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The Ninth Session of the Scientific Advisory Committee  
on the Acid Deposition Monitoring Network in East Asia 
14-16 October 2009, Tsukuba, Japan  

 
Progress report on the preparation of the technical manual 

on dry deposition flux estimation 
 

Chair of the Expert Group 
on Dry Deposition Flux Estimation 

 
I. Background 
 
1. The Second Edition of Strategy Paper for Future Direction of Dry Deposition Monitoring of 

EANET presents the status quo of dry deposition monitoring, a revised list of major chemical 
species for dry deposition monitoring in EANET and included a step-by-step future strategy on 
dry deposition monitoring. However, it did not identify a method for estimating dry deposition 
flux in the EANET region. 

 
2. On the basis of this background, the Seventh Session of Scientific Advisory Committee of the 

EANET (SAC7) in October 2007 recommended to IG the establishment of an Expert Group on 
Dry Deposition Flux Estimation under the existing Task Force on Dry Deposition Monitoring to 
develop a method for estimating dry deposition fluxes in the EANET region and produce the 
Technical Manual on Dry Deposition Flux Estimation. This was endorsed by the Ninth Session of 
the Intergovernmental Meeting (IG9) of the EANET in November 2007. SAC7 also appointed Dr. 
Pojanie Khummongkol as the chairperson of the Expert Group and the Network Center (NC) was 
designated as the secretariat. 

 
3. The First Meeting of the Expert Group was held at the NC from 23 to 24 June 2008. The main 

discussions of the First Meeting are as follows: 
i)   Method for estimation of dry deposition flux for EANET 
ii)   Preferred monitoring sites for field studies 
iii)   Reporting of dry deposition flux 
iv)   Future research projects for improvement of estimation method for dry deposition 
v)   Validation of the Inferential Method 
vi)   Table of Contents of the Technical Manual on Dry Deposition Flux Estimation 

Then, the lead authors for each chapter of the Technical Manual were determined, and the 
respective authors agreed to prepare the 1st draft of the Technical Manual until the Second 
Meeting of the Expert Group. 

 
 



EANET/SAC 9/8/3 
Page 2 

 
 

II. Activities 
 
II-1. Second meeting of the Expert Group 
 
4. The draft table of contents of the Technical Manual was approved by the Eighth Session of the 

Scientific Advisory Committee (SAC8) held in October 2008, and then each authors started to 
prepare the draft Technical Manual. Until the end of January 2008, the respective authors sent the 
1st draft of the Technical Manual to the secretariat of the Expert Group.  
 

5. The Second Meeting of the Expert Group was held at Meisei University, Tokyo, Japan on 19 
February 2008. In the Second Meeting, the draft contents of each chapter of the manual were 
reviewed based on the submitted 1st draft by the respective authors. In addition, the outline of the 
EANET High Priority Research Project (Aerosol Deposition Studies in Forests for Improvement 
on Estimate Method for Dry Deposition) was introduced by Dr. Pojanie. 

 

II-2. Members  
 
6. The members of the Expert Group are shown below. All members except Dr. Hong attended the 

Second Meeting, but Dr. Hong sent his apologies that he could not attend. Mr. Genki Katata, a 
researcher of Japan Atomic Energy Agency, attended as an observer. 

 
Dr. Pojanie Khummongkol 
(Chairperson) 

Associate Professor, King Mongkut’s University of Technology 
Thonburi, Thailand 

Dr. Hong You-Deog Senior Researcher, National Institute of Environmental 
Research, Republic of Korea 

Dr. Kazuhide Matsuda Associate Professor, Meisei University, Japan 
 

Dr. Kentaro Hayashi Senior Researcher, National Institute for Agro- Environmental 
Sciences, Japan 

Dr. Akira Takahashi Senior Research Scientist, Central Research Institute of Electric 
Power Industry, Japan 

Dr. Hiromasa Ueda Director General, Acid Deposition and Oxidant Research Center, 
Japan 
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II-3. Discussions on the contents of the Technical Manual 
 
7. Discussions on the contents of the Technical Manual were summarized as the meeting minutes 

(EANET/SAC 9/8/3 Annex 1). The major discussions in the Second Meeting are as follows: 
 
(Chapter 1 Introduction) 

• Chapter 1 consists of background, objectives of dry deposition flux estimation and outline of 
the manual for dry deposition flux estimation. This chapter will be prepared by Dr. Pojanie 
after the drafts of other chapters are completed. 

 
(Chapter 2 Fundamental items for dry deposition flux estimation) 

• Chapter 2 describes fundamental items of air quality, meteorological measurements and land 
use information which are necessary for the calculation of dry deposition flux. It was pointed 
out species to be estimated for dry deposition flux should be reconsidered. 

• Regarding meteorological measurements, general conditions should be included at the first 
part followed by specific conditions. All listed parameters are important to calculate dry 
deposition velocity. Minimum parameters for calculation are wind speed, wind direction, 
temperature, relative humidity, solar radiation and precipitation amount. These parameters 
should be measured continuously throughout a year. 

• Regarding land use information, Dr. Ueda will describe the contents with reference to the 
PSU/NCAR mesoscale model (MM5) document. 

 
(Chapter 3 Methodology for dry deposition flux estimation in EANET) 

• Calculation of Vd at an urban site should be omitted because calculation of Rc at an urban site 
has large uncertainty. The constant Vd should be used at an urban site. 

• Dr. Matsuda will modify Chapter 3 with support of NC in order to make it more 
understandable for staffs in participating countries. 

• Selection of a suitable site to estimate flux using the Inferential Method should be described as 
well in the Second Edition of the Strategy Paper for Future Direction of Dry Deposition 
Monitoring. 

 
(Chapter 4 Data reporting) 

• Chapter 4 was prepared referring to the “Technical Document on Wet deposition Monitoring”. 
With support of Dr. Matsuda, NC will make a Microsoft Excel calculation file which all 
participating countries could calculate Vd and dry deposition flux automatically. NC will 
recalculate Vd after submission of data from participating countries. 

• Hourly meteorological data should be reported because the meteorological parameters 
changed in short period. After calculating hourly Vd, it was better to average weekly or 
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biweekly according to the atmospheric concentration data of using Filter-pack method. 

• It should be mentioned in the text that certain information already described in other EANET 
Technical Manuals will not reported in this manual and where such information can be found 
should be clearly informed. 

 
(Chapter 5 Evaluation of dry deposition flux determined by the Inferential Method) 

• Chapter 5 consists of 2 sections depending on the species; (1) Gaseous species and (2) Particle 
matter. Major uncertainties of the Inferential Method should be added in the text. 

• It was pointed that nitrogen dry deposition will be underestimated by using the Inferential 
Method. 

• Determination of Rc in East Asia region should be improved by micrometeorological 
measurements. 

 
(Chapter 6 Direct measurement for determining dry deposition flux) 

• Dr. Hayashi will support to make the Chapter 6 complete. 
• Dr. Pojanie will provide more information of the direct measurement in Chapter 6. 
• The table of advantages and disadvantages for each method will provide useful information. 

 
(Chapter 7 Use of remotely sensed information) 

• Land use/land cover information can be obtained by dataset of AVHRR and MODIS that are 
available via Internet. 

 
(Chapter 8 Future direction of dry deposition flux estimation) 

• It was mentioned that the information on “modeling” and “nitrous acid (HONO)” will be 
added in Chapter 8. This chapter will be prepared by Dr. Matsuda after the drafts of other 
chapters are completed. 

 
8. Based on the discussion in the Second Meeting and submission of the revised manuscript, the 

secretariat revised the draft of Technical Manual and attached as (EANET/SAC 9/8/3 Annex 2). 
 

II-4. Schedule 
 
9. The Expert Group agreed to follow the following time schedule for its activities: 

 

19 February, 2009 Second Meeting of the Expert Group, Review of the 1st draft of 
the Technical Manual 

May –July, 2009 Revise of the 1st draft of the Technical Manual 
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26 – 28 August, 2009 Report activity of the Expert Group and present the draft 
contents of the Technical Manual at STM10 for comments 

14 – 16 October, 2009 Report activity of the Expert Group and submit the draft 
Technical Manual at SAC9 for comments 

May, 2010 Third meeting of the Expert Group to finalize the Technical 
Manual 

Autumn, 2010 Submission of the Technical Manual to SAC10 for adoption 

 
 
II-5. Follow-up actions from the second meeting 
 
10. The draft technical should be revised at least 2 times by the members and NC before September, 

2009. Then, the 2nd draft of the Technical Manual should be compiled by the NC so that it could 
be submitted to the Second Meeting of the Task Force on Monitoring for Dry Deposition and the 
Ninth Session of the Scientific Advisory Committee (SAC9) in October, 2009. 

 
11. According to the comments by the participants of the Task Force meeting and SAC9, the NC will 

ask the authors for further revision of the Technical Manual during November, 2009 and February, 
2010. Then, the NC will compile the 3rd draft of the Technical Manual. The Third meeting will be 
held in May, 2010, and the draft Technical Manual will be finalized. 

 
12. Dr. Pojanie, the project leader of the EANET high priority research project of “Aerosol deposition 

studies in forests for improvement of estimation method for dry deposition” had prepared the research 
plan. The progress of the research project will be reported to the Task Force on Research 
Coordination and the Task Force on Monitoring for Dry Deposition year by year. 

 
III. Recommendations to SAC8 
 
13. The Ninth Session of the Scientific Advisory Committee of the EANET (SAC9) is invited to 

consider the progress report on the preparation of the Technical Manual on Dry Deposition Flux 
Estimation by the Chair of the Expert Group and endorse the following:  
i)  One of the Expert Group member, Dr. Hong You-Deog, could not take part in the Expert 

Group because of his position change. Therefore, Dr. Chang Lim-Seok at National Institute of 
Environmental Research, Republic of Korea will be nominated as a new member of the Expert 
Group instead of Dr. Hong. 
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The Ninth Session of the Scientific Advisory Committee  
on the Acid Deposition Monitoring Network in East Asia 
14-16 October 2009, Tsukuba, Japan  
 

 
ACID DEPOSITION MONITORING NETWORK IN EAST ASIA (EANET) 

 
 

SECOND MEETING OF THE  
EXPERT GROUP ON DRY DEPOSITION FLUX ESTIMATION 
OF THE TASK FORCE ON DRY DEPOSITION MONITORING  

SCIENTIFIC ADVISORY COMMITTEE (SAC) OF EANET  
 

(Tokyo, 19 February 2009) 
 
 
 

PROVISIONAL AGENDA 
 
09:00-09:15 
1. Opening and Introductory remarks      Chairperson 
 
09:15-10:30 
2. Review of the 1st draft of Chapters 1 and 2  

Chapter 1   Introduction  Dr. Pojanie 
Chapter 2.1   Air Quality Measurements  Dr. Hong 
Chapter 2.2   Meteorological Measurements  Dr. Takahashi 
Chapter 2.3   Land Use Information  Dr. Ueda 

 
10:30-10:45  Coffee Break 
 
10:45-12:00 

Review of the 1st draft of Chapter 3  
Chapter 3   Methodology for dry deposition flux estimation  Dr. Matsuda 

in EANET 
 
12:00-13:00  Lunch 
 
13:00-15:00 

Review of the 1st draft of Chapters 4 and 5  
Chapter 4   Data reporting  Dr. Ueda (NC) 
Chapter 5   Evaluation of dry deposition flux determined by  Dr. Hayashi 

the Inferential Method 
 
15:00-15:15  Coffee Break 
 
15:15-16:00 

Review of the 1st draft of Chapters 6, 7 and 8  
Chapter 6   Direct measurement for determining dry  Dr. Pojanie 

deposition flux 
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Chapter 7   Use of remotely sensed information  Dr. Ueda 
 

Chapter 8   Future direction of dry deposition flux  Dr. Matsuda 
estimation 

 
16:00-17:00 
3. Discussion on High Priority Research Project    Dr. Pojanie 

(Aerosol deposition studies in forests for improvement 
of estimation method for dry deposition) 

 
17:00-17:30 
4. Future schedule        Discussion 
 
17:30   Closing 
 
 
 

MEETING MINUTES 
 
I.          Agenda 
 
The Meeting followed the issues as listed in the Provisional Agenda.  
 
