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Foreword 
 

The Center for Global Environmental Research (CGER) at the National Institute for 
Environmental Studies (NIES) was established in October 1990. CGER’s main objectives are 
to contribute to the scientific understanding of global change and to identify solutions for 
pressing environmental problems. CGER conducts environmental research from 
interdisciplinary, multi-agency, and international perspectives, provides an intellectual 
infrastructure for research activities in the form of databases and a supercomputer system, and 
makes the data from its long-term monitoring of the global environment available to the 
public. 

CGER installed its first supercomputer system (NEC SX-3, Model 14) in March 1992.  
That system was subsequently upgraded to an NEC Model SX-4/32 in 1997, and an NEC 
Model SX-6 in 2002. In March 2007, we replaced that system with an NEC Model 
SX-8R/128M16 in order to provide an increased capacity for speed and storage. We expect 
our research to benefit directly from this upgrade. 

The supercomputer system is available for use by researchers from NIES and other 
research organizations and universities in Japan. The Supercomputer Steering Committee 
evaluates proposals of research requiring the use of the system. The committee consists of 
leading Japanese scientists in climate modeling, atmospheric chemistry, ocean environment, 
computer science, and other areas of concern in global environmental research. In the 2010 
fiscal year (April 2010 to March 2011), twelve proposals were approved.  

To promote the dissemination of the results, we publish both an Annual Report and 
occasional Monograph Reports. Annual Reports give the results for all research projects that 
have used the supercomputer system in a given year, while Monograph Reports present the 
integrated results of a particular research program.  

This Monograph Report presents the findings of MICS-Asia project (Model 
InterComparison Study in Asia). They discussed the Asian atmospheric motion and air quality 
through the numerical experiments of Chemical transport models (CTMs), which were 
executed by the NIES supercomputers. In addition, they also discussed many elemental 
studies regarding the chemical transport caused by atmospheric motion. It is hoped that this 
report will contribute to the research on atmospheric motion and air quality using CTMs. 

In the years to come, we will continue to support environmental research with our 
supercomputer resources and disseminate practical information on our results. 

 
January 2011 

 
 
 
 
 
 
 

Yasuhiro Sasano 
Director 

 Center for Global Environmental Research 
National Institute for Environmental Studies 
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Preface 

Chemical transport models (CTMs) and their associated meteorological drivers have 
become essential tools for the interpretation of air quality data, exploration of pollution 
transport pathways, and assessment of the effects of long-range transport on air pollutant 
concentrations and dry and wet deposition in specific regions, including estimation of the 
contributions of emission sources to ambient pollution levels. CTMs provide science-based 
input into best alternatives for reducing pollution levels and for designing cost-effective 
emission-control strategies.  

To help develop a better common understanding of the performance and uncertainties of 
CTMs among all the EANET (Acid Deposition Monitoring Network in East Asia) countries, 
the MICS-Asia project (Model Inter-Comparison Study in Asia) has been carried out with the 
support of ACAP (Asian Center of Air Quality), which was founded by the Ministry of the 
Environment, Japan, and has been designated as the Network Center for EANET. Special 
features of MICS-Asia include new observational data obtained by EANET and the inclusion 
of inflow of air pollutants predicted by a global model. Scientists from Asia, the United States, 
and Europe have gotten together every year at IIASA (International Institute of Applied 
System Analysis), and, using common emissions data and boundary conditions, simulate the 
chemistry and transport of O3, precursors, sulfur dioxides, secondary aerosols and acid rain.  

In this volume of the CGER’s Supercomputer Monograph Report, we present the findings 
of MICS-Asia published in Atmospheric Environment, Special Issue of MICS-II, 2008 and 
the other authorized journals. Chapter 1 contains the overview of MICS-Asia findings. 
Chapters 2 to 4 contain, respectively, discussions on the characteristics of Asian atmospheric 
motion and air quality, thermal and mechanical influences of the massive Tibet plateau on 
Asian atmospheric motion, and effects of airborne particles, including yellow-sand and 
volcanic effluents, on air quality. Moreover, many fundamental processes, such as turbulent 
diffusion, air–sea interaction, land-surface process, dry- and wet-deposition processes, and 
aerosol dynamics have been investigated during this project. The first two processes are 
discussed in Chapters 5 to 7. On behalf of the members in the MICS-Asia project, I would 
like to thank those who are involved in maintaining the supercomputer at NIES and making it 
available for our project. It is our hope that this report will contribute to the progress of 
research on atmospheric motion and air quality and help in the effective management of the 
atmospheric environment through more widespread understanding of CTMs.  
 

January 2011 
 
 
 
 

 
Hiromasa Ueda 

Professor emeritus, Kyoto University 
Guest Professor, Toyohashi University of Technology 
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CHAPTER 1  MICS-Asia II: The Model Intercomparison Study for Asia 
Phase II Methodology and Overview of Findings  
 
(Published in Atmos. Environment, 42, 3468-3490, 2008. Reproduced by permission of Elsevier Ltd.) 
 

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 Environment. This overview discusses the major 
findings of the study, as well as information on common emissions, meteorological conditions, 
and observations. 

 
Keywords: Chemical transport model, Air quality modeling, Model intercomparison, Ozone, 
Aerosol 
 
1.1 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 predictions also have large uncertainties 
associated with: incomplete and/or inaccurate emissions information, lack of key 
measurements to impose initial and boundary conditions, physical and chemical processes 
missing from the model, and poorly parameterized 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 Intercomparison 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 source–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 significant 
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 
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understand these differences and to better understand 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 relationships, 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 evaluated. The S/R 
relationships were found to be most sensitive to uncertainties in the sulfur emission inventory, 
and secondarily to the driving meteorology. 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 Network 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 chemistry 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 parameterization, and analysis of 
emission fields. The design of the experiments and the analysis were coordinated through 
annual meetings held at the International 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 participating 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 information 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). 
 
1.2 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 
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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. 
 
1.2.1 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 1.1 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 modeling. 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. 1.1 was used in the preparation of emissions and 
baseline meteorology. Participant models differed in the extent of the region included in the 
simulation (Fig. 1.1), so detailed intercomparison of the models was limited to the sub-domain 
common to all the participating models (shown in Fig. 1.1 as M-3/M-4 domain). Also shown in 
Fig. 1.1 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 1.1) and options. M5 used RAMS 
(Pielke et al., 1992) with ECMWF reanalysis to generate its meteorological fields, whereas M6 
directly ingested ECMWF data with the same resolution (0.5°) as that in the CTM. 

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 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. 

(http://www.epa.gov/asmdnerl/CMAQ//www.epa.gov/asmdnerl/CMAQ/), one/www.epa.gov/asmdnerl/CMAQ/
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Fig. 1.1 The MICS-II study domain. Shown are the domains used by the individual models 
(described in Table 1.1). Also shown are the EANET observation locations used in the study. 
 

＊GANAL: Global objective analysis data developed by Japan Meteorological Agency.  

 

Table 1.1 Overview of the models that participated in the MICS-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  0.5°  MM5/GANAL＊ MOZART-II  Wesely (1989)  RADM  
M-4  110 × 60  0.5°  MM5/NCEP  MOZART-II  Wesely (1989)  Henry’s Law  
M-5  90 × 60  0.5°  RAMS/ECMF  Original  Wesely (1989)  Fixed rate  
M-6  166 × 134  0.5°  ECMWF  MOZART-II  Engardt (2000)  Berge (1993)  
M-7  166 × 144  45 km  MM5/GANAL＊ MOZART-II  Wesely (1989)  RADM  
M-8  121 × 61  45 km  MM5/GANAL＊ MOZART-II  Wesely (1989)  Sportisse and DuBoi (2002)  
M-9  164 × 97  36 km  MM5/NCEP  GEOS-Chem  Wesely (1989)  Henry’s Law  
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1.2.2 Emissions 
Common emissions were prepared for the intercomparison study for sulfur dioxide (SO2), 

nitrogen oxides (NOX), carbon monoxide (CO), total particulate matter (PM10 and PM2.5), black 
carbon (BC), organic carbon (OC), ammonia (NH3), methane (CH4), and non-methane volatile 
organic compounds (NMVOC) from anthropogenic sources (area sources and SO2 point 
sources), biomass burning, and volcanoes, aggregated on a grid with 0.5° 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 300 m for large point sources and 1,500 m 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 emissions as 
described below. 
 
1.2.2.1 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. 1.2. 
These figures show the emissions for the various periods, separately disaggregated for three 
major regions: Northern China, Central China, and Southern China. Table 1.2 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 1.2 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 1.2 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 December 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. 
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Fig. 1.2 Estimated changes in anthropogenic emission between the TRACE-P inventory and the 
four MICS-II analysis months for SO2, NOX, NMVOC, and NH3. 
 
 
Table 1.2 Differences in anthropogenic emissions relative to the year-2000 TRACE-P average 
(%). 
 
 March 2001 July 2001 December 2001 March 2002 

NOX 
SO2 
NMVOC 
NH3 

12.3 
8.9 

22.8 
8.3 

7.8 
0.9 
1.2 

26.7 

16.5 
15.8 
38.9 

-25.4 

22.5     
19.2     
31.4     
15.9     

 
1.2.2.2 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: 139.53°E, 34.08°N, 813 m 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 Meteorological Agency (SVD-JMA) has performed continuous 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 1.3 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 periods. The SO2 emissions decreased with time 
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but increased again in March 2002. Smoke height varies from 100 to 2,000 m and the average, 
maximum, and standard deviation decreased over time. 
 
Table 1.3 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 
Stdev 
Min 
Max 
Med 
 

Smoke height (m) 
Ave 
Stdev 
Min 
Max 
Med 

 
27,350    
12,590    
12,100    
45,900    
24,850    

 
 

758.7  
428    
100    

2,000    
700    

 
14,610    
3,478    

10,100    
21,600    
13,400    

 
 

563.8  
297    
100    

1,600    
500    

 
12,960    
2,659    
9,000    

19,200    
13,050    

 
 

481.0  
310    
100    

1,700    
400    

 
15,880    
6,267    
6,900    

23,400    
18,350    

 
 

446.1  
246    
100    

1,200    
400    

 
 
1.2.2.3 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 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. 
 
1.2.2.4 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, 
EAGrid2000-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 (0.5°×0.5°) 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 
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in the grid-based inventories were greater. 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). 
 
1.2.3  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), Geophysical 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 
2.8°×2.8° 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 meteorology reflects climatologically 
representative conditions, 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 interpolated 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 measurements 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). 
 
1.2.4 Observation data 

The model predictions were compared to the observational data from EANET. Historically, 
the 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 understanding of 
the mechanisms underlying these observed patterns, EANET supported the current activities 
MICS-II, in collaboration with the IIASA, and participating groups.  
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Fig. 1.1 shows the location of EANET monitoring sites in 2002 for wet deposition and air 
concentrations 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 evolution 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. 
 
1.2.5 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 supplied 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 6000 m 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 described 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 (Re), Sado-seki (Re), Happo (Re), Oki (Re), Hedo (Re), Tanah-Rata (Re), Terelj 
(Re), Los Banos (Ru), Cheju (Re), Mondy (Re), Samtprakarn (Ur), Hoa-binh (Ru).  
(6) Additional special comparisons were conducted for selected periods. These included 

 http://www.adorc.gr.jp/adorc/mics.html for d http://www.adorc.gr.jp/adorc/mics.html
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comparison with TRACE-P aircraft data, high-resolution aerosol measurements at Fukue, and 
ozone-sonde profiles. 
 
1.3 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 simulations. We then compare the 
meteorological fields used by the different groups with observed meteorology.  

 

 
Fig. 1.3 Monthly mean distributions of temperature and horizontal winds at near surface (a) and 
at 3,000 m above surface (b) for the four-month-long periods of study based on the MICS-II 
reference MM5 calculation. 
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Fig. 1.3 (Continued) 
 
 

1.3.1 General overview of meteorological conditions for the study periods 
Monthly mean near surface temperature and wind vectors are shown in Fig. 1.3 and total 

precipitation is shown in Fig. 1.4. 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. 

Characteristic of typical summertime conditions, July shows warm temperatures and high 
levels of precipitation. Unusually high temperatures occurred 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. Southerly 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 characterized by cold and low precipitation conditions. In 
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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. 

 

 
Fig. 1.4 Total accumulated monthly precipitation for the 4-month-long periods of study based on 
the MICS-II reference MM5 calculation. 
 
1.3.2 Comparison of modeled and observed meteorological fields 

The predicted meteorology was evaluated against radiosonde observation over Japan at 
four sites (Naha, Yonago, Wajima, and Wakkanai). The performance of the various models as 
a function of altitude is shown in Fig. 1.5, 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 soundings) are presented. (Please 
note that not all individual modeling groups simulated all four periods or simulated 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 correlation 
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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 correlation 
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coefficients between predicted and measured temperature were greater than 0.98 for all 
models and bias errors within 1.0° for all seasons.  

 
Fig. 1.5 Comparison of the predicted and observed (a) temperature and RH and (b) wind speed 
and direction. Observations are from radiosonde observations over Japan at four sites (Naha, Yonago, 
Wajima, and Wakkanai). The correlation coefficient, root mean square error, and mean bias at four 
altitudes are shown (values are for all four sets of sondings and all four months combined). 
 

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 differences between model predictions reflect differences in 
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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 parameters, there is no clear difference between these models. 

The characterization of the near surface meteorology is also important, and is needed to 
help interpret the differences between predicted and observed pollutant levels at ground-based 
measurement 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. 1.6. RH is an important parameter that plays a 
significant role in a variety of atmospheric chemistry, 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 meteorology 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. 
 
 

Fig. 1.6 Comparison of predicted and observed monthly mean surface RH over a land area 
centered around Chongqing and a coastal region centered around Hong Kong for March 2001. 
The height of the lowest model layer for each model is also given. 
 
 
1.4 Results and discussion 
 

The details of the results from the intercomparison 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 we restrict the 
discussion to the sub-domain covered by all the models, i.e., 90°E–140°E, 20°N–50°N.  
 

1.4.1 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 
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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 benchmark for the 
intercomparison results. The prediction and observed monthly mean values of SO2 for the 4 
study months are shown in Fig. 1.7. 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 distributed emission inventory. Seasonal differences in SO2 ambient levels are shown, 
with northern sites 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 observations. 
Further details are presented in Han et al. (2008). 

Fig. 1.8 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 standard 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 6μg m-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 low sulfate 
concentrations, but of these concentrations, 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 35°N 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 consistently 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., coagulation, 
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 
participating models. As discussed in Sartelet et al. (2008), the variability of predicted sulfate 
concentrations to aerosol module parameterizations was lower than the variability to the use 
of different CTMs. However, for nitrate, the variability among the CTMs was of the same 
order of magnitude as the variability due to different aerosol parameterizations. 
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Fig. 1.8 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 (CV) 
is defined as the standard deviation of the modeled fields divided by the average. 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
Fig. 1.9 The ensemble mean near surface monthly mean total sulfur deposition amounts (as 
sulfate) for the different seasons. 
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The ensemble mean total deposition of sulfur for the four periods is shown in Fig. 1.9. 
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 1000 mg m-2 

(as sulfate). The 
distribution of deposition of sulfur in winter is similar to spring. Wet deposition of sulfate and 
dry 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. 1.10. The observations generally reflect the spatial 
patterns shown in Fig. 1.9, 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 with observations, with a correlation coefficient of 0.73. Wang et al. (2008) further 
discusses sulfur deposition along with nitrate and ammonium deposition. 

 

 
Fig. 1.10 The predicted and observed monthly mean sulfate wet deposition amounts (as 
sulfate) at various sites (see Fig. 1.1 for locations) for March and July 2001. Also shown is the 
ensemble mean predictions (EMS). 
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1.4.2 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 sulfur chemistry, highlighting additional aspects of 
the model for evaluation, especially, VOC and NOX emissions and photochemistry. The 
spatial distribution of MICS-II ensemble mean surface O3 is presented in Fig. 1.11. 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 minimum O3 values over northeast 
China and the Korean Peninsula. In March, these areas show typical concentrations of 40 ppb 
or lower. The O3 distribution shows local minima in O3 over large cities, and over Japan, 

 

 
Fig. 1.11 The ensemble mean surface monthly mean ozone concentrations for the different 
seasons. 
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reflecting titration due to high NOX emissions. The mean fields for the two March 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 concentrations during July greatly 
exceed oceanic values.  

The CV of the O3 predictions are presented in Fig. 1.12. 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 Southeast Asia). Differences in deposition or convection 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. 1.13. 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). 
 

 

 
Fig. 1.12 The coefficient of variation (CV) for monthly mean near surface ozone, defined as 
the standard deviation of the modeled fields divided by the average, for the different seasons. 
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1.5 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 deposition 
data provided by the recently established EANET monitoring program. 

Comparison with monthly averaged and daily observations demonstrate that collectively 
the current 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 variability 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 parameterizations (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 
uncertainty 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 themselves 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 performance 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 strategies. 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 relationships 
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. Recently, 
an intercomparison study of S/R relationships 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.htap.org). These global scale studies will 
be useful for assessing regional air quality, but they do not replace the need for regional scale 
analysis. Regional 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 

(www.htap.orgap.org). These global scale studies willap.org
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contribute to greater understanding 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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Abstract 
 

A size-segregated aerosol model that includes most of the major physical processes 
(generation, transport, and dry and wet deposition) is developed. This model is coupled with a 
Regional Air Quality Model (RAQM) and is applied to simulate Asian dust storms during the 
10-day period of 15 – 24 March 2002. A nonhydrostatic mesoscale model (MM5) is used to 
provide meteorological fields. Model results are verified by available observational data 
including surface weather observations and size-segregated particle concentrations. The 
validation demonstrates a good capability of this model system in capturing most of the key 
features of dust evolution and reproducing the particle mass size distribution along the 
transport pathway of soil dust. An apparent feature has been both observed and reproduced by 
the model, showing a shift of size range with peak mass concentration from coarse mode to 
finer mode on the pathway from source regions to distant downwind areas. The maximum 
dust concentration averaged over 10 days is simulated to be 3,000μg m-3 over the southern 
China-Mongolia border. Total dry deposition of soil dust for 10 days is up to 30 g m-2 in the 
Gobi desert along the southern China-Mongolia border. Distribution and magnitude of 
particle deposition are strongly dependent on both concentration and size-segregated dry 
deposition velocity and scavenging rate. While dry deposition dominates the removal of dust 
particles in or in the vicinity of source regions, the influence of wet deposition increases along 
the transport pathway of soil dust, with high removal efficiency for coarser particles (>2 μm) 
and very low efficiency for particles in the accumulation mode. Of the total dust emission 
(43.2 megatons), about 71% is redeposited onto the underlying surface by the dry deposition 
process, 6% is removed by the wet deposition process, and the remaining 23% is suspended in 
the atmosphere or subject to long-range transport. 
 
Keywords: Asian dust, Aerosol model, Particle size segregation, Dry and wet deposition, 
Dust budget 
 
2.1 Introduction 
 

Asian soil dust originating from continental arid or semiarid areas has received much 
concern in the past 2 decades because of its significant influence on air quality, 
biogeochemical cycles, radiation balance, as well as Asian monsoon and climate changes 
(Duce, 1995; Tegen and Fung, 1994; Zhang et al., 1998; Sokolic et al., 1998). A number of 
observations have been carried out to investigate the physical and chemical properties of soil 
dust aerosols (Mori et al., 2002; R. Zhang et al., 2003; X. Zhang et al., 2003). Numerical 
models with respect to soil dust aerosols have also been developed in recent years and have 
been utilized to study the deflation, transport, and budget of soil dust on a regional (East Asia) 
and a continental scale (from Asia to North America) (Gong et al., 2003; Shao, 2001; Shao et 
al., 2003; Wang et al., 2000; Park and In, 2003; Uno et al., 2001; Liu et al., 2003; Song and 
Carmichael, 2001). Much progress and success has been achieved in recent years from the 
above studies of dust-related topics. However, uncertainties still remain because of the 
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deficiencies in our understanding of the behaviors of soil dust aerosol. 
Simulation of soil dust aerosol involves a series of complex processes including deflation, 

transport, dry and wet deposition, as well as potential heterogeneous reactions taking place on 
the aerosol surface. Among these processes, the removal process plays an important role in 
determining aerosol budget. It not only directly affects the residence time and evolutionary 
pattern of particles in the atmosphere, but also finally determines the sink of particles. The 
removal is also a very complex process, which is highly nonlinear, and size-dependent; for 
example, the dry deposition process is strongly dependent upon the meteorological condition, 
the underlying surface, as well as the property of particles (Sehmel, 1980; Chamberlian, 1983). 
However, these processes are often simplified in previous studies; some semiempirical 
expressions or generalized formulas are applied to all particle size bins, and wet removal is 
just represented by a scavenging rate which is scaled to precipitation rate and is independent 
of size bins. Although the total dust mass load may be well simulated, some of the key 
features of the deposition process are inevitably lost (Giorgi, 1986). As a result, uncertainties 
still remain in the current understanding of particle size distribution and budget. Therefore it 
is necessary to represent these deposition processes more realistically in the aerosol model for 
better understanding and further investigation of aerosol behaviors and budget. 

The size distribution property of aerosol determines its residence time in the atmosphere 
and is an important indicator in assessing the influence of aerosol on radiation and cloud 
processes. Aerosol removals by dry deposition and precipitation represent important 
processes, which dominate the size distribution and sink of aerosols. Deposition of soil dust 
can be tremendously enhanced during dust storm episodes and has large impacts on our social 
activity and ecosystem. Deposition of soil dust over oceans may provide abundant nutrients 
for phytoplankton that can release dimethyl sulfide (DMS), which in turn may serve as 
condensation nuclei of cloud and possibly be involved in a climate feedback loop (Charlson et 
al., 1987; Brasseur et al., 1999). Because of the very dry air mass behind the cold front and 
the relatively small precipitation during dust episodes, especially over source regions, dry 
deposition is considered to dominate the total removal of dust particles, and wet deposition is 
often ignored or estimated by using the simple approaches mentioned above. Thus the wet 
deposition process during dust periods is still less understood. Recent work (Zhao et al., 2003) 
shows the significance of wet deposition on the transpacific transport pathway of Asian dust. 

Asian aerosols in springtime actually result from a combination of mineral soil dust, sea 
salt and anthropogenic sources. During the outbreak of a dust storm, soil dust aerosols take up 
most of the total mass loadings and have an overwhelming impact. Aerosols collected in 
coastal areas of Japan always show a high proportion of sea salt (Fujita et al., 2000); the 
northwestern Pacific Ocean is thought to be a most important region of sea salt production 
and needs further investigation. In this study, an aerosol model is developed and utilized to 
study the transport and deposition processes of aerosols during the severe dust periods on 15 – 
24 March 2002 in East Asia. Our focus is placed on (1) detailed validation of size-segregated 
mass concentrations, (2) investigation of the variability of particle mass size distribution 
along the transport pathway of soil dust, and (3) size-segregated dry and wet deposition flux, 
as well as dust mass budget. Quite a few observational data have been collected and used to 
evaluate the simulation results and model capability. The spatial distribution and magnitude 
of soil dust and sea-salt particles, the features in the size distribution of airborne particles, dry 
and wet depositions, as well as the dust budget in East Asia for a period of 15 – 24 March 
2002 and during a severe dust storm on 19 – 23 March 2002 are simulated and analyzed in 
this study. 
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2.2 Model description 
 

An aerosol model, which is fully size-dependent, has been developed in this study. It 
includes most of the key physical processes of aerosol: emission generation, transport and 
diffusion, and dry and wet removals. Dust emission plays an important role in dominating 
dust loading and depositions. Many studies have been conducted to improve the 
understanding of the mechanism of dust emission and to enhance the accuracy of dust 
emission prediction. There are presently two types of dust emission models used for dust 
transport simulation. The first type is a physically explicit model, which represents 
sophisticated mechanisms of dust production (Marticorena and Bergametti, 1995; Shao, 2001). 
This type of model is physically sound and promising, but there are some difficulties in the 
application of this kind of model in East Asia because some of the basic parameters, such as 
particle size distribution for various erodible soil types, were unavailable until now. Another 
type of emission model is developed based on the analysis of physical and meteorological 
parameters in relation to dust mobilization using surface observations. For this approach, 
threshold values of friction velocity, soil or near-surface water content for various soil types 
have been investigated and used as key components for the initialization of dust deflation. 
This type of model is empirical or semiempirical, and it is relatively easier to apply in practice 
(Liu et al., 2003; Park and In, 2003). 

In this study, soil dust emissions are estimated mainly based on the approach of Gillette 
and Passi (1988). Dust flux is calculated through the following formula: 

,)1()1( **
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* ti

t uuRif
u
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uCF ≥−×−×=                             (2.1) 

where u* and u*t are the friction and threshold friction velocities and C is a constant (1.4 
×10-15) which is calibrated from field studies by Gillette and Passi (1988). Reduction factors 
are introduced, considering that dust emission can be reduced by vegetation cover in source 
regions (In and Park, 2002; Westphal et al., 1987). Ri and fi are the reduction factor and 
fractional coverage of i type of vegetation in a model grid. In this study, Ri is taken as 0.6 for 
grass, 0.7 for shrub and 0.1 for barren or sparsely vegetated land, derived from Park and In 
(2003). 
 
Table 2.1 Particle size ranges and mass size distributions of vertical dust flux for three major 
desert regions of China used in this study. 
 
           Size range in      Middiameters,                 MSDs, %             
Bin        Diameter, μm      μm                AQJ         DH        ZBT 

1 
2 
3 
4 
5 
6 
7 
8 
9 
10 

0.43-0.65 
0.65-1.1 
1.1-2.1 
2.1-3.3 
3.3-4.7 
4.7-7.0 

7.0-11.0 
11.0-17.5 
17.5-27.0 
27.0-42.0 

 
 
 
 
 
 
 
 
 
 

0.53 
0.84 
1.52 
2.63 
3.95 
5.76 
8.85 

14   
21.5  
34   

0.03 
0.06 
0.09 
0.10 
0.10 

  0.11 
0.08 
0.11 
0.14 
0.18 

0.03 
0.05 
0.10 
0.12 
0.14 
0.15 
0.18 
0.09 
0.06 
0.08 

0.03        
0.04        
0.09        
0.10        
0.13        
0.19        
0.22        
0.05        
0.07        
0.08        
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Fig. 2.1 Soil dust source regions in the model domain and specific monitoring sites. 

 
Fractional coverage for each grid is obtained from the U.S. Geological Survey (USGS) 

satellite data with a horizontal resolution of 5 min. Land use data are derived from 
Normalized Difference Vegetation Index (NDVT) retrieved land cover classification by 
DeFries and Townshend (1994). Three major categories of bare ground, bare ground with 
little shrubs and plain with low grass in this data set represent most of the arid and semiarid 
areas in East Asia. Erodible areas are further identified in terms of the soil maps used in Gong 
et al. (2003) and Park and In (2003). Dust deflation is confined to erodible areas. The 
threshold friction velocities above which dust deflation initiates are chosen as 0.4, 0.5, and 
0.65 ms-1 for the three categories of source regions mentioned above, based on previous 
studies and analysis of sensitivity model simulations (Gillette and Passi, 1988; Westphal et al., 
1988; In and Park, 2002). The occurrence frequency of dust deflation has been found to 
apparently decrease with increasing relative humidity (Wang et al., 2000; Park and In, 2003). 
This implies that relative humidity could be taken as an indicator for dust deflation in Asian 
source regions. In this study, dust deflation is allowed in source regions when near-surface 
relative humidity is less than the upper limits, which are 0.5, 0.5, and 0.4 for the above three 
categories of source regions. Coagulation is not included in the current aerosol model because 
it is not an important process during dust periods when larger particles dominate (Westphal et 
al., 1988; Song and Carmichael, 2001; In and Park, 2002). 

In this study, particles with diameter ranging from 0.43 to 42 μm are grouped into 10 size 
bins in terms of the eight stages of aerosol sampler, with three additional size bins above 1l 
μm for larger particles. Table 2.1 lists the particle size ranges in this study. The size 
distribution of dust emission is an important parameter in achieving a soil dust simulation. In 
this study, the total dust emission flux is apportioned to each size bin based on the up-to-date 
observational findings on the size distribution of vertical dust flux from Chinese major source 
regions during the Aerosol Characterization Experiment–Asia (ACE-ASIA) which was 
carried out in spring 2001 (Zhang et al., 2003). A lognormal fit was found in the size 
distribution of vertical dust flux between 0.25 μm and 16 μm through the analysis of a series 
of measurements. Table 2.1 presents mass size distributions (MSDs) (in percentage) of 
vertical dust flux for three major desert regions: AQJ (Arksu, Qira, and Jartai), DH 
(Dunhuang), and ZBT (Zhenbeitai). MSDs are assigned to total dust emission in each source 
region according to their locations. 
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This implies that relative humidity could be taken as an indicator for dust deflation in Asian 
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relative humidity is less than the upper limits, which are 0.5, 0.5, and 0.4 for the above three 
categories of source regions. Coagulation is not included in the current aerosol model because 
it is not an important process during dust periods when larger particles dominate (Westphal et 
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In this study, particles with diameter ranging from 0.43 to 42 μm are grouped into 10 size 
bins in terms of the eight stages of aerosol sampler, with three additional size bins above 1l 
μm for larger particles. Table 2.1 lists the particle size ranges in this study. The size 
distribution of dust emission is an important parameter in achieving a soil dust simulation. In 
this study, the total dust emission flux is apportioned to each size bin based on the up-to-date 
observational findings on the size distribution of vertical dust flux from Chinese major source 
regions during the Aerosol Characterization Experiment–Asia (ACE-ASIA) which was 
carried out in spring 2001 (Zhang et al., 2003). A lognormal fit was found in the size 
distribution of vertical dust flux between 0.25 μm and 16 μm through the analysis of a series 
of measurements. Table 2.1 presents mass size distributions (MSDs) (in percentage) of 
vertical dust flux for three major desert regions: AQJ (Arksu, Qira, and Jartai), DH 
(Dunhuang), and ZBT (Zhenbeitai). MSDs are assigned to total dust emission in each source 
region according to their locations. 
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The generation of sea-salt aerosols is estimated by using the formula of Monahan et al. 
(1986) in which both bubbles and spume mechanisms are included. The flux, which 
represents sea-salt droplet generation rate from bubble per unit area of sea surface, per 
increment of droplet radius, is given by (r < 10 μm) 
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where r is droplet radius and U10 is the wind speed at 10 m. The spume mechanism has not 
been used because it tends to overpredict the flux for larger particles (r > 10 μm). Sea-salt 
particle is divided into eight size bins in accordance with the first eight bins in Table 2.1. In 
the size range 0.43 – 17.5 μm, sea-salt generation is dominated by indirect mechanism (via 
bubbles). 

Dry deposition velocity is represented by size-dependent parameterizations in this model 
with respect to different categories of underlying surface. Dry deposition velocity of 
particle is expressed as the inverse of the sum of resistant plus a gravitational settling term: 
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where ra is aerodynamic resistance above canopy, rb is quasi-laminar layer resistance, rc is 
surface resistance, which is assumed to be zero, and 100% capture by surface for particles. 
Gravitational settling velocity is calculated as: 
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where dp and ρp are the diameter and density of particle, respectively, μ is air dynamic 
viscosity, g is the gravitational acceleration, and C is slip correction factor, which is expressed 
as: 

,)4.0257.1(21 2
1.1
λλ pd

p

e
d

C
−

++=                                         (2.5) 

where λ is the mean free path of air molecule. The aerodynamic resistance ra is calculated by 
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Here Zr is set as the height of first model layer, Z0 is roughness length, hψ  is the similarity 
function for heat, k is von Karman constant, and u* is the friction velocity. 

Quasi-laminar resistance rb is largely dependent upon Brownian diffusion, interception, 
and impaction. Parameterizations on three major categories of land use (smooth land, 
vegetative and water surface) are considered in this aerosol model to realistically represent 
dry deposition process. For smooth surfaces, which are represented by ice, snow, desert or 
bare soil, rb is calculated based on the approaches of Seinfeld and Pandis (1998): 
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where u* is the friction velocity, Sc = ν/D is Schmidt number, St is the Stokes number, and 
here St = u*

2vg/gν (Giorgi, 1988). ν  is kinematic viscosity of air, and D is Brownian 
diffusivity coefficient. For vegetative surfaces (forest, crop, grass, mixing woodland, etc), 
we adopt the scheme of Zhang et al. (2001) which is developed based on the work of Slinn 
(1982): 
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,])(/[1 *0 REEEur inimbb ++= ε                                          (2.8) 
Eb, Eim and Ein are the collection efficiencies from Brownian diffusion, impaction and 

interception, respectively, ε0 is an empirical constant, and R is the fraction of particles 
sticking to the surface, representing bound-off of coarse particles. Detailed description can be 
found in Zhang et al. (2001). Bounce-off of particles for dry underlying surfaces is 
accounted based on the expression suggested by Slinn (1982): 

.]exp[ 2/1StR −=                                                      (2.9) 
No particle rebound from wet or water surface is assumed. 
Over sea or ocean surfaces, the quasi-laminar boundary layer (QBL) is supposed to be 
disrupted by bursting bubbles, resulting in an increase in downward movement of particles. 
We use the approach of van den Berg et al. (2000) in which resistance rb is determined by 
Brownian diffusion and impaction when the QBL is intact, and by turbulence and the 
washout velocity of particles by spray drops when the QBL is broken down: 
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where abb is the relative area with bursting bubbles, Vb is Brownian diffusion velocity, Vi is 
impaction velocity, Vw is the washout velocity, Va=1/ra. 
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where Re is the Reynolds number (Re = u*Z0/ν) and C is a constant (=1/3). 
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where Ec is the collection efficiency (=0.5) of the spray drops. 2πrsd
2 is the area of spray drops, 

Z is the average height reached by spray drops (=50 m), and Fsd is the flux of spray drops 
(=500×104 m-2s-1). The area of bursting bubbles abb can be approximated by the area covered 
with whitecaps, which is 
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where u10 is the wind speed at 10 m height. 
Below-cloud scavenging (BCS) of particles between cloud base and ground surface plays 

an important role in wet removal process. In-cloud removal process is not taken into account 
in this version of aerosol model with respect to its very small contribution to total wet 
removal of particles (r > 0.5 μm) (Gong et al., 1997a, 1997b). BCS is parameterized based on 
the expression of scavenging rate of Slinn (1984) as follows: 

,/),()( mmii RRrEpcr =ψ                                               (2.15) 
where p is precipitation rate (mm h-1) and Ē (ri, Rm) is the mean collision efficiency of particle 
by hydrometeor, which can be calculated by the following expression: 
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where Re is the Reynolds number of hydrometeors, Sc and St are Schmidt and Stokes 
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where Re is the Reynolds number of hydrometeors, Sc and St are Schmidt and Stokes 

CGER-I098-2011, CGER/NIES 

 - 31 - 

numbers of particles, and here Sc = ν /D, St = τ  (vt - vg)/Rm. τ  is the characteristic relaxation 
time of the particles. vt and vg are terminal velocities of hydrometeors and particles. K = ri /Rm, 
ri and Rm are radii of particles and hydrometeors. ω = μw/μa, μw and μa are the viscosities of 
water and air, respectively. Parameterization of below-cloud scavenging described above 
includes the main capture processes of aerosol by falling hydrometeor through Brownian 
and turbulent shear diffusion, interception and inertial impaction. 

The aerosol model is embedded into a Regional Air Quality Model (RAQM) to solve 
transport and diffusion processes. RAQM utilizes a spherical terrain-following sigma 
coordinate. An accurate mass conservative, peak-preserving algorithm is used to solve a 
three-dimensional mass conservative equation with a time-splitting method (Carmichael et 
al., 1986; Walcek and Aleksic, 1998). The vertical eddy diffusivity is parameterized in terms 
of the approach of Byun and Dennis (1995), which has been used in a Regional Acid 
Deposition Model version 2.6 (RADM 2.6). RAQM has been used to study the impacts of 
volcanic emissions on sulfur oxides (An et al., 2003). 

A nonhydrostatic, fifth-generation mesoscale model meteorological fields include wind, 
temperature, humidity, surface pressure and other surface parameters. The FDDA technique 
is used in running MM5. Several main physical processes are parameterized by specific 
options such as the MRF scheme for the boundary layer, the Kain-Fritsch scheme for 
convective motion, the cloud cooling scheme for radiation, etc. NCEP reanalysis data, four 
times a day with 1°×1° resolution, are used for initial and boundary conditions. 
Twenty-three levels are unequally distributed in vertical direction from ground to 100 hPa 
level, whereas horizontal resolution is selected as 50 km. MM5 outputs are appropriately 
interpolated from Lambert projection to spherical coordinate of RAQM. 

 
2.3 Model parameters and observation data 
 

The model domain for this study is from 75° to 145°E, and 20° to 50°N, including almost 
all desert regions in East Asia. Fig. 2.1 shows the modeling domain, major dust source 
regions and monitoring sites in this study. The horizontal grid resolution of air quality model 
is 0.5°×0.5°. Twelve vertical layers stretch unequally from the ground to 10 km with the first 
half layer being 50 m above ground. Three-day initialization prior to formal integration is 
carried out with initial dust concentration being zero. The formal integration period is from 15 
to 24 March 2002. Anthropogenic primary emission of PM10 has been also taken into account 
in simulation to provide a background aerosol concentration from anthropogenic origin. The 
human-induced PM10 emission for the year 2000 with 0.5°×0.5° resolution is derived from the 
Center for Global and Regional Environmental Research (CGRER). This emission rate is 
distributed to each size bin according to the observed evidence of mass size distribution of 
airborne aerosol during a nondust period in March 2002. 

Various observational data are used to verify the spatial distribution, temporal variation, 
as well as mass size distribution of particles. These data include surface station weather 
observations from the World Meteorological Organization (WMO) SYNOP bulletins, PM10 
concentrations at four big Chinese cities derived from the State Environmental Protection 
Administration (SEPA) of China, PM10 and PM2.5 concentrations at five remote monitoring 
sites of the Acid Deposition Monitoring Network in East Asia (EANET), mass size 
distribution of aerosol collected by Andersen sampler at Beijing and Qingdao, China, and 
particle number concentration measured by optical particle counter (OPC) at Nagasaki, Japan. 
An Andersen sampler (AN-200) manufactured by Shibata Scientific Co., Ltd., was employed 
to collect size-separated particles at both Beijing and Qingdao. The flow rate was maintained 
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at 28.3 L min-1 to achieve ideal size separation. The Andersen sampler has eight cutoff 
diameters of 11, 7.0, 4.7, 3.3, 2.1, 1.1, 0.65, and 0.43μm, PF050 polyflon filter (Advantec Co., 
Ltd.) and 2500QAT-UP quartz filter (Tokyo Dylec Co., Ltd.) were used in AN-200. The 
sampling site at Beijing is on the top of a two-story building (8 m above ground) which is 50 
m west of the 325 m Meteorological Tower (116°22′E, 39°58′N). Qingdao is a coastal city on 
the major transport pathway of soil dust from the continent to the western Pacific Ocean. The 
sampler is placed on the roof of a three-storey building of Ocean University of China 
(120°19′E, 36°06′N). This building is located on a small hill near the seashore, with the 
altitude of 65 m above the ground. An optical particle counter (RTON, KC-01B) was used to 
measure number size distribution of particles at Nagasaki University (129.9°E, 32.8°N). 
KC-01B has five channels with size ranges of 0.3 – 0.5, 0.5 – 1.0, 1.0 – 2.0, 2.0 – 5.0 and 
>5.0 μm in diameter. The aerosol index from the Total Ozone Mapping Spectrometer 
(TOMS) is one of the data sets for model results evaluation, but the quality of TOMS data for 
this period is so poor that extreme dust deflation processes over Asian source regions cannot 
be retrieved (Shao et al., 2003); thus we do not use this data set for model validation. 
 
