ABSTRACT
HE, JIAN. Development and Evaluation of Earth System Models on Global and Regional
Scales: Aerosol Chemistry and Dynamics,-8&a Interactions, and Retrospective Decadal
Applications (Under the direction ddrs. Yang Zhang and Ruoying He.)

Earth system models have been used for climate predictions in recent years due to
their capabilities to include coupled and 1in
(e.g., atnosphere, ocean, land, and sea itag Intergovernmental Panel on Climate Change
(IPCC) Fifth Assessment Report (AR5) indicated that the uncertainties associated with cloud,
aerosol, and their feedbacks, as well as uncertainties inarehlongterm prgections from
earth system models are emerging issues to be addressed by the scientific community. The
Community Earth System Model (CESM) is a global Earth system modéiabdteen
developed to simulate the entire Earth system by coupling physicatekkystem with
chemistry, biogeochemistry, biology, and human systems, and it has been applied to simulate
global climate change as part of IP@R5. In this work, to reduce the uncertainties
associated with predicted aerosol impacts on clinsatesral adanced chemistry and aerosol
treatments are implemented to Community Atmosphere Model (CAM), which is the
atmospheric component of CESM. Those treatments intlual@ew gagphase chemical
mechanisra(i.e., the 2005 Carbon BorMechanism with Global Exteitn (CB05_GE)
and the Model fo©Zone and Related chemical Tracers version 4 with extension
(MOZART-4x)), and several advanced inorganic aerosol treatments for condensation of
volatile species, ioimediated nucleation, and explicit inorganic aerosol thelymamics.
CESM/CAM with advanced chemistry and aerosol treatments is applied for decadal (2001
2010) global climate predictions. The results demonstrate that the improved model is capable

of predicting meteorology, radiation, and aerosol componentsugltHarge biases remain



in predictions on cloud variables, likely due to the uncertainties in clgnamics and
thermodynamicen the modelSensitivity simulations using CESM/CAM with different gas
phase mechanisms (i.e., CB05_GE M@OZART-4x) are als@onducted to examine the
differences in the secondary organic aerosols (SOA) pireakcresulted from the two
mechanisms and study the sensitivity of air quality and climate predictions to different gas
phase mechanism$he results show that MOZARZx can predict better secondary organic
aerosols (SOA) than CB05_GiE four sites over continental U.S., but both largely
underpredict total organic carbon over Eurofiee two gagphase mechanisms result in a
global average difference of 0.5 Wim simulaed shortwave cloud radiative forcing, with
significant differences (e.g., up to 13.6 WWnover subtropical regions.

Regional Earth system modeling is also important since fine scale feedbacks
associated with i nt er asdansabstantialyrmfiuerge régeomak h 6 s
air quality and climate. The Coupled OcgstmospheréWave Sediment Transport
(COAWST) Modeling Systeranables integration of oceanic, atmospheric, wave and
morphological processes in the coastal ockathis work,to investigate the impacts of air
sea interactions aregional air quality prediction§Veather Research and Forecasting model
with chemistry WRF/Chem) turns on the optionleD ocean mixed layer (OML) treatment
andis coupled witlthe 3D Regional OceaiModeling System (ROMS) within COAWST.
The sensitivity simulations are conducted osartheastern U.S. for July 2010. The results
show thatompared to WRF/Chemithout ocean treatmentthe changes in the sea surface
temperature (SSTY)y WRF/ChemOML andWRF/ChemROMSare 0.1°C and 1.0C,
respectively, and the differences in surfagea@d PM scan be as large as 17.3 ppb and 7.9

e g ° mespectively. The largest changes in surfagar@ PM soccurnot only along coast

c



and remote ocean, but also oirdand area, indicating the significant impacts ofssa
interactions on chemical predictions. With coupling & 8cean modeMRF/ChemROMS
predictions oimost clouds and radiative variables are improved, especially over ocean.
WRF/ChemROMS predictims ofsurface chemical species such ag,3INO;, Max 1-h

and 8h Oz, SO, NH4", NO3, and PMy are also improved.
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CHAPTER 1. INTRODUCTION

1.1 Background

Atmospheric gases arerosols play important roles in climate change due to their
ability to directly or indirectly alter the
determines the distribution of important oxidants and gaseous precursors for secondary air
pollutantssuchasozone@ and fine particular matter. Ae
radiative balance by directly scattering and absorbing radiation and indirectly affecting cloud
properties through acting as cloud condensation nuclei (CCN) and ice nheleiefiosol
effects on radiation depend critically on their chemical composition and physical properties.
Meanwhile, climate change can strongly influence atmospheric chemistry and air quality
(Jacob and Winner, 2009). Due to the nonlinear relationships between chemistry, aerosols,
and climate, it is important to accurately represent their interactions in adihteesional
global model

Earth system models have been used for climate prauscin recent years due to
their capabilities to include coupled and in
(e.g., atmosphere, ocean, land, and seaite) Community Earth System Mod€KESM) is
a global Earth system model and used in thiskvor decadal and global climate predictions
due to its capability of simulating the entire Earth system by coupling physical climate
system with chemistry, biogeochemistry, biology, and human systems. It can also quantify
the certainties and uncertaintiasEarth system feedbacks on time scales up to centuries and
longer and has been applied to simulate climate change as part of the Intergovernmental

Panel on Climate Change (IPCC) Fifth Assessment Report (AR5). However, due to the



complexities in physicand chemical processes of aerosols, uncertainties remain in the
model treatments. In this work, several advanced chemistry and inorganic aerosol treatments
areimplemented intahe Community Atmosphere Model version Sle atmospheric

component of CESMersion 1.0.5, to reduce the uncertainties associated with some of those
model treatments and the resultant predictions of aerosol impacts on climate.

Compared to global atmospheric models, regional atmospheric models have higher
grid resolution and allownore detailed treatments for gaseous and aerosol physical and
chemical processes:[3 regional atmospheric modetsjch as the Weather Research and
Forecasting model with chemistry (WRF/Chem, Grell et al., 2005; Fast et al., 2006), the
Community Multiscak Air Quality (CMAQ, Binkowski and Roselle, 2003; Byun and
Schere, 2006) model, and the Comprehensive Air Quality Model with Extensions (CAMX,
ENVIRON, 1998, 2010 are often used for regional air quality studies. Most regional models
consist ofan amospleric component coupled withland surface scheme afatced by
prescribed sea surface temperature (3%€) oceanHowever, SST patterns can impact
precipitation patterns and therefore affect atmospheric heating through latent heat flux. As a
result, bomdary layer conditions are impacted throughsaia interactions, resulting in
changes inthe planetary boundary height, surface temperature, and surfacd=aind.
example, along coastal areas;s8a interactions associated with the transfer of momentum,
heat, and moisture at the interface of the atmosphere and ocean can affect the distribution and
concentration of pollutants in the air and in the ocean, which can have significant impacts on
human health, environment, and ecology. Therefore, it is algortamt to include the

interactions among Earth components in the regional models based on geographical



characteristics of the studying area, which makes regional earth system modeling important.
As a first step towards this goal, a Coupled Oe&tmosphee-Wave Sediment Transport
(COAWST) Modeling Systerts used in this work for simulating the dynamic processes of
coastal zones (Warner et al., 2010). In this coupled system, the atmosphere model, WRF,
provides wind stresses, shortwave radiation, and nistcguneat flux to the Regional Ocean
Modeling System (ROMS), and the resulting SST is fed back to WRF. In this work, building
on existing coupled WRROM in COAWST, WRF/Chens coupled with ROMS in

COAWST to study the effects of esea interactions on rexpal air quality and climate in

order to improve the predictions of air quality and climate over coastal zones

1.2 Objectives

The objectives of m?h.D. researclare:

(2) To reduce uncertainties associated with predicted aerosol impacts on
climate through ipmr ovi ng the model 6s represel
gases and aerosols in CESM/CAM

(2) To evaluate the model 6s capability i
and air quality and characterize their lelegm variation trends through
applyingCESM/CAM for retrospective decadal simulations;

3) To examine the differences in the secondary organic aerosols (SOA)
predictions resulted from the two gplase chemical mechanisms and
study the sensitivity of air quality and climate predictions to different gas

phase bemical mechanisms.



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

The ultimate goals are to enharie& S M/ C Addmabildy in representingresent
atmosphere and projecting future climate change and demonstrate WRHROD&WS 6 s
capability in accurately predicting regional air quality and climate. In this work, we
hypothesize that chemistry and aerosol processes are important for climate predictions, and
fine scale feedbacks associated withs@a interactions are important for regional air quality
and climate predictions. This work can therefore help answer $seegatific questions
including: (1) how gaphase chemistry, particle nucleation, and aerosol thermodynamics
will affect gas and aerosol predictions as well as their impacts on climate; (2) which is the
most important for model predictions among threzpsses; (ow differences for SOA
predictions from different ggshase chemical mechanism; (Ww airsea interactions will
affect regional air quality and climate?

1.3 Overall Technical Approaches

The overall technical approaches are to improve an existing global earth system
model and couple a regional climate/air quality model with a regional ocean model to serve
as backbone for a prototype regional earth system model. The main tasks include model
development, improvement, application, and evaluation. The first component of my Ph.D.
researctiocuses on the global Eartiissemmodel development, improvement, and

evaluation. Thenodel development work includesorporation ofanew nucleation



parameerizationand an inorganic aerosol thermodynamic module into CESM/CAMS5.1 (see
Chapter 2), andoupling of new gas phase mechanisms (i.e., the 2005 Carbon Bond
Mechanism for Global Extension (CB05_GE) and the Model of OZone and Related chemical
Tracers vesion 4with extensionMOZART-4x) with aerosol modulesee Chapter 4T he
aerosol module used in CESM/CAMS5 includes independent submoduladifedual
aerosol process such as condensation, nucleation, and coaglatien this structure, new
nucleation parameterization is added iexastingnucleation submodule to enable the
nucleation based on new parameterization. New submodule based on new aerosol
thermodynamicss added into aerosol module to allow the-gasicle partitioning.The
second component of my Ph.D. resedoduseson theregionalEarth System by coupling
WRF/Chem with ROMS in the COAWST modeling syst@®e Chapter 5Yhe linkage
between WRF and ROMS is already developed in the COAWST systermtétiaces
between WRF and chemistry are also kept in the WRF modules. Chemistry package can be
fully coupled into WRF by modifying the model configurations in the namlistel
applicationand evaluationvork includes the applications of CESM/CAMS5.1 ihose
advanced treatments fa0012010 (see Chapter and applications of WRF/CheROMS
for July2010. All model simulation resultgeevaluated againstarioussurfaceobservations
and satellite observatioms demonstrate the improvement of modefqenance.

The protocols for performance evaluation for CESM/CAM5 simulations include
spatial distributions and statistics. The analysis of the performance statistics focuses on mean
bias (MB), normalized mean bias (NMB), normalized mean error (NME) ymean square

error (RMSE), and correlation coefficient (Corr.). The meteorological and radiative variables



are evaluated annually or seasonally, including temperaturendfl2), specific humidity at
2-m (Q2), and wind speed at-t® (WS10) from NCDC; toladaily precipitation rate
(Precip) from GPCP; outgoing longwave radiation (OLR) from NOAA/CDC; downwelling
shortwave radiation (FSDS), downwelling longwave radiation (FLDS), surface net shortwave
flux (FSNS), surface net longwave flux (FLNS), shortwawaidlforcing (SWCF), and
longwave cloud forcing (LWCF) frorthe Clouds and the Earth's Radiant Energy System
(CERES);cloud fraction (CF), aerosol optical depth (AOD), cloud optical thickness (COT),
precipitating water vapor (PWV), and CCN frahe Moderatdresolution Imaging
SpectroradiometgMODIS), as well as CDNC and LWP from Bennartz (2007). Surface
chemical predictions are evaluated against various observational sites from each network.
Chemical concentrations evaluated include seasonal and anneaexyeoncentrations of
carbon monoxideGO), Os, sulfur dioxide §0,), ammoniaNHs3), nitrogen dioxide (NQ),
nitric acid HNOs), particulate matter (PM) with aerodynamic diameter less than 10 um
(PMyo) and 2.5 pm (PMs), and its major components (i.sulfate §0,%), nitrate NO3),
andammonium KH4"), black carbonBC), organic carbon@C), andtotal carbon (TC) for
CONUS and Europe). The chemical observations over East Asia are very limited, and only
include surface concentrations of CO,,SR0,, Os, and PMo. Column concentrations of
tropospheric CO, N& SO, and formaldehyde (HCHO), and tropospheria€3idual (TOR)
are evaluated for the globe.

The protocols for performance evaluation for WRF/Chem simulations include
temporal variations, spatidistributions, column abundances, and performance statistics for

meteorological variables, radiative variables, and chemical concentrations from WRF/Chem



output, and temporal and variability of meteorological and surface fluxes from ROMS
output. Thechemcal speciegvaluated for WRF/Chem are as the same as for CAM5, but
with additionalspeciesuch as maximum-th and 8h Os, and hourly PMs. Air-sea

interaction related variables are evaluated including SST and WS10 from the National Data
Buoy Center (NIBC); planetary boundary layer heigitBLH) derived from the National
Centers for Environmental Prediction (NCEP)/North American Regional Reanalysis
(NARR); SST, sensible heat flux (SHFLX) and latent heat flux (LHFLX) derived from the
Objectively AnalyzedAir-Sea Fluxes (OAFIux).

Earth system models have been used to simulate climate over decadal to centennial
time scales to project Earth system changes in the coming decades. However, due to the
uncertainties in the model treatments, it remains a challeng®ject those changes
accurately. This work can help reduce the uncertainties associated with atmospheric gas and
aerosols and their impacts on climate, which can in turn reduce the uncertainty in predicting
climate clange. Applications of CESM/CAM&ith those advanced treatments can provide
valuable information about the model 6s capab
climate and its potential in projecting future climate changes. Coupling WRF/Chem with
ROMS can help link the aseainteractions with air quality and climate and thus improve the
predictions of regional air quality and climate. The coupled WRF/GRE&NIS can serve as
a backbone of a regional earth system to be used to downscale a global Earth system model

such as CESM/CI5.



CHAPTER 2. IMPROVEMENT AND FURTHER DEVELOPMENT IN
CESM/CAM5: GAS-PHASE CHEMISTRY AND INORGANIC
AEROSOL TREATMENTS

2.1 Introduction

Atmospheric gases and aerosols play important roles in the Earth system due to their
abil ity t o aibtibnebalantcehAemodgplaerictcliedistry detemnines the formation
of ozone (Q) and fine particular matter (P} through affecting the distribution of oxidants
and their gaseous precursors. Different chemical reactions and kinetic parameters can lead to
differences in the predictions of gases, secondary aerosols, new particle formation rate (J), as
well as climatic variables such as cloud condensation nuclei (CCN), cloud droplet number
concentration (CDNC), and radiative forcing (Faraji et al., 2008; Zhiaalg 2012a).
Meanwhile, climate change can strongly influence atmospheric chemistry and air quality.

Aerosol can influence the Eartho6s radiat.i
absorbing radiation and indirectly affecting cloud properties throughgaati CCN and ice
nuclei (IN). Therefore, it is important to accurately simulate aerosol size distribution,
chemical composition, and properties, which can determine the magnitude of aerosol
radiative forcing (Koloutsowakakis et al., 1998). Aerosol artd influence on climate have
been included in many global climate models (GCMs) such as the Community Climate
System Model (CCSM) (Collins et al., 2006), tfegeneration of global climate model
modified from European Centre for MeditiRange Weather Forasts in Hamburg
(ECHAMS) (Stier et al., 2005), and Earth system models such as the Community Earth

System Model (CESM) (Ghan et al., 2012; Liu et al., 2012), the Integrated Global System



Model (IGSM) (Dutkiewicz et al., 2005; Sokolov et al., 2005), ardghrth System Model
(ESM) @unne et al., 2012However, due to the complexity of aerosol microphysical
processes and their interactions with cloud processes, it remains a challenge to accurately
represent those properties and processes in GCMs.

Inorganc aerosols comprise Z8% of fine aerosol mass (Heintzenberg, 1989),
which mainly includes sulfate (S&), ammonium (NH"), nitrate (NQ), chloride (CI), and
sodium (N&). Major gasto-particle conversion processes of inorganic aerosols include
condenation, nucleation, and thermodynamics. An important factor that determines the
condensation of gases is the mass accommodat
through | aboratory experiments. The measur ed
uncetainty and may vary in several orders of magnitudes under different laboratory
conditions. To simulate aerosol condensati on
often assumed in GCMs, which is a source of uncertainty in model predictions.

