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Abstract

Results from the Model Intercomparison Study Asia Phase II (MICS-Asia II) are presented. Nine different regional

modeling groups simulated chemistry and transport of ozone (O3), secondary aerosol, acid deposition, and associated

precursors, using common emissions and boundary conditions derived from a global model. Four-month-long periods,

representing 2 years and three seasons (i.e., March, July, and December in 2001, and March in 2002), are analyzed. New

observational data, obtained under the EANET (the Acid Deposition Monitoring Network in East Asia) monitoring

program, were made available for this study, and these data provide a regional database to compare with model

simulations. The analysis focused around seven subject areas: O3 and related precursors, aerosols, acid deposition, global

inflow of pollutants and precursor to Asia, model sensitivities to aerosol parameterization, analysis of emission fields, and

detailed analyses of individual models, each of which is presented in a companion paper in this issue of Atmospheric
e front matter r 2007 Elsevier Ltd. All rights reserved.
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Environment. This overview discusses the major findings of the study, as well as information on common emissions,

meteorological conditions, and observations.

r 2007 Elsevier Ltd. All rights reserved.
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1. Introduction

The long-range transport and fate of pollutants in
the atmosphere is an area of increasing scientific
interest and political concern. It is now well
established that pollution levels at a specific location
can be the result of both nearby and distant sources.
Chemical transport models (CTMs) have become
critical tools in the analysis of the fate and transport
of emissions. While significant advances in CTMs
have taken place, predicting air quality remains a
challenging problem due to the complex processes
occurring at widely different scales and by their
strong coupling across scales. Air quality predic-
tions also have large uncertainties associated with:
incomplete and/or inaccurate emissions informa-
tion, lack of key measurements to impose initial and
boundary conditions, physical and chemical pro-
cesses missing from the model, and poorly para-
meterized processes.

In order to help develop a better common
understanding of the performance and uncertainties
of CTMs in East Asia applications, a model
intercomparison study on long-range transport
and deposition of sulfur, i.e., Model Intercompar-
ison Study Asia Phase I (MICS-Asia Phase I), was
carried out during the period from 1998 to 2002.
Eight models participated in the Phase I study
(Carmichael et al., 2001, 2002). Each conducted
simulations under similar conditions and model
results were compared with observations. A primary
focus of this study was to better understand the
capabilities of regional models in predicting sour-
ce–receptor (S/R) relationships for sulfur deposition
in East Asia. In the early to mid-1990s, regional
models for acid deposition were just beginning to be
applied in Asia and early results indicated signifi-
cant differences in calculated S/R relationships
between different groups (cf. Carmichael et al.,
2002 and references therein; Ichikawa and Fujita,
1995). The MICS-Asia study was initiated to help
understand these differences and to better under-
stand how to model long-range transport in East
Asia. Model results for the periods January and
May 1993 were intercompared. S/R relationships
estimated by the models showed a high degree of
consistency in identifying the main S/R relation-
ships, as well as in the relative contributions of wet/
dry pathways for removal. But at some locations
estimated deposition amounts were found to vary
by a factor of 5. The influences of model structure
and parameters on model performance were eval-
uated. The S/R relationships were found to be most
sensitive to uncertainties in the sulfur emission
inventory, and secondarily to the driving meteorol-
ogy. Both the factors were found to be more
important than the uncertainties in the model
parameters for wet removal and sulfate production.
A major limitation of this study was the lack of
coherent data sets of sulfur ambient concentrations
and deposition measurements over East Asia upon
which to evaluate model performance.

In 2003, this initiative was expanded to include
nitrogen compounds, O3, and aerosols—key species
for regional health and ecosystem protection, and
pollutants of growing concern throughout Asia. This
broader collaborative study—MICS-Asia Phase II—
examined four different periods, encompassing two
different years and three different seasons (i.e.,
March, July, and December in 2001, and March in
2002). An additional feature unique to Phase II is the
inclusion of global inflow to the study domain.
Furthermore, new observational data obtained under
the EANET (the Acid Deposition Monitoring Net-
work in East Asia) monitoring program were made
available for this study, and these data provided a
region-wide database to use in the comparisons. Nine
different regional modeling groups simulated chem-
istry and transport of O3, precursors, sulfur dioxide,
and secondary aerosols, using common emissions
(Streets et al., 2003c) and boundary conditions
derived from the global model of ozone and related
tracers (MOZART, v. 2.4). The analysis focused on
subject areas identified a priori as deserving special
attention, including O3 and its precursors, aerosols,
and acid deposition, as well as broader issues in
global inflow to the study region, aerosol parameter-
ization, and analysis of emission fields. The design of
the experiments and the analysis were coordinated
through annual meetings held at the International
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Institute for Applied System Analysis (IIASA)
located in Laxenburg, Austria, as well as additional
coordination meetings.

In this paper, we present an overview of the study
design, including a discussion of the emissions and
meteorological fields used in the analysis. We also
describe the observational data and analysis used in
the study, and present some of the highlights of
findings resulting from this study. In companion
manuscripts, further details of the MICS-Asia
Phase II (hereafter referred to as MICS-II) results
are presented. Han et al. compare predictions of
ozone and additional trace gases among the partici-
pating models, Hayami et al. discuss particulate
sulfate, nitrate, and ammonium, and the results for
acidic deposition are presented in Wang et al.
In addition, the impacts of the global boundary
conditions and imported emissions on the regional
air quality predictions are discussed by Holloway
et al., and the sensitivity of the aerosol predictions
to various processes and parameterizations is
described in Sartelet et al. An example of a detailed
comparison of one of the participating models is
presented by Fu et al. Finally to provide informa-
tion concerning the reliability of the emissions data
used in the intercomparison, the MICS-II inventory
was compared with a detailed emission inventory
for Japan (Kannari et al., 2008).