2.4 Model validation and results 

 
2.4.1 Review and validation of soil dust fluxes with surface dust-rise observation 

In March 2002 there are two nearly consecutive dust storms that have been clearly 
documented in downwind areas. Fig. 2.2 presents a time series of surface PM10 concentrations 
at the Sado-seki monitoring site, Japan, where two dust storms on 18 March and 22 March are 
clearly displayed. Fig. 2.3 shows the spatial distribution and temporal evolution of dust 
emission fluxes, 10 m wind vectors, as well as observed dust-rises at or near the weather 
stations, derived from WMO 6 hourly surface weather observations. The first dust storm was 
initiated from the southeastern China-Mongolia border on 15 March (Fig. 2.3a) and lasted 
about 2 days, mainly influencing northern and eastern parts of China and portions of the 
western coast of Japan. Dust-rise was also observed and predicted in the western Kumtag 
desert. Another evident dust deflation process was initiated around 1200 LST 16 March 2002 
from western Inner-Mongolia (near 98°E, 39°N), with dust flux exceeding 2,500 μg m-2s-1, 
influencing several downwind cities such as Lanzhou and Xinin where severe degradation of 
air quality was reported. Owing to the anticyclonic southeastward transport pattern, this dust 
storm just affected certain regions west of China, and it was mostly a localized dust storm. 
The second dust storm was regarded as the strongest dust storm within the past decade in 
terms of the magnitude of dust concentration in downwind areas. It swept over most parts of 
China, with its evident influence reaching Shanghai, and even some portions of southern 
China. Broad downwind areas including the Korean peninsula, Japan and the western Pacific 
Rim experienced abrupt and tremendous elevation of aerosol concentrations under the 
prevailing eastward continental outflow. This dust storm originated from the Gobi desert near 
the southern China-Mongolian border on 19 March (Fig. 2.3b) associated with a strong cold 
front moving southeastward. Soil dust was reuplifted over the southeastern China-Mongolia 
border on 20 March (Fig. 2.3c). On 21 March, major dust generation occurred over semiarid 
areas north of Beijing and Shanxi province (Fig. 2.3d), northern Inner-Mongolia, the eastern 
part of the Kumtag desert, as well as the southern fringe of the Taklimakan desert, affecting a 
large portion of northern China, a part of western China and the whole Korean peninsula. In 
general, modeled dust deflation shows a good agreement with reported dust-rise in terms of 
spatial distribution and temporal evolution, except for some isolated areas in northeastern and 
central China where soil sources are mostly localized. During this period, dust deflation is 
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much lower in the Taklimakan desert than in other major source regions of East Asia.  
Dust emission of this study shows a general agreement with that of Park and In (2003) for 

the second dust storm period (19 to 23 March). Location and timing of dust deflation are quite 
similar, in particular, dust-rise in semiarid areas north of Beijing on 21 March are well 
reproduced by both models. However, there are relatively large differences for the intensity of 
dust emission. The maximum of dust emission predicted by Park and In (2003) reaches 
12,000 μg m-2s-1 in mixed soil regions on 19 March, whereas the maximum in this study is 
about 3,500 μg m-2s-1 in the Gobi desert of southern Mongolia. Shao et al. (2003) conducted a 
real-time numerical prediction of Asian dust over a domain similar to this study for March 
and April 2002. In most cases, our predicted dust emissions are consistent with Shao et al. 
(2003). Both models have predicted major dust deflations over southern Mongolia and 
northern Inner-Mongolia on 19 March, the southeastern China-Mongolia border on 20 March, 
north of Beijing, western Inner-Mongolia (Badain Juran, Tengger and Ulan Buh desert) and 
the eastern Kumtag desert on 21 March. However, the dust emission in the Tulufan basin on 
19 March appears to be underpredicted in this study, probably due to the inaccuracy of land 
use and inadequate threshold values selected to initialize dust-rise for that region. Differences 
also exist over western isolated regions for weak dust-rise cases. For the second dust storm, 
the maximum of dust flux of this study (3,500 μg m-2s-1) is similar to the results of Shao et al. 
(2003) in which the maximum dust emission reaches 5,000 μg m-2s-1 over the Gobi desert. In 
summary, dust emission predicted by our model system shows a reasonable agreement with 
reported dust-rise record, and is generally consistent with previous studies. 
 

 
Fig. 2.2 Time series of observed PM10 concentrations at the Sado site of Japan in March 2002. 
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Fig. 2.3 Soil dust fluxes (μg m-2s-1) and 10 m wind vectors (ms-1), and observed dust-rise (denoted 
by dollar signs, from WMO surface weather stations) at (a) 0600 UTC 15 March, (b) 0600 UTC 
19 March, (c) 0600 UTC 20 March, and (d) 0600 UTC 21 March. 

 
 

2.4.2 Validation of soil dust concentrations with surface visibility observations 
Fig. 2.4 shows the corresponding evolutionary pattern of total soil dust concentrations and 

visibility (unit in kilometer) derived from WMO 6 hourly surface weather observations. 
Visibility less than 5 km was used to identify the main body of dust plumes. Fig. 2.4a shows 
that the strong dust deflation around the southern China-Mongolia border results in very high 
dust concentration in southern Mongolia and western Inner Mongolia at the beginning of the 
second dust storm, with a maximum reaching 20,000 μg m-3 (Fig. 2.4b). At the same time, 
large areas of western source regions experience a high level of airborne particles as well, 
such as the Kumtag desert, southeastern portions of the Taklimakan desert, as well as portions 
of the Tulufan and Zhunge’er basin. The dust storm spreads widely and is transported 
eastward and southeastward following the synoptic flow; it is refilled by dust emissions over 
the southeastern China-Mongolia border on 20 March, with dust concentration exceeding 
10,000 μg m-3 along the border (Fig. 2.4c). On 21 March, dust concentration in semiarid areas 
north of Beijing is significantly elevated due to a strong deflation process there. High 
concentration centers also occur in western Inner Mongolia (Ulan Buh desert) and the 
Kumtag desert, resulting from large dust emissions in those regions (Fig. 2.4d). Modeled dust 
concentration agrees with observed visibility quite well in terms of spatial pattern, temporal 
variation and intensity with the exception of western portions of the Taklimakan desert and 
the Tulufan basin where the model appears to underpredict observation on 21 March and 19 
March. 

Fig. 2.5 presents the evolutionary images of daily averaged near-surface dust 
concentrations, related to the two dust storms mentioned above. Comparison with results of 
Shao et al. (2003) shows similarities both in spatial pattern and magnitude for dust evolutions. 
Apart from high dust concentrations over major source regions, such as southern Mongolia, 
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10,000 μg m-3 along the border (Fig. 2.4c). On 21 March, dust concentration in semiarid areas 
north of Beijing is significantly elevated due to a strong deflation process there. High 
concentration centers also occur in western Inner Mongolia (Ulan Buh desert) and the 
Kumtag desert, resulting from large dust emissions in those regions (Fig. 2.4d). Modeled dust 
concentration agrees with observed visibility quite well in terms of spatial pattern, temporal 
variation and intensity with the exception of western portions of the Taklimakan desert and 
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Fig. 2.5 presents the evolutionary images of daily averaged near-surface dust 
concentrations, related to the two dust storms mentioned above. Comparison with results of 
Shao et al. (2003) shows similarities both in spatial pattern and magnitude for dust evolutions. 
Apart from high dust concentrations over major source regions, such as southern Mongolia, 
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northern Inner-Mongolia and semiarid areas north of Beijing have been well reproduced by 
both models; two high dust centers in western Inner-Mongolia and the eastern Kumtag desert 
on 21 March, and a large dust cloud over central China (around 105°E, 36°N) on 22 March, 
are similarly predicted by both models as well. However, our results show higher dust 
concentrations in the southern Taklimakan desert and the Kumtag desert on 19 and 20 March, 
and lower dust level in portions of the Tulufan and Zhunge’er basin, compared with the work 
of Shao et al. (2003). 

 

  
Fig. 2.4 Total soil dust concentrations (μg m-3) and observed visibility (denoted by numbers 1–5 
in kilometers, from WMO surface weather stations) at (a) 0600 UTC 15 March, (b) 0600 UTC 19 
March, (c) 0600 UTC 20 March, and (d) 0600 UTC 21 March. 
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Fig. 2.5 Model simulated daily averaged near-surface dust concentrations (μg m-3) for (a) 15, (b) 
16, (c) 19, (d) 20, (e) 21, and (f) 22 March 2002. 
 
2.4.3 Validation with surface observation of PM10 and PM2.5 from SEPA and EANET 
2.4.3.1 API and PM10 

Air Pollution Index (APT) from SEPA is a result of spatial and daily average of 
observational data at a number of monitoring sites in big cities of China. It reflects a mixture 
of aerosol from all kinds of sources including anthropogenic emissions. PM10 concentration 
can be deduced from API through a standard formula prescribed by SEPA. Generally, the data 
in urban background are not suitable for validation due to the coarser grid resolution in 
regional models. However, such comparison becomes reasonable when dust storms occur 
because mineral dust has an overwhelming influence even in urban areas and urban aerosols 
tend to reflect more regional features during dust periods than in nondust days. Therefore 
such a data set provides a good database in the evaluation of model performance over the 
continent. Fig. 2.6 shows the time series of simulated and observed daily average PM10 
concentrations at four representative Chinese megacities (Shenyang, Beijing, Qingdao, and 
Shanghai) from 15 to 24 March 2002. (It needs to be clarified that the daily average value in 
Fig. 2.6 represents a 1-day period starting from 1200 BJT (UTC + 8 hours), in accordance 
with the calculation method of API prescribed by SEPA.) Anthropogenic emissions in 
Chinese big cities are adjusted by multiplying a factor of 2 based on the fact that 30 – 70% of 
particulate matter in Chinese urban areas originated from exposure land surface (including 
construction fields), especially in northern China (Wang and Wang, 1996; Shao et al., 1995). 
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Fig. 2.6 shows that the present model reasonably reproduces two dust events at four cities. 
Two peaks caused by dust storms are well captured by the model. In Fig. 2.6, 600 μg m-3 at 
Beijing on 16 and 21 March indicates that observed daily average PM10 concentration exceeds 
600 μg m-3, which is the upper limit of API. Simulations match observations quite well at 
Qingdao and Shanghai, but the value at Shenyang on 21 March seems to be overpredicted. In 
general, the model reproduces well the PM10 concentrations during and between the two dust 
storms at the above four cities; both simulation and observation show that the influences of 
these two dust storms reach as far as Shanghai in China. 

 

 
Fig. 2.6 Simulated and observed daily average PM10 concentration (μg m-3) at four big cities in 
China. 
 

EANET is an intergovernmental organization, which is dedicated to investigating acid 
deposition and air quality and to evaluating their impacts on the atmosphere and ecosystems 
in East Asia (see http://www.adorc.gr.jp/eanet.html). It has 12 participating countries from 
East Asia at present. From the year 2001, EANET starts its regular phase. QA/QC (quality 
assurance and quality control) activities are conducted to ensure high quality of monitoring 
data. In this study, five remote monitoring sites spreading from north to south (Rishiri, Tappi, 
Sado-seki, Oki, Hedo) along the western coast of Japan and the western Pacific Rim are 
chosen for validation. First, model capacity in modeling sea-salt aerosols is verified. We try to 
look for the clean background air mass to avoid possible influence from the continent. Nearly 
36 hours with north or northwest wind were selected from 0000 UTC, 20 March to 1200 UTC, 
21 March 2002. After 1700 UTC 21 March, wind direction began to change to the southwest, 
followed by the arrival of a cold front and continental dust aerosols. Fig. 2.7a illustrates the 
backward trajectories starting from the altitude of 300 m over Rishiri site; it shows that the air 
parcels to the Rishiri site during this period mainly come from the north of Russia which is 
normally regarded as relatively clean background. The high correlation between wind speed 
and PM10 concentration and increasing Na+ concentration in precipitation also support that 
sea salt could be the dominant component for this period. Fig. 2.7b illustrates a time series of 
hourly observed and simulated PM10 concentrations. Simulations agree quite well with 

http://www.adorc.gr.jp/eanet.html). It has 12 parti
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observations, indicating the good capability of this aerosol model in reproducing major 
physical features of sea-salt aerosols. 

 

 
Fig. 2.7 (a) Backward trajectories calculated every 3 hours, starting from the height of 300 m 
over Rishiri and (b) the time series of simulated and observed hourly PM10 concentration (μg 
m-3) from 0000UTC 20 March to 1200UTC 21 March 2002 at the Rishiri site. 
 

  
Fig. 2.8 Simulated and observed daily average PM10 concentrations (μg m-3) at five remote 
monitoring sites in Japan. 
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Fig. 2.8 presents the simulated and observed daily average PM10 concentrations at five 
coastal sites of Japan. The simulated PM10 concentration here represents the sum of particles 
coming from different source origins of soil dust, sea-salt and anthropogenic emissions. Soil 
dust particle shown in the figure includes a small proportion of particles from anthropogenic 
origin, which cannot be clearly displayed because of its very small percentage of total mass 
loading during dust episodes. The observed peaks caused by first dust storm are clearly 
reflected at Oki on 17 March and at Sado-seki on 18 March. The model correctly captures 
these two peaks, with very good simulation at the Oki site. The second peak is both observed 
and reproduced on 22 March at all the sites except for Hedo. Extremely high daily average 
PM10 concentrations exceeding 600 μg m-3 appear at the Tappi and Oki sites. The simulated 
maxima at the Oki, Sado-seki and Rishiri sites agree quite well with observations. At the 
Tappi site the model tends to under-predict the observed values by a factor of 2 on 23 March, 
probably due to the inaccuracy in meteorological fields or uncertainties in dust emission from 
source regions. The model reasonably reproduces the day-to-day variation of aerosol 
concentration at the Hedo site, but overprediction is found clearly for both dust and sea-salt 
aerosols on 23 and 24 March, mainly due to the underprediction of precipitation at the Hedo 
site, or other potential uncertainties resulting from the overestimation of sea-salt production 
near Hedo or overprediction of dust particles along the transport pathway. 

Fig. 2.9 shows the time series of simulated and observed hourly PM10 concentrations at 
the Rishiri and Sado-seki sites. The starting and ending times of dust storms simulated by the 
model accord with observation very well at both of two sites. Model prediction for the first 
peak at Sado-seki is excellent, with little difference in absolute value. The peak resulted from 
the second dust storm at Sado-seki is also reasonably reproduced except that the simulation is 
somewhat lower than observation. At the Rishiri site, high concentrations caused by the 
second dust storm around the midnight on 22 March are successfully simulated. The model 
also reproduces well the two peaks on 16 March and 20 March 2002, resulting from 
remarkable increasing of sea-salt aerosol production. 
 

 
Fig. 2.9 The time series of simulated and observed hourly PM10 concentrations for the period of 
15–24 March 2002 (LST) at (a) Sado and (b) Rishiri (unit: μg m-3). 
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2.4.3.2  PM2.5 

Fine particles are of great concern because of their great harm to human health and their 
important implications to radiation and cloud processes. Fig. 2.10 shows the simulated and 
observed daily average PM2.5 concentration at the Oki and Rishiri sites. In Fig. 2.10, total 
particle mass loadings are represented by the sum of particles from mineral dust, sea-salt and 
anthropogenic origin. Proportions of particles from sea-salt and anthropogenic primary 
emission are also illustrated. Simulated PM2.5 shows a general good agreement with 
observation, especially for dust periods. At the Oki site, two peaks (on 17 March and 21 – 23 
March 2002) resulting from transport of mineral dust have been well simulated, consistent 
with the good model performance for PM10. The model also has a good result at the Rishiri 
site for the period of 21 – 23 March when dust storm prevails. However, it is noticeable that 
during nondust periods, simulation is apparently lower than observation. At the Oki site, 
simulated PM2.5 concentrations are about 2 times lower than observed ones on 15 – 16 March. 
At the Rishiri site the discrepancy is about a factor of 4 on 15 – 19 March. These differences 
are suggested as mainly attributable to the uncertainties from anthropogenic origins. It is 
known that anthropogenic aerosol emissions generally have a larger proportion in finer mode 
compared with mineral dust. Moreover, fine particles in the range 0.1 – 2 μm have the 
smallest dry deposition velocity and smallest collision efficiency between falling raindrop and 
particles (Giorgi, 1986; Andronache, 2003). These properties result in low removal efficiency 
of both dry and wet deposition processes for fine particles and consequently, fine particles are 
favorable to be transported over longer distance to apparently change the particle levels 
downwind. During dust storm periods, dust particle mass loadings are extremely high in 
almost all size ranges. During nondust periods, although sea-salt aerosol is an important 
contributor to total mass loading of particles in coastal regions, it has lower mass loading in 
fine mode (<2 μm). Therefore, anthropogenic sources show an evident effect on downwind 
fine particles in nondust days. The discrepancy between simulation and observation for non- 
dust periods may be attributed to the following factors: (1) underestimation of anthropogenic 
particulate emission in the emission inventory, and (2) inaccuracy in particle mass size 
distribution of anthropogenic emission, which determines the size spectrum of airborne 
particles and consequently dominates their residence time in the air. (3) Secondary aerosols 
formed by gas-particle interaction may enhance the magnitude of particle mass loading to 
some extent.  

 

 
Fig. 2.10 Simulated and observed daily average PM2.5 concentrations (unit: μg m-3) at two 
remote sites in Japan. 
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2.4.4 Distribution of sea-salt and dust mass concentrations 
Fig. 2.11 shows the averaged sea-salt and dust particle concentrations over entire study 

period (10 days from 15 to 24 March 2002, Figs. 2.11a and 2.11c) and over the second dust 
storm period (5 days from 19 to 23 March 2002, Figs. 2.11b and 2.11d). Three high 
concentration centers of sea-salt aerosols (Fig. 2.11a) are located over the East China Sea, the 
Sea of Japan and the western Pacific Ocean southeast of Japan, with average concentrations of 
60 – 70, 50 – 60 and 80 – 90 μg m-3, respectively. Sea-salt concentrations have been 
apparently enhanced during the second dust storm period (Fig. 2.11b), especially over the Sea 
of Japan and ocean southeast of Japan, with average concentration up to 80 and 100 μg m-3, 
respectively. Sea-salt aerosols show considerable levels over Japan with 10-day averaged 
concentrations of 20 – 30 μg m-3 over most of Japan and up to 40 μg m-3 in coastal areas (Fig. 
2.11a). 

The highest dust concentration occurs in the Gobi desert of southern Mongolia and 
northern Inner-Mongolia, with a maximum of 10-day averaged value being 3000 μg m-3 along 
the southeastern China-Mongolia border (Fig. 2.11c). Another high dust load region lies from 
Kumtag to Badain Juran desert, with a center of 1000 – 2000 μg m-3 at the Kumtag desert. 
Dust level is relatively low (100 – 250 μg m-3) in the Taklimakan desert during this period. In 
Fig. 2.11d the areas with highest dust concentrations are enlarged along the southern 
China-Mongolia border, associated with the strong dust deflations during the second dust 
storm. Northern China, especially Inner Mongolia, experience very high soil dust level as well 
due to its location of or proximity to source regions. During the second dust storm period, 
portions of Tulufan and Zhunge’er basin experience the elevation of soil dust, with 5-day 
averages being 100 – 250 μg m-3. The dust outflow from the Asian continent to the western 
Pacific Ocean is clearly illustrated in Figs. 2.11c and 2.11d. Remarkable influence of mineral 
dust is found to reach the Yangtze River (including Yangtze Delta), the China Yellow Sea, 
the Korean peninsula, and the western coast of Japan, with the averages of 100 – 250 μg m-3 
for 10 days (Fig. 2.11c). For the second dust storm (Fig. 2.11d), considerable influence of soil 
dust with average dust concentrations of 100 – 250 μg m-3 extends to portions of southeastern 
China and almost all of Japan. Dust levels are enhanced up to 250 – 500 μg m-3 over South 
Korea, the China Yellow Sea, as well as the northern Yangtze Delta. Dust concentrations of 
500 – 750 μg m-3 appear in the vicinity of Beijing and portions of northeast China. 
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Fig. 2.11 Average surface sea salt concentrations (μg m-3) for the period of (a) 15–24 March and 
(b) 19–23 March, and average surface dust concentrations (μg m-3) for the period of (c) 15–24 
March and (d) 19–23 March 2002.  
 

 
Fig. 2.12 Comparison between simulated and observed size-segregated particle concentrations at 
(a) Beijing (averaged from 1000LST 19 March to 1000LST 21 March 2002) and (b) Qingdao 
(averaged from 1000LST 20 March to 1000LST 23 March 2002). 
 
 
2.4.5 Validation and analysis of particle mass size distribution 

Fig. 2.12a shows the modeled and observed particle concentrations of eight size bins at 
Beijing, averaged over 2 days from 1000 LST 19 March to 1000 LST 21 March 2002. The 
arrival time of the dust storm at Beijing is around 0800 LST 20 March, and it lasts more than 
24 hours. Both observation and simulation clearly show a Mono-peak at a coarse size range 7 
– 11 μm. Model simulation agree with observation quite well mono-peak at a coarse size 
range 7 – 11 μm. Model simulation agrees with observation quite well except for the size bin 
>11μm and 0.65 – 1.1 μm. Mori et al. (2003) measured mass size distribution of aerosol at 
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Beijing during a dust storm originating from the southern Mongolia desert on 21 – 24 March 
2001. A mono-peak was found at 4.7 – 7.0 μm. It is worthwhile to note that the size range 
with peak mass loading shifts to a coarser mode (7.0 – 11.0 μm) associated with the 
increasing intensity of the dust storm on 20 March 2002. Fig. 2.12b presents the simulated 
and observed particle spectral mass concentrations at Qingdao site, averaged from 1000 LST 
20 March to 1000 LST 23 March 2002. The arrival time of dust at Qingdao is around 2100 
LST 20 March. Noticeably, a bimodal shape occurs in observation. Modeled particle mass 
concentrations are consistent with observations in most of the size bins, and the model 
accurately captures the peak in the size range 4.7 – 7.0 μm. However, the model fails to 
reproduce another peak at 2.1 – 3.3 μm. It is of much interest to explore this phenomenon in 
detail. Although a part of the aerosol sample at Qingdao is collected in nondust periods, 
locally produced particles from anthropogenic origin seem incapable of causing this peak 
because of their much smaller proportion compared with dust aerosols. Analysis of sampling 
data collected during a nondust period (between 1130 LST 8 March and 1130 LST 14 March 
2002) at the same site clearly reveals that an averaged maximum of 15.5 μg m-3 appears in a 
fine mode (0.65 – 1.1μm), and the average TSP concentration was about 77.3 μg m-3 for this 
period, indicating the magnitude and size distribution pattern of particles resulting from 
anthropogenic origin. Secondarily formed particles through heterogeneous gas-particle 
interaction are also not supposed to be the major contributor to this peak because of the weak 
interaction in the relatively dry continental atmosphere during the outbreak of the dust storm 
(D. Zhang et al., 2003). Thus it is supposed that the supplementation of particles along the 
transport pathway or from other dust source origins may be responsible for this peak. 

Fig. 2.13 shows the backward trajectories started from Beijing and Qingdao during the 
second dust storm. The trajectories are calculated on line with HYSPLIT model of NOAA Air 
Resources Laboratory (http://www.arl.noaa.gov/ready/hysplit4.html). The backward 
trajectories are initiated every 3 hours with the starting point at 1,000 m and 200 m elevations 
over both Beijing and Qingdao and followed by 24 hours except for the trajectories from 200 
m over Qingdao, which are calculated for 48 hours. The backward trajectory calculations are 
from 1600 UTC 20 March to 1900 UTC 21 March for Qingdao and from 0100 UTC to 2200 
UTC 20 March for Beijing. For trajectories started from 1,000 m, similar patterns are shown 
with prevailing northwesterly flow to both Beijing and Qingdao (Figs. 2.13b and 2.13d), 
indicating the major transport pathway in upper layers. However, large differences exist in the 
trajectories starting from 200 m. The trajectories from Beijing are still northwesterly (Fig. 
2.13a), but those started from Qingdao show more complex pathways (Fig. 2.13c). Some air 
parcels originating from the Gobi desert are directly transported to Qingdao by 
north-westerlies, while quite a few air parcels first move south-eastward from desert regions, 
and then move nearly southward along 115°E longitude, followed by turning around and 
moving eastward to Qingdao. These air parcels pass over portions of Shanxi, Shangdong and 
Henan Provinces where considerable semiarid lands still exist (elliptical circle in Fig. 2.13c) 
and likely have a different soil texture and size distribution of dust emission from that in the 
Gobi desert. Uplifted soil dusts from those regions may refill the original dust plume and 
change its property in particle size distribution and consequently create another observed peak 
at 2.1 – 3.3 μm at Qingdao. Noticeably, there are actually some dust-rise reports in above 
discussed areas on 21 March (Fig. 2.3d), which support the above analysis. The regions 
mentioned above are categorized as cropland in this study and are usually neglected in present 
land use maps. Moreover, soil texture and size spectrum of dust emission in those regions is 
still absent now due to the lack of measurements. This suggests the importance of land use 
and soil property information in model simulation.  

(http://www.arl.noaa.gov/ready/hysplit4.html). The backward
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Fig. 2.13 Backward trajectory calculations initiated every 3 hours with the starting point of (a) 
200 m over Beijing, (b) 1,000 m over Beijing, (c) 200 m over Qingdao, and (d) 1,000 m over 
Qingdao. Trajectory calculations are from 0100UTC to 2200UTC 20 March 2002 for Beijing and 
from 1600UTC 20 March to 1900UTC 21 March 2002 for Qingdao. Duration of the calculation is 24 
hours for Figs. 2.13a, 2.13b, and 2.13d and 48 hours for Fig. 2.13c. 

 

 
Fig. 2.14 Particle mass size distribution at Nagasaki, averaged from 1200LST 21 March to 
0900LST 22 March 2002. (a) Simulated concentrations and (b) values converted from observed 
number size distributions by OPC assuming a constant particle density of 2.6 g cm-3. 
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During the second dust storm, particle number concentrations observed in Nagasaki 
University showed a significant increase of particles in almost all size ranges (Arao and 
Ishizaka, 2002). Fig. 2.14 shows the simulated particle mass size distribution averaged from 
1200 LST 21 March to 0900 LST 22 March 2002 and that converted from observed particle 
number concentrations at Nagasaki by assuming a spherical shape of particles with a constant 
density of 2.6 g cm-3. The converted average total mass concentration of 856 μg m-3 is very 
close to the value of 796 μg m-3 measured simultaneously by a high volume sampler. The 
differences may be due to the improper selection of constant particle density (2.6 g cm-3) 
because sea-salt and other kinds of aerosols may be mixed with soil dust and lower the chosen 
particle density. Although an exact comparison is not available because of the slightly 
different size ranges used in OPC, a similar pattern in mass size distribution between 
observation and simulation can be clearly seen from Fig. 2.14. The simulated size range, 
which accommodates peak mass concentration, is at 3.3 – 4.7 μm (Fig. 2.14a), falling into the 
observed size range 2.0 – 5.0 μm in which a peak of 486 μg m-3 is accommodated (Fig. 2.14b). 
The simulated particle mass concrntrations in the size ranges 1.1 – 2.1μm, 2.1 – 4.7μm, and 
>4.7 μm are about 98, 307, and 202 μg m-3, respectively, reasonably consistent with the 
observed values of 145, 482, and 194 μg m-3 in the size ranges 1.0 – 2.0 μm, 2.0 – 5.0, and 
>5.0 μm.  

Fig. 2.15 presents the daily average particle mass size spectrum at Shanghai, China, and 
western coastal sites of Japan on 22 March when the second dust storm prevails. An apparent 
feature appears that the size range with maximum mass loading tends to shift to finer mode 
along the pathway from source regions to downwind areas, with a mono-peak in the size 
range 3.3 – 4.7 μm at Shanghai, 4.7 – 7.0 μm at Oki and Sado-seki, and 3.3 – 4.7 μm at 
Rishiri. These results are consistent with recent findings (Mori et al., 2003; In and Park 2003; 
Duce, 1995). Fig. 2.15 shows that the peak mass loading of sea-salt aerosols generally settles 
in the size range 4.7 – 7.0 μm at the western coast of Japan. This result is consistent with 
previous work of Gong et al. (1997a, 1997b) in which the size range around 6 μm (in 
diameter) was found for peak mass loading of sea-salt aerosols. 

The above validation shows a general agreement between simulation and observation in 
particle mass size distribution, indicating the model’s capability in studying the major features 
of particle size-segregation. Different size distribution patterns of soil dust at locations along 
the transport pathway are determined by a series of complex factors including size spectrum 
of vertical dust flux in source regions, highly varied dry deposition velocity among size bins 
over different land use types, size-dependent wet removal rates, as well as the property of 
entrained soil dust along the transport pathways.  
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Fig. 2.15 Daily averaged particle mass size distribution at (a) Shanghai, (b) Oki, (c) Sado, and  
(d) Rishiri on 22 March 2002. 

 
2.5 Particle deposition and budget 
 
2.5.1 Dry deposition velocity and deposition of soil dust particles 

Figs. 2.16a and 2.16b show the simulated dry deposition velocity (Vd) for particles with a 
size of 0.84 μm and 4 μm in diameter, averaged over 5 days from 19 to 23 March 2002. In Fig. 
2.16a, 5-day averaged friction velocity is also shown (numeric in individual contour). There 
are several high u* zones in the domain, such as the southeastern China-Mongolia border and 
the western Pacific Ocean southeast of Japan, resulting from high wind speed. u* is large near 
the China-North Korea border and in western parts of Japan due to strong wind shear in the 
mountains. The interactions of continental outflow with southwesterly flow resulting from a 
high-pressure system over the western Pacific Ocean south of Japan also enhance the friction 
velocity along the western coast of Japan. High u* zones along the northern fringe of the Tibet 
Plateau are partly due to steep topography. For particles with a size of 0.84 μm, Vd  shows a 
high variability within the domain, ranging from 0.01 to 0.2 cm s-1 on average (for particles 
with a density of 2.6 g cm-3). Neither Brownian diffusion nor impaction and interception are 
effective for particles with this size; u* becomes more important in determining Vd. Higher Vd 
values occur over the southeastern China-Mongolia border, the China-North Korea border, 
and the western coast of Japan, as well as the northern fringe of the Tibet Plateau. Relatively 
lower Vd  values are found over water surfaces and portions of the northwestern desert 
regions. For coarser particles with a size of 4 μm, impaction and interception become more 
effective. Besides the consistency with u*, Vd also shows a remarkable enhancement over 
vegetated areas, such as western portions of northeast China, the northern China-North Korea 
border, the western coast of Japan, as well as the western part of Sichuan province of China. 
Higher Vd  over the ocean southeast of Japan Island is a result of the influence of disturbed 
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water by strong wind there. Modeled size-segregated Vd values agree reasonably with 
previous field observations and studies (Giorgi, 1986; Zhang et al., 2001). 

The total dry deposition of soil dust is calculated by the sum of flux for each size bin. Figs. 
2.16c and 2.16d show the distributions of dry deposition of soil dust (unit: g m-2) integrated 
over 10 days and 5 days. Maximum dry deposition up to 30 g m-2 for 10 days occurs in the 
Gobi desert along the southeastern China-Mongolia border. High dry deposition of 10 – 20 g 
m-2 covers wide desert areas of southern Mongolia and northern Inner-Mongolia. It is 
worthwhile to note that a high dust deposition zone lies along the northern fringe of the Tibet 
Plateau, with a maximum of 20 – 30 g m-2 located between the Kumtag and Badain Juran 
desert. The formation of this band is mostly attributed to the larger Vd around steep 
topography (Figs. 2.16a and 2.16b) and the higher percentage of coarse particles in the 
Chinese western desert. Total dry deposition as high as 3 g m-2 is found over most parts of 
northern and western China and the Korean peninsula (Fig 2.16c). Dry deposition in this 
study can be comparable with the results of Zhao et al. (2003) in which a spatial pattern of 
cumulative dry deposition of soil dust with the size range <41 μm was derived for spring 2001. 
Our results also have the same order as the results of Zhang et al. (1998) in which an average 
flux of 50 g m-2 mon-1 was derived over the Chinese Northern Desert for spring 1994. Dry 
deposition shows a close correlation with the spatial distribution of dust concentration shown 
in Figs. 2.11c and 2.11d. The magnitude of dry deposition along the western coast of Japan is 
in the same range (0.5 – 1.0 g m-2) as that over the China Yellow Sea and western parts of the 
Korean peninsula (Figs. 2.16c and 2.16d) due to larger Vd in those regions (Figs. 2.16a and 
2.16b). This indicates that dry deposition is determined by both dust concentration and dry 
deposition velocity (Vd), which is highly varied among different land use categories, particle 
size bins, as well as meteorological conditions.  

 

 
 
Fig. 2.16 Spatial distribution of averages of (a) friction velocity (m s-1, numeric in individual 
contour) and particle Vd (cm s-1) for a size of 0.84 μm, (b) Vd (cm s-1) for a size of 4 μm, (c) total 
dry deposition (g m-2) for the period of 15 – 24 March, and (d) total dry deposition (g m-2) for the 
period of 19 – 23 March 2002.  
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2.5.2 Scavenging rate and wet deposition of soil dust particles 
There are few detailed investigations on wet deposition in previous studies of Asian dust. 

Some of the studies include wet deposition process by assuming the scavenge rate just 
dependent of precipitation rate and independent of particle size. However, scavenging rate in 
fact has a significant dependence on particle size. Some of the previous works and 
measurements (Andronache, 2003; Seinfeld and Pandis, 1998) revealed the importance of 
below cloud scavenging for very small particles (<0.01 μm) and coarse particles (>2 μm, such 
as dust and sea-salt aerosols), and the unimportance for particles in accumulation mode. It is 
therefore necessary to realistically represent these features in aerosol model, especially in the 
study of size-segregated airborne particles and depositions. Fig. 2.17a presents the 
comparison between simulated and observed total precipitation at four EANET sites and three 
WMO surface weather stations in southern China, Nanchang (NC, 115.91°E, 28.6°N), Fuzhou 
(FZ, 119.27°E, 26.08°N), and Shaoguan (SG, 113.57°E, 24.8°N). Precipitation predicted by 
MM5 appears to be in a reasonably good agreement with observation, with better 
performance at Sado-seki, and a relatively poor result at Hedo site. The model tends to 
underpredict observation by a factor of 3 at Hedo site, probably due to stronger convective 
activities over those ocean areas, which are usually difficult to predict with current 
meteorological models. Fig. 2.17b shows the simulated pattern of total precipitation from 15 
to 24 March 2002. Precipitation is scarce over most of dust source regions and appears along 
the Shandong peninsula, China Bohai bay and portions of northeastern China which are also 
characterized by major export zones of continental dust. An apparent rain belt occurs, 
extending from south-eastern China, and passing across the East China Sea to the western 
Pacific Ocean southeast of Japan, with maximum precipitation amount reaching 70 mm for 10 
days. 

Figs. 2.17c and 2.17d show the bin resolved wet deposition over three representative 
underlying surfaces (dust source region, land other than source region and water) and total 
wet deposition of soil dust on 15 – 24 March 2002. Fig. 2.17c also shows the particle 
scavenge rate (R) for each size bin under low (1 mm h-1) and moderate (3 mm h-1) 
precipitation rate. It is clear that R varies substantially among all size bins, with much lower 
scavenging rate for fine particles (0.43 – 2.1 μm, first 3 size bins in Fig. 2.17c) and higher one 
for larger particles (>2.1 μm), increasing with particle size. Scavenging rate also strongly 
depends on precipitation, showing an increase by about a factor of 2 when precipitation rate 
varies from 1 mm h-1 to 3 mm h-1. Modeled scavenging rates are consistent with the recent 
findings of Andronache (2003) in which the below-cloud removal of particle was studied by 
using an explicit calculation method and field experiments in various environments. Fig. 
2.17c shows that the wet deposition is much lower for the first 3 size bins over all three types 
of underlying surfaces, due to the smallest scavenge rate for these size ranges. Over land and 
water surface, wet deposition shows maximum in the size range 4.7 – 7.0 μm (6th size bin) 
and second maximum in 3.3 – 4.7 μm (5th size bin) as a result of a combined contribution 
from size-defined scavenging rate and mass loading, whereas for source regions, wet 
deposition is much lower and shows maximum in size range 7.0 – 11.0 μm.  
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Fig. 2.17 (a) Simulated and observed total precipitation (mm) at seven monitoring sites, (b) 
simulated distribution of total precipitation in the domain (cm), (c) bin resolved dust wet 
deposition (megatons) (for three kinds of underlying surfaces) and scavenging rate (h-1) under 
the precipitation rate of 1 mm h-1 (thin line) and 3 mm h-1 (thick line), and (d) total wet 
deposition of soil dust (g m-2) in the domain for the period of 15–24 March 2002. 

 
Total wet deposition is estimated by summing up wet deposition flux for each size bin. 

Wet deposition shows a general consistence with precipitation pattern, with higher values 
over southeastern China, the East China Sea, the Sea of Japan, as well as the export zones 
mentioned above (Fig. 2.17d). Although the precipitation is relatively low (<2 cm) over the 
export zones, wet deposition is found comparable to other regions, such as the Sea of Japan 
and the East China Sea, due to high dust mass loading and larger scavenge rate for coarser 
particles. Compared with dry deposition (Fig. 2.16c), wet deposition is much smaller over 
most of the continent. Noticeably, wet deposition appears to be comparable with dry 
deposition over the export zones of northeast China and the Sea of Japan, and exceeds dry 
deposition over southeastern China, the East China Sea and portions of the Pacific Ocean east 
of Japan. These results indicate the important role of the wet deposition process in removing 
dust particles, even in springtime dust storm periods when precipitation is relatively low or 
moderate. The above results also reveal that while dry deposition dominates total deposition 
near source regions, wet removal plays a more important role in the intermediate pathway of 
dust transport and downwind of source regions during dust periods. 
 
2.5.3 Dust budget estimation and analysis 

Dust budget estimation including dust emission, dry and wet depositions for different 
regions on 15 – 24 March 2002 is listed in Table 2.2. The three source regions in Table 2.2 
represent three categories of major dust sources shown in Fig. 2.1. Total dust emission for 
three categories of source regions for the period of 15 – 24 March 2002 is estimated to be 
43.2 megatons. About 71% of total emission (30.5 megatons) is redeposited onto ground 
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surface through dry deposition process, with 56% of total onto source regions, 12% onto other 
land categories and 3% onto ocean or sea. Wet deposition accounts for 6% (2.8 megatons) of 
total mass emitted, with 1.26 megatons onto water surface. The remaining 23% (9.9 megaton) 
of total emitted particles is suspended in the atmosphere or subject to long-range transport. 

 
Table 2.2 Dust budget for typical regions in the domain on 15–24 March 2002a. 

