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Abstract

This study aims to investigate the diurnal evolution of local emissions based on

the physical and chemical views in idealized simulations with ocean, land, and

mountain distribution. During the wintertime weak synoptic condition in Taiwan, it is

difficult to evaluate how local emissions influence the air quality due to interactions

between the local circulation and complex topography. Idealized simulations using the

Vector Vorticity equation cloud-resolving Model (VVM) coupled to a chemistry

parameterization are performed to study the impacts of physical and chemical processes

on local emissions. Two nitrogen reactions are applied to simplify the chemical

interactions to a conservative chemical system, and the local emissions are based on

historical air pollution data in Taiwan (Taiwan Emission Data System, TEDS). The

traffic emissions are broadly distributed over urban plain areas, while high-

concentration industrial pollutants are emitted in very limited coastal areas. Over the

plain areas, traffic emissions accumulated in the early morning, but the concentration

of the pollutants was diluted through vertical mixing after the boundary layer developed.

On the other hand, the transport of industrial emissions is controlled by the sea breeze,

and highly polluted air is transported with the sea breeze front invading inland regions

in the afternoon. In the mountain areas, both emissions are transported by the sea breeze

from the plain areas in the evening. Thus, we can observe two concentration peaks over
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the plain areas, while there is only one concentration peak over the mountain areas.

Another aspect of physical effects could be analyzed using the probability distribution

of the residence time, which shows that the industrial emissions mostly stay over the

plain areas under 500m, while the traffic emissions accumulated at the boundary layer

top and persist for an extended period. Besides, the transformation between NOx in the

daytime is dominated by photodissociation; an increase in O3 can be observed in the

daytime, while the emitted NO/NO:> ratio also plays an important role in affecting

chemical equilibrium. During the nighttime, NO and O; react to produce NO>, which

is the precursor of secondary aerosols that would lead to a polluted condition in the

mountain areas. Due to unfavorable meteorological conditions and excessive NOx

emissions, O3 runs out on day 2 evening over the plain regions. The results highlight

the importance of resolving the physical processes to understand the local evolution of

pollutant concentration. Excessive emissions and the effect of chemical reactions lead

to a drastic change in the NO/NO: ratio between day 1 and day 2.

Keywords: pollution transport, large eddy simulation, sea breeze circulation, boundary

layer process, NOx reactions

doi:10.6342/NTU202201146



Contents

I -2 USRI . 30 W (= ~= 3 i
L NP TUTRTTTTPRTRTTTORTRTURRTITS. -\ < | 0 | % i
ADSITACE. .ot e il
COMEENES . . ettt ettt \%
FigUIE CaPLIONS. ...ttt ittt re e vi
1o (G721 013 10 ) 0 X
0 T2 (T L1 5 ) & 1
2 Model Description and Evaluation................ocooiiiiiiiiii i 5
2 BV AYA\Y BT Ta (0T 11 13 () DO TP 5
2.2 Implementation of Chemistry Module...................ooi 6
2.3 Diurnal cycle of shallow convection over land..................c.ocooiiiiiiinnn 7
2.4 Results of COmMPariSON teSt. . ....uuieieet ittt e eaeeea, 8
31dealized EXperiment. ..........oouuiiiiii i e 11
3.1 Idealization of boundary layer process in Taiwan..............c.ccooeviieinin.e 12
3.2 Idealization of sea breeze circulation in Taiwan..............ccocoiiiiiiinen... 13
3.3 EXPEOITMENE SETUP . ...ttt ettt ettt ettt 14
G RESULILS. . .ot 16
4.1 Physical effects of total €miSSIONS. .......o.evueiitiiiiiii i, 16
4.2 Differences between physical effects of industrial and vehicle emission......... 19
4.3 Chemical effects of total @miSSIONS. .......ooevuiieiitiiiiiiiiii e 21
S Summary and DISCUSSION. .....uuientt ettt e ee e 24
REfETONCE. ... ettt 27
2 0] (T 33
B UL . . e 35
v

doi:10.6342/NTU202201146



Figure captions

Fig. 1: Initial profiles of (a) potential temperature, (b) total water mixing ratio, (c)

chemical species, and (d) the diurnal evolution of sensible and latent heat fluxes.

Fig. 2: One-hour averaged vertical profiles of (a) potential temperature and (b) total

water mixing ratio at 11:30 LT (blue) and 14:30 LT (red).

Fig. 3: Time evolution of (a) cloud top height (CTH) and cloud base height (CBH), (b)

cloud fraction, and (c) liquid water path.

Fig. 4: One-hour slab averaged vertical profiles of (a) inert scalar, (b) NO, (c) NO, and

(d) O3 at 8:30 LT (black), 11:30 LT (red), 14:30 LT (pink) and 17:30 LT (blue).

Fig. 5: The ocean, land, and mountain arrangement in the idealized simulation
represents the simplification of the terrain of central Taiwan. The setting of half ocean
and half'land is able to favor the formation of land-sea breeze. Since Noah LSM version
3.4.1 is implemented to VVM (Wu et al., 2019), different land use can be separated and
specified in the idealized simulation, thus the land is separated into urban areas (red,
LU=1) and mountain areas (green, LU=13) to imitate Taichung downtown areas and
the Central Mountain Range. The mountain areas are bilateral symmetry on the x-axis
and the mountain height is set at 1000m, real height of the Central Mountain Range is

not applied in the simulation to avoid computing issues.

Fig. 6: The initial profiles of (a) potential temperature and (b) water vapor mixing ratio
Vi
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which represents idealized winter condition in Taiwan. A thermal inversion layer can

be observed from 1600m to 3200m.