2. Intercomparison framework

The intercomparison study design follows the
efforts of MICS-I. The participants were to utilize a
common emissions data set and a common set of
boundary conditions. Each modeling group was
provided a common set of meteorological fields
developed using the Penn State/UCAR Mesoscale
Model v. 5 (MM5), but in fact all groups opted to
use their own meteorological fields for the four
study months. These inputs were distributed via
publicly accessible websites and hard-drives shipped
to participant groups (for the large meteorological
data set). Following the completion of the modeling
protocol, each group submitted specified fields to a
common website. These results were converted to
GrADS format for ease in comparison with each
other, and with observational data.

2.1. Participating models

Results from nine modeling groups using three-
dimensional Eulerian models were analyzed in
MICS-II. These included: a model from Seoul
National University (Chang and Park, 2004); the
PATH model from Hong Kong Environmental
Protection Department; the RAQM model from
Acid Deposition and Oxidant Research Center,
Japan (Han et al., 2004); the MSSP model from
Disaster Prevention Research Institute, Kyoto
University (Kajino et al., 2004); the STEM model
from Center of Global and Regional Environmental
Research (CGRER), Iowa University (Carmichael
et al., 2003); the MATCH model from Swedish
Meteorological and Hydrological Institute (Engardt,
2000); the Polair3D model from CEREA (Centre
d’Enseignement et de Recherche en Environnement
Atmospherique), France (Boutahar et al., 2004);
and two applications of the CMAQ model (http://
www.epa.gov/asmdnerl/CMAQ/), one by Central
Research Institute of Electric Power Industry,
Japan, and the other by the University of Tennessee,
USA (Fu et al., this issue).

Table 1 presents some basic information on the
structure of each model. These models differ in the
chemical mechanisms used, the detail of aerosol
processes, as well as in coordinate systems and
numerical schemes. They compose an excellent set
of representative approaches to air quality model-
ing. For analysis purposes, the study team decided
not to identify the models by name. From this point
on, the models are referred to by their assigned
numbers (i.e., M-1 to M-9).

The full Asia domain shown in Fig. 1 was used in
the preparation of emissions and baseline meteorol-
ogy. Participant models differed in the extent of the
region included in the simulation (Fig. 1), so detailed
intercomparison of the models was limited to the
subdomain common to all the participating models
(shown in Fig. 1 as M-3/M-4 domain). Also shown in
Fig. 1 are the monitoring stations used for this study.
Most stations are located in the common domain,
with a few additional sites in Southeast Asia and
Russia. Seven of the nine models used common
monthly mean boundary conditions from a global
CTM (MOZART-2). Each model used its own
meteorological fields, which were derived through
three ways. Most models used the MM5 model (Grell
et al., 1994) for meteorology (M1, M2, M3, M4, M7,
M8, and M9), but with some differences in the usage
of reanalysis data (Table 1) and options. M5 used
RAMS (Pielke et al., 1992) with ECWMF reanalysis
to generate its meteorological fields, whereas M6
directly ingested ECWMF data with the same
resolution (0.51) as that in the CTM.

http://www.epa.gov/asmdnerl/CMAQ/
http://www.epa.gov/asmdnerl/CMAQ/
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Fig. 1. The MICS-II study domain. Shown are the domains used by the individual models (described in Table 1). Also shown are the

EANET observation locations used in the study.

Table 1

Overview of the models that participated in the MIC-II study

Grid number Grid size Met. fields Boundary data Dry deposition Wet deposition

M-1 145� 195 45 km MM5/NCEP MOZART-II Wesely (1989) Seinfeld (1986)

M-2 143� 133 40.5 km MM5/ECMWF MOZART-II Wesely (1989) RADM (Chang et al., 1987)

M-3 110� 60 0.51 MM5/GANALa MOZART-II Wesely (1989) RADM

M-4 110� 60 0.51 MM5/NCEP MOZART-II Wesely (1989) Henry’s Law

M-5 90� 60 0.51 RAMS/ECMF Original Wesely (1989) Fixed rate

M-6 166� 134 0.51 ECMWF MOZART-II Engardt (2000) Berge (1993)

M-7 166� 144 45 km MM5/GANALa MOZART-II Wesely (1989) RADM

M-8 121� 61 45 km MM5/GANALa MOZART-II Wesely (1989) Sportisse and DuBoi (2002)

M-9 164� 97 36 km MM5/NCEP GEOS-Chem Wesely (1989) Henry’s Law

aGANAL: Global objective analysis data developed by Japan Meteorological Agency.
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The 4-month-long periods selected for analysis
(i.e., March, July, and December in 2001, and
March in 2002) cover a range of atmospheric
conditions. March 2001 was a period of high dust
transport and high volcanic emissions. July and
December 2001 provided examples of a summer
period with warm and high precipitation conditions,
and a winter period with cold and low precipitation
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conditions, respectively. These periods provide
contrasts between primary and secondary pollution
levels. March 2002 provided an opportunity to
compare results for the same month for two
different years. The 2001–2002 period was selected
to take advantage of the emissions prepared for
the TRACE-P research campaigns and the rich
observational databases provided by both the
TRACE-P and ACE-Asia campaigns.

