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Abstract

Gas-phase chemistry and subsequent gas-to-particle conversion processes such as
new particle formation, condensation, and thermodynamic partitioning have large im-
pacts on air quality, climate, and public health through influencing the amounts and
distributions of gaseous precursors and secondary aerosols. Their roles in global air5

quality and climate are examined in this work using the Community Earth System
Model version 1.0.5 (CESM1.0.5) with the Community Atmosphere Model version 5.1
(CAM5.1) (referred to as CESM1.0.5/CAM5.1). CAM5.1 includes a simple chemistry
that is coupled with a 7-mode prognostic Modal Aerosol Model (MAM7). MAM7 in-
cludes classical homogenous nucleation (binary and ternary) and activation nucleation10

(empirical first-order power law) parameterizations, and a highly-simplified inorganic
aerosol thermodynamics treatment that only simulates sulfate (SO2−

4 ) and ammonium
(NH+

4 ). In this work, a new gas-phase chemistry mechanism based on the 2005 Car-
bon Bond Mechanism for Global Extension (CB05_GE) and several advanced inor-
ganic aerosol treatments for condensation of volatile species, ion-mediated nucle-15

ation (IMN), and explicit inorganic aerosol thermodynamics have been incorporated
into CESM/CAM5.1-MAM7. Comparing to the simple gas-phase chemistry, CB05_GE
can predict many more gaseous species, and improve model performance for PM2.5,
PM10, PM2.5 components, and some PM gaseous precursors such as SO2 and NH3
in several regions, as well as aerosol optical depth (AOD) and cloud properties (e.g.,20

cloud fraction (CF), cloud droplet number concentration (CDNC), and shortwave cloud
forcing (SWCF)) on globe. The modified condensation and aqueous-phase chemistry
further improves the predictions of additional variables such as HNO3, NO2, and O3 in
some regions, and new particle formation rate (J) and AOD over globe. IMN can im-
prove the predictions of secondary PM2.5 components, PM2.5, and PM10 over Europe,25

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 near-surface temperature and specific
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humidity, precipitation, downwelling shortwave radiation, SWCF, and cloud condensa-
tion nuclei at a supersaturation of 0.5 % over globe. With all the modified and new
treatments, the improved model predicts that on a global average, SWCF decreases
by 2.9 Wm−2, reducing the overprediction of SWCF from 7.9 % to 0.9 %. Uncertainties
in emissions can explain largely the inaccurate predictions of precursor gases (e.g.,5

SO2, NH3, and NO) and primary aerosols (e.g., black carbon and primary organic mat-
ter). Additional factors leading to discrepancies between model predictions and obser-
vations include uncertainties in model treatments such as dust emissions, secondary
organic aerosol formation, multiple-phase chemistry, cloud microphysics, aerosol-cloud
interaction, and dry and wet deposition.10

1 Introduction

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 chem-
istry determines the distribution of important oxidants and gaseous precursors for sec-
ondary air pollutants such as ozone (O3) and fine particular matter (PM2.5). Meanwhile,15

climate change can strongly influence atmospheric chemistry and air quality. Therefore,
gas-phase chemistry is an important component for atmospheric and Earth system
models. Different chemical reactions and kinetic parameters can lead to differences
in the predictions of gases, secondary aerosols, new particle formation rate, as well
as climatic variables such as cloud condensation nuclei (CCN), cloud droplet number20

concentration (CDNC), and radiative forcing (Faraji et al., 2008; Luecken et al., 2008;
Sarwar et al., 2008; Kim et al., 2011a; Zhang et al., 2012a; Lamarque et al., 2013;
Young et al., 2013; Shindell et al., 2013).

Aerosol can influence the Earth’s radiative balance by directly scattering and absorb-
ing radiation and indirectly affecting cloud properties through acting as CCN and ice25

nuclei (IN). Therefore, it is important to accurately simulate aerosol size distribution,
chemical composition, and properties, which can determine the magnitude of aerosol
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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 Cli-
mate System Model (CCSM) (Collins et al., 2006; Gent et al., 2010), the 5th generation
of global climate model modified from European Centre for Medium-Range Weather
Forecasts in Hamburg (ECHAM5) (Roeckner et al., 2003, 2006; Stier et al., 2005),5

and Earth system models such as the Community Earth System Model (CESM) (Ghan
et al., 2012; Liu et al., 2012), the Integrated Global System Model (IGSM) (Dutkiewicz
et al., 2005; Sokolov et al., 2005; Monier et al., 2013), and the Earth System Model
(ESM) (Dunne et al., 2012, 2013). However, due to the complexity of aerosol micro-
physical processes and their interactions with cloud processes, it remains a challenge10

to accurately represent those properties and processes in GCMs.
Inorganic aerosols comprise 25–50 % of fine aerosol mass (Heintzenberg, 1989),

which mainly includes sulfate (SO2−
4 ), ammonium (NH+

4 ), nitrate (NO−
3 ), chloride (Cl−),

and sodium (Na+). The physical and chemical properties of these aerosols have
been understood reasonably well, making it possible to simulate aerosol physical and15

chemical processes in GCMs. 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. To simulate aerosol conden-
sational growth, a constant value of α is often assumed in GCMs, which is a source of20

uncertainty in model predictions.
Homogeneous nucleation of H2SO4 vapor produces new particles that can grow to

form CCN. Different nucleation parameterizations are used in GCMs or global aerosol
models. For example, Kulmala et al. (2006), Sihto et al. (2006), and Kuang et al. (2008)
derived empirical power laws with the first- or second-order dependencies of new par-25

ticle formation rates (J) on H2SO4 vapor concentration from observations based on
cluster-activation or barrierless kinetic mechanisms, which have been used in the Com-
munity Atmosphere Model (CAM) (Wang and Penner, 2009), the Global-through-Urban
Weather Research and Forecasting model with Chemistry (GU-WRF/Chem) (Zhang
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et al., 2012), and Global Model of Aerosol Processes (GLOMAP) (Spracklen et al.,
2006). An ion-mediated nucleation (IMN) model was 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,
2010), CAM (Yu et al., 2012), and GU-WRF/Chem (Zhang et al., 2012b). Different nu-5

cleation parameterizations lead to significant differences in J predictions by regional
and global models (Zhang et al., 2010) and CCN/CDNC (Yu and Luo, 2009; Pierce and
Adams, 2009; Kuang et al., 2009; Zhang et al., 2012b; Yu et al., 2012). Limited obser-
vations make it difficult to validate predicted J values and appropriateness of various
parameterizations.10

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
(GATOR-GCMOM) (Jacobson, 2010). EQUISOLV II uses analytical equilibrium itera-15

tion and mass flux iteration to solve equilibrium problems (Jacobson, 1999), which
requires relatively large computational cost. SCAPE2 is used in the California Insti-
tute 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 GU-WRF/Chem (Zhang et al., 2012b) and20

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)), GEOS-Chem (Fountoukis and25

Nenes, 2007), and ECHAM5 with MESSy Atmospheric Chemistry and Global Modal-
aerosol eXtension (EMAC/GMXe) (Metzger et al., 2011). The Multicomponent Equilib-
rium Solver for Aerosols (MESA) (Zaveri et al., 2005) has been used in the mesoscale
WRF/Chem (Fast et al., 2006). The Equilibrium Simplified Aerosol Model (EQSAM)
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has been updated in EMAC/GMXe in the past decade (Metzger et al., 2002, 2007,
and 2011). Different aerosol thermodynamic models can lead to different aerosol pre-
dictions (Nenes et al., 1998; Zhang et al., 2000; Zaveri et al., 2005; Metzger et al.,
2011). Zhang et al. (2000) reported average absolute differences of 7.7–12.3 % in to-
tal PM predictions between different thermodynamic modules under 400 test condi-5

tions but the differences could be as large as 68 % under some cases (e.g., high ni-
trate/chloride concentrations 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 3-10

D atmospheric models with these modules include explicit thermodynamic treatments
for sulfate, ammonium, nitrate, sodium, and chloride. For comparison, some GCMs,
such as CAM, use highly-simplified thermodynamics that treats sulfate and ammonium
only. Most thermodynamic modules assume thermodynamic equilibrium between the
gas and particulate phases for volatile compounds. However, if the time needed for15

the system achieving chemical equilibrium is much longer than the time step used in
the model, the equilibrium assumption is not valid, which often occurs for coarse par-
ticles and cooler conditions (Wexler and Seinfeld, 1991; Meng and Seinfeld, 1996).
Therefore, it remains a challenge to simulate thermodynamics for coarse particles.

In this work, a comprehensive gas-phase chemical mechanism and detailed in-20

organic aerosol treatments for nucleation and aerosol thermodynamics are incorpo-
rated into CAM version 5.1 (CAM5.1) in the CESM version 1.0.5 (CESM1.0.5). Sev-
eral 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 un-25

certainties in the chemical and radiative predictions associated with those processes.
The improved model with enhanced capabilities can be applied for decadal simulations
to study interactions among atmospheric chemistry, aerosols, and climate change.
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2 Model development and improvement

CESM is a fully-coupled global Earth system model, which includes land, ocean, at-
mosphere, 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/5

cesm1.0/cam/.