Fig. 7: Y-axis mean cross-section vertical profiles of NOx concentration on day 1 (a)
07:30 LT, (b) 10:30 LT, and (c) 16:30 LT. Quivers represent wind profiles in the x-z
plane. Green solid lines represent the boundary layer height defined by surface potential
temperature + 0.5K, and green dashed lines represent the boundary layer height defined
by the maximum gradient of potential temperature under 3000m. Selected regions for

further analysis (Fig. 7-16) are shown in (d).

Fig. 8: Vertical profiles of NOx concentration over (a) coastal, (b) inland, (c) hillside,
and (d) peak regions on day 2 8:00 LT (black), 11:00 LT (red), 14:00 LT (green), and
17:00 LT (blue).

Fig. 9: Time evolution of (a) sea breeze strength (blue), (b) boundary layer height

(green), and NOx concentration (red) over the inland region.

Fig. 10: Time evolution of the budget of (a) transport equation, (b) advection terms, and
(c) diffusion terms over the inland region. Total budgets include tendency (black),
emission (red), advection (blue), diffusion (green), and residual terms (yellow dashed).
Advection and diffusion in (b) and (c) are separated into horizontal (dark color) and

vertical (light color) terms shown in dashed lines.

Fig. 11: Extreme values and the peak times of total advection and vertical diffusion over
land regions on day 1 (green) and day 2 (blue), respectively. Solid lines show the peak
values and dashed lines show the peak times. Minimums of vertical diffusion are

multiplied by -1 to compare to the maximum of total advection easily.
vii
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Fig. 12: Time series of surface NOx concentration of (a) industrial and (b) vehicle
emissions over land regions only. Shaded represents NOy concentration. Gray dashed

lines represent the boundary between plains and mountains.

Fig. 13: Maximum concentrations and the peak times of industrial and vehicle emission
over land regions on day 1 (green) and day 2 (blue), respectively. Bar charts show the
peak values and dashed lines show the peak times. Land regions were divided into eight

areas to be analyzed.

Fig. 14: Probability Density Function of the occurrence of the concentration of (a)
industrial and (b) vehicle NOx larger than 10 ppb in the x-z plane. The larger the shaded
is shown, the longer the NOy concentration larger than 10 ppb would stay in there. The
probability of 1 represents that NOx concentration is larger than 10 ppb for up to two

days.

Fig. 15: Time evolution of (a) NOx (red), NO (pink), NO> (purple), Os (green), (b)

photolysis rate (blue), and NO2/NOx ratio (black) over inland region.

Fig. 16: Time evolution of (a) NOx (red), NO (pink), NO> (purple), O3 (green), (b)

photolysis rate (blue), and NO2/NOx ratio (black) over hillside region.

Fig. 17: Time evolution of Leighton ratio over coastal (blue), inland (red), hillside

(green), and peak (black) regions.

viii
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Table captions

Table 1: The surface fluxes of chemical species prescribed in the comparison test.

Table 2: The emission setting of industrial and vehicle emission sources. Industrial
emission represents the pollution from power and steel industries in coastal industrial
parks, and the emission height is set at 300m which refers to the stack height of power
plants. Vehicle emission in urban areas is mainly associated with human activities;
therefore, the pollution duration is set in the daytime. We use Taiwan emission

database system version 11.0 (TEDS 11.0) based on 2019 in Taichung as our dataset.
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1 Introduction

Air pollution is one of the biggest public health hazards worldwide. According to the

WHO estimates in 2016, ambient air pollution in both cities and rural areas was estimated

to cause 4.2 million premature deaths per year globally, and the evidence linking the

ambient air pollution and the cardiovascular disease risk is growing (The Multi-Ethnic

Study of Atherosclerosis and Air Pollution). In the past decade, several studies have

pointed out an association between ambient air pollution and mortality from respiratory

and cardiovascular diseases in Taiwan (Liang et al., 2009; Tsai et al., 2010). Further

research also showed that ambient air pollution was associated with an incidence of

headache, incident asthma, lung cancer, and colorectal cancer (Chiu et al., 2015; Jung et

al., 2019; Tseng et al., 2019; Ma et al., 2020). Since air pollution is a serious public health

concern, it is essential to understand the transport of air pollution to control and reduce

air pollution emissions.

The air pollution problem in central Taiwan is a critical environmental issue. The

cause of air pollution in Taichung has been a debated issue in recent years. The biggest

core-fired power plant in Taiwan; Taichung Power Plant, is usually to blame for

worsening air quality in central Taiwan. Previous study showed that PM> s-related health

risks were associated with the emissions from Taichung Power Plant (Kuo et al., 2014).

According to the Taiwan Emission Data System (TEDS) from Environmental Protection

1
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Administration (EPA), there were 22026 MT/yr of NOx and 15179 MT/yr of SOy emitted

by Taichung Power Plant in 2016, which is the most significant pollution source in

Taichung. However, emissions by Taichung Power Plant had drastically decreased in

2019, only accounting for 9844 MT/yr of NOy and 8224 MT/yr of SOx. Besides, people

tend to ignore vehicle emissions in urban areas, which is another major emission source.

In 2019, the largest NOx emission in Taichung came from vehicle emissions, which made

up almost half of the total NOx emission in Taichung, accounting for 17155 MT/yr. It is

worth knowing which emission is more critical for damaging local air quality to prevent

and control air pollution in the future.