II.         Opening and introductory remark 
 
Dr. Pojanie Khummongkol, the chairperson of the Expert Group, made introductory remark 
to the members of the Expert Group on Dry Deposition Flux Estimation (EGDDFE). The 
secretariat informed that Dr. Hong sent his apologies that he could not attend the meeting. 
The list of participants is attached as Annex 1. 
 
III.    Review of the 1st draft of the Technical Manual on Dry Deposition Flux Estimation 
(see Annex 2) 
 
Chapter 1   Introduction (written by Dr. Pojanie) 
Chapter 1 will consist of three parts (Background, Objectives of dry deposition flux 
estimation and Outline of the manual for dry deposition flux estimation). This chapter will 
be prepared by Dr. Pojanie after the drafts of other chapters are completed. 
 
Chapter 2   Fundamental items for dry deposition flux estimation 
Chapter 2.1   Air Quality Measurements (written by Dr. Hong) 
Dr. Hong has submitted the draft, and the members discussed the contents of Chapter 2.1. 
Major comments are shown as follows: 
 
i) The title of Chapter 2.1.2.1 should be changed as “Major chemical species for flux 

estimation”; 
ii) Species to be estimated for dry deposition flux should be reconsidered. PM10 and 

PM2.5 are not necessary for dry deposition flux estimation; 
iii) As for the manual method of monitoring PM and atmospheric concentrations of ions, 

“High-volume sampler” is not adopted as the EANET monitoring method. Therefore, 
the method should be removed from Table 1; 

iv) The brackets for “Passive sampler” should be removed from Table 1. 
 
Chapter 2.2   Meteorological measurements (written by Dr. Takahashi) 
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Dr. Takahashi explained the outline of Chapter 2.2, and the members discussed the 
contents. It was pointed out that general conditions should be included at the first part 
followed by specific conditions. Major comments are shown as follows: 
 
Chapter 2.2.1   Siting of meteorological instruments 
 
i) The recommended area “20km x 20km” for meteorological instruments should be 

checked according to the EANET monitoring guideline. 
 
Chapter 2.2.2   Meteorological Parameters necessary for dry deposition flux estimation 
 
i) All listed parameters are important to calculate dry deposition velocity. Minimum 

parameters for calculation are Wind speed, Wind direction, Temperature, Relative 
humidity, Solar radiation and Precipitation amount; 

ii) Atmospheric stability can be determined by three different schemes using one of 
three parameters (Standard deviation of wind direction, Net radiation and Cloud 
cover); 

iii) All participating countries may not be able to select parameters to determine 
atmospheric stability. The Expert Group should select the minimum meteorological 
parameters to be described in Chapter 2.2.2 and 2.2.3 for determining atmospheric 
stability; 

iv) Dr. Hayashi suggested that standard deviation of wind direction is better than cloud 
cover to determine atmospheric stability; 

v) Dr. Ueda also suggested that using an ultrasonic anemometer is better than standard 
deviation of wind direction. However, it is difficult as not all participating countries can 
afford to install the instrument; 

vi) A description of how to choose each category of stability classes should be added in 
the appendix. 

 
Chapter 2.2.3   Instrumentation 
 
i) The typical instruments for measuring meteorological parameters are summarized in 

Table 2.1; 
ii) The investigated height of meteorological parameters is dependent on canopy height 

at the selected site. Temperature, Relative humidity, Solar radiation and Net radiation 
should be monitored at 1.5-2.0m height because these parameters are necessary to 
calculate Surface resistance (Rc). Dr. Takahashi will add the classification of 
measurement height depending on canopy height. 

 
Chapter 2.2.4   Monitoring period 
 
i) All meteorological parameters should be measured continuously throughout a year; 
ii) Dr. Hayashi and Dr. Takahashi suggested that parameters for atmospheric stability 

should be monitored at 1 or 10 minute intervals. 
 
Chapter 2.3   Land use information (written by Dr. Ueda) 
Dr. Ueda explained the outline of Chapter 2.3, and the members discussed the contents. 
Major comments are shown as follows: 
 
i) Dr. Ueda will describe the contents with reference to the PSU/NCAR mesoscale 

model (MM5) document. He suggested that all participating countries can download 
land use dataset (1km x 1km) from the Web site; 

ii) Dr. Ueda will suggest the categories of land use that could be used as source data 
(Soil type, Forest fraction, Soil temperature, Land waters mask, Vegetation type etc.). 
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iii) He will add the description of how to install land use data and a select type in Chapter 
2.3; 

iv) “Surface wetness” can be estimated as water content (%) which is included in MM5 
model. 

 
Chapter 3   Methodology for dry deposition flux estimation in EANET (written by Dr. 

Matsuda) 
Dr. Matsuda explained the outline of Chapter 3. He asked all members to discuss how to 
estimate atmospheric stability. Major comments are shown as follows: 
 
i) Ms. Leong asked how to estimate Deposition velocity (Vd) at an urban site. Dr. 

Matsuda suggested that Vd at an urban site should be omitted because calculation of 
Rc at an urban site has large uncertainty. He suggested that constant Vd should be 
used at an urban site. Dr. Matsuda mentioned that the “Strategy Paper for Future 
Direction of Dry Deposition Monitoring of EANET” (2nd Edition) specified that Vd 
should be estimated at a suitable site (not all sites); 

ii) All the parameters described in Chapter 3.2 should be clearly explained; 
iii) Ms. Leong suggested that the description of a urban site is necessary in Chapter 2; 
iv) Ms. Leong requested to add a new section at the beginning of Chapter 3.2 in order to 

explain why EANET has adopted the Inferential Method; 
v) The parameter of "L" in the formula (2) will be explained in Chapter 3.3; 
vi) The parameter of "T” in the formula (8) should be explained in Chapter 5 by Dr. 

Hayashi; 
vii) It was proposed to modify the formulae (13) and (14); 
viii) Dr. Pojanie requested that the formula numbers should be formatted in all chapters; 
ix) Dr. Matsuda will modify Chapter 3 with support of NC in order to make it more 

understandable for staffs in participating countries; 
x) Dr. Takahashi asked how to determine a seasonal category of tropical area. The 

description of a seasonal category should be added in the Technical Manual; 
xi) Dr. Ueda suggested friction velocity (u*) should be determined by satellite data rather 

than the formula (3), because estimation of u* has two order difference compared 
with the satellite observation data; 

xii) Dr. Ueda suggested all countries could calculate typical Vd by themselves. Ms. Leong 
commented that NC should recalculate Vd after receiving data to verify the initial 
calculations; 

xiii) Selection of a suitable site to estimate flux using the Inferential Method should be 
described as well in the Strategy Paper (2nd edition). 

 
Chapter 4   Data reporting (written by NC) 
The secretariat explained the outline of Chapter 4, which was prepared referring to the 
“Technical Document on Wet deposition Monitoring”. Major comments are shown as 
follows: 
 
i) With support of Dr. Matsuda, NC will make a Microsoft Excel calculation file which all 

participating countries could calculate Vd and dry deposition flux automatically. NC 
will recalculate Vd after submission of data from participating countries; 

ii) Dr. Ueda asked that which time resolution of meteorological data should be submitted. 
Dr. Matsuda and Dr. Hayashi suggested that hourly data should be submitted 
because the meteorological parameters changed in short period. After calculating 
hourly Vd, it was better to average weekly or biweekly according to the atmospheric 
concentration data of using Filter-pack method; 
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iii) The descriptions of "Site information" and "Vegetation" should be merged to the same 
item; 

iv) The explanation of Chapter 4.4.3 should be just referred by the “Technical Document 
for Filter Pack Method in East Asia”; 

v) For the Leaf Area Index (LAI), it should be measured at each site by some 
instruments, because satellite data of LAI deal regional scale. The measurement 
method of LAI should be discussed in future; 

vi) Ms. Leong suggested that information of LAI, Land use, Site vegetation etc. should 
be specified in Chapter 2; 

vii) Chapter 4.4.4 “Calculated results for dry deposition velocity and flux” should be 
included in Chapter 3, because it was not “Data reporting”; 

viii) The order of Chapter 3 and 4 should be interchanged; 
ix) “The Technical documents for Wet and Dry Deposition Monitoring” should be cited as 

references in this Technical manual; 
x) NC will revise the Chapter 4.1.1 (2) “Measurement and calculated results”. The 

description of “Vegetation and LAI by the satellite data” should be removed; 
xi) NC can calculate Vd, but all countries should submit the necessary data reporting of 

Vd; 
xii) It should be mentioned in the text that certain information already described in other 

EANET Technical Manuals will not reported in this manual and where such 
information can be found should be clearly informed. 

 
Chapter 5   Evaluation of dry deposition flux determined by the Inferential Method  

(written by Dr. Hayashi) 
Dr. Hayashi explained the outline of Chapter 5. The chapter consists of 2 sections 
depending on the species; (1) Gaseous species and (2) Particle matter. Major comments 
are shown as follows: 
i) At the end of Chapter 5.1.1, Dr. Hayashi described that dry deposition flux of nitrous 

acid (HONO) should be evaluated in future because it is a precursor of HNO3; 
ii) After Chapter 5.1.2, 3 major uncertainties of the Inferential Method are explained in 

Chapter 5.1.3 and 5.1.4; 
iii) Dr. Hayashi suggested that nitrogen dry deposition will be underestimated by using 

the Inferential Method; 
iv) Regarding Chapter 5.1.3, determination of Rc in East Asia region should be improved 

by micrometeorological measurements; 
v) Regarding Chapter 5.1.4, averaging of dry deposition flux is usually underestimated; 
vi) Dr. Hayashi is considering Chapter 5 should cover the best methodology or quality 

control of dry deposition flux; 
vii) Dr. Matsuda suggested that the Strategy Paper (2nd Edition) mentioned the approach 

for inferring Vd value; 
viii) The description of future direction (including HONO in monitoring) should be moved 

from Chapter 5 to Chapter 8. 
 
Chapter 6   Direct measurement for determining dry deposition flux (written by Dr. Pojanie) 
Dr. Pojanie explained the direct measurement of dry deposition flux in Chapter 6. Major 
comments are shown as follows: 
 
i) Dr. Hayashi will support to make the Chapter 6 complete; 
ii) Dr. Pojanie will provide more information of the direct measurement in Chapter 6; 
iii) The table of advantages and disadvantages for each method will provide useful 

information. 
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Chapter 7   Use of remotely sensed information (written by NC) 
The secretariat explained the outline of Chapter 7, which focuses on the use of remotely 
sensed information. Major comments are shown as follows: 
 
i) The secretariat mentioned land use/land cover information can be obtained by 

dataset of AVHRR and MODIS that are available via Internet; 
ii) Dr. Katata mentioned land use information using AVHRR is not sure to be useful for 

the modeling with this Expert Group; 
iii) Dr. Ueda explained the outline of the satellite information of LAI and NDVI; 
iv) Name of Chapter 7.1 should be revised as “Use of remote sensing”; 
v) Name of Chapter 7.2 should also be revised as “How to calculate NDVI”; 
vi) Name of Chapter 7.3 should also be revised as “How to calculate LAI from the data of 

NDVI”. 
 
Chapter 8   Future direction of dry deposition flux estimation (written by Dr. Matsuda) 
It was mentioned that the information on “Modeling” and “nitrous acid (HONO)” will be 
added in Chapter 8. This chapter will be prepared by Dr. Matsuda after the drafts of other 
chapters are completed. 
 
Based on the discussion at the meeting, the secretariat revised the 1st draft of Technical 
Manual and attached as Annex 2. 
 
IV.         Discussion on High Priority Research Project  
 
Dr. Pojanie introduced the High Priority Research Project (Aerosol Deposition Studies in 
Forests for Improvement on Estimate Method for Dry Deposition) that will be implemented 
at a site in Ratchaburi, Thailand from 2009 to 2010. (see Annex 3) Major comments are 
shown as follows: 
 
i) The activity should be reported to the Task Force on Monitoring for Dry Deposition; 
ii) The activity is important for EANET but difficult to carry out all items of the proposed 

project; 
iii) Dr. Matsuda will start his new project at the Sakaerat site in Thailand, and both 

projects will be conducted by using the Eddy Accumulation method; 
iv) Dr. Ueda suggested that the project could also measure the size distribution of 

particulate matter using an Andersen sampler or other instruments. 
 