Homogeneus nucleation of sulfuric acid ¢80O,) vapor produces new particles that
can grow to form CCN. Different nucleation parameterizations are used in GCMs or global
aerosol models. For example, Sihto et al. (2006) derived empirical power laws with the first
or seconebrder dependencies of new particle formation rates (J),8@H/apor
concentration from observations based on clestéwation or barrierless kinetic
mechanisms, which have been used in the Community Atmosphere Model (CAM) (Wang
and Penner, 2®), the GlobathroughUrban Weather Research and Forecasting model with
Chemistry (GUWRF/Chem) (Zhang et al., 2012b), and Global Model of Aerosol Processes

(GLOMAP) (Spracklen et al., 2006 ). An ionediated nucleation (IMN) model was



developed to caldate J based on ambient atmospheric conditiogSCiivapor

concentrations, ionization rate, and surface area of preexisting particles. It has been used in
GEOSChem (Yu et al., 2008), CAM (Yu et al., 2012), and GU_WRF/Chem (Zhang et al.,
2012Db). Differennucleation parameterizations lead to significant differences in J predictions
by regional and global models (Zhang et al., Z)Hhd CCN/CDNC (Zhang et al., 2012b;

Yu et al., 2012). Limited observations make it difficult to validate predicted J valdes an
appropriateness of various parameterizations.

A number of thermodynamic aerosol modules have been developed to understand
physical and chemical properties of inorganic aerosols. For example, EQUISOLYV I
(Jacobson, 1999) has been used in aveegnestedfrom global to local scales) gas,
aerosol, transport, radiation, general circulation, mesoscale, and ocean model (GATOR
GCMOM) (Jacobson, 2010). EQUISOLYV Il uses analytical equilibrium iteration and mass
flux iteration to solve equilibrium problems (Jason, 1999), which requires relatively large
computational cost. SCAPEZ2 is used in the California Institute of Technology (CIT) model
(Meng et al., 1998). ISORROPIA (Nenes et al., 1998) has been used in several global models
such as GEO&hem (Bey et al2001), the GISS Caltech (Liao et al., 2003), and the GU
WRF/Chem (Zhang et al., 2012b) and regional models such as the Community Multiscale
Air Quality model (CMAQ) (Byun and Schere, 2006) and the Comprehensive Air Quality
Model with Extensions (CAMx) (ENWRON, 2010). An updated version, ISORROPIA I
(Fountoukis and Nenes, 2007), has also been implemented in recent versions of CMAQ (e.qg.,
CMAQ v4.7-Dust (Wang et al., 2012) and CMAQ v5.0, Appel et al., 2013) and GE@H

(Fountoukis and Nenes, 2007). ThelMuomponent Equilibrium Solver for Aerosols

10



(MESA) (Zaveri et al., 2005) has been used in the mesoscale WRF/Chem (Fast et al., 2006).
These modules assume that particles simulated in a given particle size range have the same
composition (i.e., internal miure). Different aerosol thermodynamic models can lead to
different aerosol predictions (Nenes et al., 1998; Zhang et al., 2000; Zaveri et al., 2005).
Zhang et al (2000) reported average absolute differences of-71.2%% in total PM

predictions betweedifferent thermodynamic modules under 400 test conditions but the
differences could be as large as 68% under some cases (e.g., high nitrate/chloride and
low/medium relative humidity, RH). Fountoukis and Nenes (2007) found the largest
discrepancies betwedBORROPIA Il and SCAPEZ2 in water concentration predictions exist
under low RH conditions (RH < 60%), primarily from differences in the treatment of water
uptake and solid state composition. TRB atmospheric models with these modules include
explicit thermodynamic treatments for sulfate, ammonium, nitrate, sodium, and chloride. The
equilibrium assumption, however, is not valid under some conditions (e.g., coarse particles
and cooler conditions) (Meng and Seinfeld, 1996). Kinetic approaches are thassfdesl

to treat gas/particle mass transfer under such conditions. Kinetic approaches, on the other
hand, are computationally expensive (Zhang et al., 2004; Hu et al., 2008) and have only been
implemented in a few-® models (e.g., Meng and Seinfeld, 199&cobson, 2005; Zhang

and Wexler, 2006; Zaveri et al., 2008). A hybrid approach that assumes equilibrium for fine
particles and solves gas/particle mass transfer for coarse particles has been thus developed,
which provides the best compromise between niocalesiccuracy and computational

efficiency (Capaldo et al., 2000; Kelly et al., 2010). A simple approach for gas/particle mass

transfer used in some GCMs, such as CAMS is to treat sulfate and ammonium only with a
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full neutralization (the N&/SQs* molar ratio of 2 for a mode) through an irreversible
condensation.

In this section, a comprehensive gdmse chemical mechanism and detailed
inorganic aerosol treatments for nucleation and aerosol thermodynamics are incorporated into
CAM version 5.1 (CM5.1) in the CESM version 1.0.5 (CESM1.0.5). Several modifications
are also made to the existing treatments such as condensation and -piaseushemistry.
The objectives are to improve the representations epgase chemistry and inorganic
aerosol tratments in CESM/CAMb5.1, and reduce associated uncertainties. The improved
model with enhanced capabilities can be applied for decadal simulations to study interactions
among atmospheric chemistry, aerosols, and climate change.

2.2 Model Development andmprovement

CESM is a fullycoupled global Earth system model, which includes land, ocean,
atmosphere, and sea ice components. The atmosphere component used in this study is
CAMb.1. Existing and new model treatments related to this study are described in t
section. Further details on CAM5.1 can be found at
http://www.cesm.ucar.edu/models/cesm1.0/cam/

2.2.1 Existing GasPhase Chemistry and Aerosol Treatments in CESM/CAM5.1

CAMS5.1 uses a siple gasphase chemistry for sulfur species, which includes 1
photolytic reaction and 7 kinetic reactions among 6asse species (i.e., hydrogen
peroxide (HO,), H.SQ,, sulfur dioxide (SQ), dimethylsulfide (DMS), ammonia (N and
semtvolatile organiagas, SOAG). A more comprehensive-gésse mechanism with 40

photolytic reactions and 172 kinetic reactions among 103 species, i.e., the Model of OZone
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and Related chemical Tracers version 4 (MOZARf Emmons et al. (2010), has been
incorporated intotte official released CAMS5.1. It was only coupled with the bulk aerosol
module (BAM) in CAM5.1 implemented in CESM 1.0.5 that is used in this work (It was
coupled with MAM in CESM v1.1). In addition to BAM, CAM5.1 contains the modal

aerosol model (MAM) that based on modal representations of aerosols. In this study,

MAM is used because it can represent more accurate size distributions as compared to BAM.
There are two versions of MAM, one with seven lognormal modes (MAM7), and the other
with three lognormlamodes (MAM3) (Liu et al., 2012), and both are coupled with the simple
gasphase chemistry in the default model. MAMY7 is used in this study because it contains
explicit treatments for ammonium and size distributions for dustsagaand primary
carboncompared to MAM3. MAM7 explicitly treats sulfate, ammonium,-salt, dust, black
carbon (BC), primary organic matter (POM), and secondary organic aerosol (SOA). It
simulates condensational growth of aerosol, nucleation, coagulation, dry deposition, wet
removal, and water uptake. Condensation is simulated based on a kinetic approach, in which
MAMY7 treats HSO,, NH3, and methanesulfonic acids (MSA) as completely-valatile

species and treats SOAG as a volatile species, using a constant accommodateant a#ffi

0.65 for all these condensing species based on Adams and Seinfeld (2092). NH
condensation stops when the Ni$0;* molar ratio of a particle mode reaches 2 (i.e., fully
neutralized by S¢ ions). The net uptake rate;, due to gas to partelmass transfer for

each species to each mode is simulated as,
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I net — WXal cond (1)
Icond = 2 310 Dg D3p F (Kn’ 3 (2)
F(Kn,a)= 10 7ng d 4Kn) )
Kn? &J 0.283 2 e 75
¢

whereDy is the particle diametexis the logarithmic diameter of particle]{Dy); dN/dxis
the lognormal particle number density distributidrs:is the gas condensation rale is the
Knudsen numbetis the accommodation coefficient of condensable vapgis the gas
diffusivity, and FKn, U) i sSutudirecorréatian Fastor that describes the resistance
to uptake caused by gpbase diusion. Equation (1) is solved using the GaHgsmite
quadrature of order 2. Based on Eq. (3)Japproaches zero, Ik, U) approaches zero.
Consequentlylcong(i.€., the uptake rate) approaches zero in Eq. (1).

There are three nucleation parameteiazest in MAM7. The empirical power law of
Wang and Penner (2009) (WPQ9) is used in the planetary boundary layer (PBL), which
includes a firsbrder dependence on$0, vapor with a prefactor of 1x10 The binary
H,SO,-H,O homogeneous nucleation of Vehkainetkal. (2002) (VE02) and ternary$iOs-
NH3-H>O homogeneous nucleation of Merikanto et al. (2007) (MEQ7) are used above PBL.
MAM?7 also only considers the neutralization of $®y NH," during condensational
growth. A more detailed description of MAM cae found in Liu et al. (2012).
2.2.2 New and Modified Model Treatments Implemented in This Work

Highly simplified gasphase mechanism as used in default CAM5.1 can result in large
uncertainties in the predictions of oxidants and gaseous precursors for secondary aerosols.

Therefore, a new ggshase mechanism, the 2005 Carbon Bond Mechanism for Global
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Extension (CB05_GE) (Karamchandani et al., 2012) has been implemented into CAM5.1
using the same chemical preprocessor as MOZAROamarque et al., 2012) and coupled
with both MAM3 and MAM7. CB05_GE was developed to simulate major chemical
reactions for pbakthroughurban applications as illustrated in Zhang et al. (2012b). A more
detailed description of CB05_GE can be found in Karamchandani et al. (2012). In this study,
gas precursors for SOA in CB05_GE are mapped to SOAG to make it compatible in MAM7.
As the first study of CESM/CAMS5.1 with CB0O5_GE, this work focuses on the impact-of gas
phase chemistry. The heterogeneous chemistry on the surface of aerosol is turned off.
CBO05_GE implemented in CESM/CAMS5 contains a total of 273 reactions including 50
phaolytic reactions and 223 kinetic reacticraong 93 gaphase species in this study. The
gasphase chemical system is solved using an implicit backward Euler method.

lons generated by cosmic radiation and natural radioactive decay have been studied
for along time as an important source to enhance nucleation (Raes et al., 1986). An IMN
model is developed by Yu (2010) (Yul0) fosS0,-H,O system, and explicitly solves the
dynamic equations in terms of temperature, REE® vapor concentration, ionizatioate,
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 interaetioosg ions, neutral
and charged clusters, vapor molecules, and preexisting particles (Yu, 2010). The global
ionization rates due to cosmic rays are calculated based on the schemes given in Usoskin and
Kovaltsov (2006) and the contribution of radioactivatemials from soil to ionization rates is

parameterized based on the profiles given in Reiter (1992). To reduce the computing cost
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using IMN in 3D models, Yu et al. (2008) developed lookup tables with simple interpolation
subroutines to calculate nucleatirates under typical atmospheric conditions. In this work,
IMN based on YU10 is implemented into MAM7 and combined with default nucleation
parameterizations (VEO2, MEOQ7, and WPQ9) in order to improve the J predictions and
aerosol number concentrationsuipper troposphere. The J value above PBL is taken as the
maximum value among predictions from IMN (YU10) and homogeneous nucleation (VEO2
or MEQ7), and the J value within PBL is taken as the maximum value among predictions
from IMN (YU10), homogeneous nigation (VEO2 or MEQ7), and the firstder
parameterization (WPQ9).

Gasparticle partitioning is an important process in the formation and evolution of
secondary aerosols. Several factors affectpgascle partitioning, such as temperature, RH,
saturaton vapor pressures of species, the physical state of the congrased and the
interactions among aerosol components (Zuend et al., 2010). Most models focus on inorganic
aerosols. Fountoukis and Nenes (2007) developed a computatiefiiaignt
thermog/namics equilibrium model, ISORROPIA 11, for the magnesium {Ylgpotassium
(K™ - calcium (C&") - NH4"- Na' - SO?- NO3- CI'- H,0 aerosol system. An important
difference between ISORROPIA Il and most other thermodynamics equilibrium models is
that ISORROPIA Il simulates crustal species, such a§"Mg', and C4’, which are
important constituents of atmospheric aerosols, in particular, mineral dust. Therefore, to
explicitly simulate aerosol thermodynamics, ISORROPIA Il has been implemented into
MAM7 and applied for accumulation, Aitken, fine seat, and fine dust modes to explicitly

simulate thermodynamics of $Q NH,*, NOs, CI', and N4 as well as the impact of crustal
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species associated with fine dust modes on aerosol thermodynamics. Therabonsruf

K*, C&*, and Md" as the input for ISORROPIA Il are calculated from dust concentrations,
using the mass ratios of 1.022%10.701x10, and 7.084x10, respectively (Van Pelt and
Zobeck, 2007). The resulted concentrations of aerosol comsadinemt ISORROPIA are

mapped back to fine aerosol modes based on their mass ratios to the total mass over all fine
modes at the previous time step.

Aerosol thermodynamics involving coarse particles (in coarseaeand dust
modes) is currently not trest explicitly in this work, given the high computational cost (by
at least a factor of 3 compared to the cost for fine particles) for solving thegodirium
system involving coarse particles. Instead, the simple kinetic approach used in the default
CAMS5.1 is used to simulate the condensation of inorganic gases onto coarse modes (see
section 2.2.4). For fine mode particles, before thermodynamic calculation using ISORROPIA
Il, the condensation and nucleation processes are simulated to allow a mate realis
allocation of gaseousA#30, between these two competing processes. Such a treatment for
fine mode particles is similar to the kinetic approach used in regional air quality models,
except that the condensation is assumed to be irreversible with lower limit values of mass
accommodation coefficients in this work.

MAM 7 does not treat N@and it treats NaCl as one species. In this work, MAM7 is
modified to explicitly simulate N@, CI', and N& using a similar method to the condensation
of H,SO, and NH. NOs™ and Cl are simulated in all modes except for primary carbon mode.
Na' is simulated in seaalt modes. The source of Na calculated based on the mass ratio of

Na and CIl from s&salt emissions. The source of @kcludes seaalt emissions, and the
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condensation of HCI resulted from HCI emissions anepgaicle partitioning of total
chloride.

Speciesdependent accommodation coefficients are used 80 NH3z, HNO;, and
HCI, with the values of 0.02, 0.097, 0.0024, and 0.005 (Zhang et al., 1998; Sander et al.,
2003), respectively. Since by default the model treats the condensation of inorganic volatile
gas species as irreversible process (no evaporation) (see Eq.1), thenhiwedlies of mass
accommodation coefficients are used for these species to represent their net fluxes from the
gasphase to the liquid/solid phases. Such lower limit values correspond to uptake
coefficients, which represent the net fluxes and are sntalarmass accommodation
coefficients. To ensure electroneutrality in each mode after kinetically condensity, H
NH3, HNO;3, and HCI at different condensation (or uptake) rates, the condensatiors of NH
will stop when the mole concentration of cations.(iNH;") is equal to sum of those of
anions (i.e., [NH'] = 2x[SQ*]+[NO3]+[CI]). While such an approach allows the
gas/particle portioning of those volatile species over both fine and coarse modes, the
irreversible condensation with lower limit mage@ammodation coefficients assumed in this
work, however, may contribute to model biases in simulating condensation of volatile species
on coarse mode particles. A more accurate method (i.e., reversible condensation) should be
used for volatile species féwture work. The original MAM7 treats Nyy)/NH," in cloud
water. In this work, the dissolution and dissociation of Hd@d HCI to produce N9and
CI" in cloud water are added in the model based on Marsh and McElroy (1985) and Seinfeld

and Pandis (2006).e.,

74 Fpz ad Ffazg dF
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The concentration of Hthus the pH value of the solution) is obtained by solving the etectro
neutrality equation using the bisection method. The aqugloase chemical system is solved
analytically.
2.3Model Configurations and Evaluation Protocols
2.3.1 Model Setup and Simulaon Design

Table 2.1 summarizes the CESM/CAMS5.1 simulations that are designed to examine
the impacts of individual new and modified treatments on model predictions. The first set of
simulations includes two simulations with the same default MAM7 coupldd different
gasphase mechanisms: one uses the simplghgase chemistry (MAM_SIM) with a total of
37 prognostic species and one uses the CB05_GE (MAM_CBO05_GE) with a total of 127
prognostic species. A comparison of the two simulations provides amssif the impacts
of gasphase chemical mechanisms. The second set of simulations consists of five
simulations that use the same CB05 GEmasse mechanism but with modified and new
aerosol treatments individually and jointly. The first one is MAM_C@at uses an explicit
treatment for N@, CI', and Na andspeciesdependent mass accommodation coefficients for
condensation and that includes the aqughese chemistry of HNYINOz and HCI/CI.
This simulation includes a total of 139 prognostic speci€be second one is
MAM_CON/IMN that uses the same treatments as MAM_CON but with IMN as one of the
nucleation mechanisms and a prefactor of 1.0xif WP09. The third one is

MAM_CON/ISO that uses the same treatments as MAM_CON but with ISORROPIA I for
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agosol thermodynamics assuming metastate equilibrium (i.e., liquid only). The fourth one is
MAM_NEWA that uses the same treatments as MAM_CON but with all new and modified
aerosol treatments and a prefactor of 1.0%ft® WP09. The fifth one is MAM_NEWB it
uses the same treatments as MAM_NEWA, but with ISORROPIA Il assuming a stable
condition (i.e., solid and liquid coexist). A comparison of MAM_CB05 GE with
MAM_CON indicates the impact of modified condensation and aqugloase chemistry. A
comparison ofMAM_CON/IMN, MAM_CON/ISO, and MAM_NEWA with MAM_CON
indicates the impacts of IMN, ISORROPIA II, and combined new and modified aerosol
treatments, respectively. Comparison of MAM_NEWB with MAM_NEWA indicates the
impacts of thermodynamic conditions on -gesosol partitioning. The 3set of simulation
includes one simulation using the same configuration as MAM_NEWA but with adjusted
emissions (MAM_NEW/EMIS). Its comparison with MAM_NEWA indicates the impacts of
uncertainties in emissions on model predictiofhe 4 set of simulation includes one
simulation using the same configuration as MAM_SIM but with prescribed SST fgear5
period during 2002005 (MAM_SIM_5Y), and two simulations both using the same
configuration as MAM_NEW/EMIS for 2002005, but one with prescribed SST
(MAM_NEW_5YA), and the other in a fullgoupled mode (MAM_NEW_5YB).