 
Region  Emission   Dry deposition Wet deposition 

Source region 1 
Source region 2 
Source region 3 
Land other than source region 
Ocean or sea 

20.74 
10.37 
12.08 
0.0 
0.0 

10.77 
5.32 
8.15 
4.98 
1.30 

  0.07 
  0.02 
  0.26 
  1.18 
  1.26 

  aUnits are in megaton. 
 
In the study of Zhao et al. (2003), averaged dust emission over major source regions was 

estimated to be 5.36 tons km-2 for March 2001, and approximately 55% of total emitted dust 
particles was redeposited onto major source regions. In this study, averaged dust emission 
over the three source regions is about 9.02 tons km-2, with 56% redeposited onto source 
regions. Considering the dust storm in this study to be the most severe one in the past decade, 
our estimation appears to be reasonably consistent with the result of Zhao et al. (2003). Net 
export of dust particles from three source regions to atmosphere is about 18.6 megatons in this 
study, which can be comparable to the estimation of Shao et al. (2003) for the period of 15 to 
24 March, 2002. Land surfaces other than source regions including most parts of East China, 
the Korean peninsula and Japan show a pure sink of soil dust, receiving totally 6.16 megatons 
of dust particles by dry and wet deposition which accounts for 4.98 and 1.18 megatons, 
respectively. Dry deposition decreases from source regions to ocean and sea. In contrast, wet 
deposition is increasing on the transport pathway of the dust storm. 

 
2.6 Summary and conclusions 

Dust events on 15 – 24 March 2002 have been investigated by using an aerosol model, 
which is coupled with a Regional Air Quality Model driven by MM5. The focuses of this 
study have been placed on the validation and analysis of size-segregated features of soil dust 
particles including the spatial and temporal variability of particles in various size ranges, 
size-segregated dry deposition and wet deposition, as well as dust mass budget. Various 
observational data including WMO surface weather observations, near-surface concentrations 
of PM10 and PM2.5, particle size distribution measured by Andersen sampler and OPC over 
and downwind of the source regions, have been used to evaluate the model performance and 
model capacity. An agreement has been obtained between simulation and observation in 
terms of evolutionary pattern of the dust storm. The starting and ending times of the dust 
storm are accurately predicted by the model. The validation indicates the model’s capacity in 
capturing most of major features of particle size segregation and reasonably reproducing 
particle mass loadings in various size ranges (including PM10, PM2.5, and mass loadings in 
other size ranges) along the dust transport pathway. The above validation supports the 
reliability of this numerical study and brings us some confidence in carrying out subsequent 
analysis and estimation. 
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Peak mass loading and its accommodated size range are reasonably reproduced at Beijing 
and Nagasaki, where a mono-modal shape is found in particle mass size distribution. A 
bimodal shape appears at the Qingdao site, mainly resulting from the additional mixture of 
soil dust from semiarid areas along the transport pathway of the dust storm. The model 
simulation misses the peak at 2.1 – 3.3 μm, mainly due to the limited information on soil 
properties in semiarid areas on the intermediate transport pathway to Qingdao. A remarkable 
tendency has been both simulated and observed, showing a shift of size range with peak mass 
load from coarse mode to finer mode on the pathway from source origins to distant downwind 
areas. 

Sea-salt aerosols are found to have a considerable influence on airborne particles over 
Japan, with 10-day averages of 20 – 30 μg m-3 over most of Japan and up to 40μg m-3 in 
coastal areas. The major deflation regions are southern Mongolia, northern and western Inner 
Mongolia, the southern and southeastern China-Mongolia border, as well as portions of 
western China, such as the Kumtag desert. Dust emission is relatively small in the 
Taklimakan desert for this period. Ten-day averaged total dust mass loading as high as 3,000 
μg m-3 occurs in the Gobi desert along the southeastern China-Mongolia border. The Yangtze 
River of China, The China Yellow Sea, the Korean peninsula, as well as the western coast of 
Japan experience an average concentration of 100 – 250 μg m-3 for the 10-day period. The 
influence of the second dust storm reaches portions of southeastern China and almost all of 
Japan, with 5-day averaged concentration being 100 – 250 μg m-3. Dust concentrations are 
enhanced up to 250 – 500 μg m-3 over South Korea, the China Yellow Sea and the northern 
portion of the Yangtze Delta, and reach 500 – 750 μg m-3 in the vicinity of Beijing and 
portions of northeast China. 

Vd shows its high variability among various underlying surfaces, meteorological 
conditions, and particle size ranges. For particles with a size of 0.84 μm, Vd shows a close 
relationship with u* due to their less dependence on Brownian diffusion, impaction and 
interception. For coarser particles with a size of 4 μm, impaction and interception become 
more effective. Vd shows a remarkable enhancement over vegetated surface over western 
portions of northeast China, the northern China-North Korea border, the western coast of 
Japan, as well as the western portion of the Sichuan province of China. Scavenging rate varies 
largely among size bins, and depends on precipitation. Wet removal shows high scavenging 
efficiency for coarser particles (>2 μm) and trivialness for particles in the accumulation mode. 

Large dry deposition occurs in source regions of southern Mongolia and northern 
Inner-Mongolia, the northern fringe of the Tibet Plateau, the Korean peninsula, as well as the 
western coast of Japan. Maximum dry deposition up to 30 g m-2 for 10 days is found in the 
Gobi desert along the southern China-Mongolia border. Budget analysis indicates that total 
dust emission of 43.2 megatons is emitted into the atmosphere during the 10-day period. 
About 71% (30.2 megatons) of total mass is redeposited onto the underlying surface, with 
56% of the total onto the source regions. Wet deposition accounts for 6% of total emitted dust 
particles. The distribution and magnitude of particle deposition are strongly dependent on 
both concentration and size-segregated Vd and scavenging rate. While dry deposition 
dominates the removal of particles over source regions, the influence of wet deposition is 
increasing along the transport pathway of the dust storm. Over the export zones of northeast 
China, the Sea of Japan, southeastern China and the East China Sea, as well as the ocean 
southeast of Japan, wet deposition is found to be comparable or exceed dry deposition. 

Compared with previous numerical studies on Asian dust, this work focuses on model 
prediction and analysis of particle size segregation, size-defined dry and wet depositions, as 
well as dust mass budget, by using a developed aerosol model which includes a land use map 
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based on NDVT retrieved database, a dust emission model parameterized by friction velocity, 
near-surface relative humidity and vegetation cover, and physically sound schemes for dry 
and wet deposition processes. Combined with a transport model and MM5, this model system 
has achieved satisfactory results that exceed our expectation. Model results are not only in an 
agreement with observations but are also reasonably consistent with related previous works. 
The usage of up-to-date size distributions of vertical dust flux, reasonable parameters for dust 
deflation, and physically explicit parameterizations of dry and wet deposition processes in the 
aerosol model favors the model performance in this study. Given such a validation result, 
particle size segregation, depositions and budget are further investigated. Land use and soil 
texture information are found to be important in the prediction of dust emission and airborne 
dust particles. Some deficiencies in the model simulation are probably just associated with the 
limitation in the present knowledge of land use and soil property, such as underestimation of 
dust emission in parts of the Chinese western desert, lower hourly peak concentration in 
downwind regions, as well as the missing peak at Qingdao. It could be expected that the 
application of a more detailed land use database and simulation with a higher model 
resolution will further improve the model performance. Further investigation of land use 
characteristics and development of the aerosol model, especially in the physically explicit 
dust emission scheme and the gas-particle interaction mechanism, are recommended and 
planned to continue the study of these issues in the future.  
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based on NDVT retrieved database, a dust emission model parameterized by friction velocity, 
near-surface relative humidity and vegetation cover, and physically sound schemes for dry 
and wet deposition processes. Combined with a transport model and MM5, this model system 
has achieved satisfactory results that exceed our expectation. Model results are not only in an 
agreement with observations but are also reasonably consistent with related previous works. 
The usage of up-to-date size distributions of vertical dust flux, reasonable parameters for dust 
deflation, and physically explicit parameterizations of dry and wet deposition processes in the 
aerosol model favors the model performance in this study. Given such a validation result, 
particle size segregation, depositions and budget are further investigated. Land use and soil 
texture information are found to be important in the prediction of dust emission and airborne 
dust particles. Some deficiencies in the model simulation are probably just associated with the 
limitation in the present knowledge of land use and soil property, such as underestimation of 
dust emission in parts of the Chinese western desert, lower hourly peak concentration in 
downwind regions, as well as the missing peak at Qingdao. It could be expected that the 
application of a more detailed land use database and simulation with a higher model 
resolution will further improve the model performance. Further investigation of land use 
characteristics and development of the aerosol model, especially in the physically explicit 
dust emission scheme and the gas-particle interaction mechanism, are recommended and 
planned to continue the study of these issues in the future.  
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due to Increased Sulfate Associated with the Eruption of Miyakejima 
Volcano 
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Abstract 

 
The eruption of Miyakejima Volcano, 180 km south of Tokyo, Japan, since July 2000 has 

resulted in the emission of large amounts of sulfur dioxide. The volumes of sulfur dioxide 
emitted were vast, equivalent to half the anthropogenic emission from China on annual 
average. Short-time aerosol sampling, conducted at the Happo Ridge observatory in the 
central mountainous region of Japan, has revealed that the abundant volcanic sulfate resulted 
in the expulsion of nonvolcanic nitrate and chloride in aerosols into the gas phase. As the 
deposition velocities of gaseous nitrate and chloride are much higher than those in aerosols, 
their deposition should be accelerated. This additional deposition is referred to as “indirect 
acidification” in this study, corresponding to “direct acidification” by the deposition of 
volcanic sulfate. This indirect acidification is estimated quantitatively using a regional-scale 
Eulerian aerosol transport model and is found to be generally less pronounced than direct 
acidification, although the indirect effect was 2.1 greater than the direct effect over the North 
Pacific Ocean in winter. The minimum contribution of indirect acidification is found to be 7%, 
which is still not negligible. Indirect acidification may also occur in the case of general air 
pollution, accelerating the acid deposition of nitrate and chloride in sulfate-rich contaminated 
air masses. It therefore appears to be important in general to consider indirect acidification in 
the discussion of environmental acidification by sulfur oxides. 

 
Keywords: Acidification, Sulfuric acid, Volcanic eruption, Asia, Nitrate, Sulfate 
 
3.1 Introduction 
 

Mount Oyama on Miyakejima Island (Miyakejima Volcano), located in the northwest 
Pacific Ocean 180 km south of Tokyo, began to erupt in July 2000 and has since emitted huge 
amounts of sulfur dioxide. The sulfur dioxide concentration on Miyakejima Island continues 
to exceed environmental air quality standards, and residents had been unable to return for 4.5 
years since. The Seismological and Volcanological Department of the Japan Meteorological 
Agency (SVD-JMA) has performed continuous measurements of smoke height and sulfur 
dioxide emission by the Miyakejima Volcano since September 2000, 2 months after the 
beginning of the eruption (Kazahaya et al., 2001). According to these measurements, at least 9 
Tg of volcanic sulfur dioxide have been emitted per year since the start of observation, 
corresponding to about 70% of the global emission from volcanoes from the 1970s to 1997 
(13 Tg yr-1 (Andres and Kasgnoc, 1998)) and 6.9% of global emission from anthropogenic 
sources (130 Tg yr-1, i.e., fossil fuel combustion and biomass burning in 1985 (Benkovitz et al. 
1996)). This volcanic emission is also equivalent to half the anthropogenic sulfur dioxide 
emission from China (20.4 Tg yr-1) and more than 10 times that from Japan (0.80 Tg yr-1) 
(Streets et al., 2003). The observed maximum smoke height has been 14,000 m, near the 
tropopause, and the maximum sulfur dioxide emission has been 90 Gg d-1, which is equivalent 
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to the entire anthropogenic emission in Asia (94 Gg d-1). 
We have performed short-time aerosol sampling at the Happo Ridge National Acid Rain 

Observatory (137°48′E, 36°41′N, 1850 m mean sea level (MSL)) in the central mountainous 
region of Japan since May 1998, 2 years prior to the onset of the Miyakejima eruption 
(Satsumabayashi et al., 2004). In general aerosol measurements, aerosols are collected over 
24 hours or more to gather sufficient volumes for detection of each component by ion 
chromatography. However, volatile aerosol components such as nitrate and chloride evaporate 
from the filter during sampling at such long sampling times. Thus we have been conducting 3 
hour samplings between 1200 and 1500 LT each day for accurate detection of the gas-aerosol 
partitioning of volatile components of aerosols. This measurement has revealed that the 
concentration of sulfate aerosols increased following the Miyakejima eruption, resulting in 
substantial changes in the gas-aerosol partitioning of nitrate and chloride and the expulsion of 
them from the aerosol phase into the gas phase, giving rise to a so-called nitrate and chlorine 
deficit. As the deposition velocities of nitrate and chloride in aerosols are several orders of 
magnitude lower than those of gaseous nitric acid and hydrogen chloride, it is predicted that 
the deposition of nonvolcanic nitric acid and hydrogen chloride will have increased 
substantially due to the continuing eruption on Miyakejima Island. This additional deposition 
of nonvolcanic nitrate and chloride as a result of the eruption is referred to as indirect 
acidification in this study, corresponding to direct acidification by the deposition of volcanic 
sulfate. 

Another important fact we found is the existence of HSO4
－ ion in aerosol affected by the 

eruption, In the volcanic plume, ammonia was exhausted by SO4
2- , and no ammonia remained 

in the gas phase. After exhausting ammonia, HSO4
－ ion increased forming (NH4)HSO4, the 

aerosols was strongly acidified and the pH value of aerosols was less than 1.0 and sometimes 
was negative.  

Observations of persistent sulfur dioxide emission from volcanoes have been carried out 
extensively throughout the world (e.g., Stoiber et al., 1983; Allard, 1997; McGonigle et al., 
2003), and the emission data have been compiled and inventoried for use with global and 
regional models (e.g., Stoiber et al., 1987; Andres and Kasgnoc, 1998). Volcanic emissions 
such as ash clouds, aerosols and volcanic gas often affect air quality on local (Kinoshita, 
1996) to regional (Huebert et al., 2001) scales, and several studies have been conducted on the 
change in air quality and acidification caused by the increase of sulfur dioxide and sulfate 
concentration associated with the Miyakejima eruption (Katsuno et al., 2002; An et al., 2003; 
Fujita et al., 2003; Kajino et al., 2004; Satsumabayashi et al., 2004). However, there appear to 
be no reports on this indirect acidification or the existence of HSO4

－, for the Miyakejima case 
or for any other volcano. In this study, these volcanic effects are examined quantitatively 
using a regional-scale Eulerian aerosol transport model (MSSP; Model System for Soluble 
Particles) (Kajino et al., 2004). 
 
3.2 Numerical method 
 

All of the simulation conditions performed in this study were set in the same manner 
as by Kajino et al. (2004). The MSSP model consists of 3 main parts: a meteorological 
model, a chemical transport model, and a gas-aerosol equilibrium model. The Penn 
State/National Center for Atmospheric Research (NCAR) mesoscale model MM5 (Dudhia, 
1993) is used for simulation of the meteorological field. The chemical transport model is 
developed based on the regional air quality model (RAQM) (An et al., 2002), and the 
Simulating Compositions of Atmospheric Particles at Equilibrium (SCAPE) module (Kim 
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to the entire anthropogenic emission in Asia (94 Gg d-1). 
We have performed short-time aerosol sampling at the Happo Ridge National Acid Rain 

Observatory (137°48′E, 36°41′N, 1850 m mean sea level (MSL)) in the central mountainous 
region of Japan since May 1998, 2 years prior to the onset of the Miyakejima eruption 
(Satsumabayashi et al., 2004). In general aerosol measurements, aerosols are collected over 
24 hours or more to gather sufficient volumes for detection of each component by ion 
chromatography. However, volatile aerosol components such as nitrate and chloride evaporate 
from the filter during sampling at such long sampling times. Thus we have been conducting 3 
hour samplings between 1200 and 1500 LT each day for accurate detection of the gas-aerosol 
partitioning of volatile components of aerosols. This measurement has revealed that the 
concentration of sulfate aerosols increased following the Miyakejima eruption, resulting in 
substantial changes in the gas-aerosol partitioning of nitrate and chloride and the expulsion of 
them from the aerosol phase into the gas phase, giving rise to a so-called nitrate and chlorine 
deficit. As the deposition velocities of nitrate and chloride in aerosols are several orders of 
magnitude lower than those of gaseous nitric acid and hydrogen chloride, it is predicted that 
the deposition of nonvolcanic nitric acid and hydrogen chloride will have increased 
substantially due to the continuing eruption on Miyakejima Island. This additional deposition 
of nonvolcanic nitrate and chloride as a result of the eruption is referred to as indirect 
acidification in this study, corresponding to direct acidification by the deposition of volcanic 
sulfate. 

Another important fact we found is the existence of HSO4
－ ion in aerosol affected by the 

eruption, In the volcanic plume, ammonia was exhausted by SO4
2- , and no ammonia remained 

in the gas phase. After exhausting ammonia, HSO4
－ ion increased forming (NH4)HSO4, the 

aerosols was strongly acidified and the pH value of aerosols was less than 1.0 and sometimes 
was negative.  

Observations of persistent sulfur dioxide emission from volcanoes have been carried out 
extensively throughout the world (e.g., Stoiber et al., 1983; Allard, 1997; McGonigle et al., 
2003), and the emission data have been compiled and inventoried for use with global and 
regional models (e.g., Stoiber et al., 1987; Andres and Kasgnoc, 1998). Volcanic emissions 
such as ash clouds, aerosols and volcanic gas often affect air quality on local (Kinoshita, 
1996) to regional (Huebert et al., 2001) scales, and several studies have been conducted on the 
change in air quality and acidification caused by the increase of sulfur dioxide and sulfate 
concentration associated with the Miyakejima eruption (Katsuno et al., 2002; An et al., 2003; 
Fujita et al., 2003; Kajino et al., 2004; Satsumabayashi et al., 2004). However, there appear to 
be no reports on this indirect acidification or the existence of HSO4

－, for the Miyakejima case 
or for any other volcano. In this study, these volcanic effects are examined quantitatively 
using a regional-scale Eulerian aerosol transport model (MSSP; Model System for Soluble 
Particles) (Kajino et al., 2004). 
 
3.2 Numerical method 
 

All of the simulation conditions performed in this study were set in the same manner 
as by Kajino et al. (2004). The MSSP model consists of 3 main parts: a meteorological 
model, a chemical transport model, and a gas-aerosol equilibrium model. The Penn 
State/National Center for Atmospheric Research (NCAR) mesoscale model MM5 (Dudhia, 
1993) is used for simulation of the meteorological field. The chemical transport model is 
developed based on the regional air quality model (RAQM) (An et al., 2002), and the 
Simulating Compositions of Atmospheric Particles at Equilibrium (SCAPE) module (Kim 
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et al., 1993a, 1993b; Kim and Seinfeld, 1995; Meng et al., 1995) is employed for simulation 
of the thermodynamic equilibrium of aerosols. The model domain includes all of east Asia, 
15 – 60°N and 75 – 155°E, with horizontal 1°×1° grid in spherical coordinates and 23 vertical 
levels in terrain-following coordinates from the ground to the tropopause. The National 
Center for Environmental Research (NCEP) final analysis data (1°×1°) are adopted for the 
initial and boundary conditions to calculate the meteorological field. The emission inventories 
developed by Streets et al. (2003) are used to model the emissions of primary pollutants such 
as SO2, NOX, NH3, CO, nonmethane volatile organic compounds (NMVOC) and BC. For 
mechanically produced natural aerosol emissions, dust deflation is calculated by Wang et al. 
(2000), and sea-salt emission is derived from observations at Goto Islands (see Fig. 3.1) 
(Kajino et al., 2004). Sulfur dioxide emission from Miyakejima Volcano is derived from the 
correlation spectrometer observations by SVD-JMA (Kazahaya et al., 2001). The measured 
raw data for sulfur dioxide emission and smoke height of the eruption were smoothed by 
cubic spline function for used in the model. The simulation was performed for one year from 
the beginning of JMA observations, September 2000, to August 2001. 

 
Fig. 3.1 Map of east Asia showing Happo Ridge, Miyakejima Island, and other locations. 
 
As the present analysis focuses on the impacts of the eruption of Miyakejima Volcano on 

air quality, other volcanic emissions and dimethyl sulfide flux from the ocean, which can be 
negligible in east Asia (Carmichael et al., 2002; Kajino et al., 2004), are not considered in 
the study. No anthropogenic emissions were considered in the simulation of hydrogen 
chloride, as the emissions of halogens have not been inventoried. It is instead assumed here 
that hydrogen chloride is generated only via heterogeneous reactions on the surface of 
sea-salt particles as follows.  
 

NaCl + HNO3 → NaNO3 + HCl(↑)                                          
2NaCl + H2SO4 → Na2(SO4) + 2HCl(↑)                                (3.1) 

 
Kazahaya et al. (2001) measured molar ratio of Cl/S in the Miyake volcanic plume in the 
beginning of the eruption, from July to September 2000. They reported that the ratio fell 
within a range of 0.01 – 0.05 in most of samples, 0.1 –0.14 in few cases and more than 1 in 
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one case. It indicates that the contribution of the volcanic emission of chloride could be 
considerably large to the increase in chloride deposition. However, the volcanic emission 
was not considered in the simulation because no observation was made through the 
simulation period. As for nitrate or nitrogen oxides, they are not detected in the volcanic 
plume so most of them should originate from anthropogenic activities, which is considered 
in the simulation. Therefore indirect acidification of nitrate is mainly discussed and chloride 
is shortly mentioned due to omission of its anthropogenic and volcanic emission. 
 
3.3 Changes in aerosol components by volcanic sulfate 
 

Changes in aerosol components affected by the eruption of Miyakejima Volcano are 
presented in this section. 
 
3.3.1 Indirect acidification by nonvolcanic nitrate and chloride 

Table 3.1 (identical to Table 3.2 of Satsumabayashi et al. (2004)) presents the gas-aerosol 
partitioning of nitrate, chloride and ammonia measured at Happo Ridge and predicted by the 
SCAPE module, calculated partitioning of SO4

2- and HSO4
－ and the pH value of aerosols by 

the module. Satsumabayashi et al. (2004) measured concentrations of SO4
2-, NO3

-, Cl- and 
NH4

+ in aerosols, HNO3, HCl and NH3 in the gas phase, and meteorological parameters such 
as temperature, relative humidity, wind speed and wind direction. The SCAPE module can 
calculate the gas-aerosol partitioning of the volatile components from total (gas plus aerosol) 
concentrations of the whole inorganic ions in aerosols at given temperature and relative 
humidity. The module also predicts concentrations of every ion pairs, thus HSO4

－ 
concentration as well, and the pH of aerosols as logarithmic H+ ion concentration in 
calculated water uptake by aerosols from the air, which cannot be directly measured. Prior to 
the eruption in September 1999, the gas-aerosol partitioning of nitrate and chloride tended 
toward the aerosol phase in the contaminated air mass from the Asian continent: 62% and 
58% in aerosol phase, and 38% and 42% in gas phase as nitric acid gas and hydrogen chloride 
gas, respectively. This partitioning can be expressed as 
 

NH4NO3(p) ⇔ NH3(g) + HNO3(g),  NH4Cl (p) ⇔ NH3(g) + HCl(g)         (3.2) 
 
where (p) and (g) denote particulate (aerosol) and gaseous phases. In the air mass, the 
gas-aerosol partitioning of the volatile basic component, ammonia, was also inclined toward 
the aerosol phase (75% aerosol, 25% gas). In the equations in this section, all bases are written 
as ammonia, but other bases such as sodium or calcium are substitutable. Only ammonia is 
considered as a volatile basic component in the study, as other basic components are not 
volatile in the atmosphere. In September 2000, 2 months after the onset of eruption, the 
gas-aerosol partitioning of nitrate and chloride was almost entirely biased toward the gas 
phase in the air mass from Miyakejima Island (4% aerosol, 96% gas), while 85% of ammonia 
existed in the aerosol phase (100% by SCAPE). This suggests that nonvolcanic ammonium 
nitrate and ammonium chloride, the left terms in Eq. (3.2), reacted with the abundant volcanic 
sulfate to expel nitrate and chloride into the gas phase, as given by 
 

2NH4NO3 + H2SO4 → (NH4)2SO4 + 2HNO3(↑),                               
2NH4Cl + H2SO4 → (NH4)2SO4 + 2HCl(↑)                              (3.3) 

 
In the case of Eq. (3.3), the concentration of gaseous nitric acid and hydrogen chloride will 
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NH4NO3(p) ⇔ NH3(g) + HNO3(g),  NH4Cl (p) ⇔ NH3(g) + HCl(g)         (3.2) 
 
where (p) and (g) denote particulate (aerosol) and gaseous phases. In the air mass, the 
gas-aerosol partitioning of the volatile basic component, ammonia, was also inclined toward 
the aerosol phase (75% aerosol, 25% gas). In the equations in this section, all bases are written 
as ammonia, but other bases such as sodium or calcium are substitutable. Only ammonia is 
considered as a volatile basic component in the study, as other basic components are not 
volatile in the atmosphere. In September 2000, 2 months after the onset of eruption, the 
gas-aerosol partitioning of nitrate and chloride was almost entirely biased toward the gas 
phase in the air mass from Miyakejima Island (4% aerosol, 96% gas), while 85% of ammonia 
existed in the aerosol phase (100% by SCAPE). This suggests that nonvolcanic ammonium 
nitrate and ammonium chloride, the left terms in Eq. (3.2), reacted with the abundant volcanic 
sulfate to expel nitrate and chloride into the gas phase, as given by 
 

2NH4NO3 + H2SO4 → (NH4)2SO4 + 2HNO3(↑),                               
2NH4Cl + H2SO4 → (NH4)2SO4 + 2HCl(↑)                              (3.3) 

 
In the case of Eq. (3.3), the concentration of gaseous nitric acid and hydrogen chloride will 
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increase substantially. This is considered to have occurred following the Miyakejima eruption, 
resulting in the increase in gaseous nitric acid and hydrogen chloride and decrease in 
particulate nitrate and chloride in the atmosphere. The dry deposition velocities of particulate 
nitrate and chloride species, 10-2—10-4 cm s-1, are much smaller than those of the gaseous 
species, 4 cm s-1 (Hauglustaine et al., 1994). The solution equilibrium constants of gases, the 
constants of Henry’s law, for nitric acid and hydrogen chloride are 2.1×105 and 727 mol L-1 
atm-1, which are much larger than those for sulfur dioxide and nitrogen dioxide, 1.23 and 0.01 
mol L-1 atm-1 (Seinfeld and Pandis, 1998). Therefore the deposition of nitrate and chloride will 
have increased following the eruption of Miyakejima Volcano. 
 

Table 3.1 Gas-aerosol partitioning before and after the onset of the eruption at Happo Ridge. 

 
 

Table 3.2 (Satsumabayashi et al., 2004, Table 3.1) lists the annual and bimonthly mean 
concentrations of components in gas, aerosol and precipitation measured at Happo Ridge 
before and after the onset of eruption. After the eruption, the concentration of nitrate ions and 
chloride ions in precipitation increased slightly in the annual mean, but almost doubled in the 
bimonthly mean. In the annual mean, the concentrations of sulfate ions, nitrate ions and 
chloride ions in precipitation increased by 0.55, 0.03 and 0.08 mg L-1, whereas the bimonthly 
mean indicated an increase of 1.45, 0.52 and 0.08 mg L-1. As discussed before, the increase in 
nitrate deposition is attributed to indirect acidification of anthropogenic nitrate, while the 
increase in chloride deposition is caused not only by indirect acidification of anthropogenic 
and sea-salt origins, but also deposition of chloride emitted from the volcano. 

 
Table 3.2 Annual mean and bimonthly mean concentrations of components in gas, aerosol, and 
precipitation before and after the onset of the eruption measured at Happo Ridge. 
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3.3.2 Existence of HSO4

－ in strongly acidic aerosols 
When the volcanic effluents had a direct effect, ammonia was exhausted by sulfate and no 

ammonia remained in the gas phase as Eq. (3.3). After exhausting ammonia, H2SO4
－ mist 

increased. At the sametime, HSO4
－ ion also increased forming (NH4)HSO4 and H-HSO4 and 

the aerosols was strongly acidified as follows. 
 

(NH4)2SO4 + (1+ a + b) H2SO4 →2(NH4)HSO4 
+ a2H・SO4 + bH・HSO4                                 (3.4) 

 
Thus partitioning between HSO4

－ and SO4
2- is interesting. As the pH decreased, the SO4

2- 
fraction, that is, [SO4

2-]/ ([SO4
2-]+[HSO4

－]) also decreased as shown in Table 3.1. In the 
strongly acidic aerosols at aerosols at pH = 0.00, the SO4

2- fraction was only 22% while 
HSO4

－ fraction was 78%. In contrast, before the eruption the aerosol pH value was 2.08, and 
almost all sulfate existed as SO4

2-. This partitioning is examined in the case of ideal, internal 
mixed NH4 – SO4 –H2O system in section 3.5.6. 
 
3.4 Model validation 
 

The proposed simulation is compared with observations in this section for verification. 
However, as nitrate and chloride are not monitored, measured concentration and deposition 
data are limited, particularly for the dry deposition. Thus the results are compared with the 
concentrations of nitrogen oxides and ozone, which are important in nitrate generation 
reactions, and sodium ions, which indicate sea-salt transport and thus can be used for the 
evaluation of chloride. The validation of this model for sulfur dioxide and sulfate, the latter of 
which affects the gas-aerosol partitioning of nitrate and chloride, was presented by Kajino et 
al. (2004). 

The nitrate concentration in precipitation over east Asia simulated using the RAQM model, 
which adopts the similar mechanisms as the present MSSP, is consistent with the monthly 
average to within a factor of 2 (An et al., 2002). 

 
3.4.1 Nitrogen oxides concentration 

Fig. 3.2a is a scatter diagram showing the measured and simulated monthly mean 
concentrations of nitrogen oxides (NOX = NO + NO2). The different symbols denote different 
EANET monitoring stations (acid deposition monitoring network in east Asia) from across 
Japan archipelago (see Fig. 3.1). 10 values are plotted for each of the 6 stations for the period 
from September 2000 to June 2001 (totally 60 plots in the diagram). As shown in Fig. 3.2a, 
the MSSP model overestimates the NOX concentration at the northernmost (Rishiri) and 
southernmost (Hedo) sites, but gives results that are consistent with the observations at other 
sites (within a factor of 2). Figs 3.2b and 3.2c show the variation of nitrogen oxides 
concentration over time as a daily average at Tappi from October 2000 to March 2001 and at 
Yusuhara from January to June 2001. Because of the coarse horizontal resolution of the 
simulation, the peaks in the observations are underestimated. However, the results can be 
considered to be consistent with the observations overall. 
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data are limited, particularly for the dry deposition. Thus the results are compared with the 
concentrations of nitrogen oxides and ozone, which are important in nitrate generation 
reactions, and sodium ions, which indicate sea-salt transport and thus can be used for the 
evaluation of chloride. The validation of this model for sulfur dioxide and sulfate, the latter of 
which affects the gas-aerosol partitioning of nitrate and chloride, was presented by Kajino et 
al. (2004). 

The nitrate concentration in precipitation over east Asia simulated using the RAQM model, 
which adopts the similar mechanisms as the present MSSP, is consistent with the monthly 
average to within a factor of 2 (An et al., 2002). 

 
3.4.1 Nitrogen oxides concentration 

Fig. 3.2a is a scatter diagram showing the measured and simulated monthly mean 
concentrations of nitrogen oxides (NOX = NO + NO2). The different symbols denote different 
EANET monitoring stations (acid deposition monitoring network in east Asia) from across 
Japan archipelago (see Fig. 3.1). 10 values are plotted for each of the 6 stations for the period 
from September 2000 to June 2001 (totally 60 plots in the diagram). As shown in Fig. 3.2a, 
the MSSP model overestimates the NOX concentration at the northernmost (Rishiri) and 
southernmost (Hedo) sites, but gives results that are consistent with the observations at other 
sites (within a factor of 2). Figs 3.2b and 3.2c show the variation of nitrogen oxides 
concentration over time as a daily average at Tappi from October 2000 to March 2001 and at 
Yusuhara from January to June 2001. Because of the coarse horizontal resolution of the 
simulation, the peaks in the observations are underestimated. However, the results can be 
considered to be consistent with the observations overall. 
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Fig. 3.2 (a) Scatter diagram of measured and simulated monthly mean concentrations of 
nitrogen oxides (NOX = NO + NO2). Data for six stations: Rishiri (triangles, 45.08°N, 141.34°E, 40 
m MSL), Tappi (squares, 41.53°N, 140.54°E, 106 m MSL), Happo (asterisks, 36.58°N, 137.40°E, 
1850 m MSL), Oki (dashes, 36.28°N, 133.18°E, 90 m MSL), Yusuhara (circles, 32.73°N, 132.98°E, 
225 m MSL) and Hedo (crosses, 26.78°N, 128.23°E, 50 m MSL), as indicated in Fig. 3.1. Variation in 
nitrogen oxides concentration at (b) Tappi (October 2000 to March 2001) and (c) Yusuhara (January 
2001 to June 2001) (daily average). Circles denote EANET measurements, and solid lines denote the 
simulation results. 
 
3.4.2 Ozone concentration 

The ozone concentration plays an important role in nitrate generation in the atmosphere. 
Fig. 3.3a is the scatter diagram for ozone concentration. The simulation results are all in 
agreement with the observations within a factor of 2, except for Yusuhara in January 2001. 
Figs 3.3b and 3.3c show the variation in daily mean ozone concentration at Happo and Hedo 
over 6 months. The ozone concentration in east Asia is low in winter and high in spring, and 
this tendency is well reproduced. However, from December 2000 to February 2001, the 
simulations gave somewhat lower values than the observations, although the agreement is 
still reasonable. 
 
3.4.3 Sodium concentration 

Because of a lack of an anthropogenic and a volcanic emission inventories for hydrogen 
chloride, only heterogeneous generation on sea-salt surfaces was considered in the simulation. 
The generation of hydrogen chloride from sea salt depends on meteorological parameters, 
such as temperature and humidity, and sulfate, nitrate and sea-salt concentrations (Eq (3.1)). 
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A comparison of the simulated and observed daily mean sodium concentrations at Happo 
Ridge, where most of the sodium originates from sea salt, shows that the observed peaks are 
underestimated by the simulations due to numerical diffusion, but the order and tendency are 
well reproduced. 

 
Fig. 3.3 (a) Scatter diagram of measured and simulated monthly mean concentrations of ozone. 
Variation in ozone concentration at (b) Happo and (c) Hedo (daily average). 

 
3.5 Results and discussion 
 
3.5.1 Seasonal variations in sulfate concentration associated with the Miyakejima 
eruption  

The Miyakejima eruption had a substantial effect on the gas-aerosol partitioning of nitrate 
and chloride. The seasonal variations in sulfate concentration are considered below by 
focusing on the months of October 2000 (3 months after the onset of eruption), January 2001, 
April and July, corresponding to autumn, winter, spring and summer. Fig. 3.4 shows the 
monthly mean sulfate concentrations (μg m-3) originating from the Miyakejima Volcano in 
the lower troposphere (to 2,000 m MSL). The volcanic activity was still vigorous in October 
2000, and acidification was widespread across Japan. In winter, the prevailing north-westerly 
wind transported the volcanic sulfate southeast-ward into the northwest Pacific Ocean. In 
spring, the passage of alternating high- and low-pressure systems over Japan from west to east 
resulted in the systematic transport of volcanic sulfate across Japan. In summer, the prevailing 
subtropical high-pressure systems in the Pacific Ocean transported the volcanic sulfate north 
and west. Although the volcanic emissions from the Miyakejima Volcano decreased with time, 
the volcanic sulfate concentration increased in the following summer due to the high 
generation (oxidation) rate in the atmosphere. 



CHAPETR 3  Increase in nitrate and chloride deposition in east Asia due to increased sulfate associated with the eruption of 
Miyakejima Volcano 

 

 - 62 - 

A comparison of the simulated and observed daily mean sodium concentrations at Happo 
Ridge, where most of the sodium originates from sea salt, shows that the observed peaks are 
underestimated by the simulations due to numerical diffusion, but the order and tendency are 
well reproduced. 
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Variation in ozone concentration at (b) Happo and (c) Hedo (daily average). 

 
3.5 Results and discussion 
 
3.5.1 Seasonal variations in sulfate concentration associated with the Miyakejima 
eruption  

The Miyakejima eruption had a substantial effect on the gas-aerosol partitioning of nitrate 
and chloride. The seasonal variations in sulfate concentration are considered below by 
focusing on the months of October 2000 (3 months after the onset of eruption), January 2001, 
April and July, corresponding to autumn, winter, spring and summer. Fig. 3.4 shows the 
monthly mean sulfate concentrations (μg m-3) originating from the Miyakejima Volcano in 
the lower troposphere (to 2,000 m MSL). The volcanic activity was still vigorous in October 
2000, and acidification was widespread across Japan. In winter, the prevailing north-westerly 
wind transported the volcanic sulfate southeast-ward into the northwest Pacific Ocean. In 
spring, the passage of alternating high- and low-pressure systems over Japan from west to east 
resulted in the systematic transport of volcanic sulfate across Japan. In summer, the prevailing 
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and west. Although the volcanic emissions from the Miyakejima Volcano decreased with time, 
the volcanic sulfate concentration increased in the following summer due to the high 
generation (oxidation) rate in the atmosphere. 
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Fig. 3.4 Monthly mean sulfate concentrations (μg m-3) originating from the Miyakejima Volcano 
in the lower troposphere in October 2000, January 2001, April and July. Box 1, northeast Japan 
(NEJ), 139–142°E, 37–40°N); box 2, west Japan (WJ), 132–135°E, 33–36°N; and box 3, northwest 
Pacific Ocean (NWP), 142–145°E, 32–35°N. 

 
3.5.2 Change in gas-aerosol partitioning of nitrate 

The effect of volcanic sulfate on the gas-aerosol partitioning of nitrate in the atmosphere 
is illustrated in Fig. 3.5, which shows the variation in nitric acid gas and particulate nitrate 
concentrations in the lower troposphere as a monthly average for October 2000 and April 
2001. The concentration of nitric acid gas increased while that of particulate nitrate decreased 
in the areas of elevated volcanic sulfate. The areas in which these concentrations changed are 
not coincident, reflecting the differing deposition velocities of the gaseous and particulate 
phases. The ratio of volcanic-derived component (R) to the total concentration of nitrate is 
approximately 10 – 20% for the Japan archipelago in these periods. Here, R is defined as 
  ,/)(100 wwow CCCR −×=  
where Cw is the simulated deposition (or concentration) with the Miyakejima eruption and 
Cwo is that without the eruption. Thus the concentration of nitric acid gas increased by 10 — 
25% across Japan. These changes are mirrored by an increase in hydrogen chloride gas and 
decrease in particulate chloride in the lower troposphere. 
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Fig. 3.5 (left) Increase in nitric acid gas concentration (μg m-3) and (right) decrease in particulate 
nitrate concentration in the lower troposphere (monthly average). (top) October 2000 and 
(bottom) April 2001. 