IV.         Next Steps and Schedule 
 
The Meeting agreed that the future activities of the Expert Group will be according to the 
Schedule of Activities. (see Annex 4) Major comments are shown as follows: 
 
i) Next meeting will be held back to back with the next Workshop of Acid Deposition to 

be held at Meisei University in February or May, 2010; 
ii) The second draft of the Technical Manual should be compiled by the NC at the 

beginning of September so that it could be submitted to the 2nd meeting of Task 
Force on Monitoring for Dry Deposition (scheduled in 15-16 September, 2009). It was 
decided that the second draft of the Technical Manual should first be submitted to the 
Chair of the Task Force; 

iii) The progress of activities of the EGDDFE will be informed to the participants of  
STM10 (scheduled in 26 -28 August 2009, in a participating country); 

iv) The draft Technical Manual should be revised 2 times by the members and NC 
before September, 2009. The deadline of first round is the end of May and the 
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second round is early July. NC will distribute the draft Technical Manual and a 
reminder by e-mail. 

 
The secretariat will circulate the minutes of the meeting and the revised 1st draft of 
Technical Manual to all members by the end of March, 2009. 
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1. Introduction 
 
1.1 Background 
 

In order to assess the ecological impact caused by the acid deposition, a long term 
monitoring of the acid in both the wet and dry forms are required.  The remarkable 
differences in determining the flux quantity (the amount of the acid deposit per unit area 
per time) between the wet and dry depositions are the techniques to collect and analyzed 
the samples.  The wet deposition can be collected more readily by collecting the rain 
water in bulk or by an automatic wet only collector.  The sample collected are later 
analyzed in laboratory to determine the chemical species.  For the dry deposition, the 
method is much varied from cumbersome to highly sophisticated.  The methods to 
determine the deposition amount can be done directly or indirectly.  The direct method 
and less sophisticated employed natural surfaces as collectors.  Collections of the rain 
running through the tree parts (through fall and stem flow) are practical in collecting the 
samples in the forest.  By this method, the dry deposition are obtained by differences 
between the chemical content in the rain flowing through the tree surfaces and the 
chemical content in the bulk rain collection.  Other direct measurement is by 
intercepting the dry deposition onto the surrogated surface i.e. water surface or chemical 
impregnated paper.  The deposition flux is determined in terms of the weight of acid 
collected per the area of surrogated surface per collecting time.  The more 
sophisticated direct method is eddy correlation which requires simultaneous 
measurements of rapid fluctuations of vertical wind speed.  The product of the vertical 
wind speed and the concentration gradient are the flux of the acid.  The indirect 
methods are the aerodynamic and the Bowen ratio methods.  They rely on the 
measurement of micrometeorological parameters which comprise of the wind speed, 
humidity, temperature, net radiation, soil heat flux.  The result obtained is the mean 
potential.  When multiply with concentration gradient, the flux of acid is obtained. 

The direct and indirect methods, easy or sophisticated are tedious and not practical 
for a long term monitoring, as well as costly and required high skill workers.  In 
practice, the ambient concentrations are monitored continuously throughout the year.  
To ultimately determine the dry deposition flux using the ambient concentration data, 
the inferential method is employed.  Under this application, the deposition velocity has 
to be known. The product of the deposition velocity and the ambient concentration is 
the amount of the deposition flux.  The deposition velocity can be obtained specifically 
by experiment, or by estimation using the parameterization methods.  Presently, this 
methodology has been employed in many applications. 
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The wet and dry acid concentrations have been monitored by EANET country 
members since 1998 during the preliminary phase and continued to a regular monitoring 
basis started in the year 2000.   In the year 2005, the wet deposition has been initially 
calculated and included in the report.  To complete the total acid deposition in wet and 
dry forms, a group of experts under the task force on dry deposition monitoring was 
appointed.  The task is to issue a technical manual on dry deposition flux estimation in 
the EANET region.  The methodology for estimation is identified and the guidelines 
for calculating the deposition flux are provided. 
 

1.2 Objectives of dry deposition flux estimation 
 

Times New Roman 12 point -------------------------------------------------------------------- 
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---------------------------------------------------------------------------------------------------------- 
------------------------------------------------------------------------------------------------------------------------- 

---------------------------------------------------------------------------------------------------------- 
---------------------------------------------------------------------------------------------------------- 
---------------------------------------------------------------------------------------------------------- 
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1.3 Outline of the manual for dry deposition flux estimation 
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2. Fundamental items for dry deposition flux estimation 
 
2.1 Air quality measurements 
 
2.1.1 Siting of air quality monitoring instruments 
 

Dry deposition monitoring sites are classified into three categories: remote sites, rural 
sites and urban sites according to the objectives of the monitoring. 
 
(a) Remote sites 

Remote sites are to be established for the assessment of the state of acid deposition in 
background areas. The monitoring data can be used to evaluate long-range transport and 
transmission models of acidic substances in East Asia. 

The location of these sites should be selected in areas with no or least influence from 
local emission and contamination sources. Therefore, remote sites should be located 
with sufficient distance from significant stationary sources such as urban areas, thermal 
power plants, large factories and significant mobile sources such as major highways, 
ports and railways to minimize these influences. It is desirable for remote sites to be 
located at existing meteorological stations, in particular, upper wind monitoring stations 
or in their vicinity 
 
(b) Rural sites 

Rural sites are to be established for the assessment of the state of acidic deposition in 
rural areas or hinterlands. The monitoring data can be used, for instance, to evaluate the 
effects of acid deposition on agricultural crops and forests. 

The location of these sites should be selected in areas with minor influence from local 
emission and contamination sources. Therefore, rural sites should be sited away from 
significant stationary and mobile sources and should be free from these influences to the 
extent possible. 

Some rural sites which generally satisfy the criteria for remote sites may also be used 
to evaluate long-range transport and deposition models of acidic substances.  
 
(c) Urban sites 

Urban sites are to be established for the assessment of the state of acidic deposition in 
urban areas. Urban and industrialized areas, and the areas immediately outside such 
areas, can be included. The monitoring data can be used, for instance, to evaluate the 
effects of acid deposition on buildings and historical monuments. Monitoring data at 
these sites may also be useful for the assessment of acidity of precipitation and the 
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trends in urban areas. 
 
2.1.2 Priority chemical species for dry deposition monitoring in EANET 
 
2.1.2.1 Major chemical species for flux estimation 
 

The purposes of dry deposition monitoring are (i) to provide data for the evaluation 
of total acid deposition on soil, vegetation etc. for the assessment of the adverse effects 
on specified ecosystems, (ii) to provide data for the evaluation of the regional budget of 
sulfur and nitrogen with the aid of numerical model. Although O3 is not an acidic but 
rather an oxidizing species, it is known to be very harmful to plants. Its deposition rate 
on vegetation is large and is generally believed to affect ecosystems synergistically with 
acid deposition. Thus it is highly recommended to evaluate O3 deposition together with 
acid deposition. Moreover Na+ in particles also concerns the regional budget of sulfur 
to estimate sea-salt or non-sea-salt sulfate. For these purposes, the concerned chemicals 
are primarily gaseous SO2, NO, NO2, O3, HNO3, HCl, NH3 and the particulate SO4

2-, 
NO3

-, Cl-, NH4
+, Na+ and Ca2+. 

Hourly data are expected where diurnal cycles in deposition velocity are to be 
monitored explicitly. However for evaluation of dry deposition, the sampling period of 
air concentrations could be longer than one day, e.g., a week for certain circumstances at 
monitoring site. 
 
2.1.2.2 Major chemical species for air quality monitoring 
 

From the viewpoint of air quality monitoring, major substances of concern are 
gaseous SO2, NO/NO2, O3 and the particulate mass. Among these substances, SO2, NO2, 
O3 and particulate matter (PM) are well-known air pollutants from the viewpoint of 
health impacts etc. Although NO is not very harmful per se, it is a primary pollutants 
and it easily converts to NO2 in the atmosphere.  It is also a precursor of O3. Thus, it is 
highly recommended to measure NO whenever feasible. For the measurement of PM, 
PM10 is important to detect total amounts of acid and base components in particle; PM2.5 
is effective to define national, regional and hemispheric transport characteristics. 
 
2.1.2.3 Priority chemical species in EANET 
 

The priority chemical species for EANET dry deposition monitoring are 
recommended to be as follows: 
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First priority: SO2, O3, NO, NO2 (urban), HNO3, HCl, NH3 
Particulate component ( SO4

2-, NO3
-, Cl-, NH4

+, Na+, Mg2+, K+ and Ca2+), 
PM10 

Second priority: NO2 (rural and remote), PM2.5 
 
2.1.3 Instrumentation 
 

SO2, HNO3, HCl, NH3 and particulate components require the use of filter pack. 
Automatic instruments for SO2 (UV fluorescence method), O3 (UV photometric 
method) and NO (Chemiluminescence detection method) are suitable to obtain one-hour 
averaged values of these species for air quality monitoring. Unit of ppb for gas and 
ug/m3 for particle can be used for data reporting.  For calibration of the ozone 
monitoring, traceability to the international standard of National Institute for Standard 
and Technology (NIST), USA should be considered. These one-hour averaged values 
can of course be used for the purpose of the evaluation of dry deposition after averaging 
over longer period.(e.g. one week) 

It should be emphasized that commercial “NOx chemiluminescence instruments” 
with molybdenum converter should not be used for NO2 measurement at rural and 
remote sites since its NOx mode responds not only to NO/NO2 but also to HNO3 and 
other organic nitrates unspecifically. The instruments could be used for NO/NOx* (NO, 
NO2, PAN and partial HNO3). Its use in urban sites near emission sources may be 
acceptable for NO2 measurement since a major component of NOx would be NO2 and 
NO in urban area. In remote and rural areas, passive sampler could be used to measure 
NO2, unless advanced research-grade method can be used. Passive sampler also could 
be used to measure O3. 

To obtain one-hour averaged values of PM10 and PM2.5, Tapered Element Oscillating 
Microbalance (TEOM) method or β-ray method coupling with commercially-availlable 
impactors and cyclones are suitable. 
 
Table 1. Methods suggested for concentration monitoring 
 

Parameters Method for automatic instrument Manual Method 

SO2 
Ultraviolet fluorescent(UVF) method Filter packs 

Denuder 
Passive sampler 

O3 
Ultraviolate photometric method 
CLD method 

Passive sampler 
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NO 
NO2(urban) 

Chemiluminescence detection (CLD)  
method 

Passive sampler 

HNO3 – 
Filter packs 
Denuder 
Passive sampler 

NH3 – 
Filter packs 
Denuder 
Passive sampler 

PM 
β-ray absorption method 
TEOM method 

Low-volume sampler 

Concentrations 
of Ions 

– 
Filter packs 
Denuder 
Low-volume sampler 

 
(Note) The analytical methods for wet deposition (e.g. Ion Chromatography) can also be 
used for analysis of manual methods. 
 
2.1.4 Sampling period 

In case of automatic instruments, hourly data are expected to be gathered. One-hour 
averaged values can be used for the purpose of the evaluation of air concentration after 
averaging for one-week. It is desirable that the air concentration monitoring by 
automatic instruments is carried out throughout a year. If it is difficult, adequate 
measurement duration in every month should be determined, taking account of the 
situation in respective countries. 

In case of concentrations of ions by denuder and/or filter pack methods, weekly data 
are expected. Daily data are also acceptable. 
 
2.2 Meteorological measurements 
 
2.2.1 Siting of meteorological instruments 

 
Meteorological measurements should be conducted in the clearing adjacent to the air 

quality measurement instruments. As in the case of wet deposition monitoring, 
meteorological instruments should be installed at the place well away from trees, hills, 
buildings, and other obstructions, e.g. distance between meteorological instrument and 
obstruction should be at least twice the obstruction height. It is recommended that all of 
meteorological instruments are installed in the observation field with area of at least 
20m x 20m square covered with short grass. Detailed instructions for installing each 
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meteorological instrument are described in 2.2.3.  

