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AIR QUALITY MODELING: EFFECT OF LAND USE DATABASE
USING REMOTE SENSING DATA

Chang-You Tsai', Tu-Fu Chen?, Yi-Pin Lin’, and Ken-Hui Chang*

ABSTRACT

In addition to meteorological inputs, land use and emission factor database are also required for simulation of the Biogenic
Emission Inventory System (BEIS). The resolution of land use database in the Taiwan BEIS (TBEIS) can be up to 1 km” and this
database consists of vegetation species and their spatial distribution in Taiwan with a total land area of approx 36000 km*. The
previous Taiwanese land use database was established in 1995, but since then Taiwan has gone through cultural, ecological and
seismic changes for more than a decade. As a result, the area and distribution of current land use types needed revision. To complete
this revision accurately, recent satellite remote sensing data were used in this research.

In the updated land use database, the new forested area had increased by 2400 km?, grass land had increased by 1790 km?,
paddy fields had increased by 2,100 km® and dry agriculture land had decreased by 1830 km”. There was a net increase of 4460 km®
in vegetation area, which equates to about 16% of the total vegetation land area of Taiwan. Simulation of the TBEIS-2 rendered to
an increase of 28,000 ton/yr in total BVOCs (6.6%), in which other VOCs (OVOC) increased by 17,000 ton/yr (12.1%) and
isoprene increased by 10,000 ton/yr (7.9%). The biogenic emissions obtained by the use of TBEIS-2 with the new land use database
are utilized to simulate air quality by the Taiwan Air Quality Monitoring (TAQM). Results indicated that concentrations of ozone
and other photochemical pollutants raised in some areas of Taiwan. In the simulation conducted in May 2003, the greatest ozone

concentration difference occurred in southern Taiwan and central Taiwan with an increase of 3 ~ 7 ppb in these districts.

Keywords: Model, biogenic emission, land use type, ozone concentration.

1. INTRODUCTION

Ozone is mainly produced by photochemical reactions among
volatile organic compounds (VOCs) and NOx in the atmosphere.
As a result, these two precursors have to be controlled for reducing
O; formation. Emission sources of VOCs consist of anthropogenic
VOCs and biogenic VOCs (BVOCs). Unfortunately, the BVOC
emissions account for a major fraction of total VOCs emitted.
For example, over 90% of global annual VOCs are emitted by
plants (Guenther et al. 1993; Guenther et al. 1995). Since forest
lands account for 59% of the total area in Taiwan
(http://www.forest.gov.tw) and previous studies have indicated that
BVOCs contribute to about 20% total VOC emissions in Taiwan
(Chang et al. 2005). The impact of BVOC emissions on ozone
pollution in Taiwan is significant, especially during certain seasons
and in certain regions that VOC is the controlling factor in O; for-
mation (Chen et al. 2019; Chang 2008; Chen and Chang 2006).
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To estimate BVOC emissions more accurately, land use
types must be classified and updated. Currently, the database of
land use-types is based on a survey data of forest resources and
land use in Taiwan conducted by the Forestry Bureau in 1995. As
20 years have already elapsed since this study was completed,
land use pattern has been dramatically changed due to typhoons,
mudslides and more importantly, a high magnitude earthquake on
September 21, 1999. Also, both cultural and ecological changes
such as urban development and highway construction also has a
considerable effect on land use. Consequently, the need for de-
veloping a new land use database is urgent.

To modify the changes and variations in land use types, the
satellite remote sensing data of vegetation areas in Taiwan col-
lected by the Center for Space and Remote Sensing Research of
National Central University (CSRSR) from 2005 to 2006 were
adopted in this study. The use of remote sensing for classifying
land use patterns is not novel and has also been widely used to
determine non-point sources of pollution (e.g., Chen et al. 2018;
Prakash Basnyat et al. 2000), management of agricultural water-
shed (Pandey et al. 2009), rural land use changes (Cheng et al.
2015; Peng et al., 2008; Chen et al. 2006), erosion management
(Kheir et al. 2008), and dry deposit modeling (Feldman et al.
2007). However, the application of land use patterns developed
from remote sensing for BVOC modeling is rather scarce
(Wiedinmyer et al. 2001; Wang et al. 2003; Liu et al. 2019).
Further, to the authors’ best knowledge, the use of remote sens-
ing to correcting land use types to first estimate BVOC quantity
and subsequently using the estimated BVOC amount for predict-
ing diurnal O; concentration have not been performed before.