2.2. Emissions

Common emissions were prepared for the inter-
comparison study for sulfur dioxide (SO2), nitrogen
oxides (NOx), carbon monoxide (CO), total parti-
culate matter (PM10 and PM2.5), black carbon (BC),
organic carbon (OC), ammonia (NH3), methane
(CH4), and non-methane volatile organic com-
pounds (NMVOC) from anthropogenic sources
(area sources and SO2 point sources), biomass
burning, and volcanos, aggregated on a grid with
0.51 resolution. Some models (M3, M4, M5, M6)
operated on the same grid as the emissions were
available on, while others had to interpolate the
gridded emissions to their internal grid. The release
heights for elevated sources were prescribed at an
altitude of 300m for large point sources and 1500m
for volcanic emission. Natural emissions (biogenic
NMVOC, soil and lightning NOx, dust and sea salt)
were not prescribed and left up to the different
modeling groups. For anthropogenic emissions, the
TRACE-P inventory (Streets et al., 2003a), which
was developed for the year 2000, was modified to
reflect the four selected study periods by including
growth in the period 2000–2001 and to 2002, and
considering intraannual monthly variation of emis-
sions as described below.

2.2.1. Anthropogenic emissions

The 2000 TRACE-P inventory (Streets et al.,
2003a) provides monthly emissions of the major
species throughout the MICS-II domain. In China,
seasonality is influenced most significantly by higher
emissions during the winter heating season and the
greater intensity of evaporative emissions during
warmer months. These monthly variation profiles
were applied to emissions of four of the relevant
species for MICS-II: SO2, NOx, NMVOC, and
NH3. In addition, projected growth in emissions of
these four species from 2000 to 2001 and 2002 for
China (the dominate source region) was estimated
using appropriate sector- and fuel-specific factors
from the China Statistical Yearbooks, 2000–2003.
The results are shown in Fig. 2. These figures show
the emissions for the various periods, separately
disaggregated for three major regions: Northern
China, Central China, and Southern China. Table 2
summarizes the changes relative to the averaged
year-2000 emissions.

Some significant growth trends are predicted for
this period on the basis of fuel-use changes and
changes in other activity parameters. The increase in
SO2 emissions shown in Table 2 is not, however,
consistent with official Chinese estimates of SO2

emissions in the period 2000–2002, which are
essentially flat. (A large increase occurs later, in
2003.) Coal use increased substantially in this
period, according to the statistics, so it is unclear
whether the Chinese data are incorrect, or whether
they incorporate reductions in the average sulfur
content of coal or sulfur removal efficiency. The
SO2 changes shown in Table 2 should be viewed
cautiously, as they may error on the high side. The
growth in emissions of NOx and NMVOC are
reasonable, as they reflect the increase in vehicle
traffic and use of petroleum products. In all cases,
except for NH3/December 2001, projected emissions
are higher than the TRACE-P values. For Decem-
ber 2001, NH3 emissions may be significantly
smaller (25%) than in the TRACE-P average, and
this is expected to be manifested mostly in Southern
China.

2.2.2. Volcanic SO2 emissions

Volcanic emissions played a large role in sulfur
emissions during this period of study. Of special
importance to this study is the fact that Mt. Oyama
on Miyakejima Island (Miyakejima volcano:
139.531E, 34.081N, 813m MSL), located in the
northwest Pacific Ocean, 180 km south of Tokyo
metropolitan area, began to erupt on 8 July 2000,
and has emitted huge amounts of SO2 since then
(Kajino et al., 2004). The Seismological and
Volcanological Department of the Japan Meteor-
ological Agency (SVD-JMA) has performed con-
tinuous measurements of the SO2 emissions and
smoke height above the crater since September
2000, 2 months after the beginning of the eruption
(Kazahaya, 2001). Table 3 shows the SO2 emissions
and plume height during the four MICS-II periods.
In March 2001, the eruption was still quite intense.
SO2 emissions were 27,350 tons day�1 on average,
with a maximum of 45,900 tons day�1 and with a
larger standard deviation than during the other
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Table 2

Differences in anthropogenic emissions relative to the year-2000

TRACE-P average (%)

March

2001

July

2001

December

2001

March

2002

NOx 12.3 7.8 16.5 22.5

SO2 8.9 0.9 15.8 19.2

NMVOC 22.8 1.2 38.9 31.4

NH3 8.3 26.7 �25.4 15.9

Table 3

SO2 emissions and smoke height of the Miyakejima volcanic

eruption during the MICS periods, with values of average,

standard deviation, minimum, maximum, and median

March

2001

July

2001

December

2001

March

2002

SO2 emission (tons day�1)

Ave 27,350 14,611 12,960 15,875

Stdev 12,585 3476.5 2659.0 6266.5

Min 12,100 10,100 9000 6900

Max 45,900 21,600 19,200 23,400

Med 24,850 13,400 13,050 18,350

Smoke height (m)

Ave 758.7 563.8 481.0 446.1

Stdev 427.7 297.0 309.7 246.3

Min 100 100 100 100

Max 2000 1600 1700 1200

Med 700 500 400 400
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Fig. 2. Estimated changes in anthropogenic emission between the TRACE-P inventory and the four MICS-II analysis months for SO2,

NOx, NMVOC, and NH3.
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periods. The SO2 emissions decreased with time but
increased again in March 2002. Smoke height varies
from 100 to 2000m and the average, maximum, and
standard deviation decreased over time.