 

2.2.2 Meteorological parameters necessary for dry deposition flux estimation 

 
For the purpose of calculations of deposition velocity, following meteorological 

parameters are required;  

 

  - Wind speed 

  - Wind direction 

  - Standard deviation of wind direction* 

  - Temperature 

  - Relative humidity 

  - Solar radiation 

  - Net radiation* 

  - Precipitation amount 

  - Surface wetness 

  - Cloud cover* 

 
All of those parameters, except cloud cover, should be measured at the monitoring 

sites by using installed equipment. If available, cloud cover data measured at the nearest 
meteorological station should be used. 
 

*As described in Chapter 3, atmospheric stability can be determine by three different 

schemes using one of three parameters, standard deviation of wind direction, net 

radiation and cloud cover (see Appendix). Therefore, it is not necessary to measure all 

of those three parameters simultaneously.  

 

2.2.3 Instrumentation 

 
The typical instruments for measuring above selected meteorological parameters are 

summarized in Table 2.1. 
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Table 2.1 Typical instruments for selected meteorological parameters  
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
The sensors for wind speed, wind direction, temperature and relative humidity should 

be installed at a top of meteorological mast or tower, 10 m above the ground. When the 
nearby obstruction is higher than 10 m, those sensors should be installed at least 5 m 
above the top of obstruction. The sensors for temperature, relative humidity, solar 
radiation and net radiation should be installed at 1.5-2.0 m above ground out side the 
sun shadows of meteorological mast/tower and surrounding obstructions. The rain 
gauge should be installed on the ground. The surface wetness sensor should be installed 
at 20-30 cm above the ground. 

 

In addition to those meteorological sensors, a programmable data logger is required 
to record measured meteorological data on the site. The logger should be mounted in a 
weatherproof box at easily accessed place, e.g. at the base of meteorological mast/tower. 
All of instantaneous data of measured parameters and calculated various statistics (see 
below) should be recorded in memory card equipped in the logger.  

 

 

Parameter Instrument 

Wind speed 
Propeller anemometer with wind vane/ 

Sonic anemometer 

Wind direction Wind vane/ Sonic anemometer 

Standard deviation of wind 

direction 
Wind vane 

Temperature Ventilated platinum resistance thermometer 

Relative humidity Ventilated capacitance humidity sensor 

Solar radiation Pyranometer 

Net radiation Net radiometer 

Precipitation amount Tipping bucket rain gauge 

Surface wetness Conductivity bridge 
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2.2.4 Monitoring period 

 
All meteorological parameters should be measured continuously throughout a year. 

The instantaneous data of measured parameters (1-10 minutes interval), and to calculate 
various statistics (e.g. hourly means of wind speed, wind direction, temperature, relative 
humidity; solar radiation, and net radiation; hourly standard deviation of wind direction 
hourly sum of precipitation amount; duration of wetness) should be stored in the data 
logger. In the case of using a sonic anemometer for measuring wind speed and wind 
direction, the measured data should be recorded at 10-20 Hz interval. 

 
At intervals no longer than 1 month, recorded data in memory card of the logger 

should be dumped onto PC or other memory module and returned to laboratory for 
processing. All hourly data should be tabulated separately in each measurements period 
of air concentration of gases and particles. Based on those summarized hourly data set, 
hourly deposition velocities for gases and particles will be calculated (see Chapter 3). 
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Appendix: Estimation Methods for Atmospheric Stability by Measured 

Parameters 
 

 
(1) Based on standard deviation of wind direction 1) 

 
Meteorological condition Stability 

T > 100 (Wm-2)���and σθ  > 10 (degree) unstable 

other conditions neutral, stable 
 
   T : solar radiation 
  σθ  : standard deviation of wind direction 
 
(2) Pasquill stability classes 2) 

 

 
 
(3) Modified Pasquill stability classes (Japan) 3) 

 

 
1) Hicks et al. (1987) Water, Air, Soil Pollut. 36, 311-330. 
2) Seifeld and Pandis (2006) Atmospheric Chemistry and Physics, 2nd ed., John Wiley & Sons, 

pp.750. 
3) Japan Atomic Energy Commission, "Meteorological Guide for Safety Analysis of Nuclear Power 

Reactors"; http://www.mext.go.jp/b_menu/hakusho/nc/t19820128001/t19820128001.html 
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2.3 Land use information 
 
2.3.1 Source data 
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2.3.2 Data format 
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2.3.3 Input data sources and file sizes 
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2.3.4 Land use, vegetation type, vegetation fraction, soil type and others 
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・ Wetness of surface soil (soil water content on the ground surface)  
 

Will be presented in near future. 
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3. Data reporting 
 

The data are processed by the personnel in charge of the laboratory (PCL), the 
national QA/QC managers (NAM) in each participating country and the network 
QA/QC manager (NEM). The PCL has to collect the measurement data of air 
concentrations and meteorological parameters and input these data to the reporting 
format. In addition, other relevant information regarding dry deposition should be 
reported to NAM of each participating country. The NAM is the personnel in charge of 
QA/QC activities in each country. He/she has to control the data from PCL. The 
National Center has to report the monitoring data to the Network Center. The NEM has 
to compile the validated database. He/she has to provide a copy of the database to the 
participating countries when requested. 
 
3.1 Classification of data 
 

Data are classified into two types: 1) Data to be processed and reported by PCL to 
NEM through NAM, 2) Data to be processed by NAM. or Supplemental data should be 
reported to NEM by a request. 
 
3.1.1 Reporting data 
 

The data to be reported to NAM are grouped into two types: 1) Information about 
sites, monitoring condition, shipping of the filter pack samples, laboratory operation, 
chemical analysis, etc., 2) Measurement results of air concentrations by automatic 
monitors and the filter pack methods, measurement results of meteorological parameters, 
other parameters required to calculate dry deposition fluxes, and calculated dry 
deposition fluxes. Remarks and notes also compose major parts of the measurement 
results. 
 
(1) Information about sites, sampling, shipping, laboratory operation, chemical analysis 
• Name of country and site (Code of country and site) 
• Name of NAM 
• Name of responsible laboratory and PCL (Code of laboratory) 
• Information of site (on -site scale, local scale, regional scale) 
• Information of monitoring condition (automatic monitors, a filter pack sampling 

instrument, meteorological instruments) 
• Information of filter pack samples history (shipping frequency, packing procedure, 

laboratory operation, etc.) 
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• Chemical analysis condition by ion chromatography (Control Chart) 
 
(2) Measurement and calculated results 
• Name of country and site (Code of country and site) 
• Name of NAM 
• Name of responsible laboratory and PCL (Code of laboratory) 
• Sample number (Code consist of country code, site code, year, month and number) 
• Start and end of date and time of monitoring 
• Date of chemical analysis for the filter pack samples 
• Air concentration measured by automatic monitors (SO2, NO, NO2, NOx*, O3, PM10, 

PM2.5) 
• Air concentration measured by the filter pack method (SO2, HNO3, HCl, NH3, 

Particle matter components) 
• Meteorological parameters (Wind Speed, Wind direction, Temperature, Relative 

humidity, Sunshine duration, Solar radiation) 
• Vegetations and Leaf Area Index calculated by the satellite data 
• Calculated dry deposition velocities for respective substances 
• Calculated dry deposition fluxes for respective substances 
• Notes and any other information 
 
3.1.2 Local circumstances information 
 

The local circumstances information to be reported by individual country (NAM) are: 
1) the information which affects air concentrations such as specific meteorological data, 
climate, climate vegetation and life style, 2) the information which affects measurement 
accuracy such as conditions of monitoring instruments, laboratory conditions. These 
data should be reported when there is a demand. 
 
(1) Information of effects on air concentrations 
• Specific meteorological data 
• Climate (rainy and dry season, season of sand storm, volcanic condition, etc.) 
• Vegetation (the type of tree, season of pollen dispersion, etc.) 
• Life style (agricultural operation, biomass burning, etc.) 
 
(2) Information on the precision of monitoring results 
• Conditions of monitoring instruments, (calibration methods, failure and incidents on 

instruments, maintenance conditions, etc.) 
• Laboratory condition (maintenance conditions for ion chromatography, instrument 



 

21 

list, chemicals, etc.) 
 
3.2 Data checking 
 
Data checking or validation is based upon: 

 experience with the data from earlier measurements, 
 relationships between chemical components in air and precipitation, 
 knowledge about spatial variation, 
 knowledge about temporal variation, 
 comparisons between measurements and estimates from theory or models. 

 
Records of old data can be used to create simple statistics including percentiles, mean 

values and standard deviations. Log-transformed data are sometimes considered. These 
statistics can be used in connection with control chart or in other comparisons of new 
data with aggregation of the old ones. 

Relations between various chemical components (including ion balance of particulate 
matter components), relationship between sea salt components, and relationship 
between air concentrations from neighboring stations and time-series plots are also 
useful. 
 
3.2.1 Statistical tests 
 

The statistical tests are comparisons between new measurement and calculated results 
and data already stored in the database. The tests are carried out to identify possible 
outliners and results which may be wrong. They can be based upon assumption about 
the data distributions. In some cases, respective air concentrations and calculated dry 
deposition fluxes may be compared with earlier data using the lognormal distribution. 
Data which is not within the four times the standard deviations range, should be 
checked by comparison with other results, air concentrations and calculated dry 
deposition fluxes obtained on earlier and later days, and results from neighboring sites. 
 
3.2.2 Ion balance check for particulate matter components 
 

The principle of electroneutrality of particulate matter components requires that total 
anion equivalent in particulate matter is equal to total cation equivalents. According to 
this principle, ion balance of particulate matter components should be checked. This 
check will be applicable to the Northeast Asian regions because organic acid 
concentrations in particulate matter are usually considerably high in tropic Southeast 
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Asia region. 
 
3.2.3 Data completeness 
 

Data completeness should be evaluated in terms of the flagged or invalid data for 
automatic monitoring and the filter pack method. Data completeness describes the 
fraction of valid data coverage length in a certain monitoring period. Data completeness 
also should be described in the report form. 
 
3.2.4 Analytical precision 
 

The precision of laboratory chemical analyses of blank samples for the filter pack 
method should be tested and be reported by the method described on the Section 2.1. 
 
3.3 Data flags and invalid data 
 

To indicate quality information to data users, data flags and/or data comments are 
useful; they will indicate whether a data is valid or invalid. The function of the flags and 
comments is to ensure that the user has full knowledge of the data validity, and of 
conditions which produce that level of validity. Thereby, the user can select the data 
most appropriate to his/her application. 
 
3.4 Data reporting form 
 

Data reporting forms may be used for the reporting site condition (on site, local scale, 
regional scale), monitoring condition, sample history, chemical analysis condition and 
measurement results (air concentrations, calculated dry deposition velocities, calculated 
dry deposition fluxes, flags and data completeness). Staffs in the Network Center in 
charge of dry deposition data will have responsibility for ensuring that all data elements 
are properly entered into the appropriate databases. Data should be submitted to the 
Network Center once every year. 

The Network Center will provide the formatted data reporting form as a Microsoft 
Excel file. All data should be input in the distributed data form. The followings should 
be described on every data form: name of country and site (code of country and site), 
name of NAM, name of laboratory (code of laboratory) and name of PCL. 
 
3.4.1 Information about sites, sampling, shipping, laboratory operation 
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(1) Site condition 
Any change in the circumstances of the site should be reported every year, even if the 

site selection criteria remain satisfied. Name and code of each site should be given first. 
The category of a site should be determined by consideration of the siting criteria. No 
site is included in more than one class. 

The area around the site should be especially described in terms of potential sources 
of contamination of samples on three different scales. Maps of the site and potential 
contamination sources should be provided to the Network Center. 
 
• On-site scale 

Description of the on-site scale is given for the area within a radius of 100m from the 
site. Locations of automatic monitors, a filter pack instrument, and meteorological 
instruments should be given. Trees, overhead wires, buildings, and other physical 
obstacles should be also described. Ground cover and slope, and farmlands etc., are also 
important factors. Pictures of the monitoring instruments and their surroundings should 
be attached. 
 
