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The troposphere

Chemical composition
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measurement techniqgues

The DOAS technique

The nitrate radical

The nitrate radical in
tropospheric chemistry

1 Introduction

The troposphere encloses the earth with an approximately 10 kilome-
ter thick layer of gases and water vapor. Despite the high degree of
mixing among gases in the tropospheric layer, the capacity of the
layer is far from infinite, as earlier has been assumed. The volume of
the tropospheric layer is only 0.5 % of the volume of the earth.

The overall chemical composition of the troposphere is fairly con-
stant with N, making up for 78.1% of the volume, O, 20.9 %, Argon
0.93 % leaving less than 0.1 % of other gases. Although N, constitutes
more than 78% of the atmosphere it is not relevant in tropospheric
chemistry due to its great inertness.

Thus, although the chemical composition of the troposphere is fairly
constant with N,, O, and the noble gases taking up more than 99.9 %
it is the changes in the remaining 0.1 % of the tropospheric gases that
has led to increasing concern among chemists, environmentalists,
politicians and ordinary people throughout the twentieth century.
The concern about the effect of human activities on the environment,
that emerged in the late seventies, has encouraged a growing interest
and knowledge about the chemical composition of the troposphere,
the interactions between chemical species and their role in various
environmental threats. '

As many of the tropospheric species involved in air pollution phe-
nomena are present only in very small concentrations a need for new
and improved measurement techniques developed. Thus, a tech-
nique that would facilitate the measurement of species present in
concentrations in the range of ppt to ppm was needed.

The technique of Differential Optical Absorption Spectroscopy
(DOAS) was developed in the late seventies to fill the need for reli-
able, accurate and specific measurements of tropospheric species [F.-
Pitts and Pitts, 1986].

In the late seventies the nitrate radical (NO,) was identified and
measured in the troposphere for the first time by Platt ef al., using
long path Differential Optical Absorption Spectroscopy - DOAS
[Platt ef al., 1980].

The only important tropospheric source of the nitrate radical is the
reaction of NO, with O;:

NO, + O, - NO, + O, (1.1)

Thus, the nitrate radical may be formed both during day-time and
night-time. However, the nitrate radical photolyses rapidly in actinic
radiation and thus, can not exist during day-light hours.

NO, + hv (A <670 nm) - NO + O, (1.2)
—NO, + 0 (°P) (1.3)

[E-Pitts and Pitts, 1986].
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It was recognized that the nitrate radical plays an important role in
the atmospheric chemical cycles involving oxides of nitrogen and
ozone. The nitrate radical in addition to being an important oxidizing
species in night-time tropospheric chemistry, through its equilibrium
with N,O,, constitutes a sink for atmospheric NOx [Wayne ¢t al.,
1991].

Because of the long scandinavian nights it could be speculated that
the nitrate radical chemistry may be of increased importance in
Scandinavian countries [Ljungstrom et al., 1996]. However, no meas-
urements of the nitrate radical in Scandinavia are available in the
open litterature [Ljungstrom et al., 1996]. -

In 1977 the European monitoring and evaluation programme
(EMEP) was launched. The aim of the programme was to monitor
trans-boundary air pollution. This and many other initiatives was a
result of the increasing interest into the chemical species and reac-
tions of the troposphere. In Denmark the first systematic air quality
measurements was started in 1982. Today, the Danish Urban Air
Quality Network (LMP) and the Background Monitoring Programme
(BOP) monitors the concentration levels of several tropospheric spe-
cies [Palmgren et al., 1997].

Today, measurements of NO, and O, used in the Danish monitoring
programmes are performed by chemiluminescence monitors and UV
absorption monitors respectively. However, if the monitor measure-
ments could be replaced by DOAS measurements only one instru-
ment would be needed. In addition other species could be measured
as well.

Currently, mathematical models are widely used in atmospheric
chemistry e.g. for interpretation of ambient measurements. Further-
more, atmospheric models are powerful tools in exploring the reac-
tion mechanisms of the troposphere and in predicting future tenden-
cies of pollution levels. Together, monitoring programmes and at-
mospheric modelling, is a powerful tool for gaining new insights
into the chemical reactions of the troposphere.

1.1 Aim of the thesis

The lack of nitrate radical measurements in Denmark was one of the
reasons for studying the nitrate radical chemistry. In particular it was
the intention to study the role of the nitrate radical in Danish night-
time chemistry, the diurnal cycle, concentration levels, production
rates, loss mechanisms and lifetimes. It was also the intention to
work on a new measurement technique, for minimizing the effect of
water interference, when measuring the nitrate radical by the DOAS
technique.

In order to study the nitrate radical chemistry the production rates of
the radical must be calculated. This necessitates the measurement of
nitrogen dioxide and ozone. As it was the intention to study the tro-
pospheric nitrogen chemistry at Lille Valby, the concentration of ni-
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trous acid was also measured. Thus, measurements of NO,, NO,, O,
and HONO were performed at Lille Valby, 1998.

As most monitors can only measure one species at a time it would be
desirable to replace monitors by DOAS instruments, as they are ca-
pable of measuring several species simultaneously and with great
time resolution. Thus, the correlation between DOAS and monitor
measurements was studied. The comparisons were done for NO, and

O,
Finally the experimental data on the nitrate radical was compared to
model studies.

1.2 Structure of the thesis

Chapter 2 gives an overview of the tropospheric nitrogen chemistry
related to the nitrate radical. It also decribes some of the health im-
plications of elevated tropospheric NOx and O, concentrations.

In this chapter the basic features of the DOAS technique is described.
Procedures for maintenance of the DOAS instrument and quality
control of the DOAS measurement data are described. In particular a
NO, calibration of the Lille Valby DOAS is presented.

Chapter 4 is divided into sections that describe the Lille Valby meas-
urements of NO,, O,, HONO and NO, respectively. The particular
concerns for measuring each species by the DOAS technique is dis-
cussed as is the results of the measurements.

This chapter gives an introduction to the ACDEP model
(Atmospheric Chemistry and Deposition model) used at the Danish
National Environmental Research Institute for calculating nitrogen
deposition to the Danish waters. Results form the ACDEP model is
compared with DOAS measurements from the Lille Valby DOAS.

The last chapter deals with the implementation and update of a new
chemical reaction scheme for future use in the ACDEP model. The
new chemical reaction scheme is implemented in a simple box-model
and this is used to study the effect of heterogeneous loss of N.O. on
the nitrate radical concentration



1.3 Abbreviations and acronyms

DOAS - Differential Optical Absorption Spectroscopy
PAN - Peroxy acetyl nitrate

uv - Ultra Violet

IR - Infra Red

ppt - parts per trillion
ppb - parts per billion

ppm - parts per million

RIMI - Risoe Integrated Environmental Project

EMEP - European Monitoring and Evaluation Programme
DS - Dansk Standard

VOC - Volatile Organic Compound

ACDEP - Atmospheric Chemistry and Deposition model
CBM 1V - Carbon Bond Mechanism IV

EBI - Euler Backward Iterative

MCM - Master Chemical Mechanism

NOx =NO,+NO

gNOz - sum of the gaseous oxidation products of NOx
gNOy =NOx + gNOz

PCA  -Photo Chemical Age

P, - nitrate radical production rate

UiB - University of Bergen

NERI - National Environmental Research Institute
NMR - Nordisk Minister Rad



Sources of the OH radical

Photolysis of HONO

2 Tropospheric nitrogen

2.1 Tropospheric nitrogen chemistry

2.1.1 Introduction

The discussion of the tropospheric nitrogen chemistry in this chapter
is focused on the chemistry related to the nitrate radical. An attempt
to include all tropospheric nitrogen chemistry would be beyond the
scope of this text. Three atmospheric oxidants important in tro-
pospheric chemistry are ozone, the hydroxyl- and nitrate radical.
Ozone and the hydroxyl radical are both formed during day-time
due to photolysis reactions. Due to its short lifetime, the hydroxyl
radical is not important in night-time chemistry. The precursors of
the nitrate radical, NO, and O, allows for its formation at day- and
night-time. However due to the rapid photolysis of NO, it can only
build up at night. Thus out of the three oxidants, only ozone is pres-
ent both at night and day-time. The division of this chapter into
night- and day-time chemistry reflects the difference in the chemistry
of the two periods of the day. All reaction rates are given at 298 K
unless otherwise noted.

2.1.2 Day-time chemistry

The day-time tropospheric chemistry is strongly influenced by pho-
tolysis reactions and especially the chemistry of the OH radical. The
hydroxyl radical, also called the “detergent” of the atmosphere, re-
acts with most gases emitted to the atmosphere, either by human
activities and/or natural processes [Crutzen et al., 1999]. Thus the
only reactions of the hydroxyl radical with tropospheric species dis-
cussed here, are those that are relevant for discussion of the nitrate
radical chemistry.

The O ('D) formed in reaction (2.4), when reacting with water consti-
tutes an important source of the OH radical:

O (D) + H,0 —» 2 OH (2.1)

Other sources of the OH radical are photolysis of nitrous acid and
hydrogen peroxide:

HONO + hv (A < 400 nm) — OH + NO (2.2)
H,0, + hv (A < 360 nm) — 2 OH (2.3)

Thus the nitrous acid concentration decreases rapidly at sunrise [F-
Pitts and Pitts, 1986]. The photolysis of HONO is an important
source of the OH radical and thus may contribute to initiatiation of
photochemical air pollution in the early morning [Platt et al., 1980].
Because of its high photolysis rate, concentrations below 1 ppb will
produce OH radicals at a rate similar to that of reaction 2.1 [Perner ct
al., 1979].
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The photolysis of ozone produces molecular oxygen and atomic
oxygen either or both of which may be in an excited state. At wave-
lengths below 340 nm the primary photochemical process of ozone
is:

O, +hv (A <340 nm) - O,+ O ('D) (2.4)

Although most of the excited oxygen atoms are collisionally deacti-
vated to the ground state, some of the O ('D) atoms reacts with water
vapor to produce OH radicals as in reaction (2.1). The deactivated
oxygen atoms O ('P) on the other hand may react with molecular
oxygen and form ozone, reaction (2.24) [Crutzen et al., 1999].

Nitrous acid can be produced by the reaction of OH radical with NO:

OH+NO 2 HONO (2.5)

In the day-time, nitrous acid is in photochemical equilibrium with
OH and NO due to the rapid photolysis of HONO. Thus a net pro-
duction of OH must come from sources of HONO other than reaction
(2.5).

Another possible day-time source of HONO is:
RCH,O " + NO, - RCHO + HONO (2.6)
[Platt et al., 1980].

The OH formed as a direct or indirect product of photolysis can react
with NO, to form nitric acid:

OH +NO, 55 HNO, 2.7)
[F.-Pitts and Pitts, 1986].

The only important source of nitrate radicals in the troposphere is
the reaction of NO, with ozone:

NO,+ 0, - NO, + O, (2.8)

; k,, = (3.210.06) x 10" cm’ molecule™s”, at 298 K [Atkinson, R. et al.,
1997].

However the nitrate radical photolyzes rapidly in actinic radiation.
NO, + hv (A <670 nm) - NO + O, (2.9)
— NO, + O (P) (2.10)

Due to this reaction the nitrate radical can not build up during day-
time [F-Pitts and Pitts, 1986].

The fast reaction between the NO, radical and the OH radical:
OH + NO, - HO, + NO, (2.11)

; k,,,=2.010" ecm’molecule’s” [Atkinson, R. et al., 1997]



Nitrate radical
tropospheric chemistry

Night-time sinks for NO

3

Reaction with NO

Reaction with alkanes

Reaction with aldehydes

Reaction with DMS

is an example of a feasible tropospheric reaction of little practical
importance since the two species do not co-exist.

2.1.3 Night-time chemistry

At night however, the nitrate radical may exist in concentrations of a
few ppt to hundreds of ppt. Especially during photochemical smog
episodes, with high O, concentrations and a low [NO] /[NO,] ratio,
the NO, concentration may reach several hundred ppt [Wayne et al.,
1991].

The mechanism for production of nitrate radicals at night-time is the
same as that for the day-time, reaction (2.8).

At night when there is no photolysis, considerable concentration lev-
els of nitrate radicals may build up. The nitrate radical reacts with
numerous organic species, either via hydrogen abstraction or by ad-
dition reactions. This opens for further loss mechanisms of the nitrate
radical.

The nitrate radical reacts rapidly with NO:
NO, + NO - 2NO, (2.12)
; K, ., =2.6 x 10" em®molecule’s” [Atkinson, R. ¢f al., 1997].

Therefore NO and NO, can not co-exist. However the NO levels are
usually low at night as the NO sources are predominantly day-time
sources, thus, permitting elevated levels of NO,.

Reactions of the nitrate radical with alkanes are slow. The reaction is
through hydrogen abstraction by NO,:

RH + NO, — R* + HNO, (2.13)

The rate constants are in the range (3 - 10) * 10" for n-butane to n-
octane. However the rate constant increases with increasing branch-
ing of the alkane [F.-Pitts & Pitts, 1986].

The reaction of nitrate radicals with aldehydes are through hydrogen
abstraction by NO;:

NO,+ RCHO — RCO* + HNO, (2.14)

The reaction rates for the reaction of nitrate radical with formalde-
hyde and acetaldehyde are relatively slow, 5.8 * 10" and 2.7 * 10
"cm’molecule’s” respectively [Atkinson, R. et al., 1997].

The reaction between the nitrate radical and dimethylsulphide (DMS,
CH,SCH,) is fast with a reaction rate of 1.1 * 10™ cm’molecule’s”
[Atkinson, R. et al., 1997]. The reaction proceeds through hydrogen
abstraction by NO,.

CH,SCH, + NO, — CH,SCH, " + HNO, (2.15)

11
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[N.R. Jensen et al., 1991]. Thus in the marine troposphere the nitrate
radical may lead to the formation of HNO, and the removal of NOx
by deposition.

Nitrate radicals react rapidly with alkenes. The reaction rates are
found to increase with increasing substitution of the double bond [F-
Pitts & Pitts, 1986]. Akimoto and co-workers proposed that the reac-
tion mechanism for reaction between nitrate radicals and propene
proceeds via addition of the radical to the double bond.

CH,CH=CH, + NO, - CH,C HCH,0ONO, (2.16)

thus forming a secondary alkyl radical. Further reactions can then
lead to the formation of 1,2-propanediol dinitrate (PDDN) and o-
(nitrooxy)acetone [F-Pitts & Pitts, 1986]. These reaction products are
very hazardous to human health as described in section 2.2.

The nitrate radical reacts rapidly with naturally emitted unsaturated
hydrocarbons such as isoprene, o-pinene and other terpenes. The
rate constants for the reactions of NO, w1th isoprene and a-pinene
are 0.58 * 10" and 6.1 * 10" cm’molecule’s ' respectively, at 295 K [F-
Pitts & Pitts, 1986].

The nitric acid formed in the NO, hydrogen abstraction reactions
(2.13 - 2.15) supplement the day-time source of nitric acid, reaction
(2.7). F-Pitts and Pitts estimates that the nitric acid formed in the NO.
hydrogen abstraction reactions can attribute with 15% of the overall
HNO, production, but this is only a very rough estimate [F-Pitts &
Pitts, 1986]. Another night-time source of nitric acid is the hydrolysis
of N,O, as shown in reaction (2.18).

As the nitrate radical is in fast equilibrium with NO, and N,O,, any
loss process for N,O, is also a loss process for NO, and vice versa.
However, due to the rapid photolysis of NO, in the day-time, loss
processes through the equilibrium of N,O, w111 only be important at
night-time.

NO,+NO, £ NO, (2.17)

Ky 20y = 335 10" em’molecule’s” [F-Pitts & Pitts, 1986]. Hence a
strong coupling exists between these species. Therefore any loss
process for N,O, other than 2.17 will also constitute a loss process for
NO, and NO,. At low temperatures the equilibrium is shifted to the
right. Thus at low temperatures N,O, can serve as a reservoir for NO,

and NO.,.
N,O, in the gas phase can react with H,O to produce nitric acid.
N,O; (g) + H,O (1/g) — 2 HNO, (aq) (2.18)

The reaction rate for the reaction with H,O in the gas phase is < 2*
10™ [Atkinson et al., 1997]. Thus this reaction is of limited importance
in tropospheric chemistry: However studies suggest that dissolution
of N,O, into water droplets followed by reaction with the liquid H,O
or reaction of N,O, with H,0O adsorbed on surfaces are significantly



NO, in aqueous solution

Alkyl radicals

Alkyl peroxy radicals

Night-time reaction

faster than the homogeneous reaction [F-Pitts & Pitts, 1986]. This is
supported by studies of NO, lifetimes which show that no long life-
times of NO, are found for relative humidities above 50%[F-Pitts &
Pitts, 1986]. Hence the heterogeneous reaction of nitric acid with H,O
in various condensed phases is an important tropospheric sink for
N,O, and thereby of NOx.

The nitrate radical is itself quite water soluble and may react with
anions such as chloride ions present in the solution:

(NO,),, + (CI),, - (NO,),, + (CD), (219)
Thus liberating free chlorine atoms[Platt & Heintz, 1994].

The primary fate of the alkyl radicals formed in the above reactions,
where NO, reacts by hydrogen abstraction, is reaction with molecu-
lar oxygen:

R"+0,5 RO, (2.20)
In the case of the acetyl radical:
CH,CO+O,—» CH,C(0)00°* (2.21)

The acetyl peroxy radical thus formed may react with NO, yielding
NO, and an alkoxy radical:

RO,"+NO - RO" +NO, (2.22)

Subsequent photolysis of the NO, (day-time) leads to the formation
of tropospheric ozone:

NO, + hv (A < 420 nm) — NO + O (P) (2.23)
OCP) +0,5 0, (2.24)

as described in section 2.2. Alternatively the alkyl peroxy radical
may react with NO,;:

RO, +NO, & RONO, (2.25)

In the case of the acetyl peroxy radical from reaction (2.21):

CH,C(O)O0* + NO, g CH,C(O)OONO, (2.26)
PAN (Peroxy Acetyl Nitrate) is formed.

The alkyl peroxy nitrates decomposes thermally back to the reac-
tants. Thus peroxy alkyl nitrates, including PAN, may serve as res-
ervoirs for NO, at low temperatures [F-Pitts & Pitts, 1986]. The basic
chemistry of the alkoxy- and peroxy radicals apply equally at day-
and night-time.

At night when elevated concentrations of the nitrate radical may ex-
ist, the alkyl peroxy radicals can also react with NO,:
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RO, +NO, - RO+ NO, + O, (2.27)
— other products

It is seen that NO, has the same role as NO in the day-time conver-
sion of RO,” to RO" under the production of NO,, reaction (2.22). As
reaction (2.22) can only occur at day-time or under ozone free night-
time conditions the reaction of RO,” with NO, will be dominant at
night-time [Platt et al., 1990]. ) ‘

Reaction (2.27) may be part of a proposed night-time chain of reac-
tions leading to enhanced night-time peroxy radical concentrations
and production of OH. The proposed mechanism is given below:

NO, + HR + O, - RO, " + HNO, (2.28)
NO, + RO,* — RO" + NO, + O, (2.29)
RO'+0, —HO,"+RCHO (2.30)
HO, " + NO, — OH + NO, + O, (2.31)
2 (NO, + O, » NO, + 0, (2.32)

Net: 3NO,+HR +2 0, — OH + 2 0, + HNO, + R'CHO (2.33)

As opposed to the day-time photochemically initiated oxidation of
hydrocarbons this reaction mechanism results in the consumption of
ozone. Likewise it offers the possibility of “day-time” OH reactions
occurring at night! However this mechanism has not yet been proven
correct [Wayne et al., 1991].

Alkoxy radicals may react with either NO or NO;;:
RO+ NO — RONO (2.34)
RO "+ NO, — RONO, (2.35)

Forming alkyl nitrite and alkyl nitrate respectively. Again these reac-
tions apply equally at day- and night-time, except for the fact that
NO primarily has day-time sources.

At night when photolytic production of radicals do not exist, the
sources of nitrous acid are:

NO+NO,+H,0 $ 2HONO (2.36)
NO + HONO, — NO, + HONO (2.37)

Reaction (2.36) is a heterogeneous surface catalysed reaction [F-Pitts
& Pitts, 1986]. Elevated concentrations of HONO accumulated over
night will then photolyse at dawn leading to the production of OH
radicals.
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The different concentration levels and reaction rates for the reactive
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sons of their importance as tropospheric oxidants difficult. However
an adequate measure of their respective oxidizing power is found in
the lifetime of a species with respect to reaction with NO,, OH and
0..
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Table 2.1 Rate constant and lifetime for reactions of selected species with
ozone, the hydroxyl- and nitrate radical. The lifetimes are found as 1 =
1/K[O,, OH or NO,]. The concentrations for O., OH and NO,, used are
[O,]= 30 ppb = 7.38 * 10" molecules cm™, [OH]= 0.04 ppt = 1 * 10" molecules
em?, [NO,]= 10 ppt = 2.46 * 10" molecules cm” respectively. Thus they are
representative of a relatively unpolluted tropospheric environment.

NO, OH 0,
Species lifetime (1) lifetime (t) lifetime (1)

rate constant
(cm'molecule’s”)

rate constant
(em’molecule’s™)

rate constant
(cm’molecule’s™)

n-butane 36y 4.6 days 4400y
36*10" PR 25*10"% p £98*10%p
Formaldehyde 81 days 30 h 21483y
5.8* 10" * 9.2*10"* <2*10% p
Propene 6.3 days 11h 38 h
7.5%10" " 26*10" *0 1.0* 10" *
2-methyl-2-butene 6.8 min 3.2h 53 min.
9.9*10™ P,R 8.69*10" P 42.3*10" p
a-pinene 11 min. 5h 45h
6.1*10" PR 532*10" p 8.4*10"p
isoprene (2- 1.9h 2.75h 26 h
L"u‘itahd’;;g' 5.8*10"° P,R 10.1*10™ P 143 %107 p

*) [Atkinson, R. et al., 1997]

P) F.-Pitts and Pitts, 1986.

0) The addition reaction

R) k,, =3.35%10" cm’molecule’s”

It is seen from Table 2.1 that the reaction of 2-methyl-2-butene with
OH is faster than that of NO, with 2-methyl-2-butene. The fact that
NO, is present in much higher consentrations than OH, however,
results in the lifetime of 2-methyl-2-butene with respect to the NO.
reaction being much shorter than that for the OH reaction. Thus al-
though the reaction rates for NO, with some species, such as iso-
prene and o-pinene, are generally less than those for OH, periods of
elevated NO, concentrations can make the oxidation of these species
by NO, important in tropospheric chemistry.

2.1.5 Functions of the nitrate radical in tropospheric chemistry

Thus the primary functions of the nitrate radical in night-time tro-
pospheric chemistry can be summarized as:

—
wn
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. Initiates oxidation of organic species at night-time. Thus the ni-

trate radical has the same role as the OH radical during day-time.

. A source of HNO, mainly through the equilibrium with N,O, but

also through hydrogen abstraction reactions.