 
3.5.3 Increase in nitrate deposition 

Fig. 3.6 shows the monthly mean dry deposition of nitrate for the same periods. The dry 
deposition of nitrate increased by 0.2－0.6 mg m-2 d-1 in southwestern Japan, except in 
January 2001, when the northwesterly wind would have transported the volcanic sulfate into 
the Pacific Ocean, causing an increase of more than 0.8 mg m-2 d-1 in affected areas. The 
eruption was responsible for more than 80% of the dry deposition of nitrate over the Pacific 
Ocean in winter 2001, thus representing a fivefold increase over pre-eruption levels. The 
eruption contribution was at most 10% across Japan in July 2001, and 25－30% in October 
2000 and April 2001. As the high temperature and increased anthropogenic sulfate emission 
in summer tends to partition nitrate into the gas phase even under normal circumstances, the 
increase in nitric acid gas concentration due to the presence of volcanic sulfate was not very 
large in the summer periods. 

The monthly mean wet deposition of nitrate in these periods is shown in Fig. 3.7. The 
distribution of wet deposition increase differed from that for dry deposition, as wet deposition 
depends not on the concentration near the surface as dry deposition but the concentration in 
and below clouds, the cloud water volume and precipitation. The wet deposition of nitrate 
increased over and to the south of Kyushu in October 2000, where the dry deposition did not 
increase. This is also the case for northeastern Honshu in January 2001. On the other hand, 
wet deposition over Japan did not increase in April and July 2001, whereas the dry deposition 
exhibited a clear increase in these periods. In autumn, the wet deposition of nitrate over 
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Fig. 3.5 (left) Increase in nitric acid gas concentration (μg m-3) and (right) decrease in particulate 
nitrate concentration in the lower troposphere (monthly average). (top) October 2000 and 
(bottom) April 2001. 

 
3.5.3 Increase in nitrate deposition 

Fig. 3.6 shows the monthly mean dry deposition of nitrate for the same periods. The dry 
deposition of nitrate increased by 0.2－0.6 mg m-2 d-1 in southwestern Japan, except in 
January 2001, when the northwesterly wind would have transported the volcanic sulfate into 
the Pacific Ocean, causing an increase of more than 0.8 mg m-2 d-1 in affected areas. The 
eruption was responsible for more than 80% of the dry deposition of nitrate over the Pacific 
Ocean in winter 2001, thus representing a fivefold increase over pre-eruption levels. The 
eruption contribution was at most 10% across Japan in July 2001, and 25－30% in October 
2000 and April 2001. As the high temperature and increased anthropogenic sulfate emission 
in summer tends to partition nitrate into the gas phase even under normal circumstances, the 
increase in nitric acid gas concentration due to the presence of volcanic sulfate was not very 
large in the summer periods. 

The monthly mean wet deposition of nitrate in these periods is shown in Fig. 3.7. The 
distribution of wet deposition increase differed from that for dry deposition, as wet deposition 
depends not on the concentration near the surface as dry deposition but the concentration in 
and below clouds, the cloud water volume and precipitation. The wet deposition of nitrate 
increased over and to the south of Kyushu in October 2000, where the dry deposition did not 
increase. This is also the case for northeastern Honshu in January 2001. On the other hand, 
wet deposition over Japan did not increase in April and July 2001, whereas the dry deposition 
exhibited a clear increase in these periods. In autumn, the wet deposition of nitrate over 
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Kyushu and Honshu increased by 0.5－1 and 1.5－4 mg m-2 d-1. In winter, the maximum 
increase of nitrate wet deposition occurred over the Pacific Ocean, rising by about 5 mg m-2 

d-1, although a 1 mg m-2 d-1 increase was also observed over northeastern Japan. In spring, an 
increase of 0.5－2 mg m-2 d-1 occurred over the ocean south of Honshu, while in summer, 
nitrate wet deposition was elevated by 2.5－4 mg m-2 d-1 over the ocean east of northeastern 
Honshu. The increase in the wet deposition of nitrate was therefore about 10 times greater 
than the increase in dry deposition over the entire area. The contribution of the eruption to the 
wet deposition of nitrate was about 50% over Japan, more than 70% over northeastern 
Honshu in winter, and at most 10% over Honshu in summer. 

 

 
Fig. 3.6 Increase in monthly mean dry deposition of nitrate (mg m-2 d-1). 
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Fig. 3.7 Increase in monthly mean wet deposition of nitrate (mg m-2 d-1). 

 
3.5.4 Increase in chloride deposition of sea-salt origin 

As we have no information on the anthropogenic and the volcanic emission for chloride, 
only sea-salt origin is considered in the simulation. The simulation underestimated increase in 
chloride deposition due to the omission. Thus indirect acidification of chloride of sea-salt 
origin is briefly mentioned in this section. In October 2000, the dry deposition of chloride 
increased by 0.1 mg m-2 d-1 over the Sea of Japan. The elevated levels of chloride were more 
wide-spread over the Pacific Ocean than for nitrate (about 0.02 mg m-2 d-1), attributable to 
the much larger Henry’s law constant for nitrate, about 30 times larger than that for chloride, 
which results in a much higher dry deposition velocity for nitrate over the ocean. In April 
2001, the volcanic sulfate from Miyakejima was transported far to the south of Japan. In the 
low-latitude North Pacific Ocean, far from major anthropogenic emission sources, the nitrate 
as well as the anthropogenic sulfate concentration is very low. Thus the effect of the volcanic 
sulfate on the generation of hydrogen chloride gas through heterogeneous reactions (see Eq. 
(3.1)) was predominant. The dry deposition of chloride increased by 0.01 — 0.04 mg m-2 d-1 
over the Pacific Ocean in spring, while the increase in winter was about 0.06 mg m-2 d-1 over 
the northwest Pacific Ocean. In summer, a major increase in deposition occurred over the 
ocean east of Japan (0.08—0.12 mg m-2 d-1). Similar to the case for nitrate, the volcanic 
contribution to chloride dry deposition was lower in summer (about 20%) than in other 
seasons (about 50%). 

The increase in wet deposition of chloride was a little smaller than for the dry deposition 
of chloride. This is in contrast with the results for nitrate, which indicated that the wet 
deposition increase was 10 times larger than that for dry deposition, as Henry’s law constant 
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Fig. 3.7 Increase in monthly mean wet deposition of nitrate (mg m-2 d-1). 
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As we have no information on the anthropogenic and the volcanic emission for chloride, 
only sea-salt origin is considered in the simulation. The simulation underestimated increase in 
chloride deposition due to the omission. Thus indirect acidification of chloride of sea-salt 
origin is briefly mentioned in this section. In October 2000, the dry deposition of chloride 
increased by 0.1 mg m-2 d-1 over the Sea of Japan. The elevated levels of chloride were more 
wide-spread over the Pacific Ocean than for nitrate (about 0.02 mg m-2 d-1), attributable to 
the much larger Henry’s law constant for nitrate, about 30 times larger than that for chloride, 
which results in a much higher dry deposition velocity for nitrate over the ocean. In April 
2001, the volcanic sulfate from Miyakejima was transported far to the south of Japan. In the 
low-latitude North Pacific Ocean, far from major anthropogenic emission sources, the nitrate 
as well as the anthropogenic sulfate concentration is very low. Thus the effect of the volcanic 
sulfate on the generation of hydrogen chloride gas through heterogeneous reactions (see Eq. 
(3.1)) was predominant. The dry deposition of chloride increased by 0.01 — 0.04 mg m-2 d-1 
over the Pacific Ocean in spring, while the increase in winter was about 0.06 mg m-2 d-1 over 
the northwest Pacific Ocean. In summer, a major increase in deposition occurred over the 
ocean east of Japan (0.08—0.12 mg m-2 d-1). Similar to the case for nitrate, the volcanic 
contribution to chloride dry deposition was lower in summer (about 20%) than in other 
seasons (about 50%). 

The increase in wet deposition of chloride was a little smaller than for the dry deposition 
of chloride. This is in contrast with the results for nitrate, which indicated that the wet 
deposition increase was 10 times larger than that for dry deposition, as Henry’s law constant 
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for chloride is much smaller than that for nitrate. Similarly to nitrate, the increase in the wet 
deposition of chloride was greater in areas of higher precipitation. The increase was small in 
April 2001, but relatively large (0.01－0.04 mg m-2 d-1) in October 2000 over central Honshu 
and central and southern Kyushu, in January 2001 over the northwest Pacific Ocean and 
northeastern Honshu, and July 2001 over the ocean east of northeast Japan. The contribution 
of volcanic emission to chloride wet deposition was lower in summer (about 30%) than in 
other seasons (80－90%). 
 
3.5.5 Direct and indirect acidification 

Table 3.3 lists the monthly and areal mean increases in dry and wet deposition of sulfate, 
nitrate and chloride due to eruption of the Miyakejima Volcano. The increases are shown for 
areas 1 to 3 (Fig. 3.4) for the months of October 2000, January 2001, April and July. The unit 
μequiv m-2 d-1 (equiv = mol × valency) is used for comparability of each of the acidification 
effects.  

The increase in the dry deposition of nitrate was comparable to that of sulfate in all areas 
and seasons, and in some cases exceeded that for sulfate appreciably. In winter, the prevailing 
northwesterly wind prevented an increase in acid deposition over Japan, while the volcanic 
contribution to the deposition over NWP was much higher in winter than in other areas and 
seasons. The maximum increased in chloride deposition occurred over NWP in winter, where 
chloride dry deposition was 1.41 μequiv m-2 d-1. The increases in sulfate and nitrate deposition 
were also highest over NWP in winter (8.14 and 11.5 μequiv m-2 d-1). The increase in deposition 
for nitrate was 1.4 times larger than that for sulfate. In Japan, sulfate and nitrate deposition 
increased by 1.0－3.0 μequiv m-2 d-1 in all seasons except winter, and the increase in sulfate was 
about 1.5 times larger than that for nitrate. 

 
Table 3.3 Increase in monthly and areal mean dry and wet deposition of sulfate, nitrate, and 
chloride in areas 1 to 3. 

 
 

* net direct acid deposition increase (volcanic sulfate) 
+ net indirect acid deposition increase (nitrate and cholirde) 

 
The increase in the wet deposition of sulfate was in general most pronounced, although 

the increase in nitrate over NWP and NEJ in winter was greater. The increase in the 
deposition of chloride was about 100 times smaller than that for either sulfate or nitrate. The 
deposition of sulfate exhibited the greatest increase over NEJ and NWP in October 2000 (48.2 
and 63.6 μequiv m-2 d-1), while the increase in nitrate deposition was less than half that over 
the same areas in winter (57.9 and 16.8 μequiv m-2 d-1). The increase in nitrate deposition, 
however, was still 2.3 and 1.5 times higher than that for sulfate in these areas. The 
distributions of dry and wet deposition increases were different, as wet deposition depends not 
on the concentration near the surface as dry deposition but the concentration in and below 
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clouds, the cloud water volume and precipitation. The increase in wet deposition was 
predominant over NEJ and NWP in October 2000, during a period of high precipitation, 
whereas the dry deposition increase was predominant over WJ in July 2001. Wet deposition 
was important for both direct and indirect acidification, while dry deposition was also 
important for indirect acidification. The increase in the dry deposition of nitrate sometimes 
reached levels similar to the increase in the wet deposition of sulfate, but in general, the wet 
deposition increase was larger than the dry deposition increase, except in WJ where the 
increases were comparable. 

Direct acidification (deposition of volcanic sulfate) often predominated over indirect 
acidification (additional deposition of nonvolcanic nitrate and chloride as a result of the 
eruption). However, the deposition increase by indirect acidification was 71.0 μequiv m-2 d-1 
over NWP in winter, 2.1 times larger than that by the direct effect. A similar predominance of 
indirect acidification was obtained for NEJ in winter, WJ in summer, and NWP in spring. 
Although the indirect effect was generally less pronounced than the direct effect in other areas 
and seasons, the indirect effect was equivalent to 7% of the direct effect even in the minimum 
case (WJ in winter), which is still not negligible. 

The annual and bimonthly mean deposition increase of sulfate, nitrate and chloride at 
Happo Ridge were 0.55, 0.03, 0.08 mg L-1 and 1.45, 0.52, 0.08 mg L-1, respectively (see 
Table 3.2). The annual and bimonthly mean precipitation at Happo Ridge were about 3000 
and 700 mm. From these values, the annual and bimonthly mean deposition increase is 
calculated to be 94.2, 3.97, and 18.0 μequiv m-2 d-1, and 346.7, 96.2, and 25.2 μequiv m-2 d-1, 
respectively. These values are reasonable in terms of sulfate and nitrate deposition, but are 
obviously very low for chloride deposition. This is likely to be due to the omission of 
anthropogenic and volcanic hydrogen chloride in the simulation. Future simulations should 
therefore consider these emissions of chloride. 

Asian dust particles, deflated from large deserts in western and northwestern parts of 
China, so-called yellow sand, has been neutralizing east Asian atmospheric environment 
(Wang et al., 2002; Terada et al., 2002). Wang et al. (2002) calculated that the neutralization 
effects can increase pH values of precipitation by 0.1 — 0.4 in Japan, 0.5 — 1.5 in Korea, and 
more than 2 in northern China during spring, the most influential season. Kajino et al. 
(2004) estimated that the eruption of Miyakejima Volcano decreased pH value by 0.1 — 1 in 
Japan on annual average. Calculated from the wet deposition increase in Table 3.3, the 
contribution of this indirect effect ranges 6.8 — 69.8% of the total wet deposition increase. 
Using the two ranges of the contribution and the pH decrease, we obtain pH decrease by the 
indirect effect, that ranges 0.0076 — 0.86, that could offset the neutralization effect by the 
yellow sand in Japan. 
 
3.5.6 Indirect acidification in general air pollution 

This indirect acidification can occur in general air pollution in Asia, North America and 
Europe. Especially in Asia, SO2 emission is estimated to continue increasing in the coming 
decades. Consequently, deposition of nitrate and chloride will be accelerated over downwind 
areas of large emission sources. This effect will be more pronounced in winter, when the 
gas-aerosol partitioning of nitrate and chloride is biased normally to the aerosol phase, than in 
summer. 

This paper focuses on the additional acidification occurred under the sulfate rich air mass 
transported from the volcano. It decreases their atmospheric residence time, leading to lower 
transport distances and less amounts of deposition in farther area, in contrast. Therefore 
reduction in future SO2 emission will cause a decrease in nitrate and chloride deposition, 
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clouds, the cloud water volume and precipitation. The increase in wet deposition was 
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respectively. These values are reasonable in terms of sulfate and nitrate deposition, but are 
obviously very low for chloride deposition. This is likely to be due to the omission of 
anthropogenic and volcanic hydrogen chloride in the simulation. Future simulations should 
therefore consider these emissions of chloride. 

Asian dust particles, deflated from large deserts in western and northwestern parts of 
China, so-called yellow sand, has been neutralizing east Asian atmospheric environment 
(Wang et al., 2002; Terada et al., 2002). Wang et al. (2002) calculated that the neutralization 
effects can increase pH values of precipitation by 0.1 — 0.4 in Japan, 0.5 — 1.5 in Korea, and 
more than 2 in northern China during spring, the most influential season. Kajino et al. 
(2004) estimated that the eruption of Miyakejima Volcano decreased pH value by 0.1 — 1 in 
Japan on annual average. Calculated from the wet deposition increase in Table 3.3, the 
contribution of this indirect effect ranges 6.8 — 69.8% of the total wet deposition increase. 
Using the two ranges of the contribution and the pH decrease, we obtain pH decrease by the 
indirect effect, that ranges 0.0076 — 0.86, that could offset the neutralization effect by the 
yellow sand in Japan. 
 
3.5.6 Indirect acidification in general air pollution 

This indirect acidification can occur in general air pollution in Asia, North America and 
Europe. Especially in Asia, SO2 emission is estimated to continue increasing in the coming 
decades. Consequently, deposition of nitrate and chloride will be accelerated over downwind 
areas of large emission sources. This effect will be more pronounced in winter, when the 
gas-aerosol partitioning of nitrate and chloride is biased normally to the aerosol phase, than in 
summer. 

This paper focuses on the additional acidification occurred under the sulfate rich air mass 
transported from the volcano. It decreases their atmospheric residence time, leading to lower 
transport distances and less amounts of deposition in farther area, in contrast. Therefore 
reduction in future SO2 emission will cause a decrease in nitrate and chloride deposition, 
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however, resulting in extended their residence time in the air and more widespread 
acidification by these ions. It is necessary to assess these effects quantitatively based on 
monitoring data and numerical simulations. 
 
3.5.7 Thermodynamic equilibrium in strongly acidic aerosols 

As we discussed in section 3.3.2, ammonia was exhausted by sulfate and no ammonia 
remained in the gas phase in the volcanic plume. After exhausting ammonia, superfluous 
sulfate existed as sulfuric acid mist, resulting in substantial changes in partitioning of HSO4

－ 
and SO4

2-, In the strongly acidic aerosols at pH=0.00, the SO4
2- fraction was only 22% while 

HSO4
－ fraction was 78% as shown in Table 3.1. In contrast, before the eruption the aerosol 

pH value was 2.08, and almost all sulfate existed as SO4
2- .This partitioning is examined in the 

case of ideal, internal mixed NH4－SO4－H2O system predicted by the SCAPE module. This 
system contains only H2SO4, NH3 and water. All of compositions (ion pairs) in aerosols are 
determined by concentrations of these three components at a given temperature and relative 
humidity. The subsistent ions in the aerosol phase in the system are H+, SO4

2-, HSO4
－ and NH4

+. 
Fig. 3.8 presents the pH value of aerosols and its compositions (ion pairs) at the fixed 

condition (20°C, 95%, total (gas plus aerosol) [NH3] = 2 μmol m-3) when [SO4
2-] varies from 

0.05 to 5 μmol m-3. As sulfate is bivalent, ammonium and sulfate are balanced when [SO4
2-] is 

1 μmol m-3, that is 2 μequiv m-3. When [SO4
2-] is 0 μmol m-3, the acidity cannot be calculated 

as aerosols are not deliquescent. Although [NH3] is superabundant in the atmosphere, [NH4
+] 

in the aerosol phase is the same level as [SO4
2-] in equivalent concentration as a maximum. 

Because of the high hygroscopicity of sulfate, even though ammonia is superabundant, small 
volume of hydrated H2SO4 exists in aerosol, forming a highly concentrated aqueous solution, 
very acidic (the pH value is 3.4 even if [SO4

2-] is 0.05 μmol m-3). 
As SO4

2- increases, (NH4)2SO4 increases. When concentrations of sulfate and ammonia 
are balanced ([SO4

2-] is 1  μmo l m-3), the pH value of aerosols is about 2. This value 
corresponds to that for the contaminated air mass from the Asian continent before the onset of 
eruption. As SO4

2- increases furthermore, (NH4)2SO4 decreases while (NH4) HSO4 and 2H－
SO4 increases in a ratio of 4:1. When sulfate equivalent concentration is 2.5 times that of 
ammonia, [(NH4)2SO4] becomes zero and all of ammonia exists as NH4HSO4. Increase in 
NH4HSO4 stops and H－HSO4 appears since then. The increase ratio of H－HSO4 is 4 times 
that of 2H－SO4. As the sulfate equivalent concentration is 5 times that of ammonia, the ratio 
of [NH4HSO4], [H－HSO4] and [2H－SO4] is 2:2:1. As shown in Table 3.1, this ratio is 
corresponding to that for the volcanic plume from Miyakejima Volcano. 

The relationships of the pH value of aerosols and the SO4
2- fraction under various relative 

humidity conditions in the same NH4－SO4－H2O system are presented in Fig. 3.9. Thick 
solid lines denote 95% relative humidity, solid lines with triangles, squares, and circles denote 
85%, 80%, and 70% relative humidity, respectively. Other conditions are set in the same 
manner as Fig. 3.8 (20°C, [NH3] is 2 μmol m-3, [SO4

2-] varies from 0.05 to 5 μmol m-3). The 
HSO4

－fraction starts increasing when the pH value is about 3. The fraction increases rapidly 
in a range of pH from 2 to 0.5. This range is corresponding to that of [SO4

2-] from 1 to 2.5 
μmol m-3, where (NH4)2SO4 decreases while (NH4) HSO4 increases. In the range that increase 
in NH4HSO4 stops and only 2H－SO4 and H－HSO4 increases, the fraction of HSO4

－ does 
not change substantially with a maximum around pH = 0, and only the pH values decrease. 
When relative humidity is lower, small amounts of water uptake by aerosols results in the 
lower value of pH and the higher HSO4

－ fraction.  
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Fig. 3.8 Concentrations of aerosol compositions and the pH value of aerosols as highly 
concentrated aqueous solutions in ideal, internal mixed, NH4–SO4–H2O system. [SO4

2-] values of 
0.05–5 μmol m-3 but with other conditions fixed (20°C, 95%, [NH3] = 2 μmol m-3). 

 

 
Fig. 3.9 Relationships of the pH value of aerosols and the SO4

2- fraction under various relative 
humidity in the NH4–SO4–H2O system. Other conditions set in the same manner as Fig. 3.8 (20°C, 
[NH3] = 2 μmol m-3, [SO4

2-] values of 0.05–5 μmol m-3). 
 

3.6 Conclusions 
 

The eruption of Miyakejima Volcano in 2000 has resulted in the emission of large amounts 
of sulfur dioxide into the atmosphere. From short-time aerosol sampling conducted at Happo 
Ridge in the central mountainous region of Japan, it has been revealed that the increase in 
sulfate aerosols due to the eruption has changed the gas-aerosol partitioning of nitrate and 
chloride substantially, causing these components to be expelled into the gas phase. As the 
deposition velocities of nitrate and chloride aerosols are much smaller than that for nitric acid 
gas and hydrogen chloride, the deposition of nonvolcanic nitric acid and hydrogen chloride 
have been increased indirectly by the eruption. This indirect acidification was analyzed in the 
present study by simulation using MSSP. 
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The dry deposition of nitrate was found to have increased by 0.2－0.8 mg m-2 d-1 over far 
east Asia. The contribution due to eruption products was highest in winter, and more than 
80% over the Pacific Ocean, whereas the contribution was much lower over Japan (10% in 
July 2001, 25－30% in October 2000 and April 2001). The distribution of wet deposition 
increase differed from that for dry deposition because the processes are different. The wet 
deposition increase of nitrate was 0.5－4 mg m-2 d-1. The increase in the wet deposition of 
nitrate was about 10 times larger than that for dry deposition, and the eruption accounted for 
about 50% of the total wet deposition of nitrate over Japan (70% over northeastern Honshu in 
winter, and 10% in summer). 

The distribution of chloride deposition increase differed from that for nitrate deposition 
because of the origins considered in the study are different. Chloride originates from sea salt, 
while nitrate from human activity. The dry deposition increase of chloride was 0.01－0.12 mg 
m-2 d-1 over Japan, and the eruption accounted for about 20－50% of the total chloride dry 
deposition. The increase in wet deposition of chloride was much smaller than for the other 
forms of deposition. The contribution due to eruption was 30－90%. 

Direct acidification was found to be generally predominant over indirect acidification, 
except for the north-western Pacific Ocean in winter, where the increase due the indirect 
effect was 2.1 times larger than that by the direct effect. Although the indirect effect was 
predominant over northeastern Japan in winter, western Japan in summer, and the 
northwestern Pacific Ocean in spring, it is less pronounced in other areas and seasons. 
Nevertheless, the indirect effect was equivalent to a minimum of 7% of the direct effect, 
which is not negligible. 

Indirect acidification similar to the process investigated in this study may also be 
appreciable in general air pollution. In sulfate-rich contaminated air masses, the acid 
deposition of nitrate and chloride will be accelerated. Thus this indirect effect should be 
considered in any discussion of environmental acidification by sulfur oxides. 

This paper mainly focuses on the indirect acidification due to the eruption but substantial 
changes in partitioning between HSO4

－ and SO4
2- was also interesting. In the contaminated 

air mass from the Asian continent, the pH value of aerosols was 2.08 and almost all sulfate 
existed as SO4

2-. In contrast, in the strongly acidic aerosols at pH=0.00 in the volcanic plume, 
the SO4

2- fraction was only 22% while HSO4
－ fraction was 78%. 
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CHAPTER 4  Numerical Study on Vortices in the Middle Layer of Flow 
around a Large Mountain under Rotating Stratified Conditions 
 
(Published in Pure and Applied Geophys., 162, 1779-1793, 2005. Reproduced by permission of Springer.) 
 

Abstract 
 

Generation of cyclonic vortices in the middle layer of flow around a large mountain like 
Tibet and Rocky was investigated by means of a 3-D nonhydrostatic meteorological 
prognostic model. Special attention was paid to the effects of the earth’s rotation and 
stratification on the vortices detached successively from the slope of a high and large 
horizontal scale mountain. It was found the successive formation and detachment of such ’von 
Karman-like vortices’ occurred in the flow regime at high Rossby numbers Ro and low 
Froude numbers Fr. It was successfully divided by the criterion of baroclinic instability. This 
means that if the condition is unstable baroclinically, a lee vortex is destabilized into a 
three-dimensional one, while under baroclinically stable conditions the lee vortex with 
vertical axis retains its standing structure and remains long lasting in the middle layer.  
 
Keywords: Lee vortex, Lee wave, Flow around mountain, Stratification, Coriolis effect, 
Rotating stratified flow, Numerical model 
 
4.1 Introduction 
 

Flow around a great mountain such as Tibet and Rocky has drawn increasingly more 
attention relating to the global circulation and regional- and meso-scale climate. Such a 
mountain supplies an enormous amount of heat and water to the middle and upper 
tropospheric atmosphere and so influences the global circulation (Yanai, et al., 1992; Yanai 
and Li, 1994). On the regional- and meso-scales it frequently causes severe storms. They are 
not only strong winds and draught weather but also at times hail and heavy rain. Lee vortex 
generated behind a great mountain is sometimes coupled with a baroclinic cyclone in the 
lower troposphere after traveling for long distances and then intensifies rapidly to produce 
heavy rain. 

Such lee vortex formation and vortex shedding at the lee side of a mountain slope proceed 
under the interaction between surface friction and adverse pressure gradient, which cause the 
flow to separate from the surface. If the oncoming flow is stratified stably, the formation of 
the lee vortex is influenced by the internal gravity waves and if the mountain has a large 
horizontal scale, the vortex shedding is also affected by Coriolis force. An excellent 
schematic model for the flow around a mountain at low Froude numbers Fr was presented by 
Hunt et al. (1997) and Hunt et al. (2001). They distinguished the stratified flow field into two 
layers. They were called the top layer and the middle layer. The top layer was characterized 
by the flow passing over the mountain crest and by the lee wave and the lee vortex with 
horizontal axis which sometimes resulted from the internal gravity wave. While in the middle 
layer the flow detoured around the mountain side slope and lee vortices with vertical axis 
were created. This implies that both of the vortices with vertical axis and those with 
horizontal axis coexist in the wake region of the mountain at low Fr numbers.  

Numerous studies have been performed on the effects of stratification on the flow around 
a mountain. These studies include laboratory experiments by Lin et al. (1992) and Hunt and 
Snyder (1980) and numerical models by Hanazaki (1988) and Baines and Smith (1993). An 
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excellent review was also presented by Smith (1979). However, in the case of a great 
mountain with large horizontal scale effects of the earth’s rotation becomes dominant on the 
flow around the mountain, together with the stratification effects. At low Rossby numbers Ro 
the earth’s rotation brings about a difference of the flow velocities on the left and right hand 
sides of the mountain looking leeward. This horizontal wind shear has the potential to change 
the regime of vortex generation in the wake (e.g., Huppert, 1975; Huppert and Bryan, 1976; 
Chapman and Haidvogel, 1993; Boyer and Chen, 1987). Moreover the geostrophic balance 
due to Coriolis force compels creation of different vertical wind shears and horizontal 
temperature gradients on the left and right hand sides of the mountain side slope. Thus the 
rotating effect produces the change of the dynamical state of vortex formation in addition to 
the change of flow patterns in the middle layer. 

In this paper rotating and stratified flows around a great mountain were simulated by a 
3-D non-hydrostatic meteorological prognostic model (Sha et al., 1996; 1998), and the vortex 
formation, vortex shedding and the effects of rotation and stratification on their dynamical 
stability were investigated. Special attention was paid to the vertical vortices in the middle 
layer. Here it should be noted that the range of Froude number Fr is limited to Fr < 1. In that 
condition the middle layer is created where the oncoming flow detours around the mountain 
side. In Sec. 4.2, the numerical model and numerical experiments are described. In Sec. 4.3 a 
detection method of the vertical vortex in the near-wake region is devised. Characteristics of 
lee vortices in the middle layer and its dependence on Fr and Ro are discussed in Sec. 4.4, and 
the conclusions are summarized in Sec. 4.5. 
 
4.2 Model description and outline of numerical experiments  

 
The numerical model used is a 3-D non-hydrostatic meteorological prognostic model (Sha 

et al., 1996, 1998). It consists of the primitive equations with anelastic and Boussinesq 
approximations. A terrain following the σ coordinate system is adopted for its vertical 
ordinate. It is gridded nonequally (Δσ: 100 m ~2,000 m). Horizontal grids are equally 
spaced (Δx=Δy=50 km). The calculation domain is x: 6,000 km×y: 6,000 km×z: 25 km 
divided by the total grids 120×120×44. 

As the initial condition a uniform westerly wind U and uniform thermal stability (constant 
at Brunt Väisälä frequency N ) are assumed. The vertical eddy diffusivity of momentum is 
solved by the scheme of Blackadar (1962), and that of heat is calculated by the turbulent 
Prandtl number Prt depending on the Richardson number. The Coriolis effect is considered 
for the constant Coriolis parameter f plane. 

For the side boundary conditions the uniform westerly wind and thermal stability are 
specified at the west side boundary, while the other three lateral boundaries are set to a 
radiation condition (Sha et al., 1991). The upper boundary condition is fixed to the initial 
constant value for wind and temperature with a dumping layer from 15 km to 25 km, while 
the lower boundary is constrained by a no-slip condition. As for the dynamical pressure, a 
3-D Poisson equation is solved with the Neumann boundary condition (Schumann and 
Volkert, 1984). An “impulsive start” is adopted, and the time integral is executed until a 
non-dimensional time τ(= Ut /L) = 25.0. 

Numerical simulations were performed for mountains of various sizes, however the 
mountain shape was assumed to be fixed as  
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where hm is the height of the crest, L is the horizontal scale of the mountain, and (xo, yo) is the 
center position of the mountain. Typically, hm = 4 km and L= 500 km so that in the present 
work a great massive plateau such as Tibet in the mid-latitudes is assumed. In this study, the 
effect of local heating or cooling of air flow on the mountain slope is absent. 

A number of simulations were made for various flow parameters and mountain sizes. 
They are the approach wind speed U, Brunt-Väisälä frequency N, Coriolis parameter f, 
mountain height hm and mountain horizontal scale L. The U and N are fixed uniformly. Two 
series of simulations were performed. One is that U and N are variable but the remainders are 
fixed, i.e., f (=fo) = 8.338×10-5s-1, hm = 4 km and L = 500 km. Another series is that f , hm and 
L are variable instead of the fixed U =10 ms-1 and N = 0.02 s-1. They are summarized in 
Tables 4.1 and 4.2. 

 
Table 4.1 Flow parameters for simulation series I. (U and N are varied, but f (=f0)=8.338×10-5 s-1, 
hm=4 km and L = 500 km) 
 
  U (m s-1)                 3.0, 5.0, 6.0, 8.0, 10.0, 12.0, 14.0, 15.0, 16.0, 
                          18.0, 20.0, 22.0, 24.0, 26.0, 28.0, 30.0, 32.0, 36.0, 40.0 
  N (s-1)                        0.0050, 0.0100, 0.0150, 0.0200 
 
 
Table 4.2 Flow parameters for simulation series Π. (f , hm and L are varied, but U=10 ms-1, N=0.02 
s-1 and f0 =8.338×10-5 s-1) 
 
Coriolis factor f /f0                    0.10, 0.20, 0.40, 0.60, 0.80, 1.20, 1.40, 1.60 
Mountain height hm (km)                       2.0, 3.0, 5.0, 6.0, 7.0, 8.0 
Mountain horizontal scale L (km)                 100, 200, 250, 400, 750 

 
4.3 Detection method of vortex center in near-wake region 
 

To see the vortex formation and its dependence on Ro, Fr and mountain parameters, the 
following criterion was defined for the existence of the vortex, that is 

  ,),( 0u =yx  

  0
)(
)),((

),( >
∂
×∂

=
k

k
k

yx
yxD

ir
iuk

・

・
for all k , 

or 0),( <yxDk                  for all k ,                          (4.2) 
where u (x,y) denotes the horizontal wind vector and k is the vertical unit vector. In the 
detector function Dk (x,y), r is the horizontal vector of examination and ik is the horizontal 
unit vector along the vector of examination r in θk direction. Those are defined as 
  jir yx +=  
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where i and j denote the unit vectors in streamwise (x) and spanwise (y) directions, 
respectively and n is the total count of examination. For this criterion u(x, y) = 0 is added for 
the detection of vortex in the near-wake region. 

Adopting n = 8, this criterion was applied to the flow fields after τ= 3.6 in each run. If 
every Dk (x, y) is larger than zero at a certain point (x, y), a cyclonic vortex is assumed to exist 
at that point, and if Dk (x, y) is less than zero for all k, an anticyclonic vortex is formed at that 
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point. On the other hand, when Dk (x, y) is larger than zero for some of k and Dk (x, y) is less 
than zero for other k’

 
at a certain point (x, y), it means no vortex exists. Examples of the 

location of the vortex center in the near-wake region detected by this criterion are shown in 
Figs 4.1(a)–(c) and Fig. 4.3. 
 
4.4 Results and discussion 
 
4.4.1 Flow configuration and vortex generation in the middle layer under rotating 
stratified conditions 

A typical flow configuration associated with vortex formation and vortex shedding in the 
middle layer is presented in Figs. 4.1, 4.2 and 4.3. Here the flow parameters are U =18 m s-1, 
N = 0.015 s-1, Fr = 0.3 and Ro = 0.43. It is called hereafter the RUN 1. As seen in Fig. 
4.1(a)–(c), the flow pattern is not symmetric due to the Coriolis effect. On the upstream side 
of the mountain the stagnation point shifts significantly to the south. Because of the stable 
stratification (Fr = 0.3) the oncoming flow to the stagnation point cannot rise to the mountain 
top but rises for a short distance. It creates the minimum potential temperature region in the 
upstream splitting region, as seen in Fig. 4.2. Because of the stagnation point shift to the south, 
the split flow to the north is accelerated more than that to the south and the local peak velocity 
on the side slope attain 38 m s-1 

that is two times larger than the oncoming flow U = 18 m s-1 
, 

while the peak velocity is 24 m s-1 
in the split flow to the south. This is typically seen in the 

flow around a great massive plateau in the Northern Hemisphere. This asymmetric flow 
pattern and the accelerated wind peaks are well-explained qualitatively by the 
quasi-geostrophic potential vorticity conservation theorem of Huppert and Bryan (1976). 

On the lee side the flow pattern changes with time. Corresponding to the vortex formation 
and detachment, the structure of the mountain wake changes drastically. The distribution of 
the vertical vorticity, together with the horizontal wind vectors, is illustrated in Fig. 4.1(a)–(c). 
In those diagrams, two minimum velocity areas with almost zero velocity are clearly seen in 
the wake region behind the mountain. Cyclonic and anticyclonic vortices are generated in this 
wake region. 

They are shed successively and move downstream like ‘von Karman vortex pair’. 
Nondimensional frequency of the vortex shedding, i.e., Strouhal number St was around 0.15 
for most simulations, when the average horizontal size of the mountain in the middle layer is 
adopted as the reference length scale. This value St = 0.15 approximates the value of 0.2 for 
two-dimensional flow around a circular cylinder. 

In order to observe the vertical structure of these vortices, the flow pattern at the height of 
h = 2,500 m is depicted in Fig. 4.3. When compared with Fig. 4.1(c) for h = 1,500 m, the flow 
pattern and the vorticity distribution are similar. In particular, the cyclonic vorticity anomaly 
and the positions of vortex centers are located at a same x-y position in spite of different 
heights. This suggests that the axis of this vortex tube stands vertically. 
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Fig. 4.1 (a) Wind vectors and vertical vorticity (isopleths for every 20×10-6 s-1) in the horizontal 
plane of h=1,500m at τ(=tU/L)= 4.8 for RUN 1. ●：cyclonic vortex center, □：anticyclonic vortex 
center. Open circle is the cross section of the mountain. (b) τ= 6.6, and (c) τ= 8.4. 
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As a typical case in which vortex shedding does not occur, results of RUN 2 for U =6 
ms-1, N=0.005 s-1, Fr = 0.3 and Ro = 0.14 are presented in Figs. 4.4, 4.5 and 4.6. In this case 
Froude number Fr is the same but Rossby number Ro is less than that in RUN 1, and so the 
earth’s rotation and/or low wind speed work to suppress the vortex formation. In those 
diagrams any moving cyclone-anticyclone pair does not appear. The oncoming flow pattern 
(Fig. 4.4) is similar to that of Fig. 4.1(c) except for a much larger shift of the upstream 
stagnation point. However, the wake flow patterns are also different. In this case the split flow 
on the northern mountain side detours to the south on the back side of the mountain and deters 
the flow separation. As a result, the separated area is restricted in the southern part of the 
mountain back side and only cyclonic vorticity dominates in that area. While the anticyclonic 
vorticity is distributed on the front and northern mountain sides, as seen clearly at height h = 
2,500 m in Fig. 4.6. This is a major contrast to RUN 1 in which both the cyclone and 
anticyclone are generated in the wake region on the back side of the mountain. In RUN 2, 
there is no longer any vortex detected by the criterion (2). When Figs 4.4 and 4.6 are 
compared, the horizontal shear line on the southern boundary of the wake seems to tilt to + y 
direction with height. 

 
Fig. 4.2 Horizontal wind speed (isopleth for every 2 m s-1) and temperature (shaded) in the h = 
1,500 m plane at τ= 8.4. ●: cyclonic vortex center. Open circle is the cross section of the mountain. 
 

 
Fig. 4.3 Same as Fig. 4.1(c), but in the h = 2,500 m plane. 
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2,500 m in Fig. 4.6. This is a major contrast to RUN 1 in which both the cyclone and 
anticyclone are generated in the wake region on the back side of the mountain. In RUN 2, 
there is no longer any vortex detected by the criterion (2). When Figs 4.4 and 4.6 are 
compared, the horizontal shear line on the southern boundary of the wake seems to tilt to + y 
direction with height. 

 
Fig. 4.2 Horizontal wind speed (isopleth for every 2 m s-1) and temperature (shaded) in the h = 
1,500 m plane at τ= 8.4. ●: cyclonic vortex center. Open circle is the cross section of the mountain. 
 

 
Fig. 4.3 Same as Fig. 4.1(c), but in the h = 2,500 m plane. 
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Fig. 4.4 Wind vectors and vertical vorticity (isopleth for every 10×10-6 s-1) in the h=1,500 m 
plane at τ =4.8 for RUN 2. 

 

 
Fig. 4.5 Horizontal wind speed (isopleth for every 2 m s-1) and temperature (shaded) in the h = 
1,500 m plane at τ= 8.4. 

