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Abstract

Isoprene, primarily emitted by vegetation, is considered to be the most

important biogenic volatile organic compound in the troposphere due to its

strong rate of emission and high ozone (O3) formation potential. In model

simulations, the impact of isoprene on the O3 distribution is highly a�ected by

the chemical mechanism used, including the treatment of isoprene nitrates (INs)

and their impact on NOX recycling. However, most of the chemical schemes

included in the chemistry transport model have a rather simple representation

of isoprene chemistry with intermediates lumped, which may not be able to

reproduce the nonlinear chemistry of isoprene very well.

This study aims to understand the detailed isoprene chemistry and its impact

under various NOX -VOCs regimes in China using the WRF-Chem model. To

do so, a more explicit isoprene chemical mechanism (M4) is developed and

implemented into WRF-Chem, and its simulations are validated with the �eld

observations in Beijing as part of the APHH-Beijing programme.

The modelled diel patterns of INs agree well with the observations suggesting

that the key chemical processes are captured reasonably well, although there

are discrepancies in absolute concentrations. Compared to the simpler chemical

mechanism (MOZART-4), the reaction between RO2 and HO2 and other RO2

are more competitive in M4 resulting in a slower NOX recycling and lower NOX

concentrations over China, which then impact the O3 distribution (�4%).

In very high NOX environments, 25% reduction of NOX emissions is simulated

to result in up to 20% (10 ppb on average) O3 enhancement, which is due to the

increased O3 production owing to reduced loss of HO2 and reduced O3 titration

by NO. If isoprene emission increases in these areas, the photochemical

pollution can become even more severe. Hence, di�erent O3 control measures

need to be designed according to the local NOX -VOCs regimes.
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1

Introduction

Isoprene, as a reactive hydrocarbon emitted primarily by vegetation, plays an

important role in the tropospheric ozone (O3) formation. However, recent

studies show that the formation of isoprene nitrates (INs) in its oxidation can

change the O3 distribution by temporarily terminating the local O3 production

and encouraging the O3 formation downwind. However, INs are hard to be

measured and identi�ed. As a result, the INs chemistry, as well as its

contribution to the O3 formation is poorly understood.

INs were identi�ed and measured in Beijing for the �rst time by our group

during the �eld campaigns as part of the joint UK-China air pollution research

programme. This study is embedded in this programme, and aims to improve

the understanding of isoprene and INs chemistry and assess their impact under

di�erent emission scenarios and ambient air conditions, using China as the

study area. In this document, I present and discuss the results from the model

simulations and the comparison of the campaign measurements.

In the �rst chapter here, I introduce the chemical background, the uncertainties

in the isoprene chemistry, and the current air quality status in China. The

structure of this thesis is mentioned in the end.

Section 1.1 introduces the tropospheric O3 related chemistry as well as the

current understanding of isoprene chemistry. Isoprene chemistry is complicated

and involved in many important chemical systems. Three major pathways of

isoprene oxidation are discussed in detail here. The current understanding of

the INs formation and the uncertainties in their chemistry are also included in

this section.
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Section 1.2 describes the air pollution issue in China, as well as the measures

taken by the Chinese government to improve air quality in recent decades. Key

pollutants and their trend are discussed. This chapter will provide the reader

with a basic idea of the air pollution evolution in China.

The last section of this chapter gives an overview of this document. The

objectives and the thesis structure are listed here.
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1.1 Overview of tropospheric chemistry

1.1.1 Tropospheric O3 formation

O3 is one of the most important pollutants in the troposphere. Ground-level O3

at high concentrations poses a great threat to human health as it increases the

risk of respiratory disease, and is also detrimental to crops and other vegetation

(McKee, 1993). Tropospheric O3 is also the third most important greenhouse

gas (Stocker et al., 2013). It has a lifetime of about 22 days, which means the

impact of O3 is not limited to the local area but can be regional (Stevenson

et al., 2006).

As a secondary pollutant, O3 is mainly produced photochemically, which

involves the three signi�cant chemical systems: HOX chemistry (hydroxyl

radical (OH) and hydroperoxy radical (HO2)), NOX (nitric oxide (NO) and

nitrogen dioxide (NO2)) chemistry and the organic chemistry. Therefore, these

three basic tropospheric chemical systems are introduce here.

Almost all the O3 is formed by the photochemical reaction below,

O2 + O(3P) + M ��! O3 + M (1.1.1)

where the O(3P) is atomic oxygen and M is a third body that is involved in the

energy exchange of the reaction. M usually is N2 and O2 in the atmosphere

(Jacob, 1999).

O(3P) is mainly produced by the photolysis of O3.

O3 + h� ��! O(1D) + O2 (1.1.2)

O(1D) + M ��! O(3P) + M (1.1.3)

It is noticeable that no net O3 is produced in the cycle of reaction 1.1.1,

reaction 1.1.2 and reaction 1.1.3, as the formation of O(3P) destroys O3

molecule.
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Figure 1.1.1: Schematic representation of the chemistry of VOCs and NOX in the
troposphere (source: http://mcm.leeds.ac.uk/MCMv3.2/project.htt).

Another source of O(3P) in the troposphere is from NO2 photolysis.

NO2 + h� ��! O(3P) + NO (1.1.4)

The majority of NO2 is formed through the oxidation of NO, and in the

troposphere the O3-NO reaction is the dominant pathway of this process.

NO + O3 ��! NO2 + O2 (1.1.5)

Similar to above, in the reaction 1.1.1, reaction 1.1.4 and reaction 1.1.5 cycle,

the net production of O3 is still zero. In other words, net O3 can be formed

when the oxidation reaction of NO to NO2 occurs by other oxidants, namely

peroxy radicals, which are the products of CO and hydrocarbon oxidations.

A very large number of volatile organic compounds (VOCs) exist in the

troposphere, and their oxidation products are often involved in the NOX cycle.

Fig. 1.1.3 illustrated the photochemical formation of O3 in the presence of VOCs

and NOX. VOC react with OH, with break of the C{H, C{{C or C{{{C bond

forming a radical referred as R. Preoxy radical (RO2) is rapidly formed with the

reaction between R and O2.

R + O2 ��! RO2 (1.1.6)
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RO2 reacts with NO forming NO2 and an alkoxy radical, RO.

RO2 + NO ��! RO + NO2 (1.1.7)

In this way, NO2 is converted from NO with no consumption of O3, and the

subsequent photolysis leads to the net formation of O3 (reaction 1.1.1 and

reaction 1.1.4).

RO ��! carbonyl products + HO2 (1.1.8)

HO2 + NO ��! OH + NO2 (1.1.9)

This is not the end of the story. During the degradation of the RO, with the

presence of O2, a hydroperoxy radical (HO2) can be produced as a byproduct,

which can also convert NO to NO2. Some of the carbonyl products react

similarly to their parent hydrocarbons, forming peroxyl radicals during its

decomposition. Hence, in the troposphere, O3 is produced e�ciently via the

oxidation of VOCs in the presence of NOX, which acts as a catalyst.

The sink of NO2 (reaction 1.1.10) leads to a reduction of O3 formation.

OH + NO2 + M ��! HNO3 + M (1.1.10)

1.1.2 Impact of NOX and VOCs concentrations on O3 formation

The previous section introduced the mechanism of the tropospheric O3

formation, which is via the oxidation of VOCs in the presence of NOX. The O3

production control seems straightforward: by restricting the VOC or NOX

emissions as they are the precursors of O3. However, O3 formation is not always

reduced when NOX or VOC concentration is lower. The reactions between VOC

and NOX are complex, have multiple branches and the dominant reactions can

vary responding to the di�erent ambient air compositions.

In the very low NOX environment (NOX � 100 ppt), RO2 are produced normally

via reaction 1.1.6 and reaction 1.1.8. However, due to lack of NO, the reaction

rate of reaction 1.1.7 and reaction 1.1.9 become low, as a result, more preoxy

radical can react with O3 leading to destruction of O3.

RO2 + O3 ��! RO + 2 O2 (1.1.11)
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Figure 1.1.2: The dependence of the net O3 production (or destruction) rate on
the NOX concentration (Hewitt and Jackson, 2009).

HO2 + O3 ��! OH + 2 O2 (1.1.12)

In contrast, if the NOX mixing ratio is very high (NOX � 10 ppb), signi�cant

amount of NO2 can be formed rapidly through the O3 titration (reaction 1.1.5)

making reaction 1.1.10 more competitive. The formation of nitric acid (HNO3)

is not reversible due to its high deposition velocity, which means O3 is removed

from the atmosphere permanently via this process. Hence, in this regime, O3

production rate is lower with the enhanced NOX in the atmosphere.

Fig. 1.1.2 shows the dependence of the net O3 production rate change on the

NOX concentration from a numerical model. The region A represents the very

low NOX condition, where the negative O3 production rate is due to

reaction 1.1.11 and reaction 1.1.12. In the B region, su�cient amount of RO2

exits in the atmosphere and O3 production is constrained by the concentration

of NOX, so called NOX limited regime. The net O3 production rate is highly

sensitive to the NOX mixing ratio until the NOX concentration reaches the

region C. In this region, the abundant NOX titrates and removes O3 via

reaction 1.1.5 and reaction 1.1.10. However, in region C if an addtional source

of VOCs is included, the enhancement of RO2 can encourage O3 production and

shift this regime to regime B. In other words, the net O3 production rate in this

region is limited by VOCs.