2.2.3. Biomass burning emissions

Monthly data sets of biomass burning emissions
were provided for the model intercomparison runs.
These reflected typical monthly profiles developed
from analysis of AVHRR fire-counts in the period
1999–2000, applied to the TRACE-P estimate of
typical annual biomass burning amounts by region
(Woo et al., 2003; Streets et al., 2003b). However, it
was necessary to perform some check to see if actual
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burning in the months analyzed was larger or smaller
than expected. As a qualitative check, monthly global
fire maps were downloaded from the ATSR World
Fire Atlas (European Space Agency). Results were
found to be typical, and show no unexpected features.
In March 2001, Asian burning was restricted to
Southeast Asia (severe) and isolated areas of eastern
China (perhaps land clearing). In July 2001, fires in
northern Siberia were widespread, affecting the most
northerly part of the MICS-II domain. During the
same month, very little burning occurred in Southeast
Asia and only in a few isolated areas in eastern China.
In December 2001, there was essentially no biomass
burning occurring in this part of Asia. In March 2002,
as in March 2001, there was again extensive burning
in Southeast Asia and only very isolated burning spots
in eastern China. We conclude that biomass burning
in these four months was quite typical and will be
reasonably represented by the emission profiles
provided in the TRACE-P inventory.

2.2.4. Emission evaluation

To provide preliminary information concerning
the reliability of the standard emissions data, the
MICS-II inventory was compared with a high-
resolution emission inventory for Japan, EA-
Grid2000-Japan. Although these inventories are
based upon different estimation methodologies, it
was found that regional emissions are consistent,
with differences smaller than 10% for SO2, NOx,
and NMVOC, and smaller than 30% for CO and
NH3. Differences in emission amounts for all
species were smaller than the 95% confidence
intervals estimated for the MICS-II emissions data.
The gridded emissions (0.51� 0.51) were evaluated
and the two inventories matched well for NOx,
NMVOC, CO, and PM2.5, even though the spatial
allocation techniques for the local inventory were
much more detailed. For SO2 emissions, the
differences in the grid-based inventories were great-
er. Although some emission problems still remain,
such as diurnal variations that are not considered in
the MICS-II emission data, the comparison of the
two estimates for Japan suggests that the MICS-II
emissions data have appropriate properties for
atmospheric model simulation over Japan. Further
details are presented in Kannari et al. (2008).

2.3. General boundary conditions

Boundary conditions were derived from the
simulation results of MOZART v. 2.4 according
to each model domain. MOZART is a global scale
model of atmospheric chemistry and transport,
developed by the Atmospheric Chemistry Division
(ACD) of the National Center for Atmospheric
Research (NCAR), along with the National Oceanic
and Atmospheric Administration (NOAA), Geo-
physical Fluid Dynamics Laboratory (GFDL), the
Max Planck Institute (MPI) for Meteorology, and
Princeton University. While this version of the
model also includes select aerosol species, the gas
phase mechanism is identical to that described in
Horowitz et al. (2003).

To generate the boundary conditions distributed
for use in MICS-II, the model was run with
2.81� 2.81 resolution, 34 vertical levels in hybrid-
sigma coordinates, and meteorology from the
NCAR Community Climate Model v. 2 (CCM-2).
As with other climate models that do not employ
assimilation of observed data, the CCM-2 meteor-
ology reflects climatologically representative condi-
tions, but no particular year. Boundary conditions
were distributed for 11 species: CO, BC, OC, SO2,
nitrogen dioxide (NO2), O3, sulfate, ammonium
nitrate, ethane, propane, and acetone. Ethane,
propane, and acetone were selected as longer-lived
hydrocarbons where long-range transport may play
a role in calculating O3 concentrations. To facilitate
the input of boundary conditions into the MICS-II
participant models, only monthly mean values
were provided (rather than hourly or daily varying
values).

Of the nine models participating in MICS-II,
M-1, M-2, M-3, M-4, M-6, M-7, and M-8 used
MOZART lateral boundary conditions. Of these,
M-1 and M-3 used MOZART-derived upper
boundary conditions for O3 as well. M-6 inter-
polated the MOZART lateral O3 values across the
top of the domain, whereas M-7 and M-8 used a no-
flux top boundary condition. M-5 used lateral
boundary conditions derived from aircraft measure-
ments taking during the TRACE-P campaign, and
diagnosed the O3 upper boundary condition from
potential vorticity. The input of global boundary
conditions into each model differs in details, leading
to considerable differences in input fluxes from
outside of the domain as discussed in Holloway
et al. (2008).

2.4. Observation data

The model predictions were compared to the
observational data from EANET. Historically, the
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availability of consistent, reliable measurement data
has been a bottleneck in the analysis of acid
deposition and air quality throughout the Asia
region. To address this need, EANET was initiated
in 1998, following the model of the Co-operative
Programme for Monitoring and Evaluation of the
Long-range Transmission of Air Pollutants in
Europe (EMEP). There are currently 47 wet
deposition monitoring sites, located in 12 countries,
with each country managing its own sites. All sites
are operated using common quality assurance/
quality control (QA/QC) standards promoted by
the Acid Deposition and Oxidant Research Center
(ADORC) which is designated as the Network
Center for EANET. To advance regional under-
standing of the mechanisms underlying these
observed patterns, EANET supported the current
activities MICS-II, in collaboration with the IIASA,
and participating groups.