 
Fig. 4.6 Same as Fig. 4.4, but in the h = 2,500 m plane. 
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4.4.2 Flow classification on the basis of vortex shedding 
There appear many vortices with various sizes and lifetimes under different rotating and 

stratified conditions. Based on the vertical vortices detected by the criterion (2) in the 
near-wake region and on whether the vortex shedding occurs or not, classification of the 
rotating and stratified flows around the mountain was made. The result was illustrated in Fig. 
4.7. In the diagram the symbol “○” indicates the existence of a vortex which has a 
dimensionless lifetime lfτ  longer than 4.0 and moves for a distance dtr more than the 
horizontal mountain size L before it disappeared, while the symbol “□” denotes a vortex with 
shorter lifetime but longer than 1.0. The symbol “×” indicates that no vortex or a vortex with 
its lifetime less than 1.0 exists. In this diagram it is clearly seen that flows associated with the 
vortex shedding are classified on the basis of Fr and Ro, and vortex formation occurs in the 
range of lower Fr and higher Ro and no vortex is formed in the range of high Fr and low Ro. 
 
4.4.3 Dynamic stability of vertical vortices in the middle layer of near-wake region 

As seen in Fig. 4.7, vortex formation occurs in the range of lower Fr and higher Ro. In the 
middle layer stably stratified flow around the mountain slope is quasi two-dimensional and 
behaves similarly to the flow around a circular cylinder. It separates from the surface of the 
mountain slope and tends to create a vortex pair in the wake region. Since buoyancy works to 
tilt the vortex axis to the vertical direction under the stably stratified conditions, vertical 
vortices become dominant. On the other hand, the flow in the top layer is assumed to be the 
same as the flow around the obstacle at Fr number equal to one. It is because the lower 
boundary of the top layer is assumed to be located at the so-called dividing streamline and 
therefore the Fr number based on the height from the dividing streamline to the mountain top 
is equal to one. Thus, on the lee side of the mountain a strong downslope wind is created. It 
induces a strong internal gravity wave and at times a transverse horizontal vortex in the top 
layer. 

As the Fr number decreases, the thickness of the middle layer becomes larger and that of 
the top layer decreases, and thus the horizontal vortex in the top layer will become relatively 
weak and hardly interact with the middle layer. As a result, the vertical vortex in the middle 
layer is thought to remain as it is. 

On the other hand, as the Ro number is increased, the vortex formation and shedding tend 
to be activated. It is easily understood from the definition of Ro = U/ fL. Here, the increase of 
U and/or decrease of L tend to generate stronger vortical motion along the side slope of the 
mountain. Coriolis effect is somewhat complicated to explain. As the Coriolis parameter is 
increased, a westerly oncoming wind, for example, tends to flow to the north in front of the 
mountain and the northern split flow detours down to the south on the back side of the 
mountain. At a critical state the upstream streamline and the lee side streamline merge on the 
southern side of the mountain and form a closed loop. This Coriolis effect was analyzed 
extensively by a linear model by Huppert and Bryan (1976) and was certified by a numerical 
model. This detouring flow caused by the Coriolis effect is considered to work to suppress the 
vortex formation or to decrease the vorticity on the lee side in the middle layer. This is in 
contrast to the flow for f = 0 in that strong vortex pairs are created successively in the 
separated region. Thus it can be concluded that an increase in Ro number causes activation of 
the vertical vortices in the middle layer. 

This qualitative explanation of the effects of stratification and the earth’s rotation on the 
vortex formation and vortex shedding from the mountain slope was examined by the 
baroclinic stability criterion in the light of whether the disturbance in the form of a vertical 
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vortex can be retained as the two-dimensional one or be destabilized to a three-dimensional 
one under a baroclinic instability condition. 
 

4.4.4 Stability criterion of vertical vortices in the middle layer 
Referring to Pedlosky (1987), at first we consider the condition of the baroclinic 

instability for the disturbance of streamwise wavelength k and spanwise one l located in the 
rotating stratified fluid layer at constant fo and N. Considering the disturbance in the linearized 
set of quasi-geostrophic potential equations and temperature equations which are affected by 
stratification and baroclinicity, the necessary condition for it to grow is derived as 
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αo is the specific volume of the air at reference state, g is the acceleration due to gravity, and 
pt and pb are the pressures at the top and bottom of the fluid layer. Thus the necessary 
condition (4.4) for the disturbance to grow is satisfied under the condition of 
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Now we examine this instability condition for the disturbance in the middle layer of the 

rotating stratified flow around the mountain. Assuming that the upper boundary of the middle 
layer can be represented by the level of dividing streamline and the lower boundary by the 
zero ground level, their heights can be written as 

,)1(1 Frh
Nh
Uhh m

m
mt −=








−=                                       (4.8) 

.0=bh                                                          (4.9) 
Thus their pressure difference is approximated by 
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Assuming that the streamwise and spanwise wave lengths are represented by Llk 2/2π≈≈ , 
the baroclinic instability criterion (7) is written as 
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This criterion of the baroclinic instability is plotted by a thick curve in Fig. 4.7. The right 

hand side area of this curve represents the baroclinically unstable regime for the disturbance 
and the left represents the regime stable. The two regimes with and without detectable lee 
vortices or ‘von Karman-like vortices’ can be distinguished clearly by this baroclinic 
instability curve. It suggests that if the rotating and stratified flow on the lee side of the 
mountain is unstable baroclinically, a lee vortex is destabilized into a three-dimensional one, 
while under baroclinically stable conditions the lee vortex with a vertical axis retains its 
standing structure and remains long-lasting as a ‘von Karman-like vortex’ in the middle layer. 
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Fig. 4.7 Diagram of flow regime associated with vortex formation in the middle layer. ○: vortex 
with τlf > 4.0 and dtr > L; □ : 1.0 < τlf < 4.0; × : τlf < 1.0 or no vortex formation. Thick line is the critical 
one for baroclinic instability (right-hand side: unstable, left: stable). 
 
4.5 Conclusions 
 

In order to investigate the effects of the earth’s rotation and stratification on the flow 
around a great mountain with a large horizontal scale and height, numerical experiments were 
performed by means of a 3-D nonhydrostatic meteorological prognostic model, changing the 
oncoming flow velocity, Coriolis parameter, Brunt Väisälä frequency and horizontal and 
vertical scales of the mountain. Special attention was paid to the formation of vortices with 
vertical axis and the vortex shedding in the middle layer around the mountain slope. 

It was ascertained that the vortex formation and vortex shedding occurred in the flow 
regime at high Rossby numbers Ro and low Froude numbers Fr. Vertical vortices were shed 
successively and moved downstream like a von Karman vortex pair. Nondimensional 
frequency of the vortex shedding, i.e., Strouhal number St was around 0.15 for most 
simulations, when the average horizontal size of the mountain in the middle layer is adopted 
as the reference length scale. This value St = 0.15 approximates the value of 0.2 for the 
two-dimensional flow around a circular cylinder. 

The two regimes with and without detectable lee vortices or ‘von Karman-like vortices’ 
could be distinguished clearly by the baroclinic instability curve. This suggests that if the 
condition is unstable baroclinically, a lee vortex is destabilized into a three-dimensional one, 
while under baroclinically stable conditions the lee vortex with a vertical axis retains its 
standing structure and persists as a ‘von Karman-like vortices’ for a long time in the middle 
layer. 
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CHAPTER 5 Sensitivity of Air Quality Model Prediction to 
Parameterization of Vertical Eddy Diffusivity 
 
(Published in Environ Fluid Mech. 9, 73–89. DOI 10.1007/s10652-008-9088-1, 2009. Reproduced by permission 
of Springer.) 
 

Abstract 
 

This paper investigates the effects of vertical eddy diffusivities derived from the 3 
different planetary boundary layer (PBL) schemes on predictions of chemical components in 
the troposphere of East Asia. Three PBL schemes were incorporated into a regional air quality 
model (RAQM) to represent vertical mixing process and sensitivity simulations were 
conducted with the three schemes while other options are identical. At altitudes <2 km, all 
schemes exhibit similar skill for predicting SO2 and O3, but more difference in the predicted 
NOX concentration. The Gayno–Seaman scheme produces the smallest vertical eddy 
diffusivity (Kz) among all schemes, leading to higher SO2 and NOX concentrations near the 
surface than that from the other 2 schemes. However, the effect of vertical mixing on O3 
concentration is complex and varies spatially due to chemistry. The Gayno–Seaman scheme 
predicts lower O3 concentrations than the other two schemes in the parts of northern China 
(generally VOC-limited) and higher ones in most parts of southern China (NOX-limited). The 
Byun and Dennis scheme produces the largest mixing depth in the daytime, which bring more 
NOX into upper levels, and the mixing depth predicted by the Gayno–Seaman scheme is the 
smallest, leading to higher NOX and lower O3 concentrations near the surface over intensive 
emission regions. 
 
Keywords: Vertical mixing, Planetary boundary layer, Air quality model, Chemistry, 
Sensitivity simulation, TRACE-P 
 
5. 1 Introduction 
 

Meteorology plays an important role in predicting pollutant transport, dispersion and 
transformation. It encompasses many atmospheric processes including horizontal and vertical 
transport, turbulent mixing, convection, dry and wet deposition (Seaman, 2000). Among these 
processes, vertical transport due to boundary layer turbulence is one of the most important 
controlling factors for air quality modeling. A number of parameterizations have been 
developed to represent turbulence in mesoscale meteorological models (Hong and Pan, 1996; 
Mellor and Yamada, 1974; Pleim and Chang 1992; Troen and Mahrt 1986; Zhang and Anthes, 
1982). Some previous studies revealed the significant influence of vertical diffusivity 
parameterization in predicting concentrations of air pollutants (Nowacki et al., 1996; Pe’rez et 
al., 2006; Sartelet et al., 2007), therefore it is worthwhile to examine and further investigate 
the relative ability of the various parameterizations in conjunction with air quality models. 

East Asia is a region with rapid economic growth and large emitted pollutants. The way 
through which the emissions are released and the extent of vertical mixing of the emissions is 
critical to pollutant transformation and transport at both local and regional scales. This study 
investigates the sensitivity of chemical species (including both primary and secondary 
pollutants) to the 3 different PBL schemes, which are commonly used in both meteorological 
and air quality models. Statistical analysis was conducted to evaluate model performances and 
relative ability of the 3 PBL schemes. Model results are further analyzed with respect to the 
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distribution of Kz and species concentrations to understand the effect of different PBL 
schemes on vertical mixing and chemical formation of air pollutants. 
 
5.2 Numerical experiment and options 
 

RAQM is a three-dimensional Eulerian model, which is built on a spherical and terrain- 
following coordinate system. It represents a series of major processes of chemical 
components in the troposphere, such as advection, diffusion, dry deposition, cloud and 
scavenging, gas and aqueous chemistry etc. and has been applied to study a number of 
environmental problems regarding ozone, acid deposition and soil dust transport (Han, 2007; 
Han et al., 2004; 2006). Gas phase chemistry is represented by an updated version of CB-IV 
mechanism (Gery et al., 1989) which includes 37 species and 91 reactions and employs a 
modified QSSA (quasi-steady-state assumptions) technique to solve the chemical equations. 
Cloud influence on clear sky photolysis rate is taken into account by introducing a cloud 
correction function as defined in Chang et al. (1987). Vertical mixing by subgrid scale 
motions, aqueous phase chemical conversions and scavenging processes in clouds are 
parameterized by using a one-dimensional dynamical and microphysical cloud model and a 
box aqueous chemistry model and a scavenging submodel, which are similar to those in 
RADM (Regional Acid Deposition Model) (Chang et al., 1987). So far, bulk equilibrium 
approach is used to account for gas/particle mass transfer and ISSOROPIA has been 
incorporated into RAQM to calculate physical state and composition of inorganic atmospheric 
aerosols (Nenes et al., 1998). New sulfate particle formation through nucleation and 
condensation on existing particles is treated by the method of McMurry and Friedlander 
(1979). A bin-resolved soil dust model (Han et al., 2004), which includes deflation, dry 
deposition and wet scavenging processes, has been embedded in RAQM without 
consideration of coagulation, but dust model is switched off in this study because the focus is 
on gaseous species. Heterogeneous reactions and secondary organic aerosol formation 
processes are understudy and will be included in RAQM. A modified Wesely’s scheme 
(Walmsley and Wesely, 1996) is applied to account for dry deposition process of gas species 
and the approach of Walcek et al. (1986) is adopted to calculate dry deposition velocities of 
sulfate and other inorganic aerosols. 

RAQM is an offline model driven by the Fifth Generation Pennstate/NCAR Meso-scale 
Model (MM5). Reanalysis data sets, four times a day with 1°× 1°

 
resolution are derived from 

National Centers for Environmental Prediction (NCEP) to provide initial and boundary 
conditions for MM5. Two PBL schemes, Medium-Range Forecasts (Hong and Pan, 1996) and 
Gayno–Seaman (Shafran et al., 1998) were used for MM5 simulations, while other options 
are identical, which are Reisner2 for explicit moisture scheme, RRTM for radiation 
calculation, Betts-Miller for cumulus processes and the five-layer soil model for land surface 
process. Four-dimensional data assimilation (FDDA) has been used to enhance prediction 
accuracy. In this study, three-dimensional analysis nudging was applied every 6h, with 
nudging coefficients being 2.0 × 10-4 for wind and temperature, and 1.0 × 10-5 for water vapor 
mixing ratio, respectively. MM5 provides meteorological fields for RAQM, and the vertical 
eddy diffusivity calculated from MM5 with the 2 PBL schemes were imported into RAQM 
directly. We refer to the above two scenarios as MRF and GSE. The PBL scheme by Byun 
and Dennis (1995) is embedded in RAQM, and the vertical eddy diffusivity is re-diagnosed in 
RAQM by using the meteorological fields from MM5 simulation, this scenario is referred to 
as B&D hereinafter. The other options in RAQM for the three cases are identical to highlight 
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as B&D hereinafter. The other options in RAQM for the three cases are identical to highlight 
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the differences resulting from the 3 PBL schemes. The scheme of Byun and Dennis (1995) is 
also applied in the Community Multiscale Air Quality (CMAQ) modeling system. 

The MRF scheme is a nonlocal K scheme which introduces a counter gradient term added 
to the local gradient transport for the well-mixed boundary layer. The eddy diffusivity for the 
wind field Km is obtained from a prescribed profile shape, as a function of PBL height, the 
height from the surface and some surface scaling parameters, whereas the eddy diffusivities 
for the mass field are computed from Km by using a Prandtl-number relationship. The GSE 
scheme is a 1.5-order local closure scheme in which the turbulent kinetic energy (TKE) is 
predicted by a prognostic equation. The eddy diffusivity is calculated based on local vertical 
wind shear, stability, mixing length scale and TKE. The GSE scheme is the most recent TKE 
scheme; one of the unique features is the use of liquid–water potential temperature as the 
temperature variable, which is a more conservative quantity in a saturated atmosphere than 
temperature or potential temperature. The MRF and TKE schemes both contain nonlocal 
treatments of the unstable PBL developments by adding a counter gradient term to the local 
gradient transport. 

The Byun and Dennis scheme is base on local K theory scheme, For the convective 
boundary-layer, the eddy diffusivity is defined as a function of surface convective velocity 
and PBL height. To reduce error in the diffusive flux across the model layer interface, the 
concept of ‘representative’ eddy diffusivity is introduced and mean diffusivity is adopted 
instead of local diffusivity. Model details are introduced in the Appendix. 

This study is an extension of Han et al. (2008) in which MM5 simulations of 
meteorological fields (wind, temperature, water mixing ratio, PBL height, precipitation, 
surface flux) performed with 5 PBL schemes are evaluated and investigated. The differences 
in the MM5 simulated meteorological fields between the GSE and MRF schemes are 
described in detail in Han et al. (2008). We focus in this paper on the sensitivity of 
concentration predictions to vertical eddy diffusivity derived from the 3 PBL schemes. 

The study domain covers most of East Asia (90°–145°
 
E,15°–50°

 
N), with a horizontal 

grid resolution of 0.5°, and 16 layers (50 m, 150 m, 300 m, 500 m, 750 m, 1,000 m, 1,500 m, 
2,000 m, 3,500 m, 4,500 m, 6,000 m, 7,500 m, 9,000 m, 10,500m, 12,000 m denote the 
intermediate height of each model layer) extending vertically from surface to about 12 km. 
Anthropogenic and biomass emissions are from Streets et al. (2003), which is monthly based 
and on a horizontal grid of 0.5°× 0.5°. Sulfur dioxide emission from volcanoes in Japan 
(Miyakejima and Sakurajima volcanoes are shown in Fig. 5.1) are from (Streets et al., 2003) 
and assigned to certain model grid at a height of 1,500 m (about the 7th layer of the model) by 
considering the thermal rise of volcanic plume. Large point source emissions are placed on a 
level of about 300 m above ground by taking into account the potential plume rise. Area 
sources are treated as a flux boundary condition in the diffusion equation. March 2001 was 
selected as study period due to the occurrence of significant vertical mixing and availability of 
high quality observational data both from the TRACE-P aircraft experiment and ground-level 
monitoring stations of China and Japan. Three days prior to March 2001 were taken as 
spin-up period. Boundary conditions were derived from the global atmospheric chemistry 
Model of Ozone and Related Tracers (MOZART v. 2.4), which provides monthly mean 
concentrations of several key species including O3. Model results were evaluated by 
comparison against the above observations to find out the relative skill of the 3 schemes. 
Model results using the 3 schemes were also intercompared in terms of vertical diffusivity 
coefficients and species concentrations to help understand the similarity and discrepancy 
among them. 
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TRACE-P aircraft observation comprises a number of important gases and aerosols, with 
sampling frequency from several seconds to minutes. This dataset provides a good 
opportunity for model validation. In total, 5 flights (flights 12, 13, 15 of DC-8 and flights 13, 
14 of P-3B) of TRACE-P (http://www-gte.larc.nasa.gov/gte_fld.htm) which encountered 
continental out flow were selected for comparison. Model results were extracted every 5 
minutes and interpolated tri-linearly to flight tracks. The prevailing wind is northwesterly in 
spring in most of East Asia. Three monitoring sites, namely Jinyunshan (JYS), Weishuiyuan 
(WSY) and Xiangzhou (XZH) are located in the southwest, northwest and southeast of China, 
respectively. Jinyunshan and Weishuiyuan are rural site, whereas Xiangzhou site is located in 
a small city Zhuhai. Observations of daily mean SO2 concentrations are available at the 3 sites. 
Hedo site of Japan is just downwind of the Asian continent, the hourly data (SO2, NOX and 
O3) observed at this site is also applied for model evaluation. Fig. 5.1 shows the flight tracks 
and locations of the monitoring sites in the study domain. Statistics measures of correlation 
coefficient (R), mean bias error (MBE), root mean square error (RMSE), normalized mean 
bias (NMB) and normalized mean error (NME) are calculated for pairs of data to help 
evaluate model performance. 

 

 
 

Fig. 5.1 The flight tracks of TRACE-P and locations of ground-level monitoring sites within the 
study domain. 
 
5.3 Results and discussion 
 
5.3.1 Distribution of vertical eddy diffusivity (Kz) 

Fig. 5.2 shows the monthly mean near surface (150 m) vertical eddy diffusivity (Kz) at 
14:00 LST (Fig. 5.2a–c) and 02:00 LST (Fig. 5.2d–f), and the cross section of Kz at 14:00 
LST along the 120°

 
E (Fig. 5.2g–i).  

Near the surface, the MRF scheme calculates the largest Kz in the entire domain among 
all schemes in the daytime, followed by the B&D scheme, and the GSE scheme produces the 
smallest Kz (Fig. 5.2a–c). In the nighttime, Kz predicted by the B&D and GSE schemes are 



CHAPTER 5  Sensitivity of Air Quality Model Prediction to Parameterization of Vertical Eddy Diffusivity 

 

 - 88 - 

TRACE-P aircraft observation comprises a number of important gases and aerosols, with 
sampling frequency from several seconds to minutes. This dataset provides a good 
opportunity for model validation. In total, 5 flights (flights 12, 13, 15 of DC-8 and flights 13, 
14 of P-3B) of TRACE-P (http://www-gte.larc.nasa.gov/gte_fld.htm) which encountered 
continental out flow were selected for comparison. Model results were extracted every 5 
minutes and interpolated tri-linearly to flight tracks. The prevailing wind is northwesterly in 
spring in most of East Asia. Three monitoring sites, namely Jinyunshan (JYS), Weishuiyuan 
(WSY) and Xiangzhou (XZH) are located in the southwest, northwest and southeast of China, 
respectively. Jinyunshan and Weishuiyuan are rural site, whereas Xiangzhou site is located in 
a small city Zhuhai. Observations of daily mean SO2 concentrations are available at the 3 sites. 
Hedo site of Japan is just downwind of the Asian continent, the hourly data (SO2, NOX and 
O3) observed at this site is also applied for model evaluation. Fig. 5.1 shows the flight tracks 
and locations of the monitoring sites in the study domain. Statistics measures of correlation 
coefficient (R), mean bias error (MBE), root mean square error (RMSE), normalized mean 
bias (NMB) and normalized mean error (NME) are calculated for pairs of data to help 
evaluate model performance. 

 

 
 

Fig. 5.1 The flight tracks of TRACE-P and locations of ground-level monitoring sites within the 
study domain. 
 
5.3 Results and discussion 
 
5.3.1 Distribution of vertical eddy diffusivity (Kz) 

Fig. 5.2 shows the monthly mean near surface (150 m) vertical eddy diffusivity (Kz) at 
14:00 LST (Fig. 5.2a–c) and 02:00 LST (Fig. 5.2d–f), and the cross section of Kz at 14:00 
LST along the 120°

 
E (Fig. 5.2g–i).  

Near the surface, the MRF scheme calculates the largest Kz in the entire domain among 
all schemes in the daytime, followed by the B&D scheme, and the GSE scheme produces the 
smallest Kz (Fig. 5.2a–c). In the nighttime, Kz predicted by the B&D and GSE schemes are 

CGER-I098-2011, CGER/NIES 

 - 89 - 

very alike on the land and smaller than that by the MRF scheme, but the differences among 
the 3 schemes are smaller than that in the daytime (Fig. 5.2d–f). 

The predicted vertical mixing in the daytime varies largely among the 3 schemes (Fig. 
5.2g–i). The B&D scheme predicts the maximum mixing depth above 3,000 meter, whereas 
the GSE scheme generally predicts a mixing depth of 1,000 meter. In the lowest 3 layers, the 
predicted Kz by the MRF scheme is larger than that by the other 2 schemes, which is 
consistent with the aspect shown in Fig. 5.2a–c. 

 
Fig. 5.2 The predicted monthly mean near surface (150 m) Kz at 14:00 LST (a, b, c), 02:00 LST 
(d, e, f) and Kz cross section (at 14:00 LST along 120° E, y-axis means the model layers) (g, h, i) 
predicted with B&D (a, d, g), MRF (b, e, h) and GSE (c, f, i) schemes (unit: m2s−1 for Kz). 
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In the previous study of Han et al. (2008), one of the important findings is that MRF 

scheme systematically overpredicts (NMB +0.39) and TKE schemes underpredict (NMB 
−0.37 to −0.44) the observed daytime PBL height. GSE scheme performs better than 
Mellor-Yamada scheme for PBL height, and GSE scheme produces the best correlation with 
observation among all the 5 PBL schemes, indicating its good skill in predicting PBL height 
(mixing height) variability. 

The MRF scheme is based on the use of a profile function for the vertical exchange 
coefficient, however, profile schemes are unable to correctly simulate features that deviate 
from a ‘classic’ PBL (surface-based, well-mixed with a strong capping inversion) due to 
limitation in representing the realistic physical process, such as in an internal boundary layer 
it may overestimate vertical sub-grid mixing, yielding larger PBL height and vertical eddy 
diffusivity. 

The TKE scheme (GSE) is more scientifically-defensible than profile schemes, but PBL 
height from the GSE scheme is found to be underestimated in previous studies. This 
underestimation was supposed to be associated with the underestimation of TKE which could 
be due to the neglect of horizontal gradients of mean and turbulent quantities (Berg and 
Zhong, 2005). As eddy diffusivity is a function of TKE, thus Kz is underestimated in the GSE 
scheme. 

The B&D scheme defines the PBL height as the level where the bulk Richardson number 
reaches a maximum of 0.7, using meteorological fields from MM5 with other PBL schemes, 
likely causing a potential dynamical inconsistency of the meteorological fields. The biases in 
meteorological variables (especially the surface variables) may strongly affect the bulk 
Richardson number calculation, hence the estimation of PBL height and eddy diffusivity. The 
PBL height (as high as 3,500 m) is clearly overestimated by the B&D scheme in this study, 
leading to larger Kz in PBL, but Kz in the surface layer is in a similar level to that of the GSE 
scheme due to the independence of Kz on PBL height (see Appendix). 

 
5.3.2 Monthly mean ground-level SO2 concentrations at the 3 sites of China 

Fig. 5.3 presents the model simulated and observed monthly mean SO2 concentrations in 
March 2001 at the 3 sites of China. It shows that the model simulations with the 3 PBL 
schemes agree well with observations at Jinyunshan and Weishuiyuan sites, whereas at 
Xiangzhou site, the model obviously underpredicts observation, which mainly due to the 
larger grid size adopted in RAQM with respect to the local urban plume. Fig. 5.3 also reveals 
that the predicted concentrations with the MRF scheme are smaller than that from the other 2 
schemes, and the GSE scheme predicts slightly higher concentrations than that from the B&D 
scheme at all the 3 sites. This is due to the larger Kz (Fig. 5.2b) by the MRF scheme may 
ventilate more pollutants from the surface into the upper level, causing lower concentration 
near the surface. Fig. 5.3 shows the sensitivity of concentration predictions to the different 
PBL schemes over source regions. 
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Fig. 5.3 Model predicted and observed monthly mean SO2 concentrations at 3 sites of China with 
the 3 PBL schemes (1st bar denotes observation; 2nd to 4th bars mean model predictions with the 
B&D, MRF and GSE schemes, respectively). 
 
5.3.3 Statistical analysis for Hedo Site 

Table 5.1 shows the statistics for the predicted near surface hourly species concentrations 
with the 3 schemes at Hedo of Japan, a site downwind of source region. It is interesting to find 
that the 3 schemes consistently produce similar correlations for SO2 (0.59–0.61). The MRF 
scheme predicts higher SO2 concentration (with MBE of 0.18 and NMB of 0.36) than that from 
the B&D and GSE schemes, which are closer to observation. This can be explained with the 
discussion in Sec. 5.3.1, that is the MRF scheme tends to diffuse more pollutant into upper level 
than the other 2 schemes, which could be subsequently transported to the downwind areas by 
northwesterlies, followed by downward mixing to the ground, causing higher concentration at 
Hedo site. The three schemes produce more varying correlation for NOX (0.14–0.25), and the 
B&D and MRF schemes predict lower NOX concentration than the GSE scheme, which are 
different from the results for SO2. Compared with SO2, NOX is more chemically reactive, and 
NOX level is a nonlinear result of the interplay of chemical reaction and transport. While 
larger vertical diffusion (such as that from the MRF scheme) brings more NOX into higher 
elevations, the photochemical reaction may be enhanced in upper levels than that near the 
surface due to excess of NOX on the ground, leading to more loss of NOX and consequently 
less NOX in downwind areas. So it can be understood that the response of NOX concentration 
to the different vertical diffusion (3 schemes) is different from that for SO2. The 3 schemes 
are very consistent in predicting O3 variability and magnitude, with R, MBE and NMB being 
0.63–0.65, −12.0 to −12.4ppbv and −0.21 to −0.22, respectively. The small differences in the 
O3 concentrations simulated with the 3 schemes could be attributed to that O3 is a secondary 
pollutant formed through photochemical reaction and the larger influence of background and 
boundary conditions compared with SO2 and NOX. 
 
5.3.4 Statistics analysis for TRACE-P aircraft observations 

Table 5.2 shows the statistics for model results in the region of <2 km in comparison with 
the TRACE-P aircraft observations. It is noted that all schemes show a similar skill for SO2, 
with R ranging 0.65–0.67, and NMB being 0.14–0.18, but yield relatively large differences in 
the NOX concentrations with R in a range of 0.29–0.36 and NMB being −0.26 to 0.04. The 
differences in the O3 concentrations among the 3 schemes are small, with R being 0.61–0.65, 
NMB being −0.15 to −0.17, respectively. The statistics in Table 5.2 is generally consistent 
with that in Table 5.1, exhibiting the higher SO2 concentrations predicted by the MRF scheme, 
and the higher NOX concentrations by the GSE scheme. In Table 5.2, for altitudes <2 km, it is 
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discernable that the GSE scheme performs best for NOX among the 3 schemes in terms of 
both magnitude and variability. It should be noted that Hedo site is located in the areas of the 
TRACE-P aircraft flight (Fig. 5.1), but the statistics are calculated for whole day (hourly data) 
at Hedo site and for daytime (06:00–18:00 LST) for TRACE-P aircraft observations. At 
altitudes <2 km, there is generally a tendency to overpredict SO2 and underpredict O3 
concentrations for all schemes. 

Correspondingly, Table 5.3 shows the statistics for the region of 2–5 km. The differences 
in the correlations among the 3 schemes somewhat increase for SO2 and NOX, whereas for O3, 
the consistency among schemes is similar to that in Table 5.2. The models kill apparently 
degrades in the region of 2–5 km compared with that in the region <2 km due to more 
uncertainties in chemical process (such as heterogeneous reactions), emissions and boundary 
condition influence. The significant overprediction for SO2 could be associated with the 
inappropriate treatment of volcano emissions (we put it in a certain model grid, but more 
reasonable way is to distribute it vertically around the crater). The predicted higher O3 
concentration is associated with the prescribed O3 boundary conditions which are monthly 
based and unchanged during the study period. For NOX, all schemes show an opposite aspect 
to that in the <2 km region, with the GSE scheme showing underprediction and the other 2 
schemes exhibiting overprediction. 

 
Table 5.1 Statistics for the predicted hourly species concentrations (ppbv) for the 3 schemes at 
Hedo site 
 

Scheme Species R MBE RMSE NMB NME   
B&D 
 
 
MRF 
 
 
GSE 
 
 

SO2 
NOX 
O3 
SO2 
NOX 
O3 
SO2 
NOX 
O3 

0.61 
0.25 
0.65 
0.59 
0.19 
0.64 
0.59 
0.14 
0.63 

0.07 
-0.53 

-12.35 
0.18 

-0.46 
-11.98 

0.07 
-0.39 

-12.36 

 
 
 
 
 
 
 
 
 

0.55 
0.75 

15.0 
0.60 
0.73 

14.75 
0.57 
0.74 

15.1 

0.13 
-0.46 
-0.22 
0.36 

-0.40 
-0.21 
0.14 

-0.34 
-0.22 

0.77  
0.51  
0.23  
0.86  
0.47  
0.23  
0.77  
0.49  
0.23  

 

Table 5.2 Statistics for the predicted species concentrations for the 3 schemes at altitudes < 2 km 
in comparison with the TRACE-P data (ppbv for O3, pptv for SO2 and NOX) 
 

Scheme Species R MBE RMSE NMB NME  
B&D 

 
 

MRF 
 
 

GSE 
 
 

SO2 
NOX 
O3 
SO2 
NOX 
O3 
SO2 
NOX 
O3 

0.67 
0.29 
0.65 
0.65 
0.30 
0.62 
0.66 
0.36 
0.61 

 
 
 
 
 
 
 
 
 

321.6 
-132.8 

-8.01 
265.1 
-81.4 
-8.68 

217.2 
21.5 
-7.61 

 
 
 
 
 
 
 
 
 

2526.6 
690.5 
15.91 

2572.6 
676.3 
16.80 

2540.5 
719.8 
16.68 

0.15 
0.18 

-0.16 
0.18 

-0.16 
-0.17 
0.14 
0.04 
0.15 

0.90  
0.79  
0.25  
0.92  
0.81  
0.26  
0.88  
0.84  
0.25  
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Table 5.3 Same as Table 5.2 but for the 2–5 km region 
 

Scheme Species R MBE RMSE NMB NME  
B&D 

 
 

MRF 
 
 

GSE 
 
 

SO2 

NOX 
O3 

SO2 

NOX 
O3 

SO2 

NOX 
O3 

0.16 
0.21 
0.44 
0.18 
0.02 
0.43 
0.11 
0.01 
0.44 

491.4 
34.2 
13.5 

491.6 
6.1 

14.1 
364.8 
-20.6 
13.3 

820.4 
234.7 
21.5 

798.7 
245.8 
22.1 

708.6 
250.2 
21.3 

3.87 
0.32 
0.26 
3.88 
0.06 
0.27 
2.88 

-0.20 
0.25 

4.27  
1.33  
0.32 
4.25  
1.22  
0.33  
3.48  
1.13  
0.32  

 
5.3.5 Effect of vertical eddy diffusion on species concentrations 
 
5.3.5.1 Horizontal distribution 

Fig. 5.4 shows the monthly mean near surface (150 m) species concentrations at 
14:00LST. It shows that the smaller Kz by the GSE scheme (Fig. 5.2c) tends to inhibit 
ventilation of pollutants from the surface emissions, leading to apparently higher SO2 and 
NOX concentrations near the surface than that from the other 2 schemes (Fig. 5.4a–c). Fig. 
5.4g–i shows the monthly mean near surface O3 concentrations predicted with the 3 schemes. 
The distinctly higher O3 concentrations in the western parts of the study domain are due to the 
influence of the constant boundary conditions from the global model and the downward 
mixing of rich O3 from aloft. O3 concentration predicted by the GSE scheme is lower than 
that by the other 2 schemes due to the significantly smaller Kz in the above region. It is 
noteworthy that in the parts of northern and northeastern China (including Beijing and 
Tianjin) where significant emissions occur, the GSE scheme predicted O3 concentration is 
considerably smaller than others, whereas in southeastern China, the aspect is opposite. This 
can be explained by the interaction of physics (vertical mixing) and chemistry processes 
(ozone titration versus production). In the parts of northern China, O3 formation is generally 
VOC-limited due to superfluous NOX emission, whereas in most parts of southern China 
where NOX emission is insufficient, O3 formation is NOX-limited. This feature has ever been 
revealed in previous study (Carmichael et al., 2003). Compared with the B&D and MRF 
scheme, the GSE scheme predicts a weaker vertical mixing (Fig. 5.2c), causing higher NOX 
concentration in the surface layer. However, the spatial response of O3 formation to the 
elevated NOX concentration is completely different. In the VOC-limited areas (generally 
northern China), larger NOX concentration leads to excessive loss of O3 through 
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Fig. 5.5 shows the corresponding concentrations at 02:00LST. In the nighttime, the B&D 
and GSE schemes predict higher SO2 and NOX levels near the surface than that by the MRF 
scheme. In the nighttime, photochemistry stops, O3 can be depleted by NO titration, 
especially in the intensive emission areas. Thus the B&D and GSE schemes predict 
apparently lower O3 concentrations than that by the MRF scheme in the regions with large 
NOX emission, such as the parts of northern and northeastern China. The Kz predicted by the 
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3 schemes are of less difference in southern China, thus the predicted species concentrations 
are very similar among the 3 schemes. 

The above study demonstrates how vertical mixing affects pollutant concentrations. 
Interestingly, while smaller vertical diffusion by the GSE scheme leads to higher 
concentrations of SO2 and NOX in the surface layer, this does not always apply to the 
secondary pollutants, such as O3, which is formed through photochemical reaction. The 
variation of O3 concentration not only depends on vertical turbulent mixing but also on 
chemical reaction or chemical characteristic which varies from place to place. 

 

 
Fig. 5.4 The predicted monthly mean near surface (150 m) SO2 (a, b, c), NOX (d, e, f) and O3 (g, h, 
i) concentrations at 14:00 LST predicted with B&D (a, d, g), MRF (b, e, h) and GSE (c, f, i) 
schemes (ppbv for concentrations). 
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Fig. 5.5 The predicted monthly mean near surface (150 m) SO2 (a, b, c), NOX (d, e, f) and O3 (g, h, 
i) concentrations at 02:00 LST predicted with B&D (a, d, g), MRF (b, e, h) and GSE (c, f, i) 
schemes (ppbv for concentrations). 
 
 
5.3.5.2 Vertical distribution 

Fig. 5.6 shows the cross sections of the monthly mean NOX and O3 concentrations at 
14:00 LST along the 120°

 
E. At latitudes 40°–45°

 
N, Kz by the B&D scheme (Fig. 5.2a) is 

significantly larger than that from the MRF and GSE schemes, reaching 200 m2s-1 
at altitudes 

750–3,500 m, which leads to higher NOX concentration in this region due to intense vertical 



CHAPTER 5  Sensitivity of Air Quality Model Prediction to Parameterization of Vertical Eddy Diffusivity 

 

 - 96 - 

mixing (Fig. 5.6a). However, in this region, O3 concentration predicted by the B&D scheme is 
almost in the same level as that by the other two schemes, moreover, the distribution pattern 
and the magnitude of O3 concentrations predicted by the 3 schemes are quite alike in the 
upper levels (Fig. 5.6d–f). This could be attributed to the influence of O3 from the side and 
top boundaries because in springtime, transport of O3 from the western boundary to East Asia 
is pronounced. The uncertainty in prescribing O3 boundary conditions may affect the model 
performance and the sensitivity of O3 to its precursor variation in the upper levels. At altitudes 
<1,000 m, the differences in the species concentrations among the 3 schemes are distinct. The 
GSE scheme predicts higher NOX concentration at latitudes 25°–43°N than the other schemes, 
but predicts lower O3 concentrations at latitudes >32°

 
N and higher ones at latitudes 25°–30°N, 

which are consistent with the trends shown in Fig. 5.4g–i. 
 

 
Fig. 5.6 Cross sections (at 120°E) of the monthly mean NOX (a, b, c) and O3 (d, e, f) 
concentrations (ppbv) at 14:00 LST predicted with B&D (a, d), MRF (b, e) and GSE (c, f) 
schemes (y-axis means the model layers). 

 
 

5.4. Conclusions 
 
This study investigates the effect of different PBL parameterizations on vertical mixing 

and species concentrations through numerical experiment with a series of scenarios. Model 
simulation is conducted with different PBL schemes while other options are identical. Model 
results are compared with ground-level and aircraft observations and statistically analyzed to 
evaluate the model ability with the different PBL schemes. For altitudes <2 km, all schemes 
show similar skills for SO2 and O3, but relatively large differences in the predicted NOX 
concentrations. The GSE scheme appears to show somewhat better skill in predicting NOX 
than the other schemes. For the region of 2–5 km, the differences in SO2 and O3 
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concentrations among the 3 schemes are still not so large, but the disparity among them in the 
predicted NOX concentration increases. 

In the vertical, the B&D scheme produces the largest mixing depth among all schemes, 
with Kz as large as 200 m2s-1 in the upper part of PBL, causing stronger upward mixing of 
surface NOX. However, O3 concentrations among the 3 schemes in the upper levels are of less 
difference due to the prevailing eastward transport of O3 from the western boundary in the 
springtime of East Asia. The GSE scheme predicts considerably lower O3 concentration in the 
lower parts of PBL (<500 m) over the high NOX emission region due to stronger titration of 
O3 by NO. 