1.1 Overview of tropospheric chemistry 31

Figure 1.1.3: Diagram of ozone isopleths, showing the maximum O3 concentration
in various conditions. The x-axis and y-axis are the initial mixing ratios of VOC
and NOX in the model and the straight lines represent di�erent VOC to NOX

ratios (Jenkin and Clemitshaw, 2000).

The NOX limited and VOCs limited regimes are not de�ned by the

concentration of NOX or VOCs, but the ratio between the two. Fig. 1.1.3

illustrates the O3 concentration in relation to di�erent NOX and VOC

concentrations. The O3 isopleths in the �gure are generated by box modelling

which calculates the maximum O3 mixing ratios change over time with various

NOX and VOC initial mixing ratios. This method is called empirical kinetic

modelling approach (EKMA) (Dodge, 1977). The curves are the modelled

O3-isopleths and the straight lines represent di�erent VOC to NOX ratios.

This �gure shows the O3 concentration in di�erent regimes. If the VOC to NOX

ratio is � 15, the O3 mixing ratio is very sensitive to the NOX concentration,

which means it is the NOX limited condition (the region B in Fig. 1.1.2). This

condition usually occurs in rural areas where abundant of RO2 are formed but

lack of NOX to react with.

The condition where the VOC to NOX ratio is � 4 is the VOC-limited regime

(region C in Fig. 1.1.2). The O3 mixing ratio drops with increasing NOX

concentration, which suggests that O3 is destroyed at a higher speed than its

production. This environment occurs in the regions close to the anthropogenic

source, such as urban areas.
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When the VOC to NOX ratio is between 4 to 15, O3 concentration increases

with the enhanced VOC and NOX mixing ratios. O3 is produced e�ciently in

this regime since su�cient VOC and NOX are presence in the atmosphere to

react. The equivalent region in Fig. 1.1.2 of this regime is near the peak of O3

production area in between of the region B and C. It is worth mentioning that

with more VOC presence, the curve of Fig. 1.1.2 can be di�erent. The peak O3

production rate is expect to be larger and appear in higher NOX concentrations

if the VOCs concentration is larger.

To conclude, the O3 formation rate is not a linear function of VOC or NOX

concentration, but it is related to the ratio of the two.

1.1.3 Isoprene and its emissions

Isoprene (2-methyl-1,3-butdiene, C5H8, formula CH2 {{C(CH3){CH{{CH2, Fig.

1.1.4) is the most important biogenic VOC (BVOC) in the troposphere due to

its high reactivity and abundant emission.

As illustrated in the Fig. 1.1.4, though there are 5 carbons atoms in isoprene,

the main chain is composed with 4 of them (labelled 1 to 4), and the second

carbon always has 4 bonds linking to the carbon atoms. The order of the

carbon atoms in the chain is important in naming the isoprene derived isomers,

which have the same compositions but di�erent structures. The naming method

is explained in the section 1.1.5, where the IN isomers are introduced.

With high reactivity, once be emitted in the atmosphere, isoprene rapidly

oxidised by the oxidants, leading to a short lifetime (less than one hour during

daytime in summer) (Perring et al., 2009). Hence, the impact of isoprene itself

is considered to be regional. However, during its oxidation some relatively

longer lived nitrates and other secondary products such as methyl vinyl ketone

(MVK) and methacrolein (MCAR) can be formed, which may be involved in

the O3 formation downwind.

The range of global natural emission of isoprene is 410 TgC per year to 600

TgC per year, and constitutes approximately 40% of the total global

non-methane volatile organic compound (NMVOC) emissions in terms of mass
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Figure 1.1.4: Structure of isoprene.

Figure 1.1.5: Monthly average isoprene emission rates estimated with MEGAN
for 2003 (Guenther et al., 2006).

(Stocker et al., 2013; Guenther et al., 2006).

As a BVOC, isoprene is primarily emitted by vegetation, especially broadleaved

trees. Temperature, intensity of sunlight and the plant function type are the

main factors a�ecting its emission. As a result, isoprene emission shows a

strong diurnal and seasonal cycle. Fig. 1.1.5 shows the monthly average global

emission rate map of isoprene using the simulation from the Model of Emissions

of Gases and Aerosols from Nature (MEGAN). Globally, isoprene is mainly

emitted in the southern hemisphere (SH) tropics during northern hemisphere

(NH) winter. However, still signi�cant amount isoprene is released in

mid-latitudes of NH in NH summer. In July, isoprene emission in the south and

north-east of China can reach 2 to 4 mg � m�2 � h�1 (Archibald et al., 2010).

Due to large geographical di�erences in China, the density and predominant

vegetation changes from region to region. As a result, the potential isoprene

emissions vary over large scales in China. According to a light-temperature

model simulation, Beijing, Tianjing, and Shanghai contribute only 0.22% to the

total isoprene emission in China. By contrast, the emissions of the forest in the
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Figure 1.1.6: Diel cycle of monthly averaged mixing ratios of isoprene in Beijing
(Li et al., 2013).

SE and NE of China contribute 22% and 11% respectively to the total isoprene

emission (Zhang et al., 2003).

The isoprene emission rates vary with di�erent plant species. Broad-leaved trees

are the main sources of isoprene emission, especially chinar, which has a high

emission rate of 139 � 42 �g � g�1 � h�1, followed by poplar trees with an

emission rate of 105.8 � 16.1 �g � g�1 � h�1 (Wang et al., 2010). However, this

emission rate is not a �xed value. As mentioned above, it is also a�ected by

temperature and intensity of sunlight. Assuming the intensity of sunlight

remains constant, vegetation emits more isoprene with the increasing

temperature and reaches the peak value at around 40 oC (Wang et al., 2003).

Intensive sunlight will encourage the emission of isoprene.

Strong correlation between isoprene and CO emissions were founded in many

countries, which indicates the anthropogenic sources of isoprene (Duan et al.,

2013; Borbon et al., 2001). Larger emissions of isoprene were recorded in areas

close to tra�c rather than regions with denser vegetation in winter Beijing,

which indicated a considerable contribution of human activities to isoprene

emissions (Duan et al., 2013).
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Fig. 1.1.6 shows the seasonal averaged isoprene mixing ratio diel pattern in

Beijing. Peak isoprene mixing ratio appears in summer (up to 1.7 ppb),

followed by autumn (up to 0.8 ppb). The diurnal pattern varies di�erently in

the four seasons. In spring, maximum isoprene concentration is shown at night

(1 a.m.), which is likely to be associated with the 
ow control of the trucks. In

Beijing, heavy turcks are not allowed to enter the central city (inner 5th ring

road region) during the day. As a result, these heavy diesel vehicles are

travelling to Beijing at around midnight. This peak of isoprene concentration

has been observed over the whole year, though it is less obvious in the other

three seasons due to higher daytime emissions. In summer, isoprene

concentration increases in the morning with the increasing temperature and

radiation intensity and reaches a peak at 12.00 - 14.00, which agrees with the

previous discussion of biogenic isoprene emissions. This pattern is not obvious

in the other three seasons. Isoprene mixing ratio represents the balance of its

emission and its oxidation, so the low value of isoprene at noontime in spring,

autumn and winter can be the result of that the photochemical reactions

dominate over the emission. In autumn and winter, high isoprene were seen in

the morning (8.00 - 10.00) and afternoon (15.00 - 17.00) when sunlight is

present but not strong enough to dirve fast photochemistry.

1.1.4 Isoprene oxidation chemistry

The oxidation of isoprene can be initiated by several oxidants in the

atmosphere, such as OH, O3 and the nitrate radical (NO3) (Archibald et al.,

2010; Fan and Zhang, 2004). The OH-isoprene pathway dominates daytime

oxidation of isoprene, while during the night isoprene mainly reacts with NO3.

Compared to OH oxidation, the reaction rate of O3 with isoprene is not very

fast. However, this pathway is important in this study since O3 participants in

the chemistry as a reactant.

OH-isoprene reactions Isoprene oxidation by OH is similar to VOC-OH

reactions. Isoprene can be oxidised to hydroxy radicals (ISOPR). The reaction

rate constant of this reaction is 1.0�10�10 cm3 mol�1s�1, which has been

measured experimentally and calculated theoretically (Lee et al., 2014; Fan and

Zhang, 2004).

Depending on which double carbon bond is destroyed, four ISOPR isomers (ISOA,

ISOB, ISOC and ISOD, Fig. 1.1.7) can be formed. As mentioned in section

1.1.3, there are four carbons on the main carbon chain of isoprene, and carbon 2
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Figure 1.1.7: Schematic of the OH initiated reaction pathways of isoprene (Fan
and Zhang, 2004).

is connected with carbon 5. These �ve carbons are referred as C1 to C5 in the

following text. For ISOA and ISOD, double bonds between C1 and C2, and C3

and C4 are both broken forming a new double bond between C2 and C3. Hence,

the OH can attach to either C1 (ISOA) or C4 (ISOD). The ISOB is formed when

the double bond between C1 and C2 is broken and OH attaches to C1. If OH

is captured by C4 breaking the C3 to C4 double bond, ISOC is produced. The

branching ratio of ISOA : ISOB : ISOC : ISOD is measured to be 0.56 : 0.02:

0.05 : 0.37 (Fan and Zhang, 2004).