All these simulations use the same approach for photolytic rates calculations based on
Lamarque et al. (2012), the same aquguhese chemistry of Barth et al0@0), and the
same physical options as those in MAM_SIM. Major physical options include the cloud
microphysics parameterization of Morrison and Gettelman (2008), the moisture PBL scheme

of Bretherton and Park (2009), the shallow convection scheme anda®artion scheme
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of Park and Bretherton (2009) and Zhang and McFarlane (1995), respectively, the aerosol
activation parameterization of AbdRlazzak and Ghan (2000), and the Rapid Radiative
Transfer Model for GCMs (RRTMG) of lacono et al. (2003, 2008)dng and shortvave
radiation. The land surface processes are simulated by the Community Land Model (CLM) of
Lawrence et al. (2011) in CESM that is coupled with CAM5.1.

All simulations except for MAM_SIM_5Y and MAM_NEW _5YA are performed
with fully-coupledCESM1.0.5 with standard B_182000_CAMS5_CN configuration,
which represents 1850 to 2000 transient conditions and includes all active components in
CESM with biogeochemistry in the land model. MAM_SIM_5Y and MAM_NEW_5YA are
performed with standard F_AMIEAMS5 configuration, which uses a climatological dataset
for SST provided by NCAR for ocean model. The simulations are conducted for thedull
of 2001 and 2002005 at a horizontal resolution of 84.25 and a vertical resolution of 30
layers for CAM51. The initial conditions for ice and ocean models are from CESM default
settings. The initial conditions for the | an
CESM/CAM4 B_18562000_CN simulationThe initial conditions for CAM5 are derived
from a 10yr (19902000) CAMS standalone simulation with the MOZART chemistry
provided by NCAR. A dyear (January-December 31, 2000) CESM/CAMS5 simulation
using NCARO s -200 SCOMMIB CNLcBntpOnent set is performed as spinup to
provide the initial conditionfor meteorological variables and chemical species that are
treated in both MOZART and CB05_GE. An additionah8nth (October -December 31,
2000) CESM/CAMS5 simulation based on arh@nth (Januarpctober, 2000)

CESM/CAMS output using initial conditonsdrm NCARG6s CESM B_1850
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2000_CAM5_CN is performed as spinup to provide initial conditions for chemical species
that are treated in CB0O5_GE but not in MOZART. All production simulations of 2001 are
from January * December 31, 2001 and those of 2@WD5 ardrom January 1, 2001
December 31, 2009 he offline anthropogenic emissions used in all simulations except for
MAM_NEW/EMIS are taken from Zhang et al. (2012b) (see Table 2 of Zhang et al. (2012b)
for the sources of those anthropogenic emissions). Ambigenic 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,®@r CONUS, Europe, and Asia, respectively,
and 1.2 for NH, BC, and organic carbon (OC), and 1.3darbon monoxide (CO) over all
three regions. Those emissions are adjusted based on the comparison with the emission
inventories from the Representative Concentration Pathways (RCPs), the MOZART version
4 (MOZART-4), the Reanalysis of the TROpospheric cloafrcomposition (RETRO), the
Global Fire Emissions Database (GFED) version 2, and preliminary evaluation of
CESM/CAM5.1 with modified and new gas and aerosol treatments using available
observations. The online emissions include biogenic volatile orgarbor (Guenther et al.,
2006), mineral dust (Zender et al., 2003), andssdta(Martensson et al., 2003).
2.3.2 Available Measurements for Model Validation

A number of observational datasets from surface networks and satellites are used for
model evaluatin. They are summarized along with the variables to be evaluated in Table
2.2. Global surface networks include the Baseline Surface Radiation Network (BSRN) and
the National Oceanic and Atmospheric Administration Climate Diagnostics Center

(NOAA/CDC). Thesatellite datasets include the Moderate Resolution Imaging
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Spectroradiometer (MODIS), the Clouds and Earth's Radiant Energy System (CERES), the
Total Ozone Mapping Spectrometer/the Solar Backscatter UltraViolet (TOMS/SBUV), the
Measurements Of Pollution Fhe Troposphere (MOPITT), and the Global Ozone

Monitoring Experiment (GOME). Other satellibased data include the MODt#grived

CDNC from Bennartz (2007) (BEQ7).

Regional observational networks include the Clean Air Status and Trends Network
(CASTNET),the Interagency Monitoring of Protected Visual Environments (IMPROVE),
and the Speciation Trends Network (STN) over CONUS; the European Monitoring and
Evaluation Program (EMEP), the Base de Données sur la Qualité de I'Air (BDQA), and the
European air qualy database (AirBase) over Europe; the Ministry of Environmental
Protection of China (MEP of China), the National Institute for Environmental Studies of
Japan (NIES of Japan), and Taiwan Air Quality Monitoring Network (TAQMN) over East
Asia. The observatiml data for particle formation rate J is compiled from Kulmala et al.
(2004) and Yu et al. (2008), which include larship, and aircrafbased measurements.

2.3.3 Evaluation Protocol

The protocols for performance evaluation include spatial distribaiaod statistics,
following the approach of Zhang et al. (2012b). The analysis of the performance statistics
will focus on mean bias (MB), normalized mean bias (NMB), normalized mean error (NME),
and root mean square error (RMSE). The radiative varialdesvaluated annually,
including downwelling shortwave radiation (SWD) and downwelling longwave radiation
(LWD) from BSRN; outgoing longwave radiation (OLR) from NOAA/CDC; shortwave

cloud forcing (SWCF) from CERES,; cloud fraction (CF), aerosol opticahd@®D), cloud
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optical thickness (COT), cloud water path (CWP), precipitating water vapor (PWV), and
CCN from MODIS; as well as CDNC from BEO7. Chemical concentrations evaluated
include seasonal and annual averaged concentrations of COQ0ONHS3, nitrogen dioxide
(NOy), nitric acid (HNQ), PM, and its major components (i.e.,.SONOs, and NH*, BC,

OC, total carbon (TC) for CONUS and Europe). The chemical observations over East Asia
are very limited, and they only include surface concentratio@0fSQ, NO,, O3, and

PMjo. Column concentrations of tropospheric CO and,N@d tropospheric £¥esidual

(TOR) are evaluated for globe.

All observational data used for evaluating 2001 simulations are based on 2001 only
except for particle formation raté3) that are based on different years compiled from
Kulmala et al. (2004) and Yu et al. (2008). All observational data used for evaluating 2001
2005 simulations are based on 23UD5.
2.4Model Evaluation for MAM_SIM Based on Original Model Treatments

Tables 2.3a and b show MBs and NMBs of radiative/cloud and chemical predictions,
respectively. The model performance of the baseline simulation, MAM_SIM, is discussed
below, and that for all other simulations will be discussed in section 2.5.

As shown in Thle 2.3a, radiative variables such as LWD and SWD are
underpredicted by 3.4 Wfr(~-1.1%) and 2.0 W ifi(~ -1.1%), respectively, whereas OLR
and SWCF are overpredicted by 8.8 W (v 4.1%) and 3.2 W ih(~ 7.9%) respectively.

Cloud variables such as GRd PWYV are slightly underpredicted, whereas COT, CWP,

column CCN at a supersaturation of 0.5% (CCN5), and CDNC are largely underpredicted,
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with NMBs of -77.8% t0-55.6%, which is likely due to the limitations in the current model
treatments of cloud micphysics and aeroscloud interactions in CAM5.1.

AOD is also underpredicted by 36.1%, which is likely due to inaccurate predictions
of aerosol concentrations and uncertainties in the assumed hygroscopicity of aerosol
components in the calculation of agati properties and water uptake. For example, as shown
in Table 2.3b, PMlsconcentrations over CONUS and Europe, anddncentrations over
CONUS, Europe, and East Asia are underpredicted, with NMB&/d% to-31.8%, which
is due to the inaccurategatictions of SG, NH,*, and organic aerosols, and missing major
inorganic aerosol species such as nitrate and chloride. The concentrations of BC, OC, and TC
are underpredicted (by ~ 50%), which is likely due to the uncertainties in the BC and primary
OCemissions as well as treatments for SOA formation. In particular, the SOA treatment used
in CAM5.1 is based on a highimplified aerosol yield approach with a single lumped
semtvolatile organic gas (i.e., SOAG). For gaseous speciesc@t@entrations\er
CONUS and Europe are signifl’ifeagblhy8eyénpdedi
% (~ 97.5%), respectively, whereas S@ncentrations over East Asia are largely
under predi c t @y~6309). NHconcenttions over Europe are ameély
underpredicted by 82.0%. These large biases na®@® NH; are likely due in part to the
uncertainties in the emissions of S&d NH;, which in turn affect the predictions of $O
and NH,". The J values in PBL are highly underpredicted by 99v@bigh is mainly due to
the inaccurate calculation o£80, vapor concentration that participates in the nucleation
and uncertainties in the nucleation parameterizations used in the default CESM/CAM5.1.

2.5Sensitivity Simulations
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2.5.1 Impacts of New Ga$?hase Chemistry

Compared to simple gaghase chemistry, many more gaseous species and chemical
reactions simulated in CB0O5_GE can affect secondary aerosol formation throttgh gas
particle mass transfer and aquegpbsise chemistry and affect climatic vates through
chemistry feedbacks to the climate system. Figure 2.1a shows the absolute differences of
H»0,, SG, SQ%, and SOA between MAM_CBO05_GE and MAM_SIM. MAM_CB05_GE
treats more gaseous species and chemical reactions than MAM_SIM, leading to large
changes in the concentrations of gaseous and PM species. Compared with MAM_SIM,
MAM_CBO05_GE predicts higher 40, by 0.4 ppb, S@by 7.3 ppt, SG* by 0.01 pg rit, and
SOA by 0.06 pg i in terms of global mean. Those changes are mainly caused by different
gasphase chemical mechanisms used in MAM_SIM and MAM_CBO05_GE. While
MAM_CBO05_GE explicitly simulates OH, HONO3;, and Q, MAM_SIM uses climatology
data for these species. OH simulated by MAM_CBO05_GE is lower than that prescribed by
MAM_SIM by up to 2.8x1&molecules cii, or higher by up to 3.0x£@nolecules crfin
different regions (Figure not shown), with a higher global mean by MAM_CBO05_GE.
MAM _SIM includes the production of 4D, from the seHdestruction of HQand the loss of
H,0O, through its photolifc reaction and its reaction with OH. Highes®3 in
MAM_CBO05_GE is mainly due to greater production g0z from additional chemical
reactions (e.g., OH+OH) than loss of®4 through the reactions of OH +,8,, O + HO,,
Cl + H,O,, and Hg + HO.. Different predictions in KD, can in turn affect OH mixing ratios
in MAM_CBO05_GE but not in MAM_SIM. In addition, the photolytic reactions of VOCs

(e.g., HCHO, peroxyacyl nitrates (PAN), and peroxyacetic and higher peroxycarboxylic
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acids, PACD) and otherages (e.g., HN)HONO, HNQ, HOCI, and HOBR) treated in
MAM_CBO05_GE can produce OH. Figure 2.1b shows the absolute differences between the
mixing ratios of major oxidants predicted from MAM_CBO05_GE and climatology values
used in MAM_SIM. The global meanixng ratios of oxidants are higher in

MAM_CBO05_GE than climatology data in MAM_SIM, leading to more oxidation of VOCs
and therefore more SOA in MAM_CBO05_GE. Higheypgedicted from MAM_CBO05_GE

over most of the domain is mainly due to moggp@cursorse.g., NQ and VOCs) treated

in the model. Despite higher OH mixing ratios in MAM_CBO05_GE, many gaseous species
such as NQ SO, HNOs, HONO, and other VOCs are oxidized by OH to form secondary
inorganic and organic aerosols. Those oxidation reactions terfggdimited OH, leading to
less oxidation of S€) thus higher S@mixing ratios over most land areas by
MAM_CBO05_GE. Lower S@mixing ratios over the oceanic areas in MAM_CBO05_GE is
due to the combined effects of less production of f&@n lower DMS mxing ratios (due to
increased OH levels) and greater,®Ridation from higher OH mixing ratios.

The changes in the concentrations of PM and its components are due to the change in
the mixing ratios of gaseous precursors. CB05_GE contains more photedyions, which
affect the mixing ratios of OH, SQand HSO,, and subsequently the concentration 0§50
through condensation and homogeneous nucleation. Highan&{g ratios in
MAM_CBO5_GE result in more $80, thus more S¢F. For example, both SGnixing
ratios and S concentrations are higher over eastern China in MAM_CBO05_GE. More
SO, over the oceanic areas is mainly due to more oxidation gb$OH. Due to the

simplification of aerosol thermodynamics in default MAM7, the concentratioBgf can
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affect the concentrations of NHdirectly and therefore Ngmixing ratios and PM number
concentrations (PMm). For example, the increase of §®esults in an increase in NHand
PMnum and a decrease in NHThe increase of S and PMyun can increase AOD, CF,
COT, CWP, PWV, and CDNC and therefore affect radiation by increasing LWD and SWD
(Figures not shown, see changes in performance statistics of these affected variables in Table
2.3a). The increase of SOA is due to the inclusion oergaseous precursor emissions (e.g.,
isoprene, terpene, xylene, and toluene) in MAM_CBO5_GE, which contribute to SOAG and
thus SOA through gat®-particle conversion.

Figure 2.2 shows the spatial distributions of C@,NID,, HNO;, hydrochloric acid
(HCI), and isoprene (ISOP) that can be predicted by MAM_CBO05_GE but not by
MAM_SIM. CO mixing ratio is higher in most Asia, central Africa, South Africa, and
eastern U.S., which is mainly due to higher CO emissions in those regions and the production
of CO fromthe photolytic reactions of VOCs (e.g., formaldehyde, acetaldehyde, and
isoprene). Higher @mixing ratios in the northern hemisphere than southern hemisphere are
mainly due to much higher mixing ratios of @recursors. Higher £mixing ratios over
Mediterranean Sea are mainly due to the transporg@h@ its precursors from source
regions and less deposition onto ocean surface. HigheriXxing ratios over Tibet are
mainly due to the stratospheric influences from high altitude and no titrationdeie@o low
NO mixing ratios (< 0.2 ppb) in this region. Higher mixing ratios ohbN@er most Asia,
eastern U.S, Europe, and Central Africa are mainly due to highgei@sions over those
regions, which also result in higher Hjl@ those regions. Higheriring ratios of HCI over

Europe, India, and East Asia are mainly due to the higher anthropogenic HCI emissions in
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those regions. In addition, MAM_CBO05_GE includes oceanic emissions of HCI, leading to
higher HCI over ocean. Higher isoprene mixing ratios &auth Africa, central Africa, and
Oceania are mainly due to higher isoprene emissions in those regions, which also contribute
to the formation of SOA in those regions.