In Taiwan, air pollution events usually happen in the winter and spring (Hsu &

Cheng, 2019; Hsu, 2021). Transport and dispersion of air pollutants are closely associated

with meteorological conditions; for example, synoptic weather pattern plays a vital role

in controlling the distribution of air pollutants (Cheng, 2001). Under a stable environment

in the lower troposphere, low wind speed and low mixed layer height can also lead to

highly polluted events (Yu & Chang, 2006; Su et al., 2020). Previous studies also focus

on the air pollution problem in central Taiwan, they investigated that under a weather

condition characterized by low wind speed and a shallow mixed layer depth capped by a

strong inversion, local circulation, and regional orography are key factors influencing

pollution concentration (Cheng et al., 2001; Cheng, 2002). Hsieh et al. (2022) also found

2
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that local circulation under different meteorological conditions coupled with the evolution

of boundary layer can induce contrasting pollution transport scenarios. Since many

meteorological processes and chemical interactions have different impacts on the

transport and dispersion of air pollutants, one of the emission sources might be the key

factor that accounts for higher pollutant concentrations in the downwind areas.

In Taiwan, over 70 air quality monitoring stations are installed by EPA to monitor

air quality. However, using actual observation data to analyze transport and dispersion of

air pollution still encounters some obstacles. Since many physical and chemical effects

are involved in the transport and dispersion of air pollutants, such as local circulation,

cloud dynamics, boundary layer processes, topography, dilution, and deposition.

Sometimes it is quite difficult to make a clear distinction between these effects, especially

when the time evolution of air pollutants from real observation is diagnosed from

scattered stations. However, with a LES model based on appropriate physical and

chemical processes, we can simulate the transport and dispersion processes directly, and

thus provide a precise interpretation of those effects.

Over the past decades, large eddy simulation (LES) has evolved into one of the major

techniques for simulating transport processes in the atmospheric boundary layer (Garratt,

1994). Using high resolution and appropriate dynamic schemes, LES can simulate

complex flows and turbulence structures, given more specific details of boundary layer

3
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development and its impacts on transport processes. In atmospheric chemistry, different

compounds interact with each other and create a complex chemical system. Reactions can

change the composition of the pollution and then affect local air quality in different areas

during pollution transport processes. Moreover, several reactions are greatly influenced

by meteorological conditions; for example, sunlight has a dominant effect on

photodissociation, which shows that the presence of clouds is also an important factor

controlling photodissociation.

Section 2 introduces model description and an implementation of the chemistry

module with a supporting comparison test. Section 3 provides meteorological conditions

that we are interested in and the experiment setup for our idealized simulation. Section 4

shows the results of our idealized simulation. Section 5 is the summary and discussion.

doi:10.6342/NTU202201146



2 Model Description and Evaluation

2.1 Vector-Vorticity Equation Cloud-Resolving Model (VVM) introduction

The model here we use is Vector Vorticity equation cloud-resolving Model (VVM),
developed by Jung and Arakawa (2008) and Wu et al. (2019) based on the three-
dimensional anelastic vorticity equations. The model predicts the horizontal components
of vorticity and diagnoses the vertical velocity using a three-dimensional elliptic equation.
This unique method can simulate local-scaled circulations and land-sea breezes due to
sharp responses to the local buoyancy gradient. To deal with topography, Wu and
Arakawa (2011) and Chien and Wu (2016) applied an immersed boundary method with
the topography forcing added to the vorticity fields in height coordinate, which can
resolve complex and steep terrain without computation problems. Improving the
conception of land-atmospheric interactions over complex topography, Wu et al. (2019)
coupled the Noah LSM version 3.4.1 (Chen et al., 1996; Chen & Dudhia, 2001) to VVM
to provide a more realistic representation of land surface properties as well as surface
fluxes. VVM has been used for studying complicated interactions, such as the unified
parameterization of deep convection (Arakawa & Wu, 2013; Wu & Arakawa, 2014),
stratocumulus transition (Tsai & Wu, 2016), the aggregated deep convection (Tsai & Wu,
2017), afternoon thunderstorms (Kuo & Wu, 2019), land-atmosphere interactions (Wu et

al., 2015; Wu et al., 2019; Wu & Chen, 2021), cloud-aerosol interactions (Chang et al.,

5
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2021), the coastal convection during summer monsoon onset (Chen et al., 2019),

convective aggregation (Huang & Wu, 2022), and tracer transport (Hsieh et al., 2022).

2.2 Implementation of Chemistry Module

The transport and dispersion processes of pollutants involve not only physical effects

but also chemical effects. Thus, chemical reactions between different chemical

components should be considered in the simulations. To construct an atmospheric

chemistry system in VVM, the chemistry module is implemented into VVM following

Dutch Atmospheric Large-Eddy Simulation (DALES). This module has been tested and

applied to the research for photodissociation and turbulent reacting flows (Vila-Guerau

de Arellano et al., 2005; Vila-Guerau de Arellano et al., 2009; Heus et al., 2010). The

chemistry module can be roughly divided into the initiation stage and the chemical solver

(called “TWOSTEP”) stage. In the initiation stage, chemical mechanisms and related

parameters are input into the module. Unlike DALES, the initial fields and emission

sources in VVM are arranged into a module. After initializing the model and finishing the

calculation of dynamics, chemical reactions are solved using the chemical solver

TWOSTEDP described and tested by Verwer (1994) and Verwer and Simpson (1995). First,

the module needs to deal with the reaction rates under different environmental conditions.

Since chemical reactions depend on meteorological parameters, such as pressure,

6
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temperature, and liquid water content, essential meteorological data will be input into the
module when calculating the reaction rates. When calculating the concentration of
chemical components, the solver uses an implicit method based on the variable-step,
second-order backward differentiation formula. Since the atmospheric chemistry system
is characterized by a wide range of chemical time scales, the solver can adjust the time
step depending on different chemical reaction rates in the model. When the calculation of
the new chemistry time step is the same as the next model time step, the model can
advance to the next model time step and calculate the dynamics. By using this chemistry
module, the chemistry system can be simulated, and chemical effects on the transport and

dispersion of air pollutants can be further investigated.