• Local scale 

Surface storage of agricultural products, fuels, vehicles, parking lots, or maintenance 
yards and feed lots, dairy barns or a large concentration of animals within a radius of 
100m-10km should be described. Urban areas will be also described with population. 
 
• Regional scale 

Both stationary and mobile emission sources within 50 km should be described with 
emitted chemical species and emission intensities. Urban areas with population greater 
than 10,000 should be described. Near meteorological stations should be described on 
the map with available information. 
 
(2) Sampling condition 
 
• Automatic monitors 

The following should be reported: model and manufacturer of the monitors, kind of 
calibration gas, calibration methods, calibration frequency, shapes of a manifold or a 
sample inlet, tubing, air condition status in the monitoring station. Start and end times of 
sample collection in the sampling plan should be reported. Pictures of collector and 
design diagrams should be attached. 
 
• Filter pack instrument 
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The following should be reported: model and manufacturer of a filterpack, suction 
pump, and a flow meter, calibration method of flow rate, arrangement of instrument 
components, tubing, air condition status in the monitoring station. Start and end times of 
sample collection in the sampling plan should be reported. Pictures of collector and 
design diagrams should be attached. 
 
• Meteorological instruments 

The following should be reported: model and manufacturer of the instruments, 
maintenance records, arrangement of the instruments in the site, and monitoring 
frequency (duration interval). Pictures of collector and design diagrams should be 
attached. 
 
(3) Sample history 

Sample history plays an important role in sample handling from collection to 
chemical analysis of the filter pack samples. 
 
• Shipping 

Shipping frequency and packing procedure for collected samples should be also 
reported. 
 
• Laboratory operation 

The following should be reported: sample preparation procedure, plan of chemical 
analysis frequency, range of laboratory room temperature. 
 
3.4.2 Analytical condition for filter pack samples 
 

The chemical analysis of the filter pack samples and control chart should be reported 
as the laboratory QA/QC data for each sampling station. The following items are 
included in the form: Method applied, instrument name and type, detection limit, 
calibration curve (5 points), ion concentrations in the deionized water (when a dilution 
process is included), data obtained from analysis of standard solution (commercial 
SRM) of known ion concentrations, data from duplicate or triplicate analysis of samples, 
data of blank filters. 
 
3.4.3 Measurement results and flags 
 

Air concentrations obtained by automatic monitors and analytical results obtained by 
the filter pack methods must be accurately input in the proper place in the formatted 
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data report form. Items to be input are listed as follows: 
 
1) Gas concentration unit with the unit of ppb (SO2, NO, NO2, NOx*, O3) 
2) Particulate matter concentrations with the unit of μg m-3 (PM10 and PM2.5) 
3) Analytical results of the filter pack method with the unit of mg L-1 (F0: SO4

2-, NO3
-, 

Cl-, NH4
+, Na+, K+, Mg2+, and Ca2+; F1: SO4

2-, NO3
-, Cl-, NH4

+; F2: SO4
2-, Cl-; F3: 

NH4
+) 

4) Meteorological Parameters (Wind Speed with the unit of m/s, Wind direction, 
Temperature with the unit of oC, Relative humidity with the unit of %, Sunshine 
duration with the unit of hours, Solar radiation with the unit of MJ/m2) 

5) Leaf Area Index obtained by the satellite data 
6) Class of vegetation. 
 

If data are flagged or failed results, corresponding cells must be kept the blank. The 
reporting form should also include sampling conditions, date of chemical analysis, and 
other remarks. An example of the data report form is shown in Table X. Each national 
center should keep all the raw measurement data for future reference. 
 
 
References: 
Acid Deposition Monitoring Network in East Asia (2000) Technical Manual for Wet 
Deposition Monitoring in East Asia. 
Malé Declaration (2004) Technical Documents for Wet and Dry Monitoring, Chapter 4 
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4. Methodology for dry deposition flux estimation in EANET 
 
4.1 Outline of the Inferential Method 
 

To monitor dry deposition, one must either measure the dry deposition directly or 
measure air concentrations and calculate dry deposition by inferential methods.  In 
some countries, it is feasible to apply direct measurement methodologies.  For example, 
in the Netherlands and in the United Kingdom, eddy correlation methods have been 
employed at some selected locations and for some chemical species.  However, most 
situations do not permit the routine application of such methods, because (i) the 
chemical sensors necessary are not yet suitable for routine unattended use, (ii) the cost 
involved is prohibitive, (iii) the requirement for skilled operators is unavoidable, and 
(iv) sites of suitable homogeneity are generally not available. 

Consequently, most existing programs make use of an alternative approach, in which 
direct measurements are used to calibrate detailed relationships describing the factors 
that control dry deposition rates.  These relationships are then used to infer dry 
deposition from measurements of key selected variables made at the sites in question.  
Such measurements are of air concentration of the chemicals of interest, and of 
variables known to be indicative of the processes controlling the exchange between the 
air and the underlying surface. 
 
4.2 Parameterization of dry deposition velocity 
 
4.2.1 Gaseous species 
 

Framework of deposition velocity parameterization for gases is determined by the 
equation on the basis of Wesely and Hicks (1977): 

 
Vd

i(z) = ( Ra(z) + Rb
i + Rc

i )－1,     (1) 
 

where Vd
i(z) is deposition velocity of i species at height z, Ra is the aerodynamic 

resistance, Rb is the quasi-laminar layer resistance and Rc is the surface resistance.  Ra 
is obtained by the following equation (Erisman & Draaijers, 1995): 
 

Ra(z) = (ku*)－1[ln((z－d)/z0)－Ψh((z－d)/L)＋Ψh(z0/L)],     (2) 
 

where k is the Von Karman constant, u* is the friction velocity, z0 is the roughness 
length, d is the zero-plane displacement height, L is the Monin-Obukhov length and 



 

27 

ψh is the stability correction function for heat. Friction velocity is obtained by the 
following equation (Erisman & Draaijers, 1995): 
 

u* = (ku(z)) [ln((z－d)/z0)－Ψm((z－d)/L)＋Ψm(z0/L)]－1  (3) 
 
where u(z) is wind velocity at height z, Ψm is the stability correction function for 
momentum. Ψh and Ψm are calculated from the following equations. 
 
Ψm((z－d)/L) = Ψh((z－d)/L) = －5.2 (z－d)/L      (4) 
for stable conditions and, 
 
Ψm((z－d)/L) = 2ln((1+x)/2)＋ln((1+x2)/2)－2arctan(x)＋π/2 
Ψh((z－d)/L) = 2ln((1+ x2)/2)         (5) 
x = [1－16(z－d)/L]0.25 
for unstable conditions. 
 

Rb is obtained by the following equation (Erisman & Draaijers, 1995): 
 

Rb = (2/k u*) (Sc/Pr)2/3,     (6) 
 

where Sc is the Schmidt number.  On the basis of Wesely (1989), Rc is expressed by: 
 

Rc = [(Rs +Rm)-1 + (Rlu)-1 + (Rdc + Rcl)-1 + (Rac + Rgs)-1]-1,     (7) 
 

where the first and second terms are resistances in the upper canopy, which include the 
stomatal (Rs), mesophyll (Rm) and outer surface (Rlu) resistances; the third term 
represents resistances in the lower canopy, which include the resistance to transfer by 
buoyant convection (Rdc) and the resistance to uptake by exposed surfaces (Rcl); and the 
fourth term represents resistances to transfer (Rac) and uptake (Rgs) on the ground. Each 
resistance (s m-1) is calculated from the following equations (Wesely, 1989): 
 
Ri

st + Ri
m = Rst (DH2O/Di) +1/(3.3×10－4 Hi* + 100 f i0)  (8) 

Rst = Rj [ 1+ (200/(G+0.1))2 (400/(T (40－T))) ] 
 
Ri

lu = Rlu /(10－5 Hi* + f i0)    (9) 
 
Rdc = 100 (1+1000/(G+10)) / (1+1000θ)   (10) 
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Ri
cl = (10－5 Hi*/RclS + f i0/RclO)－1    (11) 

 
Ri

gs = (10-5 Hi*/RgsS + f i0/RgsO)－1    (12) 
 
where, DH2O/Di is the ratio of the molecular diffusivity of water to that of specific gas,  
H* is the effective Henry’s law constant (M atm-1) for the gas, and f0 is normalized (0 to 
1) reactivity factor for the dissolved gas, G is solar radiation (W m-2), T is temperature 
(Celsius degree), θ is the slope of the local terrain (rad). H* and f0 are based on Wesely 
(1989). Input resistances (Rj，Rlu，RclS，RclO，Rac，RgsS，RgsO) in each land use type and 
each seasonal category are also defined by Wesely (1989). 

For soluble gaseous components (not only SO2 but also NH3), the Rlu 
parameterization (Wesely, 1989) should be changed to following parameterizations 
taking into account the effect of enhanced uptake by wet canopies: the canopy cuticle or 
external leaf resistance defined by Erisman (1994) for SO2 and the single non-stomatal 
resistance for uptake primarily to water films defined by Smith (2000) for NH3.   
 
Rlu for SO2 (Erisman, 1994): 
during or just after precipitation: Rlu = 1 
in all other case: 

Rlu = 25000 exp [－0.0693 RH]  at RH<81.3% 
Rlu = 0.58x1012 exp [－0.278 RH]  at RH>81.3%   (13) 
 

Rlu for NH3 (Smith, 2000): 
の時， 
Rlu = 10log(T+2) exp[(100－RH)/7]  at T>0 
Rlu = 200  at －5<T<0 
Rlu = 1000  at T<－5          (14) 
where RH is relative humidity (%). 
 

For HNO3, the default parameterization could be used because the surface resistance 
is extremely small and negligible compared with the Ra and Rb. 
 
4.2.2 Particulate matter 
 

Framework of deposition velocity parameterization for particulate matter is 
determined by modified Slinn (1982) model (Erisman et al., 1997): 
 

Vd = (Vds
-1 + Ra)-1 + Vs     (15) 
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where Vs is the deposition velocity due to sedimentation. For fine particle, Vs can be 
negligible. 

Vds for grass surface is calculated from (Wesely et al., 1985): 
 

Vds = u*／500 
for stable conditions and, 
 

Vds = (u*／500) [1＋(300／(－L))2/3] (16) 
for unstable conditions. 
 

Vds for forest surface is calculated from (Erisman et al., 1997): 
 

Vds = E u*
2/uh     (17) 

 
where uh is the wind speed at canopy height; E is the collection efficiency.  E 
parameterization is given for deferent components and conditions.  Erisman et al. 
(1997) mentioned that the most important parameters used for generalization to other 
forests are well represented in the parameterization of E. 
 
4.3 Computation of dry deposition flux 
 

 Input parameter 
Deposition velocities are calculated by observed data in each site such as wind 
speed, solar radiation, temperature, relative humidity and precipitation. Net 
radiation or cloud coverage information should be obtained to determine Pasquill 
class. Suitable land use type and seasonal category of input resistances defined by 
Wesely (1989) should be set taking site information into account. 

 
 Monin-Obukhov length 

The ψh function was calculated referring to Golder’s relation (1972) between 
Monin-Obukhov length and Pasquill class. 

 
 Wet/dry condition 

Updated external resistance and E parameterization request the information of 
period of wet or dry surface.  For example, the period during or just (3 hours) after 
precipitation is regarded as wet surface, otherwise dry surface. 
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 Displacement height 
Displacement height was assumed by 70% of the canopy height. 

 
 Flux estimation 

Computation: air concentration x deposition velocity 
 

If the necessary data listed in the Chapter 3.4.3 and the macro program attached in the 
distributed Excel file is run, the dry deposition velocities and dry deposition fluxes for 
respective components will be automatically calculated. If error is occurred, one should 
check the input data. If problems are not solved, please feel free to inquire to the 
Network Center for EANET. 