Fig. 1 shows the location of EANET monitoring
sites in 2002 for wet deposition and air concentra-
tions used for model validation. Each monitoring
site is classified into Urban (Ur), Rural (Ru) and
Remote (Re) sites by regulations described in the
guidelines (EANET, 2000). According to the latest
EANET data report in 2005 (EANET, 2006), the 47
monitoring sites are located in East Asian region: 17
urban sites, 12 rural sites, and 18 remote sites. Wet
deposition monitoring was conducted at all sites.
Wet-only samplers were installed at all of the sites,
and sampling collection was conducted on a daily
basis at 30 sites, a weekly basis at 12 sites, and an
event basis at 5 sites. Air concentration monitoring
was conducted at 35 sites. Filter-pack monitors were
installed at 30 sites in Indonesia, Japan, Malaysia,
Mongolia, Philippines, Republic of Korea, Russia,
Thailand, and Viet Nam, providing samples every
one or two weeks. All sites provided concentration
and deposition measurements as monthly mean
values; daily concentrations were also available at
22 sites in China, Japan, Republic of Korea, Russia,
and Thailand using automatic monitors. The data
used in the various model comparisions are reported
in EANET data reports (EANET, 2001, 2002,
2003).

In addition to the data provided from EANET,
daily observational data for March 2001 monitored
by Hayami (2005) in Fukue Island, Japan,
were used. Fukue is located between Japan and
Korea and surrounded by no large emissions.
PM2.5 was collected for chemical analysis by an
impactor/denuder/filter-pack sampling system. An
impactor was used to cut off particles larger than
PM2.5, and the denuder was used to collect gaseous
species.

Aircraft observational data obtained by the
TRACE-P experiment (Jacob et al., 2003) were also
used. TRACE-P was conducted in the western
Pacific in March–April 2001, with the aim to
characterize the chemical composition and evolu-
tion of Asian outflow. In total, four flights (Flights
12, 13, 15 of DC-8 and Flight 13 of P-3B) were
selected for use in the comparisons, all of which
were associated with frontal lifting. In addition,
observations from the Japan Meteorological
Agency ozonsonde network were also used.

2.5. Analysis methodology

Analysis of regional model simulations was
carried out by working groups established from
the participants (see http://www.adorc.gr.jp/adorc/
mics.html for details). Each modeling group sup-
plied the requested fields for their model domain.
For each domain, a common set of plots was
prepared using the same projection and scales. The
following predicted fields were analyzed for each of
the four study periods:
(1)
 Monthly mean concentrations of gas phase SO2,
NO, NO2, HNO3, PAN, NH3, O3, aerosol
and precipitation concentrations of sulfate,
nitrate, and ammonium, for near surface 300,
1500, 3000, and 6000m above ground level
surfaces.
(2)
 Monthly accumulated surface deposition
amounts: dry deposition: SO2, HNO3, NH3,
O3, and aerosol sulfate, nitrate, ammonium; wet
deposition: sulfate, nitrate, ammonium, and
precipitation amount.
(3)
 Meteorological fields of temperature, relative
humidity (RH), zonal wind, and meredional
wind for the five layers discussed above.
In addition, the following comparisons with
observations were performed:
(4)
 The predicted monthly mean quantities de-
scribed above were compared with observations
at the EANET sites.
(5)
 Daily averaged concentrations predicted were
compared to observations at 17 reference sites:
Jinyunshan (Ru), Weishuiyuan (Ru), Hongwen
(Ur), Xiang-Zhou (Ur), Rishiri (Re), Ogasawara

http://www.adorc.gr.jp/adorc/mics.html
http://www.adorc.gr.jp/adorc/mics.html
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(Re), Sado-seki (Re), Happo (Re), Oki (Re),
Hedo (Re), Tanah-Rata (Re), Terelj (Re), Los
Banos (Ru), Cheju (Re), Mondy (Re), Samtpra-
karn (Ur), Hoa-binh (Ru).
(6)
 Additional special comparisons were conducted
for selected periods. These included comparison
with TRACE-P aircraft data, high-resolution
aerosol measurements at Fukue, and ozone-
sonde profiles.
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3. Meteorological overview
As noted previously, reference meteorological
fields were prepared by Prof. Z. Wang using the
MM5 model, but participants were allowed to
employ their own meteorological fields for the
specified periods. Here, we discuss the general
meteorological characteristics of the study time
periods based on the reference MICS-II MM5
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simulations. We then compare the meteorological
fields used by the different groups with observed
meteorology.

3.1. General overview of meteorological conditions

for the study periods

Monthly mean near surface temperature and
wind vectors are shown in Fig. 3 and total
precipitation is shown in Fig. 4. Both March periods
were characterized by strong northwesterly winds
over the mid-latitudes of eastern Asia, accompanied
by frequent passages of cold fronts. Yellow sand
events were observed several times in March 2001
and March 2002, with more events measured over
Japan in 2002. In Southeast Asia, rainfall amounts
were relatively light, although March 2001 showed
heavier rainfall than usual in this region.
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Characteristic of typical summertime conditions,
July shows warm temperatures and high levels of
precipitation. Unusually high temperatures oc-
curred in East Siberia, East China, and Japan.
Southwesterly winds prevailed along the western
Pacific Rim, resulting from the Subtropical Pacific
High located to the southeast of Japan and the
Continental Low over the Asian continent. South-
erly winds persisted over the South China Sea as a
result of the combination of the southwesterly
monsoon and southeasterly trade winds from the
Southern Hemisphere. High precipitation was
found in Southern China, the South China Sea,
and east of the Philippines. December is character-
ized by cold and low precipitation conditions. In
December 2001, unusually low temperatures were
observed in Mongolia, the western part of China,
and the northern part of Japan. Rainfall amounts
were larger than usual in the eastern part of China.