2.3 Diurnal cycle of shallow convection over land

To check the suitability of the chemistry module in VVM, a shallow convection
simulation was demonstrated following Vila-Guerau de Arellano et al. (2005, hereafter
VO05). The experiment setup is described as follows. The model domain size is 6400 by
6400 m? horizontally with a grid length of 66.7 m. In the vertical, the domain height is
4000 m with a grid length of 40 m. Initial profiles of potential temperature, specific
humidity, and surface fluxes follow Brown et al. (2002) representing a typical shallow

convection over land, which show in Figl. The case is characterized by a strong diurnal

7
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cycle of both sensible and latent heat fluxes. The formation of shallow convections is
induced by these large surface forcings. The simulation is integrated from 05:30 LT to
18:30 LT. The chemical system is based on a simple atmospheric cycle of nitrogen dioxide,
nitric oxide, and ozone, including two reactions:
N02+02+hvl> NO+0; (1)
NO + 05 5 NO,+0, (2)

where j and k are first-order photolysis rate and second-order chemical reaction rate.
Following the setting in V05, the surface fluxes showed in Table 1, j=8.3x107% (s™!) and
k=4.75x10"* (ppb s ') are fixed with time in the simulation to reach chemical equilibrium
quickly. The initial mixing ratio profiles of chemical species also follow V05 which show

in Fig. 1 (c).

2.4 Results of Comparison Test

To clarify the physics and dynamics processes of the simulation, we analyze the
model outputs shown in Fig. 2 and Fig. 3. Cloud fraction begins to grow after 9:30 LT
with a small liquid water path, referring to a relatively thin cloud in development. At
11:30 LT, a well-mixed layer can be observed in Fig. 2. The cloud layer above the well-
mixed boundary layer didn’t reach conditionally unstable yet, and there is an absolutely

stable boundary layer above the cloud top. After 12:30 LT, the cloud fraction reaches the

8
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maximum value of the simulation, coupling with a cloud top height of 1.5 km and a cloud

layer thickness of around 1 km. This three-layer structure is maintained at 14:30 LT, and

the clouds have matured. Since the surface fluxes quickly decline after 16:00 LT, the cloud

fraction and liquid water path drop around 16:30 LT, and the clouds finally disperse at

18:00 LT. Compared to the results from V05, the two models both predict similar

boundary layer evolution; however, the well-mixed layer height in VVM is slightly lower

than that in DALES, which indicates that the boundary layer development is slower in

VVM. For cloud properties, VVM can provide a daily evolution of shallow cumulus over

the land like DALES. But the cloud top height and cloud base height in VVM are lower

than those in DALES, and liquid water path in VVM are larger than those in DALES.

These differences slightly affect the performance of the chemical system between VVM

and DALES simulations.

The performance of chemical reactions can be observed by the mean profiles of

chemical reactants shown in Fig. 4. At 8:30 LT, the reactants and inert scalar accumulate

at the surface layer before boundary layer development. After 11:30 LT, it is clear that

those tracers mix vertically, resulting from the growth of the boundary layer. At 17:30 LT,

a two-mode structure can be observed in all four tracers, which might be associated with

the enhancement of the transport in the cloud. Compared to the results from V05, we

notice that the boundary layer height in VVM is lower than that in DALES, which is

9
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consistent with the results from the previous physical part. Furthermore, the concentration

of the three reactants has minor differences between the two models. Since cloud top

height and liquid water path in VVM have some differences from those in DALES, we

guess that high liquid water coupled with lower clouds lead to a weaker total photolysis

rate, resulting in a higher nitrogen dioxide concentration and a lower nitric oxide and

ozone concentration, which is relatively apparent at 17:30 LT. In the end, both the

performances of physical processes and chemical reactions in VVM are similar to the

results from DALES. Through the comparison, we think that the chemistry module in

VVM can work successfully and reasonably; therefore, we can start to run our idealized

simulations to figure out the physical and chemical effects of air pollutants in central

Taiwan.

10
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3 Idealized Experiment

Our idealized experiment aims to figure out the physical and chemical effects of
different NOx pollution sources in central Taiwan. To focus only on the effects, we try to
simplify the land-sea structure in central Taiwan to avoid complicated mountain wave
turbulence. An arrangement of ocean, land, and mountain is applied to the experiment;
the ocean region is equal to the land region. The land region is separated into two areas
of the same size: a flat plain and a 1000m-high mountain shown in Fig. 5. Land use is
also simplified, referring to the data from Noah LSM, urban and built-up land is set in
plain regions, and the evergreen broadleaf forest is set in mountain regions. The
simulation is set to run for two days with a different purpose. Since only ozone has been
set at the initial concentration, the concentration of NOx is controlled by the emission
sources and pollution transport. On day 1, it is direct and applicable to analyze physical
and chemical effects without the influence of background concentration in real
observation. On day 2, because deposition and dissipation are not set in the simulation,
the emitted NOx on day 1 will remain and be sketchily represented as background
concentration. The transport pattern of day 2 might be similar to the pollution transport
in reality. We expect that industrial emissions along with the coastal areas and vehicle
emissions in the urban areas will have different patterns of transport and dispersion.

Under a sea breeze-dominated environment capped by a strong inversion, low wind speed

11
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and suppressed mixed layer depth are the important factors affecting pollution transport.

3.1 Idealization of boundary layer process in Taiwan

In Taiwan, the boundary layer process is a key factor associated with pollution

transport. In summer, warm weather conditions coupled with strong surface fluxes build

a favorable environment for boundary layer development; the atmosphere is heated by

the increasing surface temperature, which induces vertical motion and the mixing process.