The methodology of dry deposition flux estimation has room for improvement. 
Further details of data handling and data reporting will be established on the basis of 
preliminary monitoring activities. 
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5. Evaluation of dry deposition flux determined by the Inferential 
Method 
 
5.1 Gaseous species 
 
5.1.1 Evaluation with other methods 
 

The target gaseous species for dry deposition flux estimation are primarily what 
monitored in the EANET activities, i.e., SO2, HNO3, HCl, NH3, NO, NO2, and O3. It is 
also suggested that HNO2 should be involved in dry deposition flux estimation in future 
activities. 

The inferential method gives a dry deposition flux as the product of the air 
concentration at a target height by the deposition velocity at the same height (Hicks et 
al., 1987; Wesely, 1989). The air concentration is obtained from observation meanwhile 
the deposition velocity is inferred from parameterization. It is, therefore, desirable that 
the estimated flux by inferential method is evaluated with comparisons to fluxes 
obtained from other methods, e.g., the gradient method (e.g., Matsuda et al., 2005; 
Hayashi et al., 2008) and the throughfall method (e.g., Horváth, 2003; Schmitt et al., 
2005; Zimmermann et al., 2006). In particular, the gradient method on the basis of 
micrometeorology gives exchange fluxes of high precision. On the other hand, the 
throughfall method is practically and then only applicable to forests, which also has 
uncertainly originated from the nutrient exchange within the canopy. 

Direct measurements of fluxes are required for improved parameterizations of the 
inferential method, and micrometeorological approaches have been used extensively 
(Wesely and Hicks, 2000). It is, however, unrealistic on the cost front that the gradient 
method is conducted at all monitoring stations; consequently, the inferential method is 
chosen as the possible best way. Moreover, East Asia has diverse climate and vegetation. 
It is, hence, suggested that quantitative evaluation of the uncertainty of inferential 
method is made in conjunction with the gradient method (or other adequate 
micrometeorological technique) per typical combination of climatic zone and vegetation 
type. Once the uncertainty could be evaluated, the results can be applied to correct the 
dry deposition flux obtained from the inferential method. 

 
Concrete procedures for comparison of gaseous dry deposition between the 

inferential and other methods will be added. 
 
The uncertainty of inferential method is originated from the following three aspects, 

(1) air concentration, (2) deposition velocity, and (3) flux calculation as the product of 



 

32 

air concentration by deposition velocity. The overview is shown below. 
 
5.1.2 Uncertainty in relation to air concentration 
 

Evaluation of measured air concentrations is achieved by the QA/QC protocol of 
EANET. The precision and accuracy of measurement can be raised technically. It is, 
however, impossible to perfectly eliminate the uncertainty attributed to air concentration. 
Because, the inferential method assumes that there is no process except dry deposition 
which changes the air concentrations of target substances. But, such processes exist in 
the atmosphere and cause errors in estimation of dry deposition flux. Three possible 
processes are as follows: 
- Emission from the ground surface, e.g., NH3, NO, HNO2. 
- Gas-to-particle conversion, e.g., NH3-particulate NH4

+, HNO3-particulate NO3
-, 

SO2-particulate SO4
2-, HCl-particulate Cl- , and HNO2-particulate NO2

-. 
- (Photo-) chemical reactions in the atmosphere and on surfaces, e.g., photochemical 

formation and removal of HNO2, and heterogeneous reaction of NO2 on surfaces. 
 
Regarding the surface emission, Andersen et al. (1999) reported the occasional NH3 

emission even from a forest as natural vegetation. Surface emission directly increases 
air concentrations of corresponding substances near the ground surface. It is, however, 
difficult to separate the effect of emission from the observed air concentrations. For 
NH3, well known its occasional surface emission, an alternative inferential method has 
been developed to correct the deposition velocity by considering the effect of surface 
emission instead of correcting air concentrations (e.g., Sutton et al., 1998; Spindler et al., 
2001). In the improved method, the effect of surface emission is treated as an enhancing 
factor of surface resistance. 

Regarding the gas-to-particle conversion, the one-way formation of ammonium 
sulfate from the condensation of NH3 with SO2 (or H2SO4) is relatively well known 
(e.g., Cape et al., 1998; van Oss et al., 1998). Bidirectional gas-to-particle conversion 
also exists, e.g., NH3-HNO3-NH4NO3 system. The condensation of particles reduces 
gaseous concentrations which results in an underestimation of gaseous deposition when 
the inferential method was applied, and inversely, the evaporation of particles causes an 
overestimation of gaseous deposition. 

Regarding the chemical reactions, changes in air concentration of target substances 
due to the formation and removal in the atmosphere and/or on surfaces lead to errors of 
gaseous deposition. There is some trial (e.g., Watt et al., 2004) that the effects of 
formation and removal were eliminated using the flux gradient, not the concentration 
gradient, and then the actual exchange fluxes not affected by chemical reactions were 
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estimated. 
 

5.1.3 Uncertainty in relation to deposition velocity 
 

To begin with, the inferential method was originally developed to substitute 
micrometeorological techniques such as the gradient method requiring high cost of 
devices. In the inferential method, deposition velocity is obtained by the resistance 
model based on parameterization (Hicks et al., 1987; Wesely, 1989). Therefore, the 
derived deposition velocity perhaps has considerable degree of uncertainty. Furthermore, 
direct evaluation of the derived deposition velocity is impossible unless 
micrometeorological measurements are used at the same time. 

The resistances in the resistance model are broadly divided into the aerodynamic 
resistance (Ra), the sub-laminar resistance (Rb), and the surface resistance (Rc); Rc also 
composes of sub-resistances such as stomatal, mesophyll, cuticular, and soil resistances 
(see Chapter 3). 

Ra governed by the eddy diffusion in the atmosphere is common regardless of 
gaseous species. Although, further research themes remain in the field of 
micrometeorology, Ra can be determined relatively strictly. 

Rb is slightly different among gaseous species due to the differences in molecular 
diffusion in sub-laminar flow. However, these differences can be determined precisely 
using the theory of molecular diffusivity. 

In contrast, each of the sub-resistances composing Rc largely varies among gaseous 
species due to the differences in physicochemical properties such as hydrophobic or 
hydrophilic and high or low in chemical activity. The early studies of inferential method 
treated the surface resistance as the residue subtracting Ra and Rb from the total 
resistance derived from micrometeorological measurements; this is why Rc was once 
called the residual resistance. The early studies such as Wesely (1989) and Erisman et al. 
(1994) provided the excellent parameterizations for each of sub-resistances of Rc, which 
have been widely adopted in relevant studies; a revised parameterization is now also 
available (e.g., Zhang et al., 2003). However, a large part of the uncertainty of 
inferential method might be attributed to the parameterization of Rc. It is expected that 
the parameterization of Rc well agrees with the actual status when applied to the same 
conditions in relation to vegetation type and climate. On the other hand, it is concerned 
that the parameterization of Rc established in Europe and the U.S.A. causes considerable 
uncertainty when applied to East Asia where its climate, vegetation, and soil conditions 
are diverse and largely different from those in Europe and the U.S.A. 

For example, Wesely (1989) gives the stomatal resistance (Rstom) with a correction 
function of global solar radiation and air temperature which affects the stomatal aperture. 
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This correction function is common regardless of plant species. The optimum solar 
radiation and temperature should vary among plant species. Erisman et al. (2004) also 
recognized the large uncertainty in surface resistance parameterizations, and concluded 
that the uncertainty would be 40% or more. It is important to compare the 
parameterizations, particularly for the surface resistance, with micrometeorological 
measurements. 
 
5.1.4 Uncertainty in relation to flux calculation 
 

In the inferential method, a deposition flux is expressed as the product of air 
concentration by deposition velocity. Although, high-frequency measurements are ideal, 
weekly or biweekly measurement for air concentrations seems realistic in a long-term 
monitoring activity. A flux is expressed by the product of “mean” concentration by 
“mean” deposition velocity during one measurement. However, this calculation causes 
the uncertainty of calculated deposition flux. More specifically, 

'CCC +=   (1) 

'ddd VVV +=   (2) 

'' ddd VCVCVCFlux ⋅+⋅=⋅=  (3) 

where C and Vd denote the air concentration and the deposition velocity, respectively. 
The crossbar and apostrophe are the mean value and the deviation from mean value, 
respectively. What we want to know is the leftmost side in Eq.3, i.e., the mean flux. But, 
what we can know from a long-term measurement is only the first term in the rightmost 
side in Eq.3, i.e., the product of the mean air concentration by the mean deposition 
velocity. The second term in the rightmost side in Eq.3, i.e., the covariance between air 
concentration and deposition velocity has a potential of uncertainty. In other words, the 
correlation between air concentration and deposition velocity results in the uncertainty 
of flux calculation, regardless whether the correlation is apparent or not. 

Many gaseous species show a diurnal change in air concentration, and simultaneously 
atmospheric stability also has a diurnal change and then leads to a diurnal change in 
vertical transportation including deposition velocity, i.e., large in daytime and very 
small in nighttime. Therefore, the uncertainty due to the correlation between air 
concentration and deposition velocity tends to increase when an averaging time 
becomes long, particularly in the case of lumping day and night. For example, a positive 
correlation was found for NH3 (Hayashi et al. in review). Hansen et al. (1998) reported 
that the uncertainty in annual flux of NH3 at a heath in Denmark based on weekly 
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monitoring was estimated to 10-50%. Clarke et al. (1997) also reported that the 
uncertainty in dry deposition of SO2 and HNO3 for all data in CASTNet in the U.S.A. 
based on weekly monitoring underestimated the flux by 5-15% and 5-20%, respectively. 
 
5.2 Particulate matter 
 

The most well known equation to calculate the deposition velocity of particulate 
matters is obtained by Wesely et al. (1985), which was derived from the measurements 
of fine fraction of particulate sulfate at short grassland. It is, therefore, possible that this 
equation causes errors when applied to coarse particles. Furthermore, it is highly 
possible that this equation underestimates the deposition velocity of particulate matters 
when applied to vegetation with large aerodynamic roughness, e.g., forest. Erisman et al. 
(1997) pointed out that the early parameterization for deposition velocity of particles 
underestimated the particulate dry deposition in forests. Unfortunately, little is known 
about the canopy exchange of particulate matters. 

Temporal changes in air concentration of particulate matters are smaller than those of 
gases. It is, hence, expected that the uncertainty originated from the flux calculation, i.e., 
the product of mean air concentration by mean deposition velocity, is small for 
particulate matters compared to gases. On the other hand, the gas-to-particle conversion 
in the atmosphere also affects the estimated dry deposition of particulate matters as well 
as gases. 

The deposition velocity of particulate matters is expressed by the aerodynamic 
resistance (Ra) and the sub-laminar resistance (Rb) adding the effect of atmospheric 
stability (e.g., Wesely et al., 1985). It can be said that the surface resistance (Rc) is out of 
consideration for dry deposition of particulate matters. However, particulate matters are 
not necessarily unreactive with various surfaces on the ground. The reaction of 
particulate matters on the ground surfaces, which may affect the deposition velocity of 
particulate matters, is an important theme in future studies. 

Earnest trials to revise the estimation of deposition velocity of particulate mattes have 
recently been increasing (e.g., Zhang et al., 2001; Pryor, 2006; Pryor et al., 2008). It is 
desired strongly that relevant studies will progress in East Asia. 
 

Concrete procedures for comparison of particulate dry deposition between the 
inferential and other methods will be added. 
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6. Direct measurement for determining dry deposition flux 
 

Dry deposition can be measured explicitly by employing the natural surface, the 
artificial surface, or the micrometeorological instrument to determine the flux of the 
material. Either the natural or the artificial surface is less sophisticated method is by 
collecting material deposited directly onto the natural surface (throughfall) the artificial 
surface (surrogated surface) or on or by measuring the vertical flux in the air near the 
surface (Eddy correlation, Eddy accumulation). Indirect methods derive flux values by 
measurements of secondary quantities, such as the mean concentration or vertical 
gradients of the mean concentration of the depositing material, and relating these 
quantities to the flux. The indirect methods are usually referred to as the gradient, 
Bowen ratio and Inferential methods. 

