.6×1018
1.2×1018
84.3
84.3
1.3×1018 0.8
(molec.cm-2)
Col. NO2
Globe
5.0×1014
7.2×1014
1.9×1014
35.5
52.2
4.5×1014 0.9
(molec.cm-2)
Col. HCHO
Globe
4.2×1015
2.3×1015 -1.9×1015
-44.6
48.0
2.7×1015 0.6
(molec.cm-2)
Col. SO2(DU) Globe
0.2
0.1
-0.1
-28.4
113.3
0.4
-0.1
TOR (DU)
Globe
29.1
28.1
-1.0
-3.5
16.8
5.7
0.8
2CONUS
2.3
2.0
-0.3
-12.8
24.3
0.8
0.9
SO4
-3
(μg m )
Europe
2.0
1.6
-0.4
-20.8
36.7
1.0
0.6
+
CONUS
1.1
1.5
0.4
37.4
53.2
0.9
0.7
NH4
-3
(μg m )
Europe
0.9
1.5
0.5
59.8
68.0
0.8
0.8
CONUS
1.0
2.0
1.0
93.2
118.3
1.9
0.5
NO3(μg m-3)
Europe
1.8
2.7
0.8
44.8
72.3
1.9
0.6
CONUS
0.1
0.1
-3.2×10-3
-3.0
100.3
0.4
0.2
Cl(μg m-3)
Europe
0.9
4.4
3.5
376.0
376.0
4.6
0.7
BC (μg m-3) CONUS
0.4
0.3
-5.7×10-2
-15.6
44.3
0.3
0.5
OC (μg m-3) CONUS
1.1
1.1
-2.2×10-2
-2.0
46.7
0.8
0.4
-3
TC (μg m ) CONUS
2.6
1.6
-1.0
-37.9
49.9
2.1
0.5
CONUS
8.4
8.3
-0.1
-1.1
31.3
3.6
0.7
PM2.5
(μg m-3)
Europe
13.6
9.8
-3.9
-28.2
36.4
7.7
0.3
Europe
23.1
21.7
-1.5
-6.3
38.5
13.6
0.2
PM10
(μg m-3)
East Asia
97.1
60.9
-36.1
-37.2
43.0
49.2
0.6
a
MB: mean bias; NMB: normalized mean bias (%); NME: normalized mean error (%); RMSE: root mean
squared error; Corr.: correlation coefficient.
b
The unit is μg m-3 for CONUS and Europe, and ppb for East Asia.
c
The unit is μg m-3 for Europe and ppb for East Asia.
d
The unit is ppb for CONUS and East Asia, and μg m-3 for Europe.
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Table 3.5. Global burdens of major gaseous and aerosol species (2001-2010)
2001-2003

2004-2006

2007-2010

2001-2010

He and Zhang
(2014)

Previous studies

712

726

576

661.87

322.06

337-354 d

28.2
219.3

30.1
313.8

27.6
283.0

28.5
294.83

30.5
332.87

34.04 e
372 e

Tropospheric
CO (Tg) a
Tropospheric O3
(DU) a
Tropospheric O3
(Tg) a
DMS (Tg S)
SO2 (Tg S)
H2SO4 (Tg S)
Tropospheric
NOxa, b
(molec. cm-2)
Tropospheric
NOy (Tg N) b
Tropospheric
HNO3 (Tg N)
NH3 (Tg N)
VOCs (Tg C)b
Tropospheric
HCHO (Tg C) a

0.073
0.289
6.2×10-4

0.064
0.264
5.7×10-4

0.065
0.224
5.5×10-4

0.067
0.256
5.8×10-4

0.058
0.281
1.9×10-3

0.067 f
0.34 f
4.2×10-4 f

8.9×1014
(0.11 Tg N)

1.1×1015
(0.13 Tg N)

1.0×1015
(0.12 Tg N)

1.0×1015
(0.12 Tg N)

8.2×1014
(0.116 Tg N)

7.6×1014 –
9.2×1014 g

0.83

0.96

0.85

0.88

1.02

N.A. c

0.11

0.13

0.12

0.12

0.12

0.5d

0.057
7.14

0.056
5.97

0.043
5.89

0.051
6.29

0.059
7.63

0.064 f
N.A. c

0.340

0.321

0.293

0.315

0.391

0.335-0.349 d

SO42- (Tg S)

0.42

0.38

0.32

0.37

0.39

NO3- (Tg N)

0.08

0.10

0.09

0.09

0.11

NH4+ (Tg N)

0.22

0.21

0.17

0.20

0.21

Na+ (Tg)

3.82

3.82

3.85

3.83

3.04

Cl- (Tg)

5.64

5.64

5.68

5.66

4.47

BC (Tg)
OC (Tg)
POM (Tg)
SOA (Tg)
Dust (Tg)

0.090
0.54
0.63
0.13
27.2

0.055
0.26
0.25
0.12
29.0

0.057
0.22
0.20
0.11
26.4

0.067
0.33
0.35
0.12
27.4

0.076
0.61
0.48
0.38
26.4

0.84 e, 0.47 f,
0.66 h
0.01-0.14 i
0.24 f,
(0.27-0.44) i
2.98 e,
(0.38-5.19) i
4.60 e,
(0.59-8.02) i
0.28 e, 0.093 f
1.28 e
0.68 f, 1.70 h
1.15 f, 0.59 j
24.7 f, (7.9-35.9) i

a

Troposphere refers to model layers below tropopause height.
NOx = NO + NO2; NOy = NOx + nitrogen trioxide (NO3) + dinitrogen pentoxide (N2O5) + nitrous acid (HONO) + nitric acid
(HNO3) + pernitric acid (HNO4) + peroxyacyl nitrate (PAN) + d 3 peroxyacyl nitrate (PANX) + other organic nitrate (NTR); VOCsvolatile organic compounds including acetaldehyde (ALD2), carboxylic acid(AACD), long-chain alkanes (ALKH), cresol and
higher phenols (CRES), ethene (ETH), ethane (ETHA), ethanol (ETOH), formaldehyde (FORM), internal olefinic carbon bond
(IOLE), methanol (MEOH), olefinic carbon bond (OLE), paraffin carbon bond (PAR), polycyclic aromatic hydrocarbons (PAH),
toluene (TOL), xylene (XYL), isoprene (ISOP), and terpene (TERP).
c
N.A – not available, it refers to species having no burden data from previous studies.
d
Williams et al. (2009)
e
Horowitz et al. (2006)
f
Liu et al. (2012)
g
Lamarque et al. (2005)
h
Textor et al. (2006)
i
Tsigaridis et al. (2006)
j
Heald et al. (2008)
b
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SIM - OBS

Figure 3.1. Absolute differences between simulation results from CESM_NCSU and observations/reanalysis for 2001-2010. NCEP
reanalysis data is used for comparison of T2, Q2, and WS10. CERES data is used for comparison of FSNS, FLNS, and SWCF.
UW-M data is used for comparison of CDNC. MODIS data is used for comparison of AOD and COT.
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Figure 3.2a. Comparison of meteorological profiles of CESM-NCSU with NCEP over Africa, Asia, Australia, Europe, North
America, and South America for December, January, and February (DJF).
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Figure 3.2b. Comparison of meteorological profiles of CESM-NCSU with NCEP over Africa, Asia, Australia, Europe, North
America, and South America for June, July, and August (JJA).
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Obs.

Sim.

Figure 3.3. Seasonal and annual comparison of simulated AOD (Sim.) against MODIS observations
(Obs.). From top to bottom: annual (ANU), December-January-February (DJF), March-April-May
(MAM), June-July-August (JJA), and September-October-November (SON). The results are based on
10-year average of 2001-2010.
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Obs.

Sim.

Figure 3.4. Seasonal and annual comparison of simulated CDNC (Sim.) against UW-M observations
(Obs.). From top to bottom: annual (ANU), December-January-February (DJF), March-April-May
(MAM), June-July-August (JJA), and September-October-November (SON). The results are based on
10-year average of 2001-2010.
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Obs.

Sim.

Figure 3.5. Seasonal and annual comparison of simulated SWCF (Sim.) against CERES observations
(Obs.). From top to bottom: annual (ANU), December-January-February (DJF), March-April-May
(MAM), June-July-August (JJA), and September-October-November (SON). The results are based on
10-year average of 2001-2010.
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Figure 3.6. Scatter plots of major chemical species over various sites in different monitoring
networks including CASTNET, IMPROVE, EMEP, MEPC, NIESJ, and TAQMN.
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Figure 3.7. Emission trend and corresponding aerosol burden trend. Units for SO2 emission and SO4 burden are Tg S yr-1 and Tg
S; units for NH3 emission and NH4 burden are Tg N yr-1 and Tg N; for NOx emission and NO3 burden are Tg N yr-1 and Tg N;
units for OC/BC emission and OC/BC burden are Tg yr-1 and Tg.
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Figure 3.8a. Spatial distributions of absolute and percentage differences of SO4, SOA, POM,
and PM10 between CESM/CAM5 simulations with baseline emissions and 20% of
anthropogenic emissions from the baseline emissions.
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Figure 3.8b. Spatial distributions of absolute and percentage differences of CCN at s=0.5%,
CDNC, COT, and SWCF between CESM/CAM5 simulations with baseline emissions and
20% of anthropogenic emissions from the baseline emissions.
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Figure 3.8c. Spatial distributions of absolute and percentage differences of FSDS, T2, Precip,
and PBLH between CESM/CAM5 simulations with baseline emissions and 20% of
anthropogenic emissions from the baseline emissions.
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Figure 3.9. Taylor diagram of comparison between CESM-NCSU and CESM-CMIP5. The
results are based on 10-year average. This diagram represents the similarity between CESMNCSU and CESM-CMIP5. X-axis represents the ratio of variances between observations and
simulations (proportional to the reference point identified as “REF”), and Y-axis represents
the normalized standard deviation between the two patterns (proportional to the radial
distance from the origin).
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Figure 3.10. Comparison of 10-year average zonal mean predictions from CESM-NCSU and CESM-CMIP5 with
observations/reanalysis data.
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CESM-CMIP5

CESM-NCSU

Figure 3.11. Comparison of 10-year average spatial distributions of T2, Precip, FSDS, and
AOD from observations (left column), CESM-CMIP5 (middle column), and CESM-NCSU
(right column).
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AUS
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SAF

SAM

SEA

Figure 3.12a. Time series of 10-year (2001-2010) average observed and simulated tropospheric column mass abundances of O3,
NO2, and HCHO, and simulated column concentrations of PM2.5 and PM10 (note that no observations for column PM2.5 or PM10
concentrations) over AUS, NAM, SAF, SAM, and SEA.
137

AUS

NAM

SAF

SAM

SEA

Figure 3.12b. Time series of 10-year (2001-2010) average observed and simulated AOD, column CCN5, CDNC, and SWCF over
AUS, NAM, SAF, SAM, and SEA.
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CHAPTER 4. CESM/CAM5 IMPROVEMENT AND APPLICATION: COMPARISON
AND EVAULATION OF UPDATED CB05_GE AND MOZART-4 GAS-PHASE
MECHANISMS AND ASSOCIATED IMPACTS ON
GLOBAL AIR QUALITY AND CLIMATE
4.1 Introduction
Atmospheric chemistry plays an important role in the perturbation of climate system
by determining the amounts and distributions of important oxidants and gaseous precursors
for secondary air pollutants such as ozone (O3) and aerosols. Aerosols can influence the
Earth’s radiative balance by directly scattering and absorbing radiation and indirectly
affecting cloud properties through acting as cloud condensation nuclei (CCN) and ice nuclei.
The aerosol effects on radiation depend critically on their chemical composition and physical
properties. Therefore, atmospheric chemistry is an important component for atmospheric and
Earth system models. Different chemical mechanisms (e.g., different chemical reactions and
kinetic parameters) can lead to differences in the predictions of gases, secondary aerosols, as
well as climatic variables such as CCN, cloud droplet number concentration (CDNC), and
radiative forcings (Luecken et al., 2008; Sarwar et al., 2008; Zhang et al., 2012a; Lamarque
et al., 2013).
There are generally two types of species in the gas-phase mechanisms: inorganic and
organic. Although most mechanisms include the same important inorganic species (e.g., O3,
CO, HOx, and NOx), the predicted amounts can vary greatly among different mechanisms
(Knote et al., 2014a). Some mechanisms ignore reactions with very low reaction rates since
they do not affect results significantly. Also, some reactions may use different rate
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coefficients with different dependence on atmospheric temperature and pressure due to the
uncertainties in the laboratory measurements or the use of mechanisms that have not been
updated in time. Unlike inorganic species, there are more significant differences in the
representation of organic species. Light organic species with low molecular weight are often
explicitly treated (e.g., methane, formaldehyde (HCHO)), whereas lumped or surrogate
species are used to represent more complex mixtures of heavy organic compounds with high
molecular weight (e.g., aromatics, organic nitrates). There are three most common
representations of organic chemistry, including the lumped structure technique, the surrogate
species approach, and the lumped species method (Zhang et al., 2004). For example, the
Carbon Bond mechanism version IV (CB-IV, Gery et al., 1989), which uses the lumped
structure approach for volatile organic compounds (VOCs), has been widely used in air
quality modeling systems through urban to regional scales for many years. This mechanism
has later been extensively updated in 2005 (CB05, Yarwood et al., 2005), and has been
implemented into the Community Multiscale Air Quality model (CMAQ, Sarwar et al.,
2008) and the Weather Research and Forecasting model with Chemistry (WRF-Chem, Wang
et al., 2014a). CB05 has been further expanded to include more than 120 reactions that are
important on global scale (CB05 with global extension (CB05_GE), Karamchandani et al.,
2012) and implemented into global models, such as the Global-through-Urban WRF/Chem
(GU-WRF/Chem, Zhang et al., 2012a) and the Community Atmosphere Model version 5
(CAM5), the atmospheric component of the Community Earth System Model
(CESM/CAM5, He and Zhang, 2014). The Model of OZone and Related chemical Tracers
version 4 (MOZART-4, Emmons et al., 2010) mechanism, which uses the lumped species
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approach for VOCs, has also been used in WRF-Chem (Knote et al., 2014b), and CAM with
extensive tropospheric and stratospheric chemistry (CAM-chem) Versions 4 and 5
(Lamarque et al., 2012; Tilmes et al., 2015). Different gas-phase mechanisms have also been
compared in several studies, however, most of which are conducted in box models or using
regional models (Kim et al., 2009; Kim et al., 2011a, b). For example, using WRF-Chem,
Zhang et al. (2012b) found that three different mechanisms (i.e., the Carbon Bond
Mechanism-Z (CBM-Z), the 1999 Statewide Air Pollution Research Center Mechanism
(SAPRC99), and the CB05) can predict different O3 concentrations up to 5 ppb at surface in
July, 2001. Knote et al. (2014a) also compared seven chemical mechanisms using a box
model and found that the differences in daytime OH radical concentrations can be up to 40%.
Climate change can also strongly influence atmospheric chemistry and aerosols and
therefore air quality. For example, photolysis and temperature-dependent reactions can be
directly impacted by climate change (Jacob and Winner, 2009). Due to the nonlinear
relationships between chemistry, aerosols, and climate, it is important to accurately represent
their interactions in a three-dimensional global model. Several studies have demonstrated the
capability of CAM-chem to represent tropospheric (Aghedo et al., 2011; Lamarque et al.,
2010, 2011a, b; Tilmes et al., 2015) and stratospheric (Lamarque et al., 2008; Lamarque and
Solomon, 2010) conditions. The chemical mechanism used in CAM-chem is based on
MOZART-4, with detailed stratospheric chemistry of Kinnison et al. (2007). In this section,
two most commonly used gas-phase mechanisms: the extended MOZART-4 (with updates as
described by Knote et al. (2014b) and additional updates in this work, referred to as
MOZART-4x) and the CB05_GE chemical mechanisms are compared using the latest