The aforementioned changes in the concentrations of gaseous species and PM due to
newgasphase chemistry implemented in the model and its feedbacks to radiation through
the climate system result in a change in predicted cloud properties and radiation balance that
in turn affect the predictions of all chemical species during subsequenstemps. As a
consequence of interwoven changes due to complex feedback mechanisms, the two
simulations perform differently, with noticeable improvement by MAM_CBO05_GE. As
shown in Table 2.3a, compared with MAM_SIM, MAM_CBO05_GE reduces MB of LWD by
17.6%,0LR 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% absolute reduction in their NMBs. Although
MAM_CBO05_GE increases MB of SWD by 26.2%, the increases in their NMBs are only
1.2%. Table 2.4 shows the padhlity of differences in radiative/cloud predictions between
pairedsimulation. As shown in Table 2.4, the changes in most cloud and radiative variables
between MAM_SIM and MAM_CBO05_GE are statistically significant. As shown in Table
2.3b, MAM_CBO05_GE als reduces MBs of S{by 2.5% and PIyh by 8.1% over East Asia,

NH; by 1.3% and S§ by 12.5% over Europe, OC by 11.1%, TC by 8.3%, and £ty
3.3% over CONUS, leading to 085% absolute reductions in NMBs. Despite the model
improvement by CB05_GE, laeghiases still remain for some chemical species. For

example, CO over East Asia is largely underpredicted with an NM8201% (see Table
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2.3b), which results from the uncertainties in the CO emissions over East Asia. However, the
column CO over globe gredicted very well, with an NMB 6b.7%. Large biases in $O
predictions over CONUS, Europe, and East Asia are mainly due to the uncertainties in the
SO, emissions over those regions. Large biasessiov@r Europe are likely due to the
uncertainties ithe Q precursor emissions (e.g., N@nd inaccurate predictions of radiation
over Europe. In particular, the large underpredictions in &@centrations (likely due to the
uncertainties in the N@emissions and overpredictions in radiation, see sebt®for more
detailed discussions) indicate insufficient NQr titration of G, leading to a large
overprediction in @concentrations in Europe. The large biases in EHal® due to no
treatment for gaparticle partitioning in both simulations.
2.5.2 Impacts of Condensation and AqueouBPhase Chemistry

The mass accommodat iS@wapc is subbjectitocconsiderable( U) f o
uncertainty. The default condensation modul e
concentration of 50Oy, resulting in very low nucleation rates and aerosol number
concentrations. Considering that the original model treg&OHand NH; condensation as an
irreversible process, ,30hand N#pésfeducddto0.02 anda | ue o f
0.097,respectiel vy, based on Zhang et al. (1998). Th
H,SO, and NH; for nucleation with a typical $0, concentration range of $010°
molecules cii. Because HN@and HClaresemi o | at i | e species, the |
(0.0024 ad 0.005, respectively) based on Sander et al. (2002) are selected for their
irreversible condensation process. NlHom NH; condensation will be constrained by the

available SGF, NOs, and condensed Qb neutralize the system.
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Figure 2.3 shows the afisite differences of Nk SG,, HNO;s, HCI, H,SQ,, total
particulate ammonium (TN, total particulate sulfate (TSJ) total particulate nitrate
(TNOs), and total particulate chloride (TCL) in all the modes except primary carbon mode,
and PM sbetween MAM CON and MAM_CBO5_GE in June, July, and August (JJA), 2001.
Due to the inclusion of HN§and HCI condensation in MAM_CON, the concentrations of
HNO3 and HCI decrease by 0.1 ppb (~72%) and 0.097 ppb (~84%), respectivglys NQ
simulated in the originahodel and the concentration of RI@& assumed as zero in
MAM_CBO05_GE. Therefore, the concentration of Niicreases due to the condensation of
HNOs3; in MAM_CON. The concentration of TCL in MAM_CBO05_GE is calculated from the
mass ratio of chloride in seslt. Over land, TCL increases significantly due to the
condensation of HCI to form CIThe change of TCL over ocean is mainly due to the change
of seasalt emissions. The changes of,;3xing ratios are mainly due to the differences in
mixing ratios ofspecies in sulfur chemistry in the two simulations. For example, compared to
MAM_CBO05_GE, the increase of SOver eastern U.S. in MAM_CON is likely due to less
SO, oxidation in clouds (Figure not shown), which results from lower CF. The decrease of
SO, mixing ratios over most oceanic areas is likely due to the combined effects of DMS
oxidation and S@oxidations in MAM_CON. More S@can result in more }¥$0, and
therefore more S§ through condensation and homogeneous nucleation®®H The
changes iH,SO, concentrations are the results of changes offBiKing ratios. The mass
accommodation coefficient of 280, is reduced significantly (by a factor of 32.5), allowing
more HSQOy to participate in binary/ternary homogeneous nucleation and produce more

secondary SgJ, improving predictions of S§&J over CONUS but degrading the
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performance of S§3 over Europe (see Table 2.3b). Although the mass accommodation
coefficient of NH is reduced significantly (by a factor of 67), more available; béth

participate in the ternary homogeneous nucleation and produce seconddryviédnwhile,

the secondary NF formed from NH condensation is also constrained by availablg"SO

NOs', and condensed CTRAs a result, the concentrations of Nt¢crease and those oH)
increase. Due to more availableS®, participating in the nucleation, J has been improved
significantly, reducing the NMB fror09.5% to-12.8%. With an inclusion of the dissolution
and dissociation of HNgand HCI in cloud water, more NHk requiredo dissolve to

maintain catioranion equilibrium in the cloud water, which further reduces the mixing ratios
of NH3, HNO3;, and HCI.

As shown in Table 2.3b, compared with MAM_CBO05_GE, MAM_CON gives better
performance against observations in terms of CQOj, 3, HNOs;, PM, 5, and PMg over
Europe, CO and PMover East Asia, § HNO;, SQ%, NH,*, BC, OC, TC, and Pl over
CONUS, and column CO, column NO'OR, and J over globe. As also shown in Table 2.3a,
the improved chemical predictions improve fredictions of OLR, SWCF, CF, COT, CWP,
AOD, and CDNC. As shown in Table 2.4, the changes in most cloud /radiative variables
between MAM_CBO05_GE and MAM_CON are statistically significant, indicating the
significant impacts of the modified condensation agdeousphase chemistry treatments on
radiation. Treating condensation and aqueguhase chemistry of HN{and HCI enables an
explicit simulation of N@ and Clin MAM7. However, the mass concentrations 0f,SO
remain significant overpredictions, with NMB$ 301.2% for CONUS, and 123.0% for

Europe, mainly because of the uncertainties ip &@issions over those regions. Due to the
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simplified irreversible treatment for gas condensation, the mass concentrationg pf SO
NH,", NOs, and Clare overpredictedalthough the lower limit of mass accommodation
coefficient for each precursor is used in MAM_CON. As shown in Table 2.3b, the
concentrations of S&, NH,", NOs', and Clfrom MAM_CON are overpredicted by 1.7%,
20.0%, 198.2%, and 359.9%, respectively, GONUS, and 40.3%, 85.0%, 67.8%, and
102.8%, respectively, for Europe. The large NMBs oNd Clin MAM_CON are due to
the small observed values for Q@ i . e . , 2olv.e0r eCgONWS dovet 2.0 &g m
Europe)and C[ i . e . , ®o0er AONESjad m0 . 7° overgEurope), the uncertainties
in treating HNQ and HCI as noivolatile species using their lower limits of accommodation
coefficients, and lack of treatments for jl@nd Clthermodynamics.
2.5.3 Impacts of New Particle Formation

Figure 2.4shows the annuahean vertical distributions of particle formation rate (J)
values and aerosol number concentrations, and simulated J values averaged between the
ground level and 100t overlaid with observations within the same layers. In
MAM_CON/IMN, IMN is combined with three default nucleation parameterizations to
predict J throughout the atmosphere. In MAM_CON, J over ocean is overpredicted by factors
of 5-50, despite a seeming good NMB-2P.8% in the globe mean (see Table 2.3b). J values
at severasites over land are underpredicted by factors d® 1which compensates the large
overpredictions at most sites over ocean. The large underpredictions at those sites are likely
due to the uncertainties in $@missions and nucleation parameterizationd,the missing
species that may have participated in nucleation. For example, several other species may

contribute to the new particle formation, including methanesulfonic acid (van Dingenen and
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Raes, 1993), hydrochloric acid (Arstila et al., 1999), ogaompounds (Berndt, et al.,

2014), iodinecontaining compounds (Hoffmann et al., 2001), and amines (Berndt et al.,
2014). Limited observations also introduce some uncertainties in the model validation. The
overprediction of J over ocean is mainly duehi® tise of the prefactor of 1x3th WP09.

This prefactor is derived from limited-gitu measurements (Sihto et al., 2006). It can vary
by up to 34 orders of magnitude based on measurements in different areas and seasons
(Zhang et al., 2014), introducirg a large uncertainty for its application to the global scale. In
MAM_CON/IMN, a prefactor of 1x18is used in WP09 in PBL over the globe, which then
decreases J and aerosol number concentrations in PBL (see Figure 2.4). J in PBL is very
sensitive to th@refactor 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,avhich in turn increase the aerosol
number concentrations in the troposphere. Due to a stronger radiation in the upper layer,
more available ions can contribute to the new particle formation, therefore increasing the
aerosol number concentrations in the middle/upper troposphere and lovespsteae by
factors of 24.

Figure 2.5 shows the absolute differences ot RMOD, column CCN5, CF, SWCF,
and SWD between MAM_CON and MAM_CON/IMN for 2001. Aerosol number can
directly affect CCN, which can affect cloud formation and properties as weltizgion.
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 concentiations
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troposphere/stratosphere, AOD and column CCNS5 increase by 0.004 (or by 3.3%) and
2.1x10 cm® (or by 11.9%), respectively, and SWCF and SWD decrease by 0.F Wrroy
0.2%) and 0.8 W fi(or by 0.5%), respectively, in terms of global mean. As shovifable
2.4, the changes in SWD, AOD, and cloud variables such as column CCN5, CDNC, and
COT between MAM_CON and MAM_CON/IMN are statistically significant, indicating the
significant impacts of IMN on aerosol number concentration and cloud prediction.
Compared with MAM_CON, IMN (MAM_CON/IMN) improves the predictions of
SO, NOs3, and PM s over CONUS, S@ SQF, NH,*, NOs3, CI', PM5, and PMg over
Europe, PMp over East Asia (see Table 2.3b). The improved performance in aerosol
concentrations and increasaerosol numbers in the troposphere and lower stratosphere
contribute to the improved performance of aerosol and cloud parameters, with increased
AOD, CCN, and CDNC, and consequently increased CF, COT, CWP, and SWCF, as shown
in Table 2.3a. However, theare still large biases for some chemical species predictions. For
example, CO mixing ratio is underpredicted over East Asia, which is mainly due to the
uncertainty in CO emissions in this region. Large biases pp8&dictions over CONUS,
Europe, and Es Asia are mainly due to the uncertainties in 8@issions in those regions.
Large biases in N9and HNQ predictions over Europe are mainly due to the uncertainties in
NOy emissions and inaccurate predictions of radiation over this region. The peréernfah
degrades with NMBs frorr21.8% t0-49.6% in the globe, which is due to the use of a
smaller prefactor of WP09 in MAM_CON/IMN than in MAM_CON. J in PBL is very
sensitive to the prefactor in WP09. Although the prediction of J over ocean in PBLemas be

improved in MAM_CON/IMN, J over land areas in PBL is largely underpredicted by factors
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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 nucleaticangeterizations (e.g.,
the missing species as mentioned previously). Large NMBs still remain for COT, CWP, and
CCN, indicating the uncertainties in the treatments of related atmospheric processes such as
cloud microphysics and aerosdbud interactions.
2.5.4 Impacts of GasAerosol Partitioning

The inclusion of ISORROPIA Il changes the mass concentrations of majoy PM
species and their gaseous precursors. Changes in PM concentrations then affect predictions
of cloud variables and therefore radiationa@ges of radiation can also affect ®Ridation
by OH, which affects 50, concentrations. Figure 2.6a and b show the absolute differences
of H,SQy, fine particulate sulfate (SO4f), NHine particulate ammonium (NH4f), HNO
fine particulate nitratéNO3f), HCI, and fine particulate chloride (CLf) for summer (June,
July, August, JJA) and winter (December, January, and February, DJF) 2001 between
MAM_CON and MAM_CON/ISO. Compared to MAM_CON, MAM_CON/ISO gives
higher HSO, mixing ratios but lower SO4fancentrations. SWD increases with the global
mean of 8.9 W i (~ 5.8%) in MAM_CON/ISO, which allows more production of OH from
photolytic reactions of VOCs, HONO, HNCHNO,, H,O,, HOCI, and HOBr, and therefore
enhanced oxidation of S@ form HSO,. Asshown in Figure 2.6a, the mixing ratios of
H,SQ, 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
H,SO, condensation. Althagh the mixing ratios of }$0;, increase with the global mean

change of 0.002 ppt, SO4f concentrations dec
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which are mainly due to less condensation ¢8®, under higher temperature conditions. In
summer, the inceese or decrease ob&I0, can result in an increase or a decrease of SO4f
(e.g., over most oceanic areas). However, the decrease of SO4f with the incre#@,0f H
over the India Ocean is mainly due to les§&, condensation. For the regions where SO4f
increases over land, the increase of SO4f is due to more oxidatiorn bySITH. Compared
to MAM_CON, the concentrations of NHHNO;, and HCI increase significantly over most
land areas, whereas NH4f, NO3f, and CIf decrease significantly over most lanthareas
MAM_CON/ISO. Such changes can be explained based on the chemical regimes and their
spatial distributions as shown in Figure 2.7.

The chemical regimes is the controlling factor for-gasosol equilibrium
partitioning, which is determined based on tigorof SQ* molar concentrations to total
molar concentrations of cations and their respective gases (referred to as TCAT/TSO4)
(Zhang et al., 2000). Three regimes are defined based on the values of TCAT/TSO4: (1) if
TCAT/TSO4 < 2, the system containess sulfate and is in a sulfateh regime; (2) if
TCAT/TSO4 = 2, the system contains just sufficient sulfate to neutralize the cation species
and is in sulfateneutral regime; (3) if TCAT/TSO4 > 2, the system contain insufficient
sulfate to neutralizehe cation species and is in sulfgior regime. Over land, the major
cation is NH*, and there are also crustal speciel ®&", and Md") associated with dust
emissions, whereas over ocean, the major cation'isieéch is a nosvolatile species.
Therefore, the gagerosol equilibrium partitioning behaves differently over land and over
ocean. Figure 2.7 shows the distributions of TCAT/TSO4 in MAM_CON and

MAM_CON/ISO, and their absolute differences for summer and winter, 2001. In summer,

37



compared to MAM CON, TCAT/TSO4 in MAM_CON/ISO either increases up by 80.1
(mostly over ocean) or decreases up by 51.8 (over both land and ocean), leading to a net
increase of 0.7. In MAM_CON, most regions are in sulfader regime, whereas Greenland,
southeast U.S., Nthr Africa, a small portion of Asia and North Atlantic Ocean, and some
areas in North Pole are in sulfateh regime in summer. However, due to the simplified
thermodynamics treatment in MAM_CON, NK underpredicted and NHis overpredicted
(see Table Bb). With the inclusion of ISORROPIA Il, most sulfgieor regions over land

and over part of Pacific Ocean and most Atlantic Ocean become less-patfat@he
sulfatepoor regime can drive HNYHCI to produce N@/CI™ by neutralizing excess Nf If

the amount of N@/CI is insufficient to neutralize NH, sulfatepoor regime can drive N

to the gas phase to produce Nfherefore, the increase of NEnd decrease of NfHin
MAM_CON/ISO are mainly due to insufficient NOCI to neutralize NH under sulfate

poor regime. Insufficient NQYCI results from the thermodynamic partitioning under higher
temperature conditiortbat favors the production of HN@nd HCI from NQ/CI to

produce HNQ@and HCI under higher temperature conditions. Thésligcrease of N@

over Pacific Ocean and South Atlantic Ocean is due to much higheoNeentrations yet
insufficient SQ” in those regions compared with those over the land areas. Unlike a-sulfate
poor regime, a sulfatach regime (e.g., small poain of North Atlantic Ocean, South China
Sea, and Greenland), requires more cations such zsaN#i N4 to neutralize excess $O

in the system and the thermodynamics favors the partitioning of volatile species such as NO
and Clin the gas phase as HN@&nd HCI. Therefore, despite the increased temperatures, the

decrease of NI due to its evaporation back to the gémse is not as significant as that of
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NOs and Cl, because N needs to stay in the system to neutralize’S® winter, as
shown inFigure 2.6b, compared with MAM_CON, the mixing ratios @58y in
MAM_CON/ISO either increase by up to 4.3 ppt, or decrease by up to 1.0 ppt, leading to a
net increase with the global mean of 0.001 ppt; Midreases over most regions except
Europe, eastern China, and some regions in North Poleld&ideases over most oceanic
areas, Northeastern China, and East Europe, whereas increases over South Asia, North Pole,
southern U.S., Africa, and most land ar@asouthern hemisphere. HCl increases over most
areas except the northeastern portion of Asia and eastern Europe.

Compared with MAM_CON, MAM_CON/ISO predicts higher Halénd HClover
some land areas. As shown in Figure 2.7, in MAM_CON, most regioms suéatepoor
regime, whereas Greenland, North Pole, North Africa, some portions of Asia and western
Pacific Ocean are in sulfatech regime. For example, northeastern China is in sutfate
regime, driving HNQ@and HCI partitioning to the aerosol eeto neutralize excess \H
This results in an increase in NO3f and CIf, changing suffate regime to less sulfate
poor. North Pacific Ocean and southern oceanic areas are also ingotategime, and the
increase of NO3f is due to the partitiogiNO; to the aerosol phase to neutralizeé’ Na
whose concentration is relatively higher compared to that over land areas. Therefore, more
anions such as NQare needed to neutralize the system. However, the decreaseCl
these regions is due to theuddprium state of HCI| under different atmospheric conditions.
The western Pacific Ocean is in sultaieh regime, driving N@ and Cl partition to the gas

phase, which results in a decrease in NO3f and CIf, and an increase yaH#BCI over
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this regon. With the inclusion of ISORROPIA I, the western Pacific Ocean changes from
sulfaterich regime to less sulfatéch regime.