This study suggests the importance of choosing appropriate vertical eddy diffusivity for 
air quality prediction. While applying a vertical diffusion parameterization, one should not 
only take into account its physical impact (vertical mixing), but also its implication for 
chemical process. 
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Appendix 
 
A1 MRF scheme  
 

The MRF scheme is a nonlocal K scheme developed by Hong and Pan (1996) in which 
the fluxes of prognostic variables can be expressed by: 

,'' 





 −
∂
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= cc z
CKcw γ                                             (5.1) 

where Kc is the eddy diffusivity coefficient and γc is a correction to the local gradient 
(countergradient term) under unstable conditions by using the nonlocal diffusion approach 
proposed by Troen and Mahrt (1986). γc is given by: 

s
c w

cwb ''
=γ   ,                                                  (5.2) 

where ''cw  
 
is the corresponding surface flux for θ and q, b is a coefficient of proportionality, 

assumed to be 7.8. ws is the mixed-layer velocity scale, represented as mms uw φφ ,1
*

−= is the 
wind profile function evaluated at the top of the surface layer. The eddy diffusivity for 
momentum is formulated as: 
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where p is the profile shape exponent taken to be 2, k is the von Karman constant (=0.4), z is 
the height above ground, and h is the height of the PBL. The eddy diffusivities for the mass 
field are computed from Kzm by using a Prandtl-number (Pr) relationship, such that 
Kz=Kzm/Pr. 

The boundary layer height is given by: 
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where bcrRi  is the critical bulk Richardson number, U(h) is the horizontal wind speed at h, 
θva is the virtual potential temperature at the lowest model level, the θv(h) is the virtual 
potential temperature at h, and θs is the appropriate temperature near the surface. 

Under stable conditions, including the free atmosphere, the local K approach is utilized 
for all prognostic variables, the eddy diffusivity Kz is calculated as a function of the mixing 
length scale  , the local gradient Richardson number Ri, and the vertical wind shear 

zV ∂∂ / . 
 
A2 Gayno-Seaman scheme 
 

The Gayno–Seaman scheme (Shafran et al., 1998; Seaman, 2000) is based on Mellor and 
Yamada (1974) 1.5-order closure model in which a prognostic equation for turbulent kinetic 
energy (TKE) is included. It is distinguished from others by the use of liquid–water potential 
temperature θL as a conserved variable, ensuring more accuracy in calculating the subgrid 
condensed-phase processes associated with fog or saturated conditions. 

The turbulent fluxes in GS are based on the eddy diffusivity terms 
( ) ,/'' gLhL zKw γθθ −∂∂=                                         (5.5) 

,)/('' zqKqw ThT ∂∂−=                                           (5.6) 

,)/('' zvKvw HmH ∂∂−=                                           (5.7) 
where qT is the total water mixing ratio, the overbars signify Reynolds averages, w’ 

 
is the 

vertical velocity perturbation, z is height, vH is the horizontal wind vector. γg is the 
countergradient heat flux term defined as: 

,/5 *hwHsg =γ                                                 (5.8) 
is added in (5.5) in the region z less than 1.2 h to correct the vertical eddy heat flux in 
convective conditions. In (5.5), Hs is the surface sensible heat flux, and the convective vertical 
velocity scale w* is given by: 

( ) ,/ 3/1
* vKLsghHw θ=                                             (5.9) 

where θvKL is the virtual potential temperature of the lowest model layer, and g is the 
acceleration of gravity. The eddy diffusivities are functions of the TKE, or E according to 

,),,,( 2/122 ESNEK hh =                                         (5.10) 
,),,,( 2/122 ESNEK mm =                                        (5.11) 

The mixed-layer depth is diagnosed from the predicted TKE profile as the level at which the 
turbulent energy of the surface-based mixed layer decreases to 0.1 m2s-2 

in strongly 
convective situations (defined as when the maximum boundary layer TKE >0.2 m2s-2) or to 
one-half of the maximum TKE in weakly convective situations (defined as when maximum 
boundary layer TKE <0.2 m2s-2). The surface fluxes for the GS scheme are supplied by the 
same Monin–Obukhov similarity parameterization described by Zhang and Anthes (1982). 



CHAPTER 5  Sensitivity of Air Quality Model Prediction to Parameterization of Vertical Eddy Diffusivity 

 

 - 98 - 

,
))((

)( 2

sv

va
bcr hg

hU
Rih

θθ
θ

−
=                                           (5.4) 

where bcrRi  is the critical bulk Richardson number, U(h) is the horizontal wind speed at h, 
θva is the virtual potential temperature at the lowest model level, the θv(h) is the virtual 
potential temperature at h, and θs is the appropriate temperature near the surface. 

Under stable conditions, including the free atmosphere, the local K approach is utilized 
for all prognostic variables, the eddy diffusivity Kz is calculated as a function of the mixing 
length scale  , the local gradient Richardson number Ri, and the vertical wind shear 

zV ∂∂ / . 
 
A2 Gayno-Seaman scheme 
 

The Gayno–Seaman scheme (Shafran et al., 1998; Seaman, 2000) is based on Mellor and 
Yamada (1974) 1.5-order closure model in which a prognostic equation for turbulent kinetic 
energy (TKE) is included. It is distinguished from others by the use of liquid–water potential 
temperature θL as a conserved variable, ensuring more accuracy in calculating the subgrid 
condensed-phase processes associated with fog or saturated conditions. 

The turbulent fluxes in GS are based on the eddy diffusivity terms 
( ) ,/'' gLhL zKw γθθ −∂∂=                                         (5.5) 

,)/('' zqKqw ThT ∂∂−=                                           (5.6) 

,)/('' zvKvw HmH ∂∂−=                                           (5.7) 
where qT is the total water mixing ratio, the overbars signify Reynolds averages, w’ 

 
is the 

vertical velocity perturbation, z is height, vH is the horizontal wind vector. γg is the 
countergradient heat flux term defined as: 

,/5 *hwHsg =γ                                                 (5.8) 
is added in (5.5) in the region z less than 1.2 h to correct the vertical eddy heat flux in 
convective conditions. In (5.5), Hs is the surface sensible heat flux, and the convective vertical 
velocity scale w* is given by: 

( ) ,/ 3/1
* vKLsghHw θ=                                             (5.9) 

where θvKL is the virtual potential temperature of the lowest model layer, and g is the 
acceleration of gravity. The eddy diffusivities are functions of the TKE, or E according to 

,),,,( 2/122 ESNEK hh =                                         (5.10) 
,),,,( 2/122 ESNEK mm =                                        (5.11) 

The mixed-layer depth is diagnosed from the predicted TKE profile as the level at which the 
turbulent energy of the surface-based mixed layer decreases to 0.1 m2s-2 

in strongly 
convective situations (defined as when the maximum boundary layer TKE >0.2 m2s-2) or to 
one-half of the maximum TKE in weakly convective situations (defined as when maximum 
boundary layer TKE <0.2 m2s-2). The surface fluxes for the GS scheme are supplied by the 
same Monin–Obukhov similarity parameterization described by Zhang and Anthes (1982). 

CGER-I098-2011, CGER/NIES 

 - 99 - 

A3 Byun and Dennis scheme 
 

This scheme is a local K-theory scheme (Byun and Dennis, 1995). Integrated eddy 
diffusivity formulas are used to estimate the ‘representative’ eddy diffusivity at the layer 
interface in order to reduce errors in estimating diffusive flux across the interface. 
 
A3.1 Surface layer 
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where β1=4.7/(0.74 L). 
 

Under unstable conditions 
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where α=－9/L. 
 
A3.2 Planetary boundary layer 
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Under unstable conditions, 
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where .])/[( 3/1
**0* θθ hugw =  

For unstable conditions, the PBL height is determined by using the vertical profiles of 
potential temperature and the bulk Richardson number. The bulk Richardson number of each 
model layer with respect to the surface is given as: 
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where subscript H represents values at the layer middle.  
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First, the index of the PBL top (kPBL) is determined at the layer when RiB first becomes 
larger than max (RiB ). Then the proration factor of the bulk Richardson number relative to 
max (RiB ) is computed with: 
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where max(RiB)= 0.7. Depending on the value of fRiB , the index kPBL and fRiB are modified as 
follows: 

for fRiB > 0.5, f’ RiB = fRiB – 0.5; k’PBL= kPBL 
for fRiB < 0.5, f’ RiB = fRiB + 0.5; k’PBL= kPBL−1 
Once the fraction and index for the PBL top are determined, the initial PBL height can be 

estimated by: 
,)1( 2/3''2/1'' −− −+= PBLPBL k

FBRi
k
FBRiPBL zfzfh                               (5.18) 

For stable conditions, the PBL height is determined by the maximum of the PBL height 
computed with above method and the stable boundary layer height given by the Zilitinkevich 
(1989) formula: 
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where f is the Coriolis parameter, k is the von Karman constant, L is the Monin–Obukhov 
length scale, λ0 is a nondimensional universal constant which is usually assumed equal to 0.3, 
ch is a nondimensional universal constant of the order of unity. 
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where f is the Coriolis parameter, k is the von Karman constant, L is the Monin–Obukhov 
length scale, λ0 is a nondimensional universal constant which is usually assumed equal to 0.3, 
ch is a nondimensional universal constant of the order of unity. 
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Abstract 

 
Recently, MU radar (Middle and Upper atmosphere Doppler radar) has enabled us to 

measure middle-atmosphere turbulence from radar backscatter Doppler spectra. In this work, 
eddy diffusivities for momentum Km in the upper troposphere and lower stratosphere during 
clear-air conditions were derived from direct measurements of the Reynolds stress and 
vertical gradient of mean wind velocity measured by MU radar. Eddy diffusivity for heat Kh 
below 8 km was determined from measurements of temperature fluctuations by RASS (radio 
acoustic sounding system) attached to the MU radar. The eddy diffusivity Km was on the order 
of 10 m2s–1 in the upper troposphere and decreased gradually in the stratosphere by an order 
of magnitude or more. The eddy diffusivity Kh was almost of the same order of magnitude as 
Km.  

Estimates of eddy diffusivity from the radar echo power spectral width gives fairly good 
values compared with the direct measurement of Km. Applicability of three turbulence models, 
i.e., the spectral width method, the k-ε model modified for stratified flows (Launder and 
Spalding, 1974), and the algebraic stress model (Uno et al., 1989) were also examined, using 
radar observation values of turbulent kinetic energy k and turbulent energy dissipation rate ε 
together with atmospheric stability observations from rawinsonde data. We conclude that the 
algebraic stress model shows the best fit with the direct measurement of Km even in the free 
atmosphere above the atmospheric boundary layer once k and ε values are obtained from 
observations or a model. 

 
Keywords: Eddy diffusivity, Turbulence closure model, Upper troposphere, MU radar, 
RASS 
 
6.1 Introduction 

 
Diffusion processes in the free atmosphere play an important role in the transport of 

momentum, heat, and mass on global and regional scales, although the eddy diffusivity there 
is much smaller than that in the atmospheric boundary layer. In particular, diffusion processes 
of minor constituents in the upper troposphere and lower stratosphere and so exchange 
processes of mass between the troposphere and stratosphere are essential to global warming, 
stratospheric ozone depletion, and transboundary air pollution problems.  

In the upper troposphere and lower stratosphere, air is usually stably stratified, and 
internal gravity waves induced by boundary layer flow and geography are predominant. 
Turbulence eddies in these layers are generated intermittently and sporadically when 
gravity-wave breaking and shear instability occur. At this instance turbulence eddies transport 
heat and mass, and then they are partly destructed by buoyancy and viscous forces. Thus, 
turbulent motions and diffusion processes in these layers are complicated and not yet well 
understood. In practice, in many meteorological models, as well as in chemical transport 
models of minor constituents, eddy diffusivity in the upper troposphere and lower 
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stratosphere has been simply assumed to be an “appropriate” minimum value or predicted by 
the Smagolinsky model, a type of mixing length subgrid-scale model with a length scale equal 
to the geometric mean of the horizontal and vertical grid sizes.  

Observationally, direct measurements have been carried out on turbulence in the upper 
troposphere and in the middle atmosphere by means of balloons, aircraft, and rockets. 
However, the measurements are sporadic in time, making it difficult to extract general 
features of turbulence. Moreover, measurements of eddy diffusivity have been mainly based 
on dispersion experiments involving tracers and atmospheric constituents. However, such 
measurements are limited mainly to the eddy diffusivity in the horizontal spanwise direction, 
which is significantly different from that in the vertical direction during stably stratified 
conditions. 

Recently, an MU radar (Middle and Upper atmosphere VHF Doppler radar) technique has 
been developed that allows us to make continuous measurements of wind velocity in the 
upper troposphere and middle atmosphere. From the radar echo Doppler shift, wind velocity 
and its fluctuations in the line-of-sight direction can be determined. Extensive studies have 
been done on gravity waves and turbulence. One of the striking results is the determination 
that, over most of the frequency (f) range, the energy spectrum of velocity fluctuations has an 
f-–5/3 power-law dependence (Carter and Balsley, 1982). On the assumption of inertial 
subrange turbulence with the same f-–5/3 power-law energy spectrum, the echo power spectral 
width σ, which represents the variance of wind velocity fluctuation inside the radar scattering 
volume, has been correlated with the turbulence dissipation rate ε (Lilly et al., 1974). In 
addition, eddy diffusivity has been estimated by assuming that dissipation of turbulent energy 
balances production of turbulent energy by wind shear and destruction by buoyancy under the 
critical condition of stable stratification. This estimation method, called the spectral width 
model, was first applied by Sato and Woodman (1982) to the tropical lower stratosphere and 
was developed comprehensively by Hocking (1983, 1985, 1986, 1988). Applying this method, 
Fukao et al. (1986, 1994) made systematic observations of eddy diffusivity in the upper 
troposphere and middle atmosphere, and determined the vertical distribution and seasonal 
variability of eddy diffusivity.  

However, many assumptions are involved in the derivation of eddy diffusivity by the 
spectral width method, including inertial subrange turbulence, a balance between turbulent 
energy production and dissipation, and stable stratification. Since the recent development of 
MU radar technology has made it possible to determine reliable values for Reynolds stress 
and wind shear, therefore the eddy diffusivity can be obtained by inserting directly-measured 
values of Reynolds stress and wind shear in its definition equation. Thus, it is worthwhile to 
evaluate the eddy diffusivity from the spectral width method by comparing the eddy 
diffusivity calculated from directly measured values of Reynolds stress and wind shear.  
Hereafter in this paper, the latter is referred to as directly measured eddy diffusivity. 

The purpose of this work was to make direct measurements of eddy diffusivity and to 
examine estimates from the spectral width method and existing turbulence closure models. 
Direct measurements of eddy diffusivity for momentum Km in the upper troposphere and in 
the lower stratosphere under clear-air conditions were made by the MU radar. Eddy 
diffusivity for heat Kh in the upper troposphere was measured directly by RASS (Radio 
Acoustic Sounding System) operated in conjunction with the MU radar (Furumoto and Tsuda, 
2001). Furthermore, using observed values of turbulent kinetic energy k and the turbulent 
energy dissipation rate ε from the MU radar, we evaluated eddy diffusivity values estimated 
by the spectral width method as well as by existing turbulence closure models. We then 
compared the estimated and directly measured Km values to evaluate the applicability of 
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turbulence closure models. Observations made by the MU radar and RASS, as well as data 
processing, are described in Sec. 6.2. Estimation methods for determining eddy diffusivity by 
the spectral width method and existing turbulence closure models are introduced in Sec. 6.3. 
We compare directly measured eddy diffusivities with the estimates and discuss the 
applicability of the spectral width method and turbulence closure models in Sec. 6.4. 
Conclusions are presented in Sec. 6.5. 

 
6.2 Observations and data processing 
 
6.2.1 Wind velocity and temperature measurements 

The MU radar is a VHF-band (46.5 MHz) Doppler radar installed at Shigaraki (34.85°N, 
136.10°E), about 50 km southeast of Kyoto, Japan. It is an active phased-array system 
composed of 475 Yagi antennas with nominal peak and average transmitted powers of 1 MW 
and 50 kW, respectively, and a receiver dynamic range of 70 dB (Fukao et al., 1985a; 1985b; 
1990). It observes atmospheric echoes from altitude ranges of 1–25 km (day and night) and 
55–90 km (daytime only). This radar can be steered to any position within 30° of the zenith in 
each interpulse period (400 μs), which enables us to observe Doppler velocities in five 
line-of-sight directions within 2 ms (minimum).  

In the present work, three velocity components—the eastward, northward, and upward 
directions—were measured every 2 ms by the MU radar at a zenith angle of 10°. The height 
resolution was 150 m, and the beam width (half power for the full array) was 3.6°. 

It is practical for the MU radar to measure instantaneous values of velocity components 
within 2 ms, but the values are averaged over the measuring volume, e.g., 150 m vertically 
and 630 m horizontally at 10 km altitude. The mean velocity components U, V, and W, and 
their fluctuations u, v, and w in the eastward, northward, and upward directions x, y, and z, 
respectively, were calculated from the velocity data series from the MU radar. Here, two-hour 
averaging was selected for the mean values, except for analyses of the energy spectrum and 
co-spectrum of velocity fluctuations presented in Sec. 6.4.2. 

RASS can continuously monitor temperature in the troposphere. It consists of four 
ground-based loudspeakers attached to the MU radar. Acoustic pulses are transmitted upward 
from the speakers and produce refraction-index fluctuations at acoustic wavefronts. The MU 
radar receives echo signals scattered by the acoustic wavefronts and determines Doppler shifts 
from the transmitted signals that correspond to their propagation speed. The speed cs observed 
by the MU radar is the apparent acoustic speed and is the sum of the true acoustic speed ca 
and the background wind velocity vr, 

ras vcc += .                                                  (6.1) 
Atmospheric temperature T can be derived as 

TKca = ,                                                    (6.2) 
and K is determined by  

dMRK *γ=  = 20.0 (ms–1 K–1/2),                                 (6.3) 
where γ is the ratio of specific heat, R* is the universal gas constant, and Md is the mean 
molecular weight. 

In a moist atmosphere, sound waves propagate slightly faster than in a dry atmosphere. K 
varies depending on the humidity, and T in Eq. (6.2) is replaced by the atmospheric virtual 
temperature Tv, defined as  

TqTv )608.01( += .                                               (6.4) 
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Thus, the specific humidity q (kg kg–1) is a necessary parameter for RASS temperature 
measurements, but in the present case, where the humidity in the upper troposphere and lower 
stratosphere is very low, the contribution of q can be neglected. 

This system can measure the temperature every 2.7 min. Height resolution is same as for 
the MU radar (150 m). Mean potential temperature Θ and its fluctuations θ are calculated 
using two-hour averaging. Rawinsondes were launched to collect vertical profile 
measurements of temperature and relative humidity.  

 
6.2.2 Eddy diffusivities for momentum Km and for heat Kh  

The eddy diffusivity for momentum Km was calculated according to the equation  
)//( zhUwhumK ∂∂−=                                           (6.5) 

where the subscript h denotes the horizontal component and the overbar indicates a 
time-averaged value. The presence of clouds was judged from radar echo intensity and 
relative humidity, and cloudy conditions were excluded from data analysis.  

After calculating the mean potential temperature Θ and its fluctuation θ using two-hour 
averaging, we obtained the eddy diffusivity for heat Kh from the definition equation 

)//( zwhK ∂Θ∂−= θ .                                               (6.6) 
 
6.2.3 Brunt-Väisälä frequency N and gradient Richardson number Ri 

The mean temperature field was represented in terms of the Brunt-Väisälä frequency N,  
)/)(/(2 zgN ∂Θ∂Θ≡ ,                                              (6.7) 

and the gradient Richardson number Ri was calculated according to the equation 
Ri = N2/(∂Uh/∂z)2,                                                 (6.8) 

where g is the gravitational acceleration. N and Ri were calculated from the vertical profile of 
mean temperature measured by rawinsonde. 
 
6.2.4 Turbulent kinetic energy k and turbulent energy dissipation rate ε 

The turbulent kinetic energy k was calculated according to the equation 
)(5.0 222 wvuk ++×= .                                          (6.9) 

The turbulent energy dissipation rate ε was estimated from the Doppler spectrum of the radar 
echo.  

The Doppler spectrum represents the probability density distribution of the velocity 
associated with turbulent eddies of spatial scales ranging from half the radar wavelength (3 m) 
up to the radar scattering volume. Its vertical extent is 150 m, and its horizontal extent is 
about 600 m in the upper troposphere and the lower stratosphere. Therefore, the MU radar can 
provide turbulence characteristics at scales that extend approximately over the entire inertial 
subrange of three-dimensional atmospheric turbulence. The nominal beam width (1/e) is 3.6°, 
corresponding to horizontal diameters of <630 m at altitudes of about 10 km. We can convert 
the half-power half-width σ of the Doppler velocity spectrum to the variance of the radial (line 
of sight) velocity 2)( ru  (ur: the deviation from the mean radial velocity) inside the 
measuring volume using the simple relationship 

2
2

2 72.0
2ln2

)( σσ
≈=ru ,                                             (6.10) 

as described by Hocking (1983, 1985). 
To extract turbulence parameters from σ, we postulated that the observed signal extends 
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over the entire inertial subrange and obeys the Kolmogorov –5/3 power law for the power 
spectrum of the scalar wavenumber κ. We may then state (Frisch and Clifford, 1974; Bohne, 
1982) that  

∫ −≈ v

B

dur

κ

κ
κκαε ,))(2/3( 3/53/22                                       (6.11) 

where α (~1.5) is the Kolmogorov constant, ε is the mean kinetic energy dissipation rate, 
2)(/ rB uN≅κ is the lowest wavenumber of the inertial subrange (the highest wavenumber 

of the buoyancy subrange), and κν is the highest wavenumber of the inertial subrange. 
Performing the integration on the right-hand side of Eq. (6.11) and noting that ε is constant in 
the inertial subrange, we obtain 
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If κν » κB, then C ≈ α–3/2 ≈ 0.5. In the present study, we use C ≈ 0.4, following Weinstock 
(1981), who selected this value on the basis of observational data. Using Eq. (6.10), we may 
extract ε from σ through 

23.0 σNε = ,                                                    (6.14) 
if N is known from an appropriate temperature observation. 
 
6.2.5 Spectral broadening effects on σ 

When we allow for a finite beam width and finite sampling duration, radial velocities are 
not uniform in the measuring volume, so that, for example, the experimental value of spectral 
width σobs includes several experimental contaminations that are not directly produced by 
turbulence. Atlas et al. (1969), Frisch and Clifford (1974), and Hocking (1983, 1985, 1986, 
1988) showed that spectral broadening effects result from (1) beam broadening resulting from 
different velocities in the line-of-sight directions within a finite beam width σbeam, (2) wind 
shear in the radial (approximately vertical) direction σshear, and (3) transient atmospheric 
motion within measuring time σtrans. Following the formulation by Hocking (1985, 1986), data 
corrections of these three effects were made for the specification of the MU radar (Fukao et 
al., 1986, 1994). 

For common MU radar observations made at a sufficiently small zenith angle, beam 
broadening is the most serious coconntamination. According to in situ measurements in the 
lower stratosphere, turbulence has a typical maximum fluctuating velocity of 1 ms-1 (Barat, 
1975, 1982; Yamanaka et al., 1985). We found that the Doppler spectral width resulting from 
beam broadening exceeds 1 ms-1 when horizontal wind speed exceeds 40 ms-1. Therefore, σ 
directly produced by turbulence cannot be extracted from the spectral width when horizontal 
wind speed is greater than 40 ms-1. Thus, in the present work, observation data collected when 
wind speeds were greater than 40 ms-1 were excluded from analysis. Such wind speeds appear 
frequently near the tropopause jet stream in winter. However, beam-broadening effects were 
not significant in the observation data during other seasons or at other altitudes.  
 
6.3 Estimation methods of eddy diffusivity 
 
6.3.1 Spectral width method 

From MU radar signals, Lilly et al. (1974), Hocking (1983), and Fukao et al. (1986, 1994) 
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estimated eddy diffusivity in the upper troposphere and lower stratosphere. They assumed a 
local equilibrium in turbulence, i.e., that energy production resulting from wind shear P and 
buoyancy G was balanced by turbulent energy dissipation ε,  
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where Rf  is the flux Richardson number, 
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Substituting these expressions into Eq. (6.6), they obtained 
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Adopting an Rf value of 1/4 for strongly stratified conditions (Lilly et al., 1974) and using Eqs. 
(6.7) and (6.14), they then obtained  

NKh /1.0 2σ⋅= .                                                   (6.18) 
Strictly speaking, Eq. (6.18) represents the eddy diffusivity for heat. In principle, because 
diffusions of vector and scalar quantities are considered to be substantially different in 
turbulent flows, Kh may be different from Km under stably stratified conditions (Ueda et al., 
1981).  
 
6.3.2 k-ε model modified for stratified flows 

In the modified version of the k-ε model, the conservation equations of turbulent energy k 
and turbulent energy dissipation ε are written as  
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and 
ε/2kCK mm = ,                                                     (6.21) 

where D denotes the substantial derivative, and σk and σε are the turbulent Prandtl numbers for 
k and ε. 

In the k-ε model modified (Launder and Spalding, 1974), the coefficients take the values 
09.0=mC , 44.11 =εC , 92.12 =εC , 0.1=kσ , and 3.1=εσ .                (6.22) 

Thus, the eddy diffusivity for momentum Km in this model is given as  
ε/09.0 2kKm = .                                                   (6.21’) 

In this analysis, values of turbulent kinetic energy k and turbulent energy dissipation rate ε 
observed by the MU radar are used.  
 
6.3.3 Algebraic stress model  

Second-order turbulence closures can take into account anisotropic features of turbulence 
caused by buoyancy in stratified flows. Following Rodi (1976), we derived the algebraic 
stress models (Uno et al., 1989). Transport equations for Reynolds stresses jiuu , turbulent 

heat fluxes ϑju , and temperature variance 2ϑ are 
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where β is the volumetric expansion coefficient (β = 1/Θ for gases). The subscripts i, j, and k 
denote direction, and the summation convention is applied. Pij and Gij are generations of 

jiuu resulting from shear and buoyancy, respectively, and φij is the pressure strain term. 
Following Gibson and Launder (1978), transport equations (6.23) to (6.25) were closed by 
means of assumptions for certain terms, including the pressure strain term.  

Assuming that advection and diffusion processes in turbulent flows show behavior similar 
to that of k, then, for example, the transport equation for Reynolds stresses becomes 
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and the following algebraic equation is obtained: 
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where δij is the Kronekar delta. Similar assumptions were made for transport equations (6.24) 
and (6.25) for turbulent heat fluxes and temperature variance, resulting in algebraic equations 
similar to Eq. (6.27). After some complicated algebra, the eddy diffusivity for momentum Km 
is given as  
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The model constants have been determined from various laboratory experimental data as 

C1 = 1.804, C2 = 0.594, C3 = 0.5, C’1 = 0.599, C’2 = 0.307, C1t = 2.916, C2t = 0.448, C3t = 0.33, 
C’1t = 0.604, and R = 0.7. In this analysis, observed values from MU radar data are used for 
turbulent kinetic energy and the turbulent energy dissipation rate. The stability dependence 
takes Cm into account. Fig. 6.1 describes the vertical profiles of Cm and vertical shear of 
potential temperature observed by the rawinsonde. Cm ranged from 0.06 to 0.12, depending on 
variations in stratification.  

 
Fig. 6.1 Vertical profiles of Cm in algebraic stress models and vertical shear of potential 
temperature observed by radiosonde. 

 
 

6.4 Results and discussion  
 
6.4.1 Atmospheric conditions 

Clear days were selected for analysis from observation periods in 1999, 2000, and 2002 
based on the echo intensity of the MU radar and humidity data from rawinsonde observations. 
These days were assumed not to be affected by cloud activity. Mean velocity components U, 
V, and W, and their fluctuations u, v, and w, were obtained from the MU radar. Mean potential 
temperature Θ and its fluctuation θ were obtained from rawinsonde data and RASS, 
respectively. The eddy diffusivities, Km and Kh, and turbulent kinetic energy k, were 
calculated from their definitions, Eqs. (6.5), (6.6), and (6.9). The turbulent energy dissipation 
rate ε was estimated from Eq. (6.12). The mean temperature field was represented in terms of 
the Brunt-Väisälä frequency N and gradient Richardson number Ri defined by Eqs. (6.7) and 
(6.8).  

The selected data set showed that the amplitude of the vertical velocity in the upper 
troposphere and lower stratosphere was less than 3 ms–1, and that its average was less than 0.3 
ms–1. Horizontal velocity increased with altitude and attained a westerly wind maximum at a 
level ranged from 10 km to 15 km. Large wind shear occurred within the 5-km layers above 
and below this level. The selected wind profiles had a maximum speed of about 40 ms–1, 
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level ranged from 10 km to 15 km. Large wind shear occurred within the 5-km layers above 
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except for a speed of 78 ms–1 at 13:00–15:00 on 19 February 1999. As discussed in Sec. 6.2.6, 
wind data Uh larger than 40 ms–1 were eliminated from analysis because of large spectral 
broadening effects. 

Typical atmospheric conditions are illustrated in Fig. 6.2. The vertical profile of 
temperature did not change so much in all data set selected for analysis, and the minimum 
temperature generally occurred at about 20 km, although it occurred at 15 km on 19 February 
1999. The tropopause is located a little lower than this level. In the lower stratosphere, 
potential temperature increased monotonically, indicating strongly stable stratification. Echo 
intensity averaged over 5 beam directions was weak, and relative humidity was low above 10 
km. However, the 18 May 1999 data set showed relatively high relative humidity (RH > 50%), 
with high echo intensity below 10 km. In the 5 October 2000 data set, a thin layer at 7 km had 
a RH of 75% and high echo intensity, indicating layered cloud formation at this level.  

 
Fig. 6.2 Atmospheric conditions at 12:00 LST on 4 October 2000. Horizontal bars indicate 
root-mean-square fluctuating velocities during 2 hours (11:00–13:00) at typical heights. 
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6.4.2 Wind velocity spectra 
To examine how far MU radar data covered the power spectrum range of turbulence, we 

calculated the power spectra of horizontal wind velocity Su and co-spectra of horizontal and 
vertical wind velocities Cuw (Fig. 6.3). The power spectra of the horizontal velocity and 
co-spectra of horizontal and vertical velocities were derived from data from 00:00 to 23:59 on 
4 October 2000. These spectra and co-spectra were smoothed in the frequency range using a 
repeated triangular filter. The power spectra of the horizontal wind velocity Su remained 
almost constant in the lower frequency range, but they began to decrease at the frequency 
value f ~ 3–5 × 10–3 s–1. After removing the aliasing effect caused by digital data sampling in 
the frequency range higher than 2.1 × 10–3 s–1, the decreasing rate of Su was approximated by 
the –5/3 power of f. This decreasing rate extended over the frequency range for about two 
orders of magnitude. This tendency is similar to the Kolmogorov –5/3 power law in the 
inertial subrange of turbulence. The power spectra of the vertical wind velocity Sv also 
showed a similar decreasing tendency of f –5/3 in the higher frequency range (not shown). 

Fig. 6.3 shows the contribution of the frequency range to the Reynolds stress. The 
observed frequency range covers almost all contributions to the Reynolds stress at all levels. 
For this one-day spectrum analysis, 2-minute averaged velocity fluctuation data were used. 
Therefore, the power spectra and co-spectra in the frequency range higher than 4 × 10–3 s–1 
were not included in the diagrams. However, it may be assumed that the observed wind 
velocity fluctuations include almost all components of the velocity fluctuations caused by 
energy-containing eddies, as is also the case for the temperature fluctuations. Thus, we 
conclude that the observed Reynolds stress and turbulent heat flux can be used to estimate 
eddy diffusivities for momentum and heat. 
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Fig. 6.3 Power spectra of horizontal wind velocity Su and co-spectrum of horizontal and vertical 
wind velocity f Cuw from 00:00 LST to 23:59 LST on 4 October 2000.  
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Fig. 6.3 Power spectra of horizontal wind velocity Su and co-spectrum of horizontal and vertical 
wind velocity f Cuw from 00:00 LST to 23:59 LST on 4 October 2000.  
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6.4.3 Profiles of turbulence quantities and atmospheric parameters 
Vertical profiles of the turbulence quantities and atmospheric parameters are presented in 

Figs. 6.4 and 6.5 The Brunt-Väisälä frequency N increased gradually in the range of N ~ 10–2 
s–1, and σ and ε showed similar profiles when plotted on a logarithmic scale. Because ε is 
estimated from Eq. (6.12), the ε variation is about twice the σ variation. They have peaks in 
the sub-tropical westerly jet region near the tropopause and then decrease in the stratosphere. 
Other atmospheric parameters presented in Fig. 6.5 were vertically smoothed using a moving 
average. In the subtropical jet region, wind shear varied dramatically with altitude and 
changed sign near the axis of the jet, where the absolute value of the wind shear |∂Uh/∂z| was 
at a minimum. Vertically-smoothed profile of Ri increased about one order of magnitude in 
the stratosphere.  

 

 
 

Fig. 6.4 Vertical profiles of σ, N, ε, and eddy diffusivity for heat Kh estimated by the spectral 
width method.  
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Fig. 6.5 Vertical profiles of wind shear, stability parameters, and eddy diffusivity for momentum 
Km measured directly by the MU radar. 

 
Results of direct observation of eddy diffusivity are shown in Fig. 6.5. Eddy diffusivity 

values were about 10 m2s–1 in the upper troposphere. In the region above the axis of the 
sub-tropical jets, eddy diffusivity values decreased by one or two orders of magnitude, except 
on 19 February 1999, when an exceptionally strong winter jet with a speed of 78 ms–1 was 
observed. 

The spectrum width method has been applied in previous work regarding radar 
observations, as described in Sec. 6.3.1. Using observed values for σ and ε and applying the 
spectrum width method, we estimated eddy diffusivity (Fig. 6.4). Eddy diffusivity values 
were about 10 m2s–1 in the upper troposphere, had a small peak in the subtropical jet region, 
and decreased gradually by 1/10 or more in the lower stratosphere, where values were on the 
order of 1 m2s–1. 

The estimated eddy diffusivities showed fairly good agreement with those observed 
directly. Moreover, they showed similar vertical profiles, except on 19 February 1999. On 
that day, an exceptionally strong winter jet occurred with a peak speed of 78 ms–1. This peak 
in speed and the accompanying high wind shear prevents the extraction of turbulent velocity 
fluctuations from the half-power half-width of the Doppler velocity spectrum σ of the MU 
radar because of the spectral broadening effects on σ.  
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Fig. 6.5 Vertical profiles of wind shear, stability parameters, and eddy diffusivity for momentum 
Km measured directly by the MU radar. 

 
Results of direct observation of eddy diffusivity are shown in Fig. 6.5. Eddy diffusivity 

values were about 10 m2s–1 in the upper troposphere. In the region above the axis of the 
sub-tropical jets, eddy diffusivity values decreased by one or two orders of magnitude, except 
on 19 February 1999, when an exceptionally strong winter jet with a speed of 78 ms–1 was 
observed. 

The spectrum width method has been applied in previous work regarding radar 
observations, as described in Sec. 6.3.1. Using observed values for σ and ε and applying the 
spectrum width method, we estimated eddy diffusivity (Fig. 6.4). Eddy diffusivity values 
were about 10 m2s–1 in the upper troposphere, had a small peak in the subtropical jet region, 
and decreased gradually by 1/10 or more in the lower stratosphere, where values were on the 
order of 1 m2s–1. 

The estimated eddy diffusivities showed fairly good agreement with those observed 
directly. Moreover, they showed similar vertical profiles, except on 19 February 1999. On 
that day, an exceptionally strong winter jet occurred with a peak speed of 78 ms–1. This peak 
in speed and the accompanying high wind shear prevents the extraction of turbulent velocity 
fluctuations from the half-power half-width of the Doppler velocity spectrum σ of the MU 
radar because of the spectral broadening effects on σ.  
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6.4.4 Comparison of turbulence models in eddy diffusivity prediction 
Fig. 6.6 shows eddy diffusivities estimated by the spectral width method. Results from the 

k-ε model and the algebraic stress model are presented for comparison with directly-observed 
eddy diffusivities. All three models predicted the directly-observed eddy diffusivity fairly 
well. For 19 February 1999, the spectrum width method predicted eddy diffusivity one order 
larger than the observed Km in the jet stream layer at 7–12 km. This discrepancy was caused 
by insufficient correction for Doppler spectrum broadening at wind speeds of 80 ms–1, which 
are much larger than the limiting velocity of 40 ms–1 for correction of spectrum broadening. A 
similar deviation resulting from strong winds was also seen on 5 October 2000. 

 

 
 

Fig. 6.6 Eddy diffusivity for momentum Km measured directly and its comparison with values 
estimated using turbulence models. Only the spectral width method estimates eddy diffusivity for 
heat. Thin line of the profiles indicate Km contains large uncertainty due to spectral broadening effects. 
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The k-ε model modified for stratified flows gave a relatively poor estimation of eddy 
diffusivity Km. In this model, Km is assumed to be k2/ε multiplied by a constant (0.09), as 
shown in Eq. (6.21’).  

The algebraic stress model predicts the eddy diffusivity Km to be proportional to k2/ε but 
multiplied by a variable that is stability dependent, as indicated by Eq. (6.29). The algebraic 
stress model showed a better fit with the direct measurements of Km. Thus, it took into 
account the stability dependence not only of k and ε but also of the proportional constant in 
Km equation (6.29). Comparison of the profiles from these three turbulence models with 
directly observed Km values indicates that the algebraic stress model gave the best estimation.  

 
6.4.5 Stability dependence of eddy diffusivities for momentum and heat, Km and Kh 

Eddy diffusivity estimated by the spectral width method showed fairly good agreement 
with the directly-observed values for eddy diffusivity Km. However, it is important to 
understand that this method estimates eddy diffusivity for heat Kh but not for momentum Km. 

In the previous paper (Ueda et al., 1981), we used laboratory experiments and 
meteorological tower experiments to show that both Km and Kh decrease with stability and are 
correlated with the local stability parameters Ri and Rf. In addition, we stressed the 
substantially different stability dependence between turbulent transfer mechanisms in the 
surface layer and in the layer above it in the atmospheric boundary layer, particularly in the 
stability dependence of the Kh/Km ratio. The eddy diffusivities Km and Kh were well described 
by the following empirical formulae:  

Km/Kmo = (1 + 15 Ri)–1 and Kh/Km = (1 – Rf/Rfcrit)/(1 – Rf)2,            (6.30), (6.31) 
where Kmo is the eddy diffusivity for momentum under neutral stratification conditions and 
Rfcrit is the critical flux Richardson number. In the latter formula, the ratio of Kh/Km decreases 
with stability and attains a value of 0.1 at Ri = 0.4. However, this formulation was valid for 
the region above the surface layer, i.e., the outer region of the turbulent boundary layer, where 
turbulence eddies are mainly diffused from the atmospheric surface layer and deformed by 
buoyancy. The eddies are sometimes transformed into internal gravity waves when 
stratification is strong. However, in the surface layer, turbulent eddies and turbulent energy 
produced by wind shear and buoyancy, P and G, are dissipated there by viscosity: i.e., P + G 
is balanced by the turbulent energy dissipation ε.  