141

CESM/CAM5. The objectives are to examine the differences in the secondary organic
aerosols (SOA) predictions resulted from the two gas-phase chemical mechanisms and study
the sensitivity of air quality and climate predictions to different gas-phase chemical
mechanisms.
4.2 Model Descriptions
The CESM/CAM5 used in this work is based on CAM version 5.3 of CESM version
1.2.2, coupled to comprehensive tropospheric and stratospheric chemistry (CAM5-chem,
Tilmes et al., 2015) using the 7-mode Modal Aerosol Model (MAM7, Liu et al., 2012). This
version of CAM5-chem was further developed and improved at North Carolina State
University (NCSU) in collaboration with NCAR, as described below. A more detailed
description of this version of CESM CAM5-chem (referred to as CAM5-NCSU hereafter)
used in this study can be found in He and Zhang (2014) and He et al. (2015).
4.2.1 Chemical Mechanisms
In this study, CB05_GE has been updated to include additional kinetic reactions
describing interactions between functionalization and fragmentation processes during gasphase oxidation of anthropogenic and biogenic VOCs by the hydroxyl radical, OH (Glotfelty
et al., 2015). The products of those reactions are linked with the organic gas/particle
partitioning for SOA formation. Heterogeneous reactions on tropospheric aerosols and
stratospheric clouds are also added as same as those in MOZART-4x (Tilmes et al., 2015)
with one additional pathway in CB05_GE to simulate sulfate formation through oxidation of
sulfur dioxide (SO2) by O3 on the surface of dust particles.
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MOZART-4x used in this work extends the MOZART chemical mechanism used in
Lamarque et al. (2012) and Tilmes et al. (2015) to include several updates as described in
Knote et al. (2014b). These updates include (1) detailed treatments of monoterpenes (αpinene, β-pinene, and limonene) and 2-methyl-3-buten-2-ol (MBO); (2) detailed treatments
of aromatics (e.g., benzene, toluene, and xylenes); (3) additional glyoxal (C2H2O2)
production from oxidized VOCs products; and (4) an updated isoprene (ISOP) oxidation
scheme. In this work, the oxidation of anthropogenic and biogenic VOCs and subsequent
aging processes are also included in MOZART-4x, and the products of those reactions are
linked with the organic gas/particle partitioning for SOA formation.
Table 4.1 shows the gas-phase organic precursors for SOA formation treated in
MOZART-4x and CB05_GE. For aromatic precursors of SOA, MOZART-4x includes
benzene, toluene (TOL), xylenes, and cresol. Although CB05_GE does not include benzene,
it includes polycyclic aromatic hydrocarbons (PAH) as a SOA precursor. For alkane
precursors of SOA, MOZART-4x includes BIGALK (lumped alkanes with carbon (C)
number > 3), whereas CB05_GE includes ALKH (long-chain alkanes, with C > 6). For
anthropogenic alkene precursors of SOA, MOZART-4x includes propene (C3H6) and
BIGENE (lumped alkenes with C >3), whereas CB05_GE includes terminal olefin (OLE)
and internal olefin (IOLE). The emissions for biogenic alkene precursors are from the Model
of Emissions of Gases and Aerosols from Nature version 2.1 (MEGAN2.1, Guenther et al.,
2012). Both MOZART-4x and CB05_GE include alpha-pinene (APIN), beta-pinene (BPIN),
limonene, and ISOP as precursors for biogenic SOA. CB05_GE also includes additional
biogenic precursors such as speciated ocimene (OCI), humulene (HUM) and terpinene
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(TER). However, in MOZART-4x, the species mapping for MEGAN emission calculation is
slightly different. For example, α-pinene and other compounds (e.g., α-thujene, p-cymene,
and o-cymene) are mapped into APIN, β-pinene and other compounds (e.g., sabinene and
camphene) are mapped into BPIN, limonene and other compounds (e.g.; phellandrene and
terpinene) are mapped into LIMON, myrcene and other compounds (e.g., ocimene) are
mapped into MYRC, and beta-caryophyllene and other sesquiterpenes (e.g., humulene and αbergamotene) are mapped into BCARY. Due to the different mapping for MEGAN species,
biogenic emissions between MOZART-4x and CB05_GE are different, which can result in
different biogenic SOA predictions. On the other hand, the rate coefficients for the oxidations
of biogenic VOCs (e.g., APIN, BPIN, and limonene) are constant in CB05_GE, whereas they
are temperature dependent in MOZART-4x, such a difference can result in different SOA
predictions as well. In addition, there are uncertainties in the HOx recycling associated with
isoprene chemistry in CB05_GE (Karamchandani et al., 2012), whereas MOZART-4x used
in this work includes OH recycling from improved isoprene chemistry. For example, in
CB05_GE, ISOP is oxidized by OH to generate 91.2% molar yield of HO2. In MOZART-4x,
the isoprene peroxy radical from the oxidation ISOP by OH (i.e., ISOPO2) has different
yields of HO2 through reactions with NO, NO3, methylperoxy radical (CH3O2), and
acetylperoxy radical (CH3CO3), and it can also consume HO2 itself. These reactions have
different reaction rate coefficients. These differences can affect O3, OH, and NOx predictions,
and thus the oxidation of VOCs.
4.2.2 Aerosol/Cloud Treatments
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In CAM5-NCSU, the aerosol module is based on MAM7 of Liu et al. (2012), with
improvements in terms of condensation, nucleation, aerosol thermodynamics, and aerosol
activation (He and Zhang, 2014; Gantt et al., 2014). The major updates include: (1) the new
particle formation treatments with a combination of the default nucleation parameterizations
of Vehkamaki et al. (2002), Merikanto et al. (2007), and a newly added ion-mediated aerosol
nucleation (Yu, 2010) above the planetary boundary layer (PBL), and a combination of the
three and an additional parameterization of Wang and Penner (2009) in the PBL; (2) the
inorganic aerosol thermodynamics based on ISORROPIA II of Fountoukis and Nenes (2007),
which explicitly simulates the thermodynamics of sulfate (SO42-), ammonium (NH4+), nitrate
(NO3-), sodium (Na+), and chloride (Cl-) in the Aitken, accumulation, and fine sea-salt
modes, as well as the impact of crustal species associated with the fine dust mode; (3) an
advanced aerosol activation scheme based on Fountoukis and Nenes (2005) with additional
updates based on Kumar et al. (2009) and Barahona et al. (2010), which accounts for
adsorption activation from insoluble CCN and giant CCN equilibrium timescale on aerosol
activation.
CAM5-NCSU also includes an advanced treatment for SOA formation based on a
volatility-basis-set (VBS) approach that has been coupled with CB05_GE by Glotfelty et al.
(2015) and is also coupled with MOZART-4x in this work. This approach consists of two
primary components: (1) volatile SOA (VSOA) formation from anthropogenic VOCs
(AVOCs) and biogenic VOCs (BVOCs) and (2) the volatility and aging of primary organic
aerosol (POA) and the repartitioning of the semi/intermediate volatility compounds
(S/IVOC) into SOA. The VSOA treatment is based on the treatment of Tsimpidi et al.
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(2010). The products of VOC oxidation are mapped onto the volatility distribution using the
aerosol mass yields listed in Tsimpidi et al. (2010) using the CB05_GE species that represent
those precursor VOCs. An additional pathway for the formation of SOA from PAH is also
added in CB05_GE. The SOA mass yields for PAHs are derived from the laboratory
measurements of Chan et al. (2009) following the approach of Stainer et al. (2008), where the
SOA mass yields for naphthalene, 1-methylnaphthalene, and 2-methylnaphthalene are
averaged as surrogates for PAHs. The volatility of POA and the subsequent formation of
SOA from POA vapors are based on the work of Robinson et al. (2007) and Shrivastava et al.
(2008). POA emissions are distributed into nine logarithmically-spaced volatility bins with
effective saturation (C*) values ranging from 10-2 to 106 μg m-3. An updated emission
spectrum is used to distribute the POA emissions into the volatility bins as the emission
spectrum used in Robinson et al. (2007) has been shown to be too volatile (Cappa and
Jimenez, 2010; Hodzic et al., 2010; Jathar et al., 2011). This new emission spectrum maps
the anthropogenic POA emissions onto the volatility distribution based on thermodenuder
measurements of gasoline exhaust and also contains separate emissions fractions for biomass
burning aerosol which is less volatile than anthropogenic POA (May et al., 2013a, b). The
emission spectrum of Robinson et al. (2007), also assumes that the emissions of SVOCs are
fully captured by the original POA emissions and missing IVOCs are assumed to be
equivalent to 1.5 times the POA emissions inventory with these additional emissions placed
in the three highest volatility bins. However, because the estimations of the missing IVOC
emissions are poorly constrained, the 1.5 times the POA mass for IVOCs is not included in
this study.
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In additional to the classic 1-D VBS treatment as described above, functionalization
and fragmentation treatment described in Shrivastava et al. (2013) are included in this
version of VBS for both VSOA and S/IVOCs (referred to as 1.5 D VBS). In this treatment,
the VSOA and S/IVOCs in each volatility bin are split into three different species
representing three generations of oxidation. During the first two generations of oxidation the
mass of the VSOA and S/IVOCs grows by 15%, reflecting the addition of oxygen atoms. In
this aging scheme not only do the masses of VSOA and S/IVOCs increase in generation
when oxidized by OH (at a rate of 1.0×10-11 and 4.0×10-11 cm3 molecule-1 s-1, respectively)
but also their volatility decrease as they are moved into smaller volatility bins. Fragmentation
occurs once the VSOA and S/IVOCs have aged to the third generation. This represents the
breaking of carbon bonds, which can increase volatility of the organic species thus reducing
SOA formation. This is parameterized by allowing 17.25% of the organic mass to pass to the
next lowest volatility bin but passing 75% of the VSOA and S/IVOC to the highest volatility
bin in the VBS structure. The remaining mass is assumed to be lost to species of higher
volatility than the VBS structure. A more detailed description of SOA formation from the
VBS approach is summarized in Glotfelty et al. (2015).
4.3 Model Configurations and Evaluation Protocols
4.3.1 Model Setup and Inputs
The simulations are performed with specified dynamics configuration, of which
winds and temperature are driven by the Goddard Earth Observing System Model, Version 5
(GEOS-5) meteorology. The internally-derived meteorological fields are nudged every time
step (30 min) by 10% towards analysis fields from GEOS-5. The simulations are conducted
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for a 3-year period of 2008-2010 at a horizontal resolution of 0.9o × 1.25o and a vertical
resolution of 56 layers for CAM5. The initial chemical conditions are generated with same
configurations with 1-year spinup.
The offline emissions used in this work are based on those used in Tilmes et al.
(2015), of which the anthropogenic and biofuel emissions are from the Monitoring
Atmospheric Composition and Climate/CityZen (MACCity) emission data set (Granier et al.,
2011), and biomass burning emissions are taken from the Atmospheric Chemistry and
Climate Model Intercomparison Project (ACCMIP) historical emissions dataset (Lamarque et
al., 2010). The ACCMIP emissions are extrapolated for 2008-2010 with the Representative
Concentration Pathway (RCP) 8.5 scenario and extended for VOCs and several other species
for MOZART-4x species. MOZART-4x species are then mapped into CB05_GE species to
generate emissions for CB05_GE species. The online emissions include biogenic VOCs from
MEGAN2.1 (Guenther et al., 2012), lightning NOx (Price and Rind, 1992; Price et al., 1997),
mineral dust (Zender et al., 2003), and sea-salt (Martensson et al., 2003).
4.3.2 Available Measurements for Model Evaluation
A number of observational datasets from surface networks and satellites are used for
model evaluation. They are summarized along with the variables to be evaluated in Table
4.2. The global surface network includes data sets from the National Oceanic and
Atmospheric Administration Climate Diagnostics Center (NOAA/CDC). The satellite
datasets include the Moderate Resolution Imaging Spectroradiometer (MODIS) for the
retrievals of cloud properties, the Clouds and Earth's Radiant Energy System (CERES), for
the retrievals of radiation fluxes at surface and top of atmosphere, the Aura Ozone
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Monitoring Instrument in combination with Aura Microwave Limb Sounder (OMI/MLS) for
the tropospheric ozone retrieval, the Measurements Of Pollution In The Troposphere
(MOPITT) for tropospheric carbon monoxide (CO) retrieval, and the SCanning Imaging
Absorption spectroMeter for Atmospheric CHartographY (SCIAMACHY) for the retrievals
of tropospheric nitrogen dioxide (NO2), HCHO, and C2H2O2. Other satellite-based data
include the MODIS-derived CDNC and cloud liquid water path (LWP) by Bennartz (2007).
Regional observational networks include the Clean Air Status and Trends Network
(CASTNET), the Interagency Monitoring of Protected Visual Environments (IMPROVE),
the Speciation Trends Network (STN), and the Air Quality System (AQS) over CONUS; the
European Monitoring and Evaluation Program (EMEP), the Base de Données sur la Qualité
de l'Air (BDQA, France), and the European air quality database (AirBase) over Europe; the
Ministry of Environmental Protection of China (MEPC), the National Institute for
Environmental Studies of Japan (NIESJ), the Korean Ministry Of Environment (KMOE), and
Taiwan Air Quality Monitoring Network (TAQMN) over East Asia. In addition to the data
from the above networks, SOA measurements collected by Lewandowski et al. (2013) at four
field study sites including Cleveland and Medina, OH (July-August, 2009), and Bakersfield
and Pasadena, CA (May-June, 2010) are used to evaluate SOA predictions.
Aircraft measurements include aircraft campaigns from Aerosol, Radiation, and
Cloud Processes affecting Arctic Climate (ARCPAC), Stratosphere-Troposphere Analyses of
Regional Transport in 2008 (START08), California Nexus 2010 (CalNex), Arctic Research
of the Composition of the Troposphere from Aircraft and Satellites (ARCTAS), and CCN
measurements in China (CCN_China). ARCPAC (Brock et al., 2011) was conducted during
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March-April 2008 in the troposphere of the Alaskan Arctic, including particle size
distributions, composition, and optical properties. START08 (Pan et al., 2010) was
conducted during April-June 2008 to study the chemical and transport characteristics of the
extratropical upper tropospheric and lower stratospheric region over central North America.
CalNex (Ryerson et al., 2013) was conducted during May-July 2010 to provide improved
scientific knowledge for emission control strategies to simultaneously address the interrelated
issues of air quality and climate change. ARCTAS (Jacob et al., 2010) was conducted during
April-June 2008 to investigate the chemistry of the Arctic's lower atmosphere. CCN_China
(Zhang et al., 2011) was conducted over Beijing during July-September 2008, to investigate
the impacts of aerosols on cloud formation.
4.3.3 Evaluation Protocol
The protocols for performance evaluation include spatial distributions and statistics,
following the approach of Zhang et al. (2012b). The aircraft profile evaluation is based on the
Atmospheric Model Working Group (AMWG) diagnostics package (Tilmes et al., 2015).
Monthly-mean model results are compared for corresponding regions and seasons of the field
campaign. The analysis of the performance statistics will focus on mean bias (MB),
normalized mean bias (NMB), normalized mean error (NME), and root mean square error
(RMSE). The radiative/cloud variables are evaluated annually, including outgoing longwave
radiation (OLR) from NOAA/CDC; downwelling shortwave radiation (FSDS), downwelling
longwave radiation (FLDS), shortwave cloud forcing (SWCF), and longwave cloud forcing
(LWCF) from CERES; cloud fraction (CF), aerosol optical depth (AOD), cloud optical
thickness (COT), precipitating water vapor (PWV), and CCN from MODIS, as well as
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CDNC and LWP from Bennartz (2007). CDNC is calculated as an average value of layers
between 850 and 960 hPa for comparison with the satellite-derived values. Chemical
concentrations evaluated include CO, O3, SO2, ammonia (NH3), NO2, nitric acid (HNO3),
VOCs (i.e., formaldehyde, isoprene, and toluene), particulate matter (PM) with diameter less
than and equal to 10 µm (PM10) and 2.5 µm (PM2.5), and PM2.5 major components (e.g.,
SO42-, NH4+, NO3-, black carbon (BC), organic carbon (OC), and total carbon (TC)) for
CONUS and Europe. The chemical observations over East Asia are very limited, which only
include surface observations of CO, SO2, NO2, and O3 from Hong Kong, South Korea, and
Japan, and PM10 over mainland China (derived from air pollution index), Hong Kong, South
Korea, and Japan. Since PM2.5 and PM10 are not explicit species simulated in MAM7, they
are simply assumed to be the particles in the first 5 modes (i.e., Aitken, accumulation,
primary carbon, fine sea-salt, and fine dust modes) and the total 7 modes (i.e., Aitken,
accumulation, primary carbon, fine sea-salt, fine dust, coarse sea-salt, and coarse dust
modes), respectively. Column concentrations of tropospheric CO, NO2, HCHO, C2H2O2, and
tropospheric O3 residual (TOR) are evaluated for globe. The CO column evaluation follows
the AMWG diagnostics approach, which applies 1o × 1o monthly mean Level 3 MOPITT a
priori and averaging kernels to monthly mean model results to account for the a priori
dependence and vertical resolution of the MOPITT data. The measured NO2 and HCHO
columns are derived from the satellite retrievals from SCIAMCHY, which are monthly mean
gridded data on a 0.25o × 0.25o horizontal grid resolution for the period of 2008-2010. The
measured glyoxal column is derived from the satellite retrievals from SCIAMCHY, which
are monthly mean gridded data on a 0.125o × 0.125o horizontal grid resolution for the period
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of 2008. The measured O3 is derived from the combing retrievals from the Aura Ozone
Monitoring Instrument and Microwave Limb Sounder observations, which are monthly mean
gridded data on a 1.25o × 1.25o horizontal grid resolution for the period of 2008-2010.
All surface observational data used for evaluating 2008-2010 simulations are
available throughout 2008-2010 except for several variables with data during a limited time
period of 2001-2010 including OC from EMEP, SOA from Lewandowski et al. (2013), and
OA from Zhang et al. (2007) and Jimenez et al. (2009).
4.4 Results
4.4.1 Chemical Evaluations
Table 4.3 summarizes the performance statistics for major chemical species for
CAM5-NCSU simulations with MOZART-4x and CB05_GE. Figure 4.1 shows the scatter
plots between observations and model results. The statistical performance of MOZART-4x
and CB05_GE are similar for most chemical species. As shown in Table 4.3, CO is
underpredicted over East Asia by both MOZART-4x and CB05_GE, with NMBs of -65.6%
and -65.7%, respectively. The underprediction of CO is mainly due to the underestimation of
CO emissions from biomass burning (Tilmes et al., 2015). The underestimations in CO
emissions lead to underpredictions of column CO concentrations, with NMBs of -25.8% and
-24.4% for MOZART-4x and CB05_GE, respectively. Both MOZART-4x and CB05_GE
largely overpredict the concentrations of SO2 over CONUS (with NMBs of 580.2% and
561.6%, respectively), East Asia (with NMBs of 47.0% and 35.5% %, respectively), and
Europe (with NMBs of 100.9% and 94.1%, respectively), likely due to the overestimation of
SO2 emissions, the uncertainties in the emission injection heights as well as the vertical
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mixing scheme used. The overpredictions of surface SO2 concentrations result in the
overpredictions of the concentrations of SO42- at the surface. Surface NH3 concentrations
from MOZART-4x and CB05_GE are overpredicted over Europe (with NMBs of 112.4%
and 104.3%, respectively), likely due to the overestimation of NH3 emissions. The
overpredictions of the NH3 concentrations result in the overpredictions of the NH4+
concentrations at the surface. The concentrations of NO2 from MOZART-4x and CB05_GE
are largely underpredicted over Europe (with NMBs of -61.4% and -62.1%, respectively) and
East Asia (with NMBs of -74.1% and -74.8%, respectively), which is likely due to the
uncertainties in estimating total NOx emissions and emission injection heights as well. As
shown in Figure 4.1, the concentrations of O3 from MOZART-4x and CB05_GE are
overpredicted over CONUS (with NMBs of 29.0% and 28.2% over the CASTNET sites,
respectively), Europe (with NMBs of 19.3% and 22.2% over the EMEP sites, respectively)
and East Asia (with NMBs of 68.8% and 65.7% over the KMOE sites, respectively). This is
likely due to the less O3 titration resulted from the underpredictions of NOx, coarse
resolution, as well as dilution of NOx emissions. The overpredictions of SO42- result in the
underpredictions of NO3- and Cl-, through thermodynamic equilibrium, and therefore
overpredictions of HNO3 over CONUS. However, HNO3 is underpredicted over Europe,
which is likely due to the underpredictions of NOx. Cl- is overpredicted over Europe, which
is likely due to the uncertainties for the gas/particle partitioning over coarse modes (He and
Zhang, 2014). Both MOZART-4x and CB05_GE predict PM2.5 relatively well over CONUS,
however, they underpredict PM10 over the AQS sites, with NMBs of -38.6% and -38.9%,
respectively. The underpredictions of PM10 are likely due to the inaccurate predictions of
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coarse particles. Both MOZART-4x and CB05_GE underpredict PM2.5 and PM10 over
Airbase and BDQA sites, however, they overpredict PM10 by 3.14 μg m-3 (or by 22.2%) and
3.43 μg m-3 (or by 24.2%) over the EMEP sites, respectively, which is likely due to the
overpredictions of coarse particles (e.g., Cl-) over these sites. Both MOZART-4x and
CB05_GE underpredict PM10 by 33.61 μg m-3 (or by 33.4%) and 26.71 μg m-3 (or by 26.6%)
over the MEPC sites in mainland China, respectively, which is mainly due to the
uncertainties in the emissions in primary gases (e.g., SO2, NOx, NH3, and VOCs) and
particulate species (e.g., SO42-, BC, and POA). Granier et al. (2011) compared the regional
emissions among different inventories and indicated large uncertainties in the emissions over
China. For example, the differences of BC biomass burning emissions over China among
different inventories can be as large as a factor of 2.1, and the differences of SO2
anthropogenic emissions can be as large as a factor of 1.8.
VOCs species such as HCHO, ISOP, and TOL are underpredicted over CONUS,
likely due to the uncertainties in the biogenic emissions from MEGAN2.1, anthropogenic
emissions (e.g., HCHO and TOL) and the chemical reactions as well as a coarse horizontal
resolution used in this work. Both MOZART-4x and CB05_GE underpredict BC with NMBs
of -29.3% and -29.3%, respectively. The underpredictions of BC are likely due to the
underestimations of BC emissions, as well as uncertainties in the transport and wet removal
by convection (Ma et al., 2013; Wang et al., 2013; Tilmes et al., 2015).
OC is slightly overpredicted with an NMB of 2.1% by MOZART-4x over CONUS,
whereas it is moderately underpredicted with an NMB of -20.7% by CB05_GE. OC is
evaluated against observations at the IMPROVE sites, and SOA dominates OC at these sites
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for both simulations with MOZART4-x and CB05_GE, with SOA/OC ratios of 83.0% and
59.6%, respectively. Although no SOA measurements are available from IMPROVE for
evaluation, the differences in OC predictions can be attributed to the differences in SOA
predictions because of dominances of SOA in total OC. Compared to the SOA observations
at the four sites in the U.S. from Lewandowski et al. (2013), MOZART-4x underpredicts
SOA by 0.03 μg m-3 (or by 1.9%), whereas CB05_GE underpredicts SOA by 0.4 μg m-3 (or
by 23.1%). Note that the SOA statistics are calculated using only four pairs of seasonal mean
values at four sites in the U.S. where the observed SOA data are available during 2008-2010;
they therefore may not be representative because of limited data used for calculation. Figure
4.2 compares simulated and observed SOA concentrations at the four sites. MOZART-4x
predicts higher SOA than CB05_GE at all four sites, which reduces underpredictions at
Cleveland and Medina, OH but increases overpredictions at Bakersfield and Pasadena, CA.
This indicates a better capability of MOZART-4x to simulate SOA at these sites with
relatively high SOA concentrations (≥ 1 µg m-3) compared to CB05_GE despite its tendency
of overpredictions at sites with lower SOA levels. The higher SOA concentrations predicted
by MOZART-4x can be attributed to the higher OH levels and higher biogenic emissions in
MOZART-4x. However, the concentration of OC is largely underpredicted by both
MOZART-4x and CB05_GE over Europe, with NMBs of -74.2% and -75.1%, respectively,
indicating the uncertainties in the emissions of SOA precursors and SOA formation
treatment. For example, the aqueous-phase oxidation of VOCs in clouds is not taken into
account in this work, which, however, can contribute several percentages of SOA in some
areas and seasons over Europe (Couvidat et al., 2013). The hydrocarbon-like organic aerosol
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(HOA) predicted by MOZART-4x and CB05_GE correlated well with the observations at 33
sites in the Northern Hemisphere (e.g., with correlation coefficients of 0.93 for both
simulations) but the amount is largely underpredicted by both MOZART-4x and CB05_GE,
with NMBs of -77.2% and -76.7%, respectively, indicating that the POA may be too volatile
with the implementation currently in the model. Oxygenated organic aerosol (OOA), which
is roughly equivalent to the sum of SOA and SVOA, is also largely underpredicted at the 33
sites by both MOZART-4x and CB05_GE, with NMBs of -56.5% and -62.3%, respectively.
This is mainly due to the uncertainties in the oxidation rate and fragmentation rates as well as
SOA formation treatment. The underpredictions of HOA and OOA result in an
underprediction of total organic aerosol (TOA) by both MOZART-4x and CB05_GE, with
NMBs of -67.8% and -71.2%, respectively.
Figure 4.3 shows the zonal mean of column concentrations of CO, HCHO, glyoxal,
NO2, and TOR for June, July, and August during 2008-2010. In general, MOZART-4x and
CB05_GE predict similar zonal mean profiles of these species. Both MOZART-4x and
CB05_GE underpredict column CO, due to a significant underestimation of CO emissions
(Tilmes et al., 2015) and uncertainties in OH predictions. During summer, column HCHO is
overpredicted over middle latitudes (30-60o N) in the Northern Hemisphere and tropical
regions (0-10o S) in the Southern Hemisphere, while it is largely underpredicted over the rest
of regions. The underprediction of column HCHO is likely due to the uncertainties in the
emissions of HCHO and its precursors as well as pathways for secondary HCHO formation.
Both MOZART-4x and CB05_GE underpredict column glyoxal, with more underpredictions
in CB05_GE. The underpredictions of glyoxal are mainly due to the uncertainties in the
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glyoxal chemical production and removal (Knote et al., 2014b). Several studies indicate that
aromatics, isoprene, and ethyne are the major contributors to glyoxal formation
(Washenfelder et al., 2011; Knote et al., 2014b). In MOZART-4x, glyoxal can be produced
from photolysis of the oxidation products of toluene, and oxidation products of aromatics
(e.g., benzene, toluene, and xylenes), isoprene, and ethyne. CB05_GE does not include
pathways for glyoxal production through photolysis, but includes glyoxal production from
oxidation of alkenes (e.g., OLE, IOLE, ethene, and ISOP) and aromatics (e.g., toluene and
xylenes). Uncertainties in the emissions of these precursors and the production pathways can
propagate into the predicted glyoxal concentrations. MOZART-4x includes additional
pathways for glyoxal production through photolysis and improved treatments for glyoxal
production from additional oxidized VOCs (e.g., benzene) products (Knote et al., 2014b),
which can result in higher glyoxal than in CB05_GE. The major chemical loss of glyoxal
includes photochemical loss and oxidation by OH. The uncertainties in OH levels can
propagate into glyoxal predictions as well. In addition, CB05_GE includes an additional
pathway for glyoxal loss through its uptake by aerosols, which is not included in MOZART4x. This can explain in part the lower glyoxal concentrations predicted by CB05_GE than by
MOZART-4x. An advanced treatment for glyoxal formation should be therefore developed
in the future. Both MOZART-4x and CB05_GE overpredict column NO2, likely due to the
uncertainties in the NO2 aircraft emissions and overpredictions of lightning NOx. The
lightning NOx emissions are calculated online (i.e., 6.2 and 6.4 TgN yr-1 in CB05_GE and
MOZART-4x, respectively), which is about 1.2-2.2 TgN yr-1 higher than that in Lamarque et
al. (2012) and Tilmes et al. (2015). Tilmes et al. (2015) have shown that increased lightning
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NOx emissions in CAM-chem can lead to an increase in OH levels and therefore a decrease
in the lifetime of methane and an underestimation of CO in the model. The higher zonalmean concentrations of NO2 in CB05_GE than those in MOZART-4x are likely due to
additional NO2 production from the reactions of VOCs with NO3 radical in CB05_GE (e.g.,
reactions of NO3 with OLE, IOLE, and ethene). The zonal-mean distribution of summer TOR
from CB05_GE is similar to that from MOZART-4x. TOR is overpredicted over 40o S-50o