. The nitrate radical through its coupling with N,O, constitutes a

night-time sink for NOx via the deposition of HNO.,.

The reactions of NO, with alkenes can lead to the formation of
organic nitrate compounds such as di-nitrates, which are hazard-
ous to human health.

. It increases the oxidizing power of the atmosphere (compared to

its precursor O,) due to its more rapid reaction rates. Also nightly
formation of OH radicals through NO, initiated chain reactions
may be possible.

Figure 2.1 Reaction scheme of tropospheric oxidized nitrogen species re-
lated to nitrate radical chemistry.
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2.2 Environmental issues

2.2.1 Introduction

The odd nitrogen species in the atmosphere participate in various
atmospheric pollution phenomena. Many of these phenomena are
quite new and strongly coupled with the industrialization, especially
in the twentieth century. Atmospheric air pollution has been ac-
knowledged as an increasing threat not only to vegetation but also to
human health, in urban as well as rural areas. The wish to investigate
and understand these harmful effects, is the main reason for the vast
amount of research in tropospheric chemistry and related sciences.

In the following, some of the roles of nitrogen species in atmospheric
pollution phenomena are presented, along with the effects on vegeta-
tion and humans.

2.2.2 Photochemical air pollution

Early in the twentieth century is was believed that the presence of
ozone in the troposphere was due to intrusions from the stratosphere
only. It was known that ozone was present in the stratosphere at
considerable mixing ratios, and the source of the ozone was recog-
nized to be the photodissociation of oxygen. As this reaction only
takes place at wavelengths less than 242 nm, production of ozone in
the troposphere was not considered possible [Graedel et al., 1993].

However considerable damage to vegetable crops in the Los Angeles
area in the mid 1940s changed the picture. By then it was known that
ozone could cause extensite damage to vegetation. Likewise ozone
had been found to be an important constituent of photochemical
smog occurrences. Thus the search for a tropospheric mechanism for
ozone creation began. It was not until the early 1970s however, that
the full mechanism, proposed by Crutzen, of tropospheric ozone
creation was understood [Graedel et al.,1993]. It took this long be-
cause it was not until 1971, that the source of the key initiator of tro-
pospheric ozone formation, the hydroxyl radical, was recognized
[Graedel et al., 1993].

The conditions needed for tropospheric ozone formation is the pres-
ence of NMHCs (Non Methane Hydro Carbons), nitric oxide and
solar radiation. The mechanism is initiated by the attack of OH on
the NMHC, resulting in an alkylradical. The alkylradical then reacts
with oxygen giving a peroxyalkylradical. In the presence of NO this
reacts to produce an alkoxy radical and NO,. Further reactions lead
to the degradation of the original hydrocarbon by one carbon atom,
the production of carbonmonoxide and ozone as shown below:

RCH, + HO- — RCH, + HO
RCH," + O, —» RCH,0,

RCH,0,: + NO — RCH,0- + NO,
RCH,O- + O,— RCHO + HO,
HO," + NO — HO- + NO,
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RCHO + hv — R- + CHO-
CHO- + O, -» CO +HO,

HO, + NO — HO- + NO,
3[NO, + hv (A <410nm) > NO + O (P) ]
3[OCP) +0,+M >0, +M]

Net: RCH, + 60, +hv — R- +CO +30,+ H,0

The ozone formating steps are the photolysis of NO, produced from
reaction of peroxyalkylradicals with NO, followed by O(P)’s reaction
with molecular oxygen.

Thus, this photochemical reaction path results in a net formation of
ozone. The carbonmonoxide also formed in this reaction path can
itself react with the hydroxyl radical:

CO+HO- - H- + CO,
H-+0,+M->HO, +M

HO,- + NO — HO- + NO,

NO, + hv (A <410 nm) - NO + O ('P)
O(P)+0,+M-0O,+M

Net: CO+20,+hv —CO,+ O,
leading to further production of ozone and carbondioxide.

Thus, in both reaction mechanisms NO has functioned as a catalyst
for ozone production, as NO is regenerated in the process. However
if the concentration of NO in the atmosphere is low, another reaction
mechanism comes into action:

CO+HO-—-H-+CO,
H+0,+M->HO, +M
HO, +O,—->HO-+20,

Net: CO+0O,—>CO,+0,

Following this reaction path leads to the destruction of ozone rather
than formation. The path taken depends on the ratio of the NO and
O, concentrations. And because the reaction of HO, with NO is 4000
times faster than the reaction of HO, with O,, the ratio of NO to O,
for the former to be most important is only 1 to 4000 [Crutzen, 1994].

That is, when the NO concentration exceeds 5-10 ppt(v), as is always
the case on the northern hemisphere, the ozone producing reaction
path is the one taken.

2.2.3 Effects of elevated tropospheric O, concentrations

2.2.3.1 Effects on humans

Ozone is a toxic gas that causes respiratory irritation and injury. At
present, the level of knowledge on the health effects of elevated
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ozone concentrations on humans and animals is high. Much of the
knowledge however is related to the effects of short-term exposures
in the range of minutes or hours [Mustafa, 1994). Humans and ani-
mals are exposed to ozone through inhalation.

The symptoms of ozone exposure occurs within the first hours of
exposure. Coughing, subternal pain, wheezing, inflammation of the
skin and shortness of breath are typical symptoms. The symptoms
increases with increased exposure and can last for hours or days after
the exposure has ceased [Mustafa, 1994].

Exposure to ozone leads to a decrease in respiratory functions, in-
flammation of the lungs and an increase in the permeability of the
respiratory epithelium, which can enhance the uptake of other in-
haled toxic pollutants. Ozone also has a negative effect on the lungs
ability to clear out particles, and is being suspected to have a car-
cinogen effect [Mustafa, 1994].

Because ozone is a powerful oxidant it can cause oxidative destruc-
tion in biological systems either by direct reactions or through the
formation of free radicals and reactive intermediates. Although much
is known about the effects of ozone exposure on humans and ani-
mals the underlying mechanisms are very complex and not fully
understood. [Alexis et.al., 1994].

2.2.3.2 Effect of elevated ozone concentrations on vegetation

Elevated ozone concentrations has a severe impact on vegetable
crops. The effect on crops exposed to ozone can be directly measured
as a decrease in the harvest yields.

2.2.3.3 Effect of elevated ozone concentrations on materials

Elevated ozone concentrations also causes damage to rubber and
similar materials. The effect of ozone on rubber is that it is cracked
and aged upon reaction with ozone. This effect has been employed as
a measurement method for ozone concentrations [Manahan, S.E.,
1994].

2.2.4 Effect of elevated NO, concentrations on humans

NO, is a toxic pungent red-brown gas that causes respiratory irrita-
tion and injury. It causes both short-term health effects and is sus-
pected of long-term carcinogen effects. Like ozone it induces free
radical reactions, altered membrane permeability and respiratory
inflammation of the lungs. It also damages the ciliated cells, thus
depressing the clearance of particles and infectious agents [Mustafa
et al., 1994].

2.2.5 Effect of Organic nitrates on humans

The reaction of alkenes with NO, may lead to the formation of or-
ganic nitrates. In particular 1,2-propane-diol-dinitrate and o-
(nitrooxy)acetone may be formed in the reaction of propene with
NO,. Dinitrates causes headaches, dizziness and eye irritations. All
phenomena that are observed during smog episodes [F.-Pitts & Pitts,
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1986]. Also o-(nitrooxy)acetone is a mutagen in the Ames test [F.-
Pitts & Pitts, 1986].

2.2.6 Nitrogen deposition to fields and oceans

The atmospheric deposition of nitrogen compounds mainly derive
from emissions of nitrogen oxides (NOx) and ammonia (from agri-
culture) [Holten-Andersen et al., 1997]. In the atmosphere NOx can
be converted to nitric acid (HNO,) in various vays. For example via
reaction 2.7, 2.13 - 2.15 or 2.18. Thus the tropospheric NOx emissions
causes acidification of clouds and rain due to its conversion to HNO,.
Upon deposition, HNO, can acidify soils and forests. Also deposition
to lakes, coastal areas and oceans may lead to eutrophication of the
waters [Holten-Andersen ef al., 1997].

2.2.7 Emission politics

In order to follow the trends in the concentration levels of various
pollutants, monitoring networks such as the Danish Air Quality
Monitoring Network (LMP) and the Danish Background Monitoring
Network (BOP) have been established. In this section the trends in
NOx emissions, NO, concentration levels and O, concentration levels
are given. For NO, and O, exceedances of threshold values are de-
scribed.

2.2.7.1 Trends in Danish NOx emissions
Figure 2.2 below shows the Danish emissions of NOx 1975 - 1995
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Figure 2.2 The development in the Danish NOx emissions apportioned by
the main sources over the period 1975-1995. The emission target for 1998 is
included for comparison (dashed line). (Source: National Environmental
Research Institute and Risg National Laboratory, data from the CORINAIR
database). The top line is the total emission. The bottom lines are road traf-
fic and power and district heating stations (curved,top bottom line) respec-
tively [Holten-Andersen et al., 1997].

The Danish sources of NOx in 1995 were the following.

e 24 % from power and district heating stations

¢ 3 %from industrial combustion

e 2% from residential and non-residential premises
e 23 % from road transport.

¢ 48 % from other mobile sources.



“Other mobile sources” include railways, national and international
air and sea traffic and off-road emissions from agriculture, forestry,
industry, gardens and households. (Source: National Environmental
Research Institute, data from the CORINAIR database). Thus trans-
port accounts for 71 % of the total Danish NOx emissions [Holten-
Andersen et al., 1997].

2.2.7.2 Trends in urban NO, concentration levels

Figure 2.3 below shows the development in the concentration of ni-
trogen oxides in Copenhagen, Odense and Aalborg over the period
1988-1996. The concentration levels at the background station, Lille
Valby, is also shown for the period 1991- 1996.
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Figure 2.3 The development in the concentration of nitrogen oxides in Co-
penhagen, Odense and Aalborg over the period 1988-1996. The concentra-
tion levels at the background station, Lille Valby, is also shown for the pe-
riod 1991- 1996 (Source: Kemp et al., 1997). [Holten-Andersen et al., 1997].

Table 2.2 Current Danish (and EU) limits for atmospheric NO, and O,.
From Figure 2.3 and Table 2.2 it can be seen that the annual guiding NO,

value of 50 pg/m’ was exceeded in Copenhagen in the periods 1988 - 1991
and in 1995.

Species Limiting Average Statistics Period Type of
s over .
value pg/m regulation
(Hours)
NO, 200 1 98 percentile Year Binding
135 1 98 percentile Year Guiding
50 1 Median Year Guiding
o, 360 1 Max. 1 hour - Public warning
180 1 Max. 1 hour - Public info.
200 1 Max. 1 hour Year Threshold val.
110 1 Max. 8 hours Year Threshold val.
65 24 Max. 24 hours Year Threshold val.
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In the Danish cities road traffic dominates the emissions of NOx
completely. Currently the concentration levels of nitrogen oxides in
some Danish towns are close to the levels considered as harmful by
the WHO [Holten-Andersen et al., 1997]. The current Danish limiting
values for NO, and O, in the atmosphere is given on page 21.

2.2.7.3 Trends in O, concentration levels

The trends in the Danish ozone concentration levels for the years
1991- 1998 are given below.
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Figure 2.4 The development of Danish ozone concentrations 1991-1998.
Notice the large yearly averages and yearly 98-percentiles for the back-
ground station Lille Valby. This illustrates the fact that in the cities ozone

concentrations are effectively reduced by reaction with NO [Holten-
Andersen et al., 1997].

2.2.7.4 Danish aspects of elevated ozone concentrations

In Denmark, elevated concentrations of ozone are mostly encoun-
tered in connection with long range transport of photochemical pol-
lution from central Europe. Episodes of this kind occur in the sum-
mer period under high pressure weather conditions, with little verti-
cal mixing, much sun and little wind. During such episodes the
ozone concentration level may increase to several times the back-
ground concentration level [Holten-Andersen et al, 1997].



Economical effects
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For Danish background ozone concentrations of 30 - 35 ppb(V) a
10% reduction of the harvest yield is to be expected [Fenger, 1997].A
rough estimate based on foreign studies, suggest that the economical
effect of the 10% reduction in the harvest yield is a loss in the order
of 1 billion kroner per year [Fenger, 1997]. The critical ozone concen-
tration for injury on crops is 40 ppb - AOT40. Calculations have
shown that the AOT40 value, on a European scale was exceeded for
83 % of the total cultivated area in 1994 [Holten-Andersen et al.,
1997].

Determining the economical effects of elevated ozone concentrations
on humans is not a straight forward task. However, it is beyond
doubt that it does have some, not insignificant effect, economically as
well as on the lives of potentially sensitive populations, such as
asthmatics and people with other respiratory diseases.

Studies have shown that the EU threshold values (See table 2.2) for
ozone exposure are often exceeded under Danish conditions
[Granby, 1997]. Granby found that the 24-hour threshold of 65 pg/m’
(32.5 ppb) was exceeded at all times of the year, roughly every third
day. The 8-hour moving average value of 110 pug/m’ (55 ppb) was
only exceeded March through September whereas hourly concentra-
tions above 180 pg/m’ (90 ppb), that requires information of the
public, were only observed from May to August [Granby, 1997).
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3 The DOAS technique

3.1 Introduction

The DOAS technique - Differential Optical Absorption Spectroscopy -
pioneered by Platt and Perner in the late 1970s [F.-Pitts & Pitts, 1986]
- is a relatively new measurement technique in tropospheric chemis-
try, that has gone through continued improvements up to present.
The basic theoretical foundation of the technique is the Lambert-
Beer’s law. The “absorption cell” in this case is an open light-path
created by focusing light from an emitter-lamp unto a receiving unit
often placed hundreds of metres or even a few kilometers apart.

The DOAS technique, apart from being able to measure absorption in
the IR (infrared) region of the spectrum also measures absorption in
the UV/visible region. Many of the atmospheric pollutants that
could not be measured in the IR region with the desired specificity
and sensitivity can readily be measured in the UV/visible region.
This is true for species such as the nitrate radical (that can be meas-
ured only by this technique at present), HONO and others. Thus a
DOAS instrument enables the simultaneous and precise measure-
ment of many key tropospheric pollutants, with great time resolution
and using the same instrument. The use of path lengths of several
hundred metres up to a few kilometers results in detection limits in
the order of a few ppt to a few ppb depending on the species of in-
terest. A further advantage of the DOAS technique is that the meas-
ured concentrations are averages over long distances which tends to
even out local variations. Also the DOAS technique does not suffer
from wall losses and the lack of specificity that some chemical meth-
ods and monitors do. Finally the ability to monitor several atmos-
pheric species simultaneously with great time resolution is a most
valuable tool in determining chemical couplings among species in
atmospheric research and in monitoring programmes.

One of the greatest disadvantages of using the DOAS technique is
the sensitivity to meteorological phenomena such as rain and fog,
where the visibility is markedly reduced. In this case the measure-
ments are not reliable and can not be used. Also, the presence of in-
terfering species needs to be taken properly into account. Otherwise
the measurements may be in error. Likewise uncertainties in the ab-
sorption cross sections for a given species will be reflected in a corre-
sponding uncertainty in the estimated concentrations.

3.2 Theoretical Foundations of the DOAS technique

Absorption spectroscopy is a well known and widely used technique
in analytical chemistry. However, it was not until the mid 1950s that
the first long path length IR spectroscopy was applied to monitor
species in ambient air [F.-Pitts. & Pitts, 1986]. Among the first species
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in ambient air to be identified by this new technique was PAN
(Peroxy-acetyl-nitrate) [F.-Pitts & Pitts, 1986].

The absorption spectroscopy measurement technique is based on the
fact that most species possesses characteristic fine structures or
“fingerprints” that can be used for their identification and measure-
ment. By submitting the species of interest to radiation of wave-
lengths of its characteristic absorption peaks, the concentration can
be found by applying the Lambert-Beer’s law.

The theoretical foundation of the absorption spectroscopy and thus
of the DOAS measurement technique is the Lambert-Beer’s law:
I[=1*e™" (3.1)

This relates the intensity of the light, before (I)) and after (I) passage
through an air sample, as a function of the concentration in number
of molecules per cubic centimeter (N), the length of the path in cen-
timeters (L) and the absorption cross section (c). The gas phase ab-
sorption cross section is thus in units of cm” molecule™. Thus in order
to apply the Lambert-Beers law for finding the unknown concentra-
tion of a species four different parameters are needed.

1. The path length (Measured in a straightforward way).
2. The absorption cross sections
3. The incident light intensity on the air-sample.

4. The intensity of light after passage through the air-sample (The
absorption spectrum measured by the DOAS instrument).

The absorption of a molecule is a measure of the ability of the mole-
cule to absorb incident light of a particular wavelength. As a mole-
cule does not absorb radiation equally at different wavelenghts of the
spectrum, absorption cross sections depend on the wavelength of the
incident light. Table 3.1 gives an example of the absorption cross sec-
tions for the nitrate radical at different wavelengths of the spectrum.

Table 3.1 Absorption cross sections (cm, molecule”, base e) averaged over
each nanometer for the gaseous nitrate radical at 298 K. [F.-Pitts & Pitts,
1986]. Note the maximum absorption cross section at 662 nm.

A (nm) 10%s (cm®) A (nm) 10%s (cm®)
656 122 663 1618
657 162 664 1017
658 185 665 615
659 278 666 397
660 522 667 185
661 1063 668 125
662 1756 669 92
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The absorption cross sections are generally measured in the labora-
tory by using known concentrations of the species being measured.

¢ ={1/(IN]JL} In (I, /1) (3.2)
Where g, N, I, and I have the same meaning as above.

The incident light intensity on the air-sample (I,) can not readily be
found in ambient air measurements as absorbing species, as well as
particles scattering the light, will allways be present.

The solution is to look at the absorption on either side of a distinct
absorption peak I, rather than at the true I. This method is illus-
trated in Figure 3.1 for a species with a distinct absorption peak at
wavelength },. At wavelengths ), and A, in the Figure, the absorp-
tion spectrum is not structured but some absorption is occurring so
the true light intensity I, can not be measured. Thus it is the differen-
tial absorption (I//I) rather than the absolute absorption (I,/ I) that is
used in the Lambert-Beer’s law for determining the concentration of
the species. Thus the name of the DOAS technique: Differential Opti-
cal Absorption Spectroscopy.

"Differential*
\

Intensity

I |
A A2 A3

Figure 3.1. Illustration of the differential absorption concept used in the
DOAS technique. [Figure from F.-Pitts & Pitts, 1986].

Unfortunately absorption spectroscopy in ambient air in the IR re-
gion of the spectrum is limited due to the presence of strongly ab-
sorbing species such as H,0, CO, and CH,. Fortunately though,
many of the key pollutants of interest does possess fine structure in
the UV/visible region of the spectrum which allows for their detec-
tion and measurement at ambient concentrations.

An advantage of applying absorption spectroscopy to the UV /visible
region of the spectrum is that the absorption cross sections are gen-
erally larger in this region than in the IR region. This allows for better
detection limits and the ability to measure species that could not be
measured with the required sensitivity using IR spectroscopy. The
DOAS technique employs this fact in measuring NO, and HONO,
species that can not currently be measured with the necessary sensi-
tivity and accuracy by other measurement techniques. Table 3.2 gives
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the absorption coefficients and measurement ranges for some at-
mospheric species that can be measured by the DOAS technique.

Table 3.2 Wavelength range and differential absorption coefficients for
some atmospheric species of interest when using DOAS [F.-Pitts & Pitts,
1986].

Species Wavelength range Differential absorption coefficient
(nm) (cm’molecule™)e at A (nm)

SO, 200-230, 290-310 57*10™ 300

NO 215,226 23*10" 226

NO, 330-500 1.0*10™ 363

NO, 623, 662 1.8*10" 662

HONO 330-380 42*10" 354

0, 220-330 45*10™ ~328

HCHO 250-360 6.8*10% 339

In finding the optimal wavelength region for detecting and measur-
ing a tropospheric species it is necessary to look at least 3 parame-
ters.

1. The Differential absorption cross sections - should be maximized.
2. The atmospheric attenuation (see below) - should be minimized.
3. The interference from other species - should be eliminated.

In chapter 4.3 trade-offs between these parameters are discussed for
ozone. Thus, in general, the wavelength regions used for measuring
a particular species, in different implementations of the DOAS tech-
nique may vary. Some manufacturers, such as OPSIS, Sweden, do
not supply information on which wavelength regions are used.

3.3 Instrument Build-up

In this section the basic construction of a DOAS system will be de-
scribed. It should be noted that allthough all DOAS systems are
based on the same principles, various implementations of the overall
design exist. The design described here is mainly that of the Lille
Valby DOAS, the OPSIS AR 500 system, but most of the description
will apply for other DOAS systems as well.

A DOAS system consists of three main units. An emitter unit that
projects light unto a receiver unit. Thus, creating an open light path
for ambient measurements. From the receiver, data are sent to the
analyzer through a fibre optic cable.

In the emitter, light is created by a spark discharge in a xenon lamp.
The light from the xenon lamp covers a wide range of the spectrum -
the UV, visible and IR wave length regions. Two kinds of lamps may
be used. An ozone-generating type A lamp, and a non-ozone-
generating type B lamp, used when ozone is one of the species being
measured. At the Lille Valby DOAS, lamps of type B are used. The
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xenon lamp is placed in the focal point of a spherical mirror, which
collimates the light into a parallel beam before it is transmitted
through the ambient air unto the receiver.

At the receiver a telescope refocuses the light, whereupon it is let
through a fibre optic cable to the analyzer. Here the received light
enters the entrance slit of a high-performance spectrometer.

In the spectrometer, the received light is split by a dispersion element
into its wavelength components so that the variation of the absorp-
tion with frequency can be monitored. This is done by having a ro-
tating disk with radial slits move across the exit focal plane of the
spectrometer. In this way a 40 nm wide segment can be scanned re-
peatedly in a chosen region of the spectrum. Thus by using only one
detector different wavelength regions can be recorded seperately.
The light intensity passing through the moving slits is monitored by
a photomultiplier. The signals are digitized by an A/D converter for
further analysis and spectral deconvolution by the built-in computer.
Having in this way split the absorption spectrum into regions for
which we know the absorption cross sections the concentration can
be calculated.

next slit current slit previous slit
ly 1> \\
ly \\
ly y Ef W\
// spectrum \\
- // opto- \\ —
\\\\triggere i ’///
———— e — e e e — —
> detaction window

sweep wheel direction

Figure 3.2 The moving slits [F.-Pitts and Pitts, 1986].

3.4 Spectral Deconvolution

As mentioned in section 3.2 the DOAS technique builds on the fact
that different species possess distinct absorption peaks at different
wavelengths that can serve as “fingerprints” for their identification
and measurement. This “fingerprint” information is found in the fine
structures of the absorption spectrum. Thus the absorption spectrum
needs to be processed in a number of steps, by the build-in com-
puter, before it can be used for determining the concentrations of the
species present in the ambient air. Several corrections must be made
in order to compensate for scattered light, the xenon-lamp spectrum
and other interferences.

