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Abstract

Nowadays, photosmog episodes represent one of the most important environmental

problems for metropolitan areas and their surroundings. Reactive hydrocarbons belong

besides nitrogen oxides (NOx) to the most significant precursors of tropospheric ozone.

They mainly originate from incomplete combustion, fuel evaporation, biomass burning

and industrial solvent use. In addition to anthropogenic sources, also plants are known

to emit highly reactive hydrocarbons such as isoprene or monotcrpenes. However,

major uncertainties still exist about their importance for the tropospheric ozone

formation.

In the present PhD thesis the results from the hydrocarbon measurements performed in

the year 1998 at the two stations in Bresso and in Verzago, 7 respectively 35 km north

of Milan, Italy are presented. The measurements were carried out quasi-continuously

with two completely automated airmoVOC HC1010 instruments during 10 weeks from

May to July 1998 with a time resolution of 30 min resulting in two data sets of roughly

2000 observations for 34 well identified compounds. The quantification range of the

instruments was roughly between 10 pptv and 15 ppbv in Verzago and between

100 pptv and 90 ppbv in Bresso. The precision (a) of the measurement instrument was

below 15% for all species and the accuracy ranged from ±10 to ±30% depending on the

species. In connection with the field campaign extensive QA/QC activities took place.

The two laboratory intercomparisons and the calibration intcrcomparison confirmed that

the used system was capable of measuring reliably C5 to Cjo hydrocarbons. Two

additional field intercomparisons. which took place 1997 in Berne and 1998 in Verzago.

further proved the suitability of the device for measurements under field conditions.

Moreover, laboratory experiments showed that ambient ozone does not cause any losses

in the recovery of the reactive isoprene.

The measurement of anthropogenic hydrocarbons revealed highest mixing ratios for i-

pentane and toluene of 69 ppbv and 55 ppbv in Bresso and 17 ppbv and 10 ppbv in

Verzago. Median concentrations for toluene amounted to 2.7 ppbv in Bresso and

1.5 ppbv in Verzago. Generally, hydrocarbons strongly correlated among each other in
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Bresso, indicating the presence of close emission sources. In contrast, in Verzago the

corresponding correlations were quite low due to the advanced photochemical age of the

passing air masses. The concentration courses in Bresso were characterised by strong
accumulations during night time, which are most probably attributable to the traffic

emissions from the circle highway in the north. In Verzago, high toluene peaks occurred

at noon, reflecting the advection of industrial emissions from the south. Biogenic

isoprene was found in concentrations up to 4.5 ppbv in Bresso and 5.6 ppbv in Verzago.
The unusual diurnal pattern of biogenic isoprene in Verzago with low afternoon

concentrations and a sharp peak in the evening can be explained with the strong dilution

and photochemistry in the afternoon and the continuing emissions after the collapse of

the mixing layer in the evening. In Bresso, anthropogenic interferences indicated

anthropogenic isoprene emissions originating from road traffic leading to isoprene
concentrations in the same range as biogenic sources.

An estimation of the contribution of the single compounds to the local ozone formation

showed at both stations the highest share for biogenic isoprene, followed by m/p-xylene
and Co alkenes in Bresso and toluene and CO in Verzago. The multivariate data analysis
for the determination of the most important sources basically confirmed the existence of

an independent source for isoprene and one for toluene besides road traffic as the

dominant emission source.
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Zusammenfassung

Photosmog-Episoden stellen heute für Grossstädte und deren Umgebung eines der

bedeutendsten Umweltprobleme dar. Reaktive Kohlenwasserstoffe gehören neben den

Stickoxiden (NOv) zu den wichtigsten Vorläufersubstanzen des troposphärischen

Ozons. Die Hauptquellen von flüchtigen Kohlenwasserstoffen sind unvollständige

Verbrennung, Treibstoffverdampfung, Biomassenverbrennung und der Gebrauch von

Lösungsmitteln. Zusätzlich zu den anthropogenen Quellen emittieren auch Pflanzen

beträchtliche Mengen an reaktiven Kohlenwasserstoffen wie Isopren oder Monoterpene,

wobei über deren Bedeutung für die Ozonbildung grosse Unsicherheit herrscht.

In der vorliegenden Doktorarbeit werden die Resultate der Kohlenwasserstoff-

messungen vorgestellt, die im Jahr 1998 an den zwei Stationen Bresso und Verzago, 7

rsp. 35 km nördlich von Mailand, Italien durchgeführt wurden. Es wurden während 10

Wochen von Mai bis Juli 1998 mit zwei vollautomatischen airmoVOC HCl010 Geräten

quasi-kontinuierliche Messungen mit einer Zeitauflösung von einer halben Stunde

durchgeführt. Die resultierenden Datensätze umfassen für jeden Messstandort ungefähr

2000 Beobachtungen für 34 gut identifizierbare Substanzen. Der Quantifizierungs¬

bereich der Instrumente lag ungefähr zwischen 10 pptv und 15 ppbv in Verzago, und

zwischen 100 pptv und 90 ppbv in Bresso. Die Präzision (g) der Messgeräte war für alle

Verbindungen unterhalb von 15% und die Messgenauigkeit lag zwischen 10 und 30%

abhängig von der analysierten Verbindung. Im Zusammenhang mit der Feldkampagne

fanden ausgedehnte Tätigkeiten zur Qualitätssicherung statt. Die zwei Vergleichs¬

messungen im Labor und der Kalibrationsvergleich bestätigten die Messtauglichkeit des

verwendeten Systems für Cs bis Ci0 Kohlenwasserstoffe. Zwei zusätzlichen

Vcrgleichsmessungcn im Feld, welche 1997 in Bern und 1998 in Verzago durchgeführt

wurden, bewiesen ferner dessen Feldtauglichkeit. Laborexperimente zeigten ausserdem,

dass das in der Umgebungsluft vorhandene Ozon zu keinen Verlusten in der

Wiederfindung des reaktiven Isoprens führt.

Die Messung anthropogener Kohlenwasserstoffe ergab maximale Mischungsverhält¬
nisse für i-Pentan und Toluol mit bis zu 67 ppbv und 55 ppbv in Bresso und 17 ppbv
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und 10 ppbv in Verzago. Median Konzentrationen von Toluol betrugen 2.7 ppbv in

Bresso und 1.5 ppbv in Verzago. Die Korrelationen zwischen den verschiedenen

Kohlenwasserstoffe war gross in Bresso, was auf die Dominanz naher Emissionsquellen

hindeutet. In Verzago dagegen waren die entsprechenden Korrelationen eher gering

aufgrund der allgemein fortgeschrittenen photochemischen Oxidationsprozessen der

vorbeiziehenden Luftmassen. Die Konzentrationsverläufe in Bresso waren geprägt von

starken Akkumulationen nachts, welche den Verkehrsemissionen der nördlichen

Ringautobahn zugeordnet werden konnten. Die hohen Toluol peaks, die häufig mittags

in Verzago auftraten, wiesen auf die Advektion industriell verschmutzter Luftmassen

aus der südlichen Umgebung hin. Biogenes Isopren wurde in Konzentrationen von

maximal 4.5 ppbv in Bresso und 5.6 ppbv in Verzago gefunden. Der ungewöhnliche

Isopren-Tagesgang in Verzago mit tiefen Nachmittagskonzentrationen und Maximal¬

konzentrationen am Abend lässt sich mit starker Verdünnung und Photochemie

nachmittags und mit den fortwährenden Emissionen nach dem Zusammenbruch der

Mischungsschicht abends erklären. In Bresso deuteten anthropogene Überlagerungen
auf die Existenz von anthropogenen Isoprenquellen im Strassenverkehr hin, welche zu

vergleichbar hohen Konzentrationen wie biogene Quellen führten.

Tn einer Abschätzung des Beitrages der einzelnen Kohlenwasserstoffe zur lokalen

Ozonproduktion war das biogene Isopren an beiden Standorten die wichtigste Substanz,

gefolgt von m/p-Xylol und C6 Alkenen in Bresso resp. von Toluol und CO in Verzago.

Eine multivariate Analyse zur Bestimmung der wichtigsten Quellprofilen und ihren

Quellaktivitäten bestätigte im wesentlichen die Existenz einer unabhängigen Quelle für

Isopren und eine für Toluol neben dem Strassenverkehr als Hauptquelle.
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1. Introduction

In Switzerland, substantial efforts have already been undertaken by the government to

reduce the surface ozone concentrations, above all by the introduction of controlled

catalytic converters. Additionally, by the year 2000 VOC-taxes will be introduced.

Thanks to such measures, concentrations of ozone precursors, VOC and NOx, decreased

over the last 15 years significantly. Nevertheless, episodes of high ozone concentrations

in summer, called photosmog episodes, do not show any decreasing trend in

Switzerland over the last decade. Responsible for this fact is the complex atmospheric

chemistry that determines the formation of tropospheric ozone. Especially the question,

which ozone precursor group, the nitrogen oxides or reactive organic gases, limits the

ozone production, is not at all simple, but depends strongly on the ratio of these

precursors. Since surface ozone is a secondary pollutant, all mechanisms of its

formation and destruction have to be understood in order to assess effective measures of

reduction.

Figure 1. i illustrates that ambient NO? concentrations have decreased considerably over

the last 15 years in Lugano as well as in Zürich. They no longer exceed the limit given

by Swiss legislation of at most 5% of all measurements being above 100 |Hg m"3.

12

10

iL tn.
1985 1986 1987 1988 1989 1990 1991 1992 1993 1994 1995 1996

limit = 5%

Figure l.l: Percentage of NO2 measurements with concentrations >100ugmf3 in

Zürich (dark) and Lugano (bright)
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1. INTRODUCTION

In contrast to the ozone precursor NO2, the percentages of ozone concentrations

themselves exceeding the Swiss limit of 100 mg m"3 are far above the allowed 2% and

do not show any decreasing trend over the past years as shown in Figure 1.2. Figure 1.2

further indicates that in spite of comparable NO2 concentrations, the ozone limit is more

frequently exceeded in Lugano than m Zürich.

16

14

12

10

8

6

4

±_u
limit = 2%

i I LI t_

1987 1988 1989 1990 1991 1992 1993 1994 1995 i996

Figure 1.2: Percentage of O^ measurements with concentrations >100 p,gm'3 in Zürich

(dark) and Lugano (bright)

Figure 1.3 gives a more detailed view over the spatial distribution of ozone

concentrations exceeding the Swiss ozone limit, ft shows that pronounced photosmog

episodes most often take place south of the Alps, in the Ticino region. This suggests,

that besides local ozone production also imported pollutants from the closely located

and heavily polluted area of Milan are responsible for the ozone concentrations in the

southern part of Switzerland. Due to the combination of its vicinity to Milan and the

close location to the Alps makes the Ticino of special interest for Switzerland

concerning the occurrence of photooxidants.

Very large ozone concentrations in the southern part of Switzerland and in the Po valley

have been documented by Prévôt et al. [1997] introducing the term "Milan

photooxidant plume". They showed with trajectory calculations that air masses with

large amounts of photooxidants observed by aircraft measurements over the Ticino

region originated from the Milan metropolitan area.

A large campaign, named Pianura Padana Produzione di Ozono (PIPAPO), was

organised for the summer of 1998 m order to investigate the photooxidant formation in

the Po valley in detail. A main goal was to confirm the case studies reported by Prévôt

et al. [1997] by comprehensive aircraft, balloon and ground based measurements m the

Milan area. A main focus of the PIPAPO experiment was the examination of the

different model-derived limitation regimes for the tropospheric ozone formation

[Sillman, 1995].
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1. INTRODUCTION

The measurement of reactive hydrocarbon species as the most important photooxidant

precursors besides NOx is an inevitable task within every large-scale ozone production

study. Judged by their occurrence and their photochemical ozone creation potentials

POCP [Derwent et ai, 1996], in Europe reactive hydrocarbons account for

approximately 80% of all reactive organic gases. Due to the large quantity and variety

of different hydrocarbons, their measurement yields additional information, which helps
to characterise the air masses with respect to their photochemical age and origin.

FIGURE 1.3: Number of hours exceeding the hourly limit for ozone of 120 fig m" .

Ozone measurements between April and September in the nineties \BUWAL and

Meteotest. 1999]

The main goal of this study was to perform, analyse and interpret measurement of

volatile hydrocarbons during the PIPAPO campaign at two different stations. At the

beginning of the work, the gaschromatographic instrument, an airmoVOC HC 1010,

which was assigned for these measurements, had to be put into use and tested after a

longer resting period. An important task in this context was to find an accurate

calibration system for the instrument applicable in the field in order to be able to

quantify the measurements. The instrumentation and the calibration method used are

described in chapter 3. A second part of this work consisted in the improvement of the

analytical performance of the instrument. On one hand the analytical window of the

instrument should be extended to the highly volatile C2 and C\ hydrocarbons and on the

other hand the chromatographic resolution for C4 and Cs hydrocarbons should be

3



1. INTRODUCTION

improved. The results of these analytical efforts are presented in chapter 4. In order to

guarantee the accuracy of the instrument in the field, several QA/QC activities were

carried out. Laboratory as well as field intercomparisons and intercalibrations were

carried out before and during the campaign. The QA/QC activities including their

results are described in chapter 5. Tn chapter 6 the data quality and availability of the

PIPAPO measurements is presented. Chapter 7 finally contains the results of the

PIPAPO campaign. It mainly contains characteristic diurnal concentration patterns of

anthropogenic hydrocarbons and biogenic isoprene found at the two sites, hydrocarbon

correlations and ratios, vertical profiles, an estimation of the contribution of individual

hydrocarbons to the local ozone production and multivariate data analysis for a

determination of dominant emission sources.
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2. Theoretical background

2.1 Chemistry of photooxidant formation

The formation of tropospheric ozone is complicated since two different groups of

precursor substances are involved: Nitric oxide and nitrogen dioxide (NOx) and reactive

organic gases (ROG). In addition, the meteorology plays a crucial role in the ozone

formation. In order to simplify the discussion, in a first step only the reactions between

NC\ and O^ are considered in an isolated system. Figure 2.1 shows the connected

radical chains for NOx-03 on the left and for ROG on the right.

Figure 2.1: Chemical mechanisms of the troposphenc ozone formation
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2. THEORETICAL BACKGROUND

The following equations show that even the NOx-0^ system, which consists of only

three relevant reactions, is mathematically not as simple as it looks at first sight, leading

to a differential equation of second order (see equation 2-6). In the second step the

interactions with the additional group of ROG are explained.

2.1.1 The NOx-03 cycle

The photolysis of NO2 in the near UV spectrum with X of 300 to 400 nm during day

time leads to the formation of 0(3P) radicals.

N02 + hv-
'Mh

> NO + 0 (Rl)

The produced O radicals immediately react in a pressure dependent reaction with the in

excess available 02 molecules to form ozone.

0 + O, + M —^-> 0, + M (R2)

Since the reaction R2 is much faster than the photolysis of N02, these two steps can be

summarised in the following reaction.

N02 + O0 —£4-»NO + O, (R3)

Moreover, O3 and NO may react to form NO2 and O2

NO + 0, —i—» N02 + 07 (R4)

with kx =1.8*10~12 •tg~n70/7 cm'moleculc'V
.
In the following calculation a value of

303 K is used for the temperature T. Assuming that no other reactions and species are

important, the following reaction equations can be formulated.

^J^J
= _^ \0] ][N0] + JNQ2 [NOi ] (2-0

dt

Since no other sources and sinks of NO, NO2 and Cm species are assumed, in the steady

state equilibrium the following equation applies.

d[NÖ\
=

d\Q,\_ d\NO,]
= 0

dt dt dt

6



2. THEORETICAL BACKGROUND

Combining equation 2-1 and 2-2 the photostationary state concentrations of the three

species (marked with the index ss) satisfy the following relationship:

, n JNO, [NO, ]
a

= r^r^- (2-3)L jJ"
k{[NOl

In order to answer to the question, whether this steady state is realistic and how long it

would take a system to reach this equilibrium, the differential equation has to be solved.