Figure 2.8 shows the absolute differences of major inorganic gas and aerosol species
between metastable (MAM_NEWA) and stab@¥M_NEWB) conditions. Compared with
MAM_NEWA, the global average changes predicted by MAM_NEWB are overall small
(within 5%) for most gaseous and aerosol species. For example, the global average changes
are 0.01 pug i (by 4.2%) for SG*, 0.005 pg rit(by 12.8%) for NH*, 0.006 pg rit(by -

0.01%) for NQ, and-4x10* pg m(by 2.0%) for Cl. The increase of S@ results in an
increase in Nl (e.g., East Asia and Northeast U.S.). The differences between stable and
metastable conditions may be more siguaifit under low RH conditions (RH < 50% for
nitrate,Fountoukis et al., 2009However, based on the simulated global annual mean RH
values, most regions have RH values 7696 (exceptions are over desert/arid regions such
as Australia, the northern AfricArabian Desert, northwestern China, and western U.S.).
These results indicate that the assumption of metastable conditions is not a significant
sources of uncertainty for global model predictions of gaseous and aerosol species.

Compared to MAM_CON, therpdiction of SWD in MAM_CON/ISO is improved
with the NMB decreasing fron6.5% to-2.2%. The predictions of involved species such as
NH;", NOs, and Clare improved significantly by 13.6%~345.4%, although there is a slight
degradation in the predictions of $Cand Q over CONUS, CO, € PM, s, and PMoover
Europe, PMpover East Asia, and column CO, NAQOR, and J over globe.

MAM_CON/ISO improves th@redictions of HN@, NH,", NOs, CI, BC, OC, TC, and

PM, s over CONUS, S@ NHs, NO,, SO, NH,", NOs', and Clover Europe, and CO and
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SO, over East Asia, which leads to improved performance in SWD, column CCN5, and
SWCEF over globe, as shown in Tabl8& As shown in Table 2.4, the changes in most
radiative and cloud variables between MAM_CON and MAM_CON/ISO are statistically
significant, indicating the significant impacts of ISORROIA Il on the predictions of
radiation, aerosol, and cloud. ISORROPIA#dlculates gaaerosol partitioning under
different atmospheric conditions, significantly improving predictions of major gas precursor
(e.g., HNQ) over CONUS and secondary aerosols (e.g3 ld@d Cl) over CONUS and
Europe. Large decreases in the cotegions of NQ and Clresult in a decrease in NH
PM, s, and PMy, thus decreasing CCN, CDNC, AOD, and the absolute value of SWCF.
MAM_CON/ISO assumes metastable conditions (i.e., assuming all salts in an
agueous solution), which may introduce eriargas/particle partitioning. The validity of
this assumption is examined by taking the absolute differences of the concentrations of major
inorganic gas and aerosol species between metastable (MAM_NEWA) and stable
(MAM_NEWB) conditions (i.e., Figure 2.8Compared with MAM_NEWA, the global
average changes predicted by MAM_NEWB are within 5% for most gaseous and aerosol
species over nedesert/arid regions, indicating that the assumption of metastable conditions
is not a significant sources of uncertaimythis work. However, the irreversible gas
particle mass transfer treatment for coarse particles can potentially overpredict the
concentrations of coarse particles (e.g., overpredictions ah@INQ" over Europe).
2.5.5 Overall Impacts of All New amnl Modified Model Treatments
Compared to MAM_CBO05_GE, the simulations with modified or new aerosol

treatments (MAM_CON, MAM_CON/IMN, MAM_CON/ISO, MAM_NEWA) slightly
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degrade the prediction of LWD (increasing NMB fre@9% to-1.4%), but improve the
predictons of OLR, CF, COT, and CWP slightly (with 0.6%0.4% decreases in their
NMBs) and CDNC significantly (reducing NMBs frof7.5% up tc13.4%). Although the
CCN predictions are somewhat degraded in MAM_CON and MAM_CON/IMN, they are
improved significantl in MAM_CON/ISO and MAM_NEWA (reducing NMBs from
61.6% to 1.85.3%). As shown in Table 2.4, changes in most radiative and cloud variables
between MAM_SIM and MAM_NEWA are statistically significant, indicating the significant
impacts of new and modifiedeiatments on predictions of radiation and cloud. Among all
new and modified model treatments, the newgsasse chemistry simulates more gaseous
species and improves the predictions ofsNer Europe, PMs over CONUS and PM
over East Asia. The modified condensation and aqupbase chemistry simulate more
aerosol species (NCand CI) and improve the prediction of HNOMAM_CON also
improves J in the PBL due to more availabi&a, involved in the homogeneous nucleation
usng an accommodation coefficient of 0.02 fosfS@ condensation, and improves the
predictions of CDNC and AOD significantly. MAM_CON/IMN increases Rabove PBL
and PM s and PMg over Europe and improves the prediction of Rdver CONUS and
Europe. MAV_CON/ISO improves the predictions of HNNH;", PM,5, NOs', and CI
over CONUS, N@ and CI over Europe, and CCN over globe, and improves the predictions
of SWCF most (with an NMB of 1.6%).

Large biases in some variables remain in MAM_NEWA due terainties in model
inputs (e.g., meteorology and emissions) and model treatments (e.g-pinaski chemistry,

dust emission scheme, cloud microphysics, aerosol activation, SOA formation, and dry and
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wet deposition). The large NMBs of CO and,®er EasAsia, SQ, NHs, and NQ over
Europe, S@ and BC over CONUS are likely due to the uncertainties of emissions and the
interpolation of emissions from a fisggid scale in the original emission inventories (e.qg.,
countybased emissions over CONUS) to aykagrid scale used in this work, which can
result in large NMBs in secondary aerosols (e.g4S8H;", NOs, thus PMsand PMo).
Heterogeneous reactions are not included in this work, which may help explain to some
extent less oxidation and underpittins for PM species predictions (e.g., sulfate and
nitrate) and overpredictions for gaseous species. The large NMBprédictions over
Europe in MAM_NEWA (with an NMB of 62.7%) is mainly due to a lack of Ni@ation

(as indicated by large underpretions in NQ) and more production of rom the

photolytic reaction of N@resulted from overpredictions of SWD particularly in autumn and
winter. Table 2.5 shows the seasonal statistics $pNO,, and HNQ over Europe in
MAM_NEWA. During autumn and water, Q@ is overpredicted by about 100% ~ 140%,
whereas N@is underpredicted by abot85% ~-20%, indicating insufficient NOfor

titration of Q; titration. SWD is overpredicted by 45.0 Wrtor by 58.4%), favoring the
photolytic reactions of N&xo produce @Due to the uncertainties in the N@missions,

NO, is underpredicted, causing less NO be oxidized to produce HNOwhich results in an
underprediction of HN@in winter. In autumn, SWD is overpredicted by 42.8 V¥ (or by
37.9%). Howeve in autumn, although NQOs underpredicted due to the uncertainties in the
NOy emissions, HN@mixing ratios are overpredicted. SWD is stronger in autumn than in
winter, and mixing ratios of OH are higher due to photolytic reactions of overpredigted O

and additional photolytic reactions of VOCs. Therefore, OH can oxidizetdlProduce
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HNOsg, resulting in the overprediction of HNCSimple aqueouphase chemistry is included
in this work, which could result in high uncertainty in predicting aerosolurdsl
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 laki@sNn COT and
CWP. The large biases in OC and TC indicate the uncertainties in the emissions of BC and
primary OC, and the treatments for SOA formation. The large NMB in particle formation
rate J is likely due to uncertainties in model inputs (e.g.,eé8@ssions) and model
treatments (e.g., the accommodation coefficientz8® and missing participants in the
current nucleation schemes).
2.5.6 Impacts of Adjusted Emissions

The evaluation and analyses of MAM_NEWA indicate that some large biases are
causé by inaccuracies in the emissions of CO, 8L, OC, and NKl The sensitivity
simulation with adjusted emissions of CO,,$BC, OC, and NEH(MAM_NEW/EMIS) is
performed to further look into such impacts. For example, with 30% increase in CO
emissions an@0% increase in Nffemissions over Europe, the NMBs of surface
concentrations of CO and Nldhange fron3.4% to 12.1%-84.3% to-77.5%, respectively.
On a global scale, the increased CO emissions result in 3.0% absolute reduction in the NMB
of column CO.The 30% reduction in S&missions and 20% increase in OC and BC
emissions over CONUS result in 139.6%, 8.6%, and 24.9% absolute reduction in their
NMBs. The 30% increase in CO emissions and 20% increase;iov@OEast Asia result in

3.3% and 7.8% abadak reduction in their NMBs.
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As shown in Table 2.3b, compared with MAM_NEWA, MAM_NEW/EMIS shows
an improved performance in the concentrations of $NO;, SQ%, NHs, and NH* over
Europe, S@ HNO;s, BC, OC, TC, N@, and Clover CONUS, CO and Sver Asia, and
column CO over globe. However, it degrades to some extent the performancé @8O
NH;" over CONUS, PMsand PMg over Europe, P over Asia, and J over globe.
Decreased S£emissions over CONUS result in a decrease &4 and theréore a
decrease of SO. Based on aerosol thermodynamic treatments, decreas&dn@@esult in
decreased NH. Therefore, PMs and PM decrease as well. Adjusted emissions can affect
secondary aerosol formations and therefore radiative variabldseafected due to the
direct and indirect effects of aerosols. As shown in Table 2.3a, compared with
MAM_NEWA, MAM_NEW/EMIS reduces MB of LWD by 9.3%, SWD by 37.5%, and CF
by 18.9%, leading to 0.1%1.6% absolute reduction in their NMBs. This illusteatiee
sensitivity of radiation to the perturbations in emissions through chemistry feedbacks to the
climate system. As shown in Table 2.4, only column CCN5 and AOD are significantly
different between MAM_NEWA and MAM_NEW/EMIS, indicating the impacts of
emissions are more significant on predictions of gas and aerosol than radiative variables.
2.6 Evaluation of the Five-'Year Simulations
2.6.1. Performance Evaluation

Tables 2.6a and b show the statistical performance for radiative/cloud variables and
chemicalpredictions, respectively, from theygar simulations using three different
configurations. Compared with MAM_SIM_5Y, MAM_NEW_5YA improves the

predictions of aerosol and cloud variables such as AOD, COT, CWP, CCN5, and CDNC
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(with 4.8% to 23.4% absolutedection in their NMBs), and radiative variables such as
SWD, LWD, OLR, and SWCF (with 0:4.2% absolute reduction in their NMBSs).
MAM_NEW_5YA also shows slight improvement for the predictions of’S&hd BC over
CONUS and S@over East Asia (with 0:2.3%absolute reduction in their NMBs), but
moderateto-large improvements for the predictions of OC, TC, and Pder CONUS,

PMjo over East Asia, and SOPM, s, and PM, over Europe (with 5-20.1% absolute
reduction in their NMBs). Compared to TOR cal¢ethbased on £xlimatology used in
MAM_SIM_5Y, TOR predicted from MAM_NEW_5YA is slightly improved with 1.2%,
1.3%, and 0.3 absolute reduction in its NMB, NME, and RMSE, respectively. Tables 2.7a
and b show the evaluation of major radiative/cloud vargabiel chemical predictions are
also conducted for June, July, and August (JJA) of ZTW6. Compared with full-§ear
(2002-2005) average, the simulation for JJA gives similar predictions for chemical species
but better model predictions for radiationgie LWD, SWD, and OLR) and cloud (e.g., COT,
CWP, column CCN5, and CDNC) variables.

Tables 2.6a and b also show the performance of MAM_NEW_5YB in which CAM5
is fully coupled with land, ocean, and ice models. The performance is overall similar for all
radidive variables and most chemical species between MAM_NEW_5YA and
MAM_NEW_5YB (most within 5% differences in the absolute values of their NMBs). The
performance of HN@over CONUS and Europe, NH NOs, and Clover Europe, P
over Europe and East Asia is improved appreciably (witi%.2% reduction in the absolute
values of their NMBs), and that of $8ver CONUS and Europe and WHNO;3', and CI

over CONUS degrades appreciably (with-8.8% increase in the absolute valoésheir
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NMBs). Those changes are mainly due to the
particularly at the interface of earth components (e.gsesr arland, and se&e interfaces)

and feedbacks to the climate system, which in turn affects gss@al aerosol concentrations

in the coupled system.

Large biases remain for some variables in MAM_NEW_5YA and MAM_NEW _5YB
due to uncertainties in model inputs (e.g., meteorology and emissions) and model treatments
(e.g., multiphase chemistry, dust emms scheme, cloud microphysics, aerosol activation,
SOA formation, and dry and wet deposition), which have been illustrated in Section 5.5.
Large biases in Cpredictions over Europe are likely due to the combined effects of a low
concentration of obserdeCl, uncertainties in HCI emissions, and inaccurate predictions of
coarse Clin the model since ISORROPIA 1l is only implemented for fine particles.
Uncertainties in the mass accommaodation coefficients of volatile gas species can also result
in uncertanties in predictions of condensable gases.
2.6.2 Impact of New and Modified Treatments on 2002005 Simulations

Figure 2.9a shows the absolute differences of surfaseN§®, SO, NH,*, TC,
PM, s, PMy, J, and aerosol number (RM) and Figure 2.9b shes the absolute differences
of radiative variables between MAM_SIM_5Y and MAM_NEW_5YA. The new and
modified model treatments in MAM_NEW_5YA cause changes in the concentrations of PM
and precursor gases, which affect radiative variables through aerosokbgideindirect
effects. The changes in radiative variables in turn affeepgase chemistry and aerosol
processes. As shown in Figure 2.7, the difference gft®@veen the two simulations varies

from-1.7 to 3.8 ppb, with a global mean difference @f@pt. The decrease of $0ver
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most oceanic area is mainly due to the decrease of DMS resulted from less oxidation by OH
radicals. The increase of $0over East Asia and eastern U.S. drives more fkthin gas

phase to particulate phase to form NHirough thermodynamic equilibrium, increasing the
concentrations of Ni over these regions. However, the concentrations af S€crease

over Europe due in part to less oxidation ob, SQespite such a decrease, the concentrations
of NH," are higher over Eupe due to the neutralization of NHy CI and NQ' that are

treated in MAM_NEW_5YA but not treated in in MAM_SIM_5Y. Compared with
MAM_SIM_5Y, J from MAM_NEW_5YA increases over globe with a global mean
difference of 0.066 ciis™, due to the use of a l@vmass accommodation coefficient of
H,SO,in MAM_NEW_5YA, resulting in more available 30, vapor participating in
nucleation. The increases in J result in an increase in aerosol mass and number
concentrations and thus higher concentrations of f#avid PM, (which improve appreciably
their performance, see Table 2.6Db).

As shown in Figure 2.9b, compared with MAM_SIM_5Y, AOD increases by 0.007,
column CCNS5 increases by 3.8 x'1n?, and CDNC increases by 16.1 €in
MAM_NEW_5YA. Higher PMyumin MAM_NEW _5YA allows more aerosol to grow into
the CCN size, leading to higher CCN in MAM_NEW_5YA. Higher aerosol concentrations in
MAM_NEW_5YA result in higher AOD. The increased aerosol number and mass
concentration result in an increase in the predictidretéood variables through the aerosol
cloud interactions. For example, with all the modified and new treatments, COT increases by
0.8, CWP increases by 4.1 ¢?mand PWV increases by 0.026 cm on global average. Due to

the aerosol direct and indirect effgcthe difference in simulated SWD varies frelf.3 to
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10.4 W m?and decreases by 3.4 W?rf- 2.0%) on a global average. The difference in LWD
varies from-4.2 to 8.5 W rifand increases by 1.0 W~ 0.4%) on a global average
(Figure not shown). Thdifference in SWCF varies fror8.4 to 17.9 W nf with a net
increase of 2.7 W ih(~ 6.4%) on a global average.