A reference spectrum of the lamp is first subtracted, leaving a “raw”
spectrum. Due to the scattering effect of the different sized particles
in the ambient air some broadband absorption will also be present in
the spectrum.

Making the assumption that the broadband absorption does not in-
clude any narrowband structures it can be removed by fitting a
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polynomial onto the spectrum. A polynomium of degree 5 is nor-
mally used, but the degree should not be too high in order not to fit
any of the fine structure. When the polynomium has been fitted to
the absorption spectrum it is subtracted from the spectrum. What is
left is a superimposed differential spectrum of all the absorbing spe-
cies. In other words it contains the fine structures that represent the
“fingerprints”of the species being measured.

The total absorption of all species at any wavelength can be de-
scribed by the expression:

A(i) = [c,Ac,(i) + c,Ac,(i) + ... cAc(i)]L (3.3)

; where j is the number of species, o;is the absorption coefficient of
species j and ¢ is the unknown concentration of species j. The task
then, is to find the concentrations (c,, ¢, ... ¢) of all the individually
absorbing species.

A theoretical spectrum is calculated using pre-recorded cross-section
spectra of all the (assumed) absorbing species. This spectrum is fitted
to the differential spectrum using least squares fitting.

.2[ AG) - LcAc )] (3.4)

; where the double-sum is over the number of species (j) and the
number of absorption cross-section intervals in the 40 nm wide re-
gion of the spectrum that is being scanned (i). This is a highly over-
determined system of equations that can be solved by least squares
fitting. Thus the above expression is minimized by varying the un-
known concentrations c, The final values of c, are the desired concen-
trations of the absorbing species.

The residual absorption, that is what is left when subtracting the
mathematical spectrum from the differential absorption spectrum is a
measure of the accuracy with which the concentrations have been
determined. A large residual absorption can be an indicator that ab-
sorbing species are present, which have not been accounted for.

Uncertainty in the determination of the absorption cross sections will
be reflected in a corresponding uncertainty in the determination of
the concentration of the measured species. This is discussed for the
individual species in chapter 4.

The presence of interfering species may be seen as residual absorp-
tion in the residual spectrum, for the wavelength region in which a
tropospheric species is measured. Thus, interfering species may re-
sult in an error in the concentration determined for the measured
species. In section 4.5 H,O interference in NO, measurements is dis-
cussed.

3.5 The Lille Valby DOAS system

The measurement site is situated in a semi-rural environment at Lille
Valby, Sjelland. The geographical coordinates are 12°07'07"E,



The DOAS system

The analyzer

55°41'42"”N with an altitude above sea level of 15 m. The variation of
the terrain is less than 5 m in a radius of 1 km from the station. The
site is 30 km West of Copenhagen (850.000 inhabitants) and 8 km
North of Roskilde (40.000 inhabitants). A few kilometers West of the
site is the Roskilde Fjord. A road with about 6000 vehicles daily,
passes along the Roskilde Fjord in a North South direction about 1
km West of the station. The Lille Valby measurement site is also the
Danish station in the EUROTRAC TOR (Tropospheric Ozone Re-
search) monitoring network.

The central unit in the DOAS system used at Lille Valby is an OPSIS
AR 500 Multi-Component Air Quality Analyzer. The analyzer,
placed indoors, receives light from the outdoor receiver unit through
a fibre optic cable. An open light path is created by projecting light
from the emitter, placed across a field 721.2 m from the receiver, unto
the receiving unit. The light is produced by a spark discharge in a
xenon lamp installed in the emitter.

Figure 3.3 The emitter unit at Lille Valby, Sealand. Photo by B. Jensen,
NERI, Roskilde.

In the analyzer, a high-performance spectrometer converts the re-
ceived light into digital signals for further analysis by the built-in
computer. The computer software includes the spectrographic
“fingerprints” of the measured compounds. Thus, as described
above, using Lambert-Beer’s law, the various compounds are de-
tected and measured through the absorption they cause in the spec-
trum of received light. Margins of error for each obtained value as
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well as the proportion of transmitted light received by the analyzer is
noted. This allows for data as well as system verification.

The detection limits for an OPSIS AR 500 system using a measure-
ment time of 1 min. and a path length of 500 metres are 0.1 pg/m’ for
NO,, 1 pug/m’ for NO, and 3 pug/m’® for O, [OPSIS, 1995]. Thus the
detection limits are improved by a factor of 1.44 ( 721.2m/ 500m =
1.44 ) relative to the 500 m path length limits, for a measurement
time of 1 minute. The approximate Lille Valby detection limits for
selected compounds are therefore:

NO, (1ug/m’*0.4869 ppb(v)/ng/m’)/1.4424= 0.38 ppb(v)
O, (3 pg/m’*0.4667 ppb(v)/ug/m’)/ 1.4424= 0.97 ppb(v)
NO, (0.1 pg/m’*0.3613 ppb(v)/pg/m’)/ 1.4424= 25 ppt(v)
HONO(1 pg/m’* 0.4765 ppb(v)/ng/m®)/1.4424= 0.33 ppb(v)

Thus the nitrate radical has a detection limit of approximately 25 ppt.
The detection limits for NO, , O, and HONO are 0.38 ppb(v) , 0.97
ppb(v) and 0.33 ppb(v) respectively.

A trade-off, when using the DOAS technique, is that of path length
and detection limits. Generally, a longer path length results in a
lower detection limit. However, the atmospheric attenuation (light
scattering by gases and particles and light absorption by gases and
particles [F.-Pitts & Pitts, 1986]) also increases with increasing path
length. Thus a trade-off must be made between sufficiently low de-
tection limits and low atmospheric attenuation.

To ensure the stability of the system both the receiver and the emitter
units are placed on concrete fundaments. However, some instability
due to solar heating of the housings did occur. In the early spring the
sun is not in the sky long enough for the heating to have any dis-
turbing effect, even over a week-long period. Later in the spring and
especially during the summertime, however, the sun effectively heats
up the exterior of the emitter and receiver units. This results in a
need for re-alignment of the system, in order to obtain a fairly con-
stant and acceptable light level. The effect can be quite pronounced
and therefore several daily adjustments might be needed. For night
time measurements, as in the case of nitrate radical measurements,
the system must be re-aligned when it has “cooled off” which does
not take place until some time after sunset. At summertime this is
some time between 9-10 PM. The problem was solved by setting up a
“shading device”, which kept the heating to a minimum, that did not
markedly alter the alignment. As the shading device was not set up
until mid-June 1998 the data for some nights previous to this time are
sparse because the light level did not exceed the minimum acceptable
level of 15%. See section 3.6.1.1 for a definition of the light level.
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Figure 3.4 The receiver unit at the Lille Valby DOAS. Note that the light
from the lamp at the emitter can be seen in the background. Also the
“shading devices” mentioned in the text can be seen on the side and above
the DOAS. Photo by B. Jensen, NERI, Roskilde.

Along with the DOAS measurements at Lille Valby, meteorological
data was supplied by the RIMI (Risoe Integrated Environmental
Project) project at Rise. The available data included global radiation,
temperature, wind direction and wind speed. Global radiation data
was used to define the nighttime periods of interest. Nighttime was
defined as global radiation less than 2 W/m® and in the cases of
missing meteorological data as the time between 9 PM and 4 AM.

3.6 Quality control and maintenance

To ensure optimal quality measurement data from the DOAS in-
strument, it is necessary to perform regular performance checks of
the instrument itself as well as quality analysis of the obtained data.

3.6.1 Data quality control

The DOAS instrument presents each measurement result in the form
of three parameters:

1. Concentration (pg/m’ or ppb)
2. Standard deviation (iig/m’ or ppb)
3. Lightlevel (%)

These parameters, besides giving the desired (if correct) concentra-
tion of the measured species, can be manipulated in order to perform
quality control of the measurement data. The following sections de-
scribe how this can be done.
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The measurement results themselves give information on the quality
of the measurement.

1. Negative concentrations

A negative concentration in itself is not necessarily an indicator for
error in the measurement. Negative concentrations up to two times
the standard deviation falls within the uncertainty limits of the
measurement and is thus accepted and stored as correct. However,
large negative concentrations does indicate a serious error in the
measurement [OPSIS, 1996].

2. Negative standard deviation values

This is an indicator that the evaluation has not converged properly.
Thus, the measurement is uncertain or completely incorrect. It is
however, stored with the negative std.dev. functioning as an indica-
tion of the error [OPSIS, 1996].

3. Negative light levels

A negative light level is an indicator that the user defined maximum
standard deviation limit is exceeded for this measurement. The value
is stored however [OPSIS, 1996].

3.6.1.1 The Light level

The light level is one of the main parameters in the quality control of
the DOAS measurements.

The light level may vary over the cause of a day or change slowly
over a longer period due to various reasons. Ideally these variations
should be kept to a minimum.

This kind of variation can normally be explained by meteorological
phenomena. Clearly the light levels may drop due to decreased visi-
bility on a foggy or rainy day. Likewise dust phenomena, for exam-
ple around harvest, will also affect the light intensity. In the case of
the Lille Valby DOAS, extensive daily drifting of the light level was
found to be due to solar heating of the instrument. Placing the re-
ceiver and emitter units on concrete bases did not suffice to solve this
problem as described in section 3.5.

The light level may decrease slowly over time for various reasons:

1. Deterioration of the lamp. An old lamp will show a decrease in
the intensity of the deep-UV part of the lamp spectrum. Thus the
effect should be most pronounced for gases measured in the deep-
UV region such as NO. However, if the lamp is changed as pre-
scribed every 6 months this phenomenon should not occur (to any
significant extent) [OPSIS, 1996].

2. Movements in the instrument base.
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The base upon which the instrument is placed may move slowly
with time. Placing the DOAS on a concrete base should eliminate this
problem.

The light level describes the amplification done by the photomulti-
plier tube in the analyzer. On the analog/digital card the photomul-
tiplier gain is adjusted so that the output current reaches a certain
value. This is done by varying the gain voltage, until the desired
output current is reached. Thus a voltage of 190 V D/C corresponds
to a light level of 100%(min. amplification) and a voltage of 1100 V
D/C corresponds to a light level of 0%(max. amplification) [Virkkula,
1996]. The light level is calculated for the wavelength at which most
light arrives at the photomultiplier. In the case of ozone measure-
ments in the 265.7 - 304.4 nm region the light level is calculated at
approximately 297 nm which has the highest intensity of the xenon
lamp spectrum in that region. NO, is measured in the 406.2 - 444.2
nm region the light level is calculated at approximately 444 nm
[Virkkula, 1996]. I have not been able to find the precise wavelength
intervals used by OPSIS in the measurements of HONO and NO, as
OPSIS do not provide their users with that kind of information. Thus
an estimate of the wavelength for which the light level is given can
not be made. Also it should be noted that OPSIS do not themselves
provide the information about the wavelength for which the light
level is reported. Without any attenuation the light level would be
100%.

3.6.1.2 Lowest acceptable light level and standard deviation

Normally the standard deviation will increase with decreasing light
levels, because the signal-to-noise ratio is then decreasing. Thus one
might suspect that an upper value of the standard deviation could be
used for excluding bad data. However, in the case of high pollution
levels the standard deviation also increases because the signal-to-
noise ratio is then a constant. Thus to perform a quality analysis of
the DOAS data it is necessary to look at the signal-to-noise ratio as
well.

The analysis builds on plotting the light level against the standard
deviation. Examples of such plots are given in Appendix B.1 and B.2.

Now the lowest acceptable light level L and the standard deviation D,
is found in the following way: '

1. A curve is drawn directly underneath the scattered points in the
diagram.

2. The point on the curve, where the noise becomes dominant is
found.

3. Following the curve uphill 1/4 to 1/3 of its length then defines the
lowest acceptable light level L and the standard deviation D.

4. However, light levels below 15 % should not be accepted. In this
case one should proceed uphill along the curve until it crosses the
15 % light level and a new std.dev. D, should be found from that
point.
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Now the task is to exclude data of high std.dev. caused by interfer-
ences and not to exclude data of high std.dev. caused by high pollu-
tion levels. To do this the signal-to-noise ratio needs to be found.

The signal-to-noise is defined as concentration divided by std.dev.
(C/D). This value is estimated by plotting concentration versus
std.dev. in a scatter plot as shown in Appendix B.1-B.2. Now the bad
data points found in the lower right hand side of the diagram should
be identified and excluded.

The data points to be excluded lies below a straight line that goes
through the previously determined value of standard deviation on
the x-axis, D,. The only problem is to find the proper slope of the
curve, the signal-to-noise ratio. One way to do this is to draw a
straight line along which the main part of data points are found. Us-
ing the slope of this line a straight line through D, on the x-axis can
then be drawn. The data points to be excluded are thus those that lie
below this line.

In order not to accept data points of high negative values but of low
std.dev. all data with a negative concentration greater than the nega-
tive of the std.dev. (- D)) should also be excluded.

3.6.2 Corrections from datalogger data

OPSIS provides several data-logging units for automatic temperature
and pressure correction of measurements. They also registrate wind
speed, wind direction, and rainfall. Use of dataloggers is optional.
Thus it is worth estimating the size of the errors introduced into the
measurements when choosing not to use datalogger data for correc-
tion. Estimates of this kind are done below.

3.6.2.1 Temperature correction from data-logger.

The conversion factors for converting between pugm® and ppb are
temperature dependent. The conversion factors and their tempera-
ture dependence can be found in the following way. The calculations
are shown for NO,.

P*V=n*R*T= V=n*R*T/P

Thus at T =273 K and P = 1.00 atm.

V = (1 mol * 0,082057 atm * 1 * mol"* K" * 273K)/1atm

=22,401561 L

Thus, the conversion factor for converting from ppb to micrograms at
273 K and 1.00 atm. is:

46/22,401561 =2,053428 ugm'appb’1
;where 46 is the approximate molecular weight of NO,. Thus, to con-

vert from micrograms to ppb at 273 K and 1.00 atm. the conversion
factor is:

1/2,053428 = 0.48699 ppbug’'m’



Likewise at T = 288 K and P = 1.00 atm.

V = (1 mol * 0,082057 atm * 1 *mol™ K" * 288K)/1atm
=23.632416 L

Thus, the conversion factor for converting from ppb to micrograms at
288 K and 1.00 atm. is:

46/23.632416 = 1.946479 ugm>ppb’

Thus, to convert from micrograms to ppb at 288 K and 1.00 atm. the
conversion factor is:

1/1.946479  =0.51375 ppbug'm’

Thus, the error introduced for a measurement of NO, of 10 |,Lgm'3
using the conversion factor at 273 K instead of the one for 288 K at
1.00 atm is (( 0.51375 - 0.48699) / 0.51375) * 100 % = 5 %. Thus the
DOAS measurements are underestimated by 5 % in this case. Like-
wise, at temperatures below zero the DOAS measurements will be
overestimated.

3.6.2.2 Pressure correction from data-logger.

The conversion factors for converting between pgm® and ppb are
dependent on pressure. The conversion factors and their pressure
dependence can be found just as their temperature dependence.
Again the calculations are made for NO,.

P*V=n*R*T=> V=n*R*T/P

AtT =273 Kand P = 101.325 kPa = 1 atm the conversion factors are
the same as calculated ‘above. Thus, the conversion factor for con-
verting from ppb to micrograms at 273K and 1 atm is:

46/22,401561 = 2,053428 pgm™ppb™
;where 46 is the approximate molecular weight of NO,.

And to convert from micrograms to ppb at 273 K and 1 atm the con-
version factor is:

1/2,053428  =0.48699 ppbug'm’
Now for constant temperature, T = 273 K and P = 0.97 atm

V = (1 mol * 0,082057 atm * 1 * mol* K" * 273K)/0.97 atm
=23.0944 L

Thus the conversion factor for converting from ppb to micrograms at
273K and 0.97 (low pressure episodes) atm. is:

46/23.0944 =199 pgm ppb’
Thus to convert from micrograms to ppb at 288 K the conversion
factor is:

37



Conversion factors used

Stability check of
rotating disk

38

1/1.99 = 0.5021 ppbug'm’

Thus the error introduced for a measurement of NO, of 10 pg m”®
using the conversion factor at 1 atm instead of the one for 0.97 atm at
273 K is ((0.5021-0.48699) /0.5021) * 100 % = 3 %.

The conversion factors used throughout this thesis for converting

between ppb and pugm® are those given in the OPSIS software man-
ual [OPSIS, 1995].

Table 3.3. Conversion factors for converting between ppb and pgm®. The
conversion factors are for T, = 273.15 K and P, = 101.32 kPa. The molar
volume is 22.40 m’/kmol [OPSIS, 1995].

Species Conversion factor Conversion factor
1 pgm* e n ppbV 1 ppbV & npgm*

NO, 0.4869 2.054

o, 0.4667 2.143

NO, 0.3613 2.768

HONO 0.4765 2.099

3.6.3 Maintenance

In order to obtain quality measurement data the performance of the
DOAS instrument has to be checked regularly and the results in-
cluded in the data evaluation process. The performance checks can
be divided into groups depending on the frequency with which they
should be done. The OPSIS manual suggests the following guide-
lines.

1. Once a week: System check, check of light levels and standard
deviations.

2. Every two weeks: Precision test (U.S. EPA requirement).

3. Once a month: Reference calibration, data backup, visual inspec-
tion of the system including the emitter, receiver, opto-fibre, etc.

4. Every third month: Span calibration

5. Once a year: - Accuracy audit (U.S. EPA requirement)
- Examination of the complete system, including re-

certifica-
tion of all test gases.

3.6.3.1 System check (Once a week)

The built-in automatic System Check performs a check of the spec-
trometer and the related electronics to ensure that the recorded spec-
tra are reasonable.

First the stability of the rotating disk is tested. This is done by testing
the time between two slits in the disk during one and ten revolutions
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respectively. If the deviation is below the limit of 0.1 % the test result
is OK.

For movable grating systems the positioning of the grating needs to
be performed with great accuracy. The result of the positioning check
is presented in the form of the parameters P1 and P2 and both must
be within the permissible limits.

The last test deals with the performance of the detection system. The
grating positioning with respect to the detector is measured to en-
sure that the image, originating from the optic fibre, is projected onto
the detector as centred as possible. Also the analogue offset in the
detection system is determined. The results of these checks are given
in the parameters P3, P4 and P5. These should also be within some
predetermined limits. '

A more thorough description can be found in the OPSIS manuals
[OPSIS, 1995 and OPSIS, 1996].

Along with the System Check the light levels should be inspected for
each gas (and for each path). If the light levels are dropping the cause
for this should be looked into.

3.6.3.2 Precision test (U.S. EPA requirement, every two weeks).

A precision test is defined in the U.S. EPA 40 CFR Part 58 regula-
tions. The OPSIS Quality Assurance and Quality Control Manual

gives a thorough description of how to perform a precision test
[OPSIS, 1996].

3.6.3.3 Reference calibration (Once a month)

In order to ensure that the raw lamp spectrum used in the deconvo-
lution routine of the DOAS system is of optimal quality a new refer-
ence spectrum, taken at zero gas conditions, needs to be recorded on
a regular basis. This will compensate for changes in the analyzer
spectrometer as well as in the electronics and minimize instrument
noise.

A new reference spectrum can be made by performing a reference
calibration as described in the OPSIS Quality Assurance and Quality
Control Manual [OPSIS, 1996]. The effect of such a calibration is to
record a new reference spectrum for the wave length regions
(windows) used in measuring the selected gases. If more pollutants
are evaluated in the same wavelength region only one reference
spectrum is necessary. A more thorough description can be found in
the OPSIS manual [OPSIS, 1996].

3.6.3.4 Span calibration (Every third month)

The principles and control of a span calibration is described in the
following, section 3.7.
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3.6.3.5 Accuracy audit (U.S. EPA requirement, once a year)

An accuracy audit test is also defined in the U.S. EPA 40 CFR Part 58
regulations. The OPSIS Quality Assurance and Quality Control
Manual gives a thorough description of how to perform a precision
test [OPSIS, 1996]. Except for some modifications it is a multipoint
span/offset calibration as described in section 3.7 below.

3.6.3.6 Mercury lamps for checking grating precision

Upon manufacture of the DOAS instrument, a mercury spectrum is
recorded for most of the measurement components. Thus the preci-
sion of the grating can later on be checked by recording a new mer-
cury spectrum and comparing the position of the mercury peaks
with those of the post manufactory spectrum. In this way a drift in
channels can be found and corrected for. To perform this check an
OPSIS mercury lamp CA 004 is required.

3.6.3.6 Light attenuation test

Atmospheric attenuation may influence on the DOAS measurements
and thus the analyser’s sensitivity to light attenuation should be
checked. A light attenuation test is carried out for each gas (and each
path), since the result may depend on both the wavelength region
and the path length. Special hardware, grids which simulate in-
creasing levels of light attenuation, are needed for a light attenuation
test. The grids are placed in front of the receiver entrance one at a
time and the effect on the light level is observed. If a standard devia-
tion increases when attenuating the light, this is an indication that
the light level for that species is too low. The procedure is thoroughly
described in the OPSIS quality control manual [OPSIS, 1996].

3.7 Calibration of the DOAS instrument

Calibration of the instrument is part of the normal operational pro-
cedure. A calibration serves to check if the analyzer is responding
correctly, when measuring a given gas concentration. If not, the cali-
bration procedures will supply you with information enabling you to
make the necessary corrections for resuming correct operation.

3.7.1 The control of the calibration system

A multipoint span calibration, as described in this chapter, consists of
at least six roughly and equally spaced calibration points, including
the zero point, covering at least 80 % of the measurement range
[OPSIS, 1996].

Calibration points are pairs of measured signals and known concen-
trations. Plotting the analyzer responce (Y) as a function of the theo-
retical/calculated concentration (X) in an ordinary x-y plot ideally
gives a straight line with the equation:

Y=Kk*X+b (3.5)
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The analyzer responce (Y), that is the concentration measured by the
analyzer, is found by applying the Lambert-Beers law to the meas-
ured spectral intensities as described in section 3.2.

The slope (k) and intercept (b) of the y-axis then defines the desired
instrument correction factors:

span factor =1/k (3.6)
offset factor =-b (3.7)

Ideally the span factor, which adjusts the instrument sensitivity,
should be 1.000. However, the slope (k) should not deviate from 1.0
by more than +/- 20 %[OPSIS, 1996]. Likewise the offset factor, ad-
justing the deviation from zero, when measuring zero gas, ideally
should be 0.000 [OPSIS, 1996].

The span-calibration should be done within an interval of 10-80 % of
the operational measurement range. That is the optical density when
calibrating should be comparable to the optical density of the out-
door measurements, for each gas being calibrated. The maximum
optical density of the outdoor measurements, O, _, is expressed as:

Od, max= L * Cmax (3'8)
;where C__is the maximum concentration of the species being cali-
brated. To achieve the same density when calibrating, a cell of length
L, is required:

Lc= Od/ Cstd (39)

With an outdoor-path length of 721,2 m, a measurement range for
NO, of 0-500 ppb (instrument range), and a standard gas concentra-
tion C_, of 961 ppm, a cell of length:

L= (721,2* 500 ppb) / 961000 ppb = 0,375 m
corresponds to the maximum optical density. However for Lille
Valby a range of 0-20 ppb is sufficient. Thus, a cell of length 1.5 cm is
sufficient for obtaining the maximum optical density.