N, and underpredicted over 40o S-60o S. The higher TOR from CB05_GE is mainly due to
higher O3 production from higher NO2 and lower O3 loss from lower OH in CB05_GE than
in MOZART-4x.
Figure 4.4 compares the vertical profiles of major gases against the aircraft
observations (i.e., ARCPAC, ARCTAS, START08, and CalNex). Compared with aircraft
measurements, MOZART-4x and CB05_GE predict similar O3 and CO profiles, whereas
there are large differences in NOx (above 9 km) and NOy profiles (below 12 km). O3 profiles
from MOZART-4x and CB05_GE overall agree well with aircraft measurements, although
O3 is slightly overpredicted near the surface. As discussed previously, the significant
underpredictions of CO profiles in both MOZART-4x and CB05_GE are mainly due to the
underestimations of CO biomass burning emissions and uncertainties in OH predictions.
Both MOZART-4x and CB05_GE underpredict the vertical concentrations of NOx at higher
altitudes (e.g., above 9 km in ARCTAS and STRAT08), with a slightly better agreement in
CB05_GE than in MOZART-4x. The concentrations of NOx near the surface are slightly
overpredicted by both simulations. The underpredictions of the concentrations of NOx at
higher altitudes are likely due in part to the uncertainties in the NOx emissions, the chemical
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reactions of nitrogen cycles (e.g., heterogeneous reactions of NO2, NO3, and N2O5 over the
surface of aerosol particles), the convection scheme, as well as the aircraft campaign data.
Some field campaigns (e.g., ARCPAC) focus on the polluted regions with a significant
contribution from biomass burning and local sources (Tilmes et al., 2015). The
underestimations of emissions from these sources and uncertainties in the vertical mixing
scheme can result in the underpredictions of their profiles. NOy includes all the reactive
nitrogen species. The simulated NOy profiles from CB05_GE agree better with those
observed during APCPAC, ARCTAS, and CalNex than those from MOZART-4x, whereas
MOZART-4x predicts slightly better NOy profile against START08 in the lower troposphere
than CB05_GE. Figure 4.5 compares the vertical profile of simulated CCN against the
aircraft observations from CCN_China. Both MOZART-4x and CB05_GE slightly
overpredict CCN (at supersaturation of 0.2%) profile over Beijing area, with less
overpredictions in MOZART-4x.
4.4.2 Column Comparisons
Figures 4.6a and b compare the column mass abundance of major gaseous and aerosol
species simulated by MOZART-4x and CB05_GE. As shown in Figure 4.6a, column CO
predicted by MOZART-4x is about 2.4×1020 m-2 (or by 2.3%) lower than that by CB05_GE
in the global mean. The different column CO concentrations are due to different pathways for
chemical production and loss of CO and different OH levels between MOZART-4x and
CB05_GE. The chemical production of CO is mainly from photolysis and oxidation of VOCs
species, and the chemical loss of CO is mainly from the oxidation by OH. Different
concentrations of VOCs species can result in different chemical production of CO.
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Meanwhile, the only chemical loss of CO in CB05_GE is the oxidation of CO by OH, which
produces HO2 and CO2. Higher OH levels in MOZART-4x can result in more CO loss.
MOZART-4x includes an additional loss pathway of CO oxidized by OH to produce CO2
and H. As a result, the combined rate constant for both pathways of CO oxidation by OH in
MOZART-4x is about 4% higher than in CB05_GE. All these differences result in 2301 and
2265 Tg yr-1 chemical loss of CO in MOZART-4x and CB05_GE, respectively.
The global mean differences in the simulated column concentrations of SO2 and NH3
between MOZART-4x and CB05_GE are 2.0×1018 m-2 (or by 12.5%) and 1.9×1017 m-2 (or
by 3.1%), respectively. The lower column abundance of SO2 in CB05_GE is mainly due the
additional pathway for SO2 loss through oxidation by O3 over the surface of dust particles,
which is not include in MOZART-4x. This pathway can produce more SO42- and therefore,
more NH3 is partitioned into the particulate phase to form NH4+ which can neutralize
additional SO42-, resulting in lower column abundance of NH3 in CB05_GE. Both column
concentrations of NOx and NOy from MOZART-4x are about 9.4 ×1017 m-2 (or by 9.5%) and
3.6 ×1019 m-2 (or by 46.3%) lower than that from CB05_GE. The higher NOx in CB05_GE is
mainly due to the lower OH available for the chemical loss through the reaction of NO2 with
OH. NOy in MOZART-4x includes NOx, nitrate radical (NO3), nitrogen pentoxide (N2O5),
HNO3, peroxynitric acid (HO2NO2), chlorine nitrate (ClONO2), bromine nitrate (BrONO2),
peroxyacetyl nitrate (PAN), organic nitrate (ONIT), methacryloyl peroxynitrate (MPAN),
peroxy radical from the reaction of NO3 with ISOP (ISOPNO3), and lumped isoprene nitrate
(ONITR), whereas NOy in CB05_GE includes NOx, NO3, N2O5, HNO3, HO2NO2, ClONO2,
BrONO2, nitrous acid (HONO), PAN, higher peroxyacyl nitrates (PANX), and organic
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nitrate (NTR). The reactions for reactive nitrogen species are different in MOZART-4x and
CB05_GE, resulting in different NOy predictions.
The tropospheric column O3 from MOZART-4x is about 1.5 DU (or by 4.7%) lower
than that from CB05_GE. Table 4.4 shows the tropospheric O3 budget from MOZART-4x
and CB05_GE. The burdens of tropospheric O3 from MOZART-4x and CB05_GE are 325
Tg and 333 Tg, respectively, which is comparable to the previous studies using CAM
(Lamarque et al., 2012; Young et al., 2013). The O3 burden from MOZART-4x in this work
is about 12 Tg (or 3.8%) higher than that in Tilmes et al. (2015), which is mainly due to the
additional kinetic reactions included in this version of MOZART-4x. The dry deposition flux
of O3 from MOZART-4x is 679 Tg yr-1, which is about 3.7% lower than that from CB05_GE
(i.e., 705 Tg yr-1). The lower O3 dry deposition flux is mainly due to the lower O3
concentration simulated by MOZART-4x. The O3 chemical production and loss from
CB05_GE and MOZART-4x are roughly within the range of Young et al. (2013). The O3
chemical production from MOZART-4x is comparable to that of Lamarque et al. (2012), but
the O3 chemical production from CB05_GE is about 12.8% higher than Lamarque et al.
(2012). In this table, chemical production is calculated mainly from reactions of NO with
peroxy radicals and chemical loss is calculated mainly from the oxygen radical in the
reaction of excited oxygen atom (O1D) with water vapor (H2O) and from the reactions of O3
with the HO2, OH, and alkenes. Different peroxy radicals and alkenes treated and different
reaction rates used in the two mechanisms can contribute to the different chemical production
and chemical loss of O3. The O3 lifetime is calculated based on the ratio of O3 burden to the
total O3 loss (dry deposition + chemical loss). The O3 lifetime from CB05_GE is comparable
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to those reported by Young et al. (2013), and the O3 lifetime from MOZART-4x is
comparable to those reported by Lamarque et al. (2012) and Tilmes et al. (2015).
Column concentrations of OH, HCHO, and ISOP from MOZART-4x are higher than
CB05_GE, with global mean values of 9.7 ×1013 m-2 (or by 0.8%), 3.5 ×1017 m-2 (or by
1.3%), and 1.1 ×1018 m-2 (or by 25.6%), respectively. The higher column concentrations of
OH and HCHO are likely due to the photolysis of more peroxide species, better HOx
recycling, and higher precursors for secondary HCHO (e.g., ISOP) in MOZART-4x.
MOZART-4x includes detailed organic peroxide species, whereas in CB05_GE, all the
organic peroxide species are lumped into one species (i.e., ROOH). The uncertainties in HOx
recycling in CB05_GE can also result in uncertainties in OH predictions. The higher ISOP is
mainly due to higher biogenic emissions and less chemical loss in MOZART-4x than that in
CB05_GE. In MOZART-4x, the chemical loss of ISOP is mainly from the oxidation of ISOP
by OH, O3, and NO3. However, in CB05_GE, the chemical loss of ISOP includes not only
the oxidation of ISOP by OH, O3, and NO3, but also the consumption of ISOP by atomic
oxygen (i.e., O), NO2, and Cl.
As shown in Figure 4.6b, the differences in the domain average column mass
abundances of most aerosol species (e.g., NH4+, BC, Cl-, and POA) between MOZART-4x
and CB05_GE are within ± 0.02 mg m-2. The differences in the column SO42- vary from 25.2 to 0.4 mg m-2, with the global mean of -0.2 mg m-2. The simulated column
concentrations of SO42- from MOZART-4x are much lower than those from CB05_GE over
East Asia, west Europe, and Middle Africa. SO2 can be oxidized by O3 to form SO42- on the
surface of dust particles in CB05_GE, which explains additional formation of SO42- by
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CB05_GE over these regions. The differences of the spatial distributions and magnitudes in
the column concentrations of NH4+ are similar to those of SO42- over land areas, which is
associated with thermodynamic equilibrium. The column concentrations of NO3- simulated
by MOZART-4x are higher over East Asia, India, and Europe than those by CB05_GE,
which is mainly due to its competition with SO42- in forming ammonium salts in the
particulate phase in those regions where the column NH3 concentrations are high (Figure
4.6a). Dust emissions are very sensitive to the wind speed. Slightly changes in wind speeds
can result in significant change in dust emissions, thus, dust concentrations.
The column concentrations of SOA predicted by MOZART-4x are about 0.18 mg m-2
(or by 8.4%) higher than those predicted by CB05_GE. The higher SOA column
concentrations are mainly over most continental areas in the middle and low latitudes. The
SOA mainly includes biogenic SOA, anthropogenic SOA, and semi-volatile SOA. The
differences of SOA are mainly due to the higher BVOCs emissions and higher OH levels in
MOZART-4x than in CB05_GE. Different branching ratios used in MOZART-4x and
CB05_GE can also contribute to the different SOA predictions. MOZART-4x includes
explicit species and more types of precursors for alkylperoxy radicals (RO2), and different
reaction rate constants for different reactions, whereas in CB05_GE, all oxidized VOCs are
lumped as one species (i.e., RO2) and branching ratios are estimated based on the only three
reactions (i.e., reactions of RO2 with NO, HO2, and RO2). These differences can contribute to
the differences in the estimation of branching ratios, and therefore, affect the partitioning
between organic gas and aerosols through the 1.5 D VBS treatment implemented in CAM5NCSU.
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4.4.3 SOA Comparisons
Figure 4.7 shows the contributions to total SOA (TSOA) concentrations from
anthropogenic sources (ASOA), biogenic sources (BSOA), glyoxal (GLSOA), and semivolatile organic aerosol (SVSOA) over Australia, Europe, North America, South Africa,
South America, and East Asia over 2008-2010. The contributions of ASOA to TSOA
predicted by MOZART-4x and CB05_GE are about 17-44%, and 10-47%, respectively, with
South America the least and East Asia the most. The contributions of BSOA to TSOA
predicted by MOZART-4x and CB05_GE are about 31-75%, and 26-76%, respectively, with
East Asia the least and South America the most. The contribution of GLSOA to TSOA
predicted by CB05_GE is about 2-6%. CB05_GE used in this work includes a simple
conversion of glyoxal to condensable VOCs, which can be uptaken by preexisting particles to
form SOA. However, this conversion is not included in MOZART-4x. Therefore, there is no
GLSOA predicted by MOZART-4x despite it predicts higher glyoxal as shown in Figure 4.3.
The contributions of SVSOA to TSOA predicted by MOZART-4x and CB05_GE are about
8-37%, and 8-41%, respectively, with South America the least and South Africa the most.
Among four types of SOA, both MOZART-4x and CB05_GE predict BSOA as the main
contributor over most regions (e.g., Australia, North America, South Africa, and South
America) and ASOA as the main contributor over East Asia, which is mainly due to the
much higher anthropogenic emissions over East Asia. Europe is a different example.
MOZART-4x predicts BSOA as the top contributor (44%) and ASOA as the second largest
contributor (40%), whereas CB05_GE predicts ASOA as the top contributor (45%) and
BSOA as the second largest contributor (36%). Both MOZART-4x and CB05_GE predict
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ASOA as the top contributor (46-59%) for spring, fall, and winter, and BSOA as the top
contributor (57% and 47%, respectively) for summer over Europe. Since MOZART-4x
predicts higher BSOA than CB05_GE, BSOA is dominant in MOZART-4x on the annual
average. The higher BSOA from MOZART-4x than CB05_GE is mainly due to the higher
BVOCs emissions in MOZART-4x and higher OH levels in MOZART-4x. The total BVOCs
emission in MOZART-4x is about 2.5×10-3 kg m-2 yr-1, which is about 7.2×10-5 kg m-2 yr-1
(or 2.9%) higher than CB05_GE. The higher BVOCs emissions in MOZART-4x are mainly
due to the different species mapping for MEGAN emission calculations. The differences of
SOA from biogenic alkenes between MOZART-4x and CB05_GE are MYRC and BCARY
in MOZART-4x, and OCI, HUM, and TER in CB05_GE (as shown in Table 4.1). In CAMchem that uses MOZART, MEGAN calculates all of the individual species and CAM-chem
sums them up to map with the MOZART mechanism species. For example, MYRC
emissions consist of myrcene and ocimene, BCARY emissions consist of beta-caryophyllene,
alpha-bergamotene, beta-bisabolene, beta-farnescene, and alpha-humulene, and LIMON
emissions consist of limonene, phellandrene, and terpinene. Therefore, the biogenic
emissions for more types of VOCs in MOZART-4x are higher than those in CB05_GE,
resulting in higher BSOA in MOZART-4x. The differences in SOA from aromatics between
MOZART-4x and CB05_GE are BENZENE in MOZART-4x and PAH in CB05_GE (as
shown in Table 4.1). The emissions of PAH are higher over Europe, East Asia, eastern U.S.,
and South Africa. The benzene emissions are about 1 order of magnitude higher than the
emissions of PAH, and the rate constant of the oxidation of benzene by OH is temperature
dependent whereas it is constant for oxidation of PAH by OH. In addition, OH levels are
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higher in MOZART-4x than those in CB05_GE. These differences could result in different
ASOA between two simulations. Both MOZART-4x and CB05_GE predict higher SVSOA
contributions over South Africa than other regions, which is mainly due to the higher POA
emissions (e.g., biomass burning) over this region.
Although the percentage contributions of different types of SOA predicted by
MOZART-4x and CB05_GE are similar over most regions, the absolute mass concentrations
of different types of SOA are different. For example, TSOA predicted by MOZART-4x is
about 0.02-2.0 mg m-2 higher than by CB05_GE over these regions. ASOA predicted by
MOZART-4x is about 0.068-1.017 mg m-2 higher than predicted by CB05_GE over most
regions except Europe (0.054 mg m-2 lower) and East Asia (0.062 mg m-2 lower). BSOA
predicted by MOZART-4x is about 0.162-1.365 mg m-2 higher than predicted by CB05_GE
over most regions except Australia (0.003 mg m-2 lower). MOZART-4x includes SOA
formation from benzene, which can predict higher ASOA formation. In addition, OH
predicted by MOZART-4x is higher than CB05_GE (See Figure 4.6a), which can produce
more condensable SOA gaseous precursors through oxidations of VOCs. The higher BVOCs
emissions in MOZART-4x due to different mapping for MEGAN species can also contribute
to the higher BSOA formation in MOZART-4x.
4.4.4 Cloud/Radiative Evaluations
Table 4.5 shows the statistical performance for major cloud/radiative variables for
MOZART-4x and CB05_GE simulations. Radiative variables such as OLR, FSDS, and
FLDS show excellent agreement with observations, with NMBs within 8% for both
simulations. However, SWCF is overpredicted by both MOZART-4x and CB05_GE, with
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NMBs of 26.4% and 27.7%, respectively, and LWCF is underpredicted by both MOZART4x and CB05_GE, with NMBs of -21.6% and -16.7%, respectively. All predicted radiative
variables show high correlation with observations, with correlation coefficients of 0.9 to
0.99. CF is well predicted by MOZART-4x, with an NMB of 6.3%, whereas CCN5, CDNC,
COT, and LWP are moderately overpredicted or underpredicted, with NMBs of -32.1%,
19.7%,-26.0%, and 2.8%, respectively. The performance of cloud variables is similar in
CB05_GE, with NMBs of 6.0%, -29.0%, 20.8%, -26.0%, and 1.7% for CF, CCN5, CDNC,
COT, and LWP, respectively. AOD is also underpredicted by both MOZART-4x and
CB05_GE, with NMBs of -23.9% and -24.6%, respectively.
Figure 4.8 shows the Taylor diagram (Taylor, 2001) comparing the model
performance of MOZART-4x with that of the CB05_GE for cloud and radiative predictions.
The similarity between the two patterns is quantified in terms of their correlations (i.e.,
angle), their standard deviations (i.e., y axis), and the ratio of their variances (i.e., x axis). In
general, the performance of major cloud/radiative variables between MOZART-4x and
CB05_GE are similar. The major differences in the performance of cloud/radiative variables
between MOZART-4x and CB05_GE are the variances of CCN5, CDNC, and SWCF, which
is mainly due to the predicted aerosol distributions (see Figure 4.6b). The larger deviation of
COT and LWP from observations (i.e., the two points located outside the diagram in Figure
4.8) suggests the uncertainties both in the model treatments for cloud dynamics and
thermodynamics as well as in the satellite retrievals.
Due to the underpredictions of cloud variables (e.g., COT and CCN5), OLR is
slightly overpredicted by 7.8 W m-2 (or by 3.6%), and LWCF is underpredicted by 4.8 W m-2
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(or by 21.6%) in MOZART-4x. Similarly, OLR is slightly overpredicted by 6.7 W m-2 (or by
3.1%) and LWCF is underpredicted by 3.7 W m-2 (or by 16.7%) in CB05_GE. Figure 4.9
shows the comparisons of satellite observations with model predictions for AOD, CCN5,
CDNC, COT, and SWCF averaged during 2008-2010. The underpredictions of AOD over
oceanic areas can be attributed to the uncertainties in the sea-salt emissions and inaccurate
predictions of other PM components (e.g., marine organic aerosols) over the ocean and
overestimation of oceanic AOD in the MODIS collection 5.1 (Levy et al., 2013). The
underprediction of AOD over land (e.g., tropical islands) is mainly due to the significant
underestimation of biomass burning emissions in the model (Tilmes et al., 2015). AOD is
higher in MOZART-4x over most land areas (except East Asia and Europe) than in
CB05_GE. The higher AOD in MOZART-4x is mainly due to higher SOA (e.g., over most
land areas) and higher NO3- (e.g., over CONUS) in MOZART-4x. The lower AOD over East
Asia and Europe in MOZART-4x is mainly due to the lower SO42- as there is an additional
pathway of SO2 (oxidized by O3) included in CB05_GE but it is not included in MOZART4x and lower NH4+ to neutralize lower SO42- through thermodynamic equilibrium. This
additional pathway also results in higher H2SO4 predictions in CB05_GE and higher aerosol
number concentration through homogeneous nucleation. Therefore, CCN5 is higher in
CB05_GE than in MOZART-4x (see Figure 4.9). CDNC is moderately overpredicted for
both cases. Cloud droplet formation is sensitive to both particle number concentrations and
updraft velocity (Reutter et al., 2009). The overprediction of CDNC is due partly to high
activation fractions (e.g., inclusion of adsorption activation from insoluble CCN and effective
uptake coefficient of 0.06 used in this work) (Gantt et al., 2014) as well as the uncertainties
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in the model treatments for cloud microphysics (e.g., resolved clouds and subgrid-scale
cumulus clouds) and satellite retrievals (e.g., error propagation of the input variables to
derive CDNC) (Bennartz, 2007). COT is largely overpredicted over Southeast Asia and
South America and underpredicted over polar regions for both simulations. Overpredictions
in CDNC and COT can increase cloud albedo and therefore, increase SWCF over the low
and middle latitudes. The large underpredictions of COT over polar regions can be attributed
to the uncertainties in plane-parallel visible-near-infrared retrievals with low solar zenith
angle (Seethala and Horváth, 2010) and the influence of radiatively active snow on overlying
cloud fraction (Kay et al., 2012). Due to the different gas-phase mechanisms, the predicted
SWCF (Figure 4.9) and LWCF (Figure not shown) are different, with a global average
difference of 0.5 W m-2 and 1.1 W m-2, respectively. However, the absolute differences in
simulated SWCF can be as large as 13.6 W m-2 as shown in Figure 4.9. The large differences
of SWCF and LWCF between MOZART-4x and CB05_GE are mainly over subtropical
regions (e.g., 20 oS-20 oN), which is mainly due to lower COT in MOZART-4x than in
CB05_GE.
4.5 Conclusion
In this work, MOZART-4x and CB05_GE are coupled with CAM5-NCSU.
MOZART-4x uses lumped species approach to represent organic chemistry whereas
CB05_GE uses lumped structure approach. MOZART-4x and CB05_GE include different
surrogates for SOA precursors, which can result in different SOA predictions. MOZART-4x
includes HOx recycling associated with improved isoprene chemistry whereas CB05_GE
contains simpler isoprene chemistry, which can result in different OH and isoprene
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predictions and thus, SOA predictions. CB05_GE includes additional oxidation of SO2 by O3
over the surface of dust particles to produce additional SO42-, which is not included in
MOZART-4x. These differences can result in different secondary gases and aerosols
predictions.
The comparisons between the two gas-phase mechanisms are conducted in terms of
chemical and cloud/radiative predictions. Predictions of major gases and inorganic aerosols
predicted by MOZART-4x and CB05_GE are overall similar. Significant differences in some
species (e.g., NOy, glyoxal, and SOA) predictions are mainly due to the different reaction
pathways treated in the two mechanisms. Large biases exist for surface SO2, CO, and NH3
predictions against available observations, which is likely due to the uncertainties in the
emissions or emission injection heights. Several studies indicate that the uncertainties in
regional emissions (e.g., BC and SO2) can be expected to be as large as a factor of 2 or larger
(Bond et al., 2007; Smith et al., 2011). Large discrepancies still remain for major species
such as SO2, NOx, BC, and CO among different inventories (Granier et al., 2011). Both
MOZART-4x and CB05_GE overpredict surface O3 over CONUS, Europe, and East Asia,
which is due in part to less O3 titration resulted from underpredictions of NOx, the use of a
coarse grid resolution, as well as dilution of NOx emissions. The overpredictions of SO2 and
NH3 result in the overpredictions of SO42- and NH4+ over CONUS and Europe. Both surface
CO and column CO are underpredicted, which is mainly due to underestimations in the CO
emissions from biomass burning and possible uncertainties in the OH production. Surface
SO2 is overpredicted whereas column SO2 is underpredicted, indicating the uncertainties in
the vertical mixing scheme or emission injection heights as reported in East Asia (Zhang et
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al., 2015a, b). The large underpredictions of column glyoxal are mainly due to the
uncertainties in the chemical production and loss for glyoxal. Tropospheric O3 predicted by
MOZART-4x is about 4.7% lower than CB05_GE, but agrees better with OMI/MLS. The
lower column O3 in MOZART-4x is mainly due to lower NO2 and higher OH in MOZART4x. The column SOA predicted by MOZART-4x is about 8.4% higher than CB05_GE,
whereas there is not much difference for column POA. The difference in SOA column is
mainly due to higher BVOCs emissions and higher OH levels in MOZART-4x than in
CB05_GE. Chemical profiles (e.g., O3, CO, and NOx) predicted by CB05_GE and
MOZART-4x are overall similar, whereas NOy profile predicted by CB05_GE agree better
with aircraft measurements than by MOZART-4x.
The concentrations of VOCs (e.g., formaldehyde, isoprene, and toluene) are
moderately to largely underpredicted, which is likely due to the use of a coarse grid
resolution, the uncertainties in the biogenic emissions, as well as chemical reactions (e.g.,
reaction rate coefficients for HCHO production and loss and isoprene chemistry). The
concentration of OC over CONUS is well predicted by MOZART-4x, with an NMB of 2.1%,
whereas it is moderately underpredicted by CB05_GE, with an NMB of -20.7%. Compared
to the observations at the four sites in the U.S. from Lewandowski et al. (2013), SOA is well
predicted by MOZART-4x, with an NMB of -1.9%, whereas it is moderately underpredicted
by CB05_GE, with an NMB of -23.1%, indicating a better capability to predict SOA over
these sites by MOZART-4x despite its tendency to overpredict SOA concentrations at sites
with low SOA levels such as Bakersfield and Pasadena, CA. However, the concentrations of
OC over Europe is largely underpredicted by both MOZART-4x and CB05_GE, with NMBs
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of -74.2% and -75.1%, respectively, indicating the uncertainties in the emissions, chemical
reactions, as well as SOA formation treatment. Both MOZART-4x and CB05_GE largely
underpredict HOA in the Northern Hemisphere, with NMBs of -77.2% and -76.7%,
respectively, indicating the uncertainties in the POA evaporation treatment as well as POA
emissions. OOA is also underpredicted by both MOZART-4x and CB05_GE in the Northern
Hemisphere, with NMBs of -56.5% and -62.3%, respectively, indicating the uncertainties in
the emissions, fragmentation rates, as well as SOA formation treatment. PM2.5 is well
predicted over CONUS by both MOZART-4x and CB05_GE, with NMBs of 0.7% and 1.1%, respectively, whereas it is moderately underpredicted over Europe, with NMBs of 39.8% and -37.4%, respectively. The underpredictions of PM2.5 over Europe are mainly due
to the inaccurate predictions of OA over Europe. PM10 is underpredicted over CONUS,
Europe, and East Asia by both MOZART-4x and CB05_GE, which is mainly due to the
inaccurate predictions of coarse particles and uncertainties in the anthropogenic emissions
(e.g., SO2, BC, and OC) and online dust and sea-salt emissions. The different AOD
predictions between CB05_GE and MOZART-4x are mainly due to the different predictions
in SOA, SO42-, NH4+, NO3-, and dust concentrations.
The cloud/radiative predictions from the two simulations are also similar, with
slightly better domain average performance of CCN5, LWP, and LWCF in CB05_GE. But
MOZART-4x predicts slightly better CCN profile over Beijing than CB05_GE compared to
aircraft measurements. The different gas-phase mechanisms result in different predictions in
aerosols and clouds, and therefore, a domain average difference of 0.5 W m-2 in simulated
SWCF, which can be as large as 13.6 W m-2 over subtropical regions. Such differences are
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caused by different aerosol and cloud predictions from both simulations. Radiative variables
such as OLR, FSDS, and FLDS, show excellent agreement with observations, with NMBs
within 8% for both MOZART-4x and CB05_GE. However, there are large deviations for
COT and LWP, indicating the uncertainties both in the model treatments for cloud dynamics
and thermodynamics and in the satellite retrievals.
In summary, MOZART-4x and CB05_GE differ in their approaches to represent
VOCs and surrogates for SOA precursors. MOZART-4x includes a more detailed
representation of isoprene chemistry compared to CB05_GE. Based on the above
comparisons of simulations using both mechanisms and evaluation against available
measurements in this study, MOZART-4x with the 1.5 D VBS SOA module in CESMNCSU generally gives a better agreement with observations for surface concentrations of O3
over Europe, HNO3, HCHO, ISOP over CONUS,, SOA, SO42-, NO3-, and NH4+ over
CONUS and Europe, , and column mass abundances of HCHO, CH2O2, SO2,and O3, whereas
CB05_GE generally gives a better agreement for surface concentrations of SO2, NH3, O3
over CONUS and East Asia, HNO3 over Europe, PM2.5 and PM10 over Europe, PM10 over
East Asia, vertical profiles of NOy, and column mass abundances of CO. Both simulations
give predictions of cloud/radiative variables with slightly better domain average performance
of CCN5, LWP, and LWCF in CB05_GE.
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Table 4.1. Gas-phase organic aerosol precursors in the two mechanisms
Precursors
MOZART-4x1
CB05_GE2
Aromatics
TOLUENE, BENZENE ,
TOL, XYL, CRES, PAH
XYLENES, CRESOL
Alkanes
BIGALK
ALKH
Anthropogenic alkenes
C3H6, BIGENE
OLE, IOLE
Biogenic alkenes
APIN, BPIN, LIMON,
APIN, BPIN, LIM, OCI,
MYRC, BCARY, ISOP
HUM, TER, ISOP
1
BIGALK: lumped alkanes C > 3; C3H6: propene; BIGENE: lumped alkenes C > 3; APIN:
α-pinene + others; BPIN: β-pinene+others; LIMON: limonene + others; MYRC: myrcene +
others; BCARY: beta-caryophyllene + other sesquiterpenes; ISOP: isoprene
2
TOL: toluene and other monoalkyl aromatics; XYL: xylene and other polyalkyl aromatics;
CRES: cresol and higher molecular weight phenols; PAH: polycyclic aromatic hydrocarbons;
ALKH: long-chain alkanes, C >6; OLE: terminal olefin carbon bond (R-C=C); IOLE:
internal olefin carbon bond (R-C=C-R); APIN: α-pinene; BPIN: β-pinene; LIM: limonene;
OCI: ocimene; HUM: humulene; TER: terpinene; ISOP: isoprene
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Table 4.2. Datasets for model evaluation
Species/Variables
Cloud fraction (CF), Cloud optical thickness (COT), Cloud
liquid water path (LWP), Precipitating water vapor (PWV),
Aerosol optical depth (AOD), Column cloud condensation
nuclei (ocean) at S = 0.5% (CCN5)
Cloud droplet number concentration (CDNC)
Shortwave cloud radiative forcing (SWCF)
Longwave cloud radiative forcing (LWCF)
Downwelling longwave radiation at surface (FLDS)
Downwelling shortwave radiation at surface (FSDS)
Outgoing longwave radiation (OLR)
Carbon monoxide (CO)
Ozone (O3)