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 pho-
tolysis reaction and 7 kinetic reactions among 6 gas-phase species (i.e., Hydrogen
peroxide (H2O2), sulfuric acid (H2SO4), sulfur dioxide (SO2), dimethylsulfide (DMS),10

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 and Related chemical Tracers version 4 (MOZART-
4) of Emmons et al. (2010), has been incorporated into the official released CAM5.1.
It is, however, only coupled with the bulk aerosol module (BAM) in CAM5.1. In ad-15

dition 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 repre-
sent 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-phase20

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 aerosols (SOA).
It simulates condensational growth of aerosol, nucleation, coagulation, dry deposition,25

wet removal, and water uptake. MAM7 treats H2SO4, NH3, and methanesulfonic acids
(MSA) as completely non-volatile species and treats SOAG as volatile species, using
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a constant accommodation coefficient of 0.65 for all these condensing species based
on Adams and Seinfeld (2002). 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 Vehka-5

maki et al. (2002) (VE02) and ternary H2SO4−NH3−H2O homogeneous nucleation of
Merikanto et al. (2007) (ME07) are used above PBL. MAM7 also includes simplified
inorganic aerosol thermodynamics that only involves sulfate and ammonium. A more
detailed description of MAM can be found in Liu et al. (2012).

2.2 New and modified model treatments implemented in this work10

2.2.1 Gas-phase chemical mechanism

Highly simplified gas-phase mechanism can result in large uncertainties in the predic-
tions of oxidants and gaseous precursors for secondary aerosols. Therefore, a new
gas-phase mechanism, the 2005 Carbon Bond Mechanism for Global Extension
(CB05_GE) (Karamchandani et al., 2012) has been implemented into CAM5.1 using15

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 it20

compatible in MAM7. As the first study of CESM/CAM5.1 with CB05_GE, this work
focuses on the impact of gas-phase chemistry. The heterogeneous chemistry on the
surface of aerosol is turned off. CB05_GE implemented in CESM/CAM5 contains a to-
tal of 273 reactions including 50 photolysis reactions and 223 kinetic reactions among
93 gas-phase species in this study.25

27724

http://www.atmos-chem-phys-discuss.net
http://www.atmos-chem-phys-discuss.net/13/27717/2013/acpd-13-27717-2013-print.pdf
http://www.atmos-chem-phys-discuss.net/13/27717/2013/acpd-13-27717-2013-discussion.html
http://creativecommons.org/licenses/by/3.0/


ACPD
13, 27717–27777, 2013

Improvement and
further development

in CESM/CAM5

J. He and Y. Zhang

Title Page

Abstract Introduction

Conclusions References

Tables Figures

J I

J I

Back Close

Full Screen / Esc

Printer-friendly Version

Interactive Discussion

D
iscussion

P
aper

|
D

iscussion
P

aper
|

D
iscussion

P
aper

|
D

iscussion
P

aper
|

2.2.2 Ion-mediated nucleation parameterization

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, relative humidity, H2SO4 va-5

por 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 and Turco, 2000, 2001; Yu, 2006, 2010). The global ion-10

ization 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 ioniza-
tion rates is parameterized based on the profiles given in Reiter (1992). To reduce the
computing cost using IMN in 3-D models, Yu et al. (2008) developed lookup tables with
simple interpolation subroutines to calculate nucleation rates under typical atmospheric15

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 the20

maximum value among predictions from IMN (YU10), homogeneous nucleation (VE02
or ME07), and the first-order parameterization (WP09).

2.2.3 Inorganic aerosol thermodynamics

Gas-particle partitioning is an important process in the formation and evolution of
secondary aerosols. Several factors affect gas-particle partitioning, such as temper-25

ature, relative humidity, saturation vapor pressures of species, the physical state of
the condensed-phase, and the way in which aerosol components interact each other
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(Cappa et al., 2008; 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+)-NH+

4−Na+−SO2−
4 −NO−

3−Cl−−H2O aerosol system. An important difference be-
tween ISORROPIA II and most other thermodynamics equilibrium models is that ISOR-5

ROPIA 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 SO2−

4 , NH+
4 , NO−

3 , Cl−, and Na+ as well as the impact10

of crustal 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). Aerosol thermodynamics in-
volving coarse particles (in coarse sea-salt and coarse dust modes) is currently not15

treated in this work, given their non-equilibrium nature and the high computational cost
for solving the non-equilibrium system involving coarse particles.

2.2.4 Modifications of existing aerosol treatments

MAM 7 does not treat NO−
3 and it treats NaCl as one species. In this work, MAM7

is modified to explicitly simulate NO−
3 , Cl−, and Na+. NO−

3 and Cl− are simulated in20

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 emis-
sions. The source of Cl− includes sea-salt emissions, and the condensation of HCl.
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; Sander25

et al., 2002), respectively. Dissolution and dissociation of HNO3 and HCl to produce
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NO−
3 and Cl− in cloud water are added in the model based on Schwartz (1984), Marsh

and McElroy (1985), and Seinfeld and Pandis (2006).

3 Model configurations and evaluation protocols

3.1 Model setup and simulation design

Table 1 summarizes the CESM/CAM5.1 simulations that are designed to examine the5

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 dif-
ferent gas-phase mechanisms: one uses the simple gas-phase chemistry (MAM_SIM)
and one uses the CB05_GE (MAM_CB05_GE). A comparison of the two simulations
provides an estimate of the impacts of gas-phase chemical mechanisms. The second10

set of simulations consists of four 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 NO−

3 , Cl−, and Na+ and
species-dependent mass accommodation coefficients for condensation and that in-
cludes the aqueous-phase chemistry of HNO3/NO−

3 and HCl/Cl−. The second one is15

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 aerosol thermodynamics. The fourth one is MAM_NEW that uses the same treat-
ments as MAM_CON but with all new and modified aerosol treatments and a prefactor20

of 1.0×10−9 for WP09. 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_NEW with MAM_CON indicates the im-
pacts of IMN, ISORROPIA II, and combined new and modified aerosol treatments,
respectively. The 3rd set of simulation includes one simulation using the same con-25

figuration as MAM_NEW but with adjusted emissions (MAM_NEW/EMIS). Its compar-
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ison with MAM_NEW indicates the impacts of uncertainties in emissions on model
predictions. All these simulations use 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 (2009a), the shallow convec-5

tion scheme and deep convection scheme 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 Mlawer et al. (1997) and Iacono et al. (2003, 2008) for long and short-wave radia-
tion. The land surface processes are simulated by the Community Land Model (CLM)10

of Lawrence et al. (2011) in CESM that is coupled with CAM5.1.
All simulations 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.
The simulations are conducted for the full-year of 2001 at a horizontal resolution of15

0.9◦×1.25◦ and a vertical resolution of 30 layers for CAM5.1. The initial meteorological
conditions are generated through the CESM framework from B_1850-2000_CAM5_CN
component set. The initial chemical conditions are based on the default setting in
MOZART for chemical species treated in MOZART and clean conditions for other
species that are not treated in MOZART. The model is spin up for one year to gener-20

ate initial conditions for the missing species. The offline anthropogenic emissions used
in all simulations except for MAM_NEW/EMIS are taken from Zhang et al. (2012b).
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 car-25

bon (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 Rep-
resentative Concentration Pathways (RCPs), the MOZART version 4 (MOZART-4), the
Reanalysis of the TROpospheric chemical composition (RETRO), the Global Fire Emis-
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sions 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).

3.2 Available measurements for model validation5

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. Global surface networks include the National Climatic Data Center (NCDC),
the Global Precipitation Climatology Project (GPCP), the Baseline Surface Radiation
Network (BSRN), and the National Oceanic and Atmospheric Administration Climate10

Diagnostics Center (NOAA/CDC). The satellite datasets include the Moderate Reso-
lution Imaging Spectroradiometer (MODIS), the Clouds and Earth’s Radiant Energy
System (CERES), the Total Ozone Mapping Spectrometer/the Solar Backscatter Ultra-
Violet (TOMS/SBUV), the Measurements Of Pollution In The Troposphere (MOPITT),
and the Global Ozone Monitoring Experiment (GOME). Other satellite-based data in-15

clude the MODIS-derived CDNC from Bennartz (2007) (BE07).
Regional observational networks include the Clean Air Status and Trends Net-

work (CASTNET), the Interagency Monitoring of Protected Visual Environments (IM-
PROVE), and the Speciation Trends Network (STN) over CONUS; the European Mon-
itoring and Evaluation Program (EMEP), the Base de Données sur la Qualité de l’Air20

(BDQA), and the European air quality database (AirBase) over Europe; the Ministry
of Environmental Protection of China (MEP of China), the National Institute for Envi-
ronmental Studies of Japan (NIES of Japan), and Taiwan Air Quality Monitoring Net-
work (TAQMN) over East Asia. The observational data of J is compiled from Kulmala
et al. (2004) and Yu et al. (2008), which include land-, ship-, and aircraft-based mea-25

surements.
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3.3 Evaluation protocol

The protocols for performance evaluation include spatial distributions and statistics, fol-
lowing the approach of Zhang et al. (2012b). The analysis of the performance statistics
will focus on mean bias (MB) and normalized mean bias (NMB). The meteorological
and radiative variables are evaluated annually, including temperature at 2 m (T2), spe-5

cific humidity at 2 m (Q2), and wind speed at 10 m (WS10) from NCDC; total daily
precipitation rate (Precip) from GPCP; 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 optical thickness (COT), cloud water path (CWP),10

precipitating water vapor (PWV), and CCN from MODIS; as well as CDNC from BE07.
Chemical concentrations evaluated include seasonal and annual averaged surface mix-
ing ratios of CO, O3, SO2, NH3, NO2, and HNO3, surface concentrations of PM and its
major components (i.e., SO2−

4 , NO−
3 , NH+

4 , Cl−, BC, OC, total carbon (TC)) for CONUS,
Europe, and East Asia, and column tropospheric CO and NO2, and tropospheric O315

residual (TOR) for the globe.