The various calibration points for different optical densities can be
obtained in two ways. Either by varying the length of the calibration
cell or by varying the standard gas concentration by dilution. Varia-
tion of the calibration cell length offers no contribution from errors
in the dilution system.

At least three calibration cells of lengths: L1, L2 and L3 must be used.
From these a total of 7 different calibration cell lengths can be ob-
tained by combination:

L1,12,1L3,L1+L2,L1+L3,L2+L3,L1+L2+L3

giving 7 points on the calibration curve. Besides the calibration cells
the additional hardware needed for a span calibration is described in
the OPSIS Quality Control manual [OPSIS, 1996].
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3.7.2 The NO, calibration procedure

Only a brief description of the steps in the calibration procedure will
be given, along with the calculations concerning the dilution system
and the correction factors.

The calibration bench, calibration cells, lamp etc. was connected as
instructed in the OPSIS Quality Control manual [OPSIS, 1996)].

% vent to outdoors

GG 400 dl UV filter
filter [I < UF 220

RE 060 Calibration bench RE 060

Calibration gas C8 100
UV filter Opto-fibre
UF 215 OF 60
0 Opto-fibre |
.. il OF 60
e Q_/ \

Power supply Calibration unit

PS 150 CA 150 Analyser AR 500

Figure 3.5 The setup for performing a dynamic, multipoint span calibration
for NO,. The GG 400 UV filter is required for NO, calibrations only
(protects against photolysis of the NO,).

Three calibration cells were used:

L1=99.24 mm, L2 = 40.02 mm, L3 = 10.18 mm.

Measurements were done on seven different cell combinations as
described above, and on three different dilutions of the 961 ppm NO,
standard gas: 50 %, 25 % and 12.5 % dilution. For cell combinations
L1+L2 and L1+L2+L3 measurements were also made for 6.25 % dilu-
tion.

In this case a dilution of the NO, gas was obtained by mixing the
NO, bottle-gas with zero-air in a mixing cell, using flowmeters to
vary the dilution factor. The total flow rate was measured to be 1078
ml/min. A dilution of the NO, gas of 50 % then corresponds to a
combined flow of zero-gas and NO, gas of 539 ml/min each. The
calibration curves for the flow-meters are:

Flowrate = 63.35714 * (reading in %) + 10.45054
; for the Zero-air flowmeter

Flowrate = 25.65526 * (reading in %) + 48.08334
; for the NO, flowmeter

From these the reading for any desired flowrate can be found. For
the zero-gas it was found that a flow of 539 ml/min corresponds to a
reading on the flowmeter of 8.34%. Likewise is was found that for
the NO, mass flow controller a flow of 539 ml/min corresponds to a
reading of 19.14 %. A 50% dilution therefore consists of flows of
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zero-gas and NO, at 8.34% and 19.14% respectively, for a total of
1078 ml/min.

Table 3.4 Dilution factors and corresponding flowmeter readings.

NO, - dilution factor Flowmeter reading Flowmeter reading
NO, in % Zero airin %
50 % 19.14 8.34
25% 8.63 12.6
12.5 % 3.38 14.72
6.25 % 0.75 15.8

The concentration of the NO, standard gas used was 961 ppm. The
Mass Flow Controller calibration curves are given in Appendix D.

3.7.3 Results

Completing the measurements a total of 21 calibration points was
obtained. The maximum concentration obtained was 359.0296 ppb
and the minimum concentration was 6.114363 ppb. Thus the 21 cali-
bration points span a range of (359.0296 - 6.114363) ppb = 352.92 ppb
or sligtly above 70 % of the full instrument measurement range of 0-
500 ppb. And well above the expected ambient range of 0-20 ppb.
The full results of the calibration procedure is given in Appendix D.

The DOAS instrument allows for operation with two concentration
measures: ppb or micrograms per cubicmeter. The calculated concen-
tration (C_ ) at 50 % dilution and for a combined cell length of
0,13926m is found from the expression:

c, =C_*L,/L

cell path

(3.10)

calc.

where C_, is the concentration of the bottle NO, gas after dilution.
L., is the length of the calibration cell and L_, is the pathlength given
in the DOAS instrument. As the concentration of the bottle gas used
is 961 ppm, the concentration in ppb for a dilution of 50% is:

C,... = (961*1000)/2) ppb = 480500 ppb

Thus for L, = L1+L2 = 0.1392 m and L, = 200 m the calculated con-
centration can be found from the expression:

Comrnn = ((961¥1000)/2) ppb * 0,13926m/ 200 m= 334,57215 ppb.
The concentration C,,, is multiplied by the factor L /L because
the measurement path length used in the DOAS instrument meas-
urement evaluation is set to 200 metres. Thus it sees the measured
optical density as if it was obtained over a path length of 200 metres
and corrects for this.

The result of plotting measured against calculated values for all cali-
bration points are seen in Figure 3.6. It shows the calibration curve
for all validated calibration points as well as for each cell combina-
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tion. Table 3.5 gives the slope, intercept, correlation coefficient, span
factor and offset factor for each cell combination.

Table. 3.5 Results of the calibration procedure for different calibration cell
combinations.

Cell length k b R Std. Dev. Span Offset
factor: 1/k factor: -b

L1 0.9937 3.38 1 0.35333  1.0063 -3.38
L1+L2 0.9997 47591 1 0.395 1.0003 -4.7591
L1+L2+L3 1.017 44078 1 0.425 0.9833 -4.4078
L1+L3 1.0023 2.58 1 0.33333  0.9977 -2.58
L3 1.0033 0.14 0.9992 0.13333  0.9967 -0.14
L2+L3 1.0027 1.52 1 0.22 0.9973 -1.52
L2 0.9962 1.72 1 0.21333  1.0038 -1.72
All Data 1.0151 1.5343 0.9996 0.9851 -1.5343

3.7.4 Statistic analysis of calibration results

In order to test the calibration result by means of a significance test,
the following null hypothesis is tested.

The null hypothesis states that the analytical method, in this case the
DOAS measurements of the NO, concentrations, is not subject to sys-
tematic error [Miller, 1993]. Thus there is no difference between the
observed and known (in this case the calculated values) values, other
than that which can be attributed to random variation [Miller, 1993].
Assuming that the null hypothesis is true, the probability that the
differences between the observed and known values are really only a
result of random errors can be calculated. Normally the null hy-
pothesis is rejected if the probability of the differences occurring by
chance is less than 1 in 20 (i.e. 0.05 or 5%) [Miller, 1993]. Thus, there
is a 1 in 20 chance that the null hypothesis is accepted when it was
really false.

In order to test the null hypothesis the following procedure from DS
(Dansk Standard, ISO/DIS 13752) was used.

The original datasets (x, y,) were transformed into (x/, y,') to obtain a
linear relationship with constant variance by:

VO =y/% X =1/
Then the coefficients of the linear regression function are computed:
25, -( 26 251
1 1 1

204 ~{3)

bll =

Now 5 measurements pairs on both extremes of the measurement
range (N,, N,) is chosen. Then the statistic F is calculated:
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;where §, = bo + by x;.

The critical F value for a two-tailed test with i = number of degrees of
freedom of the numerator = 5 and j = number of degrees of freedom
of the denominator = 5 was found to be 7.146 [Table A.3. Miller,
1993].

The calculated value of F using 5 measurements at each end of the
measurement range was 1.265. Since this value is below the critical
value of 7.146 the null hypothesis is accepted. That is, we can say
with 95 % certainty that it is true. Thus, there is no difference be-
tween the observed (DOAS) values and the known (Calculated) val-
ues other than random errors.

3.7.5 Conclusions
From Table 3.4, Table 3.5 and Appendix D it can be concluded that:

~ The slope (k) for the calibration curves deviates from 1 by less
than 2 percent in all cases. Thus, it is far below the maximum accept-
able value of 20 %. Also, the acceptable deviation from 1 of 20% is far
too generous.

— The correlation coefficients (R?) are all better than 0.99. In fact the
correlation coefficient for the ALL DATA calibration curve is 0.9996.

— The variations in the five individual measurement values are -
except four - less than 3 times the mean of the standard deviation for

all optical densities. These measurements however, are all included
in the ALL DATA Figure.

— The intercept value (b) should be within two times the mean of the
recorded standard deviation at approximately 10 % of the measure-
ment range level. In this case 10 % of the measurement range level is
best represented by the measurement at the cell combination: L1 + L2
+ L3 and dilution factor: 6.25 % NO,, with a measured optical density
of 50.36 ppb. The mean standard deviation at this optical density is
0.2. Thus a b-value for all data of 1.5 clearly exceeds two times the
mean standard deviation.

The statistical check of the NO, calibration showed that the DOAS
system performed well. The calculated F value of 1.265 is well below
the critical F value of 7.146. Thus, the DOAS is capable of reproduc-
ing, that is measuring, the true values satisfactorily using the Lam-
bert-beers law, with no systematic errors.
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4 DOAS measurements at Lille Valby,
Denmark, 1998

4.1 Introduction

The DOAS technique is a very useful tool in investigating the tro-
pospheric chemistry. Its ability to measure several tropospheric spe-
cies almost simultaneously, and with great time resolution using
only a single instrument, makes it a good candidate for use in moni-
toring networks.

Measurements of NO, and O, used in the Danish monitoring pro-
grammes are presently performed by chemiluminescence monitors
and UV absorption monitors respectively. However, if the monitor
measurements could be replaced by DOAS measurements only one
instrument would be needed. In addition, other species could be
measured as well.

However, before DOAS instruments can replace monitor measure-
ments, results of the two measurement methods should be com-
pared. If discrepancies between the methods are found, these should
be investigated and understood. Prior to the installation of the DOAS
technique it should be concluded that this will result in an improve-
ment of the measurements or at least a status quo.

In the following sections, data from the Lille Valby DOAS is pre-
sented. It should be noted that the measurements were started on
April 14.th 1998. Thus any reference to April, 1998, is a reference to
the period 14-30/4 1998. Also note, that when “raw” measurement
data are given in Appendix A.1-A 4, data for April is not shown. This
is due to the lack of those data in the NERI database. The April
DOAS data (as well as for the other months), that are referred to in
the text, are taken directly from the OPSIS analyzer.

4.2 NO, measurements at Lille Valby, 1998

4.2.1 Introduction

The NO, measurements were motivated by two purposes. First the
NO, concentration is necessary in determining the NO, production
rates that are crucial in exploring the NO, chemistry. Secondly it was
the intention to compare DOAS NO, and chemiluminescence monitor
NO, measurements in order to determine whether the DOAS tech-
nique could replace the monitor technique when measuring NO,.

4.2.2 Measuring NO, by DOAS

The OPSIS DOAS system uses the absorption peak of NO, at 425 nm
for its detection and measurement. [OPSIS, Sweden, 1995].
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The NO, absorption cross sections in the 400-440 nm region are in the
order of 46.91 - 61.94 * 10” cm’molecule’. The absorption cross sec-
tion at 425 nm is 55.26 * 10% cm’molecule” [Atkinson ef al., 1997]. For
comparison this is two orders of magnitude lower than the nitrate
radical absorption cross sections at its distinct absorption peaks used
in DOAS measurements.

Some uncertainty in determining the NO, absorption cross sections is
due to the equilibrium:

2NO, 2 N,0, (4.1)
’k,, = 6.84 atm” at 298K [F.-Pitts & Pitts, 1986].

Due to this equilibrium the absorption by N,O, needs to be corrected
for. This is done by using data for the N,O, absorption cross sections
and k,_ for the dimerization reaction of NO, [Atkinson et al., 1997].
Thus, uncertainties in the equilibrium constant, or incorrect compen-
sations for the equilibrium will effect the NO, absorption cross sec-
tion determination. Resent studies show that the recommended ab-
sorption cross sections can be taken to be independent of tempera-
ture [Atkinson et al., 1997].

No corrections for interfering species in the OPSIS NO, wavelength
region are made. Thus, the spectral deconvolution procedure for NO,
is the standard procedure described in chapter 3.4.

4.2.3 DOAS NO, measurements at Lille Valby, 1998

The measurement of NO, at Lille Valby was conducted April through
September 1998. The DOAS instrument used is the one described in
chapter 3. Meteorological data for the whole period are given in Ap-
pendix C.

The integration time used in the NO, measurements was 1 minut at
all times. OPSIS suggests a measurement time of 30 seconds, de-
pending on the total time of a measurement cycle. As only 4 compo-
nents are measured a measurement time of 1 minute gives a suffi-
cient time resolution on the measurements.

4.2.4 Results

The “raw” DOAS NO, measurements from Lille Valby for the
months May to September 1998 are given in Appendix A.1. From the
figures it can be seen that at zero light level the concentration drops
to a default value of -1000 and the standard deviation to a default
value of 999. The main reason for the many sudden drops in light
intensity is solar heating of the instrument as described in chapter
3.5. Thus, if the DOAS measurements are to be used for any practical
purpose a sorting of the data is necessary.
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4.2.3.1 Quality control

Quality control of the measurement data is performed as described in
section 3.6.1

As can be seen from the plots of light level versus standard deviation
and concentration versus standard deviation for the NO, DOAS
measurements April - september, 1998, Appendix B.1, some of the
values have negative standard deviations. As mentioned in chapter
3.6.1 this is an indicator that the evaluation of the spectrum did not
convert properly. Thus, these values should not be used. The amount
of negative standard deviations seems to be growing from April to
July. Thus, indicating that the evaluation of the spectre is not done

properly.

Likewise some negative concentrations can be seen. Again the
amount of negative concentrations is growing from April - July.
Thus, indicating that some serious error in the evaluation of the spec-
tres is most likely present [OPSIS, 1995].

In order to exclude the high negative concentrations as well as the
measurements with negative standard deviations the data used in
the NO, DOAS/monitor comparisons are 30 minute values. This
means that the measurement values are averages over 30 minutes,
computed directly by the OPSIS system. When this option is used the
negative std.dev.’s and negative concentrations twice the standard
deviation are excluded.

As the light level of a measurement decreases the standard deviation
increases. Thus, low light level measurements should be excluded.
The OPSIS manuals recommend that light levels below 5 % should
never be used [OPSIS, 1996]. A value of 15 % for the minimum ac-
ceptable light level was chosen. Excluding measurements with a light
level below 15 %also excludes the measurements with the highest
standard deviations as can be seen from the figures of light versus
standard deviation. Appendix A.1, besides the raw DOAS NO, data,
gives concentration, light level and standard deviation for the NO,
data when measurements with a corresponding light level below
15% are excluded.

Using 30 minute measurement values and excluding measurements
with a light level below 15 % should result in data of acceptable
quality for further use. Not simply excluding data with standard
deviations above a certain value ensures that measurements at high
pollution levels, that have high standard deviations, are not errone-
ously excluded (See section 3.6.1.2). Thus, the following quality con-
trol criteria are used:

std.dev. >0 Crons - (2%std.dev.) Light level > 15 %

Measurements are excluded if they do not comply with all of the
above criteria.

Thus, measurements taken when the light intensity is below 15 % are
excluded when using the measurements. For example in the com-

49



The NOx monitor

Principle

NO, measurements

50

parison of chemiluminescence monitor and DOAS data described
below. For the months April-September the number of measure-
ments that are in this way excluded is given in the table below. The
data used are the 1 minute measurement values and not 30 minute
OPSIS averages. Also given are the average monthly concentrations
calculated from the sorted data.

Table 4.1 DOAS NO, measurements at Lille Valby, 1998. The first column
gives the total number of measurement data. Note that this is “raw” 1 mi-
nute measurements. Column two gives the number of measurements when
measurements with a corresponding light level below 15 % are excluded.
Numbers in parentheses are monthly average light levels. Column three
gives the number of excluded measurements. The last column gives the
monthly average NO, concentrations.

Lille Valby NO, NO, Number of Monthly
1998 Month All Data L>15% exclusions Averages
(Average Light) (Average Light) (in %) in ppb
April 5538 (33.6) 4739 (38.9) 799 (14) 6.24
May 9749 (32.3) 7986 (38.9) 1763 (18) 2.81
June 10240 (33.9) 9026 (38.1) 1214 (12) 2.94
July 10185 (33.9) 9877 (34.7) 308 (3) 2.47
August 10064 (32.9) 9766 (33.7) 298 (3) 2.38
September 9860 (33.1) 8386 (38.6) 1474 (15) 5.44

4.2.3.2 Monitor NO, measurements

The NOx monitor at Lille Valby, uses the chemiluminescence of NO,
as a means of measuring NOx and NO.

When NO reacts with excess ozone it produces electronically excited
nitrogen dioxide and oxygen. The electronically excited nitrogen di-
oxide then releases the excess energy in the form of light.

0,+NO - NOQ, + 0, (4.2)
NO,* — NO, + hv (590 < A < 3000nm) (4.3)

The intensity of the emitted light is proportional to the NO concen-
tration. Thus, NO can be measured in this way.

A NOx monitor measures both NO and the sum of NO + NO, =
NOx. NOx is measured by reducing the NO, in a photolytical con-
verter to NO before the chemiluminescence detection [Skov, et al.,
1997]. The monitor is let to cycle between two different air-inlets, one
in which the air is injected directly and one in which the air passes
through the NO, converter before it reaches the chemiluminescence
detector . Thus, in this way the NO, concentration (C,,,) can be
measured as the difference:

Cro: = Cro, - Cro (4.4)

However, other gaseous nitrogen species such as PAN, HNO,, NH,,
N,O,, HONO and organic nitrates are also reduced to NO in the con-
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verter. Thus, the difference, C,, - C,, does not only represent C,,,

NOx



but the sum of C,, and other reduced species. Thus, when the NO,
monitor measures NOx, what it really measures is the sum of NOx
and gNOz where:

gNOz = gNOy - NOx (4.5)

For NO, therefore the selectivity of this method is poor.

4.2.4 Results
Monitor NO, at Lille Valby ~ The figures below show the monitor NO, measurements from Lille
1998 Valby, April - June, 1998.
30
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Figure 4.1 Monitor NO, at Lille Valby, April, 1998.
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Figure 4.3 Monitor NO, at Lille Valby, June, 1998.

4.2.5 DOAS versus Monitor measurements

DOAS data The DOAS data used for the DOAS/monitor comparisons are 30
minute values as described above. Measurements with light levels
below 15 % are excluded. This ensures the quality of the data.
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The monitor NO, measurements are averages over 30 minutes. Thus,
the DOAS and monitor data have the same time resolution, when
used. Table 4.2 gives the monthly average concentrations for the two
measurement methods.

Table 4.2 Monthly average NO, concentrations for DOAS and monitor
measurements at Lille Valby, 1998. Numbers in parentheses are the num-
ber of measurements used. Also given are the monthly average light levels
for the DOAS measurements when light levels below 15 % are excluded.

Month DOAS NO, DOAS NO, Monitor NO,
- monthly averages Average light - monthly averages
(ppb) level (%) (ppb)
April 6.23 (694) 38.6 5.6 (768)
May 2.81 (1158) 38.7 3.2 (1449)
June 2.95 (1303) 37.9 3.0 (1401)

Because the chemiluminescence monitor is expected to overestimate
the NO, concentrations by the factor gNOz, it would be expected that
the monitor NO, concentrations would be higher than the DOAS NO,
concentrations. However, it can be seen that for the month of April
the average DOAS concentration is appreciably higher than the
monitor average concentration. This is reflected in the negative val-
ues of gNOz for April, Figure 4.4.

gNOz as a function of winddirection, Lille Valby, 1998
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Figure 4.4 The negative gNOz values are due to the fact that the average
monthly DOAS NO, measurements for April are higher than the corre-
sponding monthly average monitor NO, measurements.

For the months of May and June the average monitor ozone levels
are just above the DOAS levels as expected. Thus, the negative gNOz
values may be related to meteorological phenomena such as tem-
perature or humidity as discussed below.

It should be noted that the above average monthly DOAS NO, con-
centrations and light levels, computed from OPSIS 30 minute aver-
ages are almost the same as those calculated directly from the 1 min-
ute measurement values when light levels below 15 % are also ex-
cluded, Table 4.1. This should not be interpreted as the two data sets
being equal. But high negative concentration values and values with
high standard deviations that are excluded in the 30 minute average
OPSIS data mostly coincide with very low light levels. Thus, it shows

that the light level is an important parameter in the quality analysis
of DOAS data.



As mentioned above, the NO, monitor is suspected to be in error by
the amount of “gNOz”. Thus, in order to analyze the correlation be-
tween the monitor and DOAS measurements it is natural to perform
the analysis on the basis of parameters that are supposedly related to
gNOz. Simply performing the analysis by looking at the correlation
for different intervals of gNOz would not reveal anything new as the
calculated gNOz values are simply the actual difference in measure-
ment between the two methods. Parameters that can be used for
analysis are ozone concentration levels, PCA (Photo Chemical Age)
and the wind direction as described below. The value of gNOz itself
can be found from the measurement data. How this is done is de-
scribed in the following.

4.2.5.1 gNOz calculations
As mentioned the NOx monitor measures 2 things:

1.NO
2. NOx = NO + NO,

Thus, NO can be found as the difference

2-monitor

NO =NOx-NO

2-monitor

However, as mentioned when NO, is reduced to NO other gaseous
nitrogen species are reduced as well. Thus, what is really determined
in the monitor NOx measurements is:

NO = NO, + NO + HONO + PAN + N,0, + HNO, ..

x-monitor _ NOX + gNOZ
Thus:
NO = NOx_monitor - NO

2-monitor

= NOx + gNOz - NO = NO, + gNOz

Therefore the monitor NO, concentrations are in error by the amount
of gNOz, or equivalently the amount of reduced gaseous nitrogen
species other than NO,. As the DOAS measures NO, with great
specificity, the magnitude of gNOz can be estimated from the equa-
tion:

NO NO, . = gNOz (4.6)

2-monitor

As gNOz is a measure of the amount of oxidized nitrous species in
an airmass it would be expected that the mixing ratio of gNOz would
increase with the age of the airmass. Also it would be expected that
the value of gNOz would increase with increased photochemistry.
Thus, it would be expected that the gNOz values would increase
during warm and sunny months.

The monthly average concentrations of gNOz along with monthly
maximum and minimum values are given in Table 4.3.
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Table 4.3 Monthly average concentrations of gNOz along with monthly
maximum and minimum values. The monthly average temperatures are
calculated from Riseg RIMI data (RIMI = Risoe Integrated Environmental
Project).

Month Monthly max. value min. value Monthly average
1998 averages temperature (°C)
April -0.65 3.45 -9.26 6.93
May 0.07 3.77 -6.34 12.3
June -0.08 2.61 -6.18 14.4

From Table 4.3 it is seen that there is no clear trend in the values of
gNOz for the months April - June. Only the minimum values in-
crease over the whole period. April has the lowest monthly average
and although the monthly average increases in May to a positive
value it decreases again in June to just below zero. The average
monthly temperature increases during the course of the months as
would be expected.