3.2. Comparison of modeled and observed

meteorological fields

The predicted meteorology was evaluated against
radiosonde observations over Japan at four sites (Naha,
Yonago, Wajima, and Wakkanai). The performance
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of the various models as a function of altitude is shown
in Fig. 5, where the correlation coefficient, root mean
square error, and mean bias at four altitudes for
temperature, RH, wind speed, and direction (averaged
over all four study months and all four sets of sondings)
are presented. (Please note that not all individual
modeling groups simulated all four periods or simu-
lated all species; thus the number of model results
presented in the figures represents the number of
models that supplied results for that period.) Overall,
temperature and wind speed are well represented by all
the models, except in summer, where the performance
of the models under conditions of relatively weak winds
and frequent cyclone passings decreases. The correla-
tion coefficients between predicted and measured
temperature were greater than 0.98 for all models and
bias errors within 1.01 for all seasons.

Wind direction and RH show lower predictive
skill, with large differences in performance between
altitudes. There are significant differences between
models, but no systematic differences. The differ-
ences between model predictions reflect differences
in parameterizations and analysis fields used
(ECMWF, NCEP, GANAL) in the calculations.
Differences are also related to differences in the
horizontal and vertical resolutions of the models.
It is interesting to note that M-6 used ECMWF
data directly, while the others used mesoscale
models to further process the meteorological fields
(either MM5 or RAMS). In terms of these para-
meters, there is no clear difference between these
models.
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Fig. 6. Comparison of predicted and observed monthly mean surface

region centered around Hong Kong for March 2001. The height of the
The characterization of the near surface meteor-
ology is also important, and is needed to help
interpret the differences between predicted and
observed pollutant levels at ground-based measure-
ment sites. The observed surface meteorology was
obtained from the WMO surface network in Asia
and used to evaluate predicted surface meteorology.
Results comparing predictions of RH over a land
area centered around Chongqing and a coastal
region centered around Hong Kong are shown in
Fig. 6. RH is an important parameter that plays a
significant role in a variety of atmospheric chem-
istry, meteorology, and climate issues. For March
2001, the results show that the models are able to
capture the synoptic temporal variability. Observed
RH falls within the range of model values at
Chongquing, an inland site, but all models show a
persistent high bias in the coastal region of Hong
Kong. These results help set the stage for the
analysis of the pollutant comparisons. Since me-
teorology plays a key role in determining the
pollution distributions resulting from a specific
emissions distribution, errors in meteorology will
propagate through to the pollutant distributions.

4. Results and discussions

The details of the results from the intercompar-
ison analyses can be found in the individual MICS-
II papers. Here we introduce some of the analysis
and present some of the major features that have
been identified through the intercomparison. Below
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lowest model layer for each model is also given.
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we restrict the discussion to the subdomain covered
by all the models, i.e., 901E–1401E, 201N–501N.

4.1. Sulfur distributions and deposition

Estimates of sulfur emissions in East Asia are
believed to be more accurate than for any other
species treated in MICS-II, due to long-term studies
of air pollution and acid deposition in the region,
and the strong dependence of sulfur emissions on
the combustion of coal. Thus the comparison of
predictions for sulfur compounds provides a bench-
mark for the intercomparison results. The predic-
tion and observed monthly mean values of SO2 for
the 4 study months are shown in Fig. 7. In general,
all models show good skill in simulating the SO2

spatial variability, e.g., higher levels over China and
moderate levels over Japan, which reflect the
emission intensities in these regions. The models
systematically overpredict observations at the
Weishuiyuan site (site 4) of China and the Ijira site
of Japan (site 22) for all months. This behavior
probably reflects the rather coarse resolution of the
models and resultant inability to distinguish the
gradient for rural sites that may be located in or
nearby grid cells containing large sulfur sources.
The models systematically predict lower values at
the sites in Russia (sites 33–35), due to the fact that
Russian emissions were not included in the dis-
tributed emission inventory. Seasonal differences in
SO2 ambient levels are shown, with northern sites
mean conc. (µg m-3)
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Fig. 8. The ensemble mean monthly averaged near-surface sulfate distr

coefficient of variation. The coefficient of variation (CV) is defined as th
showing the highest values in the winter. There is
also a strong seasonal cycle in the ambient levels in
Southeast Asia (sites 37–43), where December
values are lower than those in July. The models
are not able to accurately capture the lower
December values. Ensemble mean predictions
(EMS; simple average of the models) were also
calculated, and are also shown in the figure. In
general, the intercomparison results show that
the ensemble mean provides the most accurate
prediction when compared to the various observa-
tions. Further details are presented in Han et al.
(2008).