The stability dependence of the Kh/Km ratio is presented in Fig. 6.7 Surprisingly, the Kh 
values do not differ much from the Km values. Because there are many error sources, 
including instrumental ones from the MU radar, RASS, and rawinsonde, and data processing 
error sources such as the calculation of vertical gradients of mean velocity and temperature, it 
is difficult to estimate experimental error. However, allowing for some uncertainty, the Kh./Km 
ratio is assumed to be equal to one, i.e.,  

Kh = Km                                                    (6.32) 
This is in remarkable contrast to the Kh/Km ratio in the outer region of the atmospheric 

boundary layer. The relationship in Eq. (6.32) is the same as that for the atmospheric surface 
layer, where P + G = ε. In the surface layer, turbulence is considered to be produced 
intermittently and sporadically by shear instability (Kim et al., 1971; Ueda and Hinze, 1975). 
Such events, which are referred to as “bursting,” are the main mechanism for turbulence 
production in conditions of neutral and stable stratification (Ueda et al., 1981). When bursting 
occurs, heat is transferred vertically, together with momentum. Thus, the eddy diffusivity for 
heat Kh is considered almost equal to that for momentum Km. Similarly, it is reasonable to 
assume that shear instability and wave breaking produce turbulent eddies, and that during 
these events, heat and momentum are transferred simultaneously in the same manner as 
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Such events, which are referred to as “bursting,” are the main mechanism for turbulence 
production in conditions of neutral and stable stratification (Ueda et al., 1981). When bursting 
occurs, heat is transferred vertically, together with momentum. Thus, the eddy diffusivity for 
heat Kh is considered almost equal to that for momentum Km. Similarly, it is reasonable to 
assume that shear instability and wave breaking produce turbulent eddies, and that during 
these events, heat and momentum are transferred simultaneously in the same manner as 
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momentum. After these events, turbulent eddies are quickly destructed by buoyancy and 
viscosity and do not contribute significantly to vertical diffusion of heat and momentum. 
Therefore, it is reasonable to assume Kh = Km in the upper troposphere and lower stratosphere. 
As seen in Fig. 6.7, direct observations by the MU radar and RASS verify this equality within 
the experimental accuracy of our work. 

 
Fig. 6.7 Stability dependence of (a) Kh/Km and (b) Km/Kmo. Solid lines in (a) and (b) represent Eqs. 
(6.32) and (6.33), respectively. Open and solid symbols in (b) are for δ = 2,000 m and 4,000 m, 
respectively. 

 
Wind tunnel experiments (e.g., Klebanoff, 1954; Townsend, 1951), suggest that the eddy 

diffusivity Km in the outer regions of the turbulent boundary layer during conditions of neutral 
stability may be represented by Kmo = 0.0023U∞δ, where U∞ is the wind speed at the outer 
edge of the boundary layer and δ is the boundary layer thickness. This relationship may also 
be applied to the turbulent–nonturbulent intermittent layer immediately outside the outer edge 
of the boundary layer. In this study, this relationship is assumed to be applicable to the upper 
troposphere and lower stratosphere when those layers are neutrally stable. To estimate Kmo, 
values of 2 km and 4 km were used for δ and the wind speed at δ was used for U∞. Results are 
presented in Fig. 6.7. The observed Km is one or two orders of magnitude smaller than Kmo.  

The stability dependence of the Km/Kmo ratio was examined, assuming similar 
mechanisms in the surface layer and in upper troposphere and lower stratosphere as discussed 
above. The stability dependence of the Km/Kmo ratio in the upper troposphere and lower 
stratosphere was assumed to be similar to that in the surface layer. The shear function of 
momentum φm, i.e., the reciprocal of the Km/Kmo ratio, is described by 
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where Kmo is the eddy diffusivity for momentum during conditions of neutral stability, and 
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and u* is the friction velocity. Substituting Eq. (6.34) into Eq. (6.33), we get 
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In Eq. (6.35), the critical value of flux Richardson number in the extreme of stable 
stratification is Rfcrit = 1/4.7, although this value is slight smaller than the value of 1/4 adopted 
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in Sec. 6.4.1.  
When shear instability or wave breaking occurs during conditions of extremely strong 

stratification and hot or cold turbulent eddies are produced, they begin to move up and down 
and oscillate at the buoyancy Brunt-Väisälä frequency. As a hot eddy descends or a cold eddy 
ascends, a counter-gradient diffusion of heat occurs. This is also true for the eddy diffusion of 
momentum. Thus, as the eddies decay, gradient and counter-gradient diffusions, and therefore 
negative and positive fluxes, occur alternately (Komori and Nagata, 1996; Hanazaki and Hunt, 
2004). Even when averaged over long time intervals, negative eddy diffusivity is evident 
during conditions of strong stratification (Komori et al., 1983). Therefore, it is difficult to use 
Eq. (6.35) to determine the Km/Kmo ratio near the critically strong stratification Rf ~ Rfcrit. 
However, if we assume Kh = Km during the conditions of extremely stable stratification, Eq. 
(6.34) gives  

Ri
KK mom 7.41

1/
+

= .                                                (6.36) 

In Fig. 6.7, the observed Km/Kmo ratio is compared with calculations using Eq. (6.36). The 
Km/Kmo ratio was well described by Eq. (6.36). Better correlation of observation data by Eq. 
(6.36) is obtained if the boundary layer thickness δ is assumed to be equal to 4 km in Kmo = 
0.0023U∞δ. This result is not surprising because the upper part of the atmospheric boundary 
layer is stably stratified as a result of longwave radiation, and the stable stratification shortens 
the ‘apparent’ boundary layer thickness. Therefore, the boundary layer thickness δ can be 
assumed to be larger than the apparent thickness. Moreover, it is important to note the Km/Kmo 
ratio is proportional to Ri–1 for a large range of Ri values. 

 
6.5 Conclusions and perspectives 
 

To understand the details of diffusion processes in clear air above the atmospheric 
boundary layer in which turbulence is produced by internal gravity-wave breaking or by shear 
instability during conditions of stable stratification, measurements of wind velocity, 
temperature, and turbulence parameters were made using the MU radar and RASS. 

Direct measurements of eddy diffusivity in the upper troposphere and lower stratosphere 
were made during conditions of clear air. The eddy diffusivities for momentum and heat, Km 
and Kh, were obtained from the definitions / /m h hK u w U z= − ∂ ∂  and / /mK w zϑ= − ∂Θ ∂ , 
where the mean velocity components U, V, and W and their fluctuations u, v, and w were 
measured by the MU radar; potential temperature Θ was measured by rawinsonde; potential 
temperature fluctuation ϑ  was measured by RASS; and the subscript h denotes the 
horizontal component.  

Km values were on the order of 10 m2s–1 in the upper troposphere and decreased gradually 
in the stratosphere by one order or more of magnitude to an altitude of 18 km. Although direct 
measurements of the eddy diffusivity for heat Kh was limited to the altitudes below 8 km, 
observed values of Kh seemed almost equal to the values of Km. The equality Kh = Km was 
applicable even under conditions of strong stable stratification. 

The equality Kh = Km is also applicable in the atmospheric surface layer, where the 
production of turbulent energy resulting from shear and buoyancy, P and G, are balanced with 
turbulent energy dissipation ε. This equality represents the most important difference of 
between turbulent diffusion in the atmospheric surface layer from that in the outer region of 
the atmospheric boundary layer, where turbulence eddies are diffused and deformed by 
buoyancy. In contrast, in the layer above the atmospheric boundary layer, turbulent diffusion 
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processes are similar to those in the atmospheric surface layer. Assuming turbulent energy 
production resulting from wind shear P is caused by gravity-wave breaking or shear 
instability, and that it balances with turbulent energy degradation resulting from buoyancy –G 
and turbulent energy dissipation ε, i.e., P + G = ε, the equality Kh = Km is valid during 
conditions of wholly stable stratification.  

Moreover, the stability dependence of Km was examined with regard to the ratio Km/Kmo, 
assuming that the eddy diffusivity Kmo during conditions of neutral stability can be expressed 
as Kmo = 0.0023U∞δ, where U∞ is the wind speed at the outer edge of the boundary layer and δ 
is the boundary layer thickness. The observed Km was one or two orders of magnitude smaller 
than Kmo. Assuming similar mechanisms P + G = ε both in the surface layer and in the upper 
troposphere and lower stratosphere, and furthermore assuming that the equality Kh = Km can 
be applied in the upper troposphere and lower stratosphere in the same way as that in the 
surface layer, the stability dependence of Km was obtained as Km/Kmo = 1/(1 + 4.7Ri). This 
relation represented the observed stability dependence fairly well. Moreover, it was 
proportional to Ri –1 in the range of Ri>1.  

To evaluate the applicability of turbulence models to the upper troposphere and lower 
stratosphere, model comparisons were made against directly observed eddy diffusivities for 
momentum and heat. The eddy diffusivity formula K = 0.1σ2/N proposed by Fukao et al. 
(1986, 1994) from the spectrum width method, where σ is the half-power half-width of the 
radar Doppler velocity spectrum and N is the Brunt Väisälä frequency, agreed fairly well with 
the directly measured values of Km. Using observed values of turbulent kinetic energy k and 
the turbulent energy dissipation rate ε, Km was estimated by the k-ε model modified for 
stratified flows (Launder and Spalding, 1974) and the algebraic stress model (Uno et al., 
1989). The algebraic stress model showed the best fit with direct measurements of both Km 
and Kh. Thus, we conclude that the algebraic stress model is applicable for the prediction of 
eddy diffusivity and its stability dependence even in the clear free atmosphere above the 
atmospheric boundary layer, once k and ε values have been observed directly or predicted. 

Because of the rapid advance of MU radar and RASS technologies, it has been possible to 
observe three-dimensional images of internal gravity waves and turbulence. Thus, the next 
step is to obtain detailed observations of the three-dimensional structures of the production of 
turbulence from gravity-wave breaking and shear instability, and also the reorganization of 
turbulent motion by buoyancy forces into internal gravity waves.  
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CHAPTER 7  Relationship between Airflow at the Critical Height and 
Momentum Transfer to the Traveling Waves  
 
(Published in Phys. Fluids, 19, 015102-1–015102-14. DOI: 10.1063/1.2409736, 2007. Reproduced by 
permission of American Institute of Physics.) 
 

Abstract 
 

Direct numerical simulations of the air flow over periodic traveling waves were 
performed to investigate the applicability of two mechanisms related to momentum transfer 
from the turbulent airflow to the traveling waves, i.e., the critical-layer mechanism and the 
nonseparated sheltering. We found three regimes classified by the wave age. In the first 
regime at low wave ages (2 ≤c/u* ≤4), the critical height is located in the thin inner region 
where nonseparated sheltering works, and the perturbations of the shear stress in the inner 
region directly affect the streamwise phase of pressure on the wave surface. In the second 
regime at intermediate wave ages (4 ≤c/u* ≤12), the critical layer is located in the thick inner 
region and has a strong link to momentum transfer across the interfacial wave. In particular, 
the phase of wave-induced pressure on the wave surface botp |~φ  is determined by the phase of 
wave-induced vertical velocity at the critical height 

czzw =|~φ as 2/|| ~~ πφφ +≈ = czzwbotp . In this 
regime, the growth rate of the interfacial wave is predicted well by the critical-layer 
mechanism. In the third regime at high wave ages (c/u* ≥16), the critical height is in the outer 
region far above the inner region, and the assumption of the critical-layer mechanism is better 
satisfied. However, momentum transfer across the interface in this regime is determined 
mainly by the local flow in the inner region and it is only weakly affected by the flow at the 
critical height. Then, the nonseparated sheltering works also at this high wave age. 
 
Keywords: Air sea interaction, Sea surface process, Traveling wave, Wave-induced 
turbulence, Wave growth 
 
7.1 Introduction 
 

Momentum, heat, and mass exchange between air and sea control the climate change and 
the appearance of devastating atmospheric and oceanographic phenomena, such as tropical 
cyclones, storm surges, and tidal waves. Therefore, there has been much interest in the 
atmospheric boundary layer over wind waves, i.e., the wave-boundary layer, in which a 
dynamically perturbed airflow would considerably affect the exchange processes across the 
air-water interface (Makin et al., 1995; Makin and Kudryavtsev, 1999; Hara and Belcher, 
2004). 

Particular attention has been paid to the growth process of the gravity wave caused by the 
energy transfer from the airflow (Miles, 1957; Phillips, 1957; Jeffreys, 1925).

 
Miles (1957),

 

among others, estimated the growth rate of a gravity wave by applying linear-stability 
analysis to the shear flow over a gravity wave. He showed that the growth rate is determined 
by the curvature of mean velocity profiles and the amplitude of wave-induced perturbations of 
the air-flow at the “critical height,” where the mean air speed is equal to the phase velocity of 
the wind wave. His theory neglects the nonlinearity of wave-induced perturbations and the 
perturbation Reynolds stress due to the coupling between the turbulence and wave-induced 
perturbations, by assuming that the wave-induced perturbations are small compared to the 
turbulence components. The obtained momentum equations used in wave-generation analysis 
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do not contain turbulence components and are identical to the equations for non-turbulent 
perturbed flow. Therefore, this theory has often been referred to as a “quasilaminar model.” In 
this quasilaminar model, momentum flux from the airflow to the wind waves is constant 
below the critical height, becomes discontinuous at the critical height, and vanishes above the 
critical height. Hence, the thickness of the critical layer is infinitesimal and the model could 
not explain its dynamical role (Janssen, 2004). Furthermore, none of the numerical studies of 
turbulent airflow over traveling waves have directly demonstrated the dynamical effects of a 
critical layer (Mastenbroek, 1996). Therefore, clarification of those effects is of significant 
interest. 

Townsend (1972)
 
and Belcher and Hunt (1998)

 
questioned whether the critical layer plays 

a significant role in turbulent flows over a wave. They argued that fluid in a turbulent flow 
passes rapidly across the critical height, so the flow at that height might not be important in 
the momentum transfer from the airflow to the wind waves. For slowly or rapidly moving 
waves, Belcher and Hunt (1993)

 
and Cohen and Belcher (1999)

 
discussed the importance of 

nonseparated sheltering. They introduced the concept of rapid distortion theory (RDT) and 
divided the airflow into an inner region and an outer region using two turbulence time scales. 
One is the advection time scale TA, which determines the time necessary for a turbulent eddy 
to be advected by the mean flow over a wavelength of the interfacial wave. The other is the 
Lagrangian time scale TL, which determines the interaction time scale of the eddy. The 
Lagrangian time scale TL is expressed as TL =κz/u* for a wall-shear flow at high Reynolds 
numbers. Here, κ is the von Karman constant, κz is the typical eddy size, and u* is the typical 
velocity of the eddy in the boundary layer. The advection time scale TA is expressed as TA 
=k−1/<u>, where k−1 is the wavelength of the traveling wave and <u> is the mean flow 
velocity. Since TA generally decreases with height while TL generally increases with height, 
there would be a matching height, which satisfies TA ≈ TL. This height is called the inner 
region depth zin, and it determines the border between the inner and outer regions. In the inner 
region, where TA ≥TL is satisfied, the eddies have sufficient time to interact before they are 
advected by the mean flow and they reach a local equilibrium state. Therefore, production of 
the turbulent kinetic energy is balanced with its dissipation, so that the eddy-viscosity model 
is applicable. In this region, the effects of the shear stress displace the streamlines asym-
metrically. On the other hand, in the outer region, where TL ≥ TA is satisfied, the turbulent 
eddies are advected and distorted rapidly before they interact with each other. In this region, 
the turbulent perturbation is small and linear approximation (RDT) can be applied, better 
satisfying the assumption of the critical-layer mechanism. 

In the nonseparated sheltering mechanism, momentum transfer from the air flow to the 
waves is determined by the flow asymmetry, caused by the perturbation of the shear stress in 
the inner region. In the critical-layer mechanism, the perturbations near the wave surface are 
determined by the perturbations of the airflow at the critical height. Belcher and Hunt (1998) 
reviewed both mechanisms and commented that many previous studies have left unanswered 
questions about the role of turbulent stress near the critical layer and the wave surface. 

Sullivan et al. (2000) carried out direct numerical simulations (DNS) of a flow over 
traveling waves. They showed that interfacial waves strongly influence the mean flow, 
vertical momentum fluxes, velocity variances, pressure distributions, and the form drag. In 
particular, they found that the wave-induced components of the flow change significantly 
across the critical height and the wave-induced momentum flux changes its sign across the 
critical layer—it is positive below the critical layer but becomes negative above the critical 
layer. Their results are of significant interest since this vertical distribution in the turbulent 
flow is similar to that of the quasilaminar model. 
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do not contain turbulence components and are identical to the equations for non-turbulent 
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below the critical height, becomes discontinuous at the critical height, and vanishes above the 
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a significant role in turbulent flows over a wave. They argued that fluid in a turbulent flow 
passes rapidly across the critical height, so the flow at that height might not be important in 
the momentum transfer from the airflow to the wind waves. For slowly or rapidly moving 
waves, Belcher and Hunt (1993)

 
and Cohen and Belcher (1999)

 
discussed the importance of 

nonseparated sheltering. They introduced the concept of rapid distortion theory (RDT) and 
divided the airflow into an inner region and an outer region using two turbulence time scales. 
One is the advection time scale TA, which determines the time necessary for a turbulent eddy 
to be advected by the mean flow over a wavelength of the interfacial wave. The other is the 
Lagrangian time scale TL, which determines the interaction time scale of the eddy. The 
Lagrangian time scale TL is expressed as TL =κz/u* for a wall-shear flow at high Reynolds 
numbers. Here, κ is the von Karman constant, κz is the typical eddy size, and u* is the typical 
velocity of the eddy in the boundary layer. The advection time scale TA is expressed as TA 
=k−1/<u>, where k−1 is the wavelength of the traveling wave and <u> is the mean flow 
velocity. Since TA generally decreases with height while TL generally increases with height, 
there would be a matching height, which satisfies TA ≈ TL. This height is called the inner 
region depth zin, and it determines the border between the inner and outer regions. In the inner 
region, where TA ≥TL is satisfied, the eddies have sufficient time to interact before they are 
advected by the mean flow and they reach a local equilibrium state. Therefore, production of 
the turbulent kinetic energy is balanced with its dissipation, so that the eddy-viscosity model 
is applicable. In this region, the effects of the shear stress displace the streamlines asym-
metrically. On the other hand, in the outer region, where TL ≥ TA is satisfied, the turbulent 
eddies are advected and distorted rapidly before they interact with each other. In this region, 
the turbulent perturbation is small and linear approximation (RDT) can be applied, better 
satisfying the assumption of the critical-layer mechanism. 

In the nonseparated sheltering mechanism, momentum transfer from the air flow to the 
waves is determined by the flow asymmetry, caused by the perturbation of the shear stress in 
the inner region. In the critical-layer mechanism, the perturbations near the wave surface are 
determined by the perturbations of the airflow at the critical height. Belcher and Hunt (1998) 
reviewed both mechanisms and commented that many previous studies have left unanswered 
questions about the role of turbulent stress near the critical layer and the wave surface. 

Sullivan et al. (2000) carried out direct numerical simulations (DNS) of a flow over 
traveling waves. They showed that interfacial waves strongly influence the mean flow, 
vertical momentum fluxes, velocity variances, pressure distributions, and the form drag. In 
particular, they found that the wave-induced components of the flow change significantly 
across the critical height and the wave-induced momentum flux changes its sign across the 
critical layer—it is positive below the critical layer but becomes negative above the critical 
layer. Their results are of significant interest since this vertical distribution in the turbulent 
flow is similar to that of the quasilaminar model. 
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Using the DNS data, Sullivan and McWilliams (2002)
 
also investigated the effects of 

stable and unstable stratification in the boundary layer; Rutgersson and Sullivan (2005)
 

estimated the kinetic energy budget of wave-induced components and turbulence. Details of 
the boundary-layer flows obtained from the DNS will be useful in understanding the 
mechanism of momentum transfer from the airflow to the traveling waves. 

In the present study, we perform the DNS for turbulent airflow over a traveling wave train 
for various wave ages c/u* (0 ≤c/u* ≤20), and investigate the applicability of the critical-layer 
mechanism and the nonseparated sheltering mechanism in momentum transfer from the 
turbulent airflow to the traveling waves. Particular attention is paid to the effects of 
instantaneous behavior of unsteady turbulent airflow at the critical height, and we investigate 
the factors that determine the pressure distribution near the wave surface, which are used to 
estimate the momentum transfer from the airflow to the wave. We then identify wave-age 
regimes depending on whether the momentum transfer is controlled by the critical-layer 
mechanism or the nonseparated sheltering mechanism. 

This paper is organized as follows: First, Sec. 7.2 describes our numerical methods and 
Sec. 7.3 describes the definitions of important physical quantities used in this study. Then, 
Sec. 7.4 shows the characteristics of wave-induced perturbations of the airflow structures and 
discusses which of the two mechanisms relate to the momentum transfer from the airflow to 
the traveling waves. At the end of Sec. 7.4, we estimate the growth rate of traveling waves 
from our DNS using the energy transfer rate and compare it with the prediction of the 
quasilaminar model. 
 
7.2 Numerical method 
 

The flow considered in the present study is a fully developed turbulent flow between a 
moving wavy surface (at the bottom) and a frictionless flat wall (at the top). Periodic 
boundary conditions are considered in the streamwise and spanwise directions. Fig. 7.1 shows 
a schematic of the flow configuration. The velocity on the wave surface is a wave-orbital 
velocity induced by the Stokes waves in deep water. In the frame of reference moving with 
the traveling waves, the shape of the wave train and the wave-orbital velocity are invariant 
with time. 

 
Fig. 7.1 Schematic configuration of the computational domain. 

 
The numerical methods in this study are similar to those of Sullivan et al. (2000).

 
One 

difference is that we have used a mean pressure gradient in the streamwise direction to drive 
the flow, whereas Sullivan et al. (2000)

 
used a Couette flow. A preferable point of the Couette 

flow is that the vertical momentum flux is constant vertically and the near-wall behavior is 
similar to that of a high Reynolds-number flow. However, streamwise periodic roll vortices 
would be generated in the Couette flow, which might obscure the effects of the traveling 
waves on the airflow. Therefore, we have chosen a pressure-driven flow in this study. 
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The governing equations are the incompressible Navier-Stokes equations and the 
continuity equation, i.e.,  
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where xi (i =1, 2, 3)=(x, y, z) denote the streamwise, span-wise, and vertical coordinates. The 
summation convention is used here for the suffixes. The variables ui (i=1, 2, 3), p, ρa, and ν 
are the velocities, pressure, density, and kinematic viscosity of the fluid, and *û  is the virtual 
friction velocity on the wave surface. We denote the velocity components also by (u1, u2, 
u3)=(u, v, w). We have carried out the simulations with a fixed value of *û . As a result, the 
virtual friction velocity was almost equal to the real friction velocity on the wave surface u* 
defined later by Eq. (7.12) (cf. Sec. 7.4.2). Therefore, for simplicity, we hereafter use *û to 
denote u*. As shown in Fig. 7.1, the origin of the z axis (z=0) is located at the mean water 
level and the top flat wall is at z=h. The size of the computational domain is Lx × Ly ×Lz =8h × 
πh×h. 

The coordinate system ),,( ζηξ used for the computation is the general orthogonal 
coordinate system curving along the wave surface. The mapping from the physical space to 
the computational space (Benjamin, 1959)

 
is defined by  
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where i is an imaginary unit, a and k are the amplitude and the wave number (k=2π/λ, λ: 
wavelength) of the traveling waves, and the physical quantity is denoted by the real part of Eq. 
(7.3). The origin of ζ (ζ=0) is taken at the wave surface. The shape of the wave surface zbot(x) 
can be obtained by substituting ζ=0 into Eq. (7.3), giving its approximate value to the first 
order of ak by  

,)(cos)cos( 22 kxkakxazbot −≈                                       (7.4) 
where the subscript “bot” denotes the value at the bottom wave surface. The computation is 
performed in the frame of reference moving with the traveling waves, and the bottom 
boundary is assumed to be undeformable. The velocity at the wave surface corresponding to 
this wave shape is 
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where c is the phase velocity of the traveling wave, and u0 and w0 are the wave-orbital 
velocities. Using the kinematic boundary condition at the wave surface given by 
w0=−c xzbot ∂∂ / , the wave-orbital velocities are given by  
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The governing equations, namely the continuity and the momentum equations in strong 
conservation form, have been first rewritten in the transformed curvilinear coordinate. Then, a 
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wavelength) of the traveling waves, and the physical quantity is denoted by the real part of Eq. 
(7.3). The origin of ζ (ζ=0) is taken at the wave surface. The shape of the wave surface zbot(x) 
can be obtained by substituting ζ=0 into Eq. (7.3), giving its approximate value to the first 
order of ak by  
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where the subscript “bot” denotes the value at the bottom wave surface. The computation is 
performed in the frame of reference moving with the traveling waves, and the bottom 
boundary is assumed to be undeformable. The velocity at the wave surface corresponding to 
this wave shape is 
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where c is the phase velocity of the traveling wave, and u0 and w0 are the wave-orbital 
velocities. Using the kinematic boundary condition at the wave surface given by 
w0=−c xzbot ∂∂ / , the wave-orbital velocities are given by  
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The governing equations, namely the continuity and the momentum equations in strong 
conservation form, have been first rewritten in the transformed curvilinear coordinate. Then, a 
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finite-difference method is used to discretize the governing equations. All spatial derivatives 
in the governing equations are approximated by the second-order central difference on a 
collocated grid (Rhie and Chow, 1983; Zang et al., 1994). The time integration is achieved by 
the second-order Adams–Bashforth method both for the advection and the viscous terms. To 
satisfy the continuity equation, we have used the fractional-step method (Kim and Moin, 
1985).

 
The Poisson equation for the pressure is solved by an iterative method proposed by 

Sullivan et al. (2000) until |∇・u |<10-7 
is satisfied for all the grid points in the computational 

domain. 
The Reynolds number (Reτ =u*h/ν) is fixed to be 150. The number of grid points is 

180×100×128 )( ζηξ ×× . The grid sizes in the two horizontal directions (ξ and η directions) 
are uniform ( 7.6=∆ +ξ  and 7.6=∆ +η ), while those in the vertical direction are varied, i.e., 
they have the minimum value of 2040.=+∆ζ  at the bottom boundary, increase with height, 
and reach the maximum value of 851.=+ζ∆ at the center of the channel. They decrease again 
toward the top wall. In this study the subscript + denotes the nondimensional values 
normalized by u* for the velocities, and by ν/u* for the length. The wave steepness ak is fixed 
at 0.1, and the wavelength +λ  is 200 so that six bottom waves exist in the computational 
domain and kz=0.0314z+. We have simulated the flow for eight kinds of wave ages, i.e., 
c/u*=0, 2, 4, 8, 10, 12, 16, and 20, and carried out the computations until the turbulence 
reaches a statistically steady state. The conditions used for the computation are summarized in 
Table 7.1. 

Simulation of an open-channel flow with a flat bottom was also carried out at Reτ=150 to 
check the computational accuracy. This confirmed that the mean velocity profiles, turbulent 
intensities, and Reynolds stress are in good agreement with previous DNS for a straight 
channel flow (Kim et al., 1987; Kasagi et al., 1992) if we look at the lower-half region (z+<70) 
of the channel flow. 

Our results for the flow over a traveling wave train show that the mean velocity profiles 
and their dependence on the wave age are quite similar to Sullivan et al. (2000) (cf. their Fig. 
11), and there is no significant difference in the mean flow between the pressure-driven flow 
in the present study and the Couette flow in Sullivan et al. (2000). Therefore, we omit the 
detailed description of the mean-flow profiles. 

 
Table 7.1  Parameters used for the simulation. 
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7.3 Definitions 
 

In a fully developed turbulent flow over a two-dimensional wave train, averaged physical 
quantities would show the same periodicity as the bottom wave train—their streamwise 
variation is strongly affected by the phase of the bottom wave train. Therefore, in the 
following analysis, physical quantity q is decomposed into a phase-averaged component 

),( zq θ  and a turbulent component q’(x, y, z, t): 
,),,,('),(),,,( tzyxqzqtzyxq += θ                                       (7.7) 
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where θ (0≤ θ≤ 2π) is the streamwise phase of the wave train. The wave crest is located at θ=0 
and 2π, and the trough at θ=π. The phase-averaged component ),( zq θ  is obtained by 
averaging q over y and t (∆T: averaging period of time), and also over all the N (=6 in this 
study) waves contained in the wave train (Hussain and Reynolds, 1970). Note that the phase 
averaging is identical to the simple averaging over y and t, except that additional averaging 
over all the identical/periodic waves is applied in the former. This averaging has often been 
used in the laboratory experiments (Hsu and Hsu, 1983; Mastenbroek et al., 1996) and in 
DNS (Sullivan et al., 2000). 

The phase-averaged component ),( zq θ is further decomposed into an ensemble-averaged 
component <q>(z), (i.e., averaging over x, y, and t) and a wave-induced component ),(~ zq θ , 

,),(~)(),( zqzqzq θθ +>=<                                              (7.9) 
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This decomposition is useful in clarifying the x dependence of quantities by ),(~ zq θ , removing 
the x-averaged quantity <q>(z) from ),( zq θ . 

The wave-induced component ),(~ zq θ is generally expressed as the sum of sine functions 
with wave number nk (1≤ n≤ ∞), 
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where | nq̂ | and nq~φ (–π≤ nq~φ ≤ π) are the amplitude and the phase of the component with wave 
number nk. The phase nq~φ  indicates the phase lag between the wave-induced component 
with wave number nk and the bottom wave surface (zbot). Thus, the wave-induced component 
with wave number nk is in phase with the bottom wave surface if nq~φ (z)=0, and it has a phase 
advance (delay) if nq~φ (z)>0 (<0). In a flow over a periodic wave whose streamwise wave 
number is k, the component of wave number k (the fundamental mode) would be dominant in 

),(~ zq θ . 
 
7.4 Results and discussion 
 
7.4.1 Streamlines and pressure distributions 

Fig. 7.2 shows the streamlines, the phase-averaged pressure p , and the height of 
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number nk. The phase nq~φ  indicates the phase lag between the wave-induced component 
with wave number nk and the bottom wave surface (zbot). Thus, the wave-induced component 
with wave number nk is in phase with the bottom wave surface if nq~φ (z)=0, and it has a phase 
advance (delay) if nq~φ (z)>0 (<0). In a flow over a periodic wave whose streamwise wave 
number is k, the component of wave number k (the fundamental mode) would be dominant in 
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7.4 Results and discussion 
 
7.4.1 Streamlines and pressure distributions 

Fig. 7.2 shows the streamlines, the phase-averaged pressure p , and the height of 
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0),( =zu θ for c/u*=0, 2, 4, 8, 16, and 20. The streamlines are determined by the phase- 
averaged velocities u  and w . Although the phase-averaged and wave-induced components 
are defined only in the region of 0 ≤ θ ≤ 2π, we repeat the same figure in the region 2π≤ θ≤ 4π 
so that the overall flow-pattern identification becomes easier. Some numerical results given in 
this section are similar to those given by Sullivan et al. (2000) for the Couette flow over a 
traveling wave train, or by De Angelis et al. (1997) for the flow over a quiescent wave train. 
However, we will show at first the characteristics of the mean flow with some original 
discussions before reporting on the wave-induced perturbations. For this purpose, we divide 
the flow into the inner and outer regions which have been discussed in the introduction. The 
inner region is adjacent to the wave surface, and the turbulent eddies interact strongly to affect 
the mean flow so that both the streamlines and the pressure distribution become asymmetric 
against the wave crest. On the other hand, in the outer region located above the inner region, 
nonlinear interactions of eddies are weak and they have negligible effects on the mean flow 
near the wave surface. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
In the flow over a quiescent wave train [c/u*=0, Fig. 7.2(a)], the streamlines are displaced 

against the wave crest without fore-aft symmetry, and move leeward with height in the inner 
region (kz<0.3), due to nonseparated sheltering (Belcher and Hunt, 1993). The pressure 
distribution has also asymmetry with minimum p  being located on the slightly lee of the 

 
Fig. 7.2 Distribution of the phase-averaged 
streamlines and pressure. The height of 

0),( =zu θ  is denoted by a solid line, except 
in (a) and (f). (a) c/u*=0; (b) c/u*=2; (c) c/u*=4; 
(d) c/u*=8; (e) c/u*=16; (f) c/u*=20. 
 

 

 

 

 
Fig. 7.3 Distributions of relative appearing 
frequency P(θ, z+) of zc′, where the 
instantaneous velocity is equal to the wave 
velocity. The height of 0),( =zu θ  is denoted 
by a white solid line. (a) c/u*=8; (b) c/u*=12; 
(c) c/u*=16. 
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crest. In the outer region (kz>0.3), the phases of the streamlines become almost independent 
of height. 

The momentum transfer from the airflow into the traveling waves is generated by the 
asymmetry of the pressure distribution. The momentum flux on the wave surface, i.e., the 
drag on the wave surface, is composed of the form drag Dp , due to pressure, and the friction 
drag Df , due to tangential shear stress, 

.1 12
* fpzz

bot
bot

a
DD

d
ud

dx
dz

pJu
bot

+=
><

+≡ =
−

ζ
ν

ρ
                        (7.12) 

Equation (7.12) means that the form drag depends on the phase difference between the 
pressure distribution and the traveling waves. Since it becomes positive when the high 
pressure is located on the upwind slope (dzbot/dx)>0) of the wave, the leeward phase shift of 
pressure due to nonseparated sheltering generates a positive form drag. 

If we look at the flow over a traveling wave train (c/u*>0) in the frame of reference 
moving with traveling waves, the mean flow above the critical height is in the direction of the 
traveling waves, while below the critical height it is in the opposite direction. Therefore, the 
streamlines generate a closed curve at the critical height, called “cat’s eye.” It is a kinematic 
consequence of the streamwise perturbation to w  and the change of sign in u  at the critical 
height (Phillips, 1977). The quasilaminar model (Miles, 1957) states that the energy transfer 
from the airflow to the traveling waves is determined by the flow at the critical height, and its 
physical interpretation (Lighthill, 1962) suggests that the cat’s eye is important in that process. 
However, the cat’s eye does not always play a dynamical role in the momentum transfer. A 
typical important exception is the flow with a constant mean velocity gradient. In this type of 
flow, the curvature of the mean velocity is zero and the quasilaminar model predicts that the 
momentum is not transferred even if the cat’s eye appears (Miles, 1957; Davis, 1969).  

When c/u*=2 (cf. Fig. 7.2(b)), the cat’s eye or the critical height is located very near the 
wave surface. The flow above a cat’s eye has some similarity to the flow over a separated 
eddy generated by a quiescent wave train, although the existence of cat’s eyes depends on the 
coordinate system used and their origins are quite different (Gent and Taylor, 1977). In the 
layer near the wave surface (kz<0.3), which includes the cat’s eyes, the distributions of 
streamlines and pressure are asymmetric against the wave crest, while above this layer (kz> 
0.3), the phases of streamlines and pressure are almost independent of height. Therefore, we 
infer that the inner region height is located at kz≈0.3 (cf. Figs. 7.4 and 7.5, which will be 
discussed later).  

When c/u*=4 (Fig. 7.2(c)), the phase (θ) of low-pressure regions agrees with that of the 
centers of cat’s eyes, and the pressure at the critical height near the wave surface directly 
determines the pressure on the wave surface. On the other hand, above the top of the inner 
region located at kz≈0.4 (cf. Figs. 7.4 and 7.5), the phases of streamlines and pressure are 
almost independent of height.  

When c/u*=8 (cf. Fig. 7.2(d)), the low-pressure regions are again located at the centers of 
the cat’s eyes, and the layer below kz=1.0, which includes the cat’s eyes, would strongly 
affect the near-surface flow. Below the critical height, the phases of the streamlines and the 
pressure are shifted lee ward and windward, respectively, with increasing distance from the 
wave surface. Then, the top of the inner region is again above the critical height (kz≈0.8). 

When c/u*=10 and 12, the characteristics of the flow are similar to the case of c/u*=8 and 
the critical height would be again in the inner region. 

On the other hand, when c/u*=16 (cf. Fig. 7.2(e)), the critical height is located far above 
the wave surface. Below kz=0.3, the streamlines and the pressure are distributed 
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crest. In the outer region (kz>0.3), the phases of the streamlines become almost independent 
of height. 

The momentum transfer from the airflow into the traveling waves is generated by the 
asymmetry of the pressure distribution. The momentum flux on the wave surface, i.e., the 
drag on the wave surface, is composed of the form drag Dp , due to pressure, and the friction 
drag Df , due to tangential shear stress, 
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Equation (7.12) means that the form drag depends on the phase difference between the 
pressure distribution and the traveling waves. Since it becomes positive when the high 
pressure is located on the upwind slope (dzbot/dx)>0) of the wave, the leeward phase shift of 
pressure due to nonseparated sheltering generates a positive form drag. 

If we look at the flow over a traveling wave train (c/u*>0) in the frame of reference 
moving with traveling waves, the mean flow above the critical height is in the direction of the 
traveling waves, while below the critical height it is in the opposite direction. Therefore, the 
streamlines generate a closed curve at the critical height, called “cat’s eye.” It is a kinematic 
consequence of the streamwise perturbation to w  and the change of sign in u  at the critical 
height (Phillips, 1977). The quasilaminar model (Miles, 1957) states that the energy transfer 
from the airflow to the traveling waves is determined by the flow at the critical height, and its 
physical interpretation (Lighthill, 1962) suggests that the cat’s eye is important in that process. 
However, the cat’s eye does not always play a dynamical role in the momentum transfer. A 
typical important exception is the flow with a constant mean velocity gradient. In this type of 
flow, the curvature of the mean velocity is zero and the quasilaminar model predicts that the 
momentum is not transferred even if the cat’s eye appears (Miles, 1957; Davis, 1969).  

When c/u*=2 (cf. Fig. 7.2(b)), the cat’s eye or the critical height is located very near the 
wave surface. The flow above a cat’s eye has some similarity to the flow over a separated 
eddy generated by a quiescent wave train, although the existence of cat’s eyes depends on the 
coordinate system used and their origins are quite different (Gent and Taylor, 1977). In the 
layer near the wave surface (kz<0.3), which includes the cat’s eyes, the distributions of 
streamlines and pressure are asymmetric against the wave crest, while above this layer (kz> 
0.3), the phases of streamlines and pressure are almost independent of height. Therefore, we 
infer that the inner region height is located at kz≈0.3 (cf. Figs. 7.4 and 7.5, which will be 
discussed later).  

When c/u*=4 (Fig. 7.2(c)), the phase (θ) of low-pressure regions agrees with that of the 
centers of cat’s eyes, and the pressure at the critical height near the wave surface directly 
determines the pressure on the wave surface. On the other hand, above the top of the inner 
region located at kz≈0.4 (cf. Figs. 7.4 and 7.5), the phases of streamlines and pressure are 
almost independent of height.  

When c/u*=8 (cf. Fig. 7.2(d)), the low-pressure regions are again located at the centers of 
the cat’s eyes, and the layer below kz=1.0, which includes the cat’s eyes, would strongly 
affect the near-surface flow. Below the critical height, the phases of the streamlines and the 
pressure are shifted lee ward and windward, respectively, with increasing distance from the 
wave surface. Then, the top of the inner region is again above the critical height (kz≈0.8). 

When c/u*=10 and 12, the characteristics of the flow are similar to the case of c/u*=8 and 
the critical height would be again in the inner region. 

On the other hand, when c/u*=16 (cf. Fig. 7.2(e)), the critical height is located far above 
the wave surface. Below kz=0.3, the streamlines and the pressure are distributed 
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symmetrically against the wave crest. Therefore, significant phase shifts and the 
corresponding asymmetry of streamlines below the cat’s eyes (0.3<kz<1.0) has negligible 
effects on the flow near the wave surface. We then conclude that the cat’s eyes have 
negligible effects on the flow near the wave surface and they would be located in the outer 
region (cf. Sec. 7.4.B). 

When c/u*=20 (cf. Fig. 7.2(f)), the cat’s eye does not appear in the computed domain, and 
the streamlines and the pressure distribution are approximately symmetric against the wave 
crest. 