4 Model evaluation for MAM_SIM based on original model treatments

Tables 3 and 4 show MBs and NMBs of meteorological/radiative and chemical predic-
tions, respectively. The model performance of the baseline simulation, MAM_SIM, is
discussed below. That for all other simulations will be discussed in Sect. 5.20

As shown in Table 3, meteorological variables such as T2, Q2, and WS10 are
underpredicted by 1.4 ◦C (∼ −10.9 %), 4.3×10−4 gkg−1 (∼ −5.1 %), and 0.6 ms−1 (∼
−15.2 %), respectively, whereas Precip is overpredicted by 0.3 mmday−1 (∼ 12.9 %).
Radiative variables such as LWD and SWD are underpredicted by 3.4 Wm−2 (∼
−1.1 %) and 2.0 Wm−2 (∼ −1.1 %), respectively, whereas OLR and SWCF are over-25

predicted by 8.8 Wm−2 (∼ 4.1 %) and 3.2 Wm−2 (∼ 7.9 %) respectively. Cloud variables
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such as CF and PWV are slightly underpredicted, whereas COT, CWP, column CCN
at a supersaturation of 0.5 %, and CDNC are largely underpredicted, with NMBs of
−77.8 % to −55.6 %, which is likely due to the limitations in the current model treat-
ments of cloud microphysics and aerosol-cloud interactions in CAM5.1.

AOD is also underpredicted by 36.1 %, which is likely due to inaccurate predictions5

of aerosol concentrations. For example, as shown in Table 4, 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 inac-
curate predictions of SO2−

4 , NH+
4 , and organic aerosols, and missing major inorganic

aerosol species such as nitrate and chloride. The concentrations of BC, OC, and TC10

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 con-
centrations over CONUS and Europe are significantly overpredicted by 10.3 µgm−3

15

(∼ 264.8 %) and 6.6 µgm−3 (∼ 97.5 %), respectively, whereas SO2 concentrations over
East Asia are largely underpredicted by 7.9 µgm−3 (∼ 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 SO2−

4 and NH+
4 . The J values in PBL are highly20

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 nucle-
ation parameterizations used in the default CESM/CAM5.1.
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5 Impacts of new and modified treatments on model predictions

5.1 Impacts of new gas-phase chemistry

Compared to simple gas-phase chemistry, many more gaseous species and chemi-
cal reactions simulated in CB05_GE can affect secondary aerosol formation through
gas-to-particle mass transfer and aqueous-phase chemistry and affect meteoro-5

logical/climatic variables through chemistry feedbacks to the climate system. Fig-
ure 1 shows the absolute differences of T2, WS10, PBL height (PBLH), H2O2,
SO2, SO2−

4 , SOA, sea-salt (SSLT), and dust (DUST) between MAM_CB05_GE and
MAM_SIM. Compared to MAM_SIM, MAM_CB05_GE predicts higher global average
T2 and WS10, but lower PBLH, due to various feedbacks to meteorology caused by10

changed chemical concentrations, although the directions of such changes are region-
dependent. For example, T2 increases by up to 4 ◦C over most areas in Asia, but de-
creases over most areas by as large as 4.1 ◦C in North America. PBLH simulated by
MAM_CB05_GE is lower than that by MAM_SIM by as much as 312.6 m, or higher by
as much as 176.5 m. There are strong correlations in changes in related variables. For15

example, the increase of T2 over land in the Northern Hemisphere is mainly due to the
combined effects of increase of SWD from decreased CF and increase of latent heat
flux (Figure not shown) in the same regions; and the decrease of T2 in the Northern
Hemisphere and the decrease of T2 over land in the Southern Hemisphere are mainly
due to the decrease of SWD, resulting from an increase in CF. The changes in me-20

teorological/radiative variables in turn affect chemical predictions during subsequent
time steps. For example, the change of T2 can in turn affect the rates of temperature-
dependent chemical reactions.

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.25

Compared with MAM_SIM, MAM_CB05_GE predicts higher H2O2 by 0.4 ppb, SO2

by 7.3 ppt, SO2−
4 by 0.01 µgm−3, and SOA by 0.06 µgm−3 in terms of global mean.
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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 O3 and
OH radicals, O3 chemistry is not treated and OH is prescribed in MAM_SIM in de-
fault CESM/CAM5.1. OH simulated by MAM_CB05_GE is lower than that prescribed
by MAM_SIM by up to 0.12 ppt, or higher by up to 0.12 ppt in different regions (Fig-5

ure 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 +10

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 perox-
ycarboxylic acids (PACD)) and other gases (e.g., HNO3, HONO, HNO4, HOCl, and
HOBr) treated in MAM_CB05_GE can produce OH. Despite higher OH mixing ratios in15

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 ox-
idation 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 pro-20

duction of SO2 from lower DMS mixing ratios (due to increased PBLH and 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 and meteorological conditions. CB05_GE
contains more photolytic reactions, which affect the mixing ratios of OH, SO2, and25

H2SO4, and subsequently the concentration of SO2−
4 through condensation and ho-

mogeneous nucleation. Higher SO2 mixing ratios in MAM_CB05_GE result in more
H2SO4 thus more SO2−

4 . For example, both SO2 mixing ratios and SO2−
4 concentra-

tions are higher over eastern China in MAM_CB05_GE. T2 is higher, resulting in more
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SO2−
4 from SO2 oxidation and WS10 is lower, resulting in more SO2−

4 near surface.

More SO2−
4 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
SO2−

4 can affect the concentrations of NH+
4 directly and therefore NH3 mixing ratios and

PM number concentrations (PMnum). For example, the increase of SO2−
4 results in an5

increase in NH+
4 and PMnum, and a decrease in NH3. The increase of SO2−

4 and PMnum
can increase AOD, CF, COT, CWP, PWV, and CDNC and therefore affect radiation
by increasing LWD and decreasing SWD (Figures not shown, see changes in perfor-
mance statistics of these affected variables in Table 3). The increase of SOA is due
to the inclusion of more gaseous precursor emissions (e.g., isoprene, terpene, xylene,10

and toluene) in MAM_CB05_GE, which contribute to SOAG and thus SOA through
gas-to-particle conversion.

Unlike gases and secondary aerosol species, the changes of sea-salt and dust con-
centrations are mainly attributed to the change of WS10. A small change of WS10 can
result in a significant change of sea-salt and dust emissions, and thus PM2.5 and PM10.15

This can be reflected by a strong correlation between spatial patterns of WS10 and
sea-salt, and between the same directional changes in WS10 and dust concentrations
over major deserts such as Gobi and Takla Makan deserts where the dust concen-
trations decrease with lower WS10, and Arabian and Sahara/Sahel deserts where the
dust concentrations increase with higher WS10. However, the changes in dust con-20

centrations are the opposite to those in WS10 in some regions. For example, dust
emissions increase with the decreased WS10 in some regions such as arid regions in
Russia, Mongolia, and most northern China and decrease with increased WS10 over
some regions such as Australia. Such an anti-correlation indicates the influences on
dust emissions and concentrations by factors other than WS10. For example, changes25

in precipitation can affect lifetime of dust particles in the atmosphere through wet scav-
enging. The decreased (or increased) wet deposition of dust resulted from decreased
(or increased) precipitation in those regions (Figure not shown).
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Figure 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 ratios are higher in most Asia, central Africa, South Africa,
and eastern US, 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, ac-5

etaldehyde, 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 high10

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 those regions. In addi-15

tion, 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 re-20

sult in a change in predicted cloud properties and radiation balance that in turn affect
the predictions of other meteorological variables such as T2 and WS10 and all chemical
species during subsequent time steps. As a consequence of interwoven changes due
to complex feedback mechanisms, the two simulations perform differently, with notice-
able improvement by MAM_CB05_GE. As shown in Table 3, compared with MAM_SIM,25

MAM_CB05_GE reduces MB of Q2 by 18.6 %, 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 T2 by 7.1 %, WS10 by 3.4 %, and SWD by 26.2 %, the increases in their NMBs
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are only 0.2–1.2 %. As shown in Table 4, MAM_CB05_GE also reduces MBs of SO2

by 2.5 % and PM10 by 8.1 % over East Asia, NH3 by 1.3 % and SO2−
4 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 Asia5

is largely underpredicted with an NMB of −82.1 % (see Table 4), 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 predic-
tions 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 to10

the uncertainties in the O3 precursor emissions (e.g., NOx) and inaccurate predictions
of meteorology and radiation over Europe. In particular, the large underpredictions in
NO2 concentrations (likely due to the uncertainties in the NOx emissions and overpre-
dictions in radiation, see Sect. 5.5 for more detailed discussions) indicate insufficient
NOx for titration of O3, leading to a large overprediction in O3 concentrations in Europe.15

The large biases in HNO3 are due to no treatment for gas-particle partitioning in both
simulations.