4.2.5.2 Correlation of monitor/ DOAS NO, versus O, concentration

Granby found that the gNOz portion of gNOy increased from 21 %
at 20-30 ppb of ozone, to 67 % at 50-60 ppb of ozone [Granby, K.,
1997]. Thus, an increasing discrepancy of the two measurement tech-
niques with increasing ozone concentration would be expected as:

NOZ-monilor = NOZ + gNOZ
NOZ DOAS = NOZ

Thus, the correlation, R?, between the two measurement methods
were analyzed for different ozone concentration intervals of 0-10
ppb, 10-20 ppb, 20-30 ppb, 30-40 ppb and >40 ppb. Table 4.4 gives
the correlation coefficients of the methods for the various months at
different ozone concentration intervals. The comparison is based on
half hour concentration averages for both techniques.

Table 4.4 Correlation coefficients, R?, between DOAS and monitor NO,
measurements for different ozone concentration intervals.

month 0-10 ppb 10-20 ppb 20-30 ppb 30-40 ppb >40 ppb

April 0.990322 0.969839 0.931493 0.851157 0.84799
May 0.89916 0.824354 0.961427 0.900393 0.374267
June 0.876417 0.91018 0.884189 0.826304 0.752104
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Figure 4.5 Correlation coefficients, R’, between DOAS and monitor NO,
measurements for different ozone concentration intervals, Lille Valby, 1998.

The greatest discrepancies between the methods are seen at the high
ozone concentration levels. Likewise the best correspondance be-
tween the methods is seen at the lowest ozone concentration inter-
vals. For April there is a continuous decrease in the correlation coef-
ficient going from low to high ozone concentration levels.

4.2.5.3 Correlation of monitor/ DOAS NO, versus winddirection

As the quality of the airmasses that reaches Lille Valby depends
strongly on the wind direction (and wind speed) a variation in the
correlations between the different wind directions could be sus-
pected.

As the monitor NO, values are point measurements and the DOAS
NO, values are average concentrations over the whole path length,
that in itself, might cause some discrepancy between the methods.
Thus, the best correlation between the methods would be suspected
for wind directions parallel to the DOAS path. The DOAS measure-
ments would then resemble a point measurement the most. The
DOAS path runs in an East/West direction with a slight South-
West/North-Eastern tilt. Thus, wind directions parallel to the DOAS
path are ENE and VSV. As can be seen from Figure. 4.6 below the
correlation coefficient for the ESE wind direction is good, however,
the VSV direction has the worst correlation coefficients. The meas-
urements for wind directions diagonal to the measurement should be
correspondingly bad. That is for NNV and SSE. This is not the case.
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Figure 4.6 Correlation coefficients, R?, for the DOAS/monitor NO, meas-
urements at different winddirections, Lille Valby, 1998.

On the basis of the kind of airmasses that reaches Lille Valby the best
correlation between monitor and DOAS data would be expected for
“new” air masses where the nitrogen species have not fully been
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oxidized and therefore the amount of gNOz should not be too high.
Thus, the best correlations would be expected for air masses from an
Eastern (Copenhagen) direction or from the S_SV (Roskilde and the
highway). Combining the expected effect of comparing DOAS and
monitor measurements and the expected effect of the airmasses
reaching Lille Valby the best correlation should be found for the
E_NE winddirection.

The best correlations are seen for winds from Eastern or Southern
directions. The worst correlations are seen for winds from a Western
direction or Northern, especially from the West-SouthWest. How-
ever, the E_NE direction does not show the best correlation, which is
actually found in the E_SE direction.

4.2.5.4 Correlation versus PCA
The Photochemical Age (PCA) of an airmass is defined as:

PCA =1-(NOx/gNOy) 4.7)
where
gNOy = NOx + gNOz ; NOx = NO, + NO (4.8)

In young airmasses the ratio of NOx is close to that of gNOy and
PCA is therefore close to zero. In old airmasses however, some of the
NOx have been converted to gNOz. Thus, in this this case the value
of PCA has increased [Skov, et al., 1997].

The monitor at Lille Valby measures
NOx_monitor = NOx + gNOz = gNOy

Thus, gNOy in the equation for PCA can be substituted by
NOx_monitor. Now to find

NOx = gNOy - gNOz = NO, + NO
we use again that

gNOy = NOx + gNOz
Now

gNOz = gNOy - NOx
= NNOx_monitor - NO_monitor - NO2_DOAS
= NO2_monitor - NO2_DOAS
Thus,

NOx = gNOy - gNOz
= NOx_monitor - (NO2_monitor - NO2_DOAS)

So we can find PCA =1 - (NOx/gNOy) as

PCA =1-(NOx /gNOy)
=1-((gNOy - gNOz)/gNOy)
=1 - (NOx_monitor - (NO2_monitor - NO2_DOAS))
/ NOx_monitor)



Correlation coefficients for
positive PCA values

4.2.5.5 Results

The results of plotting NO2_DOAS against NO2_monitor gives the
following correlation coefficients for different intervals of PCA.

Table 4.5 Correlation coefficients, R’, between monitor and DOAS NO,
data, for different intervals of PCA, PCA > 0.

Month 0-01 0.1-0.2 02-03 03-04 0.4-05 >0.5
April 0.9864 0.9799 0.9702 0.9282 0.8921 0.881
May 0.994 0.9891 0.9784 0.956 0.8418 0.5067
June 0.9945 0.9914 0.9796 0.9306 0.8379 0.5331

At negative values of gNOz, when NO2_DOAS is greater than
NO2_monitor, the PCA becomes negative. The correlation coeffi-
cients for these negative values for PCA are given below.

Table 4.6 Correlation coefficients, R?, between monitor and DOAS NO,
data, for different intervals of PCA, PCA <O0.

Month <-05  -05-(-04) -04-(-0.3) -0.3-(-02) -0.2-(-0.4) -0.1-0
April 0.8527 0.998 0.9986 0.9948 0.9902 0.9948
May 0.9895 0.9984 0.9975 0.9944 0.988 0.9957
June 09172 0.9956 0.9976 0.9972 0.9963 0.9964

Figure 4.7 below shows the correlation coefficients for all the PCA
intervals, negative and positive.

Correlation coefficients depending on PCA
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Figure 4.7 The correlation coefficients, R, for the DOAS and Monitor NG,
measurements related to photochemical age, PCA, of the airmasses.

4.2.6 Discussion

The correlation coefficients for positive values of PCA follows a pat-
tern that would be expected from a straightforward analysis. The
PCA is a measure of the photochemical age of the airmass and there-
fore it would be expected that the amount of gNOz in the airmass
would correlate to some extent with the PCA. Thus, it would be ex-
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pected that the correlation of the measurement methods would de-
crease with increasing PCA and thereby increasing gNOz as:

NO

2-monitor

NO

2-DOAS

= gNOz

However, in some cases the calculated PCA is negative. This occurs
for negative values of gNOz when, contrary to the expected, the
DOAS NO, concentrations are higher than the Monitor NO, concen-
tration.

Although it is easy to see (from the expression of PCA, and the data),
that the negative values of PCA occur for times when the
NO2_DOAS concentrations are greater than the NO2_monitor con-
centrations, the meaning of these negative values is not correspond-
ingly clear.

Also the correlation for the negative PCA values is surprisingly good
for all intervals. There seems to be no increasing or decreasing trend
in either positive or negative directions.
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Figure 4.8 Correlation and Correlation coefficients, R’, for DOAS/monitor
NO, measurements at different intervals of Photo Chemical Age, PCA,
June, 1998. The x-axes corresponds to DOAS NO, measurements and the y-
axes to monitor NO, measurements.

Another curiosity is that the slope of the correlation coefficients tends
to decrease slowly but steadily on going from high negative PCA
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values to high positive PCA values. This is the case for all months,
April, May and June. Figure 4.8 above, shows this tendency for June,
1998.

Thus, 4 observations needs to be explained:

1. The interpretation of negative PCA values

2. The constant high correlation coefficients for negative PCA values

3. The behaviour, as was expected, for positive PCA values

4. The decrease in slope on going from negative PCA values to posi-
tive PCA values.

Apparently there are several ways of explanation for these curiosi-
ties. One being that the negative PCA values and the decreasing
slopes are indicators of some systematic error in either of the meas.
urement methods. Another being that the negative PCA values and
the decreasing slopes are indications of some real chemical phenom-
ena. Finally one could ask if it has any meaning to analyze the de-
pendency of the correlation coefficients upon PCA at all.

The last question bounds in the fact that the PCA depends on both
the relative humidity (from the monitor NO, measurements) and
temperature (DOAS measurements), corrections that are not made in
this calculation. Thus, the calculated PCA should not be taken as a
real measure for the photochemical age of the airmass, but as a
means of studying the correlation coefficients for the methods.

Quenching of the NO, monitor at high absolute humidities will result
in an underestimate of the NO, concentrations. Thus, the measured
NO, would be lower than the actual concentration. This could ex-
plain the negative gNOz values and thus, the negative PCA values,
as these occur for DOAS NO, concentrations higher than the corre-
sponding monitor NO,. However, this would not explain the high
correlations for negative PCA values.

A possible source of error in the DOAS measurements, that would
explain the episodes of higher NO, DOAS than monitor, could be the
lack of using data-logger data in connection with the measurements,
as no temperature corrections are made. Instead all measurements
are treated as though they were made at 273 K. Clearly this is not
satisfactory for months like May and June with average temperatures
around 10 - 15 °C. The temperature dependence lies in the conver-
sion factors for each gas, used when data measured in pg/m’ are
converted into values of ppb. An example of the error introduced in
this way for DOAS NO, measurements at 15 °C is given in chapter
3.6. This kind of error would result in a 5 % underestimate of the
DOAS values. Thus, this can not explain the occurrence of DOAS
NO, values greater than the monitor values.
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However, the lack of temperature corrections of the DOAS meas-
urements does have the effect of underestimating the actual concen-
trations at high temperatures and of overestimating the concentra-
tions at low temperatures. This effect grows with the difference in
actual temperature from 273 K.

At low light levels the concentrations are highly inaccurate and could
be overestimated. However, light levels below 15 % have been ex-
cluded and the negative values of PCA does not coincide with low
light levels.

If PCA is related to winddirection it is seen from Figure 4.9 below
that the only winddirection for which there are no ocurrences of
negative PCA values throughout the three months is the North-
Northwest direction. That is for winds from the North and diagonal
to the DOAS path. Thus, if the negative PCA values indicate some
measurement error then this should depend on winddirection and be
minimized for winds from the North-Northwest. This would mean
that the wind would come from the Roskilde Fjord area. Thus, to the
extent that the absolute humidity is affected by the winddirection
this would not support the theory of monitor NO, error due to high
absolute humidity.
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Figure 4.9 Monthly averages of PCA for different winddirections at Lille
Valby, 1998.

It would be expected that the largest values of PCA should be found
for the South-Southeastern direction during transport episodes of
photochemical air pollution from that direction. However, the largest
values of PCA are found in the North-Northwest, West-Northwest
and South-Southwest directions. The spring and summer of 1998 was
very cold and rainy. Thus there were no pronounced photochemical
transport episodes from the South-Southeast. The bad summer is
also reflected in the relatively low values of PCA most of which are
below 0.2.

Ziv and Iakovleva investigated the relationship between monitor and
DOAS NO, measurements at the HCO (Copenhagen) monitoring
station. They found a yearly negative mean bias error, meaning that
the monitor data is greater than the DOAS data, for the years 1994 -
1996 [Ziv et al., 1998]. The largest negative biases are generally found
in the spring and summer months. However, months of positive bias
(meaning that the DOAS data is greater than the monitor data) do
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occur. But only during November - March of all years [Ziv et al.,
1998].

This suggests that the observed discrepancies between the methods
may be temperature dependent. Ziv et al. found that the difference
(monitor - DOAS) in ppb, between the methods, were positive for
temperatures above zero degrees celcius and negative for tempera-
tures below zero[Ziv et al., 1998]. This means that at temperatures
above zero the monitor concentrations were higher than the DOAS
data and the opposite for measurements below zero degrees celcius.
From Table 4.2 it is seen that the monitor measurements were also
higher than the DOAS measurements in this study. For April, how-
ever, the DOAS measurements were higher than the monitor meas-
urements.

4.2.7 Conclusions

The growing amount of negative standard deviations and negative
concentrations for the months April - July indicates serious evalua-
tion errors. Thus, the level of quality control and maintenance of the
Lille Valby DOAS should be highly increased. The procedures for
quality control and maintenance described in chapter 3.6 and the
OPSIS quality assurance manual should be followed.

* The correlations for the two measurement methods when dividing
the measurements according to ozone concentration intervals be-
have as expected. Thus, the correlation decreases with increasing
ozone concentration.

* The behaviour of the correlation for the two measurement meth-
ods when dividing the measurements according to different
winddirections can not be explained on the basis of the effects
considered here.

* The correlations for the two measurement methods when dividing
the measurements according to different values of PCA can not
easily be explained. For positive values of PCA the correlation de-
creases with increasing PCA as expected. However, for negative
PCA values the surprisingly good correlations for all values of
PCA can not be explained. Likewise the systematic decreasing
trend of the slopes of the linear regression lines can not be ex-
plained.

* The interpretation of negative gNOz values is uncertain.

The analysis does reveal discrepancies between the two measure-
ment methods. The dependence of correlation’s between the DOAS
and monitor measurement methods upon ozone concentration lev-
els supports the theory that discrepancies lies partly in the amount of
gaseous nitrogen species other than NO, that are reduced in the NQ,
monitor. This is also supported by the fact that the monitor values
generally are higher than the corresponding DOAS measurements,
except for April, 1998. The study of Ziv and Iakovleva shows that the
discrepancy between the methods is dependent on temperature. This
should be further investigated.
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DOAS measurements could effectively replace monitor NO, meas-
urements if the data quality control and instrument maintenance is
kept at a high level and temperature and pressure corrections should
be performed.

4.3 O,measurements at Lille Valby, 1998

4.3.1 Introduction

First, the O, concentration is necessary in determining the nitrate
radical production rates that are crucial in exploring the nitrate radi-
cal chemistry. Secondly, it was the intention to compare DOAS and
monitor measurements in order to determine whether the DOAS
technique could replace the monitor technique when measuring O,.

4.3.2 Measuring O, by DOAS

When choosing the optimal wavelength region for DOAS measure-
ments several parameters need to be taken into account. The magni-
tude of the absorption cross sections as well as interference from
other species and atmospheric attenuation (light scattering by gases
and particles and light absorption by gases and particles [F.-Pitts &
Pitts, 1986]) needs to be evaluated in the candidate wavelength re-
gion. In the case of ozone measurements, the UV region 200 - 330 nm
is of interest.

The strongest absorption of the ozone molecule in the UV 200 - 330
nm region is around 256 nm. Here the absorption cross sections are
in the order of 1.1 * 10" cm’molecule’[ Atkinson et al., 1997]. How-
ever, in this region the atmospheric attenuation is also strongest. This
together with the fact that the efficiency of the light transmittance
decreases with shorter UV wavelengths and the strong oxygen ab-
sorption below 270 nm makes this region unfit for DOAS measure-
ments [Axelsson, 1990].

NO, and SO, may interfere with ozone measurements in the 300-360
nm region (the Huggins bands). SO, has a strong differential absorp-
tion around 300 nm and up to 325 nm where it is strongly reduced.
However, NO, absorbs increasingly in this region. Traditionally the
wavelength region around 328 nm was used for the detection of
ozone by DOAS. This was a compromise between the increasing NO,
absorption, the decreasing ozone absorption with wavelength in this
region and the fade off of SO, absorption at 325 nm [Axelsson, 1990].

However, ozone has a strong differential absorption peak at 283 nm
suitable for DOAS measurements. At this wavelength the differential
absorption cross section is 10.7 * 10* cm’molecule’. In this region the
major interference stems from SO, absorption [Axelsson, 1990].

Fortunately, the SO, absorption is weak and can be handled by in-
cluding a SO, reference spectrum in the deconvolution routine for
ozone [Axelsson et. al, 1990]. The same procedure that is used in

handling water interference, when measuring nitrate radicals by
DOAS.
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the sample forms a ratio I/I. This ratio is related through the Beer-
Lambert law to the ozone concentration.

10° T  2992inHg , I

Co="Gizmxk — p %, (49)
where:

I = Intensity of light passed through the sample

I, = Intensity of light through sample free of ozone

o = absorption coefficient in cm*molecule’

14 = path length in cm

C,, =concentration of ozone in ppb

P =pressure in inches of mercury

T  =temperature in Kelvin

As can be seen from the equation the measurements need to be cor-
rected for temperature and pressure as they influence the density of
the sample. A change in density is reflected in the number of ozone
molecules in the absorption tube, thereby changing the amount of
light removed from the light beam by the absorbing gas. These cor-
rections are done automatically [Advanced Pollution Instrumenta-
tion, ozone analyzer manual].
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Figure 4.10 Monitor ozone concentration levels, in ppb, at Lille Valby, April
- June, 1998.

The method of measuring ozone by UV absorption is subject to inter-
ference from many sources. The Lille Valby monitor successfully
eliminates interference from SO,, NO,, NO, H,O and meta-xylene
(meta-xylene was most likely chosen because it is used as a measure
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In the OPSIS AR 500 system the wavelength region used for detect-
ing and measuring ozone is the 265.7 - 304.4 nm region [A. Virkkula,
1996]. Thus, this covers the region around 283 nm recommended for
ozone measurements by Axelsson et al.

4.3.3 The measurement campaign

The measurement of O, at Lille Valby was conducted April through
September 1998. The DOAS instrument used is the one described in
chapter 3. Meteorological data for the whole period are given in Ap-
pendix C.

The integration time used in the O, measurements was 1 minute at
all times.

4.3.3.1.1 Results

DOAS data from the DMU database, concentration and light level,
for the months May to September 1998 are given in Appendix A.2.
Here, measurement data with a light level below 5 % are excluded.
For comparison “raw” data for the month of May, 1998, including all
measurements are also presented. From this figure it can be seen that
at zero light level the concentration drops to a default value of -1000
(and the standard deviation to a default value of 999. The main rea-
son for these many sudden drops in light intensity is solar heating of
the instrument as described in chapter 3.5. If the DOAS ozone meas-
urements are to be used for any practical purpose a sorting of the
data, other than the 5 % minimum light level, is necessary. The qual-
ity control criteria for the DOAS data used in the DOAS,/monitor
data comparison is given in section 4.3.4.

4.3.3.2 Monitor O, measurements

The ozone monitor at Lille Valby is an M400A Ozone Analyzer. The
absorption coefficients of ozone in the UV region are large enough
for ozone to absorb strongly in this region. In particular the monitor
uses the UV absorption of ozone at 254 nm for its detection and
measurement [ Advanced Pollution Instrumentation, ozone analyzer
manual].

The method is based on the Beer-Lambert equation [Advanced Pollu-
tion Instrumentation, ozone analyzer manual]. The monitor is
equipped with a mercury lamp, that predominantly emits light in the
254 nm region. The light from the lamp shines down a hollow quarts
tube that is alternately filled with sample gas, then filled with gas
scrubbed to remove ozone. In this way, a measurement cycle is com-
pleted every 6 seconds. During the first 2 seconds the sample tube is
flushed with sample gas, then in the next second the UV light inten-
sity is measured and I is obtained. The sample valve is then switched
to admit scrubbed (ozone free) sample gas for 2 seconds followed by
a 1 second measurement of the UV light intensity to obtain I. The
measurement of [ every 6 seconds minimizes instrument drift due to
changing intensity of the lamp due to ageing and dirt. Thus, the ratio
of the intensity of light passing through the scrubbed gas to that of
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for interference in monitor SO, measurements and correcting for
meta-xylene interference may in practice correct for other aromatics
as well). However, other volatile aromatic hydrocarbons may still
interfere with the measurements [Advanced Pollution Instrumenta-
tion, ozone analyzer manual].

4.3.3.2.1 Results

The figures above show the monitor ozone concentration levels at
Lille Valby, April - June, 1998. The monthly averages are given in
Table 4.7.

4.3.4 DOAS versus Monitor measurements

The DOAS data used for the comparison of measurement methods
are 30 minute OPSIS averages. As for NO,, measurements with a
corresponding light level below 15 % are excluded. The same discus-
sion as given in section 4.2.3.1 on the reasons for this applies equally
to the case of ozone measurements. Thus, the following quality con-
trol criteria are used:

std.dev. >0 Crons = - (2*std.dev.) Light level > 15 %

Measurements are excluded if they do not comply with all criteria.
Plots of light level versus standard deviation and concentration ver-
sus standard deviation for the O, DOAS measurements April - Sep-
tember 1998, are given in Appendix B.2.

The monitor data used are 30 minute average values. For ease of cal-
culation, the monitor ozone concentrations used are integer values.
This is only acceptable because the purpose of this comparison of
methods was only to look at the level of correlation between the
methods.

Table 4.7 The table shows the monthly average ozone concentrations at
Lille Valby, 1998, as measured by the DOAS and monitor technique.

Month DOAS O, DOAS O, Monitor O,
- monthly averages Average light - monthly averages
(ppb) level (%) (ppb)

April 30.4 30.2 30.7

May 35.97 30.3 38.4

June 32.2 28.0 35.0

The monitor monthly average ozone concentrations are higher than
the DOAS ozone concentrations for all months. This is most pro-
nounced for the months of May and June.

As mentioned the ozone monitor eliminates interference from several
compounds such as meta-xylene. However, other volatile aromatic
hydrocarbons may interfere with the measurements due to their ab-
sorption in the UV region of the spectrum. Especially polycyclic
aromatic hydrocarbons have highly structured absorption bands in
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the UV region [F-Pitts & Pitts, 1986]. The presence of volatile aro-
matic hydrocarbons at the measurement site would influence on the
monitor ozone measurements with a positive bias. Thus, in corre-
spondance with the observed, resulting in higher ozone concentra-
tions for the monitor technique.

4.3.4.1 Correlation between monitor and DOAS ozone

The correlation between the methods are shown below. Also shown
are linear regression lines.
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Figure 4.11 Monitor versus DOAS ozone measurements at Lille Valby,
April-June, 1998.

The correlation coefficients, R?, between the methods improves
slightly from April to June. However, throughout all months the lin-
ear regression lines crosses the x-axis, and thus the DOAS NO,, not
at the zero point but at 6 - 8 ppb. This suggests the existence of a zero
point offset in the DOAS instrument. Performing a new reference
calibration could show if this was the case.

Virkkula also carried out comparisons between DOAS and monitor
ozone data [Virkkula, A., 1996]. The DOAS system used was an OP-
SIS AR 500 system, similar to that used at Lille Valby. The path
length of the DOAS system was 1021 m. and 28 m above the surface.
The monitor used was a Dasibi 1008-AH ozone monitor. When plot-
ting DOAS ozone concentrations against monitor ozone concentra-
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tions an offset similar to that found in the Lille Valby comparison
was found. Thus, the crossing of the regression line and the DOAS
axis (in this case the y-axis) was at approximately 5 ppb. This is very
similar to the offset found upon inspection of Figure 4.11 of the Lille
Valby comparison. Virkkula mentiones zero-point calibration errors
as the most likely reason for the large offset [Virkkula, A., 1996].