Introducing the constants d and [NC\] with

d^[O^\)-lNO]0= const (2-4)

and

[NO I + [NO, I = [NOx} = const (2-5)

LN02]i and [O^J, can be substituted by the expressions [N02\ ~[nO,]-[no\ and

[(9-, ] = [N0\ + d
.
These substitutions lead to a non-lmear differential equation for NO.

dNO

Since

c-^- = -it, \NO]~ - [kxd + JNO, )\NOh JN02[NO,} (2-6)
dt

2ax + b~~yb2 -Aacf-^—!——(ix = -—=^==.]n^^^:—^=== (2-7)
J
av +b\ + c Jh2

yb2
-Aac lax + b + \b~ Aac

the integration of the differential equation 2-6 with the initial conditions of [N0]o,

fNOx] and [0^]o leads to the following explicit time dependent solution

[N0\=jL-^+mL<z±}\ (2.8)
1 "

i nr ir L „Vïï/ -i v y

\a • e

with

D = [JNO, + k]d)1 + 4Jt, JNO, [NO, ] (2-9)

and

Ik^NOl + JNO.+k.d + ^D
a = _= (2-10)

2A-1[,VO]0 + 7M>,+M-Vd

With lim,^„[M?], = [NO\s we obtain an equation for [NO]ss depending on the initial

conditions:

r.^i
jD-JNO,-Ld

[NOl=-
—^ '-

(2-11)
Ik,

1



2. THEORETICAL BACKGROUND

Equation 2-11 shows that the NO steady state concentration during day time depends on

the initial concentrations of all species [NO]0, [O3]0 and [NOx] which are included in the

terms D and d. In order to quantify this dependence, steady state concentrations are

calculated for different initial conditions. Figure 2.2 illustrates that during day time the

steady state concentration of O3 strongly correlates with the initial O3 concentration. But

also the speciation of NOx, i.e. the ratio of [NO]ss/[N02]ss varies strongly with [O3]0. If

[O3]o is smaller than 13 ppb (initial conditions of N0X see legend of Figure 2.2), most of

the N0X is found in the steady state in the form of NO, since the low O3 availability

impedes reaction R4. On the other hand, with a high [O*]o most of NOx is found as NO2

in the steady state.

10

06

8 >
£3

tz CM

6
œ
°

40 60

[03]o in [ppbv]

100

-o

o

2 Z,

Figure 2.2: Day time steady state concentrations of NO, NO2 and O3 in dependence on

initial O3 concentrations for [NOx| = 10 ppb and [NO]o = 2 ppb at 303 K and 960 hPa.

The calculations are carried out with ki = 1.8x10"'~cxp(-1370/7) cm1 molecule"1 s"1

[Atkinson et al, 1997] and /(NOi) = 0.007 s"1 representing a mean value for the

photolysis rate during day time of a sunny day in the summer in Europe.

Tn contrast to the changes in [O^o, calculations with variable initial concentrations of

NOx and changes in the NOx speciation show very little influence on the resulting

steady state concentration of the other species.

Introducing [NO]ss and the characteristic time a) = VD in equation 2-8 leads to the

following expression:

co

[NO\=[NOh + -'
[NO\-[NOl)-e

k} flNOl+e)-{\NOl-[NOl,)-e-
(2-12)

with e =
JNO-, + kyl + a>

(2-13)



2. THEORETICAL BACKGROUND

In order to judge the kinetic of this system is, the characteristic time © is discussed in

the following:

For large times:

[NO\-
« + 2A-,[M?]() + JMz2+/c1J

(2-14)

For small times:

[NOl-J^^iNOl-iiNOiANOl^-k^NOlANOU't (2-15)

Figure 2.3 illustrates the approach of NO to the steady state with [NOx]=10ppb and

[NO]o = [N02]o = 5 ppb. Again, the initial ozone concentration influences the time

needed to reach steady state concentrations. However, the time remains in the range

below 5 min to approach the equilibrium by 5%. Therefore, it is justified to assume, that

the NOx-03 system will reach the photostationary state equilibrium during day time, if

no other species interfere.

50 100 150

Time [s]

[O3]o = 10ppbv

[03]o = 50 ppbv

[03]o = 100 ppbv

200 250

FIGURE 2.3: NO concentrations approaching the steady state for [Ü3]o = 10 ppbv (top),

[O3]o =50 ppbv (middle), |0,]o = 100 ppbv (down) at 303 K and 960 hPa with

k(=1.8xl0"12 exp (-1370/77) cm1 molecule"1 s"1 [Atkinson et a/., 1997) and

,/(N02) = 0.007 s"1

For night time conditions, if 7NOi=0. equation 2-11 can be simplified leading to the

following equations:

Ford>0, i.e. [OV|0> [NO]0:

Ford<0, i.e. [O,]0<[NO]0:

[NOl = 0

[N0l=[N0\A0l
(2-16)

(2-17)

9



2. THEORETICAL BACKGROUND

2.1.2 Deviation from the photostationary state

Since many other species interact with the NOx-03 system, a deviation from the

photostationary state occurs in the polluted troposphere. The most important group of

reactants, that in combination with NOx leads the ozone formation, are reactive organic

gases (ROG) consisting of many different organic compounds. Their common property

regarding photochemistry is the ability to react with OH radicals leading to the

formation of peroxyradicals in this way (see Figure 2.1). These peroxyradicals interact

with the NOx cycle by transmitting an oxygen atom to NO forming N02. Thus, the

concentration ratio of NO2 to NO is shifted to higher values. As according to

equation 2-3 the photostationary state of ozone depends proportionally on this ratio,

interactions with ROG lead to increased O3 concentrations.

At the beginning of the radical chain of each ROG stands the OH radical as initiator. It

represents the most important oxidising agents for reduced trace gases in the

troposphere. The oxidation of organic gases and NO2 with Oil also introduces the wash

out of these substances out of the atmosphere. OH is mainly formed during day time in

the presence of ozone and sunlight. Therefore. Oil concentrations in the atmosphere

show a pronounced diurnal pattern in close relation to the actinic flux. In the first step of

the OH formation the photolysis of ozone supplies excited oxygen radicals 0(1D):

For X < 313 nm: 0, + hv -> 02 + 0(lD) (R5)

Most of the excited oxygen radicals from R5 return to the ground state by collision with

other molecules (R6) and form ozone again. But few 0(!D) radicals react with H2O to

form OH (R7):

0{]D) + M -> 0('P) + M (R6)

0(SD) + H20~^20H (R7)

Reactions R8 to Rl I illustrate the oxidation chain of an alkane RCH3 with OH:

RCH, + OH -> RCH2 + H2 O (R8)

RCH, + 02 -> RCH202 (R9)

RCH202 + NO -> RCH:O + N02 (R10)

RCH,O + 0; -> RCHO + H02 (R11)

In reactions with alkenes and aromatics the Oil radical is more often added by splitting
the double bond. Also for CO the reaction chain is a little different since there is no

hydrogen atom that can be abstracted by the OH radical.

CO + OH->C02+H (R12)

10
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H + 02-ïH02 (RI 3)

H02 +N0-+0H + N02 (Rl 4)

With reaction Rll the radical chain is closed for RCH3 and an organic aldehyde is

formed. This aldehyde may react again with OH or photolyses leading to another

peroxyradical. Therefore, though metastable, the aldehyde itself is in a continuing

breakdown series. While formaldehyde is mainly photolysed, higher aldehydes are

oxidised by OH. The radical cycle of reactive organic gases can be repeated until all the

carbon atoms have reached the maximum degree of oxidation which is illustrated in

reaction R12. Reaction R14 shows with the formation of an OH radical that there is no

netto consumption of OH in chain. Therefore, summarising all the reactions for RCH3

and CO including the photolysis of the formed NO2. we receive the net reactions R15

andR16.

RCH3 + A02 + hv -4 RCHO + H20 + 20, (R15)

CO +202 + hv -^ CO
2
+ (9, (R16)

Reaction RIO and R14 represent the crucial steps in the radical chain as an oxygen atom

is transferred from the ROG cycle to the NOx-Oq cycle. Thus, ROG displace the

equilibrium between NO and N02 to the side of N02. In this way a deviation from the

photostationary state of ozone occurs. In accordance to section 2.1.1 we are able to

formulate an extended photostationary state taking also into account the reaction of the

peroxyradicals with NO (see equation 2-18). However, this equilibrium is only reached

if peroxyradical concentrations are constant:

[O,] =
^-hM

(2_18)
fc,UV0]u fci

Comparing equation 2-18 with equation 2-3, [03|ss seems to have decreased when

taking into account the ROG chemistry because of the negative sign of the additional

term with RO2. But since the R02 radicals shift the equilibrium between NO2 and NO to

the side of NO2. the first term in equation 2-18 grows significantly and

overcompensates the second term.

2.1.3 Termination reactions and intermediates

The ozone production is limited by the different termination reactions for N0X and H0X,

(the sum of OH and HO2). The most important termination reaction during day time is

the formation of HNO* (R17). Since HNO3 is highly soluble, it is mainly transferred to

the liquid phase or deposited by dry deposition and then no longer takes part in the gas

11
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phase chemistry. The other species formed in reactions R18 to R21 represent temporary

reservoirs of radicals, which may be re-activated again:

NO2 +OH + M -» HNO, + M (R17)

HO, + H02 -> H202 + 02 (R18)

N02 + H02 + M -> HNOi +M (R19)

OH + NO -» 7/OAÖ (R20)

C77, C0Ö, + N02 +A1 -> PA/V + M (R21 )

The oxidation of aldehydes with OH leads to the formation of acylperoxyradicals.

Besides the reaction with NO or OH they may react with N02 forming a

peroxyacylnitrate. Reaction R21 shows the reaction mechanism for formaldehyde

leading to peroxyacetylnitrate (PAN) which strongly contributes as temporary reservoir

of NO2 for its transport to other regions.

2.1.4 Night time chemistry

For the night time chemistry NO3, N2OS become important as very specific oxidising

agents. During day time they can be neglected because of their fast photolysis. For the

formation of NO3 and NiOs ozone and NO2 is needed:

NO, + 0, -> NO, + 02 (R22)

NO, + NO, + M -» N205 + M (R23)

While NO* may react with organic gases (R24), N2O5 is known to participate in

heterogeneous reactions on water droplets or sulphate aerosols (see R25). Although
these reactions usually arc much less important for the loss of NOx than day time

reactions, at high latitudes and during winter they can represent an important

degradation path of NOx:

NO-, + RH -» HNO, + R (R24)

N:0<+H,0-> 2HN02 (R25)

2.1.5 Limitation of oxidant production

A crucial question concerning ozone production is, whether either the NOx or the ROG

cycle is the limiting factor. Model calculations illustrate the ROG versus NOx sensitivity
of the highly complicated system. By varying systematically the initial hydrocarbon and

NOx concentrations, models can calculate the different ozone concentrations after a

certain time. Figure 2.4 shows these ozone concentrations as isolines with their

12
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corresponding hydrocarbon and NOx concentration after a supposed photosmog episode
of four days calculated by Sillmann el al. [1990],

012345678

N0„ CONCENTfWtOH (ppb)

FIGURE 2.4: Ozone isopleths as a function of NOx and hydrocarbons [Sillman et al,

1990]

Figure 2.4 illustrates that the ozone concentration is not sensitive to a variation of the

hydrocarbon concentration at low NOx concentrations
,
but very sensitive to a variation

of the NOx concentration. In contrast, at high NOx levels the ozone concentration varies

strongly through a change in the hydrocarbon concentration and very little by a change
in the NOx concentration. As isolines show a positive slope in the range of high NOx

levels, additional NOx even leads to lower O3 concentrations. The ozone production is

in this range ROG sensitive.

2.2 Reactive hydrocarbons

2.2.1 Properties

The group of ROG includes a variety of different organic trace gases, wherein reactive

hydrocarbons among the most important representatives occurring in the troposphere
are. Other organic substances are aldehydes, organic acids, alcohols, ketones, ethers and

esters.

Another expression which is often used in connection with tropospheric ozone

formation is NMHC standing for nonmethane-hydrocarbons. This group includes all

hydrocarbon species except methane. Methane is excluded because of its much smaller

reactivity. The expression NMHC does not contain all the oxygenated organic

13
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compounds and is therefore in the context of tropospheric ozone formation less

appropriate than ROG. A third expression is VOC standing for volatile organic

compounds. In contrast to VOC, the concept of ROG does not include the halogenated

organic compounds because of their low reactivity and is therefore more appropriate in

the context of tropospheric ozone formation.

The common property of all ROG is their high vapour pressure defining the physical

state and their high reactivity. In other words, they all contain at least one carbon atom,

they all stay in the gaseous phase at room temperature and they are all reduced species

and may react with OH.

The atmospheric lifetime of hydrocarbons is chemically determined by their rate

constant with OH, NO3, 0} and their rate of photolysis:

— =—+ k0II [OH]+ka [0,] + *„0i [NO,] (2-19)
Tatm l"ph .»

Generally, the second term representing the degradation with OH dominates the overall

lifetime and the other terms can be neglected. Nevertheless, for specific alkenes the

reaction with NO} has also to be taken into account as can be seen in Table 2.1. It

summarises the rate constants for selected hydrocarbons with OH, O3 and NO3.

The main relevance of reactive hydrocarbons in the atmosphere is their potential to

contribute to tropospheric ozone formation as described in section 2.1.2. Different

concepts exist for the calculation of the contribution of individual hydrocarbons to the

local ozone production. In section 7.8 the concept of propylene-equivalents [Chameides

et al., 1992] is presented and applied to the data sets of Bresso and Verzago. The OH

reactivity of the individual hydrocarbons plays a major role in the propylene-

equivalents. As this reactivity may vary by orders of magnitudes, low concentrations of

highly reactive compounds may be of major importance for the local ozone production.

14



2. THEORETICAL BACKGROUND

Table 2.1 : Rate constants for selected hydrocarbons with atmospheric oxidants

at 298 K in cm3 molecule"1 s"1 [Atkinson, 1990]

Substance OH*1012 NO3 O3*l018

Alkanes

Methane 0.0084

Ethane 0.268

Propane 1.15

n-Butane 2.54 6.5-10"17

i-Butane 2.34 9.7-10~17

n-Pentane 3.94 8.0.1Œ17

i-Pentane 3.9

n-Hexane 5.61 10.510^17

Alkenes

Ethene 8.52 2.1-KT16 1.7

Propcne 26.3 9.4-10'15 11.3

1-Butène 31.4 1.2-10"14 11.0

1.3-Butadiene 66.6 9.8-KT14 7.5

1 -Pentene 31.4 10.7

Isoprene 101 5.9-10"n 14.3

1-Hexene 37 11.7

Alkynes

Acetylene 0.90

Terpenes

a-Pinene 85 5.8-10"12

ß-Pinene 16 2.4-1Œ12

À^-Carene 120 I.0-10"11

d-Limonenc 640 1.3-10"11

Aromatic compounds

Benzene 1.23

Toluene 5.96

Ethylbenzene 7.1

o-Xylene 13.7

m-Xylene 23.6

p-Xylene 14.3

1,2,3-Trimethylbenzene 32.7

1,2,4-Trimethylbenzene 32.5

1,3,5-Trimethylben/ene 57.5

Beside their photochemical relevance some specific ROG are highly carcinogenic, such

as 1,3-butadiene and benzene. In this context it should be mentioned, that the limit for

content of benzene in fuels in Switzerland is still 57c. By the year 2000 it will be
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reduced according to the international standard to 1%. The contribution of ROG to

climate forcing and ozone depletion in the stratosphere can be neglected because of

their short lifetime.

2.2.2. Anthropogenic sources

It is very difficult to find emission data for ROG. Figure 2.5 illustrates the development

of NMVOC emissions for Switzerland over this century [BUWAL, 1995]. Compared to

NMVOC, traffic should have a larger share within ROG emissions. While the shares of

traffic and industry were almost equal during the eighties, the contribution of traffic

significantly decreased in the last ten years. In the field of traffic emissions uncompleted

combustion and fuel evaporation are the main emission sources. For industrial purpose

ROG are mainly used as solvents.

oooooooooo
CD r- CNoO^LOOr^ooO
OOOOOOOOOO

Figure 2.5: NMVOC emissions in Switzerland [BUWAL. 1995]

In Table 2.2 emissions of NMVOC are summarised for 29 European countries classified

by the different sources. In good accordance with Swiss emission data, traffic emissions

account for 39%.