5.2 Impacts of condensation and aqueous-phase chemistry

The α value for H2SO4 vapor is subject to considerable uncertainty. The calculation in
the default condensation module with a default α value of 0.65 gives a very low con-20

centration of H2SO4, resulting in very low nucleation rates and aerosol number con-
centrations. 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 concentration25

range of 106 ∼108 moleculescm−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)
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are selected for their irreversible condensation process. NH+
4 from NH3 condensation

will be constrained by the available SO2−
4 , NO−

3 , and condensed Cl−, following the ap-
proach that is used in the default simplified thermodynamics to neutralize the cations
in the system.

Figure 3 shows the absolute differences of NH3, SO2, HNO3, HCl, H2SO4, total par-5

ticulate 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 Au-
gust (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 ppb10

(∼ 84 %), respectively. NO−
3 is not simulated in the original model and the concentration

of NO−
3 is assumed as zero in MAM_CB05_GE. Therefore, the concentration of NO−

3
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 of15

TCL over ocean is mainly due to the change of WS10, which has a significant impact on
sea-salt emissions. The changes of SO2 mixing ratios are mainly due to the differences
in meteorology and mixing ratios of species in sulfur chemistry in the two simulations.
For example, compared to MAM_CB05_GE, PBLH (Figure not shown) in MAM_CON
either increases by up to 394.3 m or decreases by up to 392.1 m, which can affect ver-20

tical mixing and SO2 mixing ratios near the surface. The increase of SO2 over eastern
US is likely due to the less SO2 oxidation in clouds (Figure not shown), which results
from lower CF. However, for those regions that both SO2 and CF increase (e.g., North
Russia and East Asia), the increase of SO2 is likely due to the decrease of PBLH. The
decrease of SO2 mixing ratios over most oceanic areas is likely due to the combined ef-25

fects of DMS oxidation and SO2 oxidations in MAM_CON. More SO2 can result in more
H2SO4 and therefore more SO2−

4 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
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(by a factor of 32.5), allowing more H2SO4 to participate in binary/ternary homoge-
neous nucleation and produce more secondary SO2−

4 , improving predictions of SO2−
4

over CONUS but degrading the performance of SO2−
4 over Europe (see Table 4). Al-

though the mass accommodation coefficient of NH3 is reduced significantly (by a factor
of 67), more available NH3 can participate in the ternary homogeneous nucleation and5

produce secondary NH+
4 . Meanwhile, the secondary NH+

4 formed from NH3 conden-
sation is also constrained by available SO2−

4 , NO−
3 , and condensed Cl−. As a result,

NH3 mixing ratios decrease and NH+
4 concentrations 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 dissociation10

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 4, compared with MAM_CB05_GE, MAM_CON gives better per-
formance against observations in terms of CO, NO2, O3, HNO3, PM2.5, and PM10 over15

Europe, CO and PM10 over East Asia, O3, HNO3, SO2−
4 , NH+

4 , BC, OC, TC, and PM2.5
over CONUS, and column CO, column NO2, TOR, and J over globe. As also shown in
Table 3, the improved chemical predictions improve the predictions of WS10, Precip,
OLR, SWCF, CF, COT, CWP, AOD, and CDNC. Treating condensation and aqueous-
phase chemistry of HNO3 and HCl enables an explicit simulation of NO−

3 and Cl− in20

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 simplified irreversible
treatment for gas condensation, the mass concentrations of SO2−

4 , NH+
4 , NO−

3 , and Cl−

are overpredicted, although the lower limit of mass accommodation coefficient for each25

precursor is used in MAM_CON. As shown in Table 4, the concentrations of SO2−
4 ,

NH+
4 , NO−

3 , 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 %, respec-
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tively, for Europe. The large NMBs of NO−
3 and Cl− in MAM_CON are due to the small

observed values for NO−
3 (i.e., 1.0 µgm−3 over CONUS and 2.0 µgm−3 over Europe)

and Cl−(i.e., 0.1 µgm−3 over CONUS and 0.7 µgm−3 over Europe), the uncertainties in
treating HNO3 and HCl as non-volatile species using their lower limits of accommoda-
tion coefficients, and lack of treatments for NO−

3 and Cl− thermodynamics.5

5.3 Impacts of new particle formation

Figure 4 shows the annual-mean vertical distributions of J values and aerosol num-
ber 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 the10

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 4). 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,15

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 Raes, 1993), hydrochloric acid (Arstila et al., 1999), organic
compounds (Berndt, et al., 2013), iodine-containing compounds (Hoffmann et al., 2001;
O’Dowd et al., 2002; Burkholder, et al., 2004; Pechtl et al., 2006), and amines (Kurtén20

et al., 2008; Berndt, et al., 2013). Limited observations also introduce some uncer-
tainties 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., 2010), intro-25

ducing 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

27739

http://www.atmos-chem-phys-discuss.net
http://www.atmos-chem-phys-discuss.net/13/27717/2013/acpd-13-27717-2013-print.pdf
http://www.atmos-chem-phys-discuss.net/13/27717/2013/acpd-13-27717-2013-discussion.html
http://creativecommons.org/licenses/by/3.0/


ACPD
13, 27717–27777, 2013

Improvement and
further development

in CESM/CAM5

J. He and Y. Zhang

Title Page

Abstract Introduction

Conclusions References

Tables Figures

J I

J I

Back Close

Full Screen / Esc

Printer-friendly Version

Interactive Discussion

D
iscussion

P
aper

|
D

iscussion
P

aper
|

D
iscussion

P
aper

|
D

iscussion
P

aper
|

J and aerosol number concentrations in PBL (see Fig. 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 num-
ber concentrations in the troposphere. Due to a stronger radiation in the upper layer,5

more available ions can contribute to the new particle formation, therefore increasing
the aerosol number concentrations in the middle/upper troposphere and lower strato-
sphere by factors of 2–4.

Figure 5 shows the absolute differences of T2, WS10, PM2.5, AOD, column CCN
at a supersaturation of 0.5 %, CF, SWCF, and SWD between MAM_CON and10

MAM_CON/IMN for 2001. Compared with MAM_CON, MAM_CON/IMN predicts higher
global average T2 but lower WS10, due to various feedbacks to meteorology caused
by changed aerosol number concentrations. Aerosol number can directly affect CCN,
which can affect cloud formation and properties as well as radiation. As a result of all
those changes, major PBL variables such as T2 and WS10, are changed, with global15

mean changes of 0.15 ◦C (or by 1.1 %) and 0.04 ms−1 (or by 0.7 %), respectively. The
decrease of T2 over Australia correlates with the increase of CF, which can decrease
SWD, and the increase of T2 over land areas in the Northern Hemisphere correlates
with the increase of SWD due to the decrease of CF. WS10 can affect dust and sea-
salt emissions and the atmospheric transport of particles, therefore affecting PM2.520

and PM10, with a global mean changes of 0.2 µgm−3 and 0.97 µgm−3, respectively.
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 tropo-
sphere/stratosphere, AOD and column CCN at a supersaturation of 0.5 % increase by25

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 Wm−2 (or by 0.2 %) and 0.8 Wm−2 (or by 0.5 %), respectively, in
terms of global mean.
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Compared with MAM_CON, IMN (MAM_CON/IMN) improves the predictions of SO2,
NO−

3 , and PM2.5 over CONUS, SO2, SO2−
4 , NH+

4 , NO−
3 , Cl−, PM2.5, and PM10 over

Europe, PM10 over East Asia (see Table 4). The improved performance in aerosol
concentrations and increased aerosol numbers in the troposphere and lower strato-
sphere contribute to the improved performance of aerosol and cloud parameters, with5

increased AOD, CCN, and CDNC, and consequently increased CF, COT, CWP, and
SWCF, as shown in Table 3. However, there are still large biases for some chemical
species predictions. For example, CO mixing ratios are 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 uncer-10

tainties 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 pre-
dictions of meteorology and 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 sensitive15

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 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 NMBs20

still remain for COT, CWP, and CCN, indicating the uncertainties in the treatments of
related atmospheric processes such as cloud microphysics and aerosol–cloud interac-
tions.