C5H8 + OH ��! 0:56 ISOA + 0:02 ISOB + 0:05 ISOC + 0:37 ISOD (1.1.13)

The ISOPR isomers react rapidly with molecular oxygen forming 6 peroxy

radicals (ISOPO2) isomers, which are (1,2)-ISOPO2, (4,3)-ISOPO2,

E-(1,4)-ISOPO2, Z-(1,4)-ISOPO2, E-(4,1)-ISOPO2 and Z-(4,1)-ISOPO2. E and

Z are referred to trans- and cis- isomers with same functional groups at the

same positions but di�erent con�gurations (Fan and Zhang, 2004; Lockwood
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et al., 2010). Wennberg et al. (2018) recommended the ratio between these

ISOPO2 are 0.479, 0.259, 0.102, 0.049, 0.048, and 0.063 follow the order above.

The subsequent reaction of ISOPO2 with NO leads to the formation of hydroxy

alkoxy radicals (ISOPO) and NO2, or hydroxy isoprene nitrates (hy-INs).

ISOPO2 + NO ��! (1� �) NO2 + (1� �) ISOPO (1.1.14)

ISOPO2 + NO ��! � hy�IN (1.1.15)

where � is the yield of hy-IN.

Six hy-IN isomers can be formed from the according ISOPO2. NOX is

temporarily tied into the nitrate functional group when hy-IN is formed. As a

result, less NO is converted to NO2 leading to a reduction of O3 formation. If

hy-IN is removed from the atmosphere via deposition or involved in the

heterogeneous chemistry forming aerosol, NOX concentration is reduced

permanently. The photolysis of hy-IN releases NO2 back to the air

(reaction 1.1.16), which continues the NOX cycle. However, compared to

isoprene, hy-IN is relatively long-lived with the lifetime of hours to days, which

means it can be transported to area far from the source region. That is to say,

NOX can be released to the remote regions with low NOX changing the O3

production there.

hy�IN + h� ��! ISOPO + NO2 (1.1.16)

NO3-isoprene reactions The night-time isoprene oxidation is a di�erent

story from the daytime chemistry. The NO3-isoprene reaction dominates the

isoprene oxidation after sunset due to the sharp decrease of OH mixing ratio

and the enhanced NO3 concentration.

Instead of reaction 1.1.13, isoprene is oxidised to nitrooxyalkyl peroxy radicals

(ISOPNO3) by NO3.

ISOP + NO3 ��! ISOPNO3 (1.1.17)
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Aldehydic isoprene nitrate (al-IN) is formed as the product of reaction between

ISOPNO3 and NO (Fan and Zhang, 2004; Saunders et al., 2003).

ISOPNO3 + NO ��! al�IN + NO2 + HO2 (1.1.18)

The night-time isoprene mixing ratio is signi�cantly lower than the daytime,

however the al-IN formed via isopene-NO3 pathway contributes to about 50% of

the total isoprene nitrate (Kuhlmann et al., 2004; Horowitz et al., 2007). Similar

to the hy-IN, NO2 is a product of the photochemistry of al-IN. Al-IN can also

react with OH, O3 and NO3 forming shorter chain nitrates.

O3-isoprene reactions The oxidation pathway of O3 is simpler than the two

mentioned above. The overall reaction rate constant of the O3-isoprene reaction

is 1.6�10�17 cm3 mol�1s�1 (Fan and Zhang, 2004). O3 oxidises isoprene to a

shorter chain carbonyl products in this pathway. Subsequently methyl vinyl

ketone (MVK) and methacrolein (MACR) are produced, with high relative

branching ratio by stabilization reactions of their peroxy radicals (MVKO2 and

MACRO2) (Lee et al., 2014). The main source of MVK and MACR is from

isoprene oxidation, which makes them important trace gases in studying

isoprene chemistry.

ISOP + O3 ��! 0:33 CH2O2 + 0:405 MACRO2

0:23 MVKO2 + 0:21 MCAR

+ 0:12 MVK + 0:67 CH2O

(1.1.19)

Fig. 1.1.8 illustrates a box model simulation of the O3 mixing ratio under various

NOX and isoprene emissions. As a reactive VOC, isoprene can be involved in the

NOX cycle producing O3 e�ciently when su�cient amount of isoprene and NOX

presence in the air. Whereas when the emission is low (� 0.05 mg C � m�2 � h�1

), isoprene does not contribute to the O3 concentration.

1.1.5 Isoprene nitrates and their impact

As introduced in previous section, IN is formed by the reaction between

isoprene peroxy radicals and NO. Because both hy-IN and al-IN recycle NO2

during the photochemistry, IN can be considered as the reservoir of NOX. The

subsequent chemical reaction of it, in theory, can change the O3 distribution.

This process is poorly understood by far, and one of the reason is that hy-IN
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Figure 1.1.8: O3 (ppb) isopleth plot as a function of NOX and isoprene emissions
for the Master Chemical Mechanism (MCMv3.2). This was created from a series
of box model runs (Squire et al., 2015).

and al-IN are not two single species. Up to 8 di�erent hy-IN isomers and 4

al-IN isomers can be produced in reaction 1.1.15 and reaction 1.1.18 (Lockwood

et al., 2010; Rollins et al., 2009; Skov et al., 1992).

Fig. 1.1.9 and Fig. 1.1.10 show the structure of hy-INs and al-INs. The

abbreviations of hy-INs A to H are E-(4,1)-IN, Z-(4,1)-IN, E-(1,4)-IN,

Z-(1,4)-IN, (3,4)-IN, (4,3)-IN, (2,1)-IN and (1,2)-IN. The names of the isomers

depend on the position of the two functional groups. The �rst number in the

abbreviation is the number of carbon that connected with hydroxyl group, and

the second number represents the position of nitrate group. The al-IN I and J

represent the E/Z-(4,1)-al-IN and E/Z-(1,4)-al-IN isomers with the same

naming function.

Though the compositions are the same, IN isomers with di�erent structures can

have di�erent yields, di�erent lifetimes and di�erent degradation chemical

mechanisms. Due to the di�culties in measurements, detailed INs chemistry it

still poorly understood.

The branching ratio and yield of di�erent IN isomers have been studied for

decades. 8 - 13% yield of total hy-INs has been reported in 1990 (Tuazon and

Atkinson, 1990). Since then, estimations of INs yield ranging from 4.4 % to 14
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Figure 1.1.9: Chemical structures of isoprene nitrate isomers initiated by OH
radicals.

Figure 1.1.10: Chemical structure of isoprene nitrate isomers initiated by reaction
with NO3.

% were published (St. Clair et al., 2015; Paulot et al., 2009; Patchen et al.,

2007; Sprengnether et al., 2002; Chen et al., 1998). Apart from the big

uncertainties, the branching ratio observed in most of those studies represents

the yield of the total hy-INs, or even the total INs.

Fig. 1.1.11 listed the INs yields measured based on a chamber study. Yields of

(1,2)-IN, Z-(1,4)-IN, E-(1,4)-IN and total al-INs were calculated as 8.5 %, 2.9
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Figure 1.1.11: Yield of isoprene nitrates (Piletic et al., 2017).

%, 19.4%, and 21%, respectively (Piletic et al., 2017). This study also suggests

that the yield of INs is depend on the NOX concentration.

Based on the current knowledge of INs, researchers developed chemical

mechanisms with di�erent presentations of INs, or organic nitrates. Some

modelling studies reported that isoprene chemistry di�er hugely between

mechanisms, resulting in uncertainties of its impact (Archibald et al., 2010;

Emmerson and Evans, 2009). The di�erent treatments of nitrates can

contribute to the variability between mechanisms on their ozone production

rates over a wide range of NOX emissions (Archibald et al., 2010; Kuhlmann

et al., 2004).

The ability of simulating complex chemistry makes the box model favourable

for research, nevertheless, transport cannot be calculated in it. A regional

transport model study in Shanghai, China suggested that the O3 enhancement

in the rural area downwind is a result of NOX transported by the INs formed in

the source region(Geng et al., 2011).

However, the contribution of INs to the NOX recycling and O3 concentration

remain uncertain due to limited understanding of INs chemistry including its

formation and degradation.

This study aims to improve the understanding of isoprene and IN chemistry and

quantitatively investigate their impacts.
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1.2 Overview of air quality issue in China

1.2.1 The main pollutants in China

With the rapid development of urbanization and industrialization in China, air

pollution became a serious threat and is responsible for great number of cases of

respiratory, cardiovascular diseases and cancers every year (Liu et al., 2018a;

Zhang et al., 2017a). The key air pollutants in China are coarse and �ne

particulate matter (PM 10 and PM 2.5), surface O3, NOX, SO2 and CO.