Figure 2.10a shows the absolute differences of surfageN8®, SQ, NH;", TC,
PM, s, PMy, J, and PMymand Figure 2.10b shows the absolute differences of cloud and
radiative variables between MAM_SIM_5Y and MAM_NEW_5YA for JJA average of
20012005. Compared with MAM_SIM_5Y, MAM_NEW_5YA predicts lower S&nhd
NHs over East Asia with higher S®and NH;" in this region. More S@is oxidized to form
SO, leading to enhanced acidity, which drives more; Nattitioning into NH* to
neutralize the system in this region. S@ecreases over CONUS whereas;Nidcreases,
driving more HNQ and HCI partitioningrito NO;  and Cl to neutralize Ni'. Therefore, the
concentrations of Pisand PMg increase over CONUS. The overprediction of Nbever
Europe and CONUS is mainly due to additional anionss(ld@d Cl) in the system, leading
to perturbations in thtnermodynamic equilibrium. Similar to Figure 2.9a, J and,RM
increase near the surface, resulting in an increase in AOD and cloud variable predictions such
as column CCN5, CDNC, and COT (see Figure 2.10b). As shown in Figure 2.10b, SWD
decreases by 3.2 W2 in global mean, which is due to the increased cloud predictions (e.g.,
column CCN5, CDNC, and COT). Due to aerosol direct and indirect effects, SWCF
increases by 2.6 W fin global mean. Compared withygar annual average (ANU), the

absolute changef most radiative variables are smaller in JJA. The absolute changes®f PM
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are larger in ANU than in JJA, which is mainly due to the dust events during other months
(e.g., MarchMay over East Asia).
2.6.3 Global Burden Analysis

Table 2.8 shows the simidal global burdens of major gas and aerosol species for
2001-2005. The global burdens of most gaseous precursors of aerosol are higher in
MAM_NEW_5YA than MAM_SIM_5Y (except for NB), due mainly to the incorporation
of ISORROPIA Il in MAM_NEW_5YA. The gloal burden of tropospherics@ higher in
MAM_NEW_5YA than MAM_SIM_5Y, which is due to higher mixing ratios of O
precursors (e.g., Nand VOCSs) that are simulated in MAM_NEW _5YA. The global
burdens of most gas species are comparable with previous Stddiesvitz et al., 2006;
Lamarque et al., 2005; Williams et al., 2009; Liu et al., 2012) with absolute differences of
less than 20%. One exception s34y, which is higher by a factor 5 in MAM_NEW_5YA
than in MAM_SIM_5Y. The higher burden oL,80, in MAM_NEW_5YA is likely due to
the less condensation 050, resulted from the use of a lower mass accommodation
coefficient. SG% burden is higher by 8.3% in MAM_NEW_5YA than MAM_SIM_5Y,
which is likely due to greater S®xidation in MAM_NEW_5YA. Higher S& burden
results from higher S(burden. Higher S@burden leads to more S@ be oxidized to
produce SG, which overweighs the impacts from lessSi8, condensation due to lower
mass accommodation coefficient. More,$@esult in more Ni. The burdensf BC and
POM are lower by 16.5% and 23.8%, respectively, in MAM_NEW _5YA than in
MAM_SIM_5Y, which is likely due in part to greater dry deposition fluxes and in part to a

slowerprimary carbon aging rate resulted from reduced condensation of gas gpecies
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MAM_NEW_5YA. Condensation onto the primary carbon mode produces aging of the
particles in this mode. A lower accommodation coefficient is used in MAM_NEW_5YA,
which results in less condensation. Therefore, the fraction of aged particles has decreased.
The global burdens of most aerosol species are in the range of previous studies. For example,
global burdens of S& and NH," from MAM_SIM_5Y and MAM_NEW_5YA are 23.4%
and 17.0%, respectively, and 16.7% and 12.5%, respectively, lower than Liu et &), (2012
which is likely because MAM_SIM_5Y contains no §@missions but Liu et al. (2012)
included additional S§ emissions of 1.66 Tg S yrHigher SQ* emission leads to more
SO, concentrations thus more Hn Liu et al. (2012)Compared with Horoitz et al.
(2006), dobal burdens of BC and OC fromAM_NEW_5YA are lower by 72.9% and
52.3%, respectively. Compared with Liu et al. (2012), MAM_NEW_5YA gives comparable
BC and POM burdens but much lower SOA (by a factor of 3.0). Compared with Textor et al
(2006), POM burden is a factor of 3.5 lower in MAM_NEW _5YA. The lower BC, OC,
POM, and SOA burdens are likely due to the uncertainties in the BC and OC emissions used
as well as differences in the model treatments for SOA formation and POM aging.
2.7 Summary

In this section, a new gaghase chemistry mechanism and several advanced inorganic
aerosol treatments have been incorporated into CESM/CAMBI7. These include (1)
the CB05_GE gaphase chemical mechanism coupled with MAM7; (2) the condensation
andaqueousphase chemistry involving HNMONO3;™ and HCI/ CI; (3) an ioamediated
nucleation (IMN) parameterization for the new particle formation from ions, (4) an inorganic

thermodynamic module, ISORROPIA II, that explicitly simulates thermodynamics 4t SO
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NH,*, NOs, CI, and N4 as well as the impact of crustal species, such &5 K% and Md",

on aerosol thermodynamics. CB05_GE with new and modified inorganic aerosol treatments
in MAM7 simulates 139 species with 273 chemical reactions, which is aemurate than

simple gas chemistry coupled with default MAM7. Sevenr $imulations for 2001 and three
5-year simulations for 2002005 with different model configurations are performed to
evaluate the capabilities of the original and improved CESM/CANbthe mechanisms
underlying differences among model predictions.

Comparing to the simple ggdhase chemistry, the 2001 simulation with CB05_GE
can predict many more gaseous species, and give improved performance for predictions of
organic carbon and P over CONUS, NHand SQ” over Europe, S©and PM, over
East Asia, and cloud properties such as CF, CDNC, and SWCF on the global scale.
MAM_CON simulates N@ and CI, which are important inorganic aerosols. With species
dependent accommodationefficients for gas condensation, morgSBy can participate in
homogeneous nucleation, resulting in the improvement of predictions of, PMi, J,

CDNC, and SWCF. IMN can increase the predictions of J angNthe upper

atmosphere and thus improthee predictions of AOD, CCN, and cloud properties, and

SWCF over globe, Pbtover CONUS and Europe, Riybver Europe and East Asia, and

PM composition over Europe. The 2001 simulation with ISORROPIA Il can improve the
predictions of major gas and aerospécies significantly, including HNONH,", NOs', CI,

BC, OC, TC, and Pl over CONUS, S@ NHz, NO,, SQ%, NH,*, NO;, and Clover

Europe, and CO and $SOver East Asia. Such improvements lead to improved predictions of

SWD, SWCF, and CCN5 over glebThe 2001 simulation with the new and modified
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inorganic aerosol treatments appreciably improve the predictions of OLR, CF, COT, CWP,
PWV, CCN, CDNC, SWCF, J on the global scale, and KEDNUS and Europe), NA
(CONUS), PM 5 (CONUS and Europe), and RMEurope and East Asia). The 2001
sensitivity simulation with adjusted emissions further improves model predictions of CO and
SO, over East Asia, S)HNO;, NOs, CI, BC, OC, and TC over CONUS, $QNHz, NH,",

HNO;3, NOs', and Clover Europe, and column CO and SWD over globe. The change of
emissions can affect primary gaseous precursors directly, and secondary gaseous species
indirectly through gaphase chemistry. Meanwhile, secondary aerosols can be affected by
gaseous precursyrand therefore have impacts on cloud properties as well as direct and
indirect effects on radiation. Reducing the uncertainty of emissions can thus help reduce the
model biases significantly.

The comparison of the-gear simulations with prescribed SSios/s that
MAM_NEW_5YA with CB05_GE can appreciably improve the predictions of AOD, COT,
CWP, CCN5, CDNC, SWD, LWD, OLR, and SWCF on global scale and OC, TC, apg PM
over CONUS, PNy over East Asia, and SOPM, s, and PMg over Europe. The
performance igverall similar for all radiative variables and most chemical species between
MAM_NEW_5YA with prescribed SST and MAM_NEW _5YB in a fulbpupled mode.

In addition to uncertainties in emissions, additional uncertainties exist in the model
treatments. Fon@mple, the large biases in the predictions §6@r Europe and East Asia
are mainly due to insufficient N@itration resulting from the uncertainties in the NO
emissions. The large biases in BMver East Asia and Europe may be mainly due to the

inaccurate predictions of dust. The large bias inoer Europe may be due to the inaccurate
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predictions of HCI and coarse Qlesulted from the irreversible condensation of HCI over
coarse mode particles, and the uncertainty in the mass accommodatiaecteff HCI

used. A reversible condensation treatment should be used for volatile species in the future,
which can more accurately simulate the gas/particle partitioning of those volatile species over
coarse mode particles. Assumptions associated witifiltrgum partitioning for fine particles

such as metastable conditions may be responsible for biases over desert/arid regions under
low RH conditions. In the default and modified nucleation treatments, it only considers

H.SOy, NH3, H,O, and ions involveth 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 gasrosol partitioning may contribute to the inaccurate
predictions of SOA, OCTC, and PM. The large biases in CDNC, COT, and CWP indicate

the uncertainties in cloud microphysics schemes and aesiosml interaction

parameterizations, which also limit the ability of climate and Earth system models to quantify
aerosol indirect effgs (Stephens, 2005; Gettelman et al., 2008). In addition to uncertainties

in the model treatments, uncertainties in the model simulation settings such as the use of a
coarse grid resolution and a large model time step of 1800 seconds for solving theakchemi
system in this work may contribute to the model biases. The representations of some of the
aforementioned uncertain processes in CESM/CAMS5.1 are being further improved by the
aut horsoé group. Decadal simul ation®dimsi ng i n
the future to study the interactions among atmospheric chemistry, aerosol, and climate

change and reduce associated uncertainties.
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Table 2.1. Simulation design
Index Run Model Configuration Purpose
MAM SIM Simplegasphase chemistry A baseline run for the™iset of
- coupled with default MAM7 simulations (see text)
Differences of MAM_SIM and
MAM CBO5 GE CBO05_GE coupled with default MAM_CBOS_GE indicate t_he
- - MAM7 impacts of gaghase chemical
mechanisms
Same as MAM_CBO05_GE, but A baseline run for the"2set of
with explicit treatments for N  simulations; differences of
MAM CON CI', and N&; HNO; and HCI MAM_SIM and MAM_CBO05 GE
- condensation and aqueepisase indicate the impact of modified
chemistry; speciedependent condensation and aqueepisase
accommodation coefficients chemistry treatments
Same as MAM7_CON, but Differences of MAM_CON and
combine IMN with modified MAM_CON/IMN indicate the
MAM_CON/IMN default nugleafuon . impacts of IMN and the lower
parameterizations with a prefactc
of 1.0x1C° prefactor for WP09
Same as MAM7_CON, but with  Differences between MAM_CON
MAM CON/ISO ISORROPIA I! for aerosol and MAM_IMN(ISO indicate the
- thermodynamics under metastak impacts of explicit aerosol
conditions thermodynamics
Same as MAM7_CON, but with  Differences between
all modified and new treatments MAM_CBO05_GE and
MAM_NEWA and using a prefactor of 1.0x10 MAM_NEWA indicate the impacts
for default nucleation of all new and modifiedreatments
parameterization for inorganic aerosols
Differences between MAM_NEWA
Same as MAM_NEWA, but with  and MAM_NEWB indicate the
MAM_NEWB ISORROPIA Il under stable impacts of thermodynamic

condition

conditions on gaserosol
partitioning

MAM_NEW/EMIS

Same aMAM7_NEW, but with
adjusted emissions of SNH;,
BC, POM, and CO over CONUS
Europe, and East Asia

Differences between MAM_NEWA
and MAM_NEW/EMIS indicate the
impact of emissions

MAM_SIM_5Y

Same as MAM_SIM, but with
prescribed SST for 2064005

A baseline run for@set of
simulations

MAM_NEW_5YA

Same as MAM_NEW/EMIS, but
with prescribed SST for 2001
2005

Differences between
MAM_SIM_5Y and
MAM_NEW_5YA indicate the
indicate the impacts of all new and
modified treatments for inorganic
aerosols

MAM_NEW_5YB

Same as MAM_NEW/EMIS, but
with fully-coupled model for
20012005

Difference between
MAM_NEW_5YB and
MAM_NEW_5YA indicate the
impacts of processes from
component models in the fully
coupled Earth system
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Tabl é&a2 .ax

ets f

or mo d e | eval uat

Species/Variables

Dataset

Downwelling longwave radiation (LWD)

BSRN

Downwelling shortwave radiation (SWD)

BSRN

Outgoing longwave radiation (OLR)

NOAA/CDC

Cloud fraction (CF), Cloud optical thickness (COT
Cloud water patliCWP), Precipitating water vapor
(PWV), Aerosol optical depth (AOD), Column clou
condensation nuclei (ocean) at S = 0.5% (CCN5)

MODIS

Cloud droplet number concentration (CDNC)

BEO7

Shortwave cloud radiative forcing (SWCF)

CERES

Carbon monoxide (CO)

Europe: EMEP
East Asia: NIES of Japan, TAQMN

Ozone (Q)

CONUS: CASTNET
Europe: Airbase, BDQA, EMEP
East Asia: TAQMN

Sulfur dioxide (SQ)

CONUS: CASTNET

Europe: Airbase, BDQA, EMEP

East Asia: MEP of China, NIES of Japan,
TAQMN

Nitric acid (HNG)

CONUS:CASTNET
Europe: EMEP

Ammonia (NH)

Europe: Airbase, EMEP

Nitrogen dioxide (NGQ)

Europe: Airbase, BDQA, EMEP
East Asia: NIES of Japan, TAQMN

Sulfate (S@)

CONUS: CASTNET, IMPROVE, STN
Europe: Airbase, EMEP

Ammonium (NH,")

CONUS: CASTNET, IMPROVE, STN
Europe: Airbase, EMEP

Nitrate (NG)

CONUS: CASTNET, IMPROVE, STN
Europe: Airbase, EMEP

Chloride (CI)

CONUS: IMPROVE
Europe: Airbase, EMEP

Organic carbon (OC), Black carbon (BC),
Total carbon (TC)

CONUS: IMPROVE, STN

Particulate matter with diametere s s t h a n CONUS: IMPROVE, STN

(PM,5) Europe: BDQA, EMEP

Particul ate matter wit Europe:_Airbase, BDQ.A’ EMEP

(PMyo) East Asia: MEP of China, NIES of Japan,
TAQMN

Column CO Globe: MOPITT

Column NQ Globe: GOME

Tropospheric ozone residual (TOR)

Globe: TOMS/SBUV

New particle formation rate (J)

Globe: Kulmala et al. (2004); Yu et al. (2008)

BSRN: Baseline Surface Radiation Network; NOAA/CDC: National Oceanic and Atmospheric Administration Climate
Diagnostics Center; MODIS: Moderate Resolution Imaging Spectroradiometer; BEO7: Bennartz, 2007; CERES: Clouds and
Earth's Radiant Energy System; TOMS/SBUV: the Total Ozone Mapping Spectrometer/the Solar Backscatter UltraViolet;
MOPITT: the Measurements @Dllution 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 EvaluBtiogram; BDQA: Base de Données sur la Qualité

de I'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 Environméttadies of Japan.
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Tabl e 2. 3a. Mean bias (MB) and normalized mean bias
Simulations
Species/Variables Dataset obe MAM_ MAM_ MAM_ MAM_ MAM_ MAM_ MAM_
: SIM CB05_GE CON CON/IMN CON/ISO NEWA NEW/EMIS
na 309.2/ 309.6/ 308.4/ 308.0/ 308.3/ 308.7/ 309.1/
LWD (W m") BSRN 312.5 -3.4+1.1c -2.90.9 -4.21.3 -4.511.4 -4.21.3 -3.8+1.2 -3.5t1.1
b 179.2/ 177.0/ 169.4/ 170.2/ 177.3/ 174.5/ 177.0/
SWD (W nT) BSRN 181.2 -2.0r1.1 -4.21-2.3 -11.8t6.5 -11.046.1 -3.9,2.2 -6.8+3.7 -4.212.3
- NOAA- 223.2/ 222.4/ 219.3/ 219.3/ 220.7/ 221.2/ 221.2/
OLR (W nni’) CDC 214.4 8.8/4.1 8.1/3.8 4912.3 4912.3 6.2/2.9 6.9/3.2 6.9/3.2
. -37.8/ -38.4/ -43.2/ -43.3/ -40.4/ -40.7/ -40.5/
SWCF (W ) CERES -41.0 -3.2L7.9 -2.7-6.5 2.2/5.3 2.3/5.6 -0.7-1.6 -0.41-0.9 -0.6+1.4
65.6/ 65.9/ 67.5/ 67.6/ 66.4/ 66.5/ 66.6/
CF (%) MODIS 66.9 -1.4+2.0 -1.0~1.5 0.5/0.8 0.7/1.0 -0.5+0.8 -0.40.6 -0.3+0.5
6.9/ 7.1/ 8.7/ 8.8/ 7.7/ 7.71 7.7/
coTt MODIS 17.1 10.2/595 -10.1/58.8 -8.449.2  -8.3/484  -94i551  -9.454.9  -9.4455.2
33.0/ 33.5/ 42.3/ 42.7/ 36.4/ 36.5/ 36.2/
CWP (g nY) MODIS 148.1 -115.1/ -114.7/ -105.8/ -105.4/ -111.7/ -111.7/ -111.9/
77.7 77.4 71.4 71.2 -75.4 -75.4 -75.5
1.9/ 1.9/ 1.9/ 1.9/ 1.9/ 1.9/ 1.9/
PWV (cm) MODIS 1.9 -2.5x10%  -1.8x10% -3.3x10% -3.9x10% -1.8x10% -1.4x10% -1.2x10%
-1.3 -0.9 1.7 2.0 -0.9 0.7 -0.6
9.8x10% 1.0x10Y 1.2x10Y 1.3x10Y 1.0x10Y 1.0x10Y 1.0x10Y
AOD MODIS 1.5x10* -5.5x10% -5.2x10% -3.0x10% -2.6x10% -5.3x10% -5.0x10% -5.2x10%
-36.1 -33.9 -19.8 -17.1 -34.4 -32.9 -34.0
Column CCN5 5.8x10/ 5.2x10"/ 1.8x16/ 2.0x10% 9.1x10"/ 8.5x10"/ 8.2x10"/
(ocean) (o) MODIS 2.4x16 -1.9x10¢ -1.9x10% -6.7x10"/ -4.6x107/ -1.5x10¢ -1.6x10¢Y -1.6x10¢Y
-76.4 -78.6 275 -18.8 -62.7 -65.3 -66.6
3 45.5/ 46.7/ 89.7/ 93.1/ 65.0/ 66.7/ 67.0/
CDNC (cnT) BEO7 1131 67.7/59.9 -66.5/58.8 -23.4/20.7 -200M7.7  -48.1}425 -46.4441.0  -46.1/40.8