5.4 Impacts of gas-aerosol partitioning

The inclusion of ISORROPIA II changes the mass concentrations of major PM2.525

species and their gaseous precursors. Changes in PM concentrations then affect pre-
dictions of cloud variables and therefore radiation. Changes in radiation can affect pre-
dictions of meteorological variables such as PBLH. The changes in PBLH vary from
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−245.2 m to 318.6 m, which can significantly affect gaseous and PM species in PBL.
Meanwhile, changes of radiation can also affect SO2 oxidation by OH, which affects
H2SO4 mixing ratios. Figure 6a shows the absolute differences of H2SO4, fine par-
ticulate sulfate (SO4f), NH3, fine particulate ammonium (NH4f), HNO3, fine particu-
late nitrate (NO3f), HCl, and fine particulate chloride (CLf) for summer 2001 between5

MAM_CON and MAM_CON/ISO. Similar plots for winter (December, January, and
February (DJF)) 2001 are shown in Fig. 6b. 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 Wm−2 (∼ 5.8 %) in MAM_CON/ISO, which allows more produc-
tion of OH from photolytic reactions of VOCs, HONO, HNO3, HNO4, H2O2, HOCl, and10

HOBr, and therefore enhanced oxidation of SO2 to form H2SO4. As shown in Fig. 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 concen-15

trations decrease with the global mean of 0.02 µgm−3, 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 SO4f20

increases over land, the increase of SO4f is due to more oxidation of SO2 by OH. For
the regions where SO4f decreases over land, the decrease of SO4f is mainly due to the
less H2SO4 condensation under higher temperature conditions. However, the decrease
of SO4f over Australia is mainly due to the increased precipitation. Due to the increase
of SWD, T2 has also increased by 0.2 ◦C, which evaporates more volatile gases, result-25

ing in an increase in the mixing ratios of NH3, HNO3, and HCl, and therefore a decrease
in NH+

4 , NO−
3 , and Cl−.

Compared to MAM_CON, the mixing ratios of NH3, HNO3, and HCl increase sig-
nificantly over most land areas, whereas NH4f, NO3f, and Clf decrease significantly
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over most land areas in MAM_CON/ISO. The chemical regime is the controlling fac-
tor for gas-aerosol equilibrium partitioning, which is determined based on the ratio of
SO2−

4 molar concentrations to total molar concentrations of cations and their respec-
tive 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 ex-5

cess 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 contains insufficient sulfate to neutralize the cation
species and is in sulfate-poor regime. Over land, the major cation is NH+

4 , and there are
also crustal species (K+, Ca2+, and Mg2+) associated with dust emissions, whereas10

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 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, compared to
MAM_CON, TCAT/TSO4 in MAM_CON/ISO either increases up by 80.1 (mostly over15

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 US, 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 NH+

420

is overpredicted (see Table 4). 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 NO−

3/Cl−

by neutralizing excess NH+
4 . If the amount of NO−

3/Cl− is insufficient to neutralize NH+
4 ,

sulfate-poor regime can drive NH+
4 to the gas phase to produce NH3. Therefore, the25

increase of NH3 and decrease of NH+
4 in MAM_CON/ISO are mainly due to insufficient

NO−
3/Cl− to neutralize NH+

4 under sulfate-poor regime, which results from the evap-
oration of NO−

3/Cl− to produce HNO3 and HCl under higher temperature conditions.
The slight increase of NO−

3 over Pacific Ocean and South Atlantic Ocean is due to
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much higher Na+ concentrations yet insufficient SO2−
4 in those regions compared with

those over the land areas. Unlike a sulfate-poor regime, a sulfate-rich regime (e.g.,
small portion of North Atlantic Ocean, South China Sea, and Greenland), requires
more cations such as NH+

4 and Na+ to neutralize excess SO2−
4 in the system and the

thermodynamics favors the partitioning of volatile species such as NO−
3 and Cl− in the5

gas phase as HNO3 and HCl. Therefore, despite the increased temperatures, the de-
crease of NH+

4 due to its evaporation back to the gas-phase is not as significant as
that of NO−

3 and Cl−, because NH+
4 needs to stay in the system to neutralize SO2−

4 . In
winter, as shown in Fig. 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, leading10

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 US, Africa, and most land areas in Southern Hemi-
sphere. HCl increases over most areas except the northeastern portion of Asia and15

eastern Europe.
Compared with MAM_CON, MAM_CON/ISO predicts higher T2 by 0.2 ◦C in winter,

favoring as the presence of volatile species in the gas-phase, resulting in an increased
level of HNO3 and HCl over some land areas. As shown in Fig. 7, in MAM_CON, most
regions are in sulfate-poor regime, whereas Greenland, North Pole, North Africa, some20

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 NH+

4 . This results in an increase in NO3f and Clf,
changing sulfate-poor regime to less sulfate-poor. North Pacific Ocean and southern
oceanic areas are also in sulfate-poor regime, and the increase of NO3f is due to25

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 NO−

3 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.
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The western Pacific Ocean is in sulfate-rich regime, driving NO−
3 and Cl− partition to the

gas phase, which results in a decrease in NO3f and Clf, and an increase in HNO3 and
HCl over this region. With the inclusion of ISORROPIA II, the western Pacific Ocean
changes from sulfate-rich regime to less sulfate-rich regime.

Compared to MAM_CON, the prediction of SWD in MAM_CON/ISO is improved with5

the NMB decreasing from −6.5 % to −2.2 %. The predictions of involved species such
as NH+

4 , NO−
3 , and Cl− are improved significantly by 13.6 %∼345.4 %, although there

is a slight degradation in the predictions of SO2−
4 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, NH+

4 , NO−
3 , Cl−, BC, OC,10

TC, and PM2.5 over CONUS, SO2, NH3, NO2, SO2−
4 , NH+

4 , NO−
3 , and Cl− over Europe,

and CO and SO2 over East Asia, which leads to improved performance in T2, Q2,
Precip, SWD, CCN at a superstation of 0.5 %, and SWCF over globe, as shown in
Table 3. ISORROPIA II calculates gas-aerosol partitioning under different atmospheric
conditions, significantly improving predictions of major gas precursor (e.g., HNO3) over15

CONUS and secondary aerosols (e.g., NO−
3 and Cl−) over CONUS and Europe. Large

decreases in the concentrations of NO−
3 and Cl− result in a decrease in NH+

4 , PM2.5,
and PM10, thus decreasing CCN, CDNC, AOD, and the absolute value of SWCF.

5.5 Overall impacts of all new and modified model treatments

Figure 8 shows the absolute differences of surface SO2, NH3, SO2−
4 , NH+

4 , TC,20

PM2.5, PM10, J, and aerosol number (PMnum) for 2001 and Fig. 9 shows the abso-
lute differences of radiative and meteorological variables between MAM_NEW and
MAM_SIM. With the new and modified model treatments in MAM_NEW, PM and pre-
cursor gaseous species have changed significantly. Due to the aerosol direct and indi-
rect effects, radiation and meteorology also change in MAM_NEW, which can in turn25

affect gas-phase chemistry such as photolytic reactions and the oxidation of SO2 by
OH. An increase of SO2 over western Europe and northeastern US with a decrease
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of SO2−
4 in those regions due to less oxidation of SO2 under cooler conditions (see

reduced T in this region in Fig. 8). On the other hand, SO2−
4 over East Asia increases

in MAM_NEW with the increase of SO2, causing by enhanced SO2 oxidation under
warmer conditions and reduced wet scavenging under drier conditions (see increased
T and decreased Precip in this region in Fig. 8). The changes of NH3 and NH+

4 are due5

to the gas-aerosol partitioning based on ISORROPIA II. The increase in TC is due to
the inclusion of more organic gases in CB05_GE, which contribute to SOAG and thus
SOA. All above changes can also contribute to the changes of PM2.5 and PM10.

As shown in Fig. 8, the difference of T2 between the two simulations varies from −6.0
to 4.8 ◦C, with a global mean difference of about −0.1 ◦C. The changes of temperature10

can affect temperature-dependent chemical reactions and atmospheric processes, as
illustrated in Fig. 7. The difference of WS10 varies from −1.5 to1.4 ms−1, with a global
mean of −0.02 ms−1. The decrease of wind speeds can decrease the sea-salt and
dust emissions significantly and affect transport of particles as well, which can affect
aerosol mass and number concentrations. Smaller prefactor 1×109 in WP09 is used15

in MAM_NEW to improve the predictions of J over ocean in PBL, although it degrades
the J performance over land in PBL compared to MAM_CON/IMN. However, compared
with MAM_SIM, J has improved in MAM_NEW by reducing NMBs from −99.6 % to
−53.1 %. Compared with MAM_SIM, MAM_NEW increases J at the surface, resulting
in an increase in PMnum at the surface. The increased J values are due to the lower20

limit of mass accommodation coefficient of H2SO4, resulting in more available H2SO4
vapor participating in nucleation. Due to the improved J predictions, aerosol mass and
number concentrations increase significantly and the performance of PM2.5 and PM10
is improved. With all the modified and new treatments, PMnum increases, leading to
increased AOD by 0.005, CCN at a supersaturation of 0.5 % by 2.7×107 cm−2, CDNC25

by 21.3 cm−3, COT by 0.8, CWP by 3.5 gm−2, and PWV by 0.012 cm on global average.
Due to the aerosol direct and indirect effects, the difference in simulated SWD varies
from −33.0 to 34.2 Wm−2 and decreases by 3.4 Wm−2 (∼ 2 %) on a global average.
The difference in LWD varies from −30.0 to 16.3 Wm−2 and increases by 0.4 Wm−2
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(∼ 0.1 %) on a global average (Figure not shown). The difference in SWCF varies from
−26.0 to 25.8 Wm−2 and decreases by 2.8 Wm−2 (∼ 7.5 %) on a global average. The
change of radiation can affect meteorological variables. The difference of PBLH varies
from −237 to 324 m with a global mean of 0.4 m. The increase of PBLH can increase
the vertical mixing in the PBL and decrease the concentration of chemical species at5

the surface. Precip decreases by 0.1 mmday−1, which can reduce the wet deposition
of gaseous and aerosol species.