Consequently, this study was undertaken to use remote sens-
ing to correct land use patterns, in particular changes of major veg-
etation species, vegetation areas and their spatial distribution. Two
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databases (old and new) were respectively used to estimate
BVOCs. Finally, to examine the difference in O; concentration
between the two estimated BVOCs datasets, an O; model was used
in conjunction with them to predict diurnal O; concentrations.

2. MATERIALS AND METHODS

2.1 Satellite Remote Sensing Data

This remote sensing data in Taiwan from 2005 to 2006 col-
lected by CSRSR were used. An example of which is shown in
Fig. 1. These image data were sorted from remote sensing image
pictures obtained by FORMOSAT-2 around the island. The size
of images in the data set is 26000 x 47500 pixels, with the high-
est spatial resolution being 8 x 8 m” with an image identification
ratio of 79%. Except for unidentified data, twelve types of ob-
jects shown in Figure 1 can be identified; they are: (1) clouds, (2)
water bodies, (3) buildings, (4) seas, (5) roads, (6) riverbeds, (7)
beaches, (8) dry agriculture lands, (9) grass lands, (10) paddy
fields, (11) small amount of plants, and (12) plants in the moun-
tains.

2.2 Correction and Updating Land use Database

The process of updating the land use database is illustrated
in Fig. 2. First, the types, areas and grid coordinates from the
original land use database were determined. Incidentally, alt-
hough the maximum resolution for the original land use database
was 1 x 1 km’, each grid may have covered up 83 land use types,
including 68 vegetation and 15 non-vegetation types. The newly

acquired remote sensing data were first classified into vegetation
and non-vegetation types. If the object was a non-vegetation type
(e.g., water bodies, buildings, seas, roads, riverbeds, beaches),
the comparison between the original land use database and the
newly acquired data was omitted. Conversely, if the remote
sensing data revealed vegetation types, then a comparison with
the original land use database was made. Specifically, if they
showed a common vegetation type (paddy fields, dry agriculture
lands and grass lands), the satellite area data were directly en-
tered into the new land use database. If the result of a comparison
indicated different vegetation types, further judgment on the
same vegetation species found in that grid was made as follows.
The proportional distribution of vegetation type would be ascer-
tained if the vegetation area of satellite data is different from the
original vegetation area in the same grid. If satellite data indicat-
ed the vegetation area in the grid of original non-vegetation area,
it would be marked as a new vegetation type. Because satellite
data could not distinguish the detailed vegetation types as in the
original land use database, new vegetation types would be classi-
fied into two types of forests, according to their altitude (higher
or lower than 1,500 m). Essentially, broadleaved forests would
be assigned for the new vegetation type with lower altitude
(< 1,500 m), while coniferous forests would be assigned for the
one with higher altitude (> 1,500 m).

For non-vegetation types, and the remaining four vegetation
items (paddy fields, dry agriculture lands and grass lands, pro-
portional distribution) and new vegetation types of broadleaved
and coniferous forests were integrated and entered into the grids
of land use type and area for completion of a new land use data-
base.
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Fig. 1 Types of Remote Sensing Data and Classification Method. (1) clouds, (2) water bodies, (3) buildings, (4) seas, (5) roads, (6)
riverbeds, (7) beaches, (8) dry agriculture lands, (9) grass lands, (10) paddy fields, (11) small amount of plants, and (12)
plants in the mountains. (Small squares in the photo is the selected standard photo image for species judgment)



Tsai et al: Air Quality Modeling: Effect of Land Use Database Using Remote Sensing Data 29

| Original land use data | | Satellite data
3 No
Vegetation
Land use type data ?

Same
vegetation
type ?

New land use
type ?

Paddy field,
dry agriculture
land, or grass
land?

Adjust area for each land
use type by proportional
distribution

A

Terrain height ?

> 1500 m

<1500 m

A4 A 4

New area data
(original land use type)

Satellite data
(original land use type)

New forest type
with low altitude

Non-veg. satellite data
(new land use type)

New forest type
with high altitude

A

New land use database

Fig.2 Process of Updating Land use Database of Taiwan

2.3 Taiwan Biogenic Emission Simulation

The biogenic emission model used was from Taiwan Biogen-
ic Emission Inventory System version 2 (TBEIS-2) (Chang et al.
2009). The model considers (1) 83 land use types (2) emission
fluxes for various vegetations, (3) energy balance module to ac-
count for leaf temperature, and (4) correction terms for leaf tem-
perature and photosynthetically active radiation (PAR). The
model output includes 4 categories of 33 BOVCs including iso-
prene, methylbutenol (MBO), 14 species of monoterpenes and 17
other BVOC:s.