4.3.4.2 Analysis of discrepancies between the methods

Inspection of the data in tabular form suggests a relationship be-
tween the difference in ozone concentration, between the two meth-
ods, and the ozone concentration level. Thus, the difference between
the methods are plotted as a function of DOAS ozone concentrations.
The results are seen in the figures below.
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Figure 4.12 The difference in ppb between DOAS and monitor O, measure-
ments versus DOAS O, at Lille Valby, April- June, 1998.

From Figure 4.12 it is seen that there is a clear linear correspondence
between the difference of the methods and the ozone level. Large
positive differences, that is when monitor O, is higher than DOAS O,,
are seen for high ozone levels. Correspondingly large negative dif-
ferences are seen for low ozone levels. Above 40 ppb of ozone almost
no negative differences are seen. Likewise, below 20 ppb of ozone
only few positive differences occur.

The dependence of the difference between the two methods upon
ozone concentration levels and the fact that no temperature correc-
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tions are done on the DOAS measurements suggests a possible de-
pendency of the difference upon temperature.

The results of plotting the difference between the methods
(Monitor_ozone - DOAS_ozone) against temperature for the months
May and June are given below.
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Figure 4.13 Monitor - DOAS ozone as a function of temperature at Lille
Valby, May-June, 1998.

As suspected a linear dependence of the difference between the
methods and the temperature is indicated. In May a small group of
measurements, corresponding to temperatures below 7 degrees,
stands out. The effect upon the correlation coefficient of removing
these measurements is shown below. Also shown is the dependency
of the measurement differences upon global radiation, wind direction
and wind speed. The number of measurements for May and June are
985 (947, when excluding measurements at temperatures below 7
degrees) and 597 respectively.

From figure 4.14 and 4.15 it can be seen that there is no correlation
between the difference in ozone concentration of the two methods
and wind speed. The same goes for wind direction and global radia-
tion. However, some correlation with global radiation could be ex-
pected due to the connection between temperature and global radia-
tion. This is reflected in the plot of May, 1998.
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Figure 4.14 Monitor - DOAS ozone in ppb as a function of global radiation,
wind speed, wind direction and for T > 7°C, May, 1998.

The lack of temperature corrections for the DOAS measurements
results in underestimated DOAS concentrations at temperatures
above zero °C and overestimated concentrations below zero °C. This
tendency is in accordance with the observed relationship between the
difference, Monitor_ozone - DOAS_ozone, and temperature as was
shown in Figure 4.13. However, the lack of temperature correction
should not be able to account for the difference in measurements of
up to 10 ppb.
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Figure 4.15 Monitor - DOAS ozone in ppb as a function of global radiation,
wind speed and wind direction, June, 1998.

The effect on the correlation between the DOAS and monitor ozone
measurements of lacking temperature corrections on the DOAS data
was tested by performing the correction on the existing data. This
was done in the following way. First the DOAS ozone concentrations
were converted back to micrograms/m’. Then they were multiplied
by the appropriate factor for converting from micrograms/m’ to ppb
at the temperature given by the meteorological data. The calculation
of the conversion factors at different temperatures is described in
section 3.6.2.1.
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Figure 4.16 Monitor versus DOAS ozone data for Lille Valby, May-June,
1998. Note that the DOAS data are temperature corrected.

As can be seen from Figure 4.16 the temperature correction of the
DOAS data resulted in a slight improvement of the correlation be-
tween the methods. The correlation coefficients, R’, increased for
both May and June and at the same time the slope decreased along
with the negative y-axis offsets. However, there is still a large nega-
tive offset of 5 - 8 ppb on the y-axis. Thus, the lacking temperature
correction of the DOAS data does not account for the discrepancies
between the methods.

Ziv and Iakovleva investigated the relationship between monitor and
DOAS O, measurements at the HC@ (Copenhagen) monitoring sta-
tion. They, as was observed in this study, observed a positive differ-
ence (monitor - DOAS ozone) for high temperatures and a negative
difference for lower temperatures [Ziv, 1998]. They also found that
for the yearly averages, the DOAS data were higher than the monitor
data for the years 1994 - 1996, but negative for 1997 due to a large
negative bias in September of 1997. However, for all years the DOAS
measurements were found to be lower than the monitor measure-
ments during April - July [Ziv, 1998]. This is in accordance with the
measurements performed at Lille Valby, 1998, Table 4.7.

4.3.6 Conclusions

Very few negative standard deviations and no negative concentra-
tions are observed throughout the measurement period. Indicating
that the evaluation of the spectra has converged properly.
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The correlation between the methods is slightly improved when the
DOAS ozone measurements are temperature corrected. However, the
temperature correction does not significantly improve the crossing of
the linear regression lines on the y-axis at negative values of -5 - (-10)

ppb.

Although the temperature correction of the DOAS data does not im-
prove the correlation of the methods significantly it shows that tem-
perature correction on the DOAS data should be performed.

As was shown, the difference in ppb, between the methods depend
on the ozone concentration. This and the fact that temperature cor-
rection of the DOAS data did not improve the correlation markedly,
suggests that chemical reactions (as opposed to meteorological cor-
rections or offset problems) may attribute to the discrepancy between
the methods. Thus, possible interferences in the monitor ozone
measurements should be looked into.

In general the monitor ozone concentrations are higher than the cor-
responding DOAS ozone concentrations. This results in average
monthly ozone concentrations being higher for monitor than DOAS
data. As was shown, the lack of temperature correction on the DOAS
data could not account for the extent of descrepancy observed.

Before DOAS ozone measurements can replace monitor ozone meas-
urements, the discrepancies between the methods should be further
investigated. Also the quality control of the DOAS data should be
kept at a high level and temperature and pressure corrections should
be performed.

4.4 HONOmeasurements at Lille Valby, 1998

4.4.1 Introduction

The nitrous acid measurements at Lille Valby, 1998, were motivated
by the wish to study the nitrogen chemistry related to the nitrate
radical. Moreover nitrous acid is difficult to measure accurately and
specifically using other measurement techniques due to the low con-
centrations found in the troposphere [F-Pitts and Pitts, 1986].

4.4.2 Measuring HONO by DOAS

The absorption cross sections for nitrous acid in the UV region are
sufficiently strong for its detection and measurement by the DOAS
technique. The wavelength region employed by the DOAS technique
is the 330 - 380 nm region [F.-Pitts and Pitts, 1986].

Especially the absorption peak at 365 nm is used in the measurement
and detection of nitrous acid by the OPSIS DOAS systems [OPSIS,
Sweden, 1995]. OPSIS do not supply information on the wavelength
interval used.
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The absorption cross sections of nitrous acid (HONO) in the 330 - 380
nm region lies between 4.9 and a maximum of 23.6 * 10™ cm® mole-
cule” at approximately 354 nm [Atkinson et al., 1997].

In this region of the spectrum absorption by NO, may interfere with
the measurements. Thus a NO, reference spectrum is included in the
deconvolution routine for nitrous acid measurements [OPSIS, Swe-
den, 1995].

4.4.3 The measurement campaign

The measurement of HONO at Lille Valby was conducted April
through September 1998. The DOAS instrument used is the one de-
scribed in chapter 3. Meteorological data for the whole period are
given in Appendix C.

The integration time used in the HONO measurements was 1 minut
at all times.

4.4.4 Results

The “raw” DOAS data, concentration and light level, are given in
Appendix A.3.

4.4.6 Discussion

The detection limit of HONO for the Lille Valby DOAS system of
0.33 ppb was calculated in chapter 3.5. This corresponds to 0.69
pg/m’. Inspection of the “raw” data in Appendix A.3 shows that the
concentration levels of HONO are close to zero throughout the whole
measurement period. However some peaks of measurement values
above 20 pg/m’ do occur, especially in June. These peaks all coincide
with very low light levels below 10 - 15 %. Thus, the peaks do not
correspond to high concentrations of HONO but are mearly an ex-
ample of the error in DOAS measurements when the light levels are
too low.

A close inspection of the periods 2 - 6/6 and 2-5/7 gives clear exam-
ples of the consistency between light level and concentration levels
when measuring close to the detection limit. Thus, from the figures
in Appendix A.3, it is seen that the concentration level closely follows
the light level, even at relatively high light levels. In the June episode
the light level increases during daylight hours and decreases during
the night. This is reflected in a corresponding variation in the concen-
tration levels. In the case of the July episode the more constant light
level is reflected in less fluctuation of the concentration level.

In the remote troposphere the concentration of HONO is estimated
to be < 30 ppt and in rural areas 0.03 - 0.8 ppb [F-Pitts and Pitts,
1986]. Perner and Platt measured HONO by DOAS at Julich in 1979.
They were able to detect nitrous acid concentration levels of up to 0.8
ppb during early morning hours. Only in moderately polluted air,
however [Perner et al., 1979]. At Deuselbach, which is considered
representative for European background air (in 1979) nitrous acid
signals seemed to appear from the noise. However, the concentra-
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tions could not have been above 0.05 - 0.1 ppb (the detection limit
was 0.024 ppb) [Perner et al., 1979)]. Also in 1979 Platt and Perner
measured HONO by DOAS at the Los Angeles air basin, Riverside,
California. In this study they found concentrations up to 4.1 ppb (the
detection limit was 0.28 ppb) [Platt et al., 1980]. Platt et al. considers
reaction 2.36 (chapter 2) and direct formation in combustion regions
as the most likely sources of HONO [Platt et al., 1980].

4.4.7 Conclusions

The nitrous acid concentration levels were found to be below the de-
tection limit of 0.33 ppb throughout the whole measurement period
of May - September, 1998. This is in accordance with previous stud-
ies of nitrous acid concentration levels at background sites.

The unstable light level throughout the measurement period resulted

in erroneous concentration peaks of above 20 pg/m’ for light levels
below 10 - 15 %.

4.5 Nitrate radical measurements at Lille Valby,
1998

4.5.1 Introduction

So far, no measurements of the nitrate radical (NO,) in Denmark has
been published. The nitrate radical is an important night time oxi-
dant in tropospheric chemistry. Thus, in understanding the full
scope of tropospheric nitrogen chemistry the nitrate radical concen-
tration levels, diurnal variations, lifetimes and production rates are
important parameters.

4.5.2 Measuring NO, by DOAS

The nitrate radical has sufficiently strong absorption peaks in the
visible region of the spectrum for its detection and measurement by
the DOAS technique under atmospheric conditions. In particular one
electronic transition in the red region of the spectrum results in two
distinct absorption peaks at 662 nm (the 0-0 transition) and 623 nm
(the first member of the progression) that are usually employed in
the measurement of the radical [Wayne, R.P. et al., 1991].

The value of the absorption cross sections at the distinct peaks

s = 2.1 * 10" cm’ molecule ™

O,,.. = 1.473* 10" cm’ molecule

are high enough to ensure low detection limits in ambient measure-
ments [Atkinson ef al., 1997].

Although absorption cross sections for the nitrate radical exist over a
wide range of the spectrum the values are encumbered with some
uncertainty. The uncertainty stems partly from the difficulties in-
volved in determining the NO, concentration in the complex chemi-
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cal reaction systems that result from the conditions under which the
NO, is produced in the laboratory. Thus, an uncertainty in the esti-
mated nitrate radical concentration results in corresponding uncer-
tainties in the calculated absorption cross sections [Chapter 3, eq.
3.2]. The absorption cross section at 662 nm is uncertain within + 10%
[Wayne et al.,1991].

It is known that the nitrate radical absorption cross sections increases
with decreasing temperature. However, the results from the tem-
perature-dependence studies so far are not consistent [Wayne et al.,
1991]. Thus, the extent of the temperature dependence is not known,
although upper limit ranges has been proposed [Wayne, R.P. et al.,
1991].

Uncertainties like the above are reflected as equivalent uncertainties
in the nitrate radical concentration measurements. Thus, improved
knowledge on the temperature dependence and exact values of the
absorption cross sections would result in more reliable data of the
nitrate radical concentration. '

Two possible sets of photodissociation products of the nitrate radical
exists:

NO,+hv - NO+0, (a)
—NO, + O (°P) (b)

The quantum yields of the reaction paths are not fully determined.
However, in the wavelength interval from 450 to 700 nm reaction (b)
seems to be favoured over (a) [F-Pitts & Pitts, 1986].
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Figure 4.17 Differential absorption spectrum in the 650-667 nm region,
showing structures from 650-660 due to the (311) vibrational band of at-
mospheric water vapor, and the NO, absorption centered at 662 nm (INO,]
= 27.3 ppt). The inset shows a reference absorption spectrum of NO, at 662
nm [Plane et al., 1992}.

A prerequisite for correct measurement of concentrations by the
DOAS technique is the ability to compensate for interfering species.
In the case of the nitrate radical, the strong absorption of water vapor
in the 640-670 nm region of the spectrum must be taken into account

75



Effect of interference

Daytime reference spectrum

H,O reference spectrum

Spectral deconvolution

Quality control

76

absorption spectrum in the 650-667 nm region, showing structures
due to water vapor and the nitrate radical.

Clearly this interference needs to be removed from the spectrum in
order to determine the nitrate radical concentration using the 662 nm
absorption peak. If the interference is not removed however, the ef-
fect may be an underestimate of the nitrate radical concentration
[Wayne, R.P. et al., 1991]. This is due to the fact that some of the
broad absorption caused by the H,O band will be eliminated from
the spectrum along with the other broadband absorptions. This re-
sults in a lower value of I and thus, in the expression

A (i) =-In(1// I) = NoL (4.10)

the value of In (I// I) = A (i) will be lowered. This again results in an
underestimate of the concentration (N) in the least-squares fitting
procedure as can be seen from equation 3.3, chapter 3.

Several approaches can be used to offset the interference from water
vapor. Due to its rapid photolysis the nitrate radical can not exist
during daylight hours. Thus, a nitrate radical spectrum taken a few
hours after sunrise will not show any absorption due to nitrate radi-
cals. However, the daytime reference spectrum will still show the
absorption caused by H,O in this region. Thus, by subtracting the
daytime reference spectrum from the night time nitrate radical spec-
tres the water vapor interference can be greatly diminished. A refer-
ence spectrum taken shortly after sunrise is preferred to one taken in
the evening due to the closer resemblances in the morning and night
time temperatures [Plane et al., 1991]. But as the water vapor content
of the atmosphere varies greatly over the course of a day, even
hours, this method is not entirely satisfactory.

Another approach in eliminating water interference, is to include a
reference spectrum of water in the general software deconvolution
routine. This is the approach taken by the OPSIS DOAS system used
at Lille Valby. Thus, by fitting the water reference spectrum to the
absorption spectrum and subtracting it, the water interference is di-
minished. In this case however, the uncertainty in the calculated NO,
concentration may be as high as 40% [Plane et al., 1991].

In principle the nitrate radical could be measured as an absolute
rather than differential optical absorption. As the nitrate radical is not
present during daylight hours the subtraction of a daylight spectrum
from a night time spectrum would give the absolute absorption of
the radical. At least this would be the case if there were no other ab-
sorption or scattering effects that needed to be taken into account.
Unfortunately this is not the case. Therefore the nitrate radical con-
centration is estimated using the same spectral deconvolution tech-
nique as for other atmospheric species. With the exception that a wa-
ter reference spectrum is included in the deconvolution routine as
explained above.

The uncertainties involved in the measurement of the nitrate radical
by the DOAS technique thus, falls in 3 groups:
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1. The accuracy of the general spectral deconvolution procedure, as
- for other species.

2. Uncertainties in the determinations of ¢ N O,, as described above.
3. Water interference, as explained above.

4.5.3 The measurement campaign
The measurement of the nitrate radical at Lille Valby was conducted
April through September 1998. The DOAS instrument used is the

one described in chapter 3. Meteorological data for the whole period
are given in Appendix C.

The integration time used in the NO, measurements was 1 minut at
all times.

As the nitrate radical photolyses rapidly during daylight hours only
night time measurements are of interest. Several approaches can be
used to determine “night time” periods. In this study global radia-
tion data was used to define night time periods when available. Un-
fortunately reliable global radiation data were only available during
the first 2 months of measurements. Instead night time was simply
defined as the time between 9 PM and 4 AM. This time interval
roughly covers the “dark hours” in the Danish summer time.

4.5.4 Nitrate radical production rates

The only important atmospheric source of the nitrate radical is the
reaction of NO, with O;:

NO, +0O,—>NO, + 0O (4.11)
2 3 3 2

Thus, the rate of, and extent to which the nitrate radical is formed in
the atmosphere, is tightly connected with the concentration of its
precursors NO, and O,.

The rate of formation of the nitrate radical can be found from the
equation:
PN03 = d[NO3]/ dt= k4.n[NOz][03] (4.12)
; wherek, | =1.2*10 ™ exp (-2450/T) cm’molecule’s”.
At 298 K the value of k,, is 3.2 * 10 " [Atkinson et al., 1997]. P, is

used in the remaining of this text as short for “nitrate radical produc-
tion rate”.

The nitrate radical production rates, P, o at Lille Valby are calcu-
lated from the DOAS data in the following way. First the concentra-
tions in ug m”are converted to units of molecules cm™

C oo ems = X g M * 2.46*10" molecules cm?/(0.0409 * (MW)ug m?)

An example calculation of P, for the night of 4-5/6 1998, taking the
concentrations at 01:30 AM which was 17.1 ugm® for NO, and 79.0
ugm” for O,, gives:
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P = kx[NOz] [O3]
=3.2*10"" molecules cm®s™ *
[17.1 pgm® * 2.46*10" molecules cm™®/0.0409 * 46 pgm] *
[79.0 pgm™ * 2.46*10" molecules cm™/0.0409 * 48 ugm™]
= 7.1* 10° molecules cm™s™.

The production rates are calculated using half hour averaged NO,
and O, concentrations.

4.5.4.1 Results
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Figure 4.18 Nightly nitrate radical production rates at Lille Valby, April-
July, 1998. Night time is defined as global radiation less than 2 W/m”.
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4.5.4.2 Discussion and comparisons

The monthly average nitrate radical production rates at Lille Valby
1998 are given in Table 4.8 below. The calculations are made on half
hour averages of the production rates.

Table 4.8 Average monthly nitrate radical production rates at Lille Valby
1998. Also given are monthly averages calculated by Ljungstrem et. al for
the years 1991-1992 [Ljungstrem et. al, 1996].

Month Lille Valby 1998 Ljungstrem et al.
Average production rate in Lille Valby average production
moleculescms™ rates in moleculescm®s’
April 4.04*10°
May 2.29*10° 2.42 * 10°
June 2.03*10°
July 1.22* 10° 2.1*10°

A steady decrease in the average production rate is seen over the
months April to July of 1998. The monthly average DOAS NO, con-
centrations for April, May and June, 1998, are 6.23, 2,81 and 2.95 ppb
respectively. Thus, the decrease in nitrate radical production rates by
a factor 2, can be explained by a decrease in NO, concentrations of
almost the same factor. The monthly average DOAS ozone concen-
trations for April, May and June are 30.4, 35.9 and 32.2 ppb respec-
tively. Thus, this could explain the average nitrate radical production
rates in May being higher than those in June, although the average
NO, concentration is lower for May.

Ljungstrem and Hallquist made similar calculations of the night time
nitrate radical production rates at various locations in Scandinavia
for the years 1991-1992 [Ljungstrem et al., 1996]. Lille Valby was one
of these locations. The calculations were based on monitor rather
than DOAS data. They found that the production rates at all loca-
tions reached the highest values during the spring and summer peri-
ods as opposed to the autumn and winter periods. For Lille Valby
the calculated monthly average production rates for January, May,
July and October were 1.17, 2.42, 2.1 + 0.8 and 1.3 + 0.2 respectively
(all should be multiplied with 10° molecules ecm®s”). This is in good
agreement with the 1998 Lille Valby DOAS data as seen from Table
4.8. This goes for the magnitude of the production rates as well as for
the decrease in these from May to July.

The monthly average production rates from the various Scandina-
vian sites as calculated by Ljungstrem and Hallquist are all of the
same magnitude. Actually all monthly averages fall within the same
range (0.71 - 5.1 * 10° moleculescm®s”), whether rural or urban sites,
summer or winter periods are considered.

The lack of significant variations in the seasonal averages can be ex-
plained by the number of daylight hours in the seasons. Thus, in the
spring and summer periods when production rates are high, the
number of “dark hours” is low. In the winter the lower production
rates are offset by the corresponding high number of “dark hours”.
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Heintz et al. likewise calculated nitrate radical production rates from
DOAS data in the order of 1*10° molecules cm™s™ to 1*10” molecules
cm’s” for The TOR station, Kap Arkona, 1993 - 1994 [Heintz et al.,
1996]. However, these data apparently also include daytime produc-
tion rates which are obviously of little interest.

4.5.5 Nitrate radical concentration levels

The detection limit for measurement of the nitrate radical at Lille
Valby was found to be 25 ppt. (See chapter 3).

4.5.5.1 Results

The “raw” DOAS NO, measurements from Lille Valby for the
months May to September 1998 are given in Appendix A.4. For com-
parison raw data for May are shown along with data where meas-
urements with a corresponding light levels below 5 % are excluded.
From the raw data figure it can be seen that at zero light level the
concentration drops to a default value of -1000 (and the standard
deviation to a default value of 999). The main reason for the many
sudden drops in light intensity is solar heating of the instrument as
described in chapter 3.5. For the rest of the months only measure-
ments with light levels above 5 % are shown. Notice that the errone-
ous “out of range” concentrations above 5 pg/m’ coincide with very
low light levels. As was the case for the HONO measurements.

4.5.5.2 Discussion and comparisons

As can be seen from Figure 4.19 below almost all of the measured
nitrate radical concentrations are below 1 * 10 pug m® which is
equivalent to 3.6 ppt. This is far below the detection limit of 25 ppt.
Also a large portion of the concentrations are negative. The standard
deviations for all measurements are in the range of 7.4 * 10™ to 4.4 *
10° pg m” and thus, the many negative concentrations larger than
two times the standard deviation indicates a serious error in the
measurement, see chapter 3. What is seen in the figures should there-
fore not be taken as a measure of the nitrate radical concentration
levels at Lille Valby. More likely what is seen is actually just “noise”.
Thus, the only conclusion that can be made on the nitrate radical
levels at Lille Valby is that they are below the detection limit of 25
ppt and probably well below.
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Figure 4.19 DOAS measurements of the nitrate radical at Lille Valby, 1998.
The detection limit is 25 ppt = 7 * 10* micrograms/m’.

The diurnal variation of NO, is expected to variate considerably from
day to day, or more precise, from night to night. However, it would
be expected that the concentration would increase some time after
sunset and reach a peak concentration during the night. At dawn the
concentration would then decrease again rapidly due to the photoly-
sis of NO,.