Among those pollutants, SO2, CO and NOX are emitted directly by various

activities, so called primary pollutants. The source of SO2 is mainly from coal

combustion, and the dramatic increase of NOX and CO concentrations is a

result from greater fuel consumption in industry and private vehicles. PM can

also be emitted directly from dust, and black and/or elemental carbon from

combustion. Secondary PM, on the other hand, are formed in the atmosphere

via complex chemical reactions. O3, as a secondary pollutant, has no direct

emissions but is produced from photochemical reactions involving NOX and

VOCs (mechanism introduced in section 1.1.1).

The majority of the Chinese population lives in the eastern part of China,

especially in the ’BTH’ (Beijing-Tianjin-Hebei) region and the Yangtze River

Delta (YRD; including ShanghaiJiangsu-Zhejiang-Anhui) region. Due to the

active human activities, the emissions in these regions are high, resulting in

heavier pollution.

Fig 1.2.1 shows the average mass concentration of NO2, SO2, PM 10 and PM 2.5

across China from 2014 to 2015 (Zang et al., 2015).

High value of all four pollutants are recorded in the BTH, which suggests

critical air quality in that area. The other hot spot in the NOX distribution

map is the YRD, where Shanghai locates. The desert in NW China emits great

amount dust leading to the high concentration of PM 10.

Since this study focus on the isoprene chemistry and its contribution to the O3

formation, the status of NOX and O3 is presented here in detail. As mentioned

before, O3 has a negative impact on both human health and corp yield. Also,

due to a relatively long lifetime (about 22 days), O3 can be transported
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Figure 1.2.1: The special distribution of NO2, SO2, PM 10 and PM 2.5 in China
(Zang et al., 2015).

inter-city/region having a regional impact (Stevenson et al., 2006).

There are limited observational studies on the O3 spacial distribution across

China. O3 was not regularly monitored in Chinese cities until 2012. Even now,

the coverage of O3 monitoring station is limited to the major cities. The Ozone

Monitoring Instrument (OMI) on-board on NASA’s satellite can provide the

surface O3, NO2 and SO2 measurements from the space. However, due to the

exist of O3 layer, ground-level O3 is calculated with large uncertainties.

High values of Maximum Daily 8-hour Average (MDA8) are recorded in BTH

and YRD regions in China (Fig. 1.2.2), corresponding to the high NOX

emissions. Chengdu and Wuhan in the south of China are cities with good

vegetation coverage, hence O3 is produced e�ciently in these cities. A hot spot
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Figure 1.2.2: Average maximum daily 8 h (MDA8) O3 (�g m�3) concentrations
for 16 Chinese cities from 2014 to 2016 (Gong et al., 2018).

of O3 is found in Lhasa on the Tibet highland (Li et al., 2018a). Anthropogenic

emissions in there are low, however, due to the high altitude (3000 m - 5000 m),

intense solar radiation accelerates the photochemical reactions forming

signi�cant amount of O3. Also, O3 is transported from the stratosphere by the

stratspheric intrusions (Li et al., 2018a).

In Beijing, the higher O3 mixing ratios are observed in the comparison rural sites.

The O3 concentrations in there are 5 to 15 ppb higher than the measurements

from the urban sites close to tra�c junctions (WANG et al., 2014). This indicates

that Beijing is in a very high NOX environment where signi�cant NOX emissions

depress O3 formation. Similar results are observed in Sheyang (Liu et al., 2018b)

.

Since O3 is formed via photochemical reactions of its precursors, O3

concentration varies signi�cantly over seasons and di�erent time of the day.

In Beijing, O3 mixing ratio peaks in June with the monthly average of 38.86

ppb during the period of August 2004 to July 2005, and the lowest value was

6.23 ppb in December (An et al., 2007). Similar pattern has been observed in a

di�erent period (Dec 2012 to Nov 2013) in Beijing (Wang et al., 2014), and

Shenyang (2013 to 2015) (Liu et al., 2018b). In all three studies, O3

concentrations are positive correlated to the radiation intensities, and negative

correlated to the mixing ratio of NOX.

The diurnal pattern of O3 in all four seasons are similar. With in a day, O3

mixing ratios reach the peak and the minimum value in the afternoon (14.00 -
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16.00) and morning (6.00 - 8.00), respectively, owing to the signi�cant in
uences

of photochemical production during daytime and the depletion via NOX titration

during the night ( (Liu et al., 2018b; WANG et al., 2014; An et al., 2007)). NOX

levels generally displayed a pattern that is opposite to O3.

1.2.2 Air pollution issue in China

The Ministry of Ecology and Environment (MEE) in China published the

Ambient Air Quality Standard (GB-3095) (GB3095, 2012) in 2012 (Tab 1.2.1).

Compared with the standard in European countries and the United States, the

Chinese ambient air pollution limit is easier to meet.

However, a statistic study shows that none of the 12 monitoring sties in Beijing

met the PM standards from June 2014 to May 2015 (Guo et al., 2017). O3

concentrations exceeding the standard by 100 to 200% have been observed in

China’s major urban centers such as Jing-Jin-Ji, the Yangtze River delta, and

the Pearl River delta Wang et al. (2017).

During 2013 to 2014, over 89 pollution days were recorded in six major cities in

China (Beijing, Shijiazhuang, Xi’an, Wuhan, Shanghai and Guangzhou). There

were 261 days among 301 day with valid data considered as polluted in

Shijiazhuang, whereas in Beijing, it was 182 days (Hu et al., 2015). These six

cities accommodates over 60 million people, so the air pollution had a huge

impact.

To investigate the source and formation of urban air pollution and its impact,

Chinese and the United Kingdom government established a programme: the

Atmospheric Pollution and Human Health in a Developing Megacity - Beijing

(APHH-China) programme. This study is embedded in the programme and the

two �eld campaign in Beijing provided measurements for this study. The

programme and campaign is introduced in section 2.2.

To improve air quality, Chinese government put great e�ort on reducing

emissions including SO2, NH3 and all oxidized odd-nitrogen species (NOY) since

2013. By the end of 2015, the NOY emission is decreased by 18.6% (MEP,

2015). The PMs witness a decrease trend over most of the cities in China,

especially the Beijing-Tianjin-Hebei area (BTH). However, recent national air
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Standard Unit SO2

hourly
NO2

hourly
CO
hourly

O3

hourly
O3

MDA8
PM 10
DA

PM 2.5
DA

China ug/m3 500 200 10000 200 160 150 75

WHO ug/m3 200 100 50 25

UK ug/m3 350 200 100 50 25

EU ug/m3 200 120 40 25

US ppb 100 35000 70

Table 1.2.1: The ambient air quality standard. MDA8 represents the maximum
daily 8-hour average, and DA is the daily average.

quality monitoring report demonstrated that O3 has overtaken PM2.5 to

become the top air pollutant in summer in the major urbanized regions of

China (MEP, 2015).

Silver et al. (2018) analysed the air quality monitoring data from 2015 to 2017

across the whole of China. The trends of the key pollutants are shown in Fig.

1.2.3. The concentration of the pollutants is indicated by the size of the points

the left panel and the colour suggests the variation trend (blue for negative, red

for positive). It is clear that O3 shows a signi�cant increasing trend from 2015

to 2017 in over most of China while PM2:5 and SO2 are decreasing. The right

panel illustrates the frequency of stations against the relative trends. In 92% of

the stations, the increase of annual mean O3 MDA8 (maximun O3 concentration

in 8-hour period) exceed the median trend, which is 4.6 �g m�3 per year.

This increase of O3 is likely due to the successful NOX emission control while

delayed actions in reducing VOCs emissions, which might shift the urban

regions from the high-NOX environment to the regime that O3 is e�ciently

produced.

Di�erent emission scenarios are tested in this study. In doing so, the NOX-VOC

regimes in China is better understood by analysing the change of O3 formation.

This can provide the policy maker information on e�cient reduction of surface

O3.
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Figure 1.2.3: Concentration changes of PM2:5 (a, b), O3 MDA8 (c, d), NO2 (e,
f), SO2 (g, h) across Mainland China, Hong Kong and Taiwan from 2015 to 2017.
Left panels show the sign of trend (red for signi�cant positive, blue for signi�cant
negative and grey for insigni�cant). The mean concentration is indicated by the
size of circle. Right panels show the frequency of stations against the relative
trends (Silver et al., 2018).
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1.3 Overview of this thesis

1.3.1 Research aim and objectives

This thesis is an investigation of isoprene oxidation chemistry and its impact.

Speci�cally, it aims to improve the understanding of the chemical behaviours of

isoprene and INs under di�erent NOx-VOC regimes. Also, this study aims to

quantify the contribution of isoprene and INs on various tropospheric chemical

systems, such as the O3 formation, the NOX recycling, the HOX cycle as well

as RO2 chemistry.