Near-surface pollution can be transported vertically through mixed layer development,

and the concentration of pollutants can also decrease due to vertical mixing. Thus, few

air pollution events are related to the boundary layer process in the summertime. However,

the boundary layer process can cause different consequences in wintertime. The mixed

layer can develop in the daytime due to surface fluxes. Yet, the cold weather condition is

an unfavorable factor for the growth of mixed layer height, and sometimes the

development is inhibited by an inversion layer, resulting in a relatively low mixed layer

height compared to summertime. Air pollution can still be diluted by vertical mixing when

the mixed layer grows; while dispersion is limited, most pollutants remain near the

surface. Since pollution is trapped near the surface, it is difficult to transport through

vertical mixing or prevailing winds. Pollutants tend to be accumulated and cause serious

pollution events. At night, mixed layer height drops, and air pollution further concentrates

12
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near the surface, extending the period of severe pollution events. In sum, the boundary

layer process is one of the major meteorological factors in influencing the transport and

dispersion of air pollutants and causing air pollution events in winter.

3.2 Idealization of local circulation in Taiwan

Local circulations also play an important role in pollution transport in Taiwan. Many

industrial parks are located in the coastal regions of Taiwan. Once the weather condition

is dominated by local circulation such as the land-sea breeze, air pollution emitted by the

industries can particularly affect the air quality of downwind areas. Before the onset of

sea breezes, air pollution emitted in the industrial parks can only diffuse near the emission

sources or be transported vertically through the mixing process. When the sea breeze is

induced by the difference between the temperature of land and sea, air pollution along

coastal regions is expected to invade inland regions with the sea breeze. Due to steep

mountainous terrain in inland regions, the sea breeze cannot penetrate further, leading to

an accumulation of pollutants at the foothill. At night, sea breezes will be shifted into land

breezes; however, the strength of land breezes is relatively small and can’t extend to

inland regions. The pollutants transported by sea breezes might remain in inland regions

for a longer period. Over mountain regions, the mountain-valley breeze can play a similar

role in air pollution transport as the land-sea breeze. In the daytime, valley breezes

13
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transport urban air pollution from foothills into mountain areas, causing poor air quality

conditions over mountain regions.

3.3 Experiment setup (from physical to chemical setup)

The horizontal model domain covers 256km times 16km with a grid spacing of 250

m and doubly periodic boundary conditions as shown in Fig. 5. The domain setup forces

the transport along the x-axis to clarify the impacts of pollution transport from local

circulation. There are 100 vertical layers, and the resolution is 50m. We run the model for

2 days, starting at 12 am local time. The scenario of two consecutive days followed Hsu

(2021), which emphasized pollution accumulation on Day 2 due to unfavorable

meteorological conditions for pollution transport. Our idealized weak synoptic weather

condition is characterized by weak wind speed and shallow mixed layer height capped by

a temperature inversion layer. The initial potential temperature and water vapor mixing

ratio profiles are shown in Fig. 6 following Hsieh et al. (2022), which contain a

temperature inversion layer. To focus on a local circulation-dominated weather type with

low wind speed, we set the prevailing winds to zero. The chemical system is based on the

atmospheric cycle of nitrogen dioxide, nitric oxide, and ozone, including two reactions

that are the same as that we used in the comparison test. By using a simple chemical

system, the influence of meteorological conditions on the transport of pollution can be

14

doi:10.6342/NTU202201146



determined. For the chemical condition, to get closer to observation, the initial ozone is

given at 40 ppb, representing an average amount in the typical winter condition in Taiwan.

There are three NOx emission scenarios in our idealized simulation. The first two

emission scenarios are two main emission sources that affect the air pollution in central

Taiwan, same as in section 1, all-day industrial emission in coastal areas and daytime

traffic emission in urban areas. The specific set of these two emission sources is shown

in Table 2. The last emission scenario considers both industrial and vehicle emissions,

representing the total NOx emission in central Taiwan. Taiwan emission database system

version 11.0 (TEDS 11.0) based on 2019 in Taichung is used as our dataset. For NOx

emission, the emitted NO/NOz ratio is assumed to be 9:1, following Lien and Hung (2021).
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4 Results
4.1 Physical effects of total emissions

There are two main physical factors. The first one is boundary layer processes, which
control the vertical transport of pollutants; and the second one is local circulation, such
as sea breeze, which mainly dominates the horizontal transport of pollutants. Owing to a
simplified chemical system based on the photodissociation of nitrogen dioxide and a
reaction of nitric oxide and ozone, using the NOx profile can eliminate chemical effects
and clarify the physical effects in our simulation. First, LES can simulate boundary layer
processes and local circulation structures distinctly; therefore, pollution transport affected
by these effects can be clarified through cross-section profiles in the x-z plane. In Fig. 7,
it is clear that pollution transport is affected by vertical mixing in plain regions in the
morning and sea breezes from coastal to inland and mountain regions in the afternoon.
The evolution of the vertical profiles of NOx concentration in different regions over land
is demonstrated in Fig. 8. All profiles show the growth of the boundary layer and vertical
mixing of concentration during the day. At 17:00, there is a decrease in the concentration
over the coastal region at 500m, which is associated with clean marine air transported by
the sea breeze.