The comparison of concentration ratios with emission ratios represents a useful tool for

an attribution of measured hydrocarbons to the responsible emission sources In

Table 2.3 emission estimates for vehicle combustion are listed. As in this work often the

ratio to benzene is used, in Table 2.3 also the mass ratios of the single hydrocarbons to

benzene is shown.
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Table 2.2; NMVOC-emissions in kt y" and mass percentages in 29 European countries

according to the CORINAIR 1990 Inventory [Friedrich and Obermeier, 1999]

Emission sources NMVOC

kt y1 %

Road transport 6756 38.8

Solvent use 4920 28.2

Extraction and distribution of fossil fuels 1376 7.9

Industrial processes 1220 7.0

Commercial, institutional, and residential combustion 989 5.7

Agricultural activities 759 4.4

Other mobile sources and machinery 677 3.9

Waste treatment and disposal activities 507 2.9

Industrial combustion 154 0.9

Public power, cogeneration, and district heating 55 0.3

Total anthropogenic emissions 17413 100.0

Table 2.3: Composition of VOC emissions from vehicle combustion (four stroke Otto

engine) with and without threeway catalyst [Friedrich and Obermeier, 1999]

Car without catalyst Car with catalyst

Compound mass 7c

4.0

ratio to bz mass % ratio to

Methane 0.8 14.0 2.3

C2HCs 13.3 ~> ~j 9.5 1.6

C3HCS 4.3 0.9 3.0 0.5

C4 HCs 9.5 1.9 11.8 2.0

Pentcne 1.1 0.2 0.7 0.1

i-Pentane 5.0 1.0 7.5 1.3

n-Pentane 2.0 0.4 2.5 0.4

Benzene 5.0 1.0 6.0 1.0

Toluene 11.5 2.3 10.0 1.7

Ethyl benzene 2.5 0.5 2.0 0.3

Xylene 10.0 2.0 9.0 1.5

Cq aromatics 7.5 1.5 6.0 1.0

Other VOCs 24.3 4.9 18.0 3.0

Driving conditions, above all cold starts and driving speed, may have a big influence on

hydrocarbon emissions, in respect to the amount as well as to the composition. Heeb et

al. [1999] showed the dynamic nature of the emission behaviour according to real world
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driving conditions. They report that emission ratios for cars with catalyst vary to a

larger extent reflecting the different catalytic converter conditions.

For the estimation of total road emissions, furthermore the fleet composition has to be

known, as the emission composition considerably varies for the different types of

engines. According to Friedrich and Obermeier [ 1999] the main emissions of diesel

engines contain 45% paraffins, 25% naphthenes and 29% aromatic hydrocarbons. But

other conditions such as the ambient air temperature and the gradient of the road have to

be taken into account when estimating road emissions. Due to these complex influences,

the estimation of road emissions based on model calculations seems to be rather

difficult. Nevertheless, a comparison of model estimations with a Swiss tunnel study

revealed a good agreement with mainly less than 20% differences for individual

hydrocarbons [John et al.. 1999|.

2.2.3 Biogenic NMVOC

Besides anthropogenic sources significant biogenic sources of reactive organic species

are known to exist. Frequently, man-made and natural emissions are distinguished

instead of anthropogenic and biogenic emissions. According to Steinbrecher \ 1999] no

difference exists between the meaning of natural and biogenic emissions. He defines the

term biogenic emissions as emissions which can be attributed to living, dying or dead

organisms. The distinction between natural and man-made sources is in some cases

quite difficult, as illustrated by the example of forests. Although retaining many natural

characteristics, forests also represent cultivated systems influenced by anthropogenic

activities like deforestation and replanting [Winiwarter et al, 1999]. Due to the unclear

distinction between man-made and natural sources, in this work the expressions

anthropogenic and biogenic sources are used to distinguish human from plant emissions

in accordance with the definition of Steinbrecher [1999].

The major biogenic NMVOC emissions are hydrocarbons and other VOC (OVOC).

Among biogenic hydrocarbons isoprene and monoterpcnes are the major emitted

substances. Recently, toluene was also discovered to be emitted by plants [Heiden et al.

1999], even though in small rates. Although no biochemical pathway is known for the

production of toluene in plants at the present time, one assumes that biogenic synthesis

inside the plants takes place. The largest impact on the formation of regional ozone have

the reactive hydrocarbons isoprene (2-methyl- 1,3-butadiene) and the monotcrpenes

[Simpson, 1995J. The group of OVOC contains mainly oxygenated substances: reactive

ones such as acctaldehyde, 2-methyl-3-buten-2-ol and hexanals as well as less reactive

ones such as methanol, ethanol, formic and acetic acid and acetone contributing less

significantly to the photooxidant formation. Biogenic oxygenated VOC (BOVOC) are

mainly emitted by agricultural plants such as grape, rape and rye, but also by natural

species such as hornbeam and birch [König et al, 1995].
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In Europe, the most dominant source of ROG from nature are clearly the forests with

foliar emissions [Simpson et al, 1999]. Isoprene emissions are dominated in Europe by

a few oak species such as Quercus petraea and Quercus robur, as well as by the

coniferous species Picea abies. Terpcne emissions mainly originate from coniferous

trees such as spruces and pines. Nevertheless, specific deciduous species like Quercus

ilex and Quercus coccifera are also known to emit high amounts of monoterpenes

[Kesselmeier et al., 1996].

The emission flux F of a certain plant is described according to [Guenther, 1997] by the

following equation:

F = £-D-y (2-20)

F: emission flux [fig m~ If J

e: normalised emission rate or emission potential [p:g (g dry wcighty'li']
D: foliar biomass density [g dry weight m""]

y: environmental correction factor

The environmental correction factor y of isoprene contains the influence of the

temperature and the photosynthetic active radiation (PAR), the global radiation from

400 to 700 mil on the emission strength. Therefore, the environmental correction factor

y of isoprene (iso) is the product of a temperature dependent factor Cx1TO and a light

dependence factor Ci,\Guenther et al, 1993]:

rno=C1no.CL (2-21)

CtiS0: temperature dependence factor

CL: light (PAR) dependence factor

The temperature dependence C^0 of isoprene emission is associated with the isoprene

synthase activity according to equation 2-22:

c/,(r-7'?)

c = 7^
1 J-e\p-

R Ts T

CTi: empirical coefficient (95XXX) J mob )

CT2: empirical coefficient (230D00 J mol"1)

Tm: empirical coefficient (314 K)

R: gas constant (8.314 J K"1 mof1)
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T: leaf temperature [K]

Ts: standard temperature (303 K)

Equation 2-23 simulates a nearly linear dependence of isoprene emissions on PAR up to

a certain temperature in accordance with the modelling of the light dependency of

photosynthesis:

CL=~-pJà=J= (2-23)

L: PAR intensity [fjimol m"2 s"1 j

a: empirical coefficient (0.0027 iimol"1 m2 s)

Cli : empirical coefficient ( 1.066)

While isoprene emissions depend on PAR as well as on temperature, most of the

monoteipcnc emissions only depend on temperature. Due to the lack of the light

dependence of most of the monoterpene (mts) emitters, y has a simpler approximation.

It is related to the monoterpene vapour pressure and increases exponentially with

increasing temperature [Guenther et al, 1993]:

rM=cnm=cxVlß.(;r-Ts)] (2-20)

T: leaf temperature [K]

Ts: standard temperature (303 K)

ß: empirical coefficient (0.09 K"1)

Typical Mediterranean plant species such as Quercus ilex also show in contrast to

coniferous trees a light dependence of their monoterpene emission rate, as they do not

have any storage tissue for monoterpcnes. Therefore, there is a special class of

monoterpene emitters (mil) with a light and temperature dependent emission behaviour.

Their y is approximated according to y|tt0.

Tn„=K0 (2-2D

Equation 2-20 to 2-25 provide an accurate simulation of diurnal emission fluxes taking

into account the factors light intensity and leaf temperature. Although these two factors

are the most important ones, also other factors like leaf age exist, season and species

specific variations which may have a significant influence on the emission behaviour.

Humidity was also found to have an influence on monoterpene emissions. Schade et al

[1999] therefore proposed a modified emission algorithm for monoterpcnes taking also

into account the dependence on humidity.
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In Table 2.4 the emission potential e for some important biogenic emitters of isoprene,

terpcnes and OVOC in Europe are summarised [Steinbrecher, 1997]. According to

Simpson et al [1999] the emission potentials for isoprene arc quite certain with a

maximal uncertainty of a factor of 2 to 3. Emission potentials of tcrpenes are more

uncertain and sometimes overestimated. Simpson et al [ 1999] report that uncertainties

for OVOC emission potentials for forests are a factor of five or even larger.

Table 2.4: Emission potentials e in jig (g dry weight)"1 If1 for 30° C leaf temperature

and 1000 umol m"2 s"1 PAR [Steinbrecher, 1997]

Species Common name Isoprene Terpenes

3

OVOC

Abies sp. Fir <0.l

Eucalyptus globulus: old Blue gum 18 0.5 <0.1

young 61.4 4.3 2.9

Fagus sylvatica Beech <0.1 <0.5

Picea abies Norway spruce 1 0.1-4.3

Picea sitchensis Sitka spruce 2-7.5 2.3-3.5

Pinus pinea Umbrella pine <0.01 <0.1-10.7

Pinus sylvestris Scots pine <0.1 1.3-2.6

Platanus occidentalis Plane 27.6

Populus Poplar 70

Quercus ilex Holm oak <0.l 16.4-64.2

Quercus petraea Sessile oak 45 <0.8

Quercus pubescens Downy oak 86.1

Quercus robur European oak 40

Salix spec. Willow 34

Globally, biogenic NMVOC emissions are estimated at H50Tgy or 90% of total

NMVOC emissions, compared to lOOTgy"1 of anthropogenic NMVOC emissions

[Guenther, 1995]. According to the compilation of Table 2.5 biogenic NMVOC

emissions amount to 41% of total NMVOCs in Europe, only 9% in Italy and even just
2.6% in the Po Valley. However, considerable uncertainties still exist in these numbers

at the present time. According to Simpson et al [1999] especially the estimates for other

biogenic VOC having a share of 27% of total VOC are very uncertain. Crops, heathland

and pastures appear to make a major contribution to this class, and just for these sources

very few information about emission factors and land use is known. Therefore, they
estimate the overall uncertainty of European biogenic emissions as still being higher
than a factor of five, not much less than the estimate in an earlier publication [Simpson

etal, 1995].
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Table 2.5: Emission estimates of biogenic VOC (BVOC) in kt C y" and percentages

Biogenic

Isoprene

Other BVOC Anthropogenic

NMVOC

Reference

Europe 4560/14% 8940/27% 19300/59%

Italy 44 / 1.8% 188/ 7.6% 2239 / 91 %

Po Valley "H101 / 2.6% 0.38/ 97.4%)

Switzerland 5/1.9% 34/13% 218/85%

Switzerland 3.3 / 1% 87 / 27% 229 / 72%

[Simpson et ah, 1999]

[Simpson et ah, 1999]

[Silibelloctal, 1998]

[Simpson et ah, 1999]

[Andreani-Aksoyoglu

and Keller, 1995]

all biogenic VOC including isoprene

2.3 Meteorological influences

The concentrations of organic trace gases in the surface layer are determined to a large

extent by meteorological processes. During photosmog episodes, when a flat high

pressure and no large-scale air movements are present, meteorology is mostly

dominated on a local or regional scale. On this scale, vertical mixing and horizontal

transport are the most important processes. They are both highly influenced by the

diurnal variation of the global radiation leading to well defined diurnal wind and mixing

patterns.

2.3.1 Horizontal transport

On a local and a regional scale, the topography has a large influence on wind patterns.

During photosmog episodes, when a flat pressure distribution prevails, the transport of

air pollutants in the planetary boundary layer is dominated by local and regional

processes. On clear days the air warms faster over the Alps than over the Po Valley

leading to the formation of a low pressure area over the Alps. Consequently, southern

winds arise during day time, moving air masses from the Milan area towards the Alps.

During night time, the opposite situation is present leading to northern winds in the Po

valley. On days with high global radiation the described southern winds are

accompanied by high photochemical activity, often leading to high ozone

concentrations in the Ticino region.

For ground based measurements also the small-scale topography is important, as it

influences the flow close to the surface. Due the unequally distribution of the emission

sources, i.e. highway traffic or industry, air parcels may contain largely differing

amounts of pollutants, if the history of the air parcels were not exactly the same.

Therefore, it is very important to know for each measurement the corresponding wind
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trajectories. The determination of local wind trajectories on the ground remains a very

difficult task. Calculations with the Swiss Model, used by the Swiss Meteorological

Institute for weather forecasts, for example base on a grid size of 14 x 14 km, therefore

ignoring any local topographic information.

2.3.2 Vertical mixing

In situations with low winds the dilution of chemical species is mostly caused by

vertical mixing. As the solar radiation influences vertical mixing, a diurnal pattern for

the establishment of the different atmospheric layers is recognisable. Figure 2.6 shows

the structure of the lowest 2000 in of the atmosphere in dependence upon the time of

day.

Height [rrV

2000

1000-

Midnight Sunrise

Free Atmosphere

-

Entrainment Zone

Capping Inversion /"""""L-~-—"~~~

^^----^^T^ôlîtuTnal
/ Boundary Layer
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i

Nocturnal Boundary Layer//

i

Noon Sunset Midnight

FIGURE 2.6: Diurnal variation of the boundary layer composition in high pressure

regions overland [Stall, 1988]

At night, a stable inversion layer of a few hundred meters exists over the surface. In this

layer pollutants emitted during night time may accumulate to high concentrations. Over

the stable boundary layer the residual layer is located, which is protected from fresh

emissions. After sunrise, the ground warms faster then the air above, leading to an

negative temperature gradient dT/dz. The nocturnal boundary layer breaks up, and air

from the residual layer is mixed downwards (entrainment). The upper border of the

mixed layer continuously climbs starting on the ground in the morning and reaching its

maximal height of 1500 up to 2000 m in the afternoon. During the same time vertical

mixing grows leading to a strong dilution of air pollutants peaking in the afternoon. At

sunset an inversion layer establishes again over the surface.
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Vertical mixing is determined by the temperature profile of the atmosphere. An

appropriate measure for the stability of the atmosphere is the potential temperature 0. In

equation 2-26 and 2-27 the potential temperature 8 is defined [Stull, 1988]:

e = T-

, \ 0 286

V

(2-26)

T: Temperature [K]

po: Reference pressure

p: Pressure

$ = T + T •(:-.-„) (2-27)

F: Negative dry adiabatic lapse rate (0.98 K/100 m)

z: Height [100 m]

Zn: Reference height [ 100 m ]

For the comparison of ground based data with aircraft measurements, it is important to

know the upper border of the mixed layer. For the determination of the mixing height

the gradient d8/dz is used in this work. If 8 was fairly constant with increasing altitude,

the aircraft was supposed to fly in the mixed layer. But as soon as the gradient d6/dz

turned to zero with increasing altitude, the upper border of the mixed layer was reached.

24



3. Instrumentation

3.1 AirmoVOC HC1010

The airmoVOC IIC1010 instrument is a gas chromatographic system equipped with a

flame ionisation detector (GC-F1D). A continuous sampling system designed for

hydrocarbon measurements in ambient air is integrated in the instrument. Figure 3.1

shows the design of the airmoVOC HC 1010 consisting of a sampling, a cryofocussing,
a separation and a detection unit. The construction as well as the operating procedure of

the airmoVOC HC 1010 is described by Herrmann [1993].

For hydrocarbon measurements during PIPAPO two AirmoVOC IICIOIO instruments

constructed by Airmotec AG, Tllnau, Switzerland were used. These instruments are

particularly designed for the monitoring of volatile hydrocarbon in ambient air allowing
for automatic and continuous measurement. Due to their compact construction and their

modest energy consumption the\ are very suitable for the use on site. Nevertheless,
considerable gas supply is needed.