There are four components contained in the TBEIS-2 model
including the land-use pattern, emission factor for vegetations,
leaf energy balance model, and PAR flux corrections. The input
parameters considered in the model include RH, wind velocity,
atmospheric pressure, cloud cover, and precipitation. These pa-
rameters with ambient temperature and PAR are required for leaf
temperature simulation. The leaf energy balance model used to
predict leaf temperature was incorporated into TBEIS-2 to ac-
count for the conversion from ambient temperature to leaf tem-
perature by biochemical and biophysical processes.

Because natural emissions of VOCs are very sensitive to
changes in land cover (Monks et al. 2009), the land use database
is crucial to the simulations. The available land use databases
used in TBEIS-2 are the land use database of Taiwan Forestry
Bureau (Chang 1999, referred as TFBLD) for natural forests and
the land use database of Taiwan Emission Data System (CTCI
1999, referred as TEDSLD) for agricultural vegetations. Both
data sets have spatial resolutions of 1 km by 1 km. The area cov-
erage of the TFBLD is mostly concentrated on the governmental
land around and within mountain regions. In this study, the orig-
inal land use database for emission model was based on TFBLD

with supplemental information from TEDSLD for areas not cov-
ered by TFBLD, especially the dry agriculture land and paddy
fields in the plain regions. Consequently, the original land use
patterns were classified into 83 land-use types including 48
forests, 16 agricultural-lands, 4 other vegetations, and 15
non-vegetation lands. Although the grid area in TBEIS-2 is 1 km’,
each grid covers each land use type. Such detailed land use pat-
tern would render better BVOC emission resolution/estimation.

2.4 Air quality Model Simulation

The Taiwan Air Quality Model (TAQM) (Chen and Chang
2006; Chang 2008) was used to simulate O; air quality; the im-
pact of updating the land use database was then evaluated. Brief-
ly, the TAQM is a Eulerian grid model incorporating atmospheric
transport (horizontal and vertical advection), diffusion, source
emission, chemical reactions, cloud effects and dry/wet deposi-
tions.

The TAQM is an adaptation and extension of the RADM?2
model (Chang et al. 1987; Chang 1990), developed for the
USEPA. The horizontal coordinate system in the TAQM uses a
Lambert conformal projection for the simplicity of numerical
execution, whereas TAQM uses a terrain following coordinate
system in the vertical direction. The gas phase chemical mecha-
nisms of RADM?2 accounting for transformation of 63 species in
158 reactions, developed by Stockwell et al. (1990), is adopted in
TAQM. The inorganic chemistry reaction includes 14 stable, 4
intermediate and 3 stable species, while the organic chemistry is
expressed by 26 stable species and 16 peroxy radicals. Clear sky
photolysis rates are simulated as a function of daytime, latitude
and height. A series resistance approach is employed to calculate
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dry deposition. Concentration changes of trace species due to
rainout or chemical reactions of soluble and reactive gases in a
cloud are calculated using a box aqueous chemical model. A set
of partial differential equations of mass conservation for the at-
mospheric species is solved numerically with the approximations
of finite difference methods. Due to the unique mathematical
characteristics, the operator splitting technique is employed to
optimize the accuracy of the overall solution and the computa-
tional efficiency of the model (Chang et al. 2000).

The districts and domains simulated with the TAQM in this
study are shown in Fig. 3. Domain-1 includes China, Taiwan,
Korea, Japan and Vietnam in East Asia with a grid resolution of
81 x 81 km’. Domain-2 consists of southeastern parts of China
and Taiwan with a grid resolution of 27 x 27 km’. Domain-3
includes the entire area of Taiwan with a resolution of 9 x 9 km”.
Domain-4 consists of northern, central or southern Taiwan using
3 x 3 km” resolution.

The meteorological information required for simulation is
based on MMS5 (Fifth-Generation Penn State/NCAR Mesoscale
Model) (Grell et al. 1993). As the initial and boundary conditions
for the grid model significantly affect the simulation results,
Domain-1 was simulated first for two days as the initiative simu-
lation of the TAQM to develop the boundary and initial condi-
tions for the subsequent simulations. Domains 1-4 were over-
lapped and simulated three times to reach the highest grid resolu-
tion.