In the case that the aerodynamic resistance is prevailed, surrogated method is suitable 
for measuring the dry deposition. The through fall method applies a natural surface such 
as foliate to collect dry deposition. The Eddy correlation, Eddy accumulation, gradient 
and Bowen ratio methods require relatively sophisticated instrumentation to measure 
the fluctuation of the wind speed and micrometeorological parameters in determining 
the flux values. The natural surface method is more preferable than the 
micrometeorological methods when the surface is a complex terrain. 
 
6.1 Direct Methods 
 
6.1.1 Eddy Correlation Method 
 

Eddy correlation is the most common of the direct micrometeorological techniques to 
measure dry deposition rates. This method relies on measurements of the vertical wind 
velocity, ω and the density, ρ of the gas or particles. The momentum flux can be 
considered as the sum of two components, the product of mean vertical wind speed ω  
and air density ρ  and the fluctuating components about the means of the same 

quantities, ''ρω . Hence, the instantaneous heat flux is  

 

    ''F ρω+ρω=      (6.1) 

 

Where 'ω  and 'ρ  are the instantaneous vertical wind velocity and the departure 

from the mean concentration, respectively (Baldocchi et al., 1988). This technique 
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requires fast-response instrumentation i.e., the sonar anemometer and gas analyzer to 
resolve the turbulent fluctuation that contribute primarily to the vertical flux. The length 
of the sampling period must be carefully chosen to ensure that the sampling period 
accounts for the spectrum of eddies that contribute to the transfer processes. Sampling 
rates in the order of 5-10 Hz are normally required for this method over most surfaces 
when measurements are made from tower-based system.  
 

For the instantaneous sensible heat flux H,  
 

    )t(T)t(pc)t(H ωρ=     (6.2) 

 

The average vertical flux density is the time average of H(t), i.e. 
TpcH ωρ=

. 

Writing mean values of the quantities as T  and 
'pc ωρ
 and their fluctuations as T’ 

and 
'pc ωρ
 

 

    ( )'TT'pcpcH +⎟
⎠
⎞⎜

⎝
⎛ ωρ+ωρ=  

 

      'T'pcT'pc'TpcTpc ωρ+ωρ+ωρ+ωρ=     (6.3) 

 
The third term in the equation above is zero because the fluctuations associated with 

T  can make no net transport.  The firs and second terms are sometimes taken as zero, 

arguing that 
'pc ωρ
 is zero, but strictly it is the vertical flux of dry air 

'pca ωρ
 that is 

zero.  Webb et al. (1980)1 showed that, allowing for this distinction, the equation 
reduces to  
 

    
'T'pcH ωρ=
     (6.4) 

 
 

The deposition velocity can be obtained from the measured value of F by dividing the 
mean concentration at a chosen reference height.  
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6.1.2 Eddy Accumulation Method 
 

Eddy accumulation depends on essentially the same conditions and assumptions as 
those for eddy correlation.  In this method, air is collected on two separate filters, with 
the vertical velocity determining which filter receives the sampled air (Hicks and 
McMillen, 1984)2.  One filter is used for positive vertical velocities and the second is 
used for negative vertical velocities; the instantaneous sampling rate for each filter is 
proportional to the magnitude of the velocity.  The filter is then analyzed for the 
species of interest and the results are used to calculate the net flux (Businger, 1986)3. 
 
6.1.3 Surrogate Surface Method 
 

The surrogate surface method is to use filter substrates to collect depositing material. 
The approach is most suitable when the aerodynamic resistance is the dominant 
resistance. If other resistances such as canopy resistance is significant, a surrogate 
surface is unlikely to represent the correct behavior of the natural surface of interest. 
The surrogate surface technique is used primarily for particles where the particular 
nature of the surface is less important than for gases. 

The wide range of dry deposition rates estimated from the variety of deposition 
surfaces emphasizes the uncertainty of the artificial surface measurement techniques. In 
spite of these limitations, surrogate surfaces provide an estimate of sulfate flux rates not 
currently obtainable from natural surfaces. (Ref.) 
 
6.1.4 Throughfall Method 
 

Throughfall has typically been used for quantification of soil loads with nutrients and 
not for atmospheric deposition estimates. Throughfall refers to anything from the water 
dripping from canopies and stemflow to water running down tree trunks. By measuring 
the amount and quality of the rain water passing through a forest canopy, an estimate of 
the total (i.e. wet + dry + occult) deposition onto this canopy can be made. Water 
dripping from leaves/needles and branches, and falling through gaps in the canopy is 
referred to as throughfall, whereas water running down tree trunks is called stemflow. 
The contribution of stemflow depends on stem density, bark structure and inclination of 
branches; it is usually only measured if considered significant for the total flux to the 
forest floor. The difference between throughfall (+ stem flow) flux and open field wet 
deposition is often called “net throughfall”. The net throughfall flux of an ion or 
insoluble element below the canopy to the extent that deposited material is washed from 
the canopy by rain provides information on the dry deposition. 
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Using the throughfall method for the estimation of dry depositions has some 
important advantages over the micrometeorological methods. First of all, it is not 
restricted to adequate fetch as micrometeorological methods are, and thus is well suited 
to monitoring deposition in a complex terrain. Secondly, throughfall contains all gases 
and particles deposited, including coarse particles. Thirdly, the throughfall method 
allows fairly easy continuous monitoring, and thus provides the opportunity to study 
deposition processes. Lastly, the throughfall method is less expensive than 
micrometeorological measurements. Lastly, the throughfall method is less expensive 
than micrometeorological measurements and relatively easy to implement. For this 
reason, the throughfall method is well suited for monitoring at a large number of sites. 

However, the throughfall method also has several weak points. Most important are 
the problems associated with canopy, throughfall deposition estimates will be obscured. 
Another problem in using the throughfall method is related to the large spatial 
variability of throughfall fluxes usually observed within forest stands (e.g. Duijsings et. 
al., 1986; Ivens, 1990; Beier et al. 1992b). Experimental devices used for throughfall 
measurements should reveal this large spatial variability so as to obtain representative 
deposition estimates. Moreover, litterfall, insects, pollen, bird excrements and dry 
deposition in the throughfall devices, as well as deposition estimates. To address these 
problems, throughfall devices and reservoirs must be concluded that NO3-, NH4+, 
SO4-2 present in throughfall samples stored in opaque bottles stay chemically stable in 
the field for one full week. 

Analysis of material deposited on natural surfaces represents a method to infer dry 
deposition rates especially when micrometeorological methods are difficult to apply 
(complex terrain, forest edges).  Foliar extraction (e.g., leaf washing and analysis of 
snow) can provide a specific measure of the amount of material removed from the air by 
an individual element of a plant canopy. Such as approach is generally ineffective for 
gases because of chemical binding to the surface. The throughfall technique measures 
the total material flux below the canopy. Hicks (1986)4 points out that significant 
differences have been found between predictions made for forest canopies, based on 
extrapolations from individual elements, and field measurements. (Ref.) 
 
6.2 Indirect Method 
 
6.2.1 Gradient Method 
 

In the gradient method, the flux is determined by measuring the vertical 
concentrations gradient and the meteorological variables at a height above the canopy. 
For the mass flux, 
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Where κ is diffusion coefficient for turbulent transfer in air.  For the momentum 

transport of the deposition species, 
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Where τ is the shear stress or momentum flux. It is defined as the drag force per unit 

area of a horizontal plane caused by horizontal air motion.  
 
For sensible heat flux (H), 
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In neural stability, KC = KM = Kh and consequently,  
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The shear stress, τ is related to the air density and the effectiveness of vertical 

turbulent exchange in the air flow over the surface: 
2
*uρ=τ .  

 
The eddy velocity or friction velocity associated with the momentum flux is u*. In 

neutral stability, *u
 can be estimated from the wind profile alone, and so the gradient 

method requires only two sets of profiles: concentration of deposition species at series 
of heights above the canopy, and wind speed measured at identical heights. The friction 
velocity is found from the wind profile by differentiating the wind profile equation, 
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Where k is thermal conductivity constant of air. Hick defined the term u* in terms of 

gradient theory, 
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Where L is the mixing length for momentum, or rather the effective eddy size, at 

level z. The value for L may be given by, 
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Where κ is the Von Karman constant, established experimentally to be about 0.41 

(Pasquill and Smith, 1983)5 φm is the empirically estimated dimensionless correction 
for stability effects upon this ratio, while d is the zero displacement height. 

 
U* is derived as 
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The eddy diffusivity KM may be found from 
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This equation may be used to estimate Kc, given the similarity between Km, Kh and 

Kc. For Kc, φh is used rather than φm. Thus given the equality of φh and φc : 
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which may be substituted into the mass flux, yielding 
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The eddy concentration can be defined as 
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And thus the mass flux becomes, 
 

    *C*uF =
       (6.17) 

 
As a result, the flux of a pollutant may be derived from information on the wind 

profile, the concentration gradient and the effect of stability. The stability function is a 
correction for the departure of the neutral profile. Under the neural conditions φm =   
φh = φc = 1. The stability correction is a function of height. Therefore φ should be 
included in the integration. In the literature, results obtained by Dyer and Hicks (1970) 
are widely used (e.g. Thom, 1975; Denmead, 1983). Under stabled conditions, 

 

   
( )

L
dz2.51chm

−
+=φ=φ=φ

  (6.18) 
 
and unstable conditions, φh and φc are represented by the square of φm, 
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Where L is the Monin Obukhov stability length used as stability parameter (L > 0: 

stable; L < 0: unstable; |L| → ∞: neutral), given as 
 

   hH
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     (6.20) 

 
where T is the absolute temperature and g, the acceleration of gravity. The 

sensibleheat flux H can be calculated from the net radiation using the Priestly-Taylor 
model parameterized (modified by Holtslag and De Bruin, 1988). This modified model 
was tested using experiments as a meteorological mast and Cabauw in the center of the 
Netherlands. The model was used in subroutines for the calculation of H, L and u* by 
Beljaars et. al. (1987). 

 
Integration between the roughness length zo and z, yields: 
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for stable conditions and 
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For unstable conditions. 
( )( )L/dzm −Ψ

 is the integrated stability correction for 

momentum and 
( )( )L/dzh −Ψ

 is the integrated stability correction for heat. 

 
Whereas the gradient method is theoretically straightforward, it requires relatively 

accurate concentration values at two or more heights, since the difference between such 
values can be very small if the deposition rate is small. For example, for a deposition 
velocity of 0.2 cm s-1 and u* of 0.4 m s-1, the concentrations at 2 and 4 m above the 
surface will differ by less than 1% under neutral conditions. The difficulty of achieving 
such relative accuracy can be addressed by using a single detector for the species of 
interest, thereby eliminating inter-instrument differences, to sample the air at different 
heights, for example, with a movable sample probe or with a mechanism that switches 
between sampling lines. The gradient method tends to be impractical over extremely 
rough surfaces, because the measuring heights should satisfy the criterion z/zo >> 1; 
however, that condition can actually place the measurement above the constant-flux 
layer. In such a case the turbulent diffusivity based on the gradient-transport assumption 
may then be poorly known. (ref.) 
 
6.2.2 Bowen Ratio Method 

 
The Bowen ratio method for flux measurement is derived from the energy balance 

above the canopy, 
 
    Rn − G = l + λE     (6.27) 
 
Where Rn  is the net radiation, G is the soil heat flux, λ is the latent heat of 

vaporization of water and E is the flux of water vapor per unit area. 
 
It can be rewritten in the form  
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   λE = (Rn − G) /(1 + β)    (6.28) 
 

Where β is the Bowen ratio (l/λE). Measurements of the net radiation (Rn − G) 

and β is found from measurements of temperature and vapor pressure at a series of 

heights within the constant flux layer. Assuming that the transfer coefficients of heat and 
vapor are equal,  

 
    β  =  l / λE  =  γ∂T / ∂e   (6.29) 
 
and ∂T/∂e is found by plotting the temperature at each height against vapor pressure 

at the same height.  
By writing the heat balance equation as 
 
   Rn − G  =  -Dw.ρa.Cp(∂T / ∂z) − DHρ(∂e /  ∂z)  (6.30) 
or 
   Rn − G  =   D.ρaCp(∂Te / ∂e)  (6.31) 
 
where D is a turbulent transfer coefficient and Te is the equivalent temperature (T + 

(e /γ)). The Bowen ratio equation can be derived from following equation. 
 