Sampling
• Cryo- I !"_

-*! focussing h Separation -H Detection

Multisorbent

trap

100 ml/mm

CCy-Cooling

a® I
-

I

-78» C
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BGB 2 5
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_

10m / '/ '
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Figure 3.1: Construction of the airmoVOC HCl 010 instrument
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3.1.1 Sampling system

The air samples are collected over a 5 m stainless steel tube with a diameter of 1/8 inch.

Its surface is inert which is important especially for the measurement of highly reactive

hydrocarbons. In addition stainless steel surfaces show less storing properties than

teflon. The length of the tube should be kept short in order to keep the residence time of

the air in the tube as short as possible. Supposing a flow of 100 ml mil/1 the residence

time in 5 m long 1/8-inch tube amounts to 9.5 s, short enough to guarantee a sampling

without delay.

The sampling system of the instrument consists of six multisorbent traps circularly

arranged in a rotating drum. The sorbent beds were packed with 3 cm of Carbopack B, a

graphitized carbon material for the sampling of C^ to Cl0 compounds followed by 1 cm

Carbosieve III, a carbon molecular sieve, for the adsorption of the highly volatile

compounds. With this combination it is possible to collect volatile hydrocarbons from

C4 up to Cm compounds. Problems may only arise with the sampling of Q compounds

and benzene at high temperatures and at volumes from 2 1, as breakthrough may occur

from the Carbopack to the Carbosieve pack. Consequences are incomplete desorption

from the Carbosieve and therefore loss in recovery and increased memory effects of the

following samples. This breakthrough was already observed by Kramp et ah [1995] and

Fabian [1997].

Only three of the available six traps were used for sampling in this study in order to

minimise trap specific artefacts such as memory effects, sample losses and retention

time drifts. Further, the time of exposure between two sampling runs could be

minimised in this way to 30 minutes. Using all the six traps sorption of organic

substances to the traps may be observed while the traps are in waiting position between

the last desorption and the next sampling. Theoretically two sorbent traps would be

sufficient, one for sampling and one for simultaneous analysis. But, because of the

arrangement of the sampling position and the analysis position in an angle of 120°

instead of 180°, the smallest number of traps is three. Figure 3.2. shows the design of

the sampling unit.

Sampling takes place at ambient air temperature by sucking air with a flow of 50 to

150 ml min"1 through the traps. For the regulation of the air flow two critical orifices

exist which are steered by the valves V2 and V3. Having both valves closed the

sampling line is flushed over the bypass.

Beside the sample inlet also an inlet for adding an internal and an external standard

exists. While the internal standard always flows the same way like the sampling flow,

the external standard can be added separately over valve V3. More about the use of the

internal and external standard is described in section 3.2 and 3.3 respectively.
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Cryofocussing -4

Figure 3.2: Sampling system of the airmoVOC HC 1010

Equation 3-1 shows that the flow over a critical orifice is proportional to the pressure po

in front of the critical orifice. Combining equation 3-1 with the ideal gas law, equation

3-2 results. Once the sampling flow is calibrated for a reference pressure po- in front of

the critical orifice at a certain reference temperature T' and a reference air pressure pas

the actual flow can be calculated according to equation 3-2 for a standard temperature T

and a standard air pressure p\ by measuring the actual orifice pressure po. For T and pA

Airmotec software uses 288 K and 1013 mbar.

V=IlL.v' (3-1)
Pd

pi> Actual pressure in front of the critical orifice [mbar]

pD>: Reference pressure in front of the critical orifice [mbar]

V": Reference flow [ml min"1]
V : Actual flow [ml mil/1]

V =J2jL.R.£l-.v>.t (3_2)
Pd T P i„

Vs: Sampling Volume [ml]

T': Reference temperature [K]

To: Standard temperature [K]

PA' Reference air pressure [mbar]

PAn: Standard air pressure [mbar]

ts: Sampling time [min]
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3. INSTRUMENTATION

Sampling can be achieved almost continuously as it is only interrupted during the

rotation of the drum for a short time. During PIPAPO the sampling time was put to

1725 s covering 96% of the whole cycle time of 30 min. After the sampling time the

valves are closed again and the drum rotates twice. Consequently, the enriched trap is

now located in the desorption position. By heating the adsorbents up to 300° C the

sample is desorbed with a hydrogen backflush and transported to the cryofocussing.

For long term monitoring the sampling system with the rotating drum displays one

major drawback, because the drum is usually not adjusted perfectly. The almost 100

rotations of the drum per day from one position to the next generally lead to the

abrasion of the teflon fittings at the entrance and at the exit of the sorption traps.

Consiquently, the pressure po in front of the critical orifice decreases resulting in a

decreased sampling flow according to equation 3-1 and therefore higher detection

limits. The abrasion may sometimes lead to the complete blocking of the sampling line.

In this case it is necessary to remove a trap in order to remove the teflon wear from the

sampling line.

3.1.2 Cryofocussig unit

The cryofocussing unit is a fused silica capillary column packed with 4 cm Carbopack

B and cooled with carbon dioxide. Its purpose is to compress the sample right in front of

the column for a sharp release profile on a narrow initial bandwith. Due to the cooling it

is possible to hold back also highly volatile hydrocarbons with Carbopack B.

Theoretically, the lowest cooling temperature is -78° C, but in Italian summers

temperatures can rise over 40° C in the van. and with cooling times of maximally 5 min

it is already good to reach temperatures below zero. The release of the sample takes

place by its fast desorption at 350° C within less than two seconds. This pace is only

possible because of the small volume and diameter of the adsorbent package and the use

of Carbopack as the only sorbent material.

If the cooling of the cryotrap is insufficient, e.g. if the COi pressure of the bottle

decreases, breakthrough of Ci, to Cj. compounds can be observed. According to Fabian

[1997] Ct to C4 and 2-methylbutane and probably also isoprene break through at 20° C

cryofocussing temperature. At 28° C Fabian [1997] reports additional breakthrough for

pentane.

3.1.3 Chromatographic separation

For the separation a BGB 2.5 column of 9 m length is used. The inner diameter of the

capillary column is 0.25 mm and the film thickness 1 |lm. The stationary phase

consisting of 2.5% phenyl- and 97.5% methylpolysiloxan is very apolar. Therefore,
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chromatographic separation takes place in good accordance to the boiling points of the

substances.

For the chromatographic separation the following temperature program was used: Start

at 35° C, isotherm for the first two minutes, then with a slope of 15° C per minute up to

150° C. Because of the column length of less than 10 m, the chromatographic separation
is especially in the range of the C4 and C5 compounds not complete. Different

substances in this range are coeluting, and therefore it is only possible to quantify them

as a sum. A prominent example is isoprene which is coeluting with t-2-pentene.

Figure 3.3 shows the first 100 s of a chromatogram recorded during PIPAPO in

Verzago. It illustrates the bad resolution for the C4 and C5 compounds. In Appendix B

the full chromatogram with the legend of all the identified peas is shown for Bresso and

for Verzago.

34000

4000

Pontane

soprene + t-2-Pentene

30 40 50 60 70

Retention time fsl

80 90 100

Figure 3.3: Section of a chromatogram in Verzago on 6 July 1998, 7:00 h

3.1.4 Detection

After the separation the substances are transported with the carrier gas to the flame

ionisation detector (FID). They are burned m the FID at a temperature of 150° C with an

additional supply of hydrogen and air leading to the formation of CHO1" ions. Electrodes

over the flame measure the current I which is proportional to the number of passing ions

Nion (see equation 3-3).

I = c-^ (3-3)
dt
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c:

Detection current [A]

Sensitivity constant [Coulomb/ Ion"1]
dNion/dt: Ion flow [Ions s" ]

The sensitivity of the FTD, represented in the constant c, depends strongly on the flow

regulation of the gas supply. Normally, the ratio between hydrogen and air flow should

be about 1 to 10. Theoretically, the type of chemical bond also influences the response

factor. According to Fabian [1997], the airmoVOC FIDs show very small differences in

the response factors of different hydrocarbon compounds. Before the generated signals
are transferred to the computer the amplification, offset and offset amplification may be

adapted in accordance to the present concentration range. The signal is transferred to a

computer over an analogue-digital transformer via an RS232 port. A chromatogram is

created by taking down the signal against the retention time.

3.1.5 Instrument operation

For the automatic operation of the airmoVOC HCl010 a concept and a method file are

necessary. The concept file is quite simply structured by defining the sequence of the

different methods which have to be used. In the different method files the measurement

cycles are described containing all the settings of the different parameters from the

sampling up to peak identification information. Concept files as well as method files

used for PIPAPO are shown in Appendix C. For both instruments three different

methods were used: one for the normal sampling and analysis cycle, one for the daily
blank measurement and one for the calibrations. Because of different sampling flows

and response factors the method files of the LAPETH and the AFU instrument arc not

identical. Figure 3.4 illustrates the control panel of the airmoVOC operation software

airmoVISTA.

cO 03300 06 0000 01 PB 0 PL 0 PKU 4

1)ES03BHB DES03BMB desorb3 3 RuJirt; 9b0 hPa

PD 943 PA 943

K tl Ztjkl. 8 win

150

too-

bO

hPa

,.\....\.

00.09.1999 13:31:30

Figure 3.4: Control panel of the airmoVISTA software
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3.2 Calibration and quantification

The quality of ambient air measurements highly depends on the reliability and accuracy

of the used calibration method. Since frequent system calibration is required, the

calibration method needs to be suitable for the application in the field is a crucial

criterion when assessing a calibration method.

3.2.1 Internal calibration

The airmoVOC instrument is equipped with an internal calibration system consisting of

a thermostatic block with four vials (see Figure 3.5). The appending of the internal

standards works according to the principle of the constant pressure over a saturated

vaporous phase of a substance. The liquid calibration standards are located at the bottom

of the vials. With a temperature control (TO and a pressure control (PC) the saturated

pressure over the liquid phase is kept constant. Passing a first capillary the vaporous

standard is diluted by a factor of 1:100 up to 1:2000, depending on the capillary

diameter. Equation 3-4 shows the calculation of the flow through a capillary.

y =^/J3JlL^ ~ i 134 IQ3 AP'J__ (3-4)
C

8- //•/""
"

/

Vc : Flow through a capillary

Ap: Pressure difference over the capillary

r. Capillary radius [mm]

i]: Air viscosity (1.84-10"
""

kg m"1 s
'
Handbook)

/: Capillary length [m]

While most of the calibration gas streams over the bypass, a small part is added to the

sample stream over another capillary leading to a second dilution by a factor 1:2000.

Since the flow through a capillary is constant at a given pressure difference and aat a

given temperature, standard addition is regulated by the sampling time.
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200 mbar 20 ml/min

-AAAVI

PCV

î
Air

100 mbar

200y'imn 100nl/mm 10 (il/min 10 ui/min

20 ml/min

^=AAAA - Bypass

50 (il/min

Inlet Sample

FiGUKR 3.5: Scheme of the internal calibration

In spite of the two dilution steps only reference compounds with low vapour pressures

are suitable for this system in order to avoid overloads. Furthermore, temperature

control cannot be regulated and is fixed to 30° C by the manufacturer. Is the ambient air

temperature during field experiments above this value, vapour pressure and added

standard amounts change significantly. In practice, the internal calibration system is not

precise and accurate enough for quantification and may only be used to control the

stability of the instrument. During PIPAPO the internal calibration was not used at all.

Nevertheless, the principle of the addition of highly concentrated standards with a

capillary dilution system according to equation 3-4 is very useful for laboratory use and

was applied for Scotty gas standards during system extension experiments as described

in section 3.3.

3.2.2 Tedlar bag calibration

For the routine calibrations in the laboratory as well as in the field tedlar bags were

used. Tedlar bag calibration is simple to carry out and accurate enough for exact

quantification. Moreover, it is appropriate for field application and very cheap. Another

advantage of the tedlar bag calibration is that different substances can be calibrated

together. A restraint for the choice of calibration substances exists for substances with a

boiling point above ambient temperature due to the liquid injection. Furthermore,

calibration of less volatile compounds as from xylenes is not recommended due to

sorption at the bag walls which causes significant recovery losses.

The tedlar bags were filled with synthetic air (5.0 purity) up to a pressure of 3 mbar.

1 (il of liquid calibration standards was then injected with a microsyringe (Hamilton)

into the bag, leading to immediate evaporation. Different volumes of the vaporous
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standard were removed from the tedlar bag and injected over a septum into the zero air

stream. The zero air stream was generated by sucking ambient air through a special

hydrocarbon filter.

During PIPAPO benzene, toluene and isoprene were calibrated regularly

simultaneously. For the quantification of all the substances only benzene responses

were used. Calibration was repeated every second week using at both stations the same

tedlar bag.

.2.3 Peak identification

For peak identification two different procedures were basically applied:

• Identification on the basis of standard injections

• Identification in accordance to reference chromatograms

Standard injection was carried out with tedlar bags in the lab for the most important

substances. All the other substances were identified by comparison to reference

chromatograms performed with other airmoVOC HC1010 instruments, which are

identically configured. Table A. 1 in Appendix A contains all identified species

including their corresponding identification procedure.

Peaks were automatically identified, integrated and listed in a peak list by the

airmoVISTA software. As the airmoVISTA software is very sensitive to retention time

drifts and as these drifts occur regularly due to trap specific differences, only very few

peaks are recognised by the airmoVISTA software. Only few peak areas listed in the

peak list are allocated to a certain substance, while the rest is marked with the substance

name unknown. Therefore, the peak identification mainly took place by manual work

what was very time consuming. An additional software for the peak identification

developed by MetAir could at least facilitate the manual work partly.

3.2.4 Quantification

Since every CHO+ ion causes a certain signal, a peak in the chromatogram corresponds

to a certain number of C-atoms of a substance. If the response per C-atom rc is

determined due to calibration, a peak area A can be transformed into a mixing ratio x in

ppbv by equation 3-5.
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x: Mixing ratio of substance x [ppbv]

A: Peak area [Counts]

îc: Response factor [Counts/nmol C-atom]

Ncx: Number of C-atoms in substance x [nmol C-atom/nmol]

Vs: Sampling Volume [1]

ctot: Total concentration [mol l"1]

As Vs is always calculated for the standard conditions with To = 288 K and po =

1013 mbar, the value of ctot for these conditions is defined according to the ideal gas law

in mol 1" :

ctot = -^- = 0.042 (3-6)

R: Gas constant [8.3144 J K"1 mol"1)]
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4. System Extension

4.1 Introduction

With the configuration of the airmoVOC instrument described in section 3.1

anthropogenic hydrocarbons in the range of C4 to Cjo can be measured reliably. The

share of these HCs of total VOCs differs largely for the dominant VOC emission

source. While fuel evaporation emissions - mostly consisting of volatile alkanes in the

range of C4 to Cb - are completely within the measurement range, the main constituents

of solvents (alcohols, acetates, glycols or ethers) are not suitable for the very apolar

column and FID quantification of the system. In contrast to that, the analysis of Ci and

C3 hydrocarbons with the airmoVOC device could be realised with certain system

adaptations. Vehicle combustion leads to considerable emissions of Ci and (V

hydrocarbons so that they occur in considerable amounts in ambient air. Most of these

C2 and C3 hydrocarbons are quite inert and have a low ozone creation potential.

Especially acetylene is an excellent tracer substance for road traffic emissions because

of its very low OH reactivity. Nevertheless, ethylene and propene arc quite reactive and

have therefore a significant potential to contribute to the photooxidant formation. The

extension of the system for the analysis highly volatile C2 and C3 compounds is

described in chapter 4.

Figure 4.1 illustrates the share of total VOC for the different emission sources, which

can be measured with the airmoVOC HC 1010 instrument (white area). While the

mostly oxygenated other VOCs (OVOC) cannot be quantified because of the detection

mode, C2 and Ci components could be analysed with some system modifications in the

sample collection and cryofocussing. Due to the absence of a cooling system for the

sampling traps, C2 and C3 compounds break through the sorption packages in the

sampling and the cryofocussing and are only collected partly. The manufacturer

Airmotec AG sells extended instruments for the measurement of hydrocarbons from C/

up to Cio called airmoVOC HC2010. In addition, he offers the alternation of a HC1010

to a HC2010. Unfortunately, HC2010 instruments still show several shortcomings

leading to inaccurate measurements. Additionally, during both intercalibrations of
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BERLIOZ (City Plume Experiment Berlin-Brandenburg), extended airmoVOC

instruments could not confirm their performance in the full range from C2 to Cio. For

these reasons and to make it more economical, it was decided to implement a system

extension independently at our institute in collaboration with Martin Baumle of MetAir.