Compared to MAM_CB05_GE, the simulations with modified or new aerosol treat-
ments (MAM_CON, MAM_CON/IMN, MAM_CON/ISO, MAM_NEW) slightly degrade
the predictions of T2, Q2, and LWD (increasing NMBs from −11.1 % up to −16.3 %,10

from −4.2 % up to −8.3 %, from −0.9 % to −1.4 %, respectively), but improve the pre-
dictions of Precip, 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_NEW (reducing NMBs from15

−61.6 % to 1.8–6.3 %). 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 condensa-
tion and aqueous-phase chemistry simulate more aerosol species (NO−

3 and Cl−) and
improve the prediction of HNO3. MAM_CON also improves J in the PBL due to more20

available H2SO4 involving 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, NH+

4 , PM2.5, NO−
3 , and Cl− over25

CONUS, NO−
3 and Cl− over Europe, and CCN over globe, and improves the predic-

tions of SWCF most (with an NMB of 1.6 %).
Large biases in some variables remain in MAM_NEW due to uncertainties in model

inputs (e.g., meteorology and emissions) and model treatments (e.g., multi-phase
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chemistry, dust emission scheme, cloud microphysics, aerosol activation, SOA forma-
tion, and dry and 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 un-
certainties 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-5

grid scale used in this work, which can result in large NMBs in secondary aerosols (e.g.,
SO2−

4 , NH+
4 , NO−

3 , 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_NEW (with an NMB10

of 62.7 %) is mainly due to a lack of NOx titration (as indicated by large underpredic-
tions in NO2) and more production of O3 from the photolytic reaction of NO2 resulted
from overpredictions of SWD particularly in autumn and winter. Table 5 shows the sea-
sonal statistics for O3, NO2, and HNO3 over Europe in MAM_NEW. During autumn
and winter, O3 is overpredicted by about 100 %∼140 %, whereas NO2 is underpre-15

dicted by about −85 %∼ −20 %, indicating insufficient NOx for titration of O3. SWD is
overpredicted by 45.0 Wm−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 underpredic-
tion of HNO3 in winter. In autumn, SWD is overpredicted by 42.8 Wm−2 (or by 37.9 %).20

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 over-
predicted O3 and additional photolytic reactions of VOCs. Therefore, OH can oxidize
NO2 to produce HNO3, resulting in the overprediction of HNO3. Simple aqueous-phase25

chemistry is included in this work, which could result in high uncertainty in predicting
aerosols in clouds. Dust emissions are very sensitive to wind speeds. Over Asia, al-
though wind speed decreases less than 0.1 ms−1 (< 2 %), the concentration of dust
decreases by 10 ∼ 1000 µgm−3 (or by 10 ∼ 50 %), indicating extremely high sensitivity
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of dust emissions to wind speed in the dust emission scheme in CAM5.1. 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 emissions5

of BC and primary OC, and the treatments for SOA formation. The large NMB in 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).

5.6 Impacts of adjusted emissions10

The evaluation and analyses of MAM_NEW indicate that some large biases are caused
by inaccuracies in the emissions of CO, SO2, BC, OC, and NH3. The sensitivity sim-
ulation with adjusted emissions of CO, SO2, BC, OC, and NH3 (MAM_NEW/EMIS)
is performed to further look into such impacts. As shown in Table 4, compared with
MAM_NEW, MAM_NEW/EMIS shows an improved performance in the predictions of15

SO2, HNO3, SO2−
4 , NH3, and NH+

4 over Europe, SO2, HNO3, BC, OC, TC, NO−
3 , and Cl−

over CONUS, CO and SO2 over Asia, and column CO over globe. However, it degrades
to some extent the performance of SO2−

4 and NH+
4 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 SO2−

4 . Based on aerosol20

thermodynamic treatments, decreased SO2−
4 will result in decreased NH+

4 . PM2.5 and
PM10 concentrations decrease with adjusted emissions, which is mainly caused by the
decrease of dust concentrations in responses to the changes in wind speeds. Adjusted
emissions can affect secondary aerosol formations and therefore meteorological and
radiative variables can be affected due to the direct and indirect effects of aerosols.25

As shown in Table 3, compared with MAM_NEW, MAM_NEW/EMIS reduces MB of T2
by 12.7 %, Q2 by 3.6 %, WS10 by 4.8 %, LWD by 9.3 %, SWD by 37.5 %, and CF by
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18.9 %, leading to 0.1–1.6 % absolute reduction in their NMBs. This illustrates the sen-
sitivity of meteorology and radiation to the perturbations in emissions through chemistry
feedbacks to the climate system.

6 Conclusions and future work

In this work, a new gas-phase chemistry mechanism and several advanced inorganic5

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 con-
densation and aqueous-phase chemistry involving HNO3/NO−

3 and HCl/Cl−; (3) an ion-
mediated nucleation parameterization for the new particle formation from ions, (4) an
inorganic thermodynamic module, ISORROPIA II, that explicitly simulates thermody-10

namics of SO2−
4 , NH+

4 , NO−
3 , 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 chem-
ical reactions, which is more accurate than simple gas chemistry coupled with default
MAM7. Comparing to the simple gas-phase chemistry, CB05_GE can predict many15

more gaseous species, and give improved performance for predictions of organic car-
bon and PM2.5 over CONUS, NH3 and SO2−

4 over Europe, SO2 and PM10 over East
Asia, and cloud properties such as CF, CDNC, and SWCF. MAM_CON simulates NO−

3
and Cl−, which are important inorganic aerosols. With species-dependent accommo-
dation coefficients for gas condensation, more H2SO4 can participate in homogeneous20

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. ISORROPIA II can improve the predictions of major gas and25

aerosol species significantly, including HNO3, NH+
4 , NO−

3 , Cl−, BC, OC, TC, and PM2.5
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over CONUS, SO2, NH3, NO2, SO2−
4 , NH+

4 , NO−
3 , and Cl− over Europe, and CO and

SO2 over East Asia. Such improvements lead to improved predictions of T2, Q2, Precip,
SWD, SWCF, and CCN at a supersaturation of 0.5 % over globe. The new and modi-
fied inorganic aerosol treatments appreciably improve the predictions of Precip, OLR,
CF, COT, CWP, PWV, CCN, CDNC, SWCF, J over globe, and HNO3, NH+

4 (CONUS),5

PM2.5, and PM10. The sensitivity simulation with adjusted emissions further improves
model predictions of CO and SO2 over East Asia, SO2, HNO3, NO−

3 , Cl−, BC, OC, and
TC over CONUS, SO2, NH3, NH+

4 , HNO3., NO−
3 , and Cl− over Europe, and column

CO, T2, Q2, WS10, and SWD over globe. The change of emissions can affect pri-
mary gaseous precursors directly, and secondary gaseous species indirectly through10

gas-phase chemistry. Meanwhile, secondary aerosols can be affected by gaseous pre-
cursors, and therefore have impacts on cloud properties as well as direct and indirect
effects on radiation and meteorology. Reducing the uncertainty of emissions can thus
help reduce the model biases significantly.

Additional uncertainties exist in the model treatments. For example, the large biases15

in the predictions of O3 over Europe are mainly due to insufficient NOx titration result-
ing from the uncertainties in the NOx emissions, which also results in large biases in
the predictions of NO2 and HNO3 over Europe. The large biases in PM10 over East
Asia and Europe may be mainly due to the inaccurate predictions of dust, which is very
sensitive to simulated wind speeds. In the default and modified nucleation treatments,20

it only considers H2SO4, NH3, H2O, and ions involving 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 LWP indicate the uncertainties in cloud microphysics schemes and25

aerosol-cloud interaction parameterizations, which also limit the ability of climate and
Earth system models to quantify aerosol indirect effects (Stephens, 2005; Lohmann
et al., 2007; Gettelman et al., 2008). The representations of some of those uncertain
processes in CESM/CAM5.1 are being further improved. Decadal simulations using im-
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proved CESM/CAM5.1 will be conducted in the future to study the interactions among
atmospheric chemistry, aerosol, and climate change and reduce associated uncertain-
ties.
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Table 1. Simulation design and purposes.