 Te  = T + (e /γ)       (6.32) 
 
By writing the sensible heat flux as l = -DH.ρaCp(∂T / ∂z) and forming similar 

expressions relating the heat flux  λE to γ-1(∂e/∂z) and the flux F of any other gas to 
∂Cs/∂z, it can be presented with equation,  

 
 L  = (Rn − G)(∂T / ∂Te)      (6.33) 
 
 λE  = [(Rn − G) (∂T / ∂Te)] / γ    (6.34) 
 
 F  =  [(Rn − G) (∂T / ∂Te)] / ρCp   (6.35) 
 
In the addition, the flux, F can be written in form of the absolute gaseous 

concentration C, 
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     F     =   [(Rn − G) / ρaCp] (∂Cs / ∂Te)   (6.36) 
    ΔTe   =   Δ (T + e / γ)       (6.37) 
    ΔTe   =   ΔT + Δ[e / (CpP / λE)] 
           =   ΔT + Δ (λEe / CpP) 
           =   ΔT + (λEe / CpP) / CpP    (6.38) 
 
     F  =  [(Rn − G)(Cs1 − Cs2)] / [ρaCp[ΔT + (λεe / CpP) Δe]   (6.39) 
 
     F  =   [(Rn − G)(Cs1 − Cs2)] / [ρaCpΔT + (λε / CpP) CpP Δe] (6.40) 
 
     F  =  [(Rn − G)(Cs1 − Cs2)] / [ρλ(0.622 /P)(e1 − e2)] + [ρCp( T1 – T2)] 

(6.41) 

By Fick’s law, 
CvF d−=

    (6.42) 

 
Therefore     D1-2 =  (Rn − G) / [ρaλ(0.622 /P)(e1 − e2)] + [ρaCp( T1 – T2)]   
                 (6.43) 
D1-2  can be seen as the coefficient of micrometeorological components  

analogously to Vd in Fick’s law  
 
    D1-2  =  (Rn − G) / [ρaλ∆e (0.622 /P) + ρCp∆T]    (6.44) 
 
Where 0.622 is a ratio of the molecular weight of water to the molecular weight of air,  

P is a total pressure; and CS1 and CS2 are the absolute gaseous concentrations at height 
z1 and z2,  respectively.  

 
The Bowen ratio methods of flux calculations are generally applied to measurements 

averaging for periods of a half to one hour. Fluctuations in the measuring parameters, 
especially on a day of intermittent cloud cover, will affect the estimation of mean fluxes 
for shorter periods. The diurnal changes make time-averaging objectionable for periods 
of more than two hours, especially near sunrise and sunset. 
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7. Use of remotely sensed information 
 
7.1 Use of remote sensing 
 

Land Use/Land Cover (LULC) data obtained by satellite remote sensing can express 
surface characteristics which will be used for dry deposition flux estimation. In this 
chapter, resources of LU/LC data and important parameters for calculation of dry 
deposition flux will be introduced. 
 

Some of LU/LC datasets can be obtained via the Internet. The two major resources of 
LU/LC dataset are listed below.  
 
• Advanced Very High Resolution Radiometer (AVHRR) 

AVHRR is an electromagnetic radiation sensor mounted on polar orbiting satellites 
operated by National Oceanic and Atmospheric Administration (NOAA). The AVHRR 
instrument measures the reflectance of the Earth in 5 spectral bands. The first two are 
located in the visible (0.6 micrometer) and near-infrared (0.9 micrometer) regions, the 
third one is located around 3.5 micrometer, and the last two monitor thermal radiation 
emitted from the earth and are located around 11 and 12 micrometers. The highest 
ground resolution that can be obtained from the AVHRR is 1.1 km. AVHRR data have 
been collected continuously since 1981. Initially, the NOAA/ AVHRR satellites were 
designed to observe the Earth's weather in the form of cloud patterns. However, further 
research on the sensors clearly demonstrated that they could be used for more than just 
monitoring weather phenomena. Today the AVHRR are used in many applications such 
as monitoring land-surface processes and other characteristics of the Earth. 

Institute of Industrial Science (IIS) at the University of Tokyo has been receiving the 
AVHRR data at Tokyo in Japan since 1984, and Asian Institute of Technology at 
Bangkok in Thailand since 1997. The combined AVHRR datasets covers whole East 
Asian region. Raw data of the AVHRR can not be freely downloaded because of their 
enormous data size. Furthermore, the raw data have to be conducted data processing 
such as general array processing operations, reading and writing properly formatted files, 
conversion of radiometer counts to radiance, reflectance and brightness temperature and 
mapping data from the satellite coordinate system to standard geographic coordinates. 
IIS developed an AVHRR data processing system, named as PaNDA, on the Web site. 
Using this system enables us to process the AVHRR data on the Web site with a few 
input parameters and download the processed data by FTP access. The URL of PaNDA 
is http://webpanda.iis.u-tokyo.ac.jp/index.php. 
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• Moderate-resolution Imaging Spectroradiometer (MODIS) 
MODIS is a payload scientific instrument launched into an Earth orbit by National 

Aeronautics and Space Administration (NASA). It is on board the Terra Satellite in 
1999 and the Aqua satellite in 2002. Terra's orbit around the Earth is timed so that it 
passes from north to south across the equator in the morning, while Aqua passes south 
to north over the equator in the afternoon. Terra MODIS and Aqua MODIS are viewing 
the entire Earth's surface 1 or 2 times a day, which enables more frequent monitoring 
than AVHRR. The MODIS instrument acquire data in 36 spectral bands ranging in 
wavelength from 0.4 μm to 14.4 μm and at varying spatial resolutions (2 bands at 250 m, 
5 bands at 500 m and 29 bands at 1 km). They are designed to provide measurements in 
large-scale global dynamics including changes in Earth's cloud cover, radiation budget 
and processes occurring in the oceans, on land, and in the lower atmosphere. The 
detailed information of MODIS is provided at the NASA Web site 
(http://modis.gsfc.nasa.gov/index.php). 

IIS has been retrieving also MODIS dataset at Tokyo and Bangkok since 2001, and it 
covers whole East Asian region. As well as AVHRR data processing system (PaNDA), 
IIS also developed an MODIS data processing system including following functions: 
spectral subset (250m, 500m and 1000m resolutions), radiometric correction to radiance, 
spatial subset of geo-referenced data as a rectangular area with latitude-longitude grid 
system in HDF format and generation of a quick look file in JPEG format. Using this 
system enables us to process the MODIS data on the Web site with a few input 
parameters and download the processed data by FTP access. The URL of WebMODIS 
site is http://webmodis.iis.u-tokyo.ac.jp/index.php. 
 
7.2 How to calculate Normalized Difference of Vegetation Index (NDVI) 
 

The AVHRR and MODIS sensor is also a useful tool for monitoring vegetation, land 
cover, and climate, and enables scientists to observe how these three elements interact. 
These data can be used to assess the quantity and vigor (photosynthesis activity) of 
vegetation through a measure of "greenness", referred to as the vegetation index or the 
Normalized Difference Vegetation Index (NDVI). Using AVHRR and MODIS, 
scientists monitor the growing season of crops - which can change with variations in 
regional climates - and can provide potentially life saving information to developing 
countries that heavily rely on an abundant and reliable harvest. From AVHRR data it is 
relatively easy to identify green vegetation and non-vegetated features such as water, 
barren land, ice, snow, and clouds. 
 

NDVI is a non-linear transformation of the visible (red) and near-infrared bands of 
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satellite information. NDVI is defined as the difference between the visible (red) and 
near-infrared (nir) bands, over their sum, as shown in the equation 7.1. NDVI is an 
alternative measure of vegetation amount and condition. It is associated with vegetation 
canopy characteristics such as biomass, leaf area index and percentage of vegetation 
cover. 
 
NDVI = nir - red / nir + red  (7.1) 
 

For vegetation monitoring, the NDVI obtained by the combination of Channels 1 
(0.54-0.68 μm for AVHRR, 0.62-0.67 μm for MODIS) and 2 (0.725-1.10 μm for 
AVHRR, 0.841-0.876 μm for MODIS) [(Ch2-Ch1)/(Ch2+Ch1)], visible and near infrared 
respectively of AVHRR or MODIS data, are commonly used. The NDVI is 
representative of plant assimilation condition and of its photosynthetic apparatus 
capacity and biomass concentration (Groten, 1993; Loveland et al., 1991). In particular 
vegetation index dynamics in time are correlated with the Canopy Leaf Index (LAI) and 
other functional variables (Cihlar et al. 1991). These variables are strongly conditioned 
by the behavior of precipitation, temperature and daily radiation of the observed area 
(Davenport et al., 1993). Vegetation index therefore is representative of plants' 
photosynthetic efficiency, and it is time varying due to changes in meteorological and 
environmental parameters. The NDVI values range from -1 to +1 (pixel values 0-255). 
 

AVHRR- data is particularly suited to monitoring seasonal and inter-annual changes 
in land cover/land use because of its low cost and temporal and spatial characteristics. 
There have been a number of studies which have directly linked AVHRR-NDVI to plant 
phenology (DeFries 1995; Reed et al., 1994). For instance, the number of periods when 
the NDVI exceeded a threshold might indicate the number of growing seasons, the time 
integrated NDVI might indicate gross primary production and the length of the period 
when NDVI exceeded a threshold might indicate the length of the growing season. 
Seasonal and inter-annual variations can be derived form multi-temporal series of NDVI 
that can be associated with other ecological variables (Mora and Iverson 1995).  
 
7.3 How to calculate Leaf Area Index (LAI) from the data of NDVI 
 

Leaf Area Index (LAI) is defined as the leaf area per unit ground area. LAI is a factor 
that indicates how many leaf (or photosynthetically active) surfaces are in a column 
extended from, the ground area under the canopy diameter, up through the canopy. LAI 
is the necessary index to calculate dry deposition velocity as shown in section X.X. 

LAI can be estimated from NDVI, because NDVI represent the relative seasonal 
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changes in vegetation rather than vegetation amount. There is a significant relationship 
between NDVI and LAI. Assuming that NDVI/LAI relationship is linear (Wiegand C.L. 
1979, Tucker 1980, Wardley and Curran 1984); and the maximum NDVI value in a 
season correspond to the maximum LAI of vegetation cover (Justice 1986). LAI can be 
inferred from NDVI as (Zhangshi and Williams 1997) the following equation. 
 
LAIi = LAImax * (NDVIi – NDVImin) / (NDVImax – NDVImin)  (7.2) 
 

Where max, min and 'i' are the maximum, minimum and period values observed, 
respectively. 

Maximum and Minimum NDVI values can be determined by multi-temporal NDVI 
observations from the AVHRR sensor. The formulation of LAI as a fraction of the 
maximum NDVI observed in a season facilitates the integration of data from different 
sensors. High and coarse resolution satellite observations can be combined to get more 
reliable estimates of LAI patterns in a landscape.  
 

LAImax can be determined empirically by assigning different values to a land cover 
categories, and LAIi can be then obtained by combining NDVI information from 
different dates. 
Even when a linear relationship between NDVI/LAI is often assumed, the relationship 
is not always linear since the vegetation indices approach a saturation level 
asymptotically for LAI ranging from 2 to 6, depending on the type of vegetation cover, 
and environmental conditions (Clevers 1989; Carlson and Ripley 1998). However, by 
assuming a non-linear relationship, the LAI estimates from NDVI are then highly 
dependent upon certain factors such as canopy geometry, leaf and soil optical properties, 
sun position and cloud coverage. The variation of NDVI as a function of LAI can be 
expressed by a modified Beer's law (Baret and Guyot 1991) as shown below:  
 
NDVI = NDVIa + (NDVIbs – NDVIa) * exp (-Kndvi * LAI)  (7.3) 
 
Where NDVIbs = vegetation index corresponding to that of the bare soil; NDVIa is the 
asymptotic value of NDVI when LAI tends towards infinity; and Kndvi is the coefficient 
that controls the slope of the relationship (extinction coefficient).  
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8. Future direction of dry deposition flux estimation 
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