®Thepair of observation and simulation is removed in the statistical calculation if the observed LWD value is lower thaif 66 Mgher than 700 W

(http://www.pangaea.ge
®The pair of observation and simulation is removed in the statistical cateuiithe observed SWD value is lower thd0 or higher than 3000 W

(http://www.pangaea.ge

“The values of modeled results (Sim), MBs, and NMBs are expressed as Sim/MB/NMB.
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Tabl eMa8bbias (MB) and normalized mean bias (NMB, in %) of
Species/ _ Simulations
variables® [ Domain obs. MAM SIM | MAM_CBO5 GE | MAM_CON | MAM_CONIMN | MAM_CON/ASO | MAM_NEWA | MAM NEWB MA"éM'}‘SEW’
Europe 123.0 - 112.4/10.6/8.6 115.0/8.0:6.5 | 107.9/15.1412.3 | 114.09.0-7.3 118.8/4.213.4 | 113.6/9.4/7.6 | 137.9/14.9/12.1
co East Asia 0.6 - 0.140.5/-82.1 0.140.5/-82.0 0.1/0.5-81.8 0.1/0.5/-81.8 0.1/0.5-82.0 0.140.5/-81.7 0.140.5-78.7
CONUS 39 14.2/10.3/2648 14.4/105/270.1 | 15.6/11.7/301.2 | 15.1/11.2/286.1 | 15.4/11.5/295.8 | 15.3/11.4/291.8| 15.3/11.4/293.0] 9.8/5.9/152.2
SO, Europe 6.8 13.4/6.6/97.5 | 13.8/7.0/103.2 15.2/8.4/123.0 | 13.6/6.8/100.3 | 14.6/7.8/114.7 | 15.7/8.9/130.7 | 14.5/7.7/114.0 6.8/0.0/0.3
East Asia 12,5 4.6/-7.9+63.0 4.8/7.7-61.3 4.8/7.7-61.4 4.8/-7.7-61.8 4.97.61-61.0 4.8/7.7-61.2 4.8/7.7-61.2 5.816.71-53.4
NH; Europe 9.4 1.7+7.71-82.0 1.8+7.6/-80.8 1.2/-8.2/-86.8 1.1+8.3/-87.8 1.4-8.0/-84.7 1.5-7.9/-84.3 1.1-8.3/-84.0 2.1+7.3L77.5
Europe 20.2 - 4.6/-15.6£77.0 5.2+15.0£74.1 4.7/-15.5/76.5 5.0-15.2/75.2 | 5.2+15.0,74.1 | 4.9-15.375.7 | 4.9+15.3/75.9
NO. East Asia 14.0 1.6+12.4/88.4/ 1.7-12.3£88.0 1.7-12.3/88.2 1.6+12.4+88.4 | 1.7:12.3t88.3 | 1.6+12.4/885 | 1.7+12.3:88.2
CONUS 34.6 - 44.6/10.0/28.9 42.6/8.0/23.0 42.5/7.9/122.7 44.4/9.8/28.4 44.1/9.5/27.4 43.7/9.1/26.4 | 44.4/9.8/28.1
(o Europe 53.5 - 90.2/36.7/68.6 84.4/30.9/57.7 | 84.5/31.0/58.0 | 87.6/34.1/63.7 | 87.0/33.5/62.7 | 87.7/34.2/63.9 | 88.4/34.9/65.2
East Asia 26.4 42.8/16.4/62.2 42.7116.3/61.7 | 40.7/14.3154.3 | 42.6/16.2/65.9 | 42.1/15.7/59.6 | 43.0/16.6/63.0 | 42.5/16.1/61.2
HNO, CONUS 15 - 2.5/1.0/68.1 0.6+0.91-60.2 0.6/0.9+59.7 1.7/0.2/15.8 1.8/0.3/17.7 1.8/0.3/19.0 1.6/0.1/4.1
Europe 05 - 1.8/1.3/268.5 0.340.2/-34.1 0.3/0.2/-35.8 0.9/0.4/86.1 0.9/0.4/83.6 1.0/0.5/103.8 0.9/0.4/73.8
N CONUS 2.6 2.5+0.1/5.1 2.410.217.2 2.6/4.4x1Y1.7 | 2.6/4.2x107/1.6 2.410.21-7.9 2.410.216.3 2.510.1-5.5 1.9+0.7/-28.4
S0 Europe 22 3.0/0.8/36.5 2.9/0.7/33.1 3.1/0.9/40.3 3.0/0.8/35.8 2.9/0.7/32.6 3.1/0.9/39.4 3.0/0.8/36.8 2.0-0.21-7.2
NH,* CONUS 1.4 1.0-0.4/-32.1 0.8-0.6/-39.6 1.7/0.3/20.0 1.7/0.3/19.7 1.3:0.1/6.4 1.3+0.1/6.5 1.3-0.1/4.3 1.2-0.213.1
Europe 1.2 1.1+0.149.1 1.0-0.2/18.3 2.2/1.0/85.0 2.0/0.8/65.7 1.8/0.6/49.4 1.9/0.7/54.8 1.7/0.5/37.7 1.6/0.4/32.5
NOG CONUS 1.0 - - 3.0/2.0/198.2 2.9/1.9/192.7 | 1.0r4.8x10%-4.8 | 0.9-0.1-9.6 | 1.0-2.2x10%-2.1| 1.0/4.0x1G%0.4
Europe 2.0 - - 3.4/1.4/67.8 3.0/1.0/49.4 1.9:0.1/43 | 2.0,4.0x10%-2.0| 1.8+0.2-12.5 2.1/0.1/5.2
or CONUS 0.1 - - 0.5/0.4/359.9 0.5/0.4/373.1 | 0.1/1.5x10%-14.5|0.1+1.8x10%-17.5{0.1/-1.5x10%-12.1| 0.1+2.8x10%-2.8
Europe 0.7 - - 1.4/0.7/102.8 1.3/0.6/89.9 0.7/2.1x10%0.3 | 0.7/1.4x1¢2.0 | 0.6/0.1+14.5 -4.7x104-6.7
BC CONUS 0.6 0.3/0.3-54.6 0.340.31-55.8 0.340.31-54.7 0.3/0.3+54.6 0.340.3/-53.8 0.3/0.3+54.3 0.340.354.9 0.4+0.21-29.4
ocC CONUS 1.1 0.8/0.3+22.7 1.0+0.1-12.1 1.0+0.1-11.4 1.0A0.1/11.9 1.0~0.1/8.6 1.0+0.1/9.1 1.0+0.1/11.3 | 1.0/5.6x10%0.5
TC CONUS 25 1.3-1.2+47.9 1.4/-1.1+43.1 1.4/-1.1-42.2 1.4/-1.1+42.5 1.4/-1.0+40.9 1.5/1.0+41.1 1.4/-1.1-42.5 1.6-0.9/35.0
CONUS 7.9 4.9/3.0-37.6 5.0/2.9/-36.8 9.5/1.6/20.1 6.6/1.3/16.7 7.80.111.7 6.9/1.0113.2 7.210.71-8.8 6.8+1.1+13.5
PMz2s Europe 14.5 8.4/6.1-41.8 7.9/6.61-45.3 13.7/0.81-5.5 14.4/0.1/-0.9 11.0/3.5124.4 | 11.9/2.6/17.7 | 10.9/3.6/24.9 | 10.6/3.9/27.2
Europe 25.7 17.5/8.21-31.8 | 16.5/9.2+35.8 22.5/3.2112.3 23.0£2.7+10.5 20.1+4.8+185 | 21.4/4.3116.6 | 20.7/5.0-19.4 | 20.9/4.8-18.8
PMao EastAsia | 118.5 |38.5/80.0:67.5| 44.9/73.6/62.1 | 55.9/62.6/52.8 | 58.8/57.7+48.7 | 48.5/70.0/59.1 | 65.5/53.0044.7 | 55.6/62.9/53.1 | 48.2£70.3k59.3
8 8 8, 8, 8 8, 8,
Col.CO Globe | 1.3x10° - 7315;1}9/1{37 5175;1}9/‘24 -6.133;8‘8-2.8 -6.135&36;4.9 -eé'ff&st.B -5.23'><21>(01166;4.3 2.§'><21>(01f;//1.8
Col.NO, Globe 2.7x10 i 6.7x1014/ 6.2x1014/ 6.2x1014/ 6.5x1014/ 6.5x1014/ 6.5x1014/ 6.5x1014/
1.9x1014/40.5 1.4x1014/30.4 | 1.4x1014/30.0 1.8x13%37.5 1.8x103437.2 1.8x13437.9 1.8x13437.3
TOR Globe 30.3 29.8L0.5/1.6 29.2/1.1/3.7 27.6£2.7+9.0 27.412.919.6 28.8L1.514.9 28.7/1.6/-5.2 28.6£1.55.0 28.61.514.9
J Globe 0.6 0.003/0.6+99.6|  0.1-0.5/99.5 0.5+0.1+12.8 0.3/0.3+49.6 0.8/0.2/36.1 0.3/0.3+53.1 0.3/0.3+51.7 0.3+0.31-62.0

*The units are CO, ppb (over Europe) and ppm (over East Asia)pBid(ovelE a s t
molecules crif; TOR, DU; J, cris™.
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Table 2.4. Probability of differescenslianioadi
Paired-simulation
Species/Variables MAM_SIM/ MAM_CBO05_GE/ | MAM_CON/ MAM_CON/ MAM_SIM/ MAM_NEWA/
MAM_CBO05_GE MAM_CON MAM_CON/IMN | MAM_CON/ISO | MAM_NEWA | MAM_NEW/EMIS
LWD 0.7 0.6 0.2 0.8 0.5 0.7
SWD 8.1x10° 0 0.03 5.1x10" 1.3x10% 0.3
OLR 4x10* 0 0.9 1.6x10% 4.6x10" 0.8
SWCF 2x10* 1.2x10™ 0.4 0 5.7x10% 0.2
CF 8.7x10° 1.2x10™ 0.05 5.3x10" 0 0.4
CcoT 2.3x10° 0 3.9x10° 1.5x10" 2.3x10" 0.3
CWP 3.7x10° 0 0.06 5.4x10" 6.8x10" 0.2
PWV 0.4 0.08 0.5 0.1 0.2 0.9
AOD 7.9x10° 0 3.1x10° 3.8x10" 1.8x10" 0.03
Column CCN5 5.3x1012 0 3.3x10%2 0 0 0
(ocean)
CDNC 2.7x10" 2.6x10% 9.8x10° 0 6.4x10" 0.5

"Probability value is expressed in fraction, with a minimum value of 0 and a maximum value of 1. A value less than B%5 (i.e.,

indicates that the differences between the simulation pairs are statistically significant at the 95% confidence level.
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Table 2.5. The observed values and the mean
in %) of peEGi candmsNiOFfg O ati os over Europe
Obs Sim
Network (e g.g) n (e g.3) m MB/NMB
Airbase O3 37.7 75.2 37.5/99.6
NO, 26.0 7.6 -18.4£70.9
O3 31.0 74.2 43.2/139.2
Winter BDQA NO, 30.6 5.6 -25.0£81.9
O3 50.7 75.7 25.0/49.3
EMEP NO, 9.0 8.3 -0.7+7.8
HNO; 0.5 0.5 -4.9x10%1.0
Airbase O3 63.1 100.8 37.7/59.7
NO, 20.0 4.6 -15.4£77.1
O3 59.6 98.9 39.3/65.9
Spring BDQA NO, 23.6 3.1 -20.5£87.0
O3 75.0 101.9 26.9/35.9
EMEP NO, 5.9 4.9 -1.0+17.2
HNO; 0.4 0.9 0.5/144.5
Airbase O3 64.9 93.5 28.6/44.0
NO, 16.2 4.4 -11.8£72.8
O3 64.5 94.5 30.0/46.5
Summer BDQA NO, 18.7 3.6 -15.1£80.9
O3 72.2 91.2 19.0/26.3
EMEP NO, 4.7 4.4 -0.3/6.2
HNOs 0.5 1.3 0.8/169.6
Airbase O3 40.5 79.5 39.0/96.4
NO, 21.7 5.3 -16.4£75.6
O3 35.7 80.9 45.2/126.5
Autumn BDQA NO, 24.8 3.7 -21.1485.2
O3 51.7 78.2 26.5/51.2
EMEP NO, 6.6 5.2 -1.4/21.1
HNOs 0.6 0.9 0.3/45.0

*The values of MBs and NMBs are expressed as MB/NMB.
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Tabl e 2. 6a. Statistical performance200®5raidmalt atvviedmrs o u
. . Simulations
Species/Variables Dataset Obs.
MAM_SIM_5Y MAM_NEW_5YA MAM_NEW_5YB
LWD (W m'2)a CERES 307.6 302.944.7+1.5/2.9/11.6 303.9/3.6+1.1/2.8/11.3 304.4/3.1+1.0/2.9/11.3
SWD (W rn‘2)b CERES 163.9 169.9/5.9/3.6/7.0/14.1 166.5/2.5/1.5/6.5/13.8 167.0/3.1/1.9/6.7/13.7
OLR (W m?) NOAA-CDC 215.9 222.5/6.6/3.1/3.5/8.9 220.7/4.8/2.2/3.4/9.1 221.4/5.5/2.6/3.5/9.0
SWCF (W mz) CERES -41.0 -38.8/2.2/5.4/-21.5/12.0 -41.5£0.5/1.2421.4/12.5 -40.8/0.2/0.5,22.2/12.4
CF (%) MODIS 67.1 66.6£0.6/0.8/15.2/13.3 67.3/0.2/0.3/14.7/13.0 66.6£0.6+0.9/15.5/13.7
CoT MODIS 17.3 7.1+10.3£59.3/70.2/15.1 7.9/9.4/-54.5/65.7/14.6 7.8/9.6/-55.2/65.6/14.5
CWP (g mz) MODIS 86.0 38.2f47.8£55.5/55.7/52.9 43.2+42.8£49.8/50.0/49.2 43.4}42.6+49.5/49.7/49.2
PWV (cm) MODIS 1.93 1.96/0.03/1.5/11.6/0.3 1.99/0.06/2.9/10.9/0.3 1.97/0.04/1.8/13.8/0.3
AOD MODIS 0.2 0.1/0.07+44.1/54.5/0.1 0.1+0.06+£39.2/51.3/0.1 0.1+0.06+36.3/49.5/0.1
Column CCN5 MODIS 2 5x10 5.3x10/-1.9x16/ 8.6x10/1.6x10% 8.6x10/1.6x10%
(ocean) (crif) ' -78.6/78.6/5.7x10 -65.2/65.2/5.5%0° -65.3/65.3/5.5%0°
CDNC (cmS) BEO7 112.6 44.2/68.3+60.7/61.6/84.3 69.2£43.4+38.6/44.2/66.8 68.8£43.8£38.9/45.5/67.9

2The pair of observation and simulation is removed in the statistical calculation if the observed LWD value is lower thah &Ohigher than 700 W
(http://www.pangaea.ge
®The pair of observation and simulation is removed in the statisticalatideuif the observed SWD value is lower thd0 or higher than 3000 W
(http://www.pangaea.ge