The quantity of Taiwan’s anthropogenic VOCs was based
on Taiwan Emission Data System (CTCI 1999). As for the an-

thropogenic emissions in East Asia, they were based on the data-
base set developed by Street et al. (2003) for NOx and the data-
base established by Frontier Research System for Global Change
(hereinafter called FRSGC) (Ohara et al. 2007) for non methane
hydrocarbons. In addition, these low-resolution anthropogenic
emissions incorporated with the population data information of 1
x 1 km” in East Asia to enhance the resolution of emissions for a
more elaborate grid model.

3. RESULTS AND DISCUSSION
3.1 Renewal of Land Use Types

The comparison between original and new land use database
is shown in Table 1. Clearly, there are significant differences
between these two datasets. An additional area of 1,790 km’
(398% increase) and 2,100 km”(65%) was added to grass lands
and paddy fields, respectively. Only dry agriculture land was
reduced by 1,830 km’ (61% decrease). A new forest area of 2,400
km?® was also added with the overall net increase of about 4,460
km?, which accounts for 16% of the total vegetation area of Tai-
wan. From the spatial distribution of vegetation differences
(Fig. 4), vegetation in the western coastal areas of Taiwan has
decreased due to the disappeared coastal windbreak forest; how-
ever, vegetation in districts at medium and low elevations around
the Central Mountains increases significantly, while vegetation in
districts at high elevations decreases in particular.
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Fig. 3

Configuration of Four Nesting Domains for Simulation in the Study. Domain 3 Covers Whole Taiwan Island
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Table 1 Areas of Forests, Grass Land, Paddy Field and Dry Agriculture Land in Original and New Land Use Databases

Land use type Original database (km?)

New database (km?)

Difference area (km?) Difference ratio (%)

22980
2240
5310
1160

31690

2400 12
1790 398
2100 65
-1830 -61
4460 16

Forests 20580
Grass land 450
Paddy field 3210
Dry agriculture land 2990
Total 27230
1 | | | |
W 100 to 80 :
B 50 to -60
-B0 to -40
o7sooon{ - 40 to A0 -
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Fig. 4 Spatial Distribution of Vegetation Difference Ratio (%).
(blue: decrease in vegetation; red: increase in vegetation)

3.2 Influence of Land Use Types on BVOC Emissions

The major purpose of updating the land use database is to
determine BVOC emissions more accurately to reflect the actu-
al circumstances of Taiwan. The year of 2003 was selected for
simulations of BVOC emission using TBEIS-2 and the impact
of changes and variations of biogenic emissions in quantity and
spatial distribution before and after land use updating was
evaluated. Hour-by-hour meteorological data (ambient temper-
ature, wind velocity, relative humidity, atmospheric pressure,
fraction of cloud coverage, light and PAR) in each grid inter-
polated by the data collected from 185 weather stations (25
ground weather stations of the Weather Bureau + 88 synoptic
stations + 72 air quality monitoring stations of the EPA) for the
whole year of 2003, were used in this study for BVOC simula-
tions.

The differences of total BVOC emissions before and after
updating the land use database are listed in Table 2. The iso-
prene emission increased by 8% for the whole year; which does
not appear to be a great amount, but the O; formation potential
for isoprene is significant. The total BVOC emissions increased
to 6.6%, apparently due to an increase in vegetation area of
Taiwan by about 16%. In addition to a comparison of the total
emissions, the third quarter (July-September), the highest
BVOC emission season, of 2003 was selected to examine dif-
ferences of spatial BVOC distribution. The biogenic emissions
increased significantly in the regions at medium and low eleva-
tions and decreased slightly in the Central Mountains (Fig. 5).
This is consistent with the result of distribution of forest stands
shown in Fig. 4. There used to be forest types with lower
emission factors in these areas in the previous land use database.
After updating the database with satellite remote sensing data,
forest stands with higher emission factors were added, which
can be seen to cause an obvious increase in emissions. Figure 5
shows these differences in spatial distribution.

Table 2 Comparison of Various BVOC Emissions of Taiwan before and after Updating Land use Database (10° ton/yr)

Isoprene MBO Monoterpenes Other VOCs Total amount
Original land use database 127 3 156 141 427
New land use database 137 3 157 158 455
Difference 10 0 1 17 28
Difference ratio (%) 7.9 0.0 0.6 12.1 6.6
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Fig. 5 Spatial Distribution of Total BVOC Emission Differences
before and after Updating Land use Database (Ju-
ly-September, 2003). (blue: emissions reduced after up-
dating; red: emissions increased after updating; Unit:
ton)