To ful�ll this aim, three research objectives are designed:

� A new chemical mechanism with near explicit isoprene and IN

chemistry is developed and validated with the observational

data. To reduce the computational cost, the chemical mechanisms within

the chemical transport models (CTM) usually have lumped intermediates

and limited reactions. These mechanisms are not adequate for studying

the chemical behaviours of di�erent IN isomers. Hence, a chemcial

mechanism with more explicit and up-to-date isoprene chemistry is

developed and implemented into the model. NOX recycled by individual

IN isomers can also be calculated with tagging method included in this

mechanism.

� Understand the di�erent representations of isoprene chemistry in

the model and their responses to the various NOX-VOCs regimes.

The impact of isoprene chemistry representation is studied by comparing

the simulations generated from more explicit isoprene chemical mechanism

and with the original mechanism. This impact may vary in di�erent regions

of the domain, which will also be studied.

� Quantifying the contribution of isoprene and INs to various

tropospheric chemical systems is another objective of this

research. The impact of isoprene and INs can be obtained by analysing

the results of di�erent chemical treatments.

� Study the behaviour of isoprene and INs in di�erent NOX and

VOC regimes. The changes of isoprene and INs chemistries under

di�erent NOX and VOCs emission scenarios are compared. This can also
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help to improve the understanding of O3 formation mechanism, which can

provide information for the O3 control.

Structure of this thesis

This thesis is composed of 6 chapters, including one introductory chapter, one

methodology chapter, three results chapters and one conclusion chapter.

� The background chemistry, overall air quality issue, the recent studies of

this topic, as well as the overview of this study are included in this chapter

(Chapter 1).

� Chapter 2 is named model and observations. The primary approach of this

study is modelling and the fundamental tool is a modi�ed version of the

regional chemical transport model - the Weather Research and Forecasting

model with coupled Chemistry (WRF-Chem). Simulations of this model are

validated with the observational data. The source of the observational data,

the original model system, the development of the chemical mechanism and

the design of the runs are discussed in this chapter.

� By comparing the model outputs with the observational data, Chapter 3

evaluates the chemical mechanism and the model with ’base’ settings. Both

meteorological and chemical variables are assessed as the indicators of the

ability of the model in reproducing the transport and the chemistry.

� Chapter 4 is one of the main result chapters of this study. By applying

di�erent treatments to the chemistry, this chapter evaluates the

contribution of INs and isoprene chemistry to various tropospheric

chemical systems including the formation of O3 and recycling of NOX.

The di�erences between the two chemical mechanisms are also compared

here.

� Chapter 5 includes perturbation studies with three di�erent imaginary

emission scenarios, which can provide the information for O3 control in

China.

� Chapter 6 summarises the conclusions obtained from the previous chapters

and discuss the future work of this study .
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2

Model and observations

In this chapter, I will introduce the modelling system, chemical mechanisms and

the �eld measurements used in this study. This study is embedded within a

joint UK/Chinese directed programme on Atmospheric Pollution and Human

Health in a Chinese Megacity (APHH-China), and our team is involved in two

parts: measure the individual isoprene nitrate (IN) isomers in the �eld, and

develop and validate the chemical model to interpret the chemical fate of

isoprene in China. This study focuses on modelling the chemical behaviour of

isoprene and its impact and the INs was not measured by me but one of my

supervisors, Graham Mills. However, to gain a better understanding of the

observed data, I was involved in both �eld campaigns and helped with the

system set-up and sample collection.

Under the APHH China programme, two �eld campaigns were conducted in

Beijing measuring both meteorological parameters and air composition,

including INs. In the campaigns, a number of individual INs have been

measured in Beijing for the �rst time. This unique dataset, along with the

observational data from other research groups in the campaign, provide valuable

information on the behaviour of isoprene in di�erent weather/emission

conditions. Section 2.2 gives an overview of the APHH programme, the two

�eld campaigns, and the data collected.

This study aims to understand the role of isoprene in secondary pollutant

formation via its complex oxidation pathways. In this investigation, I modelled

the atmospheric chemical and physical processes of East China with di�erent

chemical mechanisms, treatments and emission scenarios. The model adopted in

this study is the Weather Research and Forecasting model coupled with

Chemistry (WRF-Chem). WRF-Chem is a complex online model involving

several modules. Section 2.3, section 2.4, and section 2.5 describe the model

from three perspectives.
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In section 2.3, the whole WRF-Chem system as a general modelling utility is

introduced. However, because the default con�guration of the model was not

adequate for the research purpose, changes were made. Details of the model

set-up and amendments to the chemical mechanism for this study are explained

in section 2.4 and section 2.5, respectively. These two sections are useful to the

reader, as they discuss the unique designs used to test the research questions in

this study.

Section 2.6 describes the properties of runs designed in this study to interpret

the isoprene chemistry and test its impact under di�erent imaginary scenarios.

2.1 Overview of the APHH programme

2.1.1 Introduction of APHH programme

Due to the rush to industrialisation and the massive growth in motor-tra�c, air

quality issues in developing countries, especially China and India. Air pollution

in these two countries draws great attentions from all over the world, which is

not only due to the extremely high concentrations of the pollutants during the

pollution episodes but also its impact on large population locally and regionally.

However, the air quality issue has not been subject to the same controls that

are now applied in developed countries because of the limited understanding of

emission and chemical processes.

The APHH programme was therefore established to investigate the source,

chemical formation of urban air pollution, as well as its impact on human

health. This programme has two separate streams that focus on megacities in

China (Beijing) and India (Delhi), respectively. This investigation contributes

to the APHH-China programme.

The APHH-China programme is a collaboration between the UK Natural

Environment Research Council (NERC), the National Science Foundation of

China (NSFC), UK Medical Research Council (MRC) and UK-China

Innovation Newton Fund. More than 18 universities and institutes from both

countries are involved in the programme. The programme is divided into 4
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themes and 5 projects:

1. Sources and emissions of air pollutants in Beijing (AIRPOLL-Beijing)

2. An integrated study of air pollution processes in Beijing (AIRPRO)

3. Air pollution impacts on the cardiopulmonary disease in Beijing: An

integrated study of exposure science, toxicogenomics and environmental

epidemiology (APIC-ESTEE), and E�ects of air pollution on the

cardiopulmonary disease in urban and peri-urban residents in Beijing

(AIRLESS)

4. Integrated assessment of the emission-health-socioeconomics nexus and air

pollution mitigation solutions and interventions in Beijing (INHANCE)

The �rst two themes focus on the emissions and the key processes that a�ect

atmospheric pollution in the Chinese urban environment. Whereas the third

theme investigates the impact of pollution on human health and economics

based on the support of the �rst two themes. The last theme takes data

collected in the theme 1-3 into consideration to develop the air pollution

solutions that are cost-e�ective (Shi et al., 2019).

This PhD study contributes to theme 2 (AIRPRO) of the programme by

improving the understanding of the interaction of isoprene and NOX and how

this impacts O3 formation in Beijing. Meanwhile, the two �eld campaigns

conducted in Beijing, which collect the data for themes 1 and 2, provide

comprehensive information for model validation. The details of the campaigns

and the measurements used in this study are discussed in the next section.

2.1.2 The �eld campaigns

Two �eld campaigns were carried out in Beijing as part of the APHH-China

programme. Both campaigns have been conducted at the same locations but in

di�erent seasons. The winter campaign was from 10th Nov to 10th Dec 2016,

and the measurements in summer were taken from 15th May to 22th Jun 2017.

The winter campaign was shorter than the summer campaign due to a power

issue at the site at the beginning of the winter campaign.

All data used in this study were collected at the Iron Tower Branch of the

Institute of Atmospheric Physics, Chinese Academy of Sciences (referred as IAP
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Figure 2.1.1: Study area topography of the Beijing{Tianjin{Hebei region (a) with
the rectangle showing enlarged study area (b) (Shi et al., 2019). The IAP site is
represented as the red dot in the middle of the map b. The red and blue symbols
show the network of other measurements taken during the campaign that are not
included in this study.

in the following text). The location of the IAP (39.98o N, 116.38o E) is

indicated by the red dot in the middle of Figure 2.1.1. The IAP site is located

in central Beijing in between the northern third and fourth ring roads. It is an

urban site and surrounded by residential blocks with over 10 
oors on average.

This local feature can in
uence not only the emission sources and distribution

but the vertical mixing at lower altitudes. The main road is approximately 100

m to the north. An overpass is about 400 m to the east of the site. The

emissions from vehicles on the overpass are directly injected to the higher

altitudes, which can impact the vertical distribution of the emission pro�le.
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IAP was selected as the sampling site due to its urban location, large-capacity

for taking measurements, as well as the unique 325 m meteorological tower at

the site. The tower allowed measurements of vertical pro�les of meteorological

and chemical parameters to be made at various heights up to 320 m. The

emissions of pollutants can be determined based on the 
ux measurements

taken at 100 m platform of the tower.

Shi et al. (2019) listed the instruments deployed by the research groups during

the campaigns. Researchers from eight UK institutes and six Chinese institutes

were involved in the measurements at the IAP. Measurements were made for

meteorological parameters, mixing ratio of gas-phase species, mass and

composition of aerosols, atmospheric reactivity, and 
uxes.

The observations in the campaigns provide a comprehensive record of the

atmospheric characteristics in Beijing during both seasons. However, not all

data have been used in this study. Section 2.2.3 introduces the observational

data used in the analysis with the model outputs.