Run Index Model Configuration Purpose

MAM_SIM Simple gas-phase chemistry
coupled with default MAM7

A baseline run for the 1st set
of simulations (see text)

MAM_CB05_GE CB05_GE coupled with
default MAM7

Differences of MAM_SIM
and MAM_CB05_GE indicate the
impacts of gas-phase
chemical mechanisms

MAM_CON Same as MAM_CB05_GE, but
with explicit treatments for
NO−

3 , Cl−, and Na+; HNO3 and
HCl condensation and
aqueous-phase chemistry;
species-dependent
accommodation coefficients

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

MAM_CON/IMN Same as MAM7_CON, but
combine IMN with modified
default nucleation
parameterizations with a
prefactor of 1.0×10−8

Differences of MAM_CON and
MAM_CON/IMN
indicate the impacts of IMN
and the lower prefactor for
WP09

MAM_CON/ISO Same as MAM7_CON, but
with ISORROPIA II for
aerosol thermodynamics under
metastable conditions

Differences between
MAM_CON and
MAM_IMN/ISO indicate the
impacts of explicit aerosol
thermodynamics

MAM_NEW Same as MAM7_CON, but
with all modified and new
treatments and using a
prefactor of 1.0×10−9 for
default nucleation
parameterization

Differences between
MAM_CB05_GE and
MAM_NEW indicate the
impacts of all new and
modified treatments for
inorganic aerosols

MAM_NEW/EMIS Same as MAM7_NEW, but
with adjusted emissions of
SO2, NH3, BC, POM, and CO
over CONUS, Europe, and
East Asia

Differences between
MAM_NEW and
MAM_NEW/EMIS indicate
the impact of emissions
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Table 2. Datasets for model evaluation.

Species/Variables Dataset

Temperature at 2 m (T2) NCDC
Specific humidity at 2 m (Q2) NCDC
Wind speed at 10 m (WS10) NCDC
Precipitation (Precip) GPCP
Downwelling longwave radiation (LWD) BSRN
Downwelling shortwave radiation (SWD) BSRN
Outgoing longwave radiation (OLR) NOAA/CDC
Cloud fraction (CF) MODIS
Cloud optical thickness (COT) MODIS
Cloud water path (CWP) MODIS
Precipitating water vapor (PWV) MODIS
Aerosol optical depth (AOD) MODIS
Column cloud condensation nuclei (CCN) (ocean) at S = 0.5 % MODIS
Cloud droplet number concentration (CDNC) BE07
Shortwave cloud radiative forcing (SWCF) CERES
Carbon monoxide (CO) Europe: EMEP East Asia: NIES of Japan, TAQMN
Ozone (O3) CONUS: CASTNET Europe: Airbase, BDQA, EMEP
Sulfur dioxide (SO2) CONUS: CASTNET Europe: Airbase, BDQA, EMEP

East Asia: MEP of China, NIES of Japan, TAQMN
Nitric acid (HNO3) CONUS: CASTNET Europe: EMEP
Ammonia (NH3) Europe: Airbase, EMEP
Nitrogen dioxide (NO2) Europe: Airbase, BDQA, EMEP
Sulfate (SO2−

4 ) CONUS: CASTNET, IMPROVE, STN Europe: Airbase, EMEP
Ammonium (NH+

4 ) CONUS: CASTNET, IMPROVE, STN Europe: Airbase, EMEP
Nitrate (NO−

3 ) CONUS: CASTNET, IMPROVE, STN Europe: Airbase, EMEP
Chloride (Cl−) CONUS: IMPROVE Europe: Airbase, EMEP
Organic carbon (OC), Black carbon (BC), Total carbon (TC) CONUS: IMPROVE, STN
Particulate matter with diameter less than 2.5 µm (PM2.5) CONUS: IMPROVE, STN Europe: BDQA, EMEP
Particulate matter with diameter less than 10 µm (PM10) Europe: Airbase, BDQA, EMEP

East Asia: MEP of China, NIES of Japan, TAQMN
Column CO Globe: MOPITT
Column NO2 Globe: GOME
Tropospheric ozone residual (TOR) Globe: TOMS/SBUV
New particle formation rate (J) Globe: Kulmala et al. (2004); Yu et al. (2008)

NCDC: National Climatic Data Center; GPCP: Global Precipitation Climatology Project; 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 3. Mean Bias (MB) and Normalized Mean Bias (NMB, in %) of Meteorological/Radiative
Predictions.

Species/Variables Dataset Simulations
Obs. MAM_ SIM MAM_ CB05_GE MAM_ CON MAM_ CON/IMN MAM_ CON/ISO MAM_ NEW MAM_ NEW/EMIS

T2 (◦C) NCDC 13.2 −1.4/−10.9a −1.5/−11.1 −2.2/−16.3 −2.0/−15.4 −1.6/−12.4 −1.6/−12.4 −1.4/−10.8
Q2 (gkg−1) NCDC 8.4×10−3 −4.3×10−4

/−5.1
−3.5×10−4

/−4.2
−6.6×10−4

/−7.9
−7.0×10−4

/−8.3
−4.6×10−4

/−5.5
−4.5×10−4

/−5.4
−4.4×10−4

/−5.2
WS10 (ms−1)b NCDC 3.9 −5.9×10−1

/−15.2
−6.1×10−1

/−15.6
−6.0×10−1

/−15.4
−5.9×10−1

/−15.2
−6.1×10−1

/−15.6
−6.3×10−1

/−16.2
−6.0×10−1

/−15.4
Precip (mmday−1) GPCP 2.3 0.3/12.9 0.3/12.9 0.3/12.3 0.2/9.8 0.2/9.7 0.2/10.7 0.3/11.0
LWD (Wm−2)c BSRN 312.5 −3.4/−1.1 −2.9/−0.9 −4.2/−1.3 −4.5/−1.4 −4.2/−1.3 −3.8/−1.2 −3.5/−1.1
SWD (Wm−2)d 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
OLR (Wm−2) NOAA-CDC 214.4 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
SWCF (Wm−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
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
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
CWP (gm−2) MODIS 148.1 −115.1/−77.7 −114.7/−77.4 −105.8/−71.4 −105.4/−71.2 −111.7/−75.4 −111.7/−75.4 −111.9/−75.5
PWV (cm) MODIS 1.9 −2.5×10−2

/−1.3
−1.8×10−2

/−0.9
−3.3×10−2

/−1.7
−3.9×10−2

/−2.0
−1.8×10−2

/−0.9
−1.4×10−2

/−0.7
−1.2×10−2

/−0.6
AOD MODIS 1.5×10−1 −5.5×10−2

/−36.1
−5.2×10−2

/−33.9
−3.0×10−2

/−19.8
−2.6×10−2

/−17.1
−5.3×10−2

/−34.4
−5.0×10−2

/−32.9
−5.2×10−2

/−34.0
Column CCN
(ocean) at
S = 0.5 % (cm−2)

MODIS 2.4×108 −1.9×108

/−76.4
−1.9×108

/−78.6
−6.7×107

/−27.5
−4.6×107

/−18.8
−1.5×108

/−62.7
−1.6×108

/−65.3
−1.6×108

/−66.6

CDNC (cm−3) 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 values of MBs and NMBs are expressed as MB/NMB.
b The lower limit value for observed WS10 is 1.54 ms−1 based on Olerud and Sims (2004).
c The lower and upper values for observed LWD are 50 and 700 Wm−2, respectively (http://www.pangaea.de).
d The lower and upper values for observed SWD are −10 and 3000 Wm−2, respectively (http://www.pangaea.de).
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Table 4. Mean Bias (MB) and Normalized Mean Bias (NMB, in %) of Chemical Predictions.

Species/ variables Domain Obs. Simulations
MAM_SIM MAM_CB05_GE MAM_CON MAM_CON/ IMN MAM_CON/ ISO MAM_NEW MAM_NEW/ EMIS

CO Europe 123.0 – −10.6/−8.6 −8.0/−6.5 −15.1/−12.3 −9.0/−7.3 −4.2/−3.4 14.9/12.1
East Asia 0.6 – −0.5/−82.1 −0.5/−82.0 −0.5/−81.8 −0.5/−81.8 −0.5/−82.0 −0.5/−78.7

SO2 CONUS 3.9 10.3/264.8∗ 10.5/270.1 11.7/301.2 11.2/286.1 11.5/295.8 11.4/291.8 5.9/152.2
Europe 6.8 6.6/97.5 7.0/103.2 8.4/123.0 6.8/100.3 7.8/114.7 8.9/130.7 0.0/0.3
East Asia 12.5 −7.9/−63.0 −7.7/−61.3 −7.7/−61.4 −7.7/−61.8 −7.6/−61.0 −7.7/−61.2 −6.7/−53.4

NH3 Europe 9.4 −7.7/−82.0 −7.6/−80.8 −8.2/−86.8 −8.3/−87.8 −8.0/−84.7 −7.9/−84.3 −7.3/−77.5
NO2 Europe 20.2 – −15.6/−77.0 −15.0/−74.1 −15.5/−76.5 −15.2/−75.2 −15.0/−74.1 −15.3/−75.9
O3 CONUS 34.6 – 10.0/28.9 8.0/23.0 7.9/22.7 9.8/28.4 9.5/27.4 9.8/28.1

Europe 53.5 – 36.7/68.6 30.9/57.7 31.0/58.0 34.1/63.7 33.5/62.7 34.9/65.2
HNO3 CONUS 1.5 – 1.0/68.1 −0.9/−60.2 −0.9/−59.7 0.2/15.8 0.3/17.7 0.1/4.1