For the additional measurement of CA and 1/ hydrocarbons the system extension

includes the following three steps:

1. Adaptation of the cryofocussing system

2. Alternation of the sampling system

3. Improvement of the chromatographic separation

Gasoline evaporation Vehicle Combustion (with catalyst) Solvent use (industrial varnishes)

Figure 4.1: Selected NMVOC emission sources classified by their detectability with

the airmoVOC HC1010 instrument m mass percentages [Friedrich and Obermeier,

1999]

4.2 Cryotrap adaptation

In the first step the ability of trapping (V and C3 compounds in the cryofocussing was

tested. For this purpose the Carbopack B packed precolumn was replaced by a

precolumn filled with Carbopack X. a stronger sorbent material. Since less volatile

substances also adsorb more strongly to Carbopack X, desorption temperature had to be

adapted from 350° C to 385° C. In order to prevent breakthrough already on the

sampling traps during cryotrap testing, very small volumes of highly concentrated

hydrocarbon standards (Scotty gas) were added. First, the substances were injected over

a capillary column according to the principle of capillary dilution system into the inlet

for external standards (see Figure 3.2). For this purpose the critical orifice of
i i

100 ml min" switched by valve V2 was replaced by a smaller one of 20 ml min"
.

However, the gas pressure was drifting capillary How was unstable leading to increasing

injection volumes. Moreover, the consumption of Scotty standards was too large and

therefore the injection mode was changed to syringe injection over a septum inlet as
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used in the tedlar bag calibrations. The zero air stream was generated by a gas mask

filter.

The trapping of highly volatile hydrocarbons on Carbopack X in the cryotrap was tested

for variable cryo temperatures, In these tests Carbopack X turned out to be an excellent

sorbent material for the cryotrap. Figure 4.2 illustrates that the cryotrap filled with

Carbopack X is able to collect completely propcnc and higher alkencs up to uncooled

cryofocussing at room temperature. Only for ethene a cooling temperature below -40° C

is necessary for a complete trapping.
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Figure 4.2: Alkene recoveries at variable cryofocussing temperatures relative to

propene

For the investigation of the desorption efficiency of less volatile compounds like decane

and trimethylbenzenes (TMB) on the cryotrap the internal calibration system was used

for substance addition. Tedlar bags arc not suitable for these compounds due to strong

adsorptions at the bag walls. The internal calibration system was used in the highest

dilution positions 3 and 4 for n-decane and 1,2,3-TMB respectively. In order to

distinguish between cryofocussing memory and memory of the sampling traps only two

of the three traps were loaded with variable amounts of substances, so that the

desorption of the third "empty" trap showed only the memory originating from the cryo

capillary.

Figure 4.3 shows the course of the experiment. The points representing the cryotrap

memory are marked with an arrow. They show very low concentrations while the

following two traps show a significant sampling trap memory.
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Table 4.1 shows the sampling trap and cryotrap memory resulting from this experiment.

Memory effects on the cryofocussing trap are negligible being less than 2%, while trap

5 shows the highest specific sampling memory of 18.8% for 1,2,3-TMB.

100000

18-00 19 00 20 00 21:00 22.00 23:00 00:00

Figure 4.3: Extract of the experimental course

The desorption temperature of 385° C in the cryofocussing system turned out to be

sufficiently high for a recovery of more than 98%. However, adaptations are required in

the sampling part in order to reduce the sampling trap memory.

The thermal stability of the highly reactive compound isoprene was another issue that

had to be controlled as a consequence of the higher desorption temperature in the

cryofocussing unit. Tedlar bag injection of toluene as reference and isoprene showed a

response ratio of 0.69 ±0.11 while the theoretical response ratio is 0.76. Therefore, no

evidence for thermal degradation processes during cryotrap desorption was found.

Table 4.1: Memory effects on the cryotrap and the sampling traps in percentages

n-Decanc 1,2,3-TMB

Cryotrap 1.3 ± 0.3 1.7 + 0.1

Sampling Trap 1 7.9 ± 0.7 7.4 + 0.8

Trap 3 6.9 ±0.5 3.7 + 0.3

Trap 5 17 + 0.7 18.5 ±2.0
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4.3 Adaptation of the sampling system

For the adaptation of the sampling system the adsorption should be improved for highly

volatile hydrocarbons by replacing the Carbopack B material in the sorbent beds by

Carbopack X. In a first step, only one trap was replaced in order to compare both

sorbent combinations. First, the new trap packed with Carbopack X and Carbosieve

(3:1) had to be conditioned by frequent desorption in order to reduce the blank values.

In spite of the repeated desorption the new trap still showed an increased memory due to

the stronger adsorption properties of Carbopack X. After two days of desorption the

blank values of the Carbopack X/Carbosieve trap decreased to 10000 counts, still being

three times higher than the blank values of two Carbopack B/Carbosieve traps. A first

memory experiment for the measurement of toluene showed irreversible adsorption to

the Carbopack X/Carbosieve trap leading to significant recovery reductions of 10-20%.

As a consequence memory amounted up to 37% compared to 3 to 5% for the Carbopack

B/Carbosieve traps.

As a measure for the adsorption efficiency, breakthrough volumes should be determined

for C2 and C3 hydrocarbons on both types of traps. Standard addition was carried out

over syringe injection of Scotty gas standards. Zero air created only with the charcoal

filter had insufficient quality whithin the range of highly volatile hydrocarbons.

Improvement could be attained by an additional stage of a nitrogen cooled molecular

sieve. The set up of the zero air generation and the sampling inlet is shown in

Figure 4.4.

Charcoal

Filter

Liquid
Nitrogen

Figure 4.4: Zero air and inlet system of the breakthrough experiments

Figure 4.5 shows the breakthrough curves for ethane, relative to an injection of 7.3 ml

of the Scotty gas standard. As illustrated in Figure 4.5, the experiment showed no

significant differences in the breakthrough beha\iour for the x-traps and the b-traps.

This could be expected as C2 to C4 compounds are not adsorbed onto the Carbopack

phase but onto the Carbosieve III phase, which is identical for both types of traps.

Further. Figure 4.5 illustrates that the breakthrough volume of ethane is below 10 ml.

For ethene the same result was received. For a more precise determination of the

Septum [
Molecular

Sieve

AirmoVOC
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breakthrough volumes of the C2 compounds the critical orifices should be replaced by

smaller ones in order to be able to add very little gas volumes.
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Figure 4.5: Breakthrough volumes for ethane in the sampling traps

The breakthrough volumes of propane and propene turned out to be around 0.5 I.

Propane and propene did not show a typical breakthrough behaviour with constant

recovery of 100% over a certain range of little sampling volumes. Already at very small

volumes recovery decreases. The breakthrough curves of light alkanes are presented in

Figure 4.6. For normal field conditions sampling volumes of 2 to 3 1 are used. Butane

and butcne recovery are for these volumes m a range of about 80 to 90%. For higher
alkanes and alkenes breakthrough losses can be neglected for these volumes, as

illustrated by pentane.
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FIGURE 4.6: Breakthrough curves of light alkanes m the sampling traps
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In a next step the trap design was adapted for increased adsorbent volumes by

increasing the trap diameter. As a consequence of the use of larger adsorbent volumes

desorption temperature and time have to be checked and eventually adapted. The

manufacturing and the filling of the prototype trap could be implemented. Because of

repeated technical problems with the airmoVOC instrument breakthrough volumes

could not be determined for the traps with the new design.

4.4 Improvement of the chromatographic separation

In the last step the chromatographic separation should be improved to a higher

resolution of the C2 to Cs hydrocarbon compounds. For this purpose two measures

should be taken. First, the resolution of the highly volatile compounds should be

improved by introducing a cooling system for the oven. In this way, chromatographic

separation can be started already below ambient air temperature. Secondly, the capillary

column should be replaced by another one with an increased length L and a smaller

phase ratio ß. /?is generally defined as the ratio of the volumes of the gas ViW and liquid

phases VuqUki in the column (4-1 ):

ß: Phase ratio

VR(IS: Gas volume

Viiqmd'- Liquid volume

d,: Inner diameter

/': Film thickness

For film capillary columns (WCOT, Wall Coated Open Tubular) the phase ratio ß is

according to equation 4-2 proportional to the ratio of the inner capillary diameter d, and

the film thickness f. In the employed system, ß amounts to 62.5 with an inner diameter

of 0.25 mm and a film thickness of 1 lim. Equations 4-3 to 4-5 show the basic

relationships of gas chromatography necessary for the understanding of the definition of

the chromatographic resolution R.

k

k: Capacity ratio

Tr : Adjusted retention time

ß =

V,

V
V

<u, ml

ßy
d, r

! t

WCOT

A-f 2-f

(4-1)

(4-2)

T
1
R

T

1
R

L
\[

T
(4-3)
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TR:

K:

oc.

Retention time

Gas holdup time (unretained)

Partition coefficient

Selectivity

a-

V
a

K = ß-k

a--
k2 ^K^

(4-4)

(4-5)

K,
Kn

f
1 ^

K2+ß
(4-6)

R

L

h

Resolution

Column length

Height equivalent to one theoretical plate

The chromatographic resolution R is a measure of the separation efficiency of two

neighbouring peaks with the partition coefficients Kj and K2. Equation 4-6 shows that

the length L of the capillary column influences the resolution R by its root. The

influence of ß on the resolution depends strongly on the partition coefficient K?, being

present in the factor \l(K2+ß).

In a first step the oven cooling only consisting of a van was supplemented analogous to

the cryotrap with high pressure C02, The construction consisted of a C02 orifice,

located in the middle of the oven. C02 supply was operated manually over an external

valve. Further, for a more effective cooling the fan was turned off and the top of the

oven was isolated with a cover. Figure 4.7 shows the construction of the C02 cooling
system.

AirmoVOC oven

CO,

Valve

Isolation

— Capillary column

Copper plate

~

C02 orifice

Aluminum plate

Figure 4.7: CO-> cooling construction of the GC-oven
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This cooling system did not lead to the desired cooling effect. On the one hand the mass

which has to be cooled was just too big. On the other hand the cooling by expansion of

C02 takes place locally at the orifice, and the distance to the capillary column was too

big. The hole in the middle of the copper plate and directly above the C02 orifice turned

out to be very unsuitable for an effective cooling of the plate and the column on its

surface. But the isolation on the top and the aluminium plate at the bottom was also

more effective in preventing the draining off of heat when the oven was cooling down

from 150° C to room temperature.

In a second test a Peltier element was installed directly on the heating plate of the oven

as shown in Figure 4.8. Again, heat transfer on the copper plate turned out to be

insufficient as only a local cooling could be induced.

Copper plate

Capillary column

Peltier

Figure 4.8: Oven cooling with a Peltier element

In a third test the cooling was implemented by an air conditioning system in an isolated

room. Due to a breakdown of the FID no results could be obtained for this experiment.

There was not enough time left before the measurement campaign started to replace the

capillary column by one with a smaller phase ratio.

4.5 Assessment

Unfortunately, the system extension could not be completed because of a serious delay

caused by serious technical pioblems with the airmoVOC instrument. The experiments
had to be terminated in order to prepare the instrument for the PIPAPO campaign,

which started a few weeks later. All adaptations which were carried out before were

defused again.
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Nevertheless, it is possible to provide valuable information on the perspectives of such a

system extension. On the basis of the obtained results the following statements can be

made:

• The retention capacity of the cryofocussing capillary packed with Carbopack X is

sufficient for C^ and higher hydrocarbons without any cooling. With the present

C02 cooling system also ethane and ethene are recovered by 100% at temperatures

below -40° C.

• Uncooled sampling showed major breakthrough losses for C2 and C-s hydrocarbons.

Breakthrough volumes of ethane and ethene were determined to be below 10 ml

while propane and propene showed breakthrough at 0.51. The results clearly

showed the necessity of a cooled sampling system for the trapping of C2

hydrocarbons. In contrast, quantitative measurement of C/ compounds should be

possible for volumes above 0.5 1 by introducing a factor compensating for these

breakthrough losses. Nevertheless, due to the strong temperature dependence of

breakthrough volumes such corrections can become inaccurate if the sampling

temperature changes.

• The realisation of a design of an efficient oven cooling was not successful.

However, for the complete chromatographic separation of C2 to C4 hydrocarbons an

efficient oven cooling system needs to be implemented.
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5.1 Laboratory intercomparisons

5.1.1 Intercomparison 1997

The first of the two intercalibrations was organised by the Fraunhofer Institut für

Atmosphärische Umweltforschung IFU for the field experiment BERLIOZ (ozone

formation in Berlin) and took place in October 1997. For the intercomparison a

gravimetrically NIST prepared (National Institute of Standards and Technology) gas

standard was sent around which was controlled and certified by the NCAR (National

Center for Atmospheric Research, Bolder). It contained 15 alkanes from ethane up to

hexadecane in concentrations from 4 to 11 ppbv. Neither the composition nor the

concentration of hydrocarbon species in the standard bottle was known by the

participants and had to be determined in the laboratory. The quality target was

appointed to reach an accuracy of 10% and a precision of 5%. The procedure of analysis

was prescribed including the number of required measurement repetitions containing the

following steps:

1. Zero air measurement

2. First calibration

3. Measurement of the test gas

4. Second calibration

Zero air was generated by sucking ambient air through a charcoal filter. Both

calibrations were performed according to section 3.2.2 for benzene and toluene. For the

quantification the benzene response was used. The analytical window of the LAPETH

instrument was set to C4 to Cn compounds. While the chosen concentration range was

quite reasonable for C2 to C« compounds agreeing with environmental conditions, it was

absolutely exaggerated for less volatile hydrocarbons like C9 to C|6 compounds. The
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consequence was that irreversible soiption of these compounds occurred on the sorbent

beds, leading to undesirable memory effects disturbing the test gas analysis.

Table 5.1 shows the results of the first BERLIOZ intercomparison for the LAPETFI

instrument. Generally, concentrations of all the species were slightly underestimated

pointing out a calibration inaccuracy. However, the accuracy aim of a maximal

systematic error of ±10% was achieved for butane up to nonane with the exception of

hexane. The error of -11% for hexane and -12% for decane only narrowly exceeded the

aim, while undecane was clearly underestimated by -28%. Losses may be explained by

adsorption to the inlet system or incomplete desorption from the sampling traps. The

aimed precision of maximally ±5% standard deviation was achieved for all alkanes

except butane, decane and undecane. Again, only the standard deviation for undecane is

significantly above the target.

TABLE 5.1: Results from the first intercomparison of BERLIOZ

Compound Reference LAPETH Error

Mean St.dev.

[ppbv] [ppbvj [%1 [%]

Butane 10.6 9.8 ±8 -8

Pentane 6,4 5.8 ±2 -9

Hexane 7.6 6.8 ±2 -11

Heptane 5.1 4.9 ±2 -5

Octane 4.9 4.6 ±3 _7

Nonane 7.2 6.7 ±4 -8

Decane 5.2 4.6 ±9 -12

Undecane 5.8 4.2 ±21 -28

Totally, 13 research groups participated in this intercomparison. Beside the LAPETH

about seven other groups mostly reached the quality target taking into account their

different analytical windows. Two extended airmoVOC HC2010 instruments were

among the 13 devices. Both instruments were neither able to analyse ethane correctly,

nor to analyse the less volatile hydrocarbons except pentane.

5.1.2 Intercomparison 1998

After the first intercomparison a lot of instrument alternations were performed for the

system extension (see chapter 4) and defused again shortly before the PIPAPO

campaign started. Therefore, this second intercomparison represented a very important
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opportunity to determine the status of the LAPETH instrument just before the field

campaign started.

The second laboratory intercomparison, also organised for BERLIOZ, took place a few

weeks before PIPAPO started in March 1998. It was organised again by the IFU in

Garmisch containing the same steps of zero air measurement, first calibration,

measurement of the test gas and a second calibration. Unfortunately, the disposable gas

volume was restricted to 15 I. Therefore, each trap could only be tested twice leading to

totally six test gas runs. In addition, the testing of the AFU and the PSI instrument as a

preparation for the PIPAPO campaign was not possible.