2.1.3 Campaign measurements used in this study

As introduced in the last section, a variety of data have been collected during

the campaigns, and some of them are helpful in validating the model and

understanding the chemical processes of particular interest to this study. These

measurements are noted in Table 2.1.1 and introduced here with more details.

The meteorological data were collected by the IAP on �fteen levels of the

meteorological tower (8 m, 15 m, 32 m, 47 m, 65 m, 80 m, 100 m, 120 m, 140 m,

160 m, 180 m, 200 m, 240 m, 280 m, and 320 m) as part of their routine

measurements. This dataset includes key meteorological parameters, such as

temperature, relative humidity, wind speed and wind direction. The planetary

boundary layer height is an important parameter of vertical mixing. During the

campaign, the mixing layer height is measured by the University of Reading

with the ceilometer (Kotthaus and Grimmond, 2018).

Ground-level chemical tracers measured by the University of York are used in
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model validation. The dataset contains mixing ratios of CO (Smith et al.,

2017), NO, NO2, O3, gband VOCs (Hopkins et al., 2011). These species are

measured with di�erent instruments, which is shown in Table 2.1.1. OH, HO2

and RO2 concentrations were recorded by the University of Leeds with

Fluorescence Assay by Gas Expansion (FAGE) (Whalley et al., 2010). A gas

chromatography/mass spectrometry (GC-MS) based analytical system was

deployed by the University of East Anglia to measure IN isomers. This GC-MS

system can synthesis 5 hydroxy INs ((4,3)-IN, E/Z-(1,4)-IN and E/Z-(4,1)-IN)

and 4 aldehydic INs (E/Z-(1,4)-al-IN and E/Z-(4,1)-al-IN) at the same time in

the lab (Mills et al., 2016), while the (1,2)-IN can be measured with direct

injection. However, E/Z-(1,4)-IN and E/Z-(4,1)-IN were not able to be

identi�ed in the campaign because there were too many nitrated compounds in

the atmosphere.

The concentration of key pollutants (CO, NO, NO2, SO2, PM1, PM2:5 and

PM10) were recorded at six platforms of the meteorological tower (8 m, 32 m,

100 m, 160 m, 260 m, and 320 m) by the Sensor Network for Air Quality

(SNAQ) boxes (Popoola et al., 2018). This dataset allows me to compare the

modelled and observed vertical pro�les of some gas tracers.

In addition to the concentration of the chemical tracers, the 
ux of CO (Gerbig

et al., 1999) and NOX (Vaughan et al., 2016) were analysed by the University of

York, and the VOCs 
uxes (Huang et al., 2016) were measured by Lancaster

University. These 
ux measurements were taken at about 100 m above the

ground, which can represent the emissions below.
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Parameters Category Instruments Institutes Location Reference

Wind speed;

direction; T;

RH

Meteorology IAP Tower

(15

heights)

Mixing layer

height

Meteorology Vaisala

CL31 ALC

ceilometer

Reading Ground Kotthaus

and

Grimmond

(2018a)

C2 to C7

VOCs and

oVOCs

Gases DC-GC-

FID

York Ground Hopkins et

al. (2011)

NO Gases TEI 42i York Ground

NO2 Gases Teledyne

CAPS

York Ground

O3 Gases TEI 49i York Ground

SO2 Gases TEI 43i York Ground

CO Gases Sensor box York Ground Smith et al.

(2017)

OH; HO2;

RO2

Gases FAGE Leeds Ground Whalley et

al. (2010)

Organic

nitrates

Gases GC-MS East Anglia Ground Mills et al.

(2016)

CO; NO; NO2;

SO2

Gases SNAQ

boxes

Cambridge Tower (6

heights)

Popoola et

al. (2018)

NOx 
uxes Flux Fast NOx York Ground Vaughan et

al. (2016)

CO 
uxes Flux AL5002 CO

analyser

York Ground Gerbig et

al. (1999)

VOC 
uxes Flux PTR-TOF-

MS

Lancaster Ground Huang et al.

(2016)

Table 2.1.1: The list of the campaign measurements used in this study.
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2.2 Overview of WRF-Chem

The modelling system used in this study is the Weather Research and

Forecasting model with coupled Chemistry (WRF-Chem system), version 3.8.1.

This version was released in August 2016 by the National Center for

Atmospheric Research (NCAR) and University Corporation for Atmospheric

Research (UCAR), USA. WRF-Chem is a community model developed by Grell

et al. (2005), and has been improved, evaluated and applied by many users and

organisations all around the world (Zhang, 2010).

WRF-Chem is a 3-dimensional modelling system which can simulate major

atmospheric feedbacks between meteorology, gas phase chemistry, aerosol, and

radiation. As a modelling system, WRF-Chem system consists of three main

components, which are 1) WRF Pre-Processing System (WPS), 2)Weather

Research and Forecasting model (WRF) and 3) chemistry module. Figure 2.2.1

shows the basic structure and data 
ows within the model system.

WPS processes the geographical information of the selected domain and re-grids

the meteorological data according to the domain con�guration giving ’met �les’.

These met �les, along with the chemical initial conditions (IC) and boundary

conditions (BC), are used by the real program to produce input and boundary

�les for the main model. The model core (wrf.exe) then can output simulations

with provided emission information.

In this section, I provide more details on WRF-Chem modelling system, including

WPS, WRF-Chem and the Kinetic Pre-Processor (KPP) components, which are

the key components to modify and run the model.

2.2.1 WRF Pre-Processing System (WPS)

WPS is used to prepare the input �les for the real program, which is designed

for real-data simulations such as this study. There are three utilities (geogrid,

ungrib, and metgrid) inside WPS which perform di�erent stages of the

pre-processing work with the input data and set-up conditions provided by the

user.

The geogrid utility reads in the list of domain parameters speci�ed by the user
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Figure 2.2.1: The 
ow chart of WRF-Chem modelling system. The modelling
system includes three components: WPS, WRF and Chem corresponding to
gray, blue and green parts in the �gure. The diamond boxes are the input
�les/information read by WRF-Chem and the output generated by the model,
whereas the black rectangular boxes represent the utilities. The data used to
produce the input �les are coloured in blue.

in namelist.wps and calculates the size of the domain and the coordinates of

each grid box. This program also interpolates multiple terrestrial datasets (soil

categories, annual mean deep soil temperature, land-use types, monthly

vegetation fractions, monthly albedo, slope category, etc.) to the model grid.

The geo em.d0X.nc �les are created after running this program, where X is the

index of the domain.

In addition, the real program needs meteorological data to determine the initial

and boundary meteorological conditions. These datasets used in WRF-Chem

are usually generated from lower resolution global climate models. However, the

output datasets of the climates models are in a compact format (GRIB �les)

containing a great number of variables. Hence, the ungrib program has been

developed to ’un-grib’ the �les, extract meteorological �elds and rewrite them
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into a simple format. Since the GRIB �les typically include more meteorological

�elds than are needed for real, ungrib selects the needed �elds according to a

variable table, which is called ’Vtable’. The Vtable used in this investigation is

provided by the European Centre for Medium-Range Weather Forecasts

(ECMWF).

The last step of the pre-processing used metgrid to interpolate the

meteorological �elds prepared by ungrib to the grids de�ned by geogrid,

generating the met �les that contain both meteorological and geographic

information. This interpolation only occurs in the horizontal directions. The

interpolation of meteorological �elds to vertical levels is done by the real

program. Since the meteorological information is time-dependent, metgrid also

needs to read in the date ranges from the namelist.wps �le to interpolate the

meteorological data to the right period.

The WPS only processes the meteorological and geographic information needed

by WRF-Chem and does not include any utilities to process the chemical

situation. The IC and BC for chemistry is performed by real and mozbc.

These two utilities are introduced in the next section and the data used for

meteorological and chemical IC and BC are discussed in Section 2.4.4.

2.2.2 WRF-Chem

The WRF-Chem model contains two components: the WRF model and the

chemistry module.

The WRF model is an online nonhydrostatic model developed by Grell et al.

(2005). The model is designed to be a 
exible and advanced atmospheric

simulation system that is e�cient for its parallel processing platforms. In this

study, the model has been run with 64 processors. WRF has two dynamical

cores, which are the Advanced Research WRF (ARW) and Nonhydrostatic

Mesoscale Model (NMM). The Advanced Research WRF dynamic solver is used

for all simulations.

WRF works on a grid basis. Di�erent variables are calculated within and/or at

the edges of the grid box, which allows the model to produce mixing between
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grids in both the horizontal and vertical dimensions. The vertical coordinate of

WRF is a terrain-following hydrostatic pressure coordinate. Within the grids,

Runge-Kutta 2nd and 3rd order time integration schemes, as well as the 2nd to

6th order advection schemes are applied.

The WRF model code contains an initialization program (real.exe), a numerical

integration program (wrf.exe), one-way nesting program (ndown.exe), and a

program specially for simulating tropical storm (tc.exe). All programs except

tc.exe program are used in this study.