Fig. 8 shows the ensemble mean monthly
averaged near-surface sulfate distribution for
March 2001, along with the spatial distribution of
the coefficient of variation. The coefficient of
variation (hereinafter, CV) is defined as the stan-
dard deviation of the modeled fields divided by the
average. The larger the value of CV, the lower the
consistency among the models. As shown, mean
concentrations of sulfate are high near Chongqing,
Shanghai, and Seoul and in the volcanic plume from
Mt. Miyake. In general, areas with relatively low
CVs (below 0.5) are consistent with areas with
concentrations over 6 mgm�3, and high CVs are
found in areas with low sulfate levels. The larger
differences in model predictions away from emitting
regions suggest differences associated with chemical
processing and deposition of sulfate and SO2. The
northeast corner of the MICS-II domain has very
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coeff. of variation
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low sulfate concentrations, but of these concentra-
tions, in March, over 50% of the sulfate in the
northeast corner of the domain is due to European
emissions, and over 10% on the eastern edge of the
domain near 351N is due to North American
emissions (results based on the source-specific
MOZART simulations discussed in Holloway et
al., 2008). As discussed in Hayami et al. (2008),
EMS agree well with measurements of sulfate and
total ammonium. However, total nitrate is consis-
tently underestimated. This underprediction was
also found in the comparison of global model
predictions (Dentener et al., 2006).

As part of MICS-II, the sensitivity of the
predicted sulfate and nitrate aerosol concentrations
to the different model treatments of the aerosol
processes was investigated. Sensitivity studies were
performed using different configurations of a
reference aerosol module within a single CTM.
The different configurations included different
treatments of the size distribution (i.e., the number
of sections), and physical processes (i.e., coagula-
tion, condensation/evaporation, cloud chemistry,
heterogeneous reactions, and sea-salt emissions).
These results were compared to observations and
to the results from the other MICS-II participa-
ting models. As discussed in Sartelet et al. (2008),
the variability of predicted sulfate concentra-
tions to aerosol module parameterizations was
lower than the variability to the use of different
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CTMs. However, for nitrate, the variability among
the CTMs was of the same order of magnitude
as the variability due to different aerosol para-
meterizations.

The ensemble mean total deposition of sulfur for
the four periods is shown in Fig. 9. The total
deposition of sulfur mainly occurs in Southern
China, Japan, and the western Pacific in spring. In
summer, high deposition regions move northward,
where a deposition center is located in northern
China, and another center in the southwest part of
China. The highest values were predicted for March
2002, and they exceeded 1000mgm�2 (as sulfate).
The distribution of deposition of sulfur in winter is
similar to spring. Wet deposition of sulfate and dry
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deposition of SO2 are the two dominant modes of
sulfur deposition.

The comparison of the monthly mean predicted
and measured sulfate wet deposition for March
and July 2001 is shown in Fig. 10. The observa-
tions generally reflect the spatial patterns shown in
Fig. 9, with some regions showing higher sulfate wet
deposition in March than in July (e.g., Oki, site 19),
reflecting the fact that summertime flows at Oki are
southerly, bringing marine air, while in the
other seasons, the flows are from the west with
high sulfur levels associated with this continental
outflow. As shown, there can be large differences
among the models for these two periods. The
ensemble mean values at these sites are consistent
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with observations, with a correlation coefficient of
0.73. Wang et al. (2008) further discusses sulfur
deposition along with nitrate and ammonium
deposition.

4.2. Ozone

Rising urban and regional O3 concentrations pose
a growing air pollution risk to health and vegetation
in Asia. The inclusion of O3 in MICS-II was an
important advance from MICS-I. Regional models
are being actively used to study O3 in Asia, and
MICS-II offered a valuable opportunity to compare
these analysis tools. Furthermore, O3 chemistry
employs different precursors and mechanisms than
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Fig. 11. The ensemble mean surface monthly mean
sulfur chemistry, highlighting additional aspects of
the model for evaluation, especially, VOC and NOx

emissions and photochemistry. The spatial distribu-
tion of MICS-II ensemble mean surface O3 is
presented in Fig. 11. It is important to note that
there are significantly fewer measurement sites for
O3 in EANET than for acid deposition and acid-
related species. In March and December, the mean
distributions show a pronounced peak over Tibet in
the western part of the domain, due to stratospheric
O3 affecting the high-altitude Tibetan Plateau. The
O3 values over this area are highest in March,
topping 55 ppb. In July, a region of O3 in excess of
40 ppb stretches across Northern China. In March
and December, the regional-mean estimates show
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minimum O3 values over northeast China and the
Korean Peninsula. In March, these areas show typical
concentrations of 40ppb or lower. The O3 distribution
shows local minima in O3 over large cities, and over
Japan, reflecting titration due to high NOx emissions.
The mean fields for the twoMarch periods are similar.
In March and December, the O3 concentrations over
water are higher than the values at many inland
locations in China. In contrast, continental concentra-
tions during July greatly exceed oceanic values.

The CV of the O3 predictions are presented in
Fig. 12. In general, the values are low in the regions
of elevated O3, higher in the low concentration
regions. Interestingly, the O3 CVs are lower than
those for sulfate. The highest values are found along
the southern portion of the domain (i.e., over
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Fig. 12. The coefficient of variation (CV) for monthly mean near surfa

divided by the average, for the different seasons.
Southeast Asia). Differences in deposition or con-
vection likely explain the cause of the high CV, but
further study is needed to explain how these specific
mechanisms differ among the models.