The concentration ¢ of chemical species i is governed by the transport equation,

dc

a:—ﬁ-vc—Dv2c+E+(Pi—Li) (3)
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which neglects sink term. The four terms on the right side of the equation represent

advection, diffusion, emission, and chemical production and loss, respectively. To clarify

the process resulting in a drastic concentration change, we show the time evolution of

NOx concentration, sea breeze strength, boundary layer height, and the budget of transport

equation at the surface in Fig. 9 & 10. Since the model output frequency is 10 minutes,

the unit in the transport equation is parts per billion (ppb) per 10 minutes. In Fig. 9, the

change of concentration of NOx follows a diurnal evolution with two peaks per day. The

first peak happens around 8:00, which is associated with low wind speed and low

boundary layer height; therefore, continuous emissions after the sunrise couple with an

unfavorable condition for air pollution transport resulting in the first peak of NOy

concentration. Another peak can be observed in the afternoon, which is associated with

the maximum value of sea breeze. Hence the second peak is contributed by the air

pollution transport of sea breeze. The contribution of the variation of NOx concentration

can be quantified by the budget of transport equation in Fig. 10. After 6:30, A large

increase in NOx concentration of 6.5 ppb/10mins is caused by emission of 11.5

ppb/10mins at the surface. However, diffusion also increases to remove NOx

concentration from surface to upper atmosphere and reaches a maximum of -24.2

ppb/10mins around 8:30, resulting in a sharp decrease in NOx concentration of -12.8

ppb/10mins. In addition, the urban plain region is covered with traffic emissions after
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sunrise, and the diffusion is forced in the only vertical direction. The influence of

advection appears around 10:00, causing another sharp decrease in NOy concentration,

while the amount of -6.9 ppb/10mins is less than that from the influence of diffusion. At

16:00, an increase in NOyx concentration can be observed and is associated with an

increase in advection, which is mainly contributed by the advection of 16.8 ppb/10mins,

with a significant positive horizontal advection term of 26.7 ppb/10mins and a negative

vertical advection term of -9.9 ppb/10mins. Apart from a positive peak of advection term

during sea breeze invasion, total advection is negative in most of the moment, which leads

to a decrease in NOx concentration. In Fig. 11, extreme values and the peak times of

advection and diffusion are analyzed and shown in two days. Since the plain areas are

filled with traffic emissions from the surface, the analysis of diffusion is only focused on

the vertical direction. The largest advection is found at the coastlines, which is produced

by the industrial emission and the effect of sea breezes, and the advection decreases from

coastal regions to inland regions. The maximum advection in coastlines is four times

larger than over inland regions. On the other hand, both peak values and the peak times

of vertical diffusion are almost the same in plain regions since the traffic emission sources

are equally distributed. The impact of vertical diffusion plays an important role in plain

regions. The order of magnitude of vertical diffusion is the same as that of total advection

at the surface level, which indicates that turbulences in the mixed layer mainly govern the
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vertical transport of traffic emission at the surface. In mountain regions, change of

concentration is controlled primarily by the contribution of advection, and maximum

advection exceeds 20 ppb/10mins, which is associated with the pollution transport of sea

breeze.

4.2 Differences between physical effects of industrial and vehicle emission

Two scenarios of industrial and vehicle emission sources are simulated separately,

so we can analyze the physical effects of each emission source individually. First, we

focused on industrial emissions in Fig. 12 (a). It is clear that polluted air accumulated at

the coastlines in the morning. After sea breezes onset at 12:00, NOx pollution starts to

move with sea breezes into inland regions, with a wind speed of 2.5 m/s. Around 16:00,

the NOx concentration around the coastal region drops, and sea breezes bring clean marine

air into the coastal region, indicating that surface pollution along the coast has been

transported into the inland region. In inland and mountain regions, NOx pollution

transported by sea breezes arrives in the evening. NOx pollution is difficult to diffuse

because the boundary layer drops at night. On day 2, the transport pattern doesn’t change

a lot, and we can see a higher concentration due to the accumulation of two days.

On the other hand, vehicle emissions showed another transport pattern seen in Fig.

12 (b). In the early morning of day 1, severe air pollution accumulates over plain areas
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before boundary layer development. After 8:30, the boundary layer started to grow, and

the concentration of pollutants decreases. From 10:00 to 13:00, vehicle emission is

transported away from the surface through vertical mixing. The concentration of

pollutants is relatively low at the surface compared to early morning. While sea breezes

flow into land and tend to gather vehicle pollution from the coast to inland in the afternoon,

concentration gradients can be observed in plain regions. Descent of boundary layer

height also contributes to the accumulation of pollutants; thus, a local maximum of

pollutants appears at the foothill. As the same as industrial emission, the transport pattern

of vehicle emission doesn’t change much on day 2, but the accumulation on day 1 is

evident.

In Fig. 13, maximum concentrations and peak times are analyzed and shown in two

days, with two emission sources. Maximum concentrations of industrial NOx decrease

from coastal to inland areas, and peak times match with arrival times of sea breeze. There

are few differences between the two days. While maximum concentrations of vehicle NOx

are almost the same in plain regions, they all occur in the early morning. Maximum

concentrations of vehicle NOx slightly increase over inland regions, which is associated

with the accumulation effect of sea breeze. In mountain regions, both industrial and

vehicle NOx show similar performances of peak time and the change of concentration

between the two days.
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Another aspect showing the physical effects of pollution emissions can be seen in

the probability density function of duration in Fig. 14. The concentration of NOy larger

than 10 ppb is chosen as the criterion. A larger number represents that the place has been

polluted for a longer duration. It is clear that industrial emissions in the left figure mostly

stay in the land regions under 500m. Vertical mixing has little impact on the transport of

industrial emissions. The sea breeze is an important pathway for transporting industrial

emissions into inland regions. In contrast, vehicle emissions are stuck at the boundary

layer top for a long period, which is contributed by the boundary layer processes. Another

polluted area of vehicle emission is observed at the foothill, which might be related to the

accumulation induced by sea breezes.