“The values are expressed as Sim/MBBINME/RMSE. Sim: simulated values; MB: mean bias; NMB: normalized mean bias (%); NME: normalized
mean error (%); RMSE: root mean squared error.
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Table 2.6b. Statistical
i Simulations
Virri):g;::; Domain | Obs. MAM_SIM_5Y MAM_NEW_5YA MAM_NEW_5YB
cO East Asia] 562.0 - 139.7/422.3/75.1/75.1/451 4 137.0/425.0+75.6/75.6/454.(
CONUS | 34 9.6/6.2/183.9/184.6/9.9] 10.1/6.7/198.8/199.1/10.6] 10.3/6.9/203.1/203.5/10.9
SO, Europe | 6.6 6.0+0.6+9.3/73.3/7.9 6.6+0.06+0.9/77.2/8.3 6.2/-0.4/5.5/74.6/8.0
East Asial] 3.4 3.4/0.04/1.1/76.0/5.0 3.4/0.01/0.4/76.2/5.0 3.4+0.05+1.6/73.1/4.8
NH; Europe 6.3 3.0/3.3+52.0/81.0/25.3 2.4/-3.9+61.3/79.7/25.3 2.4/-3.9+62.0/79.3/25.3
Europe | 235 - 5.8,17.7F75.4/76.5/21.5 5.5F18.0+76.7/77.7/21.7
NO: East Asia] 13.5 - 2.3/11.2/83.3/83.3/12.2 2.3/11.2/83.6/83.6/12.2
CONUS | 351 - 43.9/8.8/25.1/27.3/11.3 44.1/9.0/25.7/27.7/11.6
(O Europe | 52.7 - 86.6/33.9/64.5/64.6/36.4 89.2/36.5/69.3/69.4/38.8
East Asia| 27.4 - 45.6/18.2/66.4/66.4/19.2 45.5/18.1/66.0/66.0/19.1
CONUS| 14 - 1.6/0.2/16.3/39.5/0.7 1.6/0.2/12.1/38.2/0.7
HNOs Europe | 0.7 - 1.0/0.3/45.8/83.5/0.8 1.0/0.3/37.9/79.8/0.8
sOZ CONUS | 2.6 2.3-0.3+13.4/26.9/1.0 2.30.3+13.1/23.0/0.8 2.3-0.3+12.8/24.2/0.9
! Europe | 2.3 2.3-0.04+1.9/37.3/1.4 2.0-0.3F11.1/34.1/1.3 2.0+0.3+13.0/35.5/1.4
. CONUS| 1.2 0.9/0.3+20.8/33.4/55.0 1.5/0.3/22.2/43.2/0.8 1.5/0.3/26.4/44.3/0.8
NH. Europe 1.0 0.8+0.2/-16.8/36.9/0.5 1.6/0.6/62.8/68.7/0.9 1.5/0.5/53.8/60.3/0.8
) CONUS| 11 - 1.6/0.5/41.3/85.4/1.4 1.6/0.5/49.8/90.2/1.5
NO: Europe 1.8 - 2.3/0.5/30.3/51.1/1.2 2.2/0.4/24.7/47.0/1.1
) CONUS| 0.1 - 0.1/3.1x10%/2.7/105.8/0.4 0.1/8.7x10%/7.8/110.1/0.4
c Europe 0.3 - 2.4/2.1/681.2/681.2/2.9 2.3/2.0/663.3/663.6/2.8
BC CONUS| 04 0.3+0.1+17.9/44.4/0.3 0.3+0.1+15.6/44.0/28.2 0.3+0.1+17.7/44.3/0.2
ocC CONUS | 1.2 0.9+0.3/23.2/59.3/1.0 1.1/0.1+7.7/56.7/1.0 1.1+/0.1/11.0/54.3/0.9
TC CONUS | 3.1 1.4F1.7/-54.4/62.8/2.8 1.7F1.4/-45.7/57.1/2.6 1.6+1.5/-47.1/57.1/2.7
CONUS | 8.8 7.2F1.6+17.9/37.0/4.3 9.2/0.4/4.1/33.5/3.9 8.7/+0.1+1.1/29.4/3.6
PMzs Europe | 14.6 | 6.7/7.9+53.9/54.6/10.6 9.7+4.9/-33.8/37.6/8.6 10.0£4.6/-31.7/36.1/8.4
Europe | 26.3 | 15.1/11.2+42.6/46.8/15.4 18.7+7.6/-28.8/36.1/13.9 19.9/6.4/-24.4/33.5/13.1
PMao East Asia] 107.9 | 45.4/62.5/58.0/59.3/70.1 52.5+57.4+53.2/54.2/66.0 57.850.1£46.5/50.0/61.6
Col.CO | Globe (1410 : o atean Al el
ColNO; |  Globe [5.3x10 : A pA it
TOR Globe 30.4 29.9/0.5/1.6/16.3/6.1 30.5/0.1/0.4/15.0/5.8 29.9/0.5+1.7/16.4/6.1

#The units are CO, ppm (over East Asia);;SO p p b
m3 (over Europe); column CO and N@Onolecules ci; TOR,DU. Allot her

(over

Ea(sver CONUS)aQ, amd d@vmr
concent

f.ations ar

®The values are expressed as Sim/MB/NMB/NME/RMSE. MB: mean bias; NMB: normalized mean bias (%); NME:
normalized mean error (%); RMSE: root mean square error.

62

CONUS)

e

n

bav ¢ 0a gn@a R2000 50 lisei cndu@ Oalt ci aolr

a
€g



Tabl e

2s.t7iac.alStpaetrif or mance of

radi a200%2/ cl oud

Obs

Simulations

MAM_SIM_5Y

MAM_NEW _5YA

MAM_NEW _5YB

Species/Variables Dataset
LWD (W m?) CERES
SWD (W ni?) CERES
OLR (W m?) NOAA-CDC

SWCF (W n?) CERES
CF (%) MODIS
coT MODIS
CWP (g n¥) MODIS
PWV (cm) MODIS
AOD MODIS
CoummeeNs o
CDNC (cmd) BEO7

320.3

192.4

220.6
-41.3
69.9
17.1
87.9
2.1
0.2

2.3x10

117.4

317.3/3.0~0.9/3.0/13.0
197.9/5.5/2.9/9.7/25.1
227.0/6.4/2.9/4.4/11.8
-40.1/1.2/2.8/25.9/16.4
65.3/4.6/6.5/13.7/12.5
8.5+8.6/-50.6/65.1/14.9

41.7+46.2152.6/53.3/54.5

2.1/0.05/2.4/12.8/36.0
0.2/-0.06£34.1/54.5/0.2

6.1x10/-1.7x16/
-74.2/74.7/2.6x10

48.5/68.9/58.8/61.1/87.7

318.0/2.3+0.7/3.0/12.8
194.1/1.7/0.9/9.5/24.3
224.9/4.3/2.0/4.0/11.1
-42.8£1.5/3.6/26.4/16.6
66.0£3.945.6/13.0/12.2
9.4/7.7/-45.0/60.7/14.5

47.2F40.7+46.3/47.4/50.7

2.1/0.07/3.2/12.1/34.2
0.2/-0.05£29.0/51.3/0.2

9.1x10/-1.4x16/
-59.8/61.9/2.3x1D

69.5/47.9+40.8/49.7/76.2

318.1/2.2+0.7/2.9/12.6
196.2/3.8/2.0/9.5/23.6

224.9/4.3/2.0/4.0/11.1
-41.2/0.1/0.3+26.3/16.2
65.5/4.4/-6.3/13.6/12.3
9.0+8.1/47.5/60.0/14.1
46.6£41.3/47.0/47.8/51.4
2.1/0.01/0.6/13.2/37.0
0.2/-0.04£25.0/48.7/0.2

9.1x10/-1.4x16/
-60.2/62.0/2.3x1d

67.7+49.7£42.3/50.8/77.1

4The values are expressed as Sim/MB/NMB/NME/RMSE, where Sim is modeled value; MB is mean bias; NMB is normalized mealNMasi§%)
normalized mean error (%); and RMSEa@®t mean square error.

63

predicti



Table 2. 7b. Statistical perform2f6O68& of
\VVariables®| Domain Obs. Simulations
MAM_SIM_5Y MAM_NEW _5YA MAM_NEW _5YB
co East Asia| 535.4 - 119.4/416.1k77.7/77.7/441% 114.8/420.6/78.6/78.6/444.7
CONUS 2.0 | 8.3/6.3/309.8/312.1/9.  8.2/6.2/309.0/311.4/9.6 8.0/6.0/297.5/299.9/9.3
SO, Europe 5.3 6.0/0.7/12.4/85.2/7.1 6.0/0.7/13.3/87.3/7.3 6.3/1.0/19.2/90.1/7.5
East Asia| 3.7 2.3+1.4+37.2/57.6/2.5 |  3.2-0.5+12.6/59.2/3.5 3.2L0.5+14.9/58.0/3.6
NH; Europe 6.0 | 2.7/3.2154.4/84.0/18.0| 2.2/-3.8-62.9/82.6/18.0 2.4/-3.5159.1/82.7/18.0
Europe | 185 - 4.2114.3477.4/78.2/17.8 4.4/-14.1476.4/77.3/17.6
NO: I astAsia| 132 - 2.1-11.1/84.2/84.2/12.1 2.1+11.1-84.5/84.5/12.1
CONUS | 39.4 - 47.4/8.0/20.2/23.9/11.7 46.9/7.5/19.2/22.9/11.2
0; Europe | 64.9 - 93.8/28.9/44.5/44.6/32.0 96.2/31.3/48.2/48.3/34.4
East Asia| 21.7 - 34.2/12.5/57.5/57.5/13.7 33.9/12.2/56.4/56.4/13.3
CONUS 1.6 - 1.8/0.2/10.5/40.9/0.9 1.6/0.04/2.5/38.7/0.8
HNO. Europe 1.0 1.8/0.8/87.4/118.0/1.3 1.9/0.9/94.8/125.8/1.4
,. | conus 3.6 3.2k0.5+12.4/22.1/1.1 |  3.2-0.4+10.3/19.9/1.0 3.140.5-12.7/19.1/0.9
S0 Europe 2.4 2.9/0.5/20.5/46.7/1.6 2.8/0.4/17.4/42.2/11.5 2.9/0.5/22.0/44.7/1.5
. | conus 1.3 1.3/0.0241.3/20.2/0.4 1.4/0.1/9.8/31.8/0.6 1.4/0.1/11.0/28.1/0.5
NHa Europe 0.8 1.0/0.2/30.3/46.8/0.6 1.6/0.8/95.0/99.7/1.1 1.6/0.8/96.0/100.6/1.1
| CONus 0.5 - 0.7/0.2/37.8/84.5/0.6 0.8/0.3/57.1/97.9/0.7
NO: Europe 1.3 - 1.5/0.3/22.0/55.1/1.0 1.5/0.3/26.5/52.2/1.0
) CONUS 0.1 - 0.1+4.0x10%-5.3/98.5/0.2 |  0.1/4.0x10%-5.4/101.2/0.2
c Europe 0.1 1.1/1.0/650.0/650.0/1.4 1.1/1.0/666.8/666.8/1.4
BC CONUS 0.4 0.4-0.02/5.0/42.3/0.2 |  0.4+0.02/4.8/42.3/0.2 0.410.02/5.7/41.3/0.2
oc CONUS 1.7 1.1/0.6/-34.8/50.5/1.1 |  1.5/0.2/-13.6/50.6/1.1 1.4/-0.31-15.6/45.9/1.0
TC CONUS 35 1.5/1.9/55.8/60.0/2.5 |  2.1/1.4-40.6/49.7/2.2 2.0+1.5/-42.8/50.3/2.2
CONUS | 10.6 | 8.4/2.2:20.5/35.5/4.9 |  10.0£0.6+5.6/27.0/4.1 9.9/0.7+6.3/19.4/2.6
PMzs Europe | 13.1 | 8.7/4.4/-33.6/34.8/5.4 | 10.1+3.0~23.0/30.4/5.0 11.941.1/8.7/26.1/4.3
Europe | 25.9 |16.4/9.5-36.6/41.4/12.4 18.3/7.6/-29.4/34.5/11.7 21.6/4.3/16.7/26.6/9.7
PV o i Asia| 854 |315/54.0/63.2/65.0/50 39.0/45.6/53.3/54.6/51.2 |  45.440.0/46 851 3/48.4
coco | cobe [1out| Ty | s
ColNO, | Globe | 5.9+10" : S aieb Ol 210 s oi6r e st
TOR Globe 32.1 | 29.8/2.3:7.4/18.9/6.9 | 31.1/1.0+3.0/14.2/5.9 30.4/1.7/5.4/15.4/6.2

#The units are CO, ppm (over East Asia);,SO p p b
a T (dversEgrope); column CO and NQnolecules cii; TOR, DU. All other concentrations
€g m

CONUS)

ar e

i

(over

®The values are expressed as Sim/MB/NMB/NME/RMSE, where Sim is modeled value, MB is mean bias;
NMB is normalized mean bias (%); NME is norimatd mean error (%); RMSE is root mean squared error
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Table 2.8. Gl obal burdens of maj-2005 asiemuwlsa tainan
MAM_SIM_5Y MAM_NEW 5YA Previous studies
Tropospheric CO (Td) N.A.° 322.06 337-354°
Tropospheric @(DU) # 29.7° 30.5 34.04°
Tropospheric @(Tg) ? 324.14° 332.87 372°
DMS (Tg S) 0.051 0.058 0.067
SO, (Tg S) 0.276 0.281 0.34'
H,SQ, (Tg S) 3.8x10° 1.9x10° 4.2x10""
. ab c 0.116 TgN 7.6x10*
Tropospheric NQ N-A. (8.24x16* mole%ules cm) | molecules cm®
NOy (Tg N)° N.A. ¢ 3.26 N.A. ¢
NH3 (Tg N) 0.074 0.059 0.064'
VOCs (Tg C)° N.A. © 7.63 N.A. ¢
Tropospheric HCHO (Tg & N.A. ¢ 0.391 0.3350.349¢
SOZ (Tg S) 0.36 0.39 0.84%,0.47', 0.66"
NO; (Tg N) N.A.° 0.11 0.01-0.14 |
NH," (Tg N) 0.20 0.21 0.24", (0.270.44)'
Na' (Tg) 2.93 3.04 2.98°, (0.385.19)'
Cl' (Tg) 4,52 4.47 4.60°, (0.598.02)'
BC (Tg) 0.091 0.076 0.28°, 0.093
OC (Tg) 0.45 0.61 1.28°
POM (Tg) 0.63 0.48 0.68", 1.70"
SOA (Tg) N.A.° 0.38 1.15', 0.59
Dust (Tg) 25.78 26.43 24.7", (7.935.9)

& CESM/CAMS5 simulations use 30 model layers, with atmospheric pressures from ~1000 mb (layer 30) to ~3

mb (layer 1). Troposphere refers to model layers below tropopause height.
®NO, = NO + NG;; NO, = NO + nitrogen trioxide (NG + dinitrogen pentoxide (}Os) + nitrous acid

(HONO) + nitric acid (HNQ) + pernitricacid (HN@Q) + per oxy acyl speroxyacyanitrate ( PAN) +
(PANX)_+ other organic nitrate (NTR); VO@slatile organic compoundacluding acetaldehyde (ALD2),
carboxylic acid(AACD), lonechain alkanes (ALKH), Cresol and higher phenols (CRES), ethene (ETH), ethane
(ETHA), ethanol (ETOH), formaldehyde (FORM), internal olefinic carbon bond (IOLE), methanol (MEOH),
olefinic carbon bod (OLE), paraffin carbon bond (PAR), polycyclic aromatic hydrocarbons (PAH), toluene
(TOL), xylene (XYL), isoprene (ISOP), and terpene (TERP).

°N.Ai not available, it refers to the species that are not treated in MAM_SIM_5Y or species having no burden
daa from previous studies. Tropospherighidrden in MAM_SIM_5Y is from climatology. N.A. in SOA is due

to no SOAG emission for MAM_SIM_5Y.

dWilliams et al. (2009)

¢ Horowitz et al. (2006)

"Liu et al. (2012)

9 Lamargue et al. (2005)

"Textor et al. (2006)

' Tsigaridis et al. (2006)

I Heald et al. (2008)
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MAM_CB05_GE - MAM_SIM
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Figure 2.1a. Absolute differences 0f®}, SO, SO, and SOA betweeMAM_CB05_GE and MAM_SIM for 2001.



MAM_CBO05_GE - Climatology
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Figure 2.1b. Absolute differences between the mixing ratios of surface OIN@g) and Q predicted from MAM_CBO05_GE
and climatology values used in MAM_SIM for 2001
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Figure 2.2. Surface distribution of CO3,O,, HNO;3, HCI, and isoprene (ISOP) in MAM_CBO05_GE for 2001.
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Figure 2.3Surface distribution of total ammonium, total sulfate, total nitrate, total chloride,
PM, 5 NHs, SO, H,SOy, HNO;, and HCI between MAM_CON and MAM_CBO05_GE for
summer (June, July, and August, JJA), 2001.
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Figure 2.4 Vertical distribution of new particle formation rate (J) and aerosol number
(PMnum) simulated by MAM_CON/IMN for 2001. The overlay plots show the distribution
of J in bottom 1004n. Circles on overlay plots represent observations for J. Different colors
of circles represent different values of J, using the same color scale as simulated J.
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MAM_CON/IMN - MAM_CON
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Figure 2.5. Absolute differences of BMAOD, column CCN5, CF, COT, and SWCF
between MAM_CON/IMN and MAM_CON for 2001.
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Figure 2.6a. Absolute differences of major PM species and their gas precursors between
MAM_CON/ISO and MAM_CON for summer, 2001.
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Figure 2.6b. Absolutdifferences of major PM species and their gas precursors between
MAM_CON/ISO and MAM_CON for winter, 2001.
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Figure 2.7. Surface distribution ®CAT/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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Figure 2.8. Absolute differences of major aerosol species andyiseprecursors between
metastable and stable conditions.
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Figure 2.9a. Absolute differences of major aerosol species and their gas precursors, new particle formation ratedsp| and aer
number betweeMAM_NEW_5YA and MAM_SIM_5Y for 20012005.
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