Sulfur dioxide (SO2)
Nitric acid (HNO3)
Ammonia (NH3)
Nitrogen dioxide (NO2)
Sulfate (SO42-), Ammonium (NH4+), Nitrate (NO3-)
Chloride (Cl-)
Organic carbon (OC)
Black carbon (BC), Total carbon (TC)
Formaldehyde (HCHO), Isoprene (ISOP), and Toluene (TOL)
Hydrocarbon-like organic aerosol (HOA), Oxygenated organic
aerosol (OOA), Total organic aerosol (TOA)
Secondary organic aerosol (SOA)
Particulate matter with diameter less than and equal to 2.5 μm
(PM2.5)
Particulate matter with diameter less than and equal to 10 μm
(PM10)
Column CO
Column NO2, Column SO2, Column HCHO, Column glyoxal
(C2H2O2)
Tropospheric ozone residual (TOR)

Dataset (Number of sites)
MODIS
Bennartz (2007)
CERES
NOAA/CDC
East Asia: NIESJ (2133), TAQMN (70), KMOE (258)
CONUS: CASTNET (141)
Europe: Airbase (3846), BDQA (490), EMEP (317)
East Asia: TAQMN (70), KMOE (258)
CONUS: CASTNET (141)
Europe: Airbase (3846), BDQA (490), EMEP (317)
East Asia: MEPC (84), NIESJ (2133), KMOE (258), TAQMN (70)
CONUS: CASTNET (141); Europe: EMEP (317)
Europe: Airbase (3846), EMEP (317)
Europe: Airbase (3846), BDQA (490), EMEP (317)
East Asia: NIESJ, TAQMN, KMOE
CONUS: CASTNET (141), IMPROVE (199), STN (18129);
Europe: Airbase (3846), EMEP (317)
CONUS: IMPROVE (199)
Europe: Airbase (3846), EMEP (317)
CONUS: IMPROVE (199); Europe: EMEP (317)
CONUS: IMPROVE (199), STN(18129)
CONUS: AQS (25877)
Northern Hemisphere: Zhang et al. (2007) and Jimenez et al. (2009)
(Z07 & J09) (33)
CONUS: Ohio (2) and California (2) (Lewandowski et al., 2013)
CONUS: IMPROVE (199), STN (18129)
Europe: BDQA (490), EMEP (317)
CONUS: AQS (25877)
Europe: Airbase (3846), BDQA (490), EMEP (317)
East Asia: MEPC (84), NIESJ (2133), KMOE (258), TAQMN (70)
Globe: MOPITT
Globe: SCIAMACHY

Globe: OMI/MLS
ARCPAC (Mar.-Apr., 2008), ARCTAS (Apr.-Jun., 2008),
O3, CO, NOx, and NOy profiles
START08 (Apr.-Jun., 2008), and CalNex (May-Jun., 2010)
CCN_China
Beijing: Zhang et al. (2011) (Jul.-Sep., 2008)
NOAA/CDC: National Oceanic and Atmospheric Administration Climate Diagnostics Center; MODIS: Moderate
Resolution Imaging Spectroradiometer; CERES: Clouds and Earth's Radiant Energy System; MOPITT: the Measurements
Of Pollution In The Troposphere; OMI/MLS: the Aura Ozone Monitoring Instrument in combination with Aura Microwave
Limb Sounder; SCIAMCHY: the SCanning Imaging Absorption spectroMeter for Atmospheric CHartographY; CASTNET:
Clean Air Status and Trends Network; IMPROVE: Interagency Monitoring of Protected Visual Environments; STN:
Speciation Trends Network; AQS: Air Quality System; EMEP: European Monitoring and Evaluation Program; BDQA: Base
de Données sur la Qualité de l'Air; AirBase: European air quality database; MEPC: Ministry of Environmental Protection of
China; TAQMN: Taiwan Air Quality Monitoring Network; NIESJ: National Institute for Environmental Studies of Japan;
KMOE: Korean Ministry of Environment; ARCPAC: Aerosol, Radiation, and Cloud Processes affecting Arctic Climate in
2008 (Brock et al., 2011); ARCTAS: Arctic Research of the Composition of the Troposphere from Aircraft and Satellites
(Jacob et al., 2010), START08: Stratosphere-Troposphere Analyses of Regional Transport in 2008 (Pan et al., 2010);
CalNex: California Nexus 2010 (Ryerson et al., 2013)..
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Table 4.3. Performance statistics of chemical species
Species
CO (ppb)

Domain

Obs

Sim
150.9
11.6
9.5
4.3
2.5
6.7
3.0
44.7
78.6
48.3
2.1
0.7
1.6
0.2
0.2

MOZART-4x
NMB (%)a
-65.6
580.2
100.9
47.0
112.4
-61.4
-74.1
29.0
39.9
62.4
145.0
-15.6
-30.1
-27.3
-65.3

NME (%)a
65.7
580.2
121.2
70.6
146.0
65.5
75.2
29.5
40.8
62.4
145.2
65.4
48.4
63.2
69.2

Sim
150.4
11.2
9.2
3.9
2.4
6.6
3.0
44.4
80.6
47.7
2.2
0.8
1.5
0.2
0.2

CB05_GE
NMB (%)a NME (%)a
-65.7
65.8
561.6
561.6
94.1
115.4
35.5
64.0
104.3
139.8
-62.1
66.0
-74.8
75.8
28.2
28.5
43.5
44.2
60.3
60.3
154.7
154.7
-10.9
64.9
-36.3
49.0
-29.0
64.7
-65.1
69.1