Although WRF is a complex model with thousands of lines stored in hundreds

of �les, all variables are de�ned in series of text �les called registry. With the

registry, users are able to control the fundamental structure of the model data

e�ciently. All variables in the registry are assigned with an attribute describing

the dimensions, the solvers, association with WRF I/O streams, communication

operations, and runtime con�guration options. The changes made in the

registry will automatically be passed to the locations in the source code when

the model is recompiled. The registry needs to be modi�ed to implement a

chemical mechanism into the model. This is discussed in detail in the section

2.5.3.

The chemistry program provides chemical information needed for WRF to

simulate a variety of chemicals. The chemistry module consists of emissions

(biogenic emissions, anthropogenic emissions, �re emissions, etc.), chemical

mechanisms (gas-phase chemical mechanisms and aerosol schemes), and

chemical processors (photolysis schemes, dry deposition, aerosol feedbacks, etc.).

As illustrated in the 
ow chart (Fig. 2.2.1), the real utility in WRF reads in the

met �les prepared by WPS and generates the wr�nput and wrfbdy �les, which

have the IC and BC information of the meteorology. The wr�nput and wrfbdy

�les are then rewritten by the mozbc utility, which adds the IC and BC of the

chemical species into these �les. Biogenic and anthropogenic emissions are

processed by the Model of Emissions of Gases and Aerosols from Nature

(MEGAN) and the anthro emiss utilities. Once all the pre-processes

(generating wr�nput, wrfbdy and the emission �les) are complete, outputs can

be computed from the wrf executable. Both meteorological and chemical

variables are calculated in wrf.exe, which is controlled by a namelist. This

namelist controls the runtime, domain, physical and chemical options.
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Meteorological and chemical variables are calculated with the same vertical and

horizontal coordinates and the same physics parametrizations, so no

interpolation is needed. The advantage of this online model is that it can

simulate the interactions between the meteorology and the chemistry. Some

meteorological parameters such as temperature, humidity, and mixing can

perturb the concentrations of the chemicals, and the aerosol simulations also

feedback on the meteorology.
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2.2.3 The Kinetic Pre-Processor (KPP)

As mentioned brie
y in the last section, the main body of WRF-Chem is made

up of a number of hard-coded �les, which make locating and modifying the �les

an extremely time consuming job. However, in order to understand the

chemical simulations, WRF-Chem users o�ten wish to make changes on the

mechanisms. Therefore, the Kinetic Pre-Processor (KPP) is implemented in the

model for modifying the chemistry.

KPP is a program that reads in the text format of the chemical reactions and

the reaction rate �les and produces the code for the chemical solver in the

model (Damian et al., 2002). By using KPP, users are able to modify the

chemical mechanism safely and e�ciently with no need to rewrite the

hard-coded �les in the solver.

The KPP coupled with the WRF-Chem (v 3.8.1) is the KPP Version 2.1, which

processes the gas-phase chemical mechanisms. This utility is compiled

automatically with the compilation of the model and generates the code for the

solver according to the registry.chem �le and the input text �les. That is to say,

the chemical reactions can be added in/modi�ed easily in the addition of KPP

rather than in the main WRF-Chem body. As a result, the e�ort for the

developer to construct new mechanisms and for users to make amendments is

reduced signi�cantly . All gas-phase chemical mechanisms in WRF have a KPP

version that can be edited. Also, users can develop new chemical mechanisms.

In this investigation, I implemented a new chemical mechanism with KPP. The

implementation work is discussed in section 2.5.3.

2.3 Model con�guration in this study

The details of the model set-up used in this project is described in this section.

WRF-Chem is a complex modelling utility that provides various of options for

reading the emissions, calculating parameters and even running. The term

’WRF-Chem’ mentioned in the previous section (section 2.3) represents the

original computing utilities, which are the packages available online to all users

without any parametrization. But for the rest of the document, including this

section, I refer to the whole modelling system specially designed for this study

as WRF-Chem. The development of this system includes elements such as

domain con�guration, physics and dynamic options selection, emissions, initial
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Figure 2.3.1: The map of the domains used. Domain 1 is the parent domain over
east China with the 27 km resolution. Domain 2 is the nested domain over NCP
with a resolution of 9 km.

and boundary conditions treatments and nesting and nudging.

2.3.1 Domain selection

The �rst thing in running WRF-Chem is to de�ne the modelling area. The

domain set-up in this study is suggested by Jie Li, one of our collaborators in

IAP. Li and his group are experienced in simulating meteorology of east China

with WRF in their research, and after comparing with di�erent set-ups, they

have been using this domain con�guration continuously. Since this investigation

focuses on the same area as Li’s, the same domain con�guration is applied.

Using this domain also minimizes the variations of the underlying geographic

features in results comparison.

Fig. 2.3.1 shows the two domains in this investigation. As shown in the �gure,
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domain 1 is the parent domain, and domain 2 is the nested domain.

WRF-Chem is able to simulate nested domains, and this capability is exploited

in this study. The nested domains not only have the �ner spatial grids but also

have higher temporal resolutions.

The outermost domain (referred as parent domain or domain 1) covers a large

area of east China, as well as some regions in Russia, Japan, Kazakhstan, India

and Myanmar, and the whole of Mongolia, South Korea and North Korea. The

parent domain is made of 147 east-west direction boxes and 120 north-south

direction boxes with a resolution of 27 km. The west of China is not included in

the parent to avoid putting the Himalayas on the edge of the domain.

Complicated geographic patterns at the boundaries are likely to a�ect the

stability and performance of the model.

Domain 2 is the two nested domain which cover a section of the parent domain

but with higher resolutions. The nesting ratio is 3, which means the size of grid

boxes in domain 2 is 9 � 9 km. Domain 2 sits on the North China Plain (NCP)

where the main heavy industrial parks are located. The performance of the

model can often be improved by running the high-resolution nested domain, as

it can capture the meteorological and chemical events on a smaller scale.

One-way nesting is adopted in this study to reduce the computional cost. The

detailed nesting method is discussed in the section 2.4.5.

The geographical input data were downloaded from UCAR with the resolution

of 30 s and 2 min corresponding to 30-arc-second ( 14 km) data and 2-minute

data ( 56 km) for the nested domain and the parent domain. Both datasets

include 21 land use categories from MODIS IGBP category. As mentioned in

section 2.3.1, the static geographical data are then interpolated by the gergrid

program to the grids.

2.3.2 Physics and dynamics

WRF o�ers multiple physics and dynamics options that can be combined in a

variety ways. The options range from the simple and e�cient, to the

sophisticated and more computationally expensive, and from the well-tested

schemes, to newly developed schemes. The performance of the model in

simulating the meteorology depends on the selection of the schemes. Since the
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Table 2.3.1: The physics and dynamics schemes selected in the model.

Variable Names Input
Option

Description

mp physics 2 microphysics: Lin et al. Scheme (1983)

ra lw physics 4 longwave radiation: RRTMG scheme (2008)

ra sw physics 2 shortwave radiation: Goddard shortwave scheme
(1994)

sf sfclay physics 1 surface layer option: Revised MM5 Monin-
Obukhov scheme

sf surface physics 2 land-surface option: uni�ed Noah land-surface
model

sf urban physics 1 urban option: Single-layer Urban Canopy Model

bl pbl physics 1 boundary layer option: YSU scheme (2006)

cu physics 3 cumulus parameterization option: Grell-Freitas
ensemble scheme (2013)

dif opt 1 turbulence and mixing option: evaluates 2nd order
di�usion term on coordinate surfaces

km opt 4 horizontal Smagorinsky �rst order closure

w damping 1 with vertical velocity damping

local geographic features can a�ect the physical and dynamical processes in the

atmosphere, the performance of the same parameterization varies signi�cantly

in di�erent regions.

However, since this study aims to understand the isoprene chemistry, it is not

my primary focus to investigate the best combination of the schemes, as long as

the model generates meteorological �eld that allow a reasonable simulation of

the mixing and transport of the chemical species.

Table 2.3.1 lists schemes selected for the physics and dynamics. This

combination is recommended by Jie Li, who has been working with WRF on

the northern China plain for years. Similar parameterization was chosen for

researches in China (Ansari et al., 2019; Wang et al., 2016; Tie et al., 2013). In

Section 3.2, I assess the model’s skill in reproducing the meteorological

observations and found that in general, this parameterization is su�cient for

the purposes of the investigation.
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Radiation schemes include long and short radiation providing not only

atmospheric temperature tendency pro�le but also surface radiative 
uxes. The

RRTMG longwave radiation scheme and the Goddard shortwave radiation

scheme are chosen due to the better compatibility in running ARW core with

Chem (Iacono et al., 2008).

The surface condition in the studying area is complex including plain urban

region and mountainous rural areas. To minimize the inaccuracy associated

with the surface conditions, Noah land-surface scheme and YSU boundary layer

scheme are applied in this study.

2.3.3 Emissions

As suggested in the WRF-Chem 
owchart (Fig. 2.2.1), the model needs to be

fed with biogenic and anthropogenic emissions before running. The

anthropogenic emissions are generated by the anthro emiss program, while the

biogenic emissions are calculated online with the MEGAN model coupled to

WRF-Chem.