Table 5.2: Results from the second intercomparison of BERLIOZ

Reference LAPETH Error

Compound Mean St.dev.

[ppbv] [ppbv] [%] [%]

1 Propane, Propene 50.2 43.6 ±3 -13

2 i-Butane 13.5 13.4 ±4 -1

3 C4-Compounds* 46.2 43.4 ±6 -6

4 trans-Butene 10.6 10.3 ±5 -3

5 cis-Butene 18.1 17.2 ±6 -5

6 i-Pentane 49.0 52.5 ±1 +7

7 Pentane 17.2 16.6 ±1 -3

8 t-2-Pentene, Tsoprene 83.4 85.6 ±2 +3

9 c-2-Pentene 25.4 26.5 ±1 +4

10 2-Methylpentane 9.5 9.4 ±1 -2

11 3-Methylpentane 24.9 25.4 ±1 +2

12 Hexane 20.8 20.9 ±1 + 1

13 Benzene 12.7 12.5 ±1 -1

14 Heptane 29.5 30.9 ±2 +5

15 Toluene 28.9 30.4 ±3 +5

16 Ethylbenzene 18.9 17.9 ±5 -5

17 m/p-Xylene 14.3 13.6 ±5 -5

18 o-Xylene 6.4 5.8 ±5 -10

19 1,3,5-TMB •'-•'• 2.3 1.4 ±15 -37

20 1.2,4-TMB** 3,2 1.7 ±25 -48

C4 = Butane, 1-Butene. /3-Butadiene

''Party unstable, less findings possible

The test bottle contained 26 hydrocarbon species from ethane up to trimethylbenzene

(TMB). Besides the number of compounds the concentration range was also larger

compared to the first intercomparison with a maximum of 49 ppbv. The accuracy aim
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was set at a maximal error of 10% for alkanes, at 20% for alkenes and at 15% for

aromatic compounds. Table 5.2 shows the results of the second intercomparison. As

reference concentration the average of two analysis, one before and one after the

intercomparison, performed by the IFU is reported.

The analysis performed with the LAPETH instrument achieved the accuracy aim for all

the 24 species in the measurement range of Ci to Cg compounds. The low findings of

TMB are not taken into account because of the restriction made by the IFU that lower

concentrations are possible due to degradation. Because of coelution some of the C4 and

C5 compounds were quantified together and have to be compared to the sum of the

corresponding mixing ratios. Table 5.2 shows also a very good agreement for these

species. In particular isoprene should be mentioned, which coelutes with t-2-pentene.
This intercomparison clearly demonstrated that the airmoVOC device is very suitable

for the precise quantification of isoprene, at least under laboratory conditions.

Moreover, the ability of quantifying propane and propene has to be emphasised.

Certainly the low sampling volume of 0.51 prevented the occurrence of Q

breakthrough on the sampling traps.

Figure 5.1 graphically illustrates the results as a bar plot of the mixing ratios of the

LAPETH measurements and the reference with the corresponding error bars. The

numbers in the legend represent the different substances according to Table 5.2.
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Figure 5.1 : Bar plot of results form the second BERLIOZ intercomparison, the legend
refers to Table 5.2
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5.2 Field intercomparisons

In contrast to laboratory studies, field intercomparisons are also including matrix effects

of background airborne components. Therefore, the expressiveness of field

intercomparisons much higher than that of laboratory studies. The mentioned matrix

effects may concern sampling, cryofocussing as well as chromatographic separation.
Reactive compounds such as ozone, present in the ambient air, are capable to influence

the recovery of reactive hydrocarbons such as biogenic hydrocarbons significantly when

sampling and cryofocussing on adsorbents. More about the interferences of ozone on

the measurement of reactive hydrocarbons is described in section 5.4. Moreover, other

compounds, e.g. oxygenated organic compounds like acetone, may affect the

chromatographic resolution of the hydrocarbons due to peak overlapping. The possible

consequences includes a concentration overestimation of the concentrations of affected

hydrocarbons.

5.2.1 Berne, 1997

At the end of the Bernese Oxidant Production Study (BOPS), which was a precampaign
for PIPAPO, a field intercomparison with the KIGA (Kantonales Amt für Industrie,

Gewerbe und Arbeit) in Berne took place. The intercomparison was performed outside

of the KIGA building, which is located in the centre of Berne in front of the railway
station. Ambient air was continuously sampled during four days from 14 August until

18 August 1997 through a joint sampling line and afterwards distributed to the two

instruments. Measurements were performed in a half-hourly rhythm leading to 180

intercomparison measurements. The other instrument was also an airmoVOC IICIOIO

which constrains the expressiveness regarding methodical errors a bit. But the KIGA

instrument has been tested several times over the last years against other types of

instruments in the "Cercle Air Intercalibrations" performing satisfactory. Therefore, the

intercomparison should give evidence about the accuracy of the LAPETH instrument

including its calibration which was carried out separately. Figure 5.2 presents a time

sequence for the toluene and m/p-xylcne measurements, showing a good agreement

between the KIGA and the LAPETH data.

Figure 5.3 shows a scatter plot for toluene. For the linear regression the values above

4.6 ppbv were not taken into account since they were above the upper quantification
limit of the LAPETH instrument. The reason for this low upper limit is that the

LAPETH instrument was operated with an FID amplification factor of 3 instead of 2 as

with the KIGA instrument. The linear regression indicates a toluene memory for the

LAPETH instrument of 215 pptv, and a deviation in the quantification of 14.5%

probably due to calibration errors. Nevertheless, the deviation is below the desired

accuracy level for ambient air measurements of 15%.
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Figure 5.3: Scatter plot of the intercomparison data of toluene for LAPETH and KIGA

Berne

All the measurements on trap 5 of the LAPETH instrument had to be neglected in the

comparison due to heavy sampling losses. The losses originated from the blocked

sampling path at the entrance of the drum. This blockage regularly appeared during

longer sampling periods and was caused by the slight deviated drum position in its

suspension. As a consequence, the sampling flow significantly decreased in short time.

Since the intercomparison took place at the end of the 6 weeks long Bernese campaign,

the sampling flow had decreased from 100 ml min
'
to 50 ml min"1.

50



5. QA/QCACTIVITIES

5.2.2 Verzago, 1998

On 11 June, 1998 a field intercomparison with the group of Bostian Gomiscek from the

University of Ljubljana (UL) was carried out in Verzago. The Slovenian group was

mainly engaged in the VOTALP campaign which took place almost simultaneously to

PIPAPO at the foothills of the Alps. The intercomparison started at 10:30 h (CEST) am

and was finished at 15:00 h (CEST) resulting in nine comparison measurements with a

time resolution of 30 minutes. The Slovenian group used active sampling on cartridges.

For the scrubbing of the ambient ozone, nitrogen monoxide was added to the sampling

stream. Afterwards, the samples were transported to their laboratory and the analysis

was carried out within two weeks after sampling. For the analysis of the Q to Ci0

hydrocarbons a GC Varian Star 3600 equipped with two columns which were connected

to a mass spectrometer Varian Saturn 2000 and a FID was used.

Figure 5.4 shows the data agreement for toluene and m/p-xylene. A similar agreement

was attained for the data of benzene, ethylbenzene and o-xylene.
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Figure 5.5 illustrates that the benzene, toluene, ethylbenzene and all xylene

measurements agree well, as they are located close to the line of equality.
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In contrast, isoprene as well as propylbenzene concentration show significantly higher

values for the LAPETH instrument than for the instrument of the University of

Ljubljana. For both substances a linear regression line would have a slope of much less

than I indicating an offset for the LAPETH instrument or losses for the Slovenian

instrument. In contrast to isoprene. degradation processes in the Slovenian traps are

improbable for propylbenzene because of its rather low reactivity. The offset of

propylbenzene could therefore rather be interpreted by the presence of coeluting
substances or memory effects of the LAPETH instrument. In both laboratory

intercomparisons, evidence for a significant memory for less volatile compounds was

found for the LAPETH instrument. However, isoprene did not show any memory at all.

It is possible, that isoprene was degraded on the Slovenian cartridges already before the

analysis due to its high reactivity,

5.3 Calibration comparison

In July 1998, right after the PIPAPO campaign, a calibration comparison with the

agency for health and environment of Zurich, "Amt für Gesundheit und Umwelt"

(AGU), took place. The AGU possesses a continuously running permeation system for

hydrocarbon calibration. The system is based on the principle of having a constant

permeation rate for a certain species, on condition that the ambient temperature is

constant. The permeation rates are determined graviraetrically by measuring the weight
diminution of the calibration tubes over a longer time period. With a flow of 4 1 min"1,
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which is kept constant by a mass flow controller, the mass concentration of the

calibration compounds can be calculated according to equation 5-1.

P- P-
22.414m3 mol"1 (5-1)

'

VrM,-cllt VrM,

x„: Mixing ratio of a calibration standard i in the sampling stream IppbvJ

Pi: Permeation rate at oven temperature [ng min"1]

Vt : Zero air flow at 1013 mbar and 273 K in [n/ min"1]

Mi: Molar mass of compound i [g mol"']

Ctot: total concentration at 1013 mbar and 273 K [0.045 mol m""*]

The calibration air was additionally diluted before sampling with zero air. hi Table 5.3

the used permeation rates from the AGU are listed.

Table 5.3: Permeation rates at a temperature of 45.8° C for the AGU's permeation
tubes

Compound Permeation Rate

[ng min"1]

n-Hexanc 329.9

Benzene 356.8

Toluene 312.3

Ethylbenzene 199.0

p-Xylcne 199.4

o-Xylene 108.1

The different size of the peak areas depicted in the chromatogram in Figure 5.6 reflects

the different permeation rates. Furthermore, the nice baseline illustrates the efficiency of

the AGU's zero air generator.

The LAPETH airmoVOC instrument was operated for 20 h in the AGU building

analysing air from the permeation system. Before and after these measurements, the

instrument was calibrated with tedlar bags in the institute's laboratory. Unfortunately,

both tedlar bag calibrations were not very precise probably due to syringe blockage,

leading to a deviation from the permeation calibration of up to 21% as shown in

Table 5.4. Nevertheless, the precision of both methods with a deviation of less than 7%

is very high.
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Figure 5.6: Chromatogram of a permeation measurement

Table 5.4: Calibration comparison to laboratory data

Compound Permeation Precision Laboratory Precision Accuracy

[Cts/nmolC] [%] [Cts/nraolC] [%] [%]

n-Hexane 29333 5.1 25577 5.5 -12.8

Benzene 29926 5.6 24051 4.2 -19.6

Toluene 29132 6.9 22895 3.7 -21.4

Supposing there was no significant sensitivity change of the LAPETH instrument

compared to the PIPAPO campaign, we may compare the permeation calibration with

the PIPAPO calibrations. This leads to a much better agreement as can be seen from

Table 5.5. The response factors are listed for each trap showing that trap 5 differs from

the other two traps with its lower response factors, as often found in this study.

Table 5.5: Calibration comparison to PIPAPO data for the different traps

Compound Trap Permeation PIPAPO Accuracy

[Cts/nmolC] [Cts/nmolC] [%]

1 30422 29799 -2.0

Benzene
*->

.1 30288 29417 -2.9

5

l

28901

29564

28795 -0.4

279 ll -5.6

Toluene 3 29384 27525 -6.3

5 28305 26927 -4.9
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5.4 Ozone sensitivity of isoprene measurements

5.4.1 Ozone interferences

As already pointed out at the beginning of section 5.2, airborne oxidants may

significantly affect the measurement of reactive hydrocarbons, if sampling on

carbonaceous adsorbents is used. Already in 1973 interactions of ozone with adsorbents

such as charcoals were reported by Deiz, and Bitner [1973]. On one hand, the surface of

the adsorbent material itself may be transformed by reactions with ozone, as described

by Jans and Hoigné [1998]. These reactions are known to take place on Tenax solid

adsorption where they lead to artefacts including the formation of Tenax oxidation

products. On the other hand the degradation of adsorbed hydrocarbons with oxidants

may be catalysed by the adsorbent. Consequently, hydrocarbon losses are observed, but

only for highly reactive substances. Helmig [1997] gives a good overview of the

different interferences which were reported to affect the sampling of volatile organic

trace gases. Greenberg et ah [1992] observed hydrocarbon losses for ethene and

propene. Different studies showed that monoterpene losses also occurred due to

ozonolysis on the adsorbent. On the airmoVOC instrument the measurement of

monoterpenes also causes problems due to degradation processes on the adsorbent.

However, it is not clear, whether ozone, the adsorbent's surface or a combination of both

is responsible for these reactions. Depending on the used adsorbents and other

desorption parameters like temperature, degradation losses may be negligible. In the

BEMA (Biogenic Emissions in the Mediterranean Area) experiment for example,

intensive intercalibration exercises showed only very low terpene degradation on carbon

adsorbents [Kesselmeier et ah, 1996]. Therefore, they abandoned ozone scrubbing for

their field measurements of monoterpenes and isoprene. Since isoprene also belongs to

the group of reactive natural hydrocarbons the question arises, whether ambient ozone

may also affect the measurement of isoprene on the airmoVOC HCl010.

Different ozone removal techniques exist such as the NO addition to the sampling
stream. As already mentioned in section 5.2 this technique was used by the Slovenian

group in the field intercomparison of Verzago, since cartridge sampling with off-line

analysis is very sensitive to such interferences. Another method of oxidant scavenging

presented by Hoffmann [1995] uses an manganese dioxide-coated copper net. Besides

titration with NO most of the removal techniques basically contain coated denuders or

impregnated filters. The most frequently used ozone scrubbing methods are summarised

by Helmig [ 1997].

In the following, the results of laboratory experiments are presented, which were carried

out in order to investigate ozone interferences of isoprene measurements on the

airmoVOC HC10J0. Above all, the reliability of the PTPAPO measurements should be
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investigated by copying the field conditions including ozone concentrations as well as

possible. Further, the question whether ozone is in principle capable of influencing the

isoprene measurements on the airmoVOC HC1010 should be answered.

5.4.2 Experimental set up

For the ozone sensitivity experiments different it was necessary to put additional

devices in front of the airmoVOCs inlet in order to get the best possible imitation of

sampling conditions in the field. For the same reason also the sampling lines used

during PIPAPO were used again.

After different test configurations the final set up corresponded to Figure 5.7. The

supply of the zero air was realised by a pure air generator (PAG) with a compressor at

the front, which caused considerable hydrocarbon contamination. For an improved zero

air quality an additional charcoal filter was connected between the PAG and the ozone

generator. The charcoal filter led to a considerable decrease in pressure. The addition of

a certain mixing ratio of ozone to the zero air was achieved by the ozone generator S100

manufactured by Environics. Afterwards, the air passed a bottle of distilled water in

order to be moistened. Through the following bypass decompression took place. Since

the precise addition of ozone is a very demanding task which is fulfilled only with

changing accuracy by the S 100, the ozone monitor 1 was necessary in front of the

isoprene injection.

Bypass

Pure Air

Generator

Charcoal

Filter

Syringe
Pump Syringe

Figure 5.7: Experimental set up for the ozone sensitivity experiments

The isoprene standard was taken from a tedlar bag containing a mixture of isoprene.
benzene and toluene. The isoprene recovery was measured relative to benzene in order

to compensate for injection variability. For a continuous injection over the whole

sampling time, a syringe pump was used. After the 5 m long sampling line, the ozone

monitor 2 determined the ozone concentration of the sample air right in front of the GC-
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inlet. In this way, the ozone degradation over the sampling line could be determined.

The operation of a second ozone monitor led to a considerably higher flow through the

sampling line and therefore to a significantly lower residence time of the sampling air in

the sampling line than during normal measurements. Supposing that isoprene

degradation takes place at the inner walls of the sampling line, the time of exposure, i.e.

the residence time, may be relevant for the degradation efficiency. Therefore, the

second ozone monitor was only used for sporadic control measurements.