3.3 Influence of Updating Land Use Types on Ozone
Spatial Distribution

The selection of simulation episodes was mainly based
unique Oj; event. The period between May 20 and 30, 2003 was
selected for O; simulation analysis due to the presence of high
O3 pollution events. The daily maximum O; concentration
usually occurs around 14 pm in sub-urban areas. 14:00 on May
25, 2003 was selected to present the influence of the updated
land use database of Taiwan. The spatial distribution of differ-
ence of simulated O3 concentrations before and after updating
land use database is shown in Fig. 6 at 14:00 on May 25, 2003.
It is found that ozone increased significantly in the mountain
areas of central and southern Taiwan with the greatest differ-
ence of 6 ppb found in the mountain districts of southern Tai-
wan in particular. The reason for this finding was that the wind
in southern Taiwan at this time blew inland and carried ozone
to the mountain areas. This is a consistent result when com-
pared to areas that saw an increase in biogenic emissions
around the areas at low and medium altitudes.

To discover the greatest difference in ozone before and af-
ter the update, the maximum ozone values during the simulation
period were entered into each grid and the difference was cal-

culated (Fig. 7). A comparison of the greatest difference in
maximum ozone concentrations during the simulation period
revealed a significant increase in ozone was also located in the
mountain areas of central and southern Taiwan. The greatest
increase in ozone was 5-7 ppb in southern Taiwan and 3-6 ppb
in central Taiwan.
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Fig. 6 Spatial Distribution of Difference of Maximum Ozone
Hourly Concentration at 14:00, May 25, 2003: Simulation
Result Differences before and after Updating Land Use

Database.
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Fig. 7 Spatial Distribution of Greatest Difference of Daily
Maximum Ozone Hourly Concentration during the pe-
riod of May 21-30, 2003: Simulation Result Differences
before and after Updating Land Use Database.

3.4 Performance of Air Quality Modeling Results

Quantitative analysis is usually required for evaluating
simulation results to determine the differences between simula-
tions and observations, including maximum concentration bias
(MB), overall bias (OB) and gross error (GE). Allowances of
these three values are specified; MB in ozone should be within
+10%, OB within £15% and GE within 35%, according to the
guideline for air quality modeling performance evaluation reg-
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ulated by the Environmental Protection Administration of Tai-
wan. In particular, the OB of the average concentration of the
same simulated and observed hourly O; data were calculated to
verify the extent of under- or over-estimation in the model.
The O; observations of less than 30 ppb were rejected prior to
calculations of OB and GE. The equations are expressed as
follows:

2 24

MB = L i Max,”) (B j )2: Max;, (Q j)

N, 3 Max;, (Q/)

1 &4 (P-0

OB=— ——t

w5 (%57

N _

GE =—- > LiniC

Nh i=l 01

in which, Max = the maximum value among all the indicated
data; P, ; = the estimated concentration at the i hour of the j day
(weather station); O; ; = the observed concentration at the i hour

of the j day (weather station); N; = number of simulation days;
P; = the simulated concentration at the i hour(weather station);
O; = the observed concentration at the i hour (weather station);
and N, = number of simulation hours.

Air quality simulations for two different BVOC emissions
were conducted and a quantitative analysis of ozone concentra-
tion was also made. The performance evaluation of the ozone
simulation results before and after updating land use database
during the period of May 21-30, 2003 is shown in Table 3. The
simulation results of ozone concentrations after updating the
land use database improve MB, OB and GE significantly for
almost every parts of Taiwan. The bias of daily maximum
ozone hourly concentration (MB) can be reduced to 9.3% from
11.6% for northern Taiwan, while that is reduced to 0.6% from
2.0% for central Taiwan. The benchmark of performance indi-
cators conventionally used for excellent O; simulation are
+10% for MB, £15% for OB and 35% for GE (GEPD 2009;
Boylan and Russell 2006). All indicators are met for the four
parts of Taiwan, except of MB in eastern Taiwan and GE in
southern Taiwan, but both of them have been improved. This
shows that updating the biogenic land use database renders
excellent effect of improving air quality modeling.

Table 3 Comparison of Performance Evaluation of Ozone Simulation Results before and after Updating Land Use Database

during the Period May 21-30, 2003

Maximum Bias (MB) Overall Bias (OB) Gross Error (GE)
R After updating before updating After updating before updating After updating before updating
land use land use land use land use land use land use
Northern Taiwan 9.3 11.6 -1.5 2.0 31.0 31.9
Central Taiwan 0.6 2.0 -3.2 -4.1 30.2 30.5
Southern Taiwan -4.7 -5.4 -4.2 -4.9 36.0 38.4
Eastern Taiwan 12.4 13.9 3.7 4.6 20.0 20.2
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