4.3 Chemical effects of total emissions

Since two reaction rates are relatively quick in atmospheric chemistry, the chemical

system tends to obtain chemical equilibrium in the daytime. We use the model outputs of

total emission to analyze chemical effects. Using the NO2/NOy ratio can judge whether

the photodissociation is leading or the reaction of NO and O3 is leading in the chemical

system. The analyses in Fig. 15 & 16 focus on a single point in plain and mountain regions,

respectively following the same method of investigating physical effects. In Fig. 15,

vehicle pollution is emitted after 6:30 over the plain region. NO reacts to initial O3 due to
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the high emitted NO/NO; ratio, while the photodissociation also starts after sunrise. These

two effects compete, resulting in a decrease in O3 and an increase in NO and NO». After

8:00, the boundary layer starts to develop. The growth of boundary layer height induces

vertical mixing; therefore, NO and NO> decrease, and O3 increases. However, NO2/NOx

ratio doesn’t change a lot during this period, chemical system roughly reaches chemical

equilibrium. At 16:00, industrial emissions with a high NO/NO; ratio are transported into

inland regions by the sea breeze, which caused the NO2/NOx ratio slightly dropped,

resulting in a decrease in O3 and an increase in NO and NO». Besides, the photolysis rate

Jj declines in the afternoon because solar radiation decreases, then the photodissociation

stops at 17:30. At night, all NO reacts to background O3, and NO2/NOx ratio rises to 1.

On day 2 afternoon, excessive NO is transported by the sea breeze. A lower NO2/NOx

ratio can be observed in the plain region. Under an unfavorable meteorological condition

for pollution dispersion, O3 runs out at 17:00, which also inhibits NO> production and

changes the proportion of NO and NO: at night. On the other hand, chemical effects in

the mountain region are relatively simple, showed in Fig. 16. Photodissociation

dominated in the daytime, resulting in a decrease in NO> and an increase in NO and O3

with the NO2/NOx ratio drops. At night, NO reacts to background O3 to produce NO2, and

NO2/NOx ratio rises to 1. Besides, the lack of O3 also happens on day 2 at 18:30 in the

mountain region.
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Since the chemical system in our idealized simulation is based on the atmospheric
cycle of nitrogen dioxide, nitric oxide, and ozone, the system is expected to be in a
photochemical steady state. It is able to determine a photochemical steady-state through

the Leighton relationship (Leighton, 1961; Ridley et al., 1992):

j NO,

Leight 0P =—7-—— (4
eighton ratio k-NO-0, (4)

when @ = 1, the system reaches a photochemical steady state because of quick chemical
reactions. The time evolution of the Leighton ratio in different regions is shown in Fig.
17. The ratios mostly hold at 0.9 on day 1 over coastal and inland regions. Lower than 1
might be caused by the high concentration of continuous emissions. The ratios on day 2
are close to 1, which indicates that the chemical condition in most of the land regions has
reached a photochemical steady state. In addition, the ratios in mountain regions become
extremely high in the early morning, which is influenced by the rapid change in

photodissociation rate and concentration of NO.
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5 Summary and Discussion

In our study, an idealized simulation of pollution transport in central Taiwan was
conducted to investigate the physical and chemical effects involved in pollution transport
under weak synoptic weather conditions. Physical effects include local circulation,
boundary layer processes, prescribed thermal inversion layer, and chemical products
mainly controlled by chemical reactions. Sea breezes control the transport of industrial
emissions, and pollution moves with sea breeze worsening air quality, while local
maximum drastically decreases from coastal to mountain regions. On the other hand,
transport of vehicle emissions is mainly determined by the diurnal evolution of the
boundary layer, pollution peak happens in the early morning and is then diluted after the
boundary layer develops. Comparing the effects on local air quality between industrial
and vehicle emission sources, in the plain region, vehicle pollution has a considerable
impact on air quality in the early morning. But industrial pollution can hugely worsen air
quality in the coastal region in the whole morning, and air quality in the inland region is
affected after the sea breeze arrives. In mountain regions, industrial and vehicle pollution
have a similar influence on local air quality. Due to low wind speed and low boundary
layer height at night, pollution in the mountain region is difficult to transport and disperse.
The concentration of pollution remains for an extended period until the boundary layer

develops the next morning. The chemical system shows a diurnal variation depending on
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photodissociation, NO2/NOx ratio drops, and O3z produces in the daytime. Besides, the

emitted NO/NO: ratio also affects chemical equilibrium. The NO2/NOx ratio drops when

high polluted air is transported into that region, which can be observed in both industrial

and vehicle emissions.

Based on our idealized simulations, we have investigated that industrial emission is

the critical emission source affecting local air quality in central Taiwan. Industrial

emissions worsen air quality in the plain areas during the entire afternoon. Sea breezes

also play a crucial role in transporting pollutants. Industrial emissions transported by sea

breezes cause pollution events from coastal to mountain regions, and vehicle emissions

accumulated by sea breezes worsen air quality over inland regions. Boundary layer

processes have been restrained due to the initial profiles. In fact, inversion layer height

and surface temperature can vary in the winter leading to different pollution scenarios.

For example, a near-surface inversion layer might suppress boundary layer processes,

resulting in a prolonged accumulation of vehicle pollution near the surface. In contrast, a

higher inversion layer coupled with higher surface temperature is relatively conducive to

pollution dispersion, which induces stronger vertical mixing to improve air quality near

the surface. We can establish a series of pollution transport structures for the winter in

central Taiwan by changing the initial sounding profiles. Analyzing the variation of

inversion layer height and surface temperature in the winter can help us construct
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simplified composite sounding profiles which cover all the thermal information in

wintertime. By using these sounding profiles, we can conduct a series of idealized

simulations to specify the variation of physical and chemical effects on pollution transport.

Once we understand the variation of physical effects on pollution transport, it is able to

control emission sources and reduce air pollution events by verifying corresponding

meteorological conditions. On the other hand, a more complex chemical system can help

us get closer to the actual observation and directly quantify the impact of pollutants on

local air quality. We might be able to consider a chemical system that covers more critical

reactions affecting NOx pollution, such as reactions of Volatile Organic Compounds

(VOCs) and nocturnal NOs3 radical chemistry.
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Tables

Table 1: The surface fluxes of chemical species prescribed in the comparison test.

surface fluxes

inert tracer 0.1 ppb-m/s

NO 0.1 ppb-m/s
NO, 0.05 ppb-m/s
O, 0.0 ppb-m/s
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Table 2: The emission setting of industrial and vehicle emission sources. Industrial
emission represents the pollution from power and steel industries in coastal industrial
parks, and the emission height is set at 300m which refers to the stack height of power
plants. Vehicle emission in urban areas is mainly associated with human activities;
therefore, the pollution duration is set in the daytime. We use Taiwan emission database
system version 11.0 (TEDS 11.0) based on 2019 in Taichung as our dataset.