5.4.3 Results

Before the ozone experiments were carried out, the breakthrough volumes for isoprene

on the different traps were determined. In this way, isoprene losses, if they occurred,

could definitely be attributed to degradation processes. The sampling of isoprene on trap

1 and 3 showed no breakthrough losses up to a sampling volume of 2.8 1. On trap 5,

significant isoprene breakthrough occurred for sampling volumes above 2 1 what

corresponds to a sampling time of 20 min. Therefore, trap 5 is ignored for the

experiments with sampling volumes above 2 1.

The investigation of the ozone destruction in the sampling line led to very divergent

results for the tubes used in Bresso and Verzago. While the 125 ppbv ozone were

completely destructed also after five hours of exposure in the line used in Bresso, only

around 20% ozone destruction occurred through the sampling line of Verzago. Since

both lines consisted of stainless steel, the slightly different coatings on the inner surface

probably determined the degree of ozone destruction. For the further experiments the

Verzago line was used, thus being able to investigate the influence of ozone on the

adsorbent material.

Figure 5.8 shows the isoprene recovery in dependence on the ozone concentration for a

sampling time of 30 min on trap 1 and trap 3. 100% recovery refers to the ratio of

isoprene to benzene at a sampling time of 30 min with 2 ppbv ozone. No significant

isoprene degradation could be observed for ozone concentrations up to 175 ppbv.

However, the error bars in Figure 5.8 illustrate the large variability between the

different measurements at the same conditions. The experiments gave the impression
that the treatment with ozone would lead to longer lasting alternations of the adsorbent's

surface, so that its retention properties for isoprene were disturbed for at least the next

three measurement cycles.
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Figure 5.8: Isoprene recovery for variable ozone concentrations

The ozone experiments represented a good imitation of the conditions which were

present during PIPAPO measurements, above all m respect to sampling conditions and

present ozone concentrations. Therefore, they allow the conclusion that no correction of

the PIPAPO's isoprene data has to be performed.
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data

6.1 Data quality parameters

6.1.1 Response factor

Since the response factor reflects the state of an instrument, frequent system calibrations

are very important during field measurements. The two instruments located in Bresso

and in Verzago (see chapter 7) were calibrated three times during the campaign using

the same calibration standards. By performing these intercalibrations, the comparability

of the two data sets could be guaranteed.

For the quantification of all substances at both sites benzene response factors were used,

because the response factors for toluene tended to be too low probably due to losses at

the tedlar bag walls. Figure 6.1 illustrates the calibrated benzene responses for Verzago

and Bresso as squares and crosses respectively and the response factors used for

quantification as lines.

A very constant response factor for benzene of 20D00 Counts per nmol C-atoms was

found during the whole measurement campaign in Verzago. Also trap differences in

calibration measurements were very small, so that they were neglected for

quantification. Tn contrast, in Bresso the trap to trap variations of the benzene response

factor had to be considered for quantification.
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Figure 6.1: Benzene response factors for the two airmoVOC instruments during
PIPAPO

The FID settings are besides the instrument condition the most important factor which

influences the response factor. Due to the much larger concentration loads in Bresso

than in Verzago, FID amplifier was set to 2 in Bresso and to 3 in Verzago, which is ten

times higher. Moreover, the response factor of benzene in Bresso abruptly jumped on

the 2 July by almost a factor of 10 due to a switch of the FID amplification factor from

2 to 3. The switch was necessary because of a continuous decrease in the sampling flow.

Because the FID flame repeatedly stopped burning in Bresso towards the end of the

campaign, the hydrogen supply was increased in two steps from 5% to 7%. Since the

response factor may react very sensitively to changes in the gas supply, after each

adaptation of the hydrogen supply the response factor of the system was determined

again. However, the calibrations performed after changing the hydrogen supply did not

show any change in response factors.

6.1.2 Sampling flow

As already mentioned in section 3.1.1. the blocking of the inlet line due to abrasion of

the teflon fittings in front of the drum is a frequent problem of airmoVOC instrument

running during longer measurement periods. A modified sampling flow influences the

detection and quantification limit proportionally. Therefore, a constantly high sampling

flow is desirable. During PIPAPO the sampling flow decreased in Bresso as well as in

Verzago. Figure 6.2 shows the sampling flows of the two airmoVOC devices during the

campaign.
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Figure 6.2: Sampling flow of the airmoVOC instruments during PIPAPO

In Verzago the sampling flow decreased two times sharply due to the abrasion of the

teflon fittings. The blocked line could be cleaned both times on the site leading to the

two steps in the curve on 4 June and 17 June. In contrast to Verzago, one of the critical

orifices was blocked in Bresso leading to a constant decrease in the sampling flow.

Since the cleaning of a critical orifice contains the danger of lasting leakage, the repair

was postponed until after the campaign. Unfortunately, from 28 June the sampling flow

went beyond the critical value (dotted line) which is necessary for a quantitative flow

measurement by critical orifices. Therefore, the measurements of the last three weeks

contain rather qualitative than quantitative information.

6.1.3 Memory effects

Besides the breakthrough of highly volatile compounds the complete desorption of less

volatile hydrocarbons from the adsorbent material is the most crucial point in the solid

adsorbent trapping and cryofocussing. As already pointed exit in chapter 4, memory

effects on the cryotrap can be ignored as they only amount to 1.3%). In contrast to that,

on the sampling traps significant memory effects may occur depending on the adsorbent

material, desorption temperature and desorption time, volatility of the substance and,

after all, depending on the individual trap behaviour. This trap specific behaviour

reflects the whole past of the trap and is very difficult to explain.

The determination of memory effects on the LAPETH instrument illustrates the

importance of the trap specific behaviour since all the other factors which may influence

the memory behaviour were identical for all the traps. While trap 1 and 3 showed very

low memory effects for higher hydrocarbons during the extension experiments, trap 5

has a much stronger retention capacity leading to memories of up to 20% (see Table
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4.1). The different memory behaviour of the traps may lead to a regular pattern of trap

to trap variations. Especially after long periods of operation interruption these pattern

may be found. At the beginning of PIPAPO such concentration variations occurred for

m/p-xylene and 1,2,4-TMB in Verzago, illustrated by the regular changes of

concentration courses in Figure 6.3.
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Figure 6.3: Concentration variations due to memory effects for 1,2,4-TMB and m/p-

xylene in Verzago

During PIPAPO, blank measurements were carried out daily in order to check the

retention behaviour of the sampling traps regularly. For these measurements the

sampling step was left out and each trap was desorbcd a second time after the last

regular sampling. In this way memory effects could be examined without other

interferences. Without the sampling, the time interval of one blank measurements could

be reduced to 20 min leading to a measurement gap of one hour instead of 90 min per

day. Additionally, the blank measurements were carried out during night time, when

hydrocarbons were not expected to show interesting changes.

Figure 6.4 shows the blank measurements as percentages of the preceding trap load for

m/p-xylene during the whole measurement period of PIPAPO. A decreasing trend is

generally recognisable and only trap I shows elevated blank levels from 24 May to 10

June. During this time period the relative order among the traps is changed and trap 5

does not show the strongest memory effects. In contrast to the extension experiments

memory on trap 5 is on average around 10% and not around 20% exceeding the other

traps only temporarily.
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Figure 6.4: Trap differences of m/p-xylene memory in Verzago

In Bresso, toluene and benzene showed a percentual memory of maximally 6 and 3%

respectively, while the memory for xylenes was significantly higher with up to 18%. In

contrast to Verzago, no trap differences were recognisable for memory effects in

Bresso.

6.1.4 Detection limit and quantification range

The detection limit and the quantification limit are defined as follows: The detection

limit is reached if the measurement value is at least three times the standard deviation

above the blank value. If the difference between the blind value and the measurement

value is at least six times the standard deviations, the quantification limit is reached

[Kunze, 1986]. Since there also exists an upper quantification limit, it is more accurate

to speak about a quantification range than a quantification limit. The quantification

range of the airmoVOC instrument depends on the following factors:

• General condition of the instrument: trap purity and memory effects, leaks in the

sampling and the analysis path
• Response factor, in particular the FID settings like amplification factor, hydrogen

supply and air supply
• Sampling volume: Sampling flow through a critical orifice according to equation

E17

• Minimum peak area which is integrated
• Substance specific parameters: Retention time and number of C-atoms per molecule

While the FID settings, the number of C-atoms and the minimum peak area are fixed in

the operation settings, the sample flow and thus the sampling volume may change
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permanently depending on the pressures po and pA and the ambient air temperature.

Therefore, the detection and quantification limit are rather dynamic than static system

parameters, always reflecting the measurement conditions of an instrument. In Bresso

for example, the sampling volumes decreased continuously leading to a the

continuously increasing quantification limit (see section 6.1.2).

The determination of the lower quantification limit according to its previous definition

of being six standard deviations was not used for PIPAPO, since the minimally

integrated peak area of 50 counts in Bresso and 100 counts in Verzago exceeded this

value for both instruments. By assigning a substance amount to this minimal area, the

lower quantification limit can be determined. Figure 6.5 shows the lower quantification

limits representative for all C6 hydrocarbons in Bresso and in Verzago. The number of

C-atoms influences the detection and quantification limit, since each C-atom generates a

signal in the FID. Therefore, there exists a reverse correlation between lower

quantification limit and number of C-atoms of a substance. Butane as a C4 hydrocarbon

has a twice as high lower quantification limit than the C8 hydrocarbon ethylbenzene.

The numbers of measurements which were below the lower quantification limit are

listed in Table A. 1 in Appendix A,
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FIGURE 6.5: Lower quantification limits (LQL) for Ce hydrocarbons

The intensity of the FID signal is regulated by the FID amplifier, so that the maximally
recordable signal intensity of 65*536 or 216 counts per time unit is not exceeded. In

practice, this maximum intensity is not usually exceeded in reality, but in areas of

strongly varying pollutant concentrations such as Bresso, it may be exceeded.

Therefore, an upper quantification limit exists as well, given by 65'536 counts per time.

Integrating this number for a whole peak leads to a maximum peak area of 128'000 to

150*000 counts depending on the peak width, i.e. on the peak's retention time. Like the

minimum peak area, this maximum peak area corresponds to a certain amount of a
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substance provided that the response factor is know. The upper quantification limit

depends in the same way on the sampling volume as the lower quantification limit, and

therefore the variations of the upper quantification limit are identical, except of the

roughly 1500 times larger scale. The upper quantification limit for Ce hydrocarbons thus

amounts to 15 ppbv in Verzago and 30 up to 90 ppbv in Bresso. Accordingly, the

quantification range has a lower and an upper border which move quasi parallel to one

another reversely correlated to the variations of the sampling flow. The range in

between though, remains with 1200 to 3000 times the lower quantification limit,

depending on the retention time.

6.1.5 Precision

The precision of an instrument is determined by random errors which can never be

avoided completely. The precision reflects the reproducibility of a measurement and is a

measure for the random spread of a measurement, An accurate measure for the precision

or rather the contrary is the standard deviation of repeated identical measurements.

For the determination of the precision data from field calibrations were used during

PIPAPO. Since field calibrations were carried out with tedlar bags they not only reflect

instrument variations but also variations of the injection volume. Nevertheless, injection

differences seem to be negligible. The practice rather showed, that the actual condition

of the sampling traps was the major factor influencing the precision of each trap and the

whole system. A possible explanation for this fact is that random integration variations

increase with higher blank values. Figure 6.6 shows the standard deviation for toluene

on the different traps of both airmoVOCs performed on 14 May and on 11 June. On 14

May at both sites traps were in a quite bad condition in respect of trap purity leading to

high memory effects and low trap precision.

The most critical part in the airmoVOCs construction regarding a high precision of the

whole instrument is the alternate use of at least three different traps for sampling. Due to

this factor the same sampling conditions can never be present for two consequent

measurements. Accordingly, for a high precision it is necessary to have traps with an

identical adsorption and desorption behaviour. In fact, often a "black sheep" exists

among the chosen traps, so that in measurements an insufficient precision is attained. In

this case, it can be quite difficult to improve the trap to trap precision, since the causes

for differing trap behaviour are often unknown. The overall precision shown in

Table 6.1 includes the mentioned trap to trap variations. Astonishingly, the trap to trap

variations level each other out leading to lower standard deviations for the whole

instrument rather than for each trap (see Figure 6.6). As many other data quality

parameters also the precision is dynamic measure varying considerably. However, the

overall instrument precision did not exceed 15% in Verzago, and 10% in Bresso.
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Figure 6.6: Precision in dependence on blank measurements for the LAPETH

instrument (circles) and the AGU instrument (triangles)

Table 6.1 : Precision (a) for toluene calibrations in percentages

Date of calibration Verzago Bresso

14 May 1998 14.2 8.3

11 June 1998 3.3 2.6

1 July 1998 9.0 6.1

6.1.6 Accuracy

Systematic errors determine the accuracy of a measurement. The systematic error

corresponds to the difference between the true value and the mean of the measurements.

A result is only correct, if the true value is within the interval of random errors of the

found mean.

Using airmoVOC instruments, a systematic error may be caused by an inaccurate

determination of the sampling flow (e.g. due to a wrongly calibrated flow meter), by not

considering permanent blank values or by an inaccurate determination of the FID's

response factor. The accuracy was determined on the basis of the two laboratory

intercomparisons, which are described in chapter 5. Considering the results of field

intercomparisons in Berne and in Verzago would have the advantage of gaining

expressiveness for field conditions. But as no information about the true values is

available for the field comparisons, only laboratory experiments were taken into

consideration. The accuracy of the LAPETH instrument attained in the two laboratory

intercomparisons are listed in Table 5.1 and 5.2. In both experiments the airmoVOC
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instrument showed only for C9 to Cn hydrocarbons a systematic error in

underestimating the concentrations. But considering the value of maximally -6% for the

other species, the systematic error is clearly inside the precision interval of ±15%.

6.1.7 Log file

A log file regularly records different gas pressures and temperatures during system

operation. This file represents a very valuable means for the retrospective quality
control when the instrument is operated automatically on a remote site. Table 6.2 gives
an overview about the recorded parameter and their time interval of the recordation.

Table 6.2: System parameters recorded in the log file

Time

Instrument Parameter Abbr. Intervall

[si

Ambient air pressure pa 10

Hydrogen pressure (FID supply) pb 100

Orifice pressure pd 10

Air pressure (FED supply) Pi 100

Column pressure pk 10

Column prepressure pkv 10

Cryofocussing temperature tc 10

Oven temperature to 10

Pa and pd were used for the determination of the sampling volume and give additionally
evidence if the sampling line is blocked. For the control of the FID's gas supply the

hydrogen and the air pressure are recorded. Pk and pkv are the carrier gas pressure in

front of the cryofocussing and in front of the column. Besides these pressures the oven

temperature to and the cryofocussing temperature tc arc recorded every 10 seconds, ff

the gas pressure starts to decrease, the cooling performance of the C02 drops
immediately. A too high cryofocussing temperature and breakthrough for C4 and C5

compounds are the consequences. During PIPAPO the described case occurred only
once at each site leading to an insufficient cooling for 2 days. In Bresso only C4

concentrations were concerned, since the maximal cryotemperature did not exceed

22,6° C. In Verzago the cryotemperature climbed up to 40° C because of the weak air

conditioning system of the van. Due to these high temperatures, besides C4 C5

breakthroughs could not be precluded cither and CA compounds were also excluded

from quantitative analysis. The air temperature inside the van in Verzago was

sometimes above the chromatographic starting temperature of 35° C. This caused
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considerable shifts in the retention time and made manual analysis of the

chromatograms necessary.

6.1.8. Error file

Errors occurring during system operation are registered in the error file. The 47 possible

errors are classified in the two different danger categories and lead in accordance with

their category to the lighting of the yellow or red error lamp on the instruments front

plate. The identification of the different errors in the error file takes place according to

special code numbers.

The errors registered in the error files of PIPAPO mostly agree with the records of the

log file. In addition, they provided information about the power supply and the data

communication between the airmoVOC and the computer.

6.2 Data availability during PIPAPO

Figure 6.6: Data availability during PIPAPO

The measurement campaign lasted exactly 10 weeks from 11 May until 19 July 1998.