East Asia
438.7
CONUS
1.7
SO2b
Europe
4.7
East Asia
2.9
NH3 (μg m-3)
Europe
1.2
Europe
17.4
c
NO2
East Asia
11.7
CONUS
34.7
O3d
Europe
56.2
East Asia
29.8
CONUS
0.9
HNO3
(μg m-3)
Europe
0.8
HCHO (ppb) CONUS
2.3
ISOP (ppb)
CONUS
0.3
Toluene (ppb) CONUS
0.5
Col. CO
Globe
1.6×1018
1.2×1018
-25.8
27.5
1.2×1018
-24.4
26.1
(molec.cm-2)
Col. NO2
Globe
5.5×1014
8.5×1014
56.0
71.0
9.3×1014
70.2
83.3
(molec.cm-2)
Col. HCHO
Globe
4.6×1015
3.1×1015
-31.2
39.2
3.1×1015
-32.7
40.4
(molec.cm-2)
Col. C2H2O2
Globe
2.8×1014
3.9×1013
-86.0
86.0
5.9×1012
-97.9
-97.9
(molec.cm-2)
Col. SO2(DU)
Globe
1.2
0.3
-70.1
90.1
0.3
-73.5
88.7
TOR (DU)
Globe
28.6
30.3
6.0
15.0
31.8
11.3
16.5
CONUS
1.8
3.0
72.9
72.9
3.3
89.7
89.7
SO42(μg m-3)
Europe
1.8
2.9
62.1
70.1
3.2
79.7
85.2
CONUS
0.9
1.3
37.8
49.9
1.3
44.3
55.6
NH4+
(μg m-3)
Europe
0.9
1.3
51.5
63.1
1.4
63.4
72.8
CONUS
0.9
0.9
-6.0
44.4
0.7
-21.2
40.2
NO3
(μg m-3)
Europe
1.7
1.2
-28.9
54.2
1.2
-30.5
53.4
CONUS
0.1
0.02
-78.1
84.3
0.02
-78.3
84.5
Cl(μg m-3)
Europe
1.1
4.1
273.4
274.7
4.2
273.7
274.8
BC (μg m-3)
CONUS
0.3
0.2
-29.3
44.6
0.2
-29.3
44.6
CONUS
0.9
1.0
2.1
33.2
0.7
-20.7
32.8
OC (μg m-3)
Europe
2.9
0.7
-74.2
77.3
0.7
-75.1
78.0
TC (μg m-3)
CONUS
1.8
1.3
-29.6
39.3
1.1
-42.1
45.8
SOAe
CONUS
1.8
1.8
-1.9
29.3
1.4
-23.1
35.8
HOAe
N.H.f
2.1
0.5
-77.2
81.5
0.5
-76.7
81.3
OOAe
N.H. f
4.8
2.1
-56.5
56.6
1.8
-62.3
62.3
TOAe
N.H.f
7.9
2.5
-67.8
68.2
2.3
-71.2
72.0
CONUS
7.4
7.5
0.7
27.6
7.4
-1.1
27.7
PM2.5
(μg m-3)
Europe
14.4
8.9
-39.8
44.8
9.0
-37.4
42.9
CONUS
20.6
12.6
-38.6
50.2
12.6
-38.9
50.7
PM10
Europe
22.1
18.8
-14.9
39.9
19.2
-13.1
38.9
(μg m-3)
East Asia
88.0
59.0
-32.9
41.1
64.8
-26.4
37.2
a
NMB: normalized mean bias (%); NME: normalized mean error (%); b The unit is μg m-3 for CONUS and ppb for East
Asia. c The unit is μg m-3 for Europe and ppb for East Asia. d The unit is ppb for CONUS and East Asia, and μg m-3 for
Europe. e SOA: secondary organic aerosol; HOA: hydrocarbon-like organic aerosol; OOA: oxygenated organic aerosol;
TOA: total organic aerosol; f N.H.: northern hemisphere;
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Table 4.4. Tropospheric ozone budget

a

Ozone

MOZART-4x

CB05_GE

Lamarque et al.
(2012)

Young et al.
(2013)

Burden (Tg)

325

333

328

337 ± 23

Dry Deposition
(Tg yr-1)

679

705

705

1003 ± 200

Chemical Production
(Tg yr-1)

4974

5743

4897

5110 ± 606

Chemical Loss
(Tg yr-1)

4259

5194

4604

4668 ± 727

Lifetime (days)

24

21

26

22.3 ± 2.0

b

a

Chemical production is mainly contributed by reactions of NO with peroxy radicals;
Chemical loss is mainly contributed by the oxygen radical in the O(1D) + water (H2O) reaction and by the reactions of ozone
with the hydroperoxyl radical (HO2), OH, and alkenes;
b
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Table 4.5. Performance statistics of meteorological/radiative variables
MOZART-4x
NMB
NME
RMSEb
(%)b
(%)b

Variablesa

Networks

Obs

OLR
(W m-2)
FLDS
(W m-2)
FSDS
(W m-2)
SWCF
(W m-2)
LWCF
(W m-2)
CCN5
(# cm-2)
CF (%)

NOAA/
CDC

217.0

224.8

3.6

4.1

CERES

306.7

307.3

0.2

CERES

163.4

150.9

CERES

-40.7

CERES

Corr b

Sim

NMB
(%)b

10.0

0.99

223.7

3.1

3.1

11.6

0.99

307.3

-7.6

10.2

22.6

0.9

-51.5

26.4

33.4

19.0

22.4

17.6

-21.6

25.1

MODIS

2.2×108

1.5×108

-32.1

MODIS

67.3

71.5

COT

MODIS

16.5

AOD
PWV
(cm)
CDNC
(# cm-3)

MODIS

LWP
(g m-2)

CB05_GE
NME
(%)b

RMSEb

Corr b

3.9

9.6

0.98

0.2

3.1

11.5

0.99

150.8

-7.7

10.2

22.7

0.9

0.9

-52.0

27.7

-34.4

19.6

0.9

6.8

0.9

18.7

-16.7

23.8

6.6

0.9

46.4

1.7×108

0.4

1.6×108

-29.0

46.6

1.7×108

0.4

6.3

12.7

12.5

0.8

71.3

6.0

12.7

12.5

0.8

12.2

-26.0

61.6

14.0

-0.3

12.2

-26.0

61.3

14.0

-0.3

0.15

0.11

-23.9

40.5

0.08

0.7

0.11

-24.6

40.5

0.08

0.7

MODIS

1.9

2.0

5.6

11.4

0.3

0.99

2.0

5.5

11.4

0.3

0.99

UM-W

105.8

126.6

19.7

38.7

56.5

0.5

127.8

20.8

39.1

58.1

0.6

MODIS

142.0

65.2

-54.1

65.4

143.3

-0.4

64.7

-54.4

65.3

143.3

-0.4

Sim

UM-W
84.6
87.0
2.8
38.3
42.3
0.4
86.0
1.7
37.7
41.7
0.4
OLR: outgoing long wave radiation; FLDS: downwelling longwave radiation at the surface; FSDS: downwelling shortwave radiation at the
surface; SWCF: shortwave cloud radiative forcing; LWCF: longwave cloud radiative forcing; CCN5: column CCN (ocean) at supersaturation
of 0.5%; CF: cloud fraction; COT: clout optical thickness; AOD: aerosol optical depth; PWV: precipitable water vapor; CDNC: cloud droplet
number concentration; LWP: liquid water path.
b
NMB: normalized mean bias (%); NME: normalized mean error (%); RMSE: root mean squared error; Corr.: correlation coefficient
a
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Figure 4.1. Scatter plots of O3, PM, organic carbon (OC), hydrocarbon-like organic aerosol (HOA), oxygenated
organic aerosol (OOA), total organic aerosol (TOA) over various sites during 2008-2010. The X (observations)
and Y (simulations) axes are in log scale. Red dots represent MOZART-4x and blue dots represent CB05_GE.
R is the correlation coefficient between simulated results and observational data. Z07: Zhang et al. (2007); J09:
Jimenez et al. (2009); L13: Lewandowski et al. (2013).
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CB05_GE

SOA (μg m-3)

3

MOZART-4x

2.5
2
1.5

1
0.5
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Cleveland, OH
(Jul-Aug, 2009)

Medina, OH
(Jul-Aug, 2009)

Bakersfield, CA
(May-Jun, 2010)

Pasadena, CA
(May-Jun, 2010)

Figure 4.2. Comparisons of simulated and observed SOA concentrations at the four field study sites
during 2009-2010. The observations are based on Lewandowski et al. (2013).
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Figure 4.3. Zonal-mean profiles of HCHO, glyoxal, CO, NO2, and TOR from CB05_GE and MOZART-4x simulations for June, July, and
August during 2008-2010.
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Figure 4.4. Simulated vertical profiles of O3, CO, NOx, and NOy, against aircraft measurements. The
black solid line represents observations from aircraft measurements (Pan et al., 2010; Brock et al.,
2011; Ryerson et al., 2011; Jacob et al., 2010). The red solid and blue solid lines represent model
output from MOZART-4x and CB05_GE, respectively.

182

Figure 4.5. Simulated vertical profiles of CCN against aircraft measurements. The black solid
line represents observations from aircraft measurements of Zhang et al. (2011). The red solid
and blue solid lines represent model output from MOZART-4x and CB05_GE, respectively.
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MOZART-4x – CB05_GE

Figure 4.6a. Absolute differences averaged during 2008-2010 in tropospheric column concentrations of major gaseous species between
MOZART-4x and CB05_GE.
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MOZART-4x – CB05_GE

Figure 4.6b. Absolute differences averaged during 2008-2010 in tropospheric column concentrations of major aerosol species between
MOZART-4x and CB05_GE.
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GLSOA

36%
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15%
32%
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17%
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SVSOA
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25%
0%
31%

44%

GLSOA
SVSOA

SVSOA

TSOA = 4.51 mg m-2

ASOA
BSOA

GLSOA

75%
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25%
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26%

47%
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Figure 4.7. Column abundances (mg m-2) averaged during 2008-2010 of secondary organic aerosols
(SOA) from anthropogenic sources (ASOA), biogenic sources (BSOA), and glyoxal (GLSOA), and
semi-volatile organic aerosol (SVSOA) over Australia, Europe, North America, South Africa, South
America, and East Asia.
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Figure 4.8. Taylor diagram of comparison of cloud and radiative predictions between MOZART-4x
and CB05_GE. The results are based on 3-year average. This diagram represents the similarity
between MOZART-4x and CB05_GE. X-axis represents the ratio of variances between observations
and simulations (proportional to the reference point identified as “REF”), and Y-axis represents the
normalized standard deviation between the two patterns (proportional to the radial distance from the
origin). Two variables, COT and LWP, are located outside the diagram because the ratios of variance
between simulated results and observations (the values of 1.81 from MOZART-4x and 1.79 from
CB05_GE in the top) are larger than 1.75 for LWP and the correlation coefficients (the values of 0.32 from MOZART-4x and -0.31 from CB05_GE in the bottom) for COT are negative.
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Obs

MOZART-4x

CB05_GE

MOZART-4x - CB05_GE

Figure 4.9. Comparison of satellite observations with predictions of for AOD, CCN5, CDNC, COT, and SWCF by MOZART-4x and
CB05_GE.
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CHAPTER 5. IMPACTS OFAIR-SEA INTERACTIONS ON REGIONAL AIR
QUALITY PREDICTIONS: U.S. EAST COAST EXAMPLE
5.1. Introduction
Regional atmospheric models have been developed with higher grid resolution and
allow more detailed treatments for gaseous and aerosol physical and chemical processes. 3-D
regional atmospheric models, such as the Weather Research and Forecasting model with
chemistry (WRF/Chem, Grell et al., 2005; Fast et al., 2006; Zhang et al., 2010b), the
Community Multi-scale Air Quality (CMAQ, Binkowski and Roselle, 2003; Byun and
Schere, 2006) model, and the Comprehensive Air Quality Model with Extensions (CAMx,
ENVIRON, 1998, 2010 ), are often used for regional air quality studies. Most regional
models consist of an atmospheric component coupled to a land surface scheme and forced by
prescribed sea surface temperature (SST) over ocean. However, SST patterns can impact
precipitation patterns and therefore affect atmospheric heating through latent heat flux. As a
result, boundary layer conditions are impacted through air-sea interactions, resulting in
changes in the planetary boundary height (PBLH), surface temperature, and surface wind.
Most coastal areas contain dense population. The air pollutants such as ozone (O3) and
particulate matter (PM) trapped in the boundary layer of these regions can have adverse
impacts on human health and environment. The changes in the horizontal SST gradients can
impact the surface fluxes at atmosphere-ocean interface, which leads to changes in the
surface winds and PBLH. Changes in surface wind can have significant impacts on dust and
sea-salt emissions. Changes in PBLH can impact the vertical distribution of chemical species.
Therefore, the feedbacks from the coupled ocean-atmosphere can impact the distribution and
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concentration of chemical species, which can in turn affect human health, environment, and
ecology. As such, it is also important to include the interactions among Earth components in
the regional models based on geographical characteristics of the studying area, which makes
regional earth system modeling important.
As a first step towards this goal, a regional atmospheric model (i.e., WRF) and the
Regional Ocean Modeling System (ROMS) have been coupled for simulating the dynamic
processes in the atmosphere and ocean. For example, the Coupled Ocean-Atmosphere-WaveSediment Transport (COAWST) Modeling System is designed to simulate the dynamic
processes of coastal zones (Warner et al., 2010). In this coupled system, the atmosphere
model, WRF, provides meteorology (e.g., temperature, humidity, pressure, and wind
stresses), shortwave radiation, and surface heat fluxes to ROMS, and the resulting SST is fed
back to WRF. The coupling of WRF-ROMS has been applied for a number of regional airsea interaction studies (Nelson et al., 2014; Zambon et al., 2014). However, these studies
focus on the effects of air-sea interactions on atmospheric dynamics and ocean circulation.
Meteorology and radiation are important for distribution and concentration of air
pollutants (e.g., transport of air pollutants, photolysis, and chemical reactions). Chemical
species can influence the meteorological and cloud/radiative variables by perturbating the
atmospheric radiation budget and through cloud properties. While many of these coupled
modeling systems include prescribed or constant chemistry (e.g., prescribed O3 or AOD),
little work has been done using coupled regional air quality model and regional ocean model.
In this work, building on existing coupled WRF-ROMS in COAWST, WRF/Chem is coupled
with ROMS in COAWST to study the effects of air-sea interactions on regional air quality
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through better representation of air-sea interactions. The major objective in this work is to
examine the impacts of air-sea interactions on model predictions of meteorology, chemistry,
and cloud/radiation over coastal regions.
5.2 Model Configurations and Evaluation Protocols
5.2.1 Model Description and Setup
The WRF/Chem model is used in this work to represent the atmospheric conditions. It
is based on WRF/Chem version 3.6.1 with additional modifications and updates by Wang et
al. (2015a). The major updates include (1) the coupling of the 2005 Carbon Bond (CB05)
gas-phase (Yarwood et al., 2005; Sarwar et al., 2008) with the existing Modal of Aerosol
Dynamics in Europe with the Volatility Basis Set (MADE-VBS, Grell et al., 2005; Ahmadov
et al., 2012) approach for simulating secondary organic aerosol (SOA); (2) incorporating the
aqueous chemistry (AQChem) module of CMAQ version 5.0 (Sarwar et al., 2011) into
WRF/Chem. This new chemistry-aerosol option of CB05-MADE/VBS has been coupled
with existing model treatments and has been demonstrated its capability to simulate
chemistry-aerosol-radiation-cloud feedbacks such as aerosol semi-direct effects on photolysis
rates of major gases, aerosol indirect effects on cloud droplet numbers, and cloud effects on
shortwave radiation (Wang et al., 2014a,b; Yahya, et al., 2014, 2015). In this work, this
chemistry-aerosol option of CB05-MADE/VBS is applied for all the WRF/Chem
simulations.
Table 5.1 shows the simulations conducted in this work. The WRF/Chem simulations
are conducted over southeastern U.S. for July 2010, with 12-km horizontal resolution (i.e.,
160 × 210 grid cells) and a vertical resolution of 35 layers from the surface to 100 hPa, with a
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surface layer model height of 38 m. The emissions for WRF/Chem are from Wang et al.
(2015b), which is based on the 2008 National Emission Inventory (NEI) (version 2, released
April 10, 2012). The meteorological initial and boundary conditions (ICs and BCs) are
generated from the National Center for Environmental Prediction Final Analysis (NCEPFNL) and the chemical ICs and BCs are from the Community Earth System Model (CESM)
every 6-hour output (He et al., 2015). The physics options used for baseline simulation
(BASE) is summarized in Table 1 of Wang et al. (2015a). The cumulus parameterization
scheme used in this work is based on Grell 3D ensemble scheme (referred to as G3D, Grell
and Freitas, 2014), which allows for a series of different assumptions that are commonly used
in convective parameterizations and includes options to spread subsidence to neighboring
grid points. Besides for the options listed in Table 1 of Wang et al. (2015a), BASE also
includes prescribed SST forcing from NCEP by updating every 6-hour. SEN1 is conducted
with the same model configurations as BASE but with different cumulus parameterization
scheme based on Grell and Freitas (2014) (referred to as GF scheme), which allows for
subgrid scale convection representation. The differences in the model results between BASE
and SEN1 can provide insights about the sensitivity of cumulus parameterization on model
meteorological, cloud/radiative, and chemical predictions.
SEN2 is configured same as SEN1 but with 1-dimentional (1-D) ocean mixed layer
(OML) treatment turned on. A simple OML module based on Pollard et al. (1973) is
available in WRF/Chem, which includes wind driven ocean mixing and mixed layer
deepening process. Surface wind stress generates currents in the ocean mixed layer (typically
30-100 m deep), which leads to mixing with cooler water below. The model does not
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consider pressure gradients or horizontal advection, but does include Coriolis, which is
important for the rotation of inertial currents and SST cooling. This process deepens and
cools the mixed layer, which changes SST and hence surface fluxes. The initial mixed layer
depth (i.e., 50 m) and temperature lapse rate (i.e., 0.14 K m-1) are specified in the model for
the entire domain, which is a significant source of uncertainty considering spatial variations.
The OML model is called every model time step (i.e., 60 seconds) across every grid point
and the SST is then fed back into the atmospheric model (i.e., WRF/Chem).
SEN3 is configured same as SEN1 for WRF/Chem, but with fully coupling with
ROMS (updated through August 2014). ROMS is a 3-dimentional (3-D), free-surface,
hydrostatic, and primitive equations ocean model, which uses vertically stretched terrainfollowing (σ) coordinates combined with advanced physics packages to allow simulation of
advective processes, Coriolis, and viscosity in 3-dimensions. It includes high-order advection
and time-stepping schemes, weighted temporal averaging of the barotropic mode,
conservative parabolic splines for vertical discretization, and the barotropic pressure gradient
term, which can be applied for estuarine, coastal and basin-scale oceanic processes
(Marchesiello et al. 2003; He and Wilkin, 2006, He et al., 2008). The COAWST (Warner et
al., 2010) modeling system is designed to enable the integration of oceanic, atmospheric,
wave and morphological processes in the coastal ocean. It consists of three state-of-the-art
numerical models representing the atmosphere (i.e., WRF), ocean (i.e., ROMS) and wave
(i.e., Simulating WAves Nearshore, SWAN) conditions using the Model Coupling Toolkit
(MCT). The COAWST model represents the latest in air-sea interaction and numerical model
coupling. In this work, COAWST is configured for a two-way coupling only between WRF
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and ROMS. NCSU’s version of WRF/Chem replaces WRF and is coupled with ROMS
within COAWST system to allow a better representation of air-sea interactions compared to
standalone WRF/Chem, which can provide insights about the effects of air-sea interactions
on coastal air quality.
ROMS is configured on the same grid resolution as WRF/Chem with 157 interior
density (ρ) points in the Y direction and 207 interior ρ points in the X direction, and with 16
layers vertically in the ocean. The initial and boundary conditions are from the global HYbrid
Coordinate Ocean Model (HYCOM) combined with the Navy Coupled Ocean Data
Assimilation (NCODA). The coastline and bathymetry are extracted from the Global Selfconsistent Hierarchical High-resolution Shorelines (GSHHS), and 5-Minute Gridded Global
Relief Data Collection (ETOPO5), respectively. Figure 5.1 shows the diagram of the
coupling WRF/Chem with ROMS within COAWST framework. ROMS is coupled with
WRF through MCT. SST is computed in ROMS and then passed to WRF. Meanwhile,
several variables are passed from WRF to ROMS, including the 10 m wind vectors, air
temperature, atmospheric pressure, humidity, precipitation, downward shortwave and long
wave radiations, and sensible and latent heat fluxes for use in a set of bulk flux formulas.
Chemistry package is fully coupled with WRF within the COAWST framework. The time
step for ROMS calculation is 30 seconds and the time frequency for the WRF/Chem-ROMS
coupling is 10 minutes.
5.2.2 Available Measurements and Evaluation Protocol
A number of observational datasets from surface networks and satellites are used for
model evaluation. They are summarized along with the variables to be evaluated in Table
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5.2. The meteorological and radiative variables are evaluated, including temperature at 2-m
(T2), relative humidity at 2-m (RH2), and wind speed at 10-m (WS10) observed from the
National Climatic Data Center (NCDC); daily precipitation rate (Precip) derived from the
Global Precipitation Climatology Project (GPCP) and the Multi-satellite Precipitation
Analysis from the Tropical Rainfall Measuring Mission (TMAP); outgoing longwave
radiation (OLR), downwelling shortwave radiation (SWD), downwelling longwave radiation
(LWD), shortwave cloud forcing (SWCF), and longwave cloud forcing (LWCF) retrieved
from the Clouds and Earth's Radiant Energy System (CERES) Energy Balanced And Filled
data product (CERES-EBAF); cloud fraction (CF), cloud optical thickness (COT), and LWP
retrieved from the CERES Synoptic product at 1o spatial resolution (CERES-SYN1deg);
aerosol optical depth (AOD), precipitating water vapor (PWV), and CCN retrieved from the
Moderate Resolution Imaging Spectroradiometer (MODIS). Air-sea interaction related
variables are evaluated including SST and WS10 from the National Data Buoy Center
(NDBC); PBLH derived from the National Centers for Environmental Prediction
(NCEP)/North American Regional Reanalysis (NARR); SST, sensible heat flux (SHFLX)
and latent heat flux (LHFLX) derived from the Objectively Analyzed Air-Sea Fluxes
(OAFlux). Surface chemical concentrations evaluated include O3, sulfur dioxide (SO2), nitric
acid (HNO3), particulate matter with diameter less and equal to 2.5 μm (PM2.5) and 10 μm
(PM10), and PM2.5 components such as sulfate (SO42-), ammonium (NH4+), nitrate (NO3-),
sodium (Na+), chloride (Cl-), elementary carbon (EC), and organic carbon (OC). These
species are observed from various observational networks over southeastern U.S., such as the
Clean Air Status and Trends Network (CASTNET), the Interagency Monitoring of Protected
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Visual Environments (IMPROVE), the Speciation Trends Network (STN), and the
Aerometric Information Retrieval System-Air Quality System (AIRS-AQS). The locations of
these sites are plotted in Figure 5.2. Column concentrations are evaluated over southeastern
U.S., including tropospheric carbon monoxide (CO) retrieved from the Measurements Of
Pollution In The Troposphere (MOPITT), tropospheric nitrogen dioxide (NO2) and
formaldehyde (HCHO) retrieved from the SCanning Imaging Absorption spectroMeter for
Atmospheric CHartographY (SCIAMACHY), and tropospheric O3 residual (TOR) retrieved
from the Aura Ozone Monitoring Instrument in combination with Aura Microwave Limb
Sounder (OMI/MLS). The protocols for performance evaluation include spatial distributions
and statistics, following the approach of Zhang et al. (2009). The analysis of the performance
statistics focus on mean bias (MB), normalized mean bias (NMB), normalized mean error
(NME), root mean square error (RMSE), and correlation coefficient (Corr.).
5.3 Impacts of Cumulus Parameterizations
5.3.1 Meteorological Predictions
Figures 5.3a and b show the absolute differences in meteorology, cloud/radiative
variables, and chemical predictions between SEN1 and BASE. Compared to BASE, SEN1
predicts higher T2 over most land area, and lower T2 over part of oceanic area. The increases
of T2 in SEN1 can be up to 0.76 oC and the decrease of T2 can be up to 0.4 oC, with a
domain averaged increase of 0.06 oC. Q2 decreases in SEN1 over most of domain, with a
domain averaged decrease of 0.3 g kg-1, indicating much drier condition predicted in SEN1.
GF scheme is designed to be less active as the grid size reduces to cloud resolving scales. As
a result, precipitation decreases in SEN1 over most of domain, with a domain averaged