However, as the nitrate radical concentrations are below detection
limit the diurnal variations could not be established. As can be seen
from the figures the diurnal variation is almost identical for the
months May through July, 1998. The “peak” concentrations are
around 10 AM. Again however, these variations are of no practical
use.

Some measurements have been made of the nitrate radical in Scandi-
navia. Platt et al. measured the nitrate radical by the DOAS technique
in Deuselbach and Julich, 1980, using measurement path lengths of
4.8 and 3.5 kilometres respectively [Platt ef al., 1981]. At Julich, where
measurements were conducted May through August the detection

81



Likely DK nitrate
radical levels

The nitrate radical lifetime

Estimated nitrate radical
lifetime span

82

limit was only exceeded on 5 nights, where concentrations up to 78
ppt was found. At Deuselbach measurements were made on April 11
to April 18, 1980. Here, on all but the first night, the nitrate radical
concentrations were above detection limit of 6 ppt, and reached
nightly peak concentrations of 40-280 ppt. Heintz and Platt measured
the nitrate radical by the DOAS technique at a rural site in the Baltic
Sea, Kap Arkona, in 1993-1994 [Heintz et.al., 1996]. They used a
measurement path length of 7 kilometres and thus, obtained a detec-
tion limit of < 2 ppt. Out of a total of 225 measurement nights, on 206
nights the nitrate radical concentrations exceeded the detection limit.
The average of these measurements was 7.8 ppt. The highest levels
occurred in April, May and early June, reaching concentrations of
nearly 100 ppt.

From the Lille Valby measurements, the described Scandinavian
studies and model results (See chapter 5) the nitrate radical concen-
tration level in Denmark under normal conditions are likely to be in
the order of a few ppt. However, during summertime long range
transport episodes of O, and NO, from central Europe, considerably
higher levels should be expected. These episodes are facilitated by
high pressure events, sunny weather and continued winds from the
Southeast. The summer of 1998 was an (unusually) cold and rainy
summer with no pronounced episodes of this kind.

4.5.6 Nitrate radical lifetimes
The lifetime of the nitrate radical can be found from the expression:

1NO,= [NO,]/k,[NO,][0,] (4.13)

= [NO,}/P,, (4.14)

Again as the nitrate radical concentrations at Lille Valby 1998 were
all below the detection limit of 25 ppt the actual nitrate radical con-
centrations are not available. However, a rough estimate of the life-
time span can be made using average night time NO, and O, concen-
trations and estimated NO, concentrations. Choosing the night of 4-
5/6 1998, as in the example calculation of P, above, with NO, and
O, concentrations of 8.3 ppband 37 ppb respectively, and estimating
a nitrate radical concentration of 0.3 ppt, gives a nitrate radical life-
time of:

0.3 ppt =2.46* 10" molecules cm” /ppt * 0.3 ppt
=7.38 * 10° molecules cm®

= [NO3] / PNO3
=7.38 * 10° molecules cm®/ 7.1 * 10° molecules cm™s’
=1s.

NO3

With the use of estimated nitrate radical concentrations the corre-
sponding lifetimes can be calculated using the nitrate radical produc-
tion rates and equation (4.14). This is done below for May - July 1998
in Figure 4.20. Two nitrate radical concentration estimates of 0.3 ppt
and 10 ppt are used. Thus, for estimated nitrate radical concentra-
tions of 0.3 ppt the lifetimes are in the range of 0-100 seconds. For
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estimated nitrate radical concentrations of 10 ppt the lifetimes are in
the range of 0-180 minutes. Note that as the nitrate radical concentra-
tion is constant the lifetimes increase with decreasing production
rates. The lifetimes calculated in this way, are only indications of a
possible lifetime span at Lille Valby, with the known production
rates. Note that the general increase in lifetimes from May to July

reflects a decrease in the production rates in the same period.

Calculated lifetimes of NO, using
estimated [NO,]=10 ppt, May 1998

NQ, lifetime
(minutes)

0 500 1000 1500

time (number of observations)

Calculated lifetimes of NO, using
estimated [NO,]=10 ppt, June 1998

NQ, lifetime
{minutes)

0 500 1000 1500

time (number of observations)

Calculated lifetimes of NO, using
estimated [NO,]=10 ppt,July 1998

Calculated lifetimes of NO, using
estimated [NO,]=0.3 ppt, May 1998

NQ, lifetime
(seconds)

] 500 1000
time (number of observations)

Calculated lifetimes of NO, using
estimated [NO,]=0.3 ppt, June 1998

100

[=+3
o

NQ, lifetime
(seconds)
P [=:3
o o

20 18

. 500 1000 1500
time (number of observations)

Calculated lifetimes of NO, using
estimated [NO,]=0.3 ppt, July 1998

200 200

150

NQ, lifetime
(minutes)
)

(=]

NQ, lifetime
(seconds)
2
(=]

1500

1000
time (number of observations)

1500 0 500

1000
time (number of observations)

0 500

Figure 4.20 Estimated lifetimes ranges at Lille Valby, May - July, 1998.

Heintz et al. measured NO,, O, and NO, using DOAS at the TOR
station Kap Arkona, 1993-1994. For these measurements the nitrate
radical lifetimes spanned a range of 10-5600 seconds with an average
life time of 250 seconds [Heintz et.al, 1996].

Platt et al. found that the nitrate radical lifetimes for several sites in
California, USA, was greatly dependent on the relative humidity.
The longest lifetimes were found only at relative humidities below
50% [Platt et al., 1984].

4.5.7 Nitrate radical loss mechanisms

The nitrate radical production rates at Lille Valby are in the order of
2-6 * 10° molecules cm™s™. Thus, if there were no loss mechanisms for
NO, the build-up of NO, over a seven hour period (9 PM to 4 AM)
would be in the order of 2-6 ppb:

83



Modelled nitrate radical
concentrations

Radical concentrations
versus formation rates

Equilibrium with N,O,

Reaction with NO

New calculation method

NO, concentration levels at
Lille Valby

84

(2 * 10° moleculescm®s™ ) * (7 *3600) s = 50.4 * 10’ moleculescm™
=2.05 ppb

(6 * 10° moleculescm®s™ ) * (7*3600) s = 151.2 * 10° moleculescm”
= 6.15 ppb

This is 2 orders of magnitude larger than the dection limit for the
nitrate radical of 25 ppt. As the nitrate radical concentrations at Lille
Valby were found to be below detection limits at all times, some ap-
preciable loss mechanisms for the nitrate radical must be in operation

The nitrate radical concentrations at Lille Valby as calculated by the
ACDEP-model [Hertel, O., 1995] indicate an average night time ni-
trate radical concentration of 0.3 ppt (see chapter 5). Thus, this sug-
gests that the nitrate radical removal rates at Lille Valby are of the
same order of magnitude as the formation rates.

If the nitrate radical loss mechanism in operation were a simple first
order reaction, a correlation between the radical concentration and
the production rate would be expected [Platt et al., 1994]. Platt &
Heintz found however, that there were no correlation between for-
mation rates of NO, and NO, concentrations [Platt et al., 1994]. As the
nitrate radical concentrations at Lille Valby, 1998, were all below the
detection limit, a check of this kind could not be made.

Platt et al. found, in 1984, a dependence of nitrate radical lifetimes
upon the relative humidity [Platt et al., 1984]. Thus, at high relative
humidities, above 50 %, the nitrate radical is effectively removed due
to its equilibrium with N,O, and the subsequent hydrolysis
(heterogeneous) of N,O,. As the relative humidity in Denmark is
usually high, this is a likely loss mechanism for nitrate radicals in
Denmark. For comparison the mean relative humidity measured at
Kastrup airport August - September 1997 was 74.3%. Also the equi-
librium with N,O, is shifted towards N,O, with decreasing tempera-
tures. Thus, the importance of N,O, hydrolysis as a sink for NO,, and
NOx, increases with decreasing temperature.

As the NO at Lille Valby is predominantly emitted by daytime
sources, mostly traffic, the reaction of NO, with NO is not likely to be
an important loss mechanism for NO, at night time.

4.5.8 Conclusions

The measurements of the nitrate radical at Lille Valby, Sjelland,
were originally motivated by the wish to study a new method for
determining the nitrate radical concentration, using the DOAS tech-
nique. The purpose was to diminish the interference by water on
nitrate radical measurements, to an extent much better, than previ-
ously done. However, this aim was not met because this would re-
quire spectra of the nitrate radical, that could not be obtained, due to
the concentration level being below the detection limit.

The fact that all measurements of the nitrate radical at Lille Valby,
1998, was below the detection limit of 25 ppt, suggests that the ni-
trate radical concentration is generally low. The nitrate radical con-
centrations at Lille Valby as calculated by the ACDEP-model [Hertel
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et al., 1993] indicates an average night time nitrate radical concentra-
tion of 0.3 ppt. Thus, the night-time nitrate radical concentrations at
Lille Valby are likely to be in the order of a few ppt or less.

The calculated lifetime span for NO,, of a few seconds to 180 min-
utes, is a very rough estimate. In order to calculate the actual lifetime
span of the nitrate radical at Lille Valby, the NO, concentration must
be known.

The lack of NO, measurements above the detection limit makes jt
impossible to analyse the kind of loss mechanisms for NO, in opera-
tion at Lille Valby. However, the fast equilibrium with N,O,, and the
high relative humidities, makes loss through N,O, hydrolysis the
most likely.

The low concentration levels of NO, suggests that the nitrate radical
chemistry is of minor importance at Lille Valby.

However, it could be speculated that the nitrate radical chemistry
would have an increased importance at wintertime due to the few
daylight hours. Even at concentration levels of a few ppt. The impor-
tance of the nitrate radical as an atmospheric night time oxidant can
be set in perspective by comparing the lifetime of a species with re-
spect to the OH radical and NO, reactions respectively. This is done
in section 2.1.4. Thus, for some species, oxidation by the nitrate radi-
cal may be of dominant importance even at NO, concentrations in the
order of 10 ppt.

The only periods in which elevated concentrations of the nitrate radi-
cal would be expected is during transport episodes of photochemical
air pollution from central Europe, with high ozone concentration
levels and a low [NO]/ [NO,] ratio. Episodes of this kind occur pre-
dominantly during the spring and summer months [Granby, K.,
1997].

Data on the time of sunrise and sunset in the measurement period

could, in retrospect, have been used for a more precise definition of
the night time interval, when global radiation data were missing.
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5 Modelling tropospheric chemistry

5.1 Introduction

Currently, mathematical models are widely used in atmospheric
chemistry e.g. for interpretation of ambient measurements.
Furthermore, atmospheric models are powerful tools in exploring the
reaction mechanisms of the troposphere and in predicting future
tendencies of pollution levels. Also they can be used for estimating
the effects of various reduction policies and thus, help in choosing
the most effectfull strategy. Transport-Chemistry models for the
troposphere provide important inputs to global climate models, that
are capable of computing possible future climatic scenarios and
pollution concentration levels based on the current trends in
emissions etc. This chapter gives a short introduction to the basics of
models used in tropospheric modelling especially the ACDEP model
used at the Danish National Environmental Research Institute
(NERI).

5.2 Different types of models

Practical applications of tropospheric models are constrained by
purpose of the application and in some cases as well on the computer
available power. The basics of all models, however, are the chemical
reactions and species chosen to simulate the chemical processes of
the troposphere.

Two different approaches, “lumping” and explicit representation, to
the representation of the chemistry may be adapted. Combinations of
the two are also possible. In the following the ACDEP model is
briefly introduced. This model uses the Carbon Bond Mechanism IV,
(CBM 1V), a lumping technique, in implementing the tropospheric
chemical reactions.

5.2.1 The ACDEP model

The Atmospheric Chemistry and Deposition model (ACDEP) is a
variable scale Lagrangian trajectory model. From the receptor point
trajectories are calculated, based on meteorological data, every 6
hours. The trajectories are calculated 96 hours back in time. Thus, the
airparcels that reaches the receptor point (every 6 hours) have been
underway for 96 hours in which they have been subjected to gaseous
emissions, chemical transformations, vertical dispersion and dry-
and wet deposition. The air parcel is represented as a vertical 1-D 10
layer column, extending from a height of 2 meters up to 2 kilometers
[Hertel, O. et al., 1995].

In the ACDEP model it is assumed that the wind speed and direction
of the horizontal transport does not vary with height. Thus, the
trajectories are calculated based on SIGMA-level 0.925 wind fields.
That is the height above the ground that corresponds to a pressure of
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0.925 that at the ground. Usually this is about 800 m above ground
[Hertel, O. et al, 1995; Luftforurening].

The emissions influencing on the air parcel along the trajectory are
averaged over a square with sides that are 1/10 of the distance along
the trajectory to the receptor point. This to some extent compensates
for the simplification that the horizontal transport does not vary with
height and the inaccuracy in computing the trajectories [Hertel, O.,
1995].

The particular implementation of the vertical dispersion between the
layers of the model and the dry- and wet deposition will not be
described here. However, this is given by [Runge, E. et al., 1997 and
Hertel, O., 1995].

In the ACDEP model the description of the chemical reactions are
based on the Carbon Bond Mechanism IV as discussed below.

5.2.1.1 The Carbon-Bond Mechanism (CBM-IV)

A chemical reaction scheme that has been used extensively over the
past years in modelling tropospheric chemistry is the Carbon-Bond
Mechanism (CBM-1V). The scheme was first presented in 1989, and is
based on improvements on earlier reactions schemes. The ACDEP-
model uses this model in a slightly modified version, including the
reactions of HNO,.

5.2.1.1.1 Condensation of reaction mechanisms

The Carbon-Bond Mechanism used in the ACDEP-model is a
condensed version of an extented chemical reaction mechanism
including 87 species and 204 reactions [Gery et al., 1989). The
condensation of the original scheme was performed using 4 different
techniques:

1. Elimination of unimportant reactions and reaction-products.

2. Introduction of a universal peroxy-radical, for modelling all
peroxy-radical reactions simultaneously.

3. Lumping (that is a grouping) of secondary reaction products.
This was mainly done in order to simplify isoprene chemistry
by replacing various reaction products by surrogate species
already in the reaction scheme.

4. Mathematical and algebraic manipulations were performed in
order to further reduce the number of reactions.

5.2.1.1.2 Carbon-Bond surrogate species

All inorganic and some organic species of special importance in
tropospheric chemistry (formaldehyde, PAN, ethene and others)
were represented explicitly.

Some organics however, were represented by surrogate compounds.
Some of these groups are:

e PAR -representing single bonded one-carbon-atoms

¢ OLE -representing double-bonded two-carbon-atom

e ALD?2 -representing a two-carbon CHO-group

e TOL -representing a seven-carbon (monoalkyl benzen species)
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All species and reaction products in the scheme were replaced by
equivalent combinations of these surrogate compounds. This
procedure greatly reduces the amount of reactions necessary, as all
further reactions can be simulated using the same set of equations,
regardless of the sources of the participating species. Finally, to
ensure that performance was not lost, the scheme was tested
thoroughly before and after the condensation.

5.2.1.2 The ACDEP chemical reaction scheme

The chemical reaction scheme used in the ACDEP model consists of
35 species and 69 reactions. It is a modified version of the Carbon
Bond Mechanism as described above. The modifications are [Hertel,
O. et al., 1993]:

* HNO, chemistry is included.
* Formation of organic nitrates is taken explicitly into account.
* NH, chemistry is included

* operators necessary for consistency of the EBI method (see
below)

5.2.1.3 The EBI method

The concentration of each species in the model can be represented as
a differential equation of the form:

dc,/dt=P,- Lc, ;i=1,..nc (1)

; where ¢ is the concentration of species i, P, is the chemical
production (including emission) of species i, L, is the loss (chemical
and deposition) of species i and nc is the number of species in the
reaction mechanism. Thus, in order to calculate the concentration of
all species in every time step when running the model a set of
differential equations needs to be solved. Several approaches exist.
The one described below is the EBI method [Hertel, O. et al,,
1993]Jused in the ACDEP model.

The numerical method used in the ACDEP model is the EBI (Euler
Backward Iterative). The method is based on the backward Euler
approximation of equation (1):

Cin+1 — Cin + Pinﬂ At - Lin+1 Atciml (2)
; Where At is the time step used. This linear equation ensures that the

chemical mass balance is preserved. Equation 2 can be rearranged to
give:

¢ ="+ PMAL/(1+ L™AY) 3)

from which the concentration of species i can be found. As the
concentration of species i may depend on the concentration of other
species through the production and loss terms in equation 3 the
concentration of all species is a set of coupled differential equations.
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Solution of the equations in a straight forward manner, that is simply
applying a numerical iterative method by calculating the production
and loss terms using the concentrations from the previous time step
does not apply. The reason for this is that a large number of
iterations would be needed for convergence and in the case of strong
couplings between species the method may not converge [Hertel, O.,
1995]. Thus, for groups of species that are strongly coupled, explicit
solutions are introduced. An example of a strongly coupled system
that is solved explicitly is that of NO, and N,O,. In this case the set of
equations that needs to be solved is:

[NO,] = [NO,], + P’ At +r,  AN,O,] - L ANO,]  (4)

1516
[N,O,] = [N,O,], + r,, ,, AtINO,] - L At[N,O,] 5)

; where [X], is the concentration of species X from the previous time
step, P’ At is production of NO, other than from the equilibrium with
N0, r,, At[N,O/] is the production of NO, from the equilibrium
with N,O, and L, At[NO,] is the total loss of NO, in that time step.
The concentration of NO, and N,O; is found from the solutions to

equations, 3 and 4:

(1 +L, At) ([NO3]0 +P, Al) +r,,, At [N2 05]0

NO.] =
NG, (1+L s A) (I+L g At) =1 5,6 AUT 155 Al

(6)

(1 +L|5 At) [N2 05]0 + rlmﬁ Al [NO3]() PIIS At
(14L ;s A)(1+L g At) =1 15,6 AL T 445 Al

[N,O] = (7)

Similar explicit solutions are found for the system including NO,
NO,, O, and O(P), the system consisting of OH, HO,, HNO, and
HNO, and the system of C,0, and PAN. Explicit solutions to these
systems can be found in Hertel et al, 1993.

The concentrations of the remaining species are calculated using
equation 3.

The convergence criteria applied for concentrations solved by
equation 3 is:

l Cold -C W l S A (Cold + Cnew) (8)

ne

; where c_, is the concentration as calculated in the previous time
step and ¢, is the concentration as calculated in the current time
step. A is the prescribed accuracy (relative error), that varies for
different species. This criteria is tested for all compounds and the
iteration is proceeded until convergence has been reached for all
compounds [Hertel, O. et al., 1993].

5.2.2 The Leeds model

The lumping of species used in chemical reaction schemes has been
used extensively. One of the advantages of using lumping in
chemical reaction schemes is the reduction in the number of reactions
required. Thus, the time for computation of each iterative step is
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kept at a reasonable level. This was particularly important in the past
decades where computational power was both expensive and limited
by the current state of computer technology. The computational
power is still a limiting factor in the atmospheric models used today.
Up to 90 % of the computation time in typical transport-chemistry
models is spent on solving the chemistry part of the model.
However, computational power increased markedly in the 90's
which has allowed for still more complex and demanding
atmospheric models.

5.2.2.1 Explicit chemical reaction schemes

An example of an attempt to create an explicit reaction scheme for
modelling tropospheric chemistry is the Master Chemical
Mechanism (MCM) from the Department of the Environment (DoE)
at the University of Leeds. The DoE has developed explicit chemical
mechanisms for use in photochemical trajectory models. In particular
the chemistry of various volatile organic compounds (VOC) has been
implemented. These are now used within the EMEP (European
monitoring and evaluation programme) to quantify the potential of
each VOC for photochemical ozone production [Derwent ¢t al., 1996].

In describing the degradation of more than 120 VOC’s the MCM uses
a reaction scheme containing over 2400 chemical species and over
7100 chemical reactions. [Derwent et al., 1998].

One of the major disadvantages of explicit chemical mechanisms like
the MCM, is clearly the very large number of reactions included.
Also a significant amount of computational power is needed for
running an explicit mechanism like the MCM.

Thus, while earlier only the inorganic chemistry was treated in an
explicit manner in chemical reaction schemes used in tropospheric
modelling, the tendency is towards including still more explicit
reactions for organic species. However, as is the case with the MCM
chemical reaction scheme, some mechanisms are still needed for
reducing the total number of reactions whilst maintaining the
essential features of the chemistry [Jenkin et al., 1997].

5.3 Modelling nitrate radical chemistry

As mentioned in section 4.5 the nightly nitrate radical concentrations
at Lille Valby was measured April through September 1998. The
detection limit for the measurements of NO, was 25 ppt. However,
during the entire period of measurements the concentrations did not
exceed this limit.

5.3.1 Nitrate radical concentrations

Thus, for comparison the nitrate radical concentrations at Lille Valby
have been calculated by the ACDEP model. As the meteorological
data for 1998 were not available at the time of the calculations, data
from 1997 were used. The nightly nitrate radical concentrations
shown in Figure 5.1 are for the trajectories arriving at the Lille Valby
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station at midnight. The modelled nitrate radical concentrations are
shown in Figure 5.1.
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Figure 5.1 Night-time (Midnight) nitrate radical concentrations, 1997,
calculated by the ACDEP model.

The average nitrate radical concentration for 1997 is 0.33 ppt.
Although, meteorological data for 1997 was used instead of data for
1998, this should not alter the level of the nitrate radical
concentrations markedly. Thus, the low average nitrate radical
concentration cannot be explained by the fact that the meteorology
data used were from 1997.

The DOAS measurements of NO, did not exceed the detection limit
of 25 ppt throughout the measurement period of April - September,
1998. This in accordance with the calculated yearly night-time NO,
concentrations of 0.33 ppt suggests that the nitrate radical
concentrations at Lille Valby are in the order of a few ppt. This was
concluded in section 4.5. Thus, the ACDEP model calculations
suggests that in order to measure the nitrate radical at Lille Valby,
the detection limit should be lowered considerably to at least a few

ppt.

5.3.2 Nitrate radical production rates

For comparison with DOAS measurements the modelled nitrate
radical production rates at Lille Valby 1997 were calculated. The
calculations are based on the trajectories arriving at the Lille Valby
station at midnight, as for the nitrate radical concentrations. The
nitrate radical production rate is found as:

d[NO,}/dt = k [NO,J[O]

;where k = 1.2 * 10" exp (-2450/T) cm’molecule’s” and k is for the
reaction of NO, with O, to produce NO, [De more et. al, 1997]. Figure
5.2 below shows the calculated production rates for 1997.
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Figure 5.2 Nitrate radical production rates calculated from ACDEP model
data, 1997. The calculations are for the trajectories arriving at Lille Valby at
midnight.

Figure 5.2 shows that the highest production rates occur in the
spring and summer periods.

The monthly averaged production rates, calculated from the ACDEP
model data for April, May, June and July, 1997, are given below in
Table 5.1 For comparison the production rates for 1998, calculated
from the DOAS data is included.

Table 5.1 Nitrate radical production rates at Lille Valby. 1997 ACDEP
model data and 1998 DOAS data.