Europe 0.5 – 1.3/268.5 −0.2/−34.1 −0.2/−35.8 0.4/86.1 0.4/83.6 0.4/73.8
SO2−

4 CONUS 2.6 −0.1/−5.1 −0.2/−7.2 4.4×10−2/1.7 4.2×10−2/1.6 −0.2/−7.9 −0.2/−6.3 −0.7/−28.4
Europe 2.2 0.8/36.5 0.7/33.1 0.9/40.3 0.8/35.8 0.7/32.6 0.9/39.4 −0.2/−7.2

NH+
4 CONUS 1.4 −0.4/−32.1 −0.6/−39.6 0.3/20.0 0.3/19.7 −0.1/−6.4 −0.1/−6.5 −0.2/−13.1

Europe 1.2 −0.1/−9.1 −0.2/18.3 1.0/85.0 0.8/65.7 0.6/49.4 0.7/54.8 0.4/32.5
NO−

3 CONUS 1.0 – – 2.0/198.2 1.9/192.7 −4.8×10−2/−4.8 −0.1/−9.6 4.0×10−3/0.4
Europe 2.0 – – 1.4/67.8 1.0/49.4 −0.1/−4.3 −4.0×10−2/−2.0 0.1/5.2

Cl− CONUS 0.1 – – 0.4/359.9 0.4/373.1 −1.5×10−2/−14.5 −1.8×10−2/−17.5 −2.8×10−3/−2.8
Europe 0.7 – – 0.7/102.8 0.6/89.9 2.1×10−3/0.3 1.4×10−2/2.0 −4.7×10−2/−6.7

BC CONUS 0.6 −0.3/−54.6 −0.3/−55.8 −0.3/−54.7 −0.3/−54.6 −0.3/−53.8 −0.3/−54.3 −0.2/−29.4
OC CONUS 2.0 −0.9/−46.0 −0.8/−39.5 −0.8/−38.6 −0.8/−39.0 −0.7/−37.2 −0.7/−37.3 −0.7/−36.6
TC CONUS 2.5 −1.2/−47.9 −1.1/−43.1 −1.1/−42.2 −1.1/−42.5 −1.0/−40.9 −1.0/−41.1 −0.9/−35.0
PM2.5 CONUS 7.9 −3.0/−37.6 −2.9/−36.8 1.6/20.1 1.3/16.7 −0.1/−1.7 −1.0/−13.2 −1.1/−13.5

Europe 14.5 −6.1/−41.8 −6.6/−45.3 −0.8/−5.5 −0.1/−0.9 −3.5/−24.4 −2.6/−17.7 −3.9/−27.2
PM10 Europe 25.7 −8.2/−31.8 −9.2/−35.8 −3.2/−12.3 −2.7/−10.5 −4.8/−18.5 −4.3/−16.6 −4.8/−18.8

East Asia 118.5 −80.0/−67.5 −73.6/−62.1 −62.6/−52.8 −57.7/−48.7 −70.0/−59.1 −53.0/−44.7 −70.3/−59.3
Col.CO Globe 1.3×1018 – – −7.4×1016/−5.7 −5.7×1016/−4.4 −6.3×1016/−4.8 −6.4×1016/−4.9 −6.3×1016/−4.8 2.3×1016/1.8
Col.NO2 Globe 4.7×1014 – 1.9×1014/40.5 1.4×1014/30.4 1.4×1014/30.0 1.8×1014/37.5 1.8×1014/37.2 1.8×1014/37.3
TOR Globe 30.3 – −1.1/−3.7 −2.7/−9.0 −2.9/−9.6 −1.5/−4.9 −1.6/−5.2 −1.5/−4.9
J Globe 0.6 −0.6/−99.6 −0.5/−99.5 −0.1/−12.8 −0.3/−49.6 0.2/36.1 −0.3/−53.1 −0.3/−62.0

The units are CO, ppb (over Europe) and ppm (over East Asia); SO2, ppb (over East Asia) and µgm−3 (over CONUS and Europe); O3, ppb (over CONUS) and
µgm−3 (over Europe); column CO and NO2, molecules cm−2; TOR, DU; J, cm−3 s−1. All other concentrations are in µgm−3.
∗The values of MBs and NMBs are expressed as MB/NMB.
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Table 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_NEW.

Network Obs (µgm−3) MAM_NEW

Winter Airbase O3 37.7 37.5/99.6∗

NO2 26.0 −18.4/−70.9
BDQA O3 31.0 43.2/139.2

NO2 30.6 −25.0/−81.9
EMEP O3 50.7 25.0/49.3

NO2 9.0 −0.7/−7.8
HNO3 0.5 −4.9×10−3/1.0

Spring Airbase O3 63.1 37.7/59.7
NO2 20.0 −15.4/−77.1

BDQA O3 59.6 39.3/65.9
NO2 23.6 −20.5/−87.0

EMEP O3 75.0 26.9/35.9
NO2 5.9 −1.0/−17.2
HNO3 0.4 0.5/144.5

Summer Airbase O3 64.9 28.6/44.0
NO2 16.2 −11.8/−72.8

BDQA O3 64.5 30.0/46.5
NO2 18.7 −15.1/−80.9

EMEP O3 72.2 19.0/26.3
NO2 4.7 −0.3/−6.2
HNO3 0.5 0.8/169.6

Autumn Airbase O3 40.5 39.0/96.4
NO2 21.7 −16.4/−75.6

BDQA O3 35.7 45.2/126.5
NO2 24.8 −21.1/−85.2

EMEP O3 51.7 26.5/51.2
NO2 6.6 −1.4/−21.1
HNO3 0.6 0.3/45.0

∗The values of MBs and NMBs are expressed as MB/NMB.
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MAM_CB05_GE - MAM_SIM 

   

   

   

Figure 1. Absolute differences of T2, WS10, PBLH, H2O2, SO2, SO4
2-

, SOA, sea-salt (SSLT), and dust (DUST) between 

MAM_CB05_GE and MAM_SIM for 2001. 

Fig. 1. Absolute differences of T2, WS10, PBLH, H2O2, SO2, SO2−
4 , SOA, sea-salt (SSLT), and

dust (DUST) between MAM_CB05_GE and MAM_SIM for 2001.
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MAM_CB05_GE 

  

  

  
Figure 2. Surface distribution of CO, O3, NO2, HNO3, HCl, and isoprene (ISOP) in MAM_CB05_GE for 2001. 

Fig. 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 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. Fig. 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.
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MAM_CON MAM_CON/IMN 

  

  

  

Figure 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. 

Fig. 4. Vertical distribution of new particle formation rate (J) and aerosol number (PMnum) sim-
ulated 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 repre-
sent different values of J, using the same color scale as simulated J.

27771

http://www.atmos-chem-phys-discuss.net
http://www.atmos-chem-phys-discuss.net/13/27717/2013/acpd-13-27717-2013-print.pdf
http://www.atmos-chem-phys-discuss.net/13/27717/2013/acpd-13-27717-2013-discussion.html
http://creativecommons.org/licenses/by/3.0/


ACPD
13, 27717–27777, 2013

Improvement and
further development

in CESM/CAM5

J. He and Y. Zhang

Title Page

Abstract Introduction

Conclusions References

Tables Figures

J I

J I

Back Close

Full Screen / Esc

Printer-friendly Version

Interactive Discussion

D
iscussion

P
aper

|
D

iscussion
P

aper
|

D
iscussion

P
aper

|
D

iscussion
P

aper
|

60 

 

MAM_CON/IMN - MAM_CON 

  

  

  

  

Figure 5. Absolute differences of T2, WS10, PM2.5, AOD, column CCN at a supersaturation of 

0.5%, CF, COT, and SWCF between MAM_CON/IMN and MAM_CON for 2001. 

 
Fig. 5. Absolute differences of T2, WS10, PM2.5, AOD, column CCN at a supersaturation of
0.5 %, CF, COT, and SWCF between MAM_CON/IMN and MAM_CON for 2001.
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MAM_CON/ISO - MAM_CON 

  

  

  

  

Figure 6a. Absolute differences of major PM species and their gas precursors between 

MAM_CON/ISO and MAM_CON for summer, 2001. 

 

 

Fig. 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 6b. Absolute differences of major PM species and their gas precursors between 

MAM_CON/ISO and MAM_CON for winter, 2001.
Fig. 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 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.

Fig. 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_NEW – MAM_SIM 

   

   

   

Figure 8. Absolute differences of major aerosol species and their gas precursors, new particle formation rate, and aerosol number 

between MAM_NEW and MAM_SIM for 2001. 

Fig. 8. Absolute differences of major aerosol species and their gas precursors, new particle
formation rate, and aerosol number between MAM_NEW and MAM_SIM for 2001.
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MAM_NEW – MAM_SIM 

   

   

   

Figure 9. Absolute differences of major meteorological variables, cloud variables, and radiative variables between MAM_NEW and 

MAM_SIM for 2001. 

Fig. 9. Absolute differences of major meteorological variables, cloud variables, and radiative
variables between MAM_NEW and MAM_SIM for 2001.
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