196

reduction of 3.6 mm day-1. The reduction of the precipitation is mainly from the combined
changes of increase in convective precipitation and decrease in non-convective precipitation.
Due to the more convection in SEN1, PBLH predicted by SEN1 also increases up to 185 m,
with a domain averaged increase of 50.6 m.
Due to higher T2 and lower Q2 predicted by SEN1, less water vapor can condense
onto the CCN surface. As a result, cloud droplets are smaller predicted by SEN1 than BASE.
CDNC predicted by SEN1 varies throughout the domain, with increase up to 993 cm-3 and
decrease up to 749 cm-3, with a domain averaged increase of 3 cm-3. Small cloud droplets in
SEN1 can deplete the available liquid water to grow, which leads to reduction in LWP and
CF. As a result, SEN1 predicts lower CF and LWP, with a domain averaged decrease of
6.6% and 17.7 g m-2, respectively. However, COT increases in SEN1, with a domain
averaged increase of 16.0. The increase of COT is likely due to the decrease of cloud
effective radius from smaller cloud droplets and lower LWP in SEN1. The decrease of
SWCF over land and near coast areas and increase of SWCF over remote ocean are mainly
due to the combined changes in CDNC and increase of COT over these regions. As a result,
compared to BASE, SEN1 predicts higher SWCF up to 49 W m-2 and lower SWCF up to
45.3 W m-2, with a domain averaged decrease of 1.7 W m-2. The decrease or increase in
SWCF can result in an increase or a decrease in SWD. Compared to BASE, SEN1 predicts
higher SWD by up to 52.71 W m-2 and lower SWD by up to 51.8 W m-2, with a domain
averaged of 1.4 W m-2.
Table 5.3a and Figure 5.4 shows the model performance of BASE and SEN1.
Meteorological variables such as T2, RH2, and SST are well predicted in both BASE and
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SEN1, with absolute NMBs within 5%, and with slightly better performance in SEN1.
WS10 is moderately underpredicted against NCDC sites in both BASE and SEN1, with
NMBs of -58.3% and -61.3%, respectively, whereas it is well predicted against CASTNET
sites, with NMBs of 5.4% and 4.9%, respectively. With GF in SEN1, PBLH are impacted
significantly over ocean, with increasing NMBs from 0.2% in BASE to 16.2% in SEN1. Both
LHFLX and SHFLX are overpredicted in BASE and SEN1, which is mainly due to the
inaccurate representing the air-sea interactions. Compared to BASE, SEN1 improves the
predictions of Precip over land (ocean) significantly, by reducing NMB of 95.9% (335.2%)
to 31.7% (211.5%) against GPCP and reducing NMB of 111.5% (42.2%) to 218.8%
(128.2%) against TMAP. CF is also improved by reducing NMB from 23.7% in BASE to 1.0% in SEN1 over land, and from 48.7% in BASE to 42.3% in SEN1 over ocean, compared
to CERES SYN1deg observations. LWP is more underpredicted with NMBs from -35.0% in
BASE to -80.7% in SEN1 over land but improved significantly with NMBs from 304.6% in
BASE to 35.1% in SEN1 over ocean. The performance of COT is improved over land with
NMBs reducing from -70.3% in BASE to -39.5% in SEN1 whereas it is degraded over ocean,
with NMBs increasing from -21.8% in BASE to 64.6% in SEN1. The large overpredictions
of COT over ocean are likely due to the smaller cloud effective radius in SEN1, which
indicates the uncertainties in the treatments of cloud dynamics and thermodynamics.
Compared to MODIS data, PWV over land is more underpredicted, with NMBs from -0.7%
in BASE to -5.8% in SEN1 and PWV is improved over ocean with NMBs from 12.1% in
BASE to 4.1% in SEN1. AOD over land is slightly improved with NMBs from 2.4% in
BASE to 1.5% in SEN1 and AOD over ocean is slightly improved with NMBs from -35.0 in
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BASE to -34.6% in SEN1. CCN5 is improved in SEN1, with NMBs from 21.1% in BASE to
-0.8% in SEN1. The decreases of CCN5 in SEN1 are likely due to the lower aerosol number
concentrations in SEN1.
Radiative variables such as LWD, SWD, and OLR are comparable in BASE and
SEN1, with slightly better performance of LWD over ocean (NMBs from 0.8% to 0.3%),
SWD over land (NMBs from -2.4% to -0.5%), and OLR over land (NMBs from -13.9% to 7.0%) and ocean (NMBs from -22.9% to -20.7%) in SEN1. On the other hand, there are
significant changes in SWCF and LWCF. Compared to BASE, the domain averaged SWCF
predicted by SEN1 decreases from -72.1 W m-2 to -66.5 W m-2 over land, with NMBs from
57.2% to 45.1%, and increases from -118.1 W m-2 to -120.2 W m-2 over ocean, with NMBs
from 108.9% to 112.5%. The domain averaged LWCF predicted by SEN1 decreases from
53.2 W m-2 to 37.7 W m-2 over land, with NMBs from 67.7% to 18.9%, and decreases from
77.8 W m-2 to 74.5 W m-2 over ocean, with NMBs from 152.1% to 141.4%. The
improvements of SWCF and LWCF over land are attributed to the improvement of cloud
variables (e.g., CF and COT) over land. The large overpredictions of SWCF and LWCF over
ocean are attributed to the inaccurate predictions clouds over ocean, indicating the model
uncertainties in the cloud dynamics and thermodynamics.
5.3.2 Chemical Predictions
As shown in Figure 5.3b, compared to BASE, SEN1 predicts higher surface CO and
SO2, with domain averaged of 5.6 ppb and 0.05 ppb, respectively. The increase of CO and
SO2 are likely due to the lower chemical loss through oxidation by lower OH levels and less
wet deposition in SEN1. The increase of surface NO2 over land is likely due to less wet
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deposition, and the decrease of surface NO2 over ocean is likely due to the increase of more
convection over ocean (e.g., higher PBLH). The increase of surface O3 in SEN1 is likely due
to the increase of NO2 and the decrease of O3 is likely due to the more vertical mixing. The
decrease of O3 over southwestern land is likely due to the more chemical loss through
oxidation with alkenes under more stable and warmer conditions over these regions.
Compared to BASE, SEN1 predicts higher SO42- by up to 1.0 μg m-3 and lower SO42- by up
to 1.6 μg m-3. The increase of SO42- is mainly due to the increase of SO2 and decrease of wet
deposition. The decrease of SO42- is mainly due to the decrease of chemical production from
lower OH levels over these regions. The increase of SOA is mainly due to the increase of
ASOA (by 0.21 µg m-3) and increase of BSOA (by 0.34 µg m-3). The increase of ASOA can
be attributed to the less wet deposition. The increase of BSOA can be attributed to less wet
deposition and higher biogenic emissions from higher SWD and T2. Compared to BASE,
SEN1 predicts higher PM2.5 up to 4.9 µg m-3, with a domain averaged of 0.68 µg m-3, and
higher PM10 up to 4.9 µg m-3, with a domain averaged of 0.17 µg m-3. The decrease of PM10
over remote ocean is mainly due to the decrease of sea-salt from lower WS10 in SEN1.
Table 5.3b shows the statistical performance for chemical predictions. As
precipitation is reduced in SEN1, gases and aerosols are less underpredicted or more
overpredicted, with better performance of surface TC (with NMBs from -16.2% to 1.0%
against STN), PM2.5 (with NMBs from -22.2% to -12.0% against IMPROVE, and from 29.3% to -25.1% against STN), PM10 (with NMBs from -65.4% to -62.1% against AIRSAQS), and column SO2 (with NMBs from -66.6% to -61.2% against SCIAMACHY).
5.4 Impacts of Ocean Treatment
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5.4.1 Impacts on Meteorology
Figures 5.5a and b show the comparison of satellite observations/reanalysis data with
model predictions by SEN1, SEN2, and SEN3. With 1-D OML treatment, most
meteorological, cloud, and radiative variables are comparable in SEN1 and SEN2. For
example, SST and PBLH slightly decrease by 0.1 oC and 1.2 m over ocean in SEN2
compared to SEN1. The 1-D OML treatment represents cooling of SST due to deep mixing
of the ocean layers below with stably stratified cooler water. This cools the mixed layer,
which reduces the SST and hence surface fluxes. In SEN2, LHFLX increases by 0.7 W m-2
and SHFLX increases by 0.1 W m-2 over ocean compared to SEN1. The negative correlation
between LHFLX and SST indicates the dominance of atmospheric forcing of the ocean in
western Atlantic Ocean and the contribution of atmospheric forcing to SST variations in
these regions. However, due to the simplified assumptions and treatment in 1-D OML, the
impacts of 1-D ocean mixed layer are small, with domain averaged increase of SWD and
LHFLX by 0.5 W m-2 and 0.4 W m-2, respectively.
With coupling of 3-D ROMS in SEN3, boundary layer properties are affected
significantly. For example, SEN3 predicts lower SST by up to 1.9 oC, with a domain
averaged decrease of 0.9 oC. SST is prescribed in SEN1, whereas it is prognostic in ROMS.
The decrease of SST in SEN3 is mainly due to the lower SST from initial conditions from
global HYCOM. SEN3 also predicts lower PBLH over ocean, with domain averaged
decrease of 56.5 m, indicating a more stable condition in SEN3. The decrease of PBLH is
mainly due to the decrease of heat fluxes through interactions with ocean. T2 and SST
decrease in SEN3, resulting less evaporation and LHFLX. As a result, SEN3 predicts lower
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LHFLX by up to 128.6 W m-2, with a domain averaged decrease of 27.6 W m-2. Comparing
SEN3 to SEN1, the LHFLX-SST correlation is positive, suggesting the dominance of oceanic
forcing of atmosphere in the western Atlantic Ocean. Due to the less evaporation in SEN3,
precipitation and cloud are also reduced, resulting in higher SWD, with a domain average of
9.7 W m-2.
As shown in Figure 5.4, the prescribed SST in SEN1 agrees well with observations
from OAFlux, with NMB of 0.6%. SST is well predicted in SEN2, with NMB of 0.4%,
whereas it is slightly underpredicted in SEN3, with NMBs of -2.8%. SEN1 and SEN2 are
driven by prescribed SST from NCEP, with SST changes due to OML treatment in SEN2,
whereas SST is prognostic in SEN3. Both SEN1 and SEN2 give warm SST bias for Gulf
Stream (see Figure 5.5a), whereas SEN3 gives cold bias for SST. In SEN1 and SEN2, warm
SST can increase evaporation and convective instability. As a result, an atmospheric
circulation that produces moisture convergence and convection can occur to respond to SST
gradients. Compared to NCEP/NARR data, both SEN1 and SEN2 overpredict PBLH over
ocean, with NMBs of 16.2%, and 16.0%, respectively, whereas SEN3 predicts PBLH well,
with an NMB of -3.1%. Compared to GPCP data, precipitation is largely overpredicted over
ocean in both SEN1, and SEN2, with NMBs of 211.5% and 210.3%, respectively, whereas it
is significantly improved in SEN3, with an NMB of 119.2%. LHFLX/SHFLX are largely
overpredicted in SEN1 and SEN2, with NMBs of 60.1%/138.2%, and 60.7%/ 140.7%,
respectively, whereas they are improved in SEN3 significantly, with NMBs of 18.9%/50.2%.
Compared to OML treatment, SST reanalysis data is dominant for SST predictions in SEN2,
which can drive atmospheric anomalies, and therefore generate larger monthly mean
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precipitation and LHFLX anomalies compared to the coupled simulation SEN3, especially
over the regions with warm SST and high precipitation (e.g., Gulf Stream). In SEN3,
atmospheric wind and heat fluxes are computed by WRF and passed to ROMS for SST
calculation. The changes in wind and heat fluxes can contribute to the SST anomalies in
these regions, and SST anomalies can induce opposite atmospheric changes in coupled
simulation SEN3 (Wu and Kirtman 2005, 2007). As a result, the biases in the atmospheric
predictions (e.g., WS10, PBLH, Precip, LHFLX, and SHFLX) are smaller in SEN3 than in
SEN1 and SEN2.
Most cloud variables are comparable in SEN1 and SEN2 but are improved in SEN3
especially over ocean. Figure 5.5b shows the comparison of satellite observations with
predictions of AOD, CCN5, COT, and SWCF by SEN1 and SEN3. As shown in Figure 5.5b,
SEN3 predicts higher AOD up to 0.038, and lower AOD up to 0.048, with a domain
averaged of 0.0002. The higher AOD can be attributed to the higher aerosol concentrations
from less wet deposition in SEN3. Compared to MODIS data, both SEN1 and SEN3
overpredict AOD over land by 1.5% and 3.5%, respectively, and underpredict AOD over
ocean by 34.6% and 31.5%, respectively. The underpredictions of AOD over ocean are likely
due to the inaccurate predictions of marine aerosols (e.g., sea-salt). Column CCN5 is lower in
SEN3 over most domain, with a domain averaged of 3.1 ×10-7 cm-2. Compared to MODIS
data, column CCN5 over ocean is underpredicted by both SEN1 and SEN3. The
underpredictions of CCN5 are likely due to the inaccurate predictions of aerosol number
concentrations, and uncertainties in the cloud thermodynamics. Compared to SEN1, SEN3
predicts higher COT up to 62.2, and lower COT up to 87.4, with a domain averaged decrease