The comparison of predicted and observed
monthly mean O3 within the common domain is
presented in Fig. 13. In general, the ensemble of
predictions captures the observed variations within
the regions (correlation coefficient of 0.6), although
the predicted variations tend to be lower than that
observed. Further details can be found in Han et al.
(2008), where a detailed comparison of O3 and its
precursors is presented. The effect of boundary
conditions on predicted O3 and sulfate within the
MICS-II domain is discussed in detail in Holloway
et al. (2008).
July 2001

5

0

5

0

5

95 100 105 110 115 120 125 130 135 140

March 2002

5

0

5

0

5

95 100 105 110 115 120 125 130 135 140

0.5 0.6 0.7

ce ozone, defined as the standard deviation of the modeled fields



A
R
TIC

LE
IN

PR
ES

S

Dec. 2001

10

20

30

40

50

60

70

80

14 15 16 17 18 19 21 22 23

Monitoring sites

O
3
 c

o
n
c
e
n
tr

a
ti
o
n
 (
p
p
b
)

Mar. 2001

10

20

30

40

50

60

70

80

14 15 16 17 18 19 20 21 22 23

Monitoring sites

O
3
 c

o
n
c
e
n
tr

a
ti
o
n
 (
p
p
b
)

Mar. 2002

10

20

30

40

50

60

70

80

14 15 16 17 18 19 20 21 22 23 30 31 32 33 40

Monitoring sites
O

3
 c

o
n
c
e
n
tr

a
ti
o
n
 (
p
p
b
)

July 2001

10

20

30

40

50

60

70

80

14 15 16 17 18 19 20 21 22 23

O
3
 c

o
n
c
e
n
tr

a
ti
o
n
 (
p
p
b
)

Monitoring sites

Obs M1 M2 M3 M4 M5

M6 M7 M8 M9 EMS

Fig. 13. The predicted and observed monthly mean near surface ozone concentrations over Japan. The locations of the observations sites are given in Fig. 1. Also shown is the

ensemble mean prediction (EMS).

G
.R

.
C

a
rm

ich
a
el

et
a

l.
/

A
tm

o
sp

h
eric

E
n

viro
n

m
en

t
4

2
(

2
0

0
8

)
3

4
6

8
–

3
4

9
0

3
4
8
7



ARTICLE IN PRESS
G.R. Carmichael et al. / Atmospheric Environment 42 (2008) 3468–34903488
5. Summary

The MICS-Asia Phase II study examined four
different periods, encompassing two different years
and three different seasons. Nine different regional
modeling groups simulated chemistry and transport
of O3, aerosols, acid deposition, and related
precursors using common emissions and boundary
conditions derived from the MOZART global
CTM. Model predictions were compared with each
other, and with measured concentration and deposi-
tion data provided by the recently established
EANET monitoring program.

Comparison with monthly averaged and daily
observations demonstrate that collectively the cur-
rent generation of CTMs is capable of representing
many of the main features of the distributions of
trace gases, aerosols, and acid deposition in East
Asia. The performance of the CTMs in East Asia is
similar to the performance of the models (and other
models) when applied to the other regions (McKeen
et al., 2005).

There were also significant differences between
the predictions from the various models, and these
were associated with differences in the details of the
model formulation, including parameterizations
and numerical methods. For example, the varia-
bility of predicted aerosol nitrate due to different
aerosol parameterizations tested in a single CTM
was found to be as large as the variability among the
different CTMs, taking into account all model
differences. These results suggest that a quantitative
attribution of the causes of differences between the
model predictions will require further sensitivity
tests to isolate individual processes (e.g., advection,
deposition).

The results from this study also suggest directions
for future model development. For example, most
of the dry deposition schemes used in the CTMs
were developed in USA/Europe and their para-
meterizations (e.g., seasonal categories, land use
information, etc.) may not be suitable for the Asian
region. The further development and testing of
parameterizations for Asia is needed. Boundary
conditions are another important source of uncer-
tainty in regional predictions in Asia. Driving
regional CTMs with boundary conditions from
global models tend to improve model performance,
and also provide more realistic spatial and temporal
variability. However, the global CTMs are them-
selves uncertainty, so improvements in model
performance will require reducing the uncertainties
in the boundary conditions. The demand to reduce
model uncertainty has important implications for
the observational network. In general, the perfor-
mance of the CTMs was better over Japan than over
other regions. This is due in part to the location of
Japan within the modeling domain, and to the high
density of measurements over Japan. In the western
portion of the domain, there are few measurement
sites. EANET has plans to expand the monitoring
network, especially for western region in China.

Finally an understanding of S/R relationships at
regional and hemispheric scales is important in
establishing effective emission management strate-
gies. As S/R relationships are often estimated using
CTMs, it is important to evaluate the uncertainty in
predicted S/R relationships. In MICS-I, we focused
on the intercomparison of predicted S/R relation-
ships for sulfur deposition. However, it is now
recognized that S/R for aerosol and O3 are
important in evaluating the contributions of local,
regional, and distant (hemispheric) sources. Re-
cently, an intercomparison study of S/R relation-
ships at hemispheric scales has been initiated by the
task force on hemispheric transport of air pollution
(as part of the convention on long-range transport
of air pollution), using global CTMs (www.hta-
p.org). These global scale studies will be useful for
assessing regional air quality, but they do not
replace the need for regional scale analysis. Regio-
nal models are needed to estimate S/R relationships
at regional scales, and to examine pollution and
precursor outflow to other areas. These regional
scale analyses also contribute to greater under-
standing of local air pollution problems, a major
problem for the rapidly growing megacities in Asia.
Clearly, links are needed to connect air quality
mechanisms across global, regional, and urban
scales. We plan to extend the MICS study to
include such topics in the future.
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