In the stability analysis of a laminar shear flow, or in the quasilaminar model, the critical 
height is important for the development of instability. In steady laminar flows, the fluid 
particles move along the streamlines and the steady critical height separates the flow above 
and below it. However, in highly unsteady turbulent flows, the fluid particles do not move 
along the mean-flow streamlines, but often pass rapidly through the critical height. To 
illustrate the importance of this unsteadiness, Fig. 7.5 shows the distribution of relative 
appearing frequency P(θ, z) of the “instantaneous” critical height 'cz , defined by the height 
where the “instantaneous” velocity u(x, y, z, t) vanishes. The frequency is counted on all the 
computational grid points and summed up in the span-wise (y) direction and also in time; then 

it is normalized so that the distribution satisfies ∫ =++
top

bot

z

z
dzzP 1),(θ  in the θ−z plane. Notice 

that 'cz  is widely distributed above and below the critical height, and the peak of P(θ, z) is 
generally located below the critical height. As the wave age increases, ( '),16/8 * czuc ≤≤  is 
distributed more widely and the distance between the peak of P(θ, z) and the critical height 
increases. Therefore, usage of the mean-flow properties, such as the mean critical height, 
becomes less meaningful (Townsend, 1972; Belcher and Hunt, 1998). However, as mentioned 
above, at intermediate wave ages (c/u*=4–12), the low-pressure region at the critical height is 
located at the center of the cat’s eye and the pressure has the same phase on the wave surface. 
This shows that the flow at the critical height would be strongly related to the pressure 
distribution on the wave surface and the form drag. 

 

 
Fig. 7.4 Vertical distributions of the ratio of the stress-gradient term to the advection term for 
c/u*=2, 8, and 16. 
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Fig. 7.5 Estimations of the inner region depth. The height at which |stress gradient term| / |advection 
term|=0.1 holds in DNS is denoted by (●). The inner region depths estimated from Eq. (7.13) are 
denoted by (○) (A=4) and (□) (A=5). Critical heights are denoted by (■). 

 
7.4.2 Division of airflow in the rapid-distortion concept  

In order to investigate the effects of nonseparated sheltering in our DNS, we need to 
estimate the inner region depth zin. The value of zin at high Reynolds numbers can be 
estimated as kzin |<u>( zin)|=2κu*, by equating TA and TL defined in the introduction. However, 
at low Reynolds numbers, contribution of the molecular viscosity is large so that it has been 
modified as (Meirink and Makin, 2000)
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where νt is the eddy viscosity of turbulent airflow and A(=O(1))
 

is a constant. Meirink and 
Makin (2000) used A= 2 , but in order to obtain a value appropriate to our numerical results 
we need to adjust the value of A. For this purpose, we consider the ratio between the 
advection term and the stress-gradient term in the momentum equation of wave-induced 
streamwise velocity u~ . Cohen and Belcher (1999) showed that the absolute value of ratio 
|stress gradient term /advection term |=O(1) holds in the inner region, while the |stress 
gradient term /advection term |=O(δ2) does so in the outer region, where δ(=u*/<u>)(1/k) is a 
small parameter. By neglecting small terms, the momentum equation of u~  can be 
approximated as 
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where the subscripts which represent the normalization by u*, h, and ρa are omitted here. 
Derivation of Eq. (7.14) will be described later in Sec. 7.4.6. 

Fig. 7.4 shows the vertical distributions of the ratio of the stress-gradient term to the 
advection term for c/u*=2, 8, and 16. At low wave age (c/u*=2), the ratio decreases almost 
monotonically with increasing distance from the wave surface. Thus, if we define the inner 
region as the region where the ratio is not very small, its depth is uniquely determined. The 
threshold value of the ratio would be, for example, 0.1, as will be used in the next paragraph 
of this study. When c/u*=8, the ratio significantly decreases near the wave surface, becomes a 
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advection term and the stress-gradient term in the momentum equation of wave-induced 
streamwise velocity u~ . Cohen and Belcher (1999) showed that the absolute value of ratio 
|stress gradient term /advection term |=O(1) holds in the inner region, while the |stress 
gradient term /advection term |=O(δ2) does so in the outer region, where δ(=u*/<u>)(1/k) is a 
small parameter. By neglecting small terms, the momentum equation of u~  can be 
approximated as 
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where the subscripts which represent the normalization by u*, h, and ρa are omitted here. 
Derivation of Eq. (7.14) will be described later in Sec. 7.4.6. 

Fig. 7.4 shows the vertical distributions of the ratio of the stress-gradient term to the 
advection term for c/u*=2, 8, and 16. At low wave age (c/u*=2), the ratio decreases almost 
monotonically with increasing distance from the wave surface. Thus, if we define the inner 
region as the region where the ratio is not very small, its depth is uniquely determined. The 
threshold value of the ratio would be, for example, 0.1, as will be used in the next paragraph 
of this study. When c/u*=8, the ratio significantly decreases near the wave surface, becomes a 
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local minimum (<0.1) at z+≈10, but increases again, then decreases monotonically to very 
small values less than 0.1. Therefore, there would be two candidates for the inner region depth 
zin, i.e., one is the height which gives a local minimum (z+ ≈10), and the other is the height 
which gives a small ratio far from the wave surface. Then, it is difficult to determine which of 
these should be chosen. Indeed, this intermediate wave age (c/u*=8) belong to neither the slow 
wave nor the fast wave defined by Belcher and Hunt (1993) or Cohen and Belcher (1999). 
However, since the flow below the latter larger height affects the flow near the wave surface 
(see Secs. 7.4.1 and 7.4.6), we propose that the latter height should be chosen as the inner 
region depth. At a higher wave age (c/u*=16), the ratio behaves similarly to the case of c/u*=8 
near the wave surface, i.e., the ratio first decreases near the wave surface and becomes a local 
minimum at z+≈10, but increases and decreases twice below z+=110. However, the ratio does 
not become very small (>0.2) even high above the wave surface. Thus, we determine the inner 
region depth in this case by the first local minimum. 

Examining the vertical distributions of the ratio for all the wave ages investigated in this 
study, we have estimated the inner region depth using the threshold value of 
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termadvection
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The result is shown in Fig. 7.5 along with the inner region depth zin estimated from Eq. 
(7.13) with A=4 or 5, and the critical height zc. Since the critical heights did not appear in the 
computed region when c/u*=2 and 20, they are not plotted for these wave ages. This occurs 
because, when c/u*=2, the height which satisfies 0),( =zu θ  is located very near the wave 
surface and the critical height would be located lower than the wave crest (z+=3.2). On the 
other hand, when c/u*=20, <u> <0 holds for the entire computed domain, and the critical 
height would be located above the computed domain. 

We note also that, as the value of A increases, the inner region height zin goes higher. For 
example, when A=5, zin for c/u*=16 is located high above the wave surface compared to the 
case of A=4, while the height which satisfies Eq. (7.15) is also located near the wave surface. 
This suggests that the use of A=5 would significantly overestimate the inner region depth. 
Thus, we adopt A=4 in estimating the inner region depth zin in the present study. 

In our DNS, the inner region depth zin is located near the wave surface when the wave age 
is low (c/u* ≤4) or high (c/u* ≥16), as shown in Fig. 7.5. When c/u*=2 and 4, the critical 
height is located in the thin inner region and these cases would correspond to the “slow wave” 
analyzed in Belcher and Hunt (1993). Moreover, when c/u*=16 and 20, the critical height is 
located far above the thin inner region and these cases would correspond to the “fast wave” 
analyzed in Cohen and Belcher (1999).

 
 

ū 
7.4.3 Wave-induced perturbations to the airflow 

Vertical-momentum transfer in the airflow is strongly affected by the traveling waves. In 
order to investigate their effects, we decompose the velocity and the pressure into the form of 
Eqs. (7.7) and (7.9) and substitute them into the momentum equation (7.1) to obtain the 
relation, e.g. Sullivan et al. (2000), 
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where ><− wu ~~ is the wave-induced momentum flux, which is generated by the existence of 
bottom interfacial waves. The wave-induced momentum flux is strongly related to the 
momentum transfer from the airflow to the wave train. If we further write u~  and w~  in the 
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form of Eq. (7.11), and use the orthogonality conditions of a sine function, the wave-induced 
momentum flux ><− wu ~~  in Eq. (7.16) can be rewritten as 
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Decomposing the wave-induced flux ><− wu ~~  obtained in the present DNS into the form of 
Eq. (7.17), we have found that the fundamental mode, i.e., 

,)cos(|ˆ||ˆ|2/1~~
1~1~111 wuwuwu φφ −−=><−  is largest, since the ratio 1

~~ >−< wu / >−< wu ~~  ranges 
between 0.95 and 1.05, except near the critical height where ><− wu ~~  is nearly zero. 

Before investigating the vertical distribution of ><− wu ~~ , we demonstrate the behaviors 
of u~  and w~ , which control ><− wu ~~ , in their relations to the critical height zc and the inner 
region depth zin. 

First, we discuss the changes associated with the critical height zc. Fig. 7.6 shows the 
amplitudes and the phases of the fundamental mode of u~  and w~  near the critical height as a 
function of z/zc. In Fig. 7.6(a) we note that a local minimum exists for both |~| 1u  and |~| 1w . 
The minimum of |~| 1w  is observed just below the critical height (0.7zc <z<0.9zc). The 
minimum of |~| 1u  is observed somewhat above the critical height (zc <z<2zc), although it 
moves lower as the wave age increases. These heights of local minima of amplitudes agree 
with the heights where the phases change significantly. As shown in Fig. 7.6(b), 1~wφ  
increases significantly just below the critical height, while 1~uφ  decreases significantly just 
above the critical height. These characteristics of the amplitudes and the phases of u~  and w~ , 
in particular the wave-age dependence, agree with the numerical solutions of Miles’ equation 
(Miles, 1957) (cf. Hristov et al. (2003) in their Fig. 1). 

Next, we discuss the changes in the airflow structures in association with the inner region 
depth zin estimated in the previous subsection. Fig. 7.7 shows the phases of u~  and w~  as a 
function of z/zin. The phases change vertically at z/zin <2, but they are almost constant at z/zin 
>2, except for the case of c/u*=16. 

In the case of a quiescent wave train (c/u*=0), the phase of w~  decreases slightly at z/zin 
<2 with height (Fig. 7.7(b)), corresponding to the leeward phase shift of the streamlines due to 
the nonseparated sheltering (cf. Fig. 7.2(a)). The phase of u~  decreases significantly across 
the top of the inner region (z/ zin ≈1) except for high wave ages (c/u* ≥16). In the inner region, 
the phase of u~ for c/u*=0 behaves similarly to those for low wave ages (c/u*=2, 4), for which 
the inner region depth zin is very thin (Fig. 7.7(a)). This indicates that there is a similarity 
between the quiescent wave (c/u*=0) and the low-wave-age waves (slow wave) in the 
perturbations near the wave surface (Belcher and Hunt, 1993).

 
 

In the case of low to intermediate wave ages (2≤ c/u*≤ 12), the critical height is located in 
the inner region. In these cases, the phase of w~  moves windward with height below the 
critical height (Fig. 7.6(b)). Above the critical height but below zin, the phase of w~  moves 
leeward, and it becomes almost constant in the outer region (Figs. 7.6(b) and 7.7(b)). 
Similarly, the phase of u~  is shifted leeward with height in the inner region, and is almost 
constant in the outer region (Fig. 7.7(a)). This indicates that the phase shifts are caused by 
perturbations of the shear stress in the inner region.  

Relationship between ARelationship between ARelationship between irflow at the Critical Height and Momentum Transfer to the Traveling Waves   Momentum Transfer to the



CHAPTER 7  Relationship between Airflow at the Critical Height and Momentum Transfer to the Traveling Waves  
 

 - 132 - 

form of Eq. (7.11), and use the orthogonality conditions of a sine function, the wave-induced 
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<2 with height (Fig. 7.7(b)), corresponding to the leeward phase shift of the streamlines due to 
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the top of the inner region (z/ zin ≈1) except for high wave ages (c/u* ≥16). In the inner region, 
the phase of u~ for c/u*=0 behaves similarly to those for low wave ages (c/u*=2, 4), for which 
the inner region depth zin is very thin (Fig. 7.7(a)). This indicates that there is a similarity 
between the quiescent wave (c/u*=0) and the low-wave-age waves (slow wave) in the 
perturbations near the wave surface (Belcher and Hunt, 1993).

 
 

In the case of low to intermediate wave ages (2≤ c/u*≤ 12), the critical height is located in 
the inner region. In these cases, the phase of w~  moves windward with height below the 
critical height (Fig. 7.6(b)). Above the critical height but below zin, the phase of w~  moves 
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perturbations of the shear stress in the inner region.  
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Fig. 7.6 Log-log plot of the amplitudes |ˆ||,ˆ| 11 wu  and the phases 1~1~ , wu φφ of the fundamental 
mode vs z/zc for various wave ages. (○), (△), (□), and (▽) denote the u~  components for c/u*=8, 
10, 12, and 16; (●), (▲), (■), and (▼) denote the w~ components for c/u*=8, 10, 12, and 16. 
 

 
Fig. 7.7 Vertical distributions of phases 1~uφ  and 1~wφ  vs  z/zin. (○) c/u*=0; (▽) c/u*=2; (＋) 
c/u*=4; (●) c/u*=8; (△) c/u*=10; (▲) c/u*=12; (□) c/u*=16; (■) c/u*=20. 



CHAPTER 7  Relationship between Airflow at the Critical Height and Momentum Transfer to the Traveling Waves  
 

 - 134 - 

At high wave ages (c/u*=16 and 20), the phases of u~  and w~  almost agree in the inner 
region (z/zin <1). This agreement occurs despite the differences at large height, i.e., when 
c/u*=16, significant vertical phase shift is observed across the critical height, (z/zin ≈7), while 
when c/u*=20, the critical height itself is above the computed domain. This shows that the 
perturbations at the critical height far above the inner region have only small effects in the 
inner region. We also note that the behaviors of the phase shifts at high wave ages have 
similarities to those at low wave ages (c/u*=0, 2, and 4), in the point that the phases change 
near z/zin ≈1 and become nearly constant at z/zin ≈2, although the direction of change is 
opposite and the magnitude of change at high wave age is much smaller. This is consistent 
with the suggestion by Cohen and Belcher (1999) that there are some similarities in the 
near-surface flows over the fast wave, slow wave, and quiescent wave.  
 
7.4.4 Wave-induced momentum flux 

The previous subsection showed the structures of u~  and w~ . Next, we examine the 
behavior of wave-induced momentum flux wu ~~−  and its relation to the critical height zc and 
the inner region depth zin. 

First, we show in Fig. 7.8 the vertical distribution of wu ~~−  near the critical height as a 
function of z/zc. Fig. 7.8 shows that wu ~~−  for moving waves is positive below the critical 
height, rapidly decreases and changes sign just above the critical height (1.2zc <z<1.4zc), and 
becomes negative further above the critical height, although it goes to zero again far above the 
critical height. Therefore, the critical height would have some effects in changing the sign of 

wu ~~− . These vertical structures qualitatively agree with the results obtained in the laboratory 
experiments by Hsu and Hsu (1983). 

 

 
Fig. 7.8 Log-log plot of 2

*/|~~| uwu− |  vs z/zc. Open symbols (○), (△), (□), and (▽) denote positive 
wu ~~−  for c/u*=8, 10, 12, and 16; closed symbols (●), (▲), (■), and (▼) denote negative wu ~~−  

for c/u*=8, 10, 12, and 16. 
 

Next, we investigate the behaviors of wu ~~−  near the top of the inner region as a function 
of z/zin. Fig. 7.9(a) shows that, for low to intermediate wave ages (c/u*=0–12), wu ~~−  
decreases vertically in z/zin <2 and becomes approximately zero in z/zin >2. Similarly, Fig. 
7.9(b) shows that at high wave ages, wu ~~−  decreases rapidly in z/zin <1 and becomes 
negligibly small at z/zin >1. These two figures show that the value of wu ~~−  is large in the 

Relationship between ARelationship between ARelationship between irflow at the Critical Height and Momentum Transfer to the Traveling Waves   Momentum Transfer to the



CHAPTER 7  Relationship between Airflow at the Critical Height and Momentum Transfer to the Traveling Waves  
 

 - 134 - 
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Next, we investigate the behaviors of wu ~~−  near the top of the inner region as a function 
of z/zin. Fig. 7.9(a) shows that, for low to intermediate wave ages (c/u*=0–12), wu ~~−  
decreases vertically in z/zin <2 and becomes approximately zero in z/zin >2. Similarly, Fig. 
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inner region but very small in the outer region, illustrating the nonseparated sheltering effects 
of the inner region. 

 

 
Fig. 7.9 Vertical profiles of 2

*/|~~| uwu−  vs z/zin for low to intermediate wave ages [Fig. 7.9(a), 
c/u*=0, 2, 4, 8, 10, 12] and for high wave ages [Fig. 7.9(b), c/u*=16, 20]. (○) c/u*=0; (▽) c/u*=2; 
(＋) c/u*=4; (●) c/u*=8; (△) c/u*=10; (▲) c/u*=12; (□) c/u*=16; (■) c/u*=20. 
 
7.4.5 Wave-induced perturbations of the turbulent shear stress 

Next, we investigate the wave-induced perturbations of the turbulent shear stress, i.e., 
wave-induced Reynolds stress, as shown in Fig. 7.10. We use the vertical coordinate z* 
(measured from the wave surface) to estimate wave-induced Reynolds stress. Thus, the 
wave-induced Reynolds stress ),(~ *zxz θτ  is defined as 

,),(),(),(~ *** zzz xzxzxz θτθτθτ −=                                     (7.18) 
where .'w'uxz −=τ  

First, we compare our results with the laboratory experiments by Hsu and Hsu (1983) 
who investigated the amplitudes and the phases of turbulent intensities for high wave ages 
(c/u*=14.2, 21.4, 27.9, and 36.3). They showed that the phase of the fundamental mode of xzτ~ , 
far from the wave surface [decomposed like Eq. (7.11) with n=1], depends on the wave age, 
but near the wave surface, it is independent of the wave age and approaches −π/2. This means 
that the maximum of xzτ~  is located at θ=π/2 and the minimum is located at θ=3π/2. Fig. 7.10 
shows that, for all wave ages (0≤ c/u*≤ 20) in this study, the maximum of xzτ~  near the wave 
surface is located at θ=π/2 and the minimum of xzτ~  is at θ=3π/2, in agreement with their 
experiments for higher wave ages. The phase of xzτ~  shifts leeward with height at low wave 
ages (c/u*=0, 4, 8), while it is approximately independent of height at high wave ages 
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(c/u*=16, 20). This wave-age dependence, observed in the vertical phase shift, also agrees 
with their experiments. 

In the nonseparated sheltering mechanism, phase shifts of the turbulent shear stress, i.e., 
the wave-induced Reynolds stress, are important for the asymmetry of the streamlines in the 
inner region, although a Bernoulli variation of streamline associated with pressure variations 
is most effective, as discussed in Cohen and Belcher (1999). In the present study, at low wave 
ages [c/u*=4, Fig. 7.10(b)], the phase of of xzτ~  at the top of the inner region (z+=13) is very 
different from that on the wave surface because it changes significantly across the critical 
height located in the inner region. This phase variation of xzτ~  causes asymmetry of the 
streamlines at the top of the inner region (Fig. 7.2(c)). On the contrary, at high wave ages 
[c/u*=16, 20, Figs. 7.10(e) and 7.10(f)], the phase of xzτ~  is almost independent of height in 
the inner region (z+ <10). According to this constant phase of xzτ~ , phase shifts of the 
streamlines in the inner region (due to the nonseparated sheltering) are much smaller than 
those for the low wave age, and the streamlines at the top of the inner region are almost 
symmetric. For both low and high wave ages, these streamline displacements due to 
nonseparated sheltering agree with those for the “slow wave” and the “fast wave” described 
by Cohen and Belcher (1999).  

 
Fig. 7.10 Distributions of wave-induced streamwise turbulent shear stress 2

*/~ uxzτ . （a）c/u*=0; 
（b）c/u*=4; （c）c/u*=8; （d）c/u*=12; （e）c/u*=16; （f）c/u*=20. The dashed lines denote negative 
values. The solid wavy lines denote the height where 0),( =zu θ . 
 
7.4.6 Effects of wave-induced perturbations on the momentum transfer 

Fig. 7.2 shows that the phase of pressure below the critical height has only weak 
dependence on the height at intermediate wave ages (c/u*=4, 8). This indicates that the phase 
of pressure at the critical height could determine the pressure distribution on the wave surface, 
i.e., the form drag. Momentum transfer from the airflow to the wave surface is represented as 
the drag on the wave surface, which is composed of the form drag Dp and the friction drag Df, 
as shown in Eq. (7.12). If we describe the wave-induced pressure as 

,)cos(ˆ~
~

1 npn n nkxpp φ+=∑∞

=
substitute it into the expression for Dp in Eq. (7.12), and neglect 

the terms of O((ak)2), the form drag can be approximated by 
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(c/u*=16, 20). This wave-age dependence, observed in the vertical phase shift, also agrees 
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,sinˆ)/)(2/1( 1~1 botpbotap pakD φρ−≈                                      (7.19) 
where 1ˆ botp  and 1~botpφ  are the amplitude and the phase of the fundamental mode of 
wave-induced pressure on the wave surface. This approximation shows that the form drag is 
dominated by the fundamental mode. Therefore, distributions of the fundamental mode of 
wave-induced pressure, particularly those near the critical height, would be important in 
determining the form drag or the momentum transfer from the airflow to the waves at the 
intermediate wave ages. 

Fig. 7.11 shows the vertical distributions of the amplitude and the phase of the 
fundamental mode of wave-induced pressure, i.e., 1p̂  and 1~pφ . Note that if the pressure is 
minimum at the wave crest, and distributes symmetrically against the crest, the pressure phase 

1~pφ  is ±π. Fig. 7.11(b) shows that, in the cases of quiescent wave (c/u*=0) and low wave ages 
(c/u*=2, 4), the pressure distribution near the wave surface is asymmetric and the phase is 

1~pφ rather independent of height. In the case of intermediate wave ages (c/u*=8, 10, and 12), 
the phases of pressure shift slightly windward, although, as shown in Fig. 7.2(d), the 
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the advection term near the wave surface. For high wave ages (c/u*=16, 20), 1~pφ  is almost 
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However, the value of 1~pφ  at c/u*=16 changes more significantly at z+ >10, compared with 
other wave ages. The reason will also be discussed in Figs. 7.12 and 7.13. 

When c/u*=4 and 8, the minimum p~  at the critical height is observed at the center of the 
cat’s eye, as shown in Figs. 7.2(c) and 7.2(d). However, when c/u* =16, the value of 1~pφ  is 
0.24π at the critical height (zc+=43.7), and the position of the minimum p~  is at θ=0.74π, 
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for these characteristics of 1~pφ  will be discussed later. 

Now, we investigate the effects of wave-induced perturbations on the vertical profiles of 
the fundamental mode of p~ . The momentum equation of the wave-induced streamwise 
velocity u~  under linear approximation can be derived from Eq. (7.1) by neglecting the 
second-order terms in the wave-induced velocity. The result is 
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where the subscripts which represent the normalization by u*, h, and ρa are omitted. 
Evaluating all the terms on the right-hand side of Eq. (7.20) and the neglected nonlinear term 
using our DNS data, we note that, below the critical height, the amplitudes of 

22 /~)Re/1(,/~ xuxxx ∂∂∂∂ ττ , and the nonlinear term are less than 20% of the advection term. 
Therefore, Eq. (7.20) can be further approximated as 
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leading to Eq. (7.14). In order to compare the fundamental-mode amplitudes of the advection 
term, Reynolds stress-gradient term, and the viscous stress-gradient term, their vertical dis-
tributions are shown in Fig. 7.12. Fig. 7.13 shows the phases of these terms and the phase of 
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xp ∂∂ /~ . Note that if the pressure is minimum at the crest, and distributed symmetrically against 
the crest, the phase of xp ∂∂ /~  is −π/2. 

 
Fig. 7.11 Vertical profiles of amplitude |~| 1p  and the phase of fundamental mode 1~pφ . ○, 
c/u*=0; ▽, c/u*=2; ＋, c/u*=4; ●, c/u*=8; △, c/u*=10; ▲, c/u*=12; □, c/u*=16; ■, c/u*=20. 

 
First, we discuss which terms dominate in xp ∂∂ /~  near the wave surface (z+=z+min ≈4), 

and how they affect the phase of p~ . Fig. 7.12 shows that the largest term near the wave 
surface is the viscous stress-gradient term for a low wave age (c/u*=2) and the advection term 
for intermediate to high wave ages (c/u*=4, 8, and 16), although these two terms are 
comparable near the wave surface in the inner region. Therefore, at a low wave age (c/u*=2), 
the phase of xp ∂∂ /~  near the wave surface is determined by the balance between the 
advection term and the viscous stress-gradient term, and the phase of xp ∂∂ /~ is shifted 
windward compared to that of the advection term (Fig. 7.13(a)). In the case of intermediate to 
high wave ages (c/u*=4, 8, and 16) near the wave surface, the phase of xp ∂∂ /~ agrees 
approximately with the phase of the advection term. Note that the viscous stress-gradient term 
plays a role in shifting the phase of xp ∂∂ /~ slightly to the windward side of the phase of the 
advection term near the wave surface (Figs. 7.13(b) – 7.13(d)). Thus, as mentioned above, 
when the wave age is intermediate (c/u*=8), the pressure phase moves windward below the 
critical height as it approaches the wave surface, although the phase of the streamlines moves 
in the opposite direction, i.e., in the leeward direction (cf. Figs. 7.2(d) and 7.12(b)). 
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Fig. 7.12 Vertical profiles of the amplitudes of fundamental mode of all the terms in Eq. (7.21). 
The amplitudes are divided by the amplitude of the fundamental mode of xp ∂∂ /~ . The fig. is depicted 
for 0≤ z+≤ 15 (c/u*=2,4) and for 4≤ z+≤ zc++10 (c/u*=8, 16), depending on the wave age. (a) c/u* =2; (b) 
c/u*=4; (c) c/u*=8; (d) c/u* =16. (○) the advection term dzudwxuu /~/~ −∂∂− ; (△) the Reynolds 
stress-gradient term zxz ∂∂ /~τ ; (□) the viscous stress-gradient term 22 /~)Re/1( zu ∂∂τ . 

 
Fig. 7.13 Vertical profiles of the phase of fundamental mode of all the terms in Eq. (7.21) and 

xp ∂∂ /~ . (a) c/u*=2; (b) c/u*=4; (c) c/u*=8; (d) c/u*=16. (○) the advection term dzudwxuu /~/~ −∂∂− ; 

(△) the Reynolds stress gradient term zxz ∂∂ /~τ ; (□) the viscous stress-gradient term 22 /~)Re/1( zu ∂∂τ ; 
(●) zp ∂∂ /~ . 
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In the cases of the traveling waves (c/u* >0), the phases of  u~  and w~  near the wave 
surface are approximately π and −π/2, respectively (cf. Fig. 7.7). The phases of 

xuu ∂∂− /~ and zuw ∂∂− /~  become approximately −π/2 and π/2. These two terms have 
opposite phases. However, strictly speaking, the phase of u~  is smaller than −π/2 and that of  
w~  is larger than π/2 near the wave surface corresponding to the asymmetry of the streamlines 
in the inner region (cf. Fig. 7.2). Thus, these phase lags observed in u~  and w~  
predominantly determine the phase of p~  near the wave surface. 

Next, we investigate which terms affect the vertical variations of the phase of xp ∂∂ /~ , i.e., 
the phase of p~ , and how they affect the phase. In the case of intermediate wave ages (c/u*=4, 
8), the advection term is largest below the critical height (Figs. 7.12(b) and 7.12(c)) and the 
phase of the advection term is almost independent of height (Figs. 7.13(b) and 7.13(c)). Thus, 
the phase of xp ∂∂ /~ , i.e., the phase of p~ , also becomes nearly independent of height below 
the critical height, in agreement with Figs. 7.11(b), 7.13(b), and 7.13(c). In the quasilaminar 
model (Miles, 1957), the phase of pressure is determined only by the advection term. Thus, in 
these cases, the pressure profiles are similar to those of the quasilaminar model. However, we 
note that for both wave ages, i.e., c/u*=4 and 8, the critical height is located in the inner region 
and the effect of the stress-gradient term is not negligible near the critical height. When 
c/u*=4, the viscous stress-gradient term participates in shifting the pressure phase slightly 
windward of the phase of the advection term, on and below the critical height (Fig. 7.13(b)). 
When c/u*=8, the ratio of the stress-gradient term to the advection term has a local minimum 
value near the critical height, as shown in Fig. 7.3, and the stress-gradient term is negligible 
there. Thus, the stress-gradient term has almost no effect on the phase of pressure at the 
critical height. 

On the other hand, Fig. 7.12(d) shows that, at high wave age (c/u*=16) for which the 
critical height is located in the outer region, the amplitude of the Reynolds stress-gradient 
term is comparable to that of the advection term near the critical height (20<z+ <zc+10). This 
corresponds to Fig. 7.4, which showed that the ratio of the stress-gradient term to the 
advection term is not negligible in the outer region. Thus, the phase of xp ∂∂ /~ , i.e., p~ , is 
determined by the phases of these two terms, i.e., the advection term and the Reynolds 
stress-gradient term. In addition, the phases of these terms change complicatedly below the 
critical height. This causes a significant vertical phase shift of p~ , as shown in Fig. 7.11(b). 

Now, we discuss the relation between the position of the cat’s eye and the pressure 
distribution at the critical height. There are three regimes. In the regime of intermediate wave 
age (c/u*=4 and 8), the advection term predominantly determines the phase of p~  at the 
critical height. The advection term at the critical height is composed only of zuw ∂∂− /~ since 

0=u . This shows that the phase of p~  at the critical height is determined only by the phase 
of w~ , and the relation is expressed as 

,
21~1~
πφφ +≈

== cc zzwzzp                                               (7.22) 

On the other hand, the center of the cat’s eye is located on the position of w~ =0 at the critical 
height, and its windward (leeward) edge is at the position of the positive (negative) w~  since 
the cat’s eye is a clockwise vortex of the phase-averaged velocity. The position/phase of the 
center of the cat’s eye θc is represented by 

,
21~
πφθ +=

= czzwc                                                   (7.23) 

Combining Eq. (7.22) with Eq. (7.23), we obtain 
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,1~ πφθ +=
= czzpc                                                    (7.24) 

which shows that the low-pressure region is at the center of the cat’s eye, as shown in Figs. 
7.2(c) and 7.2(d). Since 1~pφ  is approximately constant below the critical height, we finally 
obtain 

,
21~1~ πθπφφ +−≈+≈

== czzwzzp
botbot

                                      (7.25) 

showing that, at intermediate wave ages (4≤ c/u*≤ 12), the flow at the critical height has a 
significant effect on the pressure distribution on the wave surface and the form drag. For 
example, when c/u*=8, the phase of pressure near the wave surface (z+=4) is 0.65π, and 

botzzw =1~φ and θc become approximately 0.15π and 0.35π, from Eq. (7.25). These agree with our 

numerical results, since the phase of w~  at the critical height is 0.09π (cf. Fig. 7.6(b)) and the 
position of the center of the cat’s eye is approximately 0.3π (cf. Fig. 7.2(d)). 

The other regimes are the low-wave-age regime (c/u*=2) and the high-wave-age regime 
(c/u*=16). In the low-wave-age regime (c/u*=2), the critical height is located in the thin inner 
region. In that region, the stress-gradient term mainly plays a role in determining the pressure 
phase and is not determined only by the advection term, i.e., the position of cat’s eye, unlike 
the regime of intermediate wave age (c/u*=8). Thus, in this regime, the critical layer plays no 
significant dynamical role and the asymmetry of the inner-region flow due to viscous shear 
stress would determine the pressure distribution on the wave surface, as mentioned by Belcher 
and Hunt (1998).  

In the regime of high wave age (c/u*=16), the contributions of the stress-gradient term are 
important to determine the phase of p~  at the critical height and near the wave surface. Thus, 
when c/u*=16, the phase of p~  at the critical height is not determined by the phase of w~ . 
This indicates that pressure distribution at the critical height does not depend on the cat’s eye, 
and the low-pressure region does not agree with the position of the center of the cat’s eye (cf. 
Figs. 7.2(e) and 7.11(b)). Therefore, in this case, the cat’s eye would have only a small effect 
on the form drag, and the critical layer plays no significant dynamical role, as mentioned by 
Belcher and Hunt (1998). The asymmetry of the inner-region flow due to shear stress would 
determine the pressure distribution on the wave surface. 
 
7.4.7 Growth rate 

The energy transfer rate 
•

E  from the airflow to the traveling waves is determined by the 
pressure pbot and the shear stress Tbot= botzzzu =∂∂ |/µ  at the air-sea interface (Belcher and Hunt, 
1993), i.e., 

])/([])/([ 0000 wdxdzuTudxdzwp
dt
dEE botbotbotbot −+−−==

•

  ,            (7.26) 

where E is the total wave energy approximated by E≈(1/2)ρw a
2 
kc2 

for the Stokes wave, and 
)( νρµ a=  is the viscosity of air. On the other hand, wave growth rate )/( σγ EE

•
=  is described 

as 

,)/()/()/( 2
* cuEE wa ρρβσγ ==

•

                                        (7.27) 

where β is the growth rate parameter, or characteristic parameter of the wave growth (Miles, 
1957), σ is the frequency of the traveling waves, and ρw is the density of water. Then, we can 
generally calculate β combining Eqs. (7.26) and (7.27). 
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In Miles’ quasilaminar model (1957), β is determined by the flow properties at the critical 
height, i.e., 
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where 'u  and ''u  are the vertical gradient and curvature of u , i.e., )(/)/(' * kzuuu ∂∂=  
and 2

*
2 )(/)/('' kzuuu ∂∂= . We should note that in this model, the kinetic energy transfer from 

the airflow to the traveling waves contains only the contribution from pressure. Therefore, to 
compare the value of β obtained from our DNS with that obtained from Eq. (7.28), it might be 
better to calculate β only due to pressure. Substituting only the pressure component of Eq. 
(7.26) into (7.27), the growth rate parameter only due to pressure βp is obtained by 
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In Fig. 7.14, we show the comparison among β calculated by Eqs. (7.26) and (7.27), βp 
calculated by Eq. (7.29), and β calculated by Eq. (7.28), using the values of ,'',|ˆ| 1 uw  and 

'u  at z=zc obtained in our DNS. When c/u*=2 and 20, β could not be estimated by Eq. (7.28) 
in our DNS, since the critical height did not appear in these cases. 

In the case of c/u*=4, the critical height is located in the thin inner region, with the 
nonseparated sheltering caused by the viscous stress. At this wave age, the value of βp 
obtained from our DNS is larger than β obtained from the quasilaminar model. This would 
occur since both the critical layer and the nonseparated sheltering mechanism work in the 
momentum transfer. 

 
Fig. 7.14 Comparison of the growth rate parameters estimated by the quasilaminar model with 
those obtained from our DNS. 

 
In the case of intermediate wave ages (8 ≤ c/u* ≤ 12), the wave-age dependence and the 

magnitude of βp in our DNS roughly agree with the predicted β by the quasilaminar model. 
However, our DNS tends to give a larger growth rate parameter, probably because of the 
windward phase shift of pressure below the critical height due to the viscous shear stress. This 
phase shift occurs along with the phase shift of streamlines in the inner region. If the 
maximum pressure on the wave surface approaches the point of smaller dzbot/dx, the form 
drag decreases. 
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In the case of intermediate wave ages (8 ≤ c/u* ≤ 12), the wave-age dependence and the 

magnitude of βp in our DNS roughly agree with the predicted β by the quasilaminar model. 
However, our DNS tends to give a larger growth rate parameter, probably because of the 
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phase shift occurs along with the phase shift of streamlines in the inner region. If the 
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For all wave ages, the sign of β estimated from Eq. (7.28) is positive since ''u  is 
negative and 'u  is positive at the critical height. However, at the high wave age (c/u*=16), 
the value of βp estimated from our DNS is negative. This occurs since the critical height is 
located high above the wave surface and has only a small effect on the pressure distribution 
on the wave surface, i.e., the momentum transfer is determined mainly by the asymmetry of 
the flow in the inner region, due to the nonseparated sheltering (Cohen and Belcher, 1999). 
 
7.5 Conclusions and perspectives 
 

We have investigated the momentum transfer from a turbulent airflow to traveling waves 
by carrying out the direct numerical simulation of the flow over a traveling wave train. In 
particular, we focused on the roles of the critical-layer and the nonseparated sheltering 
mechanisms. 

We simulated pressure-driven turbulent airflows over a train of waves moving at a 
constant speed for wave ages of 0≤ c/u* ≤ 20 and at a Reynolds number of Reτ =150. The 
interfacial wave is approximately sinusoidal with a small slope (ak=0.1) and is assumed to be 
undeformable. 

Three characteristic wave-age regimes were found by classifying the different 
momentum-transfer mechanisms from the airflow to the interfacial wave. They are low wave 
age (2≤ c/u*≤ 4), intermediate wave age (4≤ c/u*≤ 12), and high wave age (16≤ c/u*≤20).  

In the low wave-age regime (2≤ c/u* ≤ 4), the inner region is very thin and the critical 
height is located in that region. The streamlines in the inner region shift leeward with height 
from the wave surface, due to the phase shift of shear stress, and the flow perturbation in the 
inner region is similar to that for quiescent waves (c/u*=0), as discussed by Belcher and Hunt 
(1993). Thus, the perturbation of the shear stress in the inner region determines the phase of 
pressure on the wave surface. Hence, in this regime, the nonseparated sheltering mechanism 
would work (Belcher and Hunt, 1993).  

In the intermediate wave-age regime (4≤ c/u*≤ 12), the critical height is located in the 
thick inner region (kzc <0.66). In this regime, the relation between the phase of pressure on the 
wave surface 

botzzp =|1~φ  and the position of the center of the cat’s eye θc is given by 

botzzp =|1~φ ≈ πθπφ +−≈+= czzw bot
2/|1~ . This relation shows that the flow at the critical height, or 

the position of the cat’s eye, determines the pressure distribution on the wave surface, and 
hence, the form drag. In this regime, the growth rate agrees with the prediction by the 
quasilaminar model (Miles, 1957).  

In the high wave-age regime (c/u*=16, 20), the inner region is very thin and the critical 
height is located in the outer region far above the inner region. When c/u*=16, there is a 
significant pressure phase shift below the critical height. Therefore, the airflow perturbations 
at the critical height do not have a straightforward effect on the pressure distribution at the 
wave surface. In this regime, the perturbations of the airflow in the inner region are similar to 
those for quiescent waves (c/u*=0) (Cohen and Belcher, 1999). Thus, the pressure distribution 
on the wave surface would be determined mainly by the local flow in the inner region, and the 
nonseparated sheltering mechanism would again affect momentum transfer (Cohen and 
Belcher, 1999).

 
 

The remaining problem is to determine the critical wave age (c/u*)c that separates the 
three regimes, since it determines the applicable range of the quasilaminar model and the 
rapid-distortion theory in wave forecasting. However, to resolve this problem, we may need to 
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know the behavior of (c/u*)c at higher Reynolds numbers since it might depend strongly on 
the Reynolds number. 
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