203

of 3.9. Compared to satellite data, both SEN1 and SEN3 underpredict COT over land, with
NMBs of -39.5% and -39.8%, respectively, and overpredict COT over ocean, with NMBs of
64.6% and 37.5% respectively. The biases in COT predictions are likely due to the model
uncertainties in cloud dynamics and thermodynamics. Compared to SEN1, SEN3 predicts
higher SWCF up to 21.0 W m-2, and lower SWCF up to 77.9 W m-2, with a domain averaged
decrease of 10.9 W m-2. The decrease of SWCF in SEN3 is mainly due to the decrease of
COT and CDNC in SEN3. Compared to satellite data, SWCF is improved over ocean
significantly, with NMBs from 112.5% in SEN1 to 78.5% in SEN3. Other cloud/radiative
variables are also improved over ocean. For example, CF is improved over ocean, with
NMBs from 42.3% in SEN1 to 36.7% in SEN3. LWP is improved over ocean, with NMBs
from 35.1% in SEN1 to -29.2% in SEN3. Due to the improved cloud predictions, most
radiative variables are also improved over ocean. For example, SWD is improved over ocean
with NMBs from -20.6% to -13.7%. OLR and LWCF are improved over ocean as well, with
NMBs of -20.7% to -16.8%, and from 141.4% to 107.7%, respectively.
5.4.2 Impacts on Chemistry
Figures 5.6a and b show the absolute differences between SEN2 and SEN1, and
SEN3 and SEN1 for surface chemical predictions. With 1-D OML treatment, the changes of
most surface chemical species are small. For example, the differences in surface CO between
SEN1 and SEN2 are within 11 ppb (or within 3%). The absolute differences in surface SO2,
NO2, O3, and OH are within 2 ppb, and the percentage differences can be as large as 29.8%,
14.4%, 6.5%, and 9.8%, respectively. Although the absolute differences in surface SO42-,
SOA, PM2.5 and PM10 are within 1.5 µg m-3, the percentage differences can be as large as
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20.2%, 757.5%, 9.0%, and 11.7% respectively. The significant change of SOA (i.e., increase
up to 757.5%) in SEN2 is likely due to higher OH levels and lower PBLH over southeastern
domain (e.g. 31–34o N). With coupling of 3-D ROMS, the changes of most surface chemical
species between SEN1 and SEN3 are much larger than those between SEN1 and SEN2. For
example, surface CO can increase as large as 196.5 ppb and decrease as large as 304.9 ppb.
Although the absolute differences in surface SO2 and OH between SEN1 and SEN3 are with
1.5 ppb, the percentage differences in surface SO2 and OH can be as large as 134.4% and
83.6%, respectively. The changes of surface NO2 and O3 are also significant, which can be as
large as 18.0 ppb (or 189.2%) and 17.3 ppb (or 44.8%), respectively. The decreases of CO,
SO2, and NO2 are likely due in part to the oxidation with higher OH concentrations in SEN3.
The increase in OH concentrations can be attributed to the decrease of precipitation and
PBLH, and the increase of SWD in SEN3. Compared to SEN1, surface SO42- predicted by
SEN3 can increase as large as 0.9 µg m-3 and decrease as large as 1.2 µg m-3. The changes in
surface SO42- predictions are mainly due in part to changes in SO2 and OH concentrations
through gas-phase oxidation, and changes in cloud fraction through aqueous phase chemistry.
Surface SOA predicted by SEN3 can increase as large as 0.7 µg m-3 and decrease as large as
1.5 µg m-3. The changes in SOA predictions are likely due to the combined changes in OH
concentrations, precipitation, SWD, and PBLH. There are similar patterns in surface PM2.5
and PM10 changes over land. Both PM2.5 and PM10 increase over 30-33oN, and decrease over
33-40oN. The increase of PM2.5 can be as large as 3.0 µg m-3 and the decrease of PM2.5 can
be as large as 7.9 µg m-3. The increase of PM2.5 can be attributed to the decrease in
precipitation and PBLH over these regions and the decrease of PM2.5 can be attributed to the
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combined effects of increase in precipitation and PBLH. The decreases of PM10 over remote
ocean are mainly due the decreases in sea-salt predictions from lower WS10 in SEN3 than
SEN1. As shown in Figure 5.6b, most significant changes in surface chemical predictions are
along coast, over remote ocean, and part of inland regions, indicating the significant impacts
of air-sea interactions on air quality.
Figure 5.7a and b show the time series observations and model predictions over
coastal sites from CASTNET, IMPROVE, and AIRS-AQS for surface max 8-h O3 and PM2.5.
Compared to SEN1, the differences in Max 8-h O3 can be as large as about 15 ppb over
CASTNET sites. Max 8-h O3 predicted by SEN1, SEN2, and SEN3 overall correlated well
over CASTNET sites, with a better performance by SEN3 over BFT142 and IRL141.
Compared to SEN1, the differences in Max 8-h O3 can be as large as about 20 ppb over AQS
sites. Max 8-h O3 concentrations are large overpredicted by three simulations over AQS sites
such as site 121012001 and site 280470008. As shown in Figure 5.7b, PM2.5 is overall well
predicted over IMPROVE and AQS sites. Compared to SEN1, the differences in surface
PM2.5 predictions can be as large as about 15 µg m-3 over IMPROVE sites and as large as
about 6 µg m-3 over AQS sites, with a better performance by SEN3 over CHAS1, ROMA1,
EVER1, and SWAN1.
Figure 5.8 shows the scatter plots for major chemical species over various
observational networks. Compared to SEN1, SEN3 overall predicts better chemical
concentrations. For example, surface gas species such as SO2 and HNO3 are improved by
reducing NMBs from 204.5% to 192.1%, and 92.4% to 85.1%, respectively. Hourly O3 is
also improved by reducing NMBs from 27.3% to 26.4% against AIRS-AQS sites. Max 1-h
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and 8-h O3 are also improved by reducing NMBs from 3.0 % to 2.1% against CASTNET
(15.6% to 14.8% against AIRS-AQS), and 13.2% to 12.2% against CASTNET (20.0 to
19.2% against AIRS-AQS), respectively. Aerosol species such as SO42-, NH4+, and NO3- are
slightly or moderately improved against STN observations. Na+ and Cl- are largely
underpredicted in both SEN1 and SEN3, indicating the uncertainties in the online sea-salt
emission modules. EC is slightly improved in SEN3, whereas OC and TC are slightly
degraded in SEN3. PM2.5 is slightly improved in SEN3 over IMPROVE sites, but degraded
against STN sites. PM10 is also slightly improved in SEN3, with reducing NMB from -62.1%
to -61.7%. The large underpredictions of PM10 are likely due to the inaccurate predictions of
sea-salt concentrations. The column concentrations are comparable in SEN1 and SEN3, with
slightly better performance of column SO2.
5.5 Conclusions
In this section, different cumulus parameterization schemes are tested in WRF/Chem
to study the sensitivity of cumulus schemes on model predictions. In addition, WRF/Chem
simulations with 1-D OML treatments and 3-D ROMS coupling are conducted to study the
impacts of air-sea interactions on air quality predictions. Due to the consideration of
resolving subgrid-scale clouds, SEN1 with GF scheme can predict much better precipitation
compared to BASE with G3D scheme, with NMBs reducing from 95.9% to 31.7% over land,
and from 335.2% to 211.5% over ocean against GPCP. Compared to BASE, SEN1 improves
most cloud and radiative variables, such as CF, COT, LWD, SWD, and OLR, mainly over
ocean. Due to the improvement in cloud predictions, SWCF and LWCF are also improved.
However, large overpredictions of clouds and radiative forcing over ocean indicate the model
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uncertainties in the cloud dynamics and thermodynamics. The changes in meteorology,
clouds, and radiation in SEN1 can impact chemical predictions. As precipitation is reduced in
SEN1, gases and aerosols are less underpredicted or more overpredicted, with better
performance of surface TC, PM2.5, PM10, and column SO2 in SEN1 than BASE.
With inclusion of ocean treatments in SEN2 and SEN3, boundary layer properties are
changed. As OML is a simplified 1-D treatment with large uncertainty, the impacts on
boundary layer are not as significant as 3-D ROMS coupling, which consists of detailed
primitive equations for 3-D ocean circulation and dynamics. SEN2 is forced by prescribed
SST. The warm bias of SST over Gulf Stream can generate larger monthly mean rainfall and
surface latent heat flux anomalies compared to SEN3, of which SST is prognostic in ROMS.
As a result, precipitation, LHFXL and SHFLX are improved significantly in SEN3, with
NMBs reducing from 211.5% in SEN1 to 119.2% in SEN3, 60.1% in SEN1 to 18.9% in
SEN3, and 138.2% in SEN1 to 50.2% in SEN3, respectively. However, compared to OAflux,
SST predicted in SEN3 is underpredicted with NMB of -2.8%, which is mainly due to the
lower initial conditions from global HYCOM data. Due to the improvement in surface heat
fluxes, PBLH is also improved in SEN3, with NMBs reducing from 16.2% in SEN1 to -3.1%
in SEN3 over ocean. Due to more stable boundary layer and less evaporation over ocean in
SEN3, most cloud variables over ocean are also improved in SEN3, such as CF, COT, and
LWP. As a result, radiative variables over ocean are also improved, such as SWD, OLR,
SWCF, and LWCF.
Due to the changes in the boundary layer properties, surface chemical predictions are
affected significantly in SEN3. For example, With 1-D OML treatment, surface O3 and PM2.5
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can increase as large as 1.8 ppb and 1.0 µg m-3, and decreases as large as 1.4 ppb and 1.1 µg
m-3, with a domain averaged increase of 0.03 ppb and 0.02 µg m-3, respectively. With
coupling of 3-D ROMS, surface O3 and PM2.5 can increase as large as 12.0 ppb and 3.0 µg m3

, and decreases as large as 17.3 ppb and 7.9 µg m-3, with a domain averaged decrease of 0.67

ppb and 0.08 µg m-3, respectively. The largest differences in surface O3 predictions are along
the coastal areas and remote ocean, whereas the largest differences in surface PM2.5
predictions are not only along the coastal areas and remote ocean, but also over inland areas,
indicating the significant impacts of air-sea treatments on chemical predictions. Compared to
SEN1, SEN3 shows overall better performance for chemical concentrations, such as SO2,
HNO3, Max 1-h and 8-h O3, SO42-, NH4+, and NO3-, and PM10. The simulated column
concentrations are comparable in SEN1 and SEN3, with slightly better performance of
column SO2 in SEN3.
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Run Index
BASE

SEN1

SEN2

SEN3

Table 5.1 Simulation design
Description
Purpose
Baseline, NCSU’s version of
Severed as baseline
WRF/Chem with G3 cumulus
parameterization (cu_physics = 5)
Same as BASE, but with GF
The differences between SEN1 and BASE indicate the
cumulus parameterization
impacts of cumulus parameterization on model
(cu_physics = 3)
predictions; Severed as basedline2 to investigate the
impacts from ocean treatments.
Same as SEN1, but with 1-D
The differences between SEN2 and SEN1 indicate the
ocean mixed layer treatment
impacts of 1-D ocean mixed layer treatment on model
(sf_ocean_physics = 1)
predictions
Same as SEN1, but with coupling The differences between SEN3 and SEN1 indicate the
of ROMS within COAWST frame impacts of air-sea coupling on model predictions
work
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Table 5.2. Datasets for model evaluation
Species/Variables
Temperature at 2-m (T2), Relative humidity at 2-m (RH2), Wind
speed at 10-m (WS10)
Planetary boundary layer height (PBLH)
Sea surface temperate (SST), sensible heat flux (SHFLX), latent
heat flux (LHFLX)
Precipitation (Precip)
Outgoing longwave radiation (OLR), Downwelling longwave
radiation (LWD), Downwelling shortwave radiation (SWD),
Shortwave cloud radiative forcing (SWCF), Longwave cloud
radiative forcing (LWCF)
Cloud fraction (CF), Cloud optical thickness (COT), Cloud
liquid water path (LWP)
Precipitating water vapor (PWV), Aerosol optical depth (AOD),
Column cloud condensation nuclei (ocean) at S = 0.5% (CCN5),
Max 1-h Ozone (O3), Max 8-h O3
Hourly O3
Sulfur dioxide (SO2), Nitric acid (HNO3)

Dataset

Spatial (Temporal) Resolution

Land: NCDC; Ocean: NDBC

400 sites (hourly); 15 sites (hourly)

NCEP/NARR

32-km (monthly)

OAFlux

1o (monthly)

GPCP, TMAP

2.5o (monthly), 0.25o (daily)

CERES-EBAF

1o (monthly)

CERES-SYN1deg

1o (monthly)

MODIS

1o (monthly)

CASTNET, AIRS-AQS
AIRS-AQS
CASTNET

Sulfate (SO42-), Ammonium (NH4+), Nitrate (NO3-)

CASTNET, IMPROVE, STN

Organic carbon (OC)
Elementary carbon (EC), Total carbon (TC)
Particulate matter with diameter less than and equal to 2.5 μm
(PM2.5)
Particulate matter with diameter less than and equal to 10 μm
(PM10)
Tropospheric carbon monoxide (CO)
Tropospheric SO2, nitrogen dioxide (NO2), formaldehyde
(HCHO)
Tropospheric ozone residual (TOR)

IMPROVE
IMPROVE, STN

38 sites (hourly), 420 (hourly)
420 (hourly)
38 sites (weekly)
38 sites (weekly), 29 sites (3-day), 74 sites (3day to weekly)
29 sites (3-day)
29 sites (3-day), 74 sites (3-day to weekly)

IMPROVE, STN

29 sites (3-day), 74 sites (3-day to weekly)

AIRS-AQS

53 sites (hourly)

MOPITT

1o (monthly)

SCIAMCHY

0.25o (monthly)

OMI/MLS

1.25o (monthly)

NCDC: National Climatic Data Center; NDBC: National Data Buoy Center; NCEP/NAAR: National Centers for Environmental Prediction and North American Regional
Reanalysis; OAFlux: Objectively Analyzed Air-Sea Fluxes; GPCP: the Global Precipitation Climatology Project; TMAP: Multi-satellite Precipitation Analysis from the
Tropical Rainfall Measuring Mission; CERES-EBAF: Clouds and Earth's Radiant Energy System Energy Balanced And Filled data product; CERES-SYN1deg: CERES
Synoptic product at 1o spatial resolution; MODIS: Moderate Resolution Imaging Spectroradiometer; OMI/MLS: the Aura Ozone Monitoring Instrument in combination with
Aura Microwave Limb Sounder; MOPITT: the Measurements Of Pollution In The Troposphere; the Global Ozone Monitoring Experiment; SCIAMCHY: the SCanning
Imaging Absorption spectroMeter for Atmospheric CHartographY; CASTNET: Clean Air Status and Trends Network; IMPROVE: Interagency Monitoring of Protected
Visual Environments; STN: Speciation Trends Network; AIRS-AQS: the Aerometric Information Retrieval System-Air Quality System.
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Table 5.3a. Statistical performance of meteorological, cloud, and radiative variables
Species/
Variables
T2 (oC)
RH2 (%)
WS10
(m s-1)1
Precip
(mm day-1)
LWD
(W m-2)2
SWD
(W m-2)3
OLR
(W m-2)
SWCF
(W m-2)
LWCF
(W m-2)
CF (%)
COT
LWP
(g m-2)
PWV (cm)
AOD
CCN5 (108 cm-2)
PBLH (m)
SST (oC)
LHFLX (W m-2)
SHFLX (W m-2)

Datesets
NCDC
NDBC
NCDC
NCDC
NDBC
GPCP (land)
GPCP (ocean)
TMPA (land)
TMPA (ocean)
CERES (land)
CERES (ocean)
CERES (land)
CERES (ocean)
CASTNET
CERES (land)
CERES (ocean)
CERES (land)
CERES (ocean)
CERES (land)
CERES (ocean)
CERES( land)
CERES (ocean)
CERES (land)
CERES (ocean)
CERES (land)
CERES (ocean)
MODIS (land)
MODIS (ocean)
MODIS (land)
MODIS (ocean)
MODIS (ocean)
NARR (land)
NARR (ocean)
OAflux (ocean)
NDBC
OAflux (ocean)
OAflux (ocean)

obs

sim

26.6
27.8
73.9
6.8
5.5
4.1
3.9
3.8
5.3
415.0
416.9
263.7
266.1
272.4
259.9
253.7
-45.9
-56.6
31.7
30.9
46.3
53.3
34.8
26.2
119.5
81.8
4.4
4.5
0.15
0.21
2.8
872.6
530.0
28.3
27.8
111.6
5.2

25.3
27.3
74.6
2.8
6.9
8.1
16.8
8.1
16.8
401.6
420.4
257.3
213.9
295.3
223.8
195.6
-72.1
-118.1
53.2
77.8
57.3
79.8
10.3
20.5
76.3
331.0
4.3
5.0
0.16
0.14
3.4
544.1
531.3
28.5
27.9
177.8
15.2

BASE
NMB NME
(%)
(%)
-4.9
8.8
-1.8
3.6
1.0
14.8
-58.3
62.3
25.1
48.2
95.9
110.0
335.2 339.7
111.5 127.6
218.8 223.8
-3.2
3.2
0.8
1.4
-2.4
8.8
-19.6
19.8
8.4
34.7
-13.9
14.0
-22.9
22.9
57.2
61.8
108.9 109.3
67.7
71.7
152.1 152.1
23.7
32.8
48.7
50.2
-70.3
70.4
-21.8
35.0
-35.0
87.2
304.6 323.4
-0.7
4.4
12.1
12.5
2.4
23.6
-35.0
35.0
21.1
45.8
-37.6
37.6
0.2
20.6
0.6
1.2
0.3
1.8
59.3
59.3
195.4 196.6

Corr

sim

0.82
0.87
0.67
0.16
0.28
0.14
0.18
0.15
0.30
0.96
0.83
0.36
0.51
0.88
0.48
0.33
0.32
0.50
0.34
0.25
0.26
0.16
-0.38
0.36
-0.41
0.07
0.96
0.79
0.47
0.44
0.25
0.32
0.24
0.76
0.96
0.61
0.62

25.4
27.4
73.6
2.6
6.1
5.4
12.0
5.4
12.0
400.5
418.1
262.5
211.4
299.7
241.7
201.1
-66.5
-120.2
37.7
74.5
45.8
75.9
21.1
43.2
22.7
110.5
4.1
4.7
0.16
0.14
2.8
556.4
615.9
28.5
27.9
178.7
12.3

SEN1
NMB NME
(%)
(%)
-4.3
8.4
-1.4
3.4
-0.4
14.3
-61.3
63.6
10.6
34.4
31.7
46.1
211.5 215.5
42.2
58.8
128.2 133.4
-3.5
3.5
0.3
1.1
-0.5
8.5
-20.6
21.2
10.0
34.6
-7.0
7.2
-20.7
20.7
45.1
50.8
112.5 113.7
18.9
37.3
141.4 141.9
-1.0
27.1
42.3
46.1
-39.5
53.0
64.6
77.5
-80.7
87.0
35.1
110.8
-5.8
6.2
4.1
6.3
1.5
22.4
-34.6
34.9
-0.8
42.5
-36.2
36.2
16.2
26.0
0.6
1.2
0.3
1.8
60.1
60.2
138.2 139.8

Corr

sim

0.83
0.89
0.69
0.20
0.47
0.36
0.24
0.27
0.38
0.95
0.84
0.40
0.48
0.88
0.64
0.51
0.42
0.47
0.49
0.42
0.32
0.14
-0.39
0.28
-0.25
0.01
0.96
0.82
0.53
0.34
-0.03
0.40
0.24
0.76
0.96
0.72
0.67

25.4
27.4
73.6
2.6
6.1
5.4
12.0
5.4
12.0
399.6
416.9
261.6
211.3
298.8
240.8
200.7
-66.5
-119.4
37.7
74.2
45.7
75.9
21.0
42.6
21.0
112.6
4.1
4.7
0.16
0.14
2.8
553.4
614.7
28.4
27.8
179.4
12.4

SEN2
NMB NME
(%)
(%)
-4.3
8.4
-1.4
3.5
-0.4
14.3
-61.5
63.7
10.1
34.5
31.9
44.9
210.3 214.7
42.4
57.6
127.3 132.4
-3.7
3.7
0.01
1.0
-0.8
8.4
-20.6
21.3
9.7
35.1
-7.3
7.5
-20.9
20.9
45.1
50.9
111.2 112.4
19.1
37.1
140.3 140.9
-1.2
27.4
42.3
46.2
-39.8
52.2
62.5
75.4
-82.2
87.6
37.6
112.0
-5.8
6.1
4.0
6.3
1.5
22.9
-34.5
34.6
-0.7
42.7
-36.6
36.6
16.0
25.8
0.4
1.2
0.2
2.4
60.7
60.8
140.7 142.4

Corr

sim

0.83
0.89
0.68
0.20
0.47
0.38
0.25
0.28
0.40
0.95
0.83
0.35
0.48
0.88
0.64
0.51
0.39
0.46
0.49
0.42
0.29
0.14
-0.44
0.28
-0.24
-0.00
0.96
0.82
0.51
0.35
-0.01
0.42
0.25
0.76
0.93
0.71
0.66

25.4
26.7
73.7
2.7
5.9
5.3
8.5
5.3
8.5
399.7
412.4
261.2
229.6
299.3
241.7
211.1
-66.5
-100.9
37.1
64.1
45.9
72.9
21.0
36.0
16.1
57.9
4.1
4.5
0.16
0.14
2.5
557.1
513.4
27.5
27.0
132.7
7.7

SEN3
NMB NME
(%)
(%)
-4.4
8.4
-3.7
6.0
-0.2
14.3
-60.6
63.1
7.1
30.6
29.5
40.6
119.2 124.5
39.8
53.2
60.6
73.4
-3.7
3.7
-1.1
1.2
-0.9
7.7
-13.7
14.2
9.9
34.3
-7.0
7.1
-16.8
16.8
45.0
49.4
78.5
79.3
17.2
34.4
107.7 108.1
-0.9
26.7
36.7
39.3
-39.8
49.9
37.5
58.3
-86.3
88.1
-29.2
83.7
-6.3
6.5
0.6
4.5
3.5
22.7
-31.5
32.2
-12.7
40.3
-36.2
36.2
-3.1
22.0
-2.8
3.8
-2.9
4.8
18.9
26.9
50.2
76.9

212

Corr
0.83
0.74
0.69
0.21
0.56
0.35
0.37
0.23
0.46
0.96
0.83
0.35
0.49
0.88
0.61
0.56
0.33
0.54
0.46
0.49
0.29
0.20
-0.35
0.27
-0.02
0.14
0.97
0.84
0.54
0.29
0.07
0.41
0.12
0.63
0.78
0.47
0.36

Table 5.3b. Statistical performance of chemical species
Simulations
Species/
Variables*
SO2
HNO3
Max 1-h
O3

Datasets
obs
CASTNET
CASTNET
CASTNET
AIRS-AQS
CASTNET
AIRS-AQS
AIRS-AQS
STN
CASTNET
IMPROVE
STN
CASTNET
IMPROVE
STN
CASTNET
IMPROVE
IMPROVE
IMPROVE
IMPROVE
STN
IMPROVE
STN
AIRS-AQS

sim

BASE
NMB NME
(%)
(%)
181.8
199.2
81.0
82.3
1.8
19.9
13.6
23.3
11.6
21.4
17.4
24.0
25.5
40.2
19.5
64.4
-1.4
37.0
-5.4
57.4
-4.1
57.1
-10.9
32.2
46.7
122.3
33.3
106.2
38.7
122.0
-64.6
71.1
-77.6
82.9
18.0
63.8
-2.5
54.3
-16.2
46.3
-22.2
44.7
-29.3
42.2
-65.4
69.9

Corr

sim

SEN1
NMB
NME
(%)
(%)
204.5
219.4
92.4
93.0
3.0
19.4
15.6
24.2
13.2
21.5
20.0
25.5
27.3
41.4
19.6
62.3
1.3
35.2
-5.1
53.6
-13.9
51.5
-15.6
31.1
63.3
138.8
61.6
128.3
50.9
130.8
-68.8
73.8
-86.0
88.0
43.0
81.1
30.0
66.4
1.0
46.3
-12.0
40.5
-25.1
41.5
-62.1
66.8

Corr

sim

SEN2
NMB
NME
(%)
(%)
201.1
205.6
91.9
92.5
2.4
20.0
15.4
23.5
12.7
21.8
19.8
25.7
27.1
41.4
20.0
63.3
0.4
35.1
-5.1
52.3
-13.7
51.1
-16.1
32.6
62.3
140.1
63.5
131.7
48.5
129.3
-69.2
73.9
-85.2
88.2
42.2
80.6
28.9
66.0
1.2
47.5
-12.0
40.3
-25.0
41.3
-62.0
66.5