Multi-resolution Emission Inventory of China (MEIC) and Emission Database

for Global Atmospheric Research (EDGAR) emission datasets are used to

generate the anthropogenic emission �les (wrfchemi) for WRF-Chem. The

MEIC inventory provides the emissions for China with high resolutions (0.25o)

(Li et al., 2017). The MEIC 2013 version (Qi et al., 2017) is used in this study

with the resolution of 27 km and downscaled 9 km provided by Qiang Zhang’s

group in Tsinghua University. Emissions from �ve sectiors (agriculture,

industry, residential, transportation and power) are considered for all main

primary pollutants including SO2, CO, NH3, NO2, NO, PM2.5, PM10, and

VOCs. Since MEIC contains the emissions for China only, EDGAR HTAP v2

emission inventory is select to �ll the area outside China within the domain.

Biogenic emissions are calculated by the Model of Emissions of Gases and

Aerosols from Nature version 2.1 (MEGAN 2), which is developed by Guenther

et al. (2006). MEGAN 2 is an online model coupled with WRF-Chem that can

simulate the emissions of 134 species with a �ne resolution of 1 km2. Isoprene,
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monoterpenes, oxygenated compounds, sesquiterpenes, NO, NO2, CO, SO2 and

NH3 emissions from nature are included.

Equation 2.3.1) shows the framework of the biogenic emission calculation.

Emission is calculated as the product of the emssion factor ("), canopy factor

(
CE), leaf age factor (
age), soil moisture factor (
SM ) and loss and production

within plant canopy (�).

Emission = " � 
CE � 
age � 
SM � � (2.3.1)

The emission factor (") represents the emission of the species under the

standard condition, and the normalized ratios (
) are the variations of emission

due to deviations from standard conditions. These factors are a�ected by the

landuse data, weather, and atmospheric chemical composition. An input �le

(wrfbiochemi �le) is generated for each domain using the Megan bio emiss

utility and the landuse data. During the simulation, the wrfbiochemi �le passes

parameters for 
 calculations to MEGAN 2, so it can calculate the biogenic

emissions based on the meteorological �eld that is run by WRF at the

sametime.

In this study, sensitivity tests were conducted for di�erent isoprene emission

conditions. Factors (0 and 1.5) were applied in MEGAN 2. Detailed codes are

included in chapter 4 and 5.

The �re emissions were calculated from the Fire INventory from NCAR version

1 (FINN v1). This dataset o�ers daily emissions of trace gas and particle from

open burning of biomass with a resolution of 1 km2. The �re emiss software

reads in the domain information and the data from inventory generating the

daily �re emission �les for the model.

2.3.4 Initial and boundary conditions

Before running wrf, meteorological and chemical initial and boundary

conditions need to be de�ned. The meteorological IC and BC are de�ned in the

wr�nput and wrfbdy �les generated by real.exe with the provided meteorological

information (Fig. 2.2.1). The meteorological informations are provided by

ERA-Interim reanalysis data. The ERA-Interim is a global atmospheric
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reanalysis dataset with the spatial resolution of 0.75o (�80 km). 60 vertical

levels are included in the dataset from the ground level to 0.1 hPa in the

atmosphere. This dataset dates back to 1979 and has been continuously

updated to present days. The frequency of ERA-Interim data is every 6 hours,

o�ering reanalysed data at 0.00, 6.00, 12.00 and 18.00 (UTC).

Mozbc has been developed by the Atmospheric Chemistry Observations and

Modeling Lab (ACOM) of NCAR, specially for processing the chemical IC and

BC for all species. Mozbc reads in the wr�nput and wrfbdy �les along with the

output from the global chemical model (Model for Ozone and Related chemical

Tracers version 4 (MOZART-4)), and writes the chemical information to the

wr�nput and wrfbdy �les.

2.3.5 Nudging and nesting

Although the boundary conditions are updated throughout the running period,

the uncertainties in the meteorology accumulate with time in the simulations.

There are two potential solutions to this issue: re-initialising the model, and

nudging the results with the reanalysis data. Compared to simulation with no

treatment, results of both approaches show better agreement with the

observations and the improvements between the two treatments are similar.

However, re-initialisation requires to stop the simulation for every 3 to 7 days,

which is less e�cient. Hence nudging is adopted in this study. The

meteorological parameters are nudged with reanalysis ERA-Interim data for

every 6 hours.

As introduced in the section 2.4.1, simulations of the nested domains are

generated for the selected period. The nested domain runs as separate models

with the necessary initial and boundary conditions provided by the parent

domain. There are two method of nesting, which are 1) running the nested

domain concurrently with the parent, or 2) running the nested domain with the

information from the pre-generated parent simulations. The �rst method allows

feedbacks from the nested to the parent domain, so it is called two-way nesting.

Whereas, in one-way nesting (method 2), no information from the nested is read

in when the simulations of the parent domain are generated.

One-way nesting is employed in this study, which is an approach that is able

to ful�l the research objects with a lower computational cost. The two-way
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nesting takes 20 mins to generate 1-hour outputs of both domains while the one-

way nesting only needs 8 minutes. Simulations of parent and nested domains

generated with the two nesting methods show very similar values in a 3-day test.

Also, the nested domain does not need to cover the whole running period as the

parent. Therefore the one-way nesting is more suitable for this investigation.

Nested domains have been run for the selected periods (16th to 25th May, 9th

to 15th June and 19th to 23rd June, 2017) due to its high computational cost (2

hour for running one day and about 45 Gb to store).

2.4 Development of the mechanism used in this study

To reduce the computational cost, isoprene nitrates are lumped in most of the

tropospheric chemical mechanisms in regional CTMs. Lumping nitrates and

intermediates can reproduce the atmospheric compositions with considerably

lower computing cost. However, the focus of this investigation is not only on air

quality modelling but also on improving the understanding of detail isoprene

chemistry and its impact. Hence, a new mechanism, which includes explicit

isoprene oxidation chemistry, is developed for this study.

The new mechanism is named MOZART-MIM2-MCM-MOSAIC-4bin-aq (M4)

mechanism. As indicated in the name, the M4 mechanism is developed mainly

based on MOZART-Mosaic-4bin-aq (MOZART-4), and Mainz Isoprene

Mechanism 2 (MIM2) mechanism. To split some lumped hydroxyl INs in

MIM2, some reactions are implemented from the Master Chemical Mechanism

(MCM) version 3.3.1. In total, six hydroxyl INs and one aldehydic IN are added

to the M4 mechanism.

The mechanisms in WRF-Chem are described in section 2.5.1, the M4

mechanism development in section 2.5.2 and modi�cation made to implement

the M4 mechanism into WRF-Chem in section 2.5.3.

2.4.1 Chemical mechanisms coupled with WRF

The chemical mechanism in WRF-Chem consists of gas phase chemical modules

and aerosol modules. WRF-chem version 3.8.1 o�ers eight gas phase chemical

mechanism options and �ve aerosol schemes. The selection of the two modules

is not mix-and-match, for instance, MOZART and CRIMECH gas phase
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mechanism only work with the Mosaic aerosol scheme.

The eight gas phase chemical mechanisms are: 1) Regional Acid Deposition

Model version 2 (RADM2), 2) Regional Atmospheric Chemistry Mechanism

(RACM), 3) Carbon Bond Mechanism (CB-4), 4) Carbon-Bond Mechanism

version Z (CBM-Z), 5) Statewide Air Pollution Research Center (SAPRC-99),

6) Model of Ozone and Related Chemical Tracers (MOZART), 7) Nonmethane

Hydrocarbons Chemistry (NMHC9), and 8) Common Representative

Intermediates MECHanism (CRIMECH).

The �ve aerosol schemes include: 1) the Modal Aerosol Dynamics Model for

Europe (MADE/SORGAM), 2) the Modal Aerosol Dynamics Model for Europe

with the Volitity Basis Set aerosols (MADE/VBS), 3) the Modal Aerosol

Module (MAM) coupled to the CAM5 physics, 4) the Model for Simulating

Aerosol Interactions and Chemistry (MOSAIC), and 5) a bulk aerosol module

from GOCART.

Table 2.4.1 gives the number of species and reactions for each mechanism, along

with with the number of isoprene related reactions. The MOZART chemical

mechanism is selected for various reasons.

Firstly, MOZART is a more up-to-date mechanism designed for ozone

simulation purposes. One primary principle of the MOZART mechanism

development is to reproduce the chemistry of ozone and its precursors (Emmons

et al., 2010). This principle also agrees with the objectives of this study. Also,

MOZART includes 12 essential isoprene oxidant products and 43 reactions,

which gives a reasonable representation of isoprene chemistry.

Moreover, MOZART in WRF-Chem is widely used and tested, so it is unlikely

to have fundamental errors. Researchers have also created and shared utilities

for running this mechanism in WRF-Chem. Thanks to the e�ort by previous

researchers, MOZART can be run smoothly and with con�dence. The MOSAIC

aerosol scheme is therefore selected as it is the only aerosol scheme that works

with the MOZART mechanism.






























































































































































































































































































