Industrial emission Vehicle emission

Region coastal areas urban areas

Grid points 1 x 64 254 x 64

Height 300m surface

Emission time 24 hours Daytime(6:30-17:20)

NO, emission  1.899 ppb/(s-grid) 0.01924 ppb/(s-grid)
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Fig. 1: Initial profiles of (a) potential temperature, (b) total water mixing ratio, (c)

chemical species, and (d) the diurnal evolution of sensible and latent heat fluxes.
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Fig. 2: One-hour averaged vertical profiles of (a) potential temperature and (b) total water
mixing ratio at 11:30 LT (blue) and 14:30 LT (red).
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Fig. 3: Time evolution of (a) cloud top height (CTH) and cloud base height (CBH), (b)

cloud fraction, and (c) liquid water path.
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256km

Fig. 5: The ocean, land, and mountain arrangement in the idealized simulation represents
the simplification of the terrain of central Taiwan. The setting of half ocean and half land
is able to favor the formation of land-sea breeze. Since Noah LSM version 3.4.1 is
implemented to VVM (Wu et al., 2019), different land use can be separated and specified
in the idealized simulation, thus the land is separated into urban areas (red, LU=1) and
mountain areas (green, LU=13) to imitate Taichung downtown areas and the Central
Mountain Range. The mountain areas are bilateral symmetry on the x-axis and the
mountain height is set at 1000m, the real height of the Central Mountain Range is not

applied in the simulation to avoid computing issues.
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Fig. 6: The initial profiles of (a) potential temperature and (b) water vapor mixing ratio
which represents idealized winter condition in Taiwan. A thermal inversion layer can be

observed from 1600m to 3200m.
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Fig. 7: Y-axis mean cross-section vertical profiles of NOx concentration on day 1 (a) 07:30
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regions for further analysis (Fig. 8-17) are shown in the lower figure.
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Fig. 8: Vertical profiles of NOx concentration over (a) coastal, (b) inland, (c) hillside, and
(d) peak regions on day 2 8:00 LT (black), 11:00 LT (red), 14:00 LT (green), and 17:00

LT (blue).

42

doi:10.6342/NTU202201146



(a) wind speed (x-component)

u (m/s)

(b) boundary layer height

time (hr)

Fig. 9: Time evolution of (a) sea breeze strength (blue), (b) boundary layer height (green),

and NOx concentration (red) over the inland region.
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Fig. 10: Time evolution of the budget of (a) transport equation, (b) advection terms, and
(c) diffusion terms over the inland region. Total budgets include tendency (black),
emission (red), advection (blue), diffusion (green), and residual terms (yellow dashed).
Advection and diffusion in (b) and (c) are separated into horizontal (dark color) and
vertical (light color) terms shown in dashed lines.
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Fig. 11: Extreme values and the peak times of total advection and vertical diffusion over

land regions on day 1 (green) and day 2 (blue), respectively. Solid lines show the peak

values and dashed lines show the peak times. Minimums of vertical diffusion are

multiplied by -1 to compare to the maximum of total advection easily.
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(a) industrial emissions
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Fig. 12(a): The time series of surface NOx concentration of industrial emissions over land
regions only. Shaded represents NOx concentration. Gray dashed lines represent the
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boundary between plains and mountains.
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(b) vehicle emissions

00

Time (hr)

0 16 32 48 64 80 96 112 128
? Peak

E Hillside *
=< Coastal Inland .
N0 * *

0 16 32 48 64 80 96 112 128

Distance to the coast (km)
Fig. 12(b): The time series of surface NOx concentration of vehicle emissions over land
regions only. Shaded represents NOx concentration. Gray dashed lines represent the

boundary between plains and mountains.
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Fig. 13: Maximum concentrations and the peak times of industrial and vehicle emission
over land regions on day 1 (green) and day 2 (blue), respectively. Bar charts show the

peak values and dashed lines show the peak times. Land regions were divided into eight

areas to be analyzed.
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Fig. 14: Probability Density Function of the occurrence of the concentration of (a)
industrial and (b) vehicle NOy larger than 10 ppb in the x-z plane. The larger the shaded
is shown, the longer the NOx concentration larger than 10 ppb would stay in there. The
probability of 1 represents that NOx concentration is larger than 10 ppb for up to two days.
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(a) chemical reactants

Chemical species (ppb)

(b) photolysis rate

g =2 1.0
R L0.8
§ 6 o
2] 0.6 ©
L. e
o 41 o
G =
2] 0.4 R
2. S
(@]

2_

s 7 L0.2

(I amEEEeS ISSEEEEEEL SIS ENEEEEE D INENEEEEEL S AR 0.0

00 06 12 18 00 06 12 18 00

time (hr)

Fig. 15: Time evolution of (a) NOx (red), NO (pink), NO2 (purple), O3 (green), (b)
photolysis rate (blue), and NO2/NOx ratio (black) over inland region.
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Fig. 16: Time evolution of (a) NOx (red), NO (pink), NO2 (purple), O3 (green), (b)
photolysis rate (blue), and NO2/NOx ratio (black) over hillside region.
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Fig. 17: Time evolution of Leighton ratio over coastal (blue), inland (red), hillside

(green), and peak (black) regions.
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