Corr

sim

SEN3
NMB
NME
(%)
(%)
192.1
207.1
85.1
85.6
2.1
19.7
14.8
23.7
12.2
21.5
19.2
25.1
26.4
40.7
17.0
63.0
-1.6
34.0
-4.0
50.7
-13.6
52.3
-17.2
31.5
48.6
124.7
51.0
120.7
42.4
124.4
-69.0
73.4
-83.7
85.4
40.4
79.1
30.3
63.2
-2.6
46.1
-11.8
39.0
-27.1
41.8
-61.7
66.3

Corr

1.2
3.3
0.36
3.6
0.31
3.6
0.33
3.4
1.1
2.0
0.70
2.1
0.58
2.1
0.57
2.0
51.6
52.5
0.52
53.1
0.55
52.8
0.53
52.6
52.4
59.5
0.58
60.6
0.57
60.5
0.57
60.2
Max 8-h
46.8
52.3
0.58
53.0
0.61
52.8
0.59
52.5
O3
47.3
55.6
0.99
56.8
0.99
56.7
0.99
56.6
31.7
39.8
0.68
40.3
0.68
40.2
0.68
40.0
Hourly O3
1.0
1.2
0.44
1.2
0.45
1.2
0.44
1.2
NH4+
1.2
1.2
0.49
1.2
0.50
1.2
0.47
1.2
3.1
2.9
0.35
2.9
0.40
2.9
0.41
2.9
SO423.6
3.4
0.30
3.1
0.38
3.1
0.38
3.1
4.1
3.6
0.39
3.4
0.43
3.4
0.39
3.4
0.3
0.4
0.34
0.4
0.23
0.4
0.19
0.4
NO30.4
0.6
0.28
0.7
0.26
0.7
0.21
0.6
0.4
0.6
0.10
0.6
0.10
0.6
0.11
0.6
0.4
0.1
0.40
0.1
0.39
0.1
0.39
0.1
Na+
0.2
0.03
0.52
0.02
0.57
0.02
0.57
0.03
Cl0.3
0.3
0.45
0.4
0.29
0.4
0.28
0.4
EC
1.5
1.4
0.41
1.9
0.40
1.9
0.38
1.9
OC
2.9
2.4
0.50
2.9
0.46
2.9
0.45
2.8
TC
10.2
7.9
0.30
9.0
0.31
9.0
0.31
9.0
PM2.5
14.1
10.0
0.38
10.6
0.36
10.6
0.36
10.3
27.4
9.5
0.11
10.4
0.13
10.4
0.14
10.5
PM10
1.8×
2.6×
2.6×
2.6×
2.6×
MOPITT
50.2
50.2
0.78
50.7
50.7
0.81
50.8
50.8
0.80
50.8
50.8
Col.CO
1018
1018
1018
1018
1018
SCIMACHY
0.27
0.09
-66.6
73.9
0.31
0.10
-61.2
69.7
0.33
0.10
-61.4
69.8
0.33
0.10
-61.1
69.3
Col. SO2
1.3×
2.8×
3.0×
3.0×
3.0×
SCIMACHY
116.3
116.7
0.79
129.0
129.2
0.79
129.0
129.3
0.79
132.2
132.4
Col.NO2
1015
1015
1015
1015
1015
SCIMACHY
40.1
44.7
11.6
13.0
0.68
46.3
15.6
16.4
0.64
46.4
15.8
16.6
0.64
47.1
17.5
17.8
TOR
*
The units for all surface gaseous and aerosol species are μg m-3 except for O3 (ppb). The units for column CO and NO2 are molecules cm-2 and for column SO2 and TOR are
DU.
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0.33
0.62
0.54
0.58
0.59
0.99
0.69
0.46
0.51
0.41
0.34
0.42
0.31
0.22
0.13
0.40
0.66
0.27
0.41
0.45
0.33
0.36
0.13
0.80
0.33
0.78
0.64

Figure 5.1. Diagram of WRF/Chem-ROMS coupling within COAWST. Patm, atmospheric pressure; RH, relative humidity; Tair,
air temperature; evap., evaporation; SW/LW, net shortwave and longwave radiation at surface; LH/SH, latent and sensible heat
fluxes at surface; SST, sea surface temperature.
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Figure 5.2. Chemical observational sites including IMPROVE, CASTNET, STN, and AIRS-AQS over the study domain.
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SEN1 - BASE

Figure 5.3a. Absolute differences in predictions of major meteorological and cloud/radiative variables between BASE and SEN1.
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SEN1 - BASE

Figure 5.3b. Absolute differences in predictions of surface chemical species between BASE and SEN1.
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Figure 5.4. Bar plots of normalized mean bias (NMB, %) for major meteorological, and cloud/radiative variables over land and ocean.
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Figure 5.5a. Comparison of satellite observations/reanalysis data with predictions of for SST, PBLH, SWD, and LHFLX by SEN1, SEN2, and
SEN3.
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Figure 5.5b. Comparison of satellite observations with predictions of for AOD, CCN5, COT, and SWCF by SEN1 and SEN3.
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SEN2 – SEN1

Figure 5.6a. Absolute differences in predictions of surface chemical species between SEN1 and SEN2.
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SEN3 – SEN1

Figure 5.6b. Absolute differences in predictions of surface chemical species between SEN1 and SEN3.
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Beaufort (BFT142) , NC (34.88,-76.62),
CASTNET

Holiday (121012001), FL (28.20, -82.76), AQS

Blackwater NWR (BWR139), MD (38.44, 76.11), CASTNET

St. Marks Wildlife Refuge (121290001), FL
(30.09, -84.16), AQS

Indian River Lagoon (IRL141), FL (27.85, 80.46), CASTNET

Gulfport Youth Court (280470008), MS (30.39,
-89.05), AQS

Figure 5.7a. Maximum 8-h ozone at 6 sites, 3 from CASTNET, and 3 from AIRS-AQS. The
black markers represent observations. The purple, blue, and red lines represent simulated
results from SEN1, SEN2, and SEN3, respectively.
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Chassahowitzka (CHAS1), FL (28.75, -82.56),
IMPROVE

Everglades (EVER1), FL (25.39, -80.68),
IMPROVE

Brigantine (BRIG1), NJ (39.47, -74.45),
IMPROVE

St. Marks (SAMA1), FL (30.09, -84.16),
IMPROVE

Cape Romain (ROMA1), SC (32.94,-79.66),
IMRPOVE

Swanquarter (SWAN1), NC (35.45, -76.21),
IMPROVE

Figure 5.7b. Surface PM2.5 concentrations at 6 sites from IMRPOVE. The black markers
represent observations. The purple, blue, and red markers represent simulated results from
SEN1, SEN2, and SEN3, respectively.
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Figure 5.8. Scatter plots of major chemical species over different networks.
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CHAPTER 6. CONCLUSIONS
6.1 Conclusions
The uncertainties associated with cloud, aerosol, and their feedbacks, as well as
uncertainties in near- and long-term projections from earth system models are emerging
issues to be addressed by the scientific community. CESM is a global Earth system model
that has been developed to simulate the entire Earth system by coupling physical climate
system with chemistry, biogeochemistry, biology, and human systems, and it has been
applied to simulate global climate change as part of IPCC-AR5. In this work, to reduce the
uncertainties associated with predicted aerosol impacts on climate, several advanced
chemistry and aerosol treatments are implemented to CESM/CAM5.
The gas-phase chemistry and subsequent gas-to-particle conversion processes such as
new particle formation, condensation, and thermodynamic partitioning have large impacts on
air quality, climate, and public health through influencing the amounts and distributions of
gaseous precursors and secondary aerosols. Their roles in global air quality and climate are
examined in CESM/CAM5. In this work, CESM/CAM5 is first improved and developed
through incorporating a new gas-phase chemistry mechanism based on CB05_GE and
several advanced inorganic aerosol treatments for condensation of volatile species, ionmediated nucleation, and explicit inorganic aerosol thermodynamics for sulfate, ammonium,
nitrate, sodium, and chloride. Comparing to the simple gas-phase chemistry, CB05_GE can
predict many more gaseous species, and thus could improve model performance for PM2.5,
PM10, PM components, and some PM gaseous precursors such as SO2 and NH3 in several
regions, as well as AOD and cloud properties (e.g., CF and CDNC), and SWCF on globe.

226

The modified condensation and aqueous-phase chemistry could further improve the
predictions of additional variables such as HNO3, NO2, and O3 in some regions, and new
particle formation rate and AOD over globe. IMN can improve the predictions of secondary
PM2.5 components, PM2.5, and PM10 over Europe, as well as AOD and CDNC over globe.
The explicit inorganic aerosol thermodynamics using ISORROPIA II improves the
predictions of all major PM2.5 components and their gaseous precursors in some regions, as
well as downwelling shortwave radiation, SWCF, and cloud condensation nuclei at a
supersaturation of 0.5% over globe. For simulations of 2001-2005 with all the modified and
new treatments, the improved model predicts that on a global average, SWCF increases by
2.7 W m-2, reducing NMBs of SWCF from -5.4% to 1.2%. Uncertainties in emissions can
explain largely the inaccurate predictions of precursor gases (e.g., SO2, NH3, and NO) and
primary aerosols (e.g., BC and POM). Additional factors leading to discrepancies between
model predictions and observations include assumptions associated with equilibrium
partitioning for fine particles assumed in ISORROPIA II, irreversible gas/particle mass
transfer treatments for coarse particles, uncertainties in model treatments such as dust
emissions, secondary organic aerosol formation, multiple-phase chemistry, cloud
microphysics, aerosol-cloud interaction, dry and wet deposition, and model parameters (e.g.,
accommodation coefficients and prefactors of the nucleation power law), as well as
uncertainties in model configurations such as the use of a coarse grid resolution.
The CESM with advanced chemistry and aerosol treatments (referred to as CESMNCSU) is then applied for decadal (2001-2010) global climate predictions. A comprehensive
evaluation is performed focusing on the CAM5 by comparing simulation results with
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observations/reanalysis data and CESM ensemble simulations from CMIP5. The improved
model can predict most meteorological and radiative variables relatively well with NMBs of
-14.1% to -9.7% and 0.7% to 10.8%, respectively, although T2 is slightly underpredicted.
Cloud variables such as CF and PWV are well predicted, with NMBs of -10.5% to 0.4%,
whereas CCN, LWP, and COT are moderately-to-largely underpredicted, with NMBs of 82.2% to -31.2%, and CDNC is overpredicted by 26.7%. These biases indicate the limitations
and uncertainties associated with cloud dynamics and thermodynamics (e.g., resolved clouds
and subgrid-scale cumulus clouds). Chemical concentrations over the continental CONUS
(e.g., SO42-, Cl-, OC, and PM2.5) are reasonably well predicted with NMBs of -12.8% to 1.18%. Concentrations of SO2, SO42-, and PM10 are also reasonably well predicted over
Europe with NMBs of -20.8% to -5.2%, so are predictions of SO2 concentrations over the
East Asia with an NMB of -18.2%, and TOR over the globe with an NMB of -3.5%. Most
meteorological and radiative variables predicted by CESM-NCSU agree well overall with
those predicted by CESM-CMIP5. The performance of LWP and AOD predicted by CESMNCSU is better than that of CESM-CMIP5 in terms of model bias and correlation
coefficients. Large biases for some chemical predictions can be attributed to uncertainties in
the emissions of precursor gases (e.g., SO2, NH3, and NOx) and primary aerosols (e.g., BC
and POM) as well as uncertainties in formulations of some model components (e.g., online
dust and sea-salt emissions, secondary organic aerosol formation, and cloud dynamics).
Comparisons of CESM simulation with baseline emissions and 20% of anthropogenic
emissions from the baseline emissions indicate that anthropogenic gas and aerosol species
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can decrease FSDS by 4.7 W m-2 (or by 2.9%) and increase SWCF by 3.2 W m-2 (or by
3.1%) in the global mean.
Atmospheric chemistry plays a key role in determining the amounts and distributions
of oxidants and gaseous precursors that control the formation of secondary gaseous and
aerosol pollutants; all of those species can interact with the climate system. To understand
the impacts of different gas-phase mechanisms on global air quality and climate predictions,
a comprehensive comparative evaluation is performed in CESM/CAM5-chem with two most
commonly-used gas-phase chemical mechanisms: CB05_GE and MOZART-4x. MOZART4x and CB05_GE use different approaches to represent VOCs and different surrogates for
SOA precursors. MOZART-4x includes a more detailed representation of isoprene chemistry
compared to CB05_GE. CB05_GE includes additional oxidation of SO2 by O3 over the
surface of dust particles, which is not included in MOZART-4x. The results show that the
two CAM5-chem simulations with CB05_GE and MOZART-4x predict similar chemical
profiles for major gases (e.g., O3, CO, and NOx) compared to the aircraft measurements, with
generally better agreement for NOy profile by CB05_GE than MOZART-4x. The
concentrations of SOA at four sites in CONUS and OC over the IMPROVE sites are well
predicted by MOZART-4x (with NMBs of -1.9% and 2.1%, respectively) but moderately
underpredicted by CB05_GE (with NMBs of -23.1% and -20.7%, respectively). This is
mainly due to the higher biogenic emissions and OH levels simulated with MOZART-4x
than with CB05_GE. The concentrations of OC over Europe are largely underpredicted by
both MOZART-4x and CB05_GE, with NMBs of -73.0% and -75.1%, respectively,
indicating the uncertainties in the emissions of precursors and primary OC and relevant
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model treatments such as the oxidations of VOCs and SOA formation. Uncertainties in the
emissions and convection scheme can contribute to the large bias in the model predictions
(e.g., SO2, CO, BC, and AOD). The two simulations also have similar cloud/radiative
predictions, with slightly better performance of domain averaged CCN5 by CB05_GE, but
slightly better agreement with observed CCN (at supersaturation of 0.2%) profile over
Beijing by MOZART-4x. The CESM simulations with two gas-phase mechanisms result in a
global average difference of 0.5 W m-2 in simulated SWCF, with significant differences (e.g.,
up to 13.6 W m-2) over subtropical regions.
Finally, as a first step towards a goal of developing a regional Earth System Model,
WRF/Chem is coupled with ROMS within COAWST framework to understand the impacts
of air-sea interactions on coastal air quality predictions. Sensitivity simulations with different
cumulus parameterization schemes and ocean treatments are conducted over southeastern
U.S. for July 2010 using WRF/Chem. The results show that two cumulus parameterization
schemes can result in an 85-m difference in the domain averaged PBLH, and 4.8-mm for
daily precipitation. With 1-D OML treatment in WRF/Chem and 3-D ROMS coupling with
WRF/Chem, the changes in the SST are 0.1 oC and 1.0 oC, respectively, and the differences
in surface O3 and PM2.5 can be as large as 17.3 ppb and 7.9 μg m-3, respectively. The largest
changes in surface O3 and PM2.5 occur not only along coast and remote ocean, but also over
inland area, indicating the significant impacts of air-sea interactions on chemical predictions.
With coupling of 3-D ROMS, WRF/Chem-ROMS predictions of most cloud and radiative
variables are improved, especially over ocean. WRF/Chem-ROMS predictions of surface
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chemical species such as SO2, HNO3, Max 1-h and 8-h O3, SO42-, NH4+, NO3-, and PM10 are
also improved.
In conclusion, more comprehensive gas-phase mechanism can affect secondary gases
and aerosol predictions and affect climate through chemistry feedbacks to climate system,
demonstrating the importance of simulating chemistry-climate interactions in global Earth
system models. The comparisons of CB05_GE and MOZART-4x indicate the impacts of
different gas-phase mechanisms on SOA and climate predictions. IMN can increases
nucleation rate and aerosol number concentrations in the upper troposphere and stratosphere
and therefore improve the predictions of clouds, demonstrating ions are major sources for
new particle formation in the upper layer. ISORROPIA II can improve the predictions of
major inorganic gases and aerosols, demonstrating the importance of simulating gas-particle
partitioning in the model. The coupling of WRF/Chem with ROMS demonstrate the
importance of air-sea interaction treatments on regional air quality predictions. The
comprehensive evaluation in this work indicate the benefits from new model treatments for
climate and air quality predictions in global and regional scales and also identify the model
uncertainties in the model treatments which can be reduced in the future.
6.2 Limitations and Future Work
This work demonstrates the capability of improved CESM/CAM5 in representing
interactions among atmospheric chemistry, aerosols, cloud, and climate by implementing
new gas-phase mechanisms and advanced aerosol treatments for aerosol nucleation and
aerosol thermodynamics. Comprehensive evaluations are conducted in this work and reveal
several model uncertainties that need to be addressed to further improve CESM/CAM5’s
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skills in represent present atmosphere. The model biases associated with uncertainties in gasphase mechanisms, aerosol chemical/physical treatments, cloud dynamics and
thermodynamics, and emission inventories are identified. The sensitivity simulations with
different gas-phase mechanisms, aerosol treatments, and emissions indicate the significant
impacts of these treatments/inputs on model predictions.
Other limitations of this work lie in the model treatments for atmospheric chemistry and
aerosol. For example, uncertainties in the HOx recycling associated with isoprene chemistry in

CB05_GE can result in uncertainties in predicting SOA concentrations. Uncertainties in the
glyoxal mechanism can also contribute to the uncertainties in predicting SOA concentrations.
These uncertainties in the gas-phase chemical mechanism can be reduced in the future. Aerosol

thermodynamics involving coarse particles (in coarse sea-salt and dust modes) is currently
not treated explicitly in this work, given the high computational cost (by at least a factor of 3)
for solving the non-equilibrium system involving coarse particles. Instead, the simple kinetic
approach used in the default CAM5 is used to simulate the condensation of inorganic gases
onto coarse modes. An explicit treatment for coarse particles thermodynamics can be
implemented in the future. Aqueous phase oxidation of VOCs in cloud is not currently
treated in the model, which could partly explain the underpredictions of OC over Europe.
This missing pathway can be implemented in the future to accounts for the SOA formation in
aqueous phase chemistry.
This work also demonstrates the significant impacts of air-sea interactions on regional
air quality predictions by conducting WRF/Chem simulations with different ocean treatments
(i.e., 1-D OML and 3-D ROMS). Comprehensive evaluations are conducted in this work and
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reveal several model uncertainties associated with initial conditions for ROMS and relatively
coarse vertical resolution for ocean layers, which can partly explain the underpredictions of
SST in WRF/Chem-ROMS. Sensitivity simulations with improved initial conditions for
ROMS and increase of vertical resolution for ROMS can be conducted in the future to
estimate the impacts from model input and model setup, which can provide insights to further
reduce model uncertainties in the future.
To take advantage of existing coupling system of COAWST, the coupling of
WRF/Chem with ROMS can extend to interact with wave model to enable the impacts from
wave breaking, which can affect sea-salt emissions and aerosol concentrations over remote
ocean. In current WRF/Chem-ROMS coupling, there are no directly exchanged fields
between atmospheric chemistry and ocean model, which could be improved in the future. For
example, atmospheric chemistry and marine chemistry can be linked together to address
inaccurate predictions of O3 over ocean. Marine chemistry can not only impact the chemical
predictions in ocean but also impact marine ecosystem. Biogeochemical cycle can also be
linked among land, atmosphere, and ocean to enable the interactions among these
components in regional scales. These linkages can be built in the future to develop a fully
coupled regional Earth system model and thus can be applied for regional climate
simulations. If there are enough computational resources, the model can be applied for finer
grid resolution to resolve fine scale processes such as convective clouds and coastal
processes.
Although the comprehensive evaluation are conducted in this work to provide
insights into the model uncertainties associated with the model treatments, the quantifications
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of model uncertainties are not included in this work, which could be included in the future.
Ensemble simulation is a useful method to quantify uncertainty and variability. PerturbedParameter Ensembles (PPE) can be applied to assess climate uncertainty using same climate
model but different combinations of several key input parameters (Murphy et al., 2004;
Jackson et al., 2008; Collins et al., 2011b). Statistical techniques (e.g. probability distribution
functions) can then be applied to PPE to make uncertainty and variability in quantitative
form. At this point, due to the limited computational sources and time, this work focuses
more on the sensitivity studies to identify key controlling parameters (e.g., sensitivity
ranking), model improvement (e.g., to develop more accurate and representative treatments
or parameterizations), and model evaluation against observations than applying statistical
techniques to quantify uncertainty. However, this method could be included in the future to
quantify model uncertainty.
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