Month DOAS data ACDEP Model
Lille Valby 1998 Lille Valby 1997
Average production rate Average production rate
moleculescm®s™ moleculescm®s"
April 4.04*10° 8.5*10°
May 2.29 * 10° 1.29* 10°
June 2.03*10° 1.54*10°
July 1.22*10° 1.28 * 10°

From Table 5.1 it is seen that the production rates calculated from the
DOAS and ACDEP model data respectively are of the same
magnitude. Also the same decrease in production rates is observed
for both data sets. However, for the month of April, the DOAS and
ACDEP calculated production rates differ by a factor of 5. Clearly,
the best correspondence is that for July. Also, the nitrate radical
production rates calculated by the ACDEP model are in the same
range as those found by Ljungstrem et al., Table 4.9.

5.4 Diurnal variations in HNO, production

In order to compare the importance of night-time production of
HNO,, at a NO, concentration level of 0.33 ppt, relative to the day-
time source of HNO,, these were calculated using ACDEP data.
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The equilibrium between N,O,, NO, and NO, and the hydrolysis of
N,O, to produce HNO, constitutes a night-time source of nitric acid.
This night-time source of HNO, thus depends on the nitrate radical
concentration level. At a NO, concentration level of 0.33 ppt, the
calculated production rates of HNO, through the hydrolysis reaction
is given in Figure 5.3 The yearly averaged production rates for the

night-time HNO, production is 1.4 * 10° ppt/s.
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Figure 5.3 Night-time HNO, production rates calculated from ACDEP data.
The reaction rate used is from the ACDEP model and is 0.4750 * 10" s’
[Hertel, O., 1995].

At day-time the most important HNO, formation reaction is that of
OH with NO,. The calculated production rates of HNO, for the day-
time reaction is given in Figure 5.4. The average yearly production
rate is 2.08 * 10° ppt/s.
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Figure 5.4 Day-time HNO, production rates calculated from ACDEP data.
The reaction rate used is from the ACDEP model and is 0.2717ppb’s’
[Hertel, O. et al, 1995].

The day-time HNO, production of 2.08 * 10* ppt/s, totally dominates
the overall HNO, production rate at a nitrate radical concentration
level of 0.33 ppt. At this nitrate radical concentration level the
average night-time HNO, production rate is only 1.4 * 10 ppt/s.
Wayne et al. states that the daytime production of HNO, from the
reaction of OH + NO, matches the yearly-averaged yield of nitric acid
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from NO, and N,O; in certain parts of the Northern hemisphere
[Wayne et al., 1991]. Thus, this seems not to be the case at Lille Valby.

Thus, at nitrate radical levels of a few ppt or less, as assumed for
Lille Valby, the NOx turnover is not markedly enhanced by night-
time loss of HNO, through N,O, hydrolysis.

5.5 Conclusions

The observed and modelled nitrate radical concentrations at Lille
Valby both show very low levels - in the order of a few ppt or less.
The low levels could be due to the NO levels in the model being too
high for a background like Lille Valby. However, the emissions are
graduated in the model, so that only 1/3 occur during night-time.

The peak nitrate radical production rates are in the order of 10"
molecules/(cm’s), for the ACDEP model results as well as for the
production rates calculated from the DOAS data.

The day-time HNO, production rate of 2.08 * 10' ppt/s, dominates
the overall HNO, production rate at a nitrate radical concentration
level of 0.33 ppt.

Thus, this suggests that the NOx turnover at Lille Valby is not
enhanced by night-time NO, chemistry (at NO, concentration levels
of 0.33 ppt), especially the heterogeneous removal of N,O,, believed
to be the dominant loss process at Lille Valby as concluded in
chapter 4.5.
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6 Implementation of a chemical reaction
scheme

6.1 Introduction

The chemical reaction scheme which is currently being used in the
ACDEP model is a modified version of the lumped mechanism CBM
IV. In order to introduce a new explicit chemical reaction scheme into
the ACDEP model a new chemical reaction scheme is implemented
in a simple box-model. Explicit reaction schemes have the advantage
of being easier to update, than lumped reaction schemes like the
CBM-1V. Test and update of the reaction scheme can then be per-
formed in the box-model, before the new reaction scheme is finally
implemented in the ACDEP model.

6.2 Implementation and update of a new chemical
reaction scheme

A routine for solving a new chemical reaction scheme was con-
structed for future use in the ACDEP-model. The reaction scheme
was developed at the University of Bergen for modelling chemical
processes in the troposphere [Strand and Hov, 1994]. It is the inten-
tion to further modify the reaction scheme by improving specific
parts. These parts include heterogeneous chemistry, dry-deposition,
nitrate radical chemistry, isoprene chemistry and more. Thus, the
modification and update of the chemical reaction scheme, UiB
(University in Bergen), includes:

1. Update of reaction rates.

2. Division of reactions into heterogeneous and homogeneous
modules.

3. Division into groups of S-chemistry, N-chemistry, photolysis
reactions etc.

4. Exclusion of obsolete reactions.

. Addition of reactions based on:

— implementation of heterogeneous module.

— new reaction mechanisms not previously included.

— implementation of specific modules dedicated to describe
chemistry of particular interest (NO,, isopren etc.).

Documentation of the above steps.

Verification of the resulting chemical reaction scheme.

8. Implementation and verification of the scheme in the ACDEP
model.

w

N o

6.2.1 The UiB chemical reaction scheme

A major motivation for using condensed reaction schemes like the
Carbon-Bond Mechanism in early transport-chemistry models of
complex chemistry was the limited computing capacity of the current

97



98

computers. However, the continuous increase in computational
power allows the use of still more complex reaction schemes, in
which practically all species are represented explicitly.

6.2.2 Differences from the Carbon-Bond Mechanism (CBM-1V)

In the new chemical reaction scheme, UiB, all species are represented
explicitly. The scheme includes 116 reactions involving 52 species. In
contrast with the CBM-IV all reactions of organics are treated explic-
itly. In the CBM-IV the oxidation of NO to NO, by peroxy radicals
was represented by a single universal peroxy radical. In the new
scheme several specific NO-peroxy radical reactions are listed.

The species concentrations are calculated using the iterative proce-
dure called the Euler Backward Iterative (EBI) as previously de-
scribed in chapter 5. If a group of species interact strongly with each
other, extremely small time steps are needed in order to ensure con-
vergence. In order to avoid this, the concentrations of strongly cou-
pled species are calculated by solving the system describing the in-
teractions. The groups that are in this way solved semi-explicitly are

- NO, NO,, O, and O (P)

- PAN and CH,COOQO,

- NO, and N,O,

- OH, HO,, HNO, and HNO,
- NH,, HNO, and NH,NO,

The solutions are found by solving systems like those in equation
(5.4) and (5.5). The remaining concentrations are found using equa-
tion (5.3).

6.2.3 Update of reaction rates.

In order to ensure that the reaction rates used in the chemical reac-
tion scheme are consistent with the current knowledge, they have to
be updated on a regular basis. For the reactions given below, the re-
action rates have in this way been updated compared with Asbjern
and Hov (1994). The updating of reaction rates is only in the start
phase. However, some examples of reaction rates that should be up-
dated are given below.

The reaction:

NO + HO, —» NO, + OH
in the UiB reaction scheme had the reaction rate:

3.7 *10™* exp ( 250/ T(n)) (molecules cm™s")[DeMore et al., 1992].
Should be updated to:

3.5 *10™ * exp(250/T(n)) (molecules cm™s”)[DeMore et al., 1997].



Heterogeneous and
homogeneous reactions

The reaction:
OH + NO, + M — HNO,

in the UiB reaction scheme has the reaction rate:

k0300 kmson F
2.6E-30*(T(n)/300)**( -3.2) * M(n) | 2.4E-11* (T(n)/300) **(-1.3) | 0.6

[DeMore et al., 1992].

Should be updated to:

k0300 -n K -m F

25+0.1 E-30 |-44+03 |[1.6+0.2 E-11 |-1.7+0.2 |0.6

[DeMore et al., 1997].
The reaction:
2NO, - 2NO, + O,

in the UiB reaction scheme had has the reaction rate 2.7 *10™ [Wayne,
1991]. Should be replaced by 2.3 *10™ [DeMore et al., 1997).

All reactions in the UiB mechanism should be checked in this way.

6.2.4 Division into groups

In order to obtain a better overview of the reaction scheme the reac-
tions were divided into groups. More groups will be added as the
work progresses, depending on fields of interest etc. At present
groups of reactions of N-chemistry, S-chemistry, peroxyradicals and
photolysis reactions exist. Thus, these groups of reactions can be up-
dated and modified separately. The species in the various groups
are:

Nitrogen Species: NO, NO,, NO,, N,O,, HNO,, HNO, HONO
Sulfur Species: SO,, Sulphate

Peroxyradicals: CH,0,CH.O,secCH0O,CH,COCHO,CH,
CH,0,CH,OH, CH,CHO,CH,OH, OXYLOHO,,
MemalQO,, OxylO,, IsopO,, MVKO,

One of the aims of the chemical reaction scheme update is to get a
clear separation of homogeneous and heterogeneous reactions. This
is done in order to be able to treat the heterogeneous chemistry far
better in the resulting chemical reaction scheme than in that used
today. As an example, the separation of reactions relating to nitrogen
chemistry is shown below.

99



Table 6.1 Reactions of nitrogen species in the UiB shemical reaction scheme,
divided into homogeneous and heterogeneous reactions.

Homogeneous Nitrogen Reactions
Reactants Products
O(°P)+ NO > NO,

O, + NO > NO,
O, + NO, > NO,
NO + NO, > 2 NO,
NO + HO, > NO,
NO, + NO, > NO'+ NO,
NO, + NO, > N,O,
NO, + OH > HNO,
2 NO, > 2 NO,
NO, + H,0, > HO, + HNO,
N,O, > NO, + NO,
NO, + HO, > HNO,
HNO, > NO, + HO,
OH + HNO, > NO,

OH + HNO, > NO,
HONO + OH >NO, + H,0
NO + OH > HONO
Heterogeneous nitrogen reactions

N,O, + H,0 > 2 HNO,
HONO + HONO > NO + NO, + H,0
NO + NO, + H,0 > HONO + HONO

6.2.5 Exclusion of obsolete reactions
The reaction in the UiB mechanism:

O(CP) + NO 35 NO, (1)

has no practical importance in tropspheric chemistry compared with
the reaction:

0,+0¢P) 5 O, @)
as the ratio k [NO]/k,[O,] is 2 *10" as calculated below.

k, = d[NO,}/dt = k [NOJ[O (P)]

k, =d[O,]/dt =k, [O,][ O ('P)]

= k,/k, = k,[NO]/k,[O,]
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Including reactions
of HONO

If the concentration of NO is 10 ppt = 2.46 * 10° molecules cm” and
the concentration of O, is 0.157 * 2.65 * 10" molecules cm™ = 4.16 * 10
" (The pressure at 2000 m is reduced to 0.785 % of the ground pres-
sure. The density of atmospheric air is 2.65 * 10" molecules cm”. The
temperature at 2000 m is 275 K).

km W_ g * 10-32/ n=15
k,, 7= k,, ™(275/300)" = 1.025 * 10™

k., ™=3.0,n=0
kxl1275= keo'] 300(275/300)-n — 3.0 % 10.||

; where k™ is the low pressure limit for reaction (1) and k.., is the
high pressure limit for reaction (1) [DeMore et al., 1997].

2000m
kl

ky (DIM] (DM I
T @M+ g Pl g, kv ]

; where F = 0.6 and using M = 0.785 instead of 4.16 * 10 " molecules
cm®as only the ratio is important gives:

k12000m - 2.3 * 10-29

likewise using k ,* = 6.0 *10™, n = 2.3 (No k.. was given for reac-
tion (2) [DeMore et al., 1997]) '

M) = k™" =73*10™
Thus,

k,[NOJ/Kk,[0,] =
(2.31 %107 * (2.46 * 10°/2.65 * 10") /(7.3 * 10™ * 0.157)
=2*10°

Hence reaction 1 is of insignificant importance relative to reaction 2
and can be excluded from the UiB reaction scheme.

6.2.6 Addition of reactions

The UiB reaction mechanism does not include HONO as a species, or
any of its reactions. To compensate for this HONO was introduced as
species nr. 52 and 4 reactions were included. These are given below.

HONO + HONO — NO+ NO, + H,0
NO + NO, + H,0 - HONO + HONO
HONO + OH — NO, + H,O

NO + OH — HONO

Further reactions can be added in order to study specific parts of the
chemistry, such as isoprene chemistry, or nitrate radical chemistry,
more thoroughly.
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6.3 Implementation of the UiB chemical reaction
scheme

The UiB chemical reaction scheme was implemented in an existing
simple box-model. Thus, the new chemical reaction scheme can be
thoroughly tested before it is implemented in the ACDEP model.

The start time of simulation (month, day, hour), time step interval (in
seconds) and the number of time steps to be performed must be
supplied to the box-model. Thus, for 1500 time steps of 100 seconds
each, the simulation will run for 41.66 hours.

The emissions and initial concentrations of the various species must
be supplied. The following emission estimates were used for simu-
lating Danish background conditions, like Lille Valby.

E_NOx =1.4*10°ton NO,/km’/y
E_SOx =0.71*10°ton SO,-S/km’/y
E_VOC =1.4*10"ton CH/km’/y

The cloudiness (cloud cover in per cent), relative humidity, tempera-
ture and water vapor content must be specified as well.

6.4 Modelling N,O, chemistry

Because the nitrate radical is in rapid equilibrium with N,O,, the het-
erogeneous formation of nitric acid from N,O; (g) and H,O(1), consti-
tutes an important sink for the nitrate radical (and NOx). The hy-
drolysis reaction:

N0, (g) + H,0 (1) - 2 HNO, (aq) (6.1)

is the most important loss mechanism for the nitrate radical at Lille
Valby (section 4.5). Thus, the effect of the rate of heterogeneous re-
moval of N,O, on the nitrate radical concentration level was studied,
using the simple box-model described above.

In order to investigate the effect of the rate of heterogeneous removal
of N,O, on the nitrate radical concentration level the reaction rate of
the heterogeneous removal of N,0, was changed in the Box-model,
and the subsequent change in the nitrate radical concentration level
observed. As can be seen from Figure 6.1 below, changing the het-
erogeneous loss rate of N,O, has a pronounced effect on the nitrate
radical concentration levels.

As can be seen from Figure 6.1, a 1.order loss rate for N,O, of 2 * 10
s” results in a nitrate radical concentration of 7.3 ppt. Loss rates of 2 *
10°and 2 * 10* s” results in concentrations of 3.7 ppt and 2.0 ppt re-
spectively. Further increasing the loss rate did not result in a pro-
nounced reduction of the nitrate radical concentration level. The ho-
mogeneous loss rate used was the upper limit rate of 1.3 *107" cm'
molecule’s” [F.-Pitts and Pitts, 1986]. Thus, the nitrate radical concen-
tration is greatly dependent on the heterogeneous rate of N,O, loss.



The new chemical
reaction scheme

Heterogeneous loss of N,O,

N
m
+
[o4]
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— rc4?2 = 28-7
. rc42 = 2g-8
N rc42 = 26-9
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Figure 6.1 The nitrate radical concentration level at varying reaction rates of
heterogeneous loss of N,O,. The nitrate radical concentration are in mole-
cules/cm”. The reaction rates are in s*. The initial concentrations of N,O, ,
NO,, NO,, NO and O, were 0, 0, 10, 0.5 and 40 ppb respectively.

6.5 Verification of the model

Before the new chemical reaction scheme is adapted for use in the
ACDEP model it should be thoroughly tested and verified. This can
be done either by comparison of product simulations with environ-
mental chamber data or by incorporating the chemical reaction
scheme into an already verified tropospheric model for comparison
with atmospheric measurement data [Jenkin et al., 1997].

6.6 Conclusions

The work of updating and modifying the UiB chemical reaction
scheme for future implementation in the ACDEP model has only just
been initiated.

Changing the heterogeneous loss rate of N,O, has a pronounced ef-
fect on the box-model nitrate radical concentration levels.
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7 Conclusion

The DOAS technique offers a reliable, accurate and specific meas-
urement of tropospheric species, with great time resolution, pro-
vided that maintenance of the instrument and quality control of the
measurement data is kept at a high level. Also, temperature and
pressure corrections of the DOAS data should be performed. How-
ever, in the case of NO, measurements, the interference from H,O
needs to be eliminated properly. In general, uncertainties in the ab-
sorption cross sections, and unaccounted for interfering species, will
result in errors in the DOAS measurements.

It would be desirable if OPSIS supplied more information on the
evaluation of spectra and the wavelength regions used. Also, an im-
proved, user friendly software interface, is highly recommended.

Before DOAS instruments can replace monitor measurements, re-
sults of the two measurement methods should be compared and dis-
crepancies between the methods should be investigated and under-
stood. On this basis it must be decided, if DOAS measurements can
replace the monitor techniques.

The NO, calibration of the DOAS instrument showed that the DOAS
technique is capable of measuring NO, with the desired accuracy.
However, the Lille Valby NO, measurements also show that in order
to ensure quality measurements, maintenance, such as regular refer-
ence calibration, and quality control of the data must be kept at a
high level. In particular, a more stable light level is desirable.

The analysis of the correlation between the DOAS and monitor NO,
measurement methods does reveal discrepancies between the two
methods. Except for April, 1998, the monthly average NO, concentra-
tions are higher for the monitor, than for the DOAS. The dependence
of correlation’s, between the DOAS and monitor measurement
methods, upon ozone concentration levels, supports the theory, that
discrepancies lies partly in the amount of gaseous nitrogen species
other than NO,, that are reduced in the NOx monitor. The study of
Ziv and Iakovleva shows that the discrepancy between the methods
is dependent on temperature. This should be further investigated by
comparing monitor data with temperature corrected DOAS data.

DOAS measurements could effectively replace monitor NO, meas-
urements if the data quality control and instrument maintenance is
kept at a high level, and temperature and pressure corrections are
performed.

Very few negative standard deviations and no negative concentra-
tions are observed throughout the measurement period. Indicating
that the evaluation of the O, spectra has converged properly.

In general the monitor ozone concentrations are higher than the cor-
responding DOAS ozone concentrations. This results in average
monthly ozone concentrations being higher for monitor than DOAS
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data. The correlation between the methods is slightly improved
when the DOAS ozone measurements are temperature corrected, but
could not account for the extent of descrepancy observed.

The analysis of the correlation between the DOAS and monitor O,
measurements methods reveals discrepancies between the two that
are not fully understood. Before DOAS ozone measurements can
replace monitor ozone measurements, the discrepancies between the
methods should be further investigated. Also, temperature and pres-
sure corrections of the DOAS data should be performed.

The measurements of the nitrate radical at Lille Valby, were origi-
nally motivated by the wish to study a new method for determining
the nitrate radical concentration, using the DOAS technique. How-
ever, this could not be done as the concentration level of NO, was
below the detection limit.

The fact that all measurements of the nitrate radical at Lille Valby,
1998, was below the detection limit of 25 ppt, suggests that the ni-
trate radical concentration is low. Calculations of the nitrate radical
concentrations at Lille Valby by the ACDEP-model, indicates an av-
erage night time nitrate radical concentration of 0.33 ppt. Thus, the
night-time nitrate radical concentrations at Lille Valby are likely to be
in the order of a few ppt or less. The lifetime and loss mechanisms of
the nitrate radical could not be calculated, due to the concentration
level below the detection limit. Production rate calculations showed
that some loss mechanism must be in operation. However the loss
mechanism could not be studied due to the concentrations being be-
low the detection limit.

Elevated concentrations of the nitrate radical would be expected only
during transport episodes of photochemical air pollution from cen-

tral Europe, with high ozone concentration levels and a low
[NO]/[NO,] ratio.

The nitrous acid concentration levels were found to be below the de-
tection limit of 0.33 ppb. This is in accordance with other studies of
the background level.

ACDEP model calculations predicts a nitrate radical concentration
level at Lille Valby of 0.33 ppt. The nitrate radical production rates
calculated form ACDEP model NO, and O, data, were of the same
magnitude as those calculated using DOAS NO, and O, data. The
HNO, production rates calculated from ACDEP model data suggests
that the night-time HNO, production, via N,O, hydrolysis, is of mi-
nor importance in NOx turnover at Lille Valby, compared to the day-
time production via the OH, NO, reaction. Finally, the heterogeneous
removal rate of N,O, via hydrolysis, was shown to influence on the
nitrate radical concentration level as expected.

In order to study the nitrogen chemistry at Lille Valby, in particular
the nitrate radical and nitrous acid, the detection limit of the DOAS
system should be greatly reduced. This could be achieved by a
longer path length.
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Appendix A.1
Lille Valby DOAS measurements

NO,

This appendix gives the results of the Lille Valby NO, DOAS measurements. Pages 118 through 123
gives the concentration level in micrograms per cubicmeter, light level and standard deviation in
micrograms per cubicmeter, for April - September, 1998. Measurements with corresponding light
levels below 15 % have been excluded. Pages 124 through 128 gives the May - September, 1998,
NO: measurement data, when measurements with corresponding light levels below 5 % are excluded.
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Appendix A.2
Lille Valby DOAS measurements

O;

This appendix gives the results of the Lille Valby O; DOAS measurements. Pages 130 through 134
gives the May - September, 1998, O; measurement data, where measurements with a corresponding
light level below 5 % have been excluded.
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Appendix A.3
Lille Valby DOAS measurements

HONO

This appendix gives the results of the Lille Valby HONO DOAS measurements. Pages 136 - 137
shows concentration level and light level for selected periods, see chapter 4.4. Pages 138 though 142
gives the May - September, 1998, HONO measurement data, where measurements with
corresponding light levels below 5 % have been excluded.
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Appendix A 4
Lille Valby DOAS measurements

NO;

This appendix gives the results of the Lille Valby NO; DOAS measurements. Page 144 shows the
concentration level and light level of the “raw” data for May, 1998. Pages 145 through 149 gives the
May - September, 1998, NO; measurement data, when light levels below 5 % have been excluded.
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Appendix B.1
DOAS Quality Control

NO;

This appendix shows plots of light level versus std.dev. and concentration versus std.dev. for the
Lille Valby NO, DOAS measurements, April - September, 1998. The plots can be used in quality
control of the DOAS data as described in chapter 3.6.
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Appendix B.2
DOAS Quality Control

O;

This appendix shows plots of light level versus std.dev. and concentration versus std.dev. for the
Lille Valby O: DOAS measurements, April - September, 1998. The plots can be used in quality
control of the DOAS data as described in chapter 3.6.
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Appendix C

Lille Valby Meteorological Data
April - September 1998

- RIMI (Risoe Integrated Environmental Project) data

This appendix gives the meteorological data used together with the Lille Valby DOAS
measurements, April - September, 1998.
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Appendix D

DOAS NO, Calibration Results

On page 176 the results of the DOAS NO, calibration described in chapter 3.7 is given in tabular
form. Page 177 shows the calibration curves for the mass flow controllers used in the calibration.
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Calibration curves for the mass flow controllers used in NO, calibration

MFC calibration-curve (Zerogas)
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