The total availability of hydrocarbon measurements was only 57% in Bresso mainly due

to the too low sampling flow during the last three weeks. In Verzago, hydrocarbon

measurements covered 73% of the whole period including 19 days of missing data. In

Table 6.3 the different causes for data losses are listed. While the low sampling flow

and the unstable burning of the FID flame were the main problem in Bresso, an

irreparable break down of the cryoheating and problems with the data acquisition
caused the main data losses in Verzago. Data acquisition problems and sampling on the
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wrong traps always arose in connection with power break down, since the computer and

the instrument did not restart properly after power interruptions.

In Table A. I in Appendix A the total number of valid observations inside the

quantification range and below the lower quantification limit arc listed for all species at

both stations.

TABLE 6.3: Causes for data losses in Bresso and Verzago

Cause for missing data Aft'ected Measurement losses [1

Species Bresso Verzago

Blank measurements all 91 95

Calibrations all 9 9

No power supply all 134 75

No data acquisition all 0 223

Peaks covered by contaminants C3, c4 0 259

Peak area above UQL c4. C5, toi 2 0

Sampling on wrong traps all 0 68

Too small sampling flow all 492 0

FID stopped burning all 204 0

Cryoheating defect all 0 148

UQL = Upper Quantification Limit

toi = toluene
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7. Results and discussion of PIPAPO

measurements

7.1 Introduction

This chapter represents the most important part of this work with the results and the

discussion of the hydrocarbon measurements performed during the PIPAPO campaign.

In section 7.2 a short overview on the whole project is given, in order to provide

answers to the question, what was measured, when, by whom, and why. The

meteorological conditions during the campaign are described in section 7.3. In the

following section 7.4 to 7.9 the hydrocarbon measurements performed in Bresso and in

Verzago are presented, discussed and compared. Measurements of purely anthropogenic

hydrocarbons arc presented and discussed in section 7.4. Characteristic diurnal patterns

are presented and possible sources and origins of the compounds are discussed on the

basis of concentration ratios and substance correlations The following section 7.5 is

dedicated to the discussion of the isoprene measurements, as a major interest existed in

this compound. Anthropogenic interferences as well as unusual daily patterns are

presented. Besides the frequent comparisons between the two stations Bresso and

Verzago in all sections, the measurements are compared to aircraft and other ground

based measurements in section 7.6 and 7.7, respectively. In section 7.8 the estimated

contributions of the single compounds to the local ozone production are presented.

Section 7.9, finally, contains the multivariate analysis with the resulting emission

profiles and source activities.

7.2 Project description

Besides the BERLIOZ experiment PIPAPO represented the most extensive

photooxidant formation study of the past years m Europe. PIPAPO took place in

summer 1998 from May until July in and around the Milan metropolitan area in Italy.
PIPAPO represented the main activity of the LOOP project (Limitation Of Oxidant
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Production), a subproject within EUROTRAC-2. With 2 Mio inhabitants Milan is one

of the biggest cities in Europe. It is located south of the Alps in the Po valley. The

surroundings of Milan are characterised by a high population density (an additional 2

Mio people), a lot of industry, and heavy road traffic. The topography of the Alps

causes south winds during the day which transport the Milan plume across the Swiss

border to the north. In particular, this wind pattern regularly develops during periods of

hot and clear days in summer, when meteorological conditions are ideal for ozone

formation. In this way, very high ozone concentrations frequently occur in summer in

the Ticino as shown in Figure 1.2 and 1.3.

PIPAPO consisted of over 30 different ground-based stations which were mostly

located in accordance with the described wind pattern from the south to the north of

Milan. The main measurement sites of PIPAPO are shown in Figure 7.1. Beside ground

based measurements, balloon soundings and aircraft measurements were performed.

Additionally, we enjoyed the collaboration of regional and local Italian authorities, who

permanently operated several air monitoring stations in the region. In Table 7.1 the

scientific groups which participated to PIPAPO are listed. In contrast to all

measurements performed by the LAPETH. most of the other research groups restricted

their measurements to the intensive operation periods (lOPs). lOPs were intended to

cover the periods with high photosmog production, which lasted for several days. They

were selected in the short term by a special meteorological group on the basis of the

weather forecasts. Totally, two lOPs took place during PIPAPO: the first from 12 until

14 May 1998 and the second from 1 until 10 June 1998. The second IOP with two

major interruptions was certainly not the best choice from the meteorological and

photochemical point of view, since cloudiness and precipitation repeatedly disturbed the

ozone formation on several days. Apparently, organisational aspects such as the

availability of aircrafts sometimes seemed to exceed meteorological aspects in

determining TOPs.

For the investigation of tropospheric ozone formation and its limitation in the Milan

area, precursors as well as some intermediates and different oxidised compounds were

measured. Apart from the meteorological parameters wind velocity, wind direction,

global radiation, humidity, temperature and pressure the measured spectrum included

the chemical species O,, NO, NO:, NA\. reactive hydrocarbons, CO, HCHO, H202,

organic peroxides, S02, HONO, HNO«. NO,", NTL. NH/, PAN. R02, Rn, and aerosols.

At none of the six sites all of the mentioned species were measured. Verzago was the

site with the best instrumental equipment, as except for radon all species mentioned

above were measured there. In addition, the balloon soundings of ozone were performed
in Verzago. Basically, very few vertical information on meteorology was obtained

during PIPAPO. Besides the balloon soundings in Verzago, a wind profiler was

operated in Seregno. Especially for later trajectory calculation this turned out to have

major drawbacks.
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Table 7.1 : Participating groups of PIPAPO

Participating Groups (Persons)

CISE

DANI

ENEL

EniTec

\72/xr JLj

TUL

JRC

LAPETH

LISA

MelAir

PdC

P.M.I.P.

PSI

UH

UL

UM

UP

CISE, Milano, I (M. Borgarello. C. Cavicchioli)

DANI Strumentazione, Monza, I (S. Banfi, M. Cazzaniga)

ENEL. Milano. I (G. Brusasca, U. Pellegrini)

EniTecnologie, Monterotondo, I (P. Buttini, F. Polla)

Ecole Polytechnique Fédéral de Lausanne, Lausanne, CH (J. Balim, B.

Calpini, R. Jimenez, B. Lazzarotto, A. Martilli, F. Pasi, S. Perego, P.

Quaglia, V. Semeonov, H. Van den Berg)

Institute for Environmental Protection and Agriculture, Bern, CH (A.

Blatter, G. Favaro, A. Gut, A. Neftek C. Spirig, T. Staffelbach)

Joint Research Centre of European Commission, Environment Institute,

Ispra, I (A. Dosio, R. Van Dingenen, G. Graziani, J. Hjorth, B. Larsen, J.-P.

Putaud, F. Raes, A. Skouloudis)

ETH Hönggerberg, Institute for Atmospheric Science, Zürich, CH (F.

Griiebler, J. Staehelin, A. Thielmann)

Laboratoire Interuniversitaire des Système Atmosphériques, University of

Paris 12. Creteil, F (F. Millard, P. Perros, G. Toupance

MetAir, Illnau, CH (M. Baumle, B. Neiningcr)

Provincia di Como. Como. 1 (G. Lanzani)

P.M.I.P., USSL, Bergamo / Bosisio Parmi / Brescia / Como / Milano /

Monza / Oggiono / Varese. I (E. Gallini, C. Lavecchia, D. Lerda, M.G.

Longoni, G. Maffeis, A. De Martini, V. Miano, A. Musitelli. C. Sala, R.

Soma, G. Sesana, c. Serenthà, M. Tamponi, M. Visconti)

Paul Scherrer Institute, Villigen, CH (U. Baltensberger, J. Dommcn, A.

Prévôt, N. Ritter. N. Streit)

University of Heidelberg, Institute for Environmental Physics, Heidelberg,
D (B. Alicke, J, Stutz)

University of Ljubljana, Ljubljana, Slov (B. Gomiscek, M. Veber)

Université degli Studi di Milan. Institute of General Applied Physics.

Milano, I (U. Facchmi, G. Valh)

University of Paris 6, Service d' Aeronomie, Paris, F (G. Ancellet)
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.Milano (center)
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FIGURE 7.1: Mam measurement sites of PIPAPO

During PIPAPO, hydrocarbon measurements were performed continuously for ten

weeks at the two sites Bresso and Verzago (see Figure 7 1). A main focus of the

hydrocarbon measurements was to quantify the contribution of biogenic sources to total

hydrocarbon. In this respect there is still a considerable uncertainty for the Ticino

region, since model estimations and held expeiiments m southern Switzeiland showed

large differences concerning biogemcally induced ozone production [Staffelbach et ah,

1997a; Staffelbach et ah, 1997b]. Another important objective of the hydrocarbon

measurements during PIPAPO was the characterisation of the hydrocarbon source

contributions prevailing m the two measuiement areas by comparing concentration

ratios with known emission ratios and by multivariate data analysis. Hydrocarbon

measurement further represent an impoitant tool to charactense the photochemical age

or the oxidant age of piesent air paicels on the basis ol concentration ratios This way,

indications about the origin of the air mass can be gamed.

Continuous measurements of \olatile hydroeaibons weie pei formed by LAPETH m

Bresso and in Veizago, 7 km and 35 km noith ot downtown Milan. The station in

Bresso was situated on a private airpoit aiea m the middle of a densely populated
suburb of Milan. Besides the surrounding airport, a road nearby with heavy traffic, the

circle highway 1 km m the north, and two close gas stations were the dominant local

anthropogenic emission sources. Due to the permanently high traffic on the roads, high
vehicle emissions were piesent at any day time. Biogenic emissions from the park Parco

Lambro, located roughly 1 km m the noith, also influenced the air composition m

Bresso, but the anthiopogenic emissions definitely pievailed.
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In contrast to Bresso, the site in Verzago had quite a rural character. Local

anthropogenic emissions originated only from a small road and a few houses nearby.

Located on the top of a hill, which was covered by a field and a meadow, the

measurement site, marked with a cross m Figure 7.2, was mainly surrounded by woods

with deciduous trees lecogmsable as daik areas m the ligure.

Figure 7.2: The surroundings of Verzago, x maiks the measurement site

7.3 Meteorological conditions

The meteorological conditions dunng PIPAPO were basically characterised by two

longer periods of fine weather. The first period took place fiom 5 until 13 May 1998,

and the second one from 16 until 23 June 1998. Figuie 7 3 shows the variations for the

daily average of temperature and solar radiation.
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Figure 7.3: Daily mean of solar radiation and temperature in Verzago during PIPAPO

On 5 May 1998 a northerly flow established on the southern side of the Alps leading to

fine weather. The clear weather characterised by low winds and increasing temperatures

persisted for the following 8 days and the first IOP started on 12 May 1998. Due to the

déstabilisation of the atmosphere, on 14 May 1998 widespread showers and

thunderstorms led to the termination of the period of clear weather and the first IOP.

During the following four weeks the weather was rather unstable and dominated by

cloudiness, precipitation and very short periods of fine weather in between. The second

IOP from 1 until 10 June 1998 took place during that time and had to be internipted
twice due to strong cloudiness and precipitation. Towards the 18 June a high pressure

system established over western Europe which slowly moved eastwards leading to clear

and calm weather over Italy. From 16 June until 23 June 1998 fine weather conditions

existed over the Po valley and temperatures climbed up to 30° C. With the regeneration

of the low pressure area over the western Europe, which moved towards the North Sea,

and with the expansion of the high pressure area over the Azores, cold maritime air was

transported to the Alps. An unstable weather situation with decreasing temperatures

established again lasting until the end of the campaign.

In good agreement to the theory, regularly southern winds could be observed during the

days and northern winds during the nights. Figure 7.4 shows the diurnal wind pattern in

Verzago in a scatter plot of all wind direction measurements during PIPAPO averaged
for half hours. The same diurnal pattern for the wind direction was also found in Bresso,

even though less pronounced.
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Figure 7.4: Diurnal wind pattern in Verzago

In Figure 7.5 the half hourly averages of the wind velocity and wind direction measured

in Verzago during the whole PIPAPO campaign are shown.
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FIGURE 7.5: Averaged daily cycle of wind velocity (line) and wind direction (diamonds)
in Verzago during the whole PIPAPO campaign

Also Figure 7.5 illustrates the dominance of northern winds during night time.

Interestingly, in the morning the winds did not suddenly switch from north to south.

They rather continuously turned after 6:00 h from north over east to south and later in

the evening over west to north again. Wind speeds were generally low during PIPAPO.

There was no pronounced diurnal pattern of the wind velocity. As illustrated in

Figure 7.5, only in the morning and in the evening, the wind speed significantly dropped
below 0.4 m s"1. In the evening this drop was accompanied by the collapse of the mixing
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layer and the vertical mixing, leading to pronounced increases in hydrocarbon

concentrations.

7.4 Anthropogenic hydrocarbons

7.4.1 Statistical parameters and data distribution

A comparison of the statistical parameters shown in Table 7.2 for Bresso and for

Verzago generally shows significantly higher concentrations for Bresso than for

Verzago. Calculated median values turn out to be in the average 130% higher in Bresso

than in Verzago. The 95% quantiles of Bresso confirm this observation being in the

average even 3.7 times above the corresponding 95% quantiles of Verzago. The mean

concentrations exceed the median values in the average by 56% in Bresso compared to

35% in Verzago. This signifies that besides a higher background concentration in

Bresso also much higher maximum concentrations were found. The highest

concentrations were observed for i-pentane with 69.1 ppbv in Bresso and 17.3 ppbv in

Verzago.

Table 7.2: Quantiles for 5% and 95%, median, mean and maximum concentrations in

ppbv of selected anthropogenic hydrocarbons in Bresso and in Verzago

Bresso Verzagi0

5% 95% Median Mean Max 5% 95% Median Mean Max

1 i-Pentane 0.64 13.83 3.05 4.44 69.10 0.64 4.03 1.72 1.96 17.27

2 n-Pentane 0.35 7.09 1.52 2.27 53.03 0.17 1.79 0.72 0.83 6.63

3 2-2-DMB 0.10 2.25 0.53 0.77 31.73 0.04 0.72 0.28 0.33 1.66

4 2-MP 0.22 4,44 1.02 1.49 27.98 <QL 1.20 0.40 0.49 2.22

5 n-Hexane <QL 1.61 0.29 0.49 10.92 0.04 0.50 0.18 0.21 1.01

6 Benzene 0.25 3.03 0.74 1.06 9.13 0.19 0.96 0.46 0.52 12.64

7 Toluene 0.78 14.21 2.68 4.27 55.15 0.31 3.98 L.50 1.74 10.45

8 E-Benzene 0.14 1.60 0.49 0.62 3.84 0.04 0.48 0.17 0.20 3.66

9 m/pXylene 0.41 5.61 1.44 1.96 13.52 0.08 1.25 0.44 0.53 8.71

10 o-Xylene 0.16 2.18 0.52 0.74 6.17 0.05 0.51 0.20 0.23 2.10

11 1,2,4-TMB 0.06 1.46 0.30 0.47 4.24 0.01 0.32 0.09 0.12 0.68

2-2-DMB: 2,2-dimethylbutane. 2-MP: 2-meth\lpentane, E-Benzene: ethylbenzene, 1,2,4-TMB:

1,2,4-trimethylbenzene

<QL = below lower quantification limit
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Figures 7.6 and 7.7 visualise the distribution of the two data sets in a box plot. The

legend corresponds to the substance numbers in Table 7.2. The central box in black

shows the data between the roughly quartiles with the median as a white line. The

scaling of the mixing ratio is twice as high for Bresso than for Verzago. Apart from the

scale, the two box plots illustrate the remarkably similar structure for the two data sets.

a.
a.

o

CO

GC

O)
c

2

2 3 4 5 6 7

Compounds

9 10 11

FIGURE 7.6: Box plot of selected hydrocarbons for the data set of Bresso. The legend of

the compounds refers to Table 7.2.
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Compounds

Figure 7.7: Box plot of selected hydrocarbons for the data set of Verzago. The legend
of the compounds refers to Table 7.2.
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As no negative mixing ratios occur, the hydrocarbon data set should show a lognormal

distribution which is used frequently for atmospheric pollutant concentrations [Crow,

1988], In Figure 7.8 a histogram and the corresponding density function is presented for

i-pentane at both stations. Again, the scaling of the x axis differs considerably for

Bresso and for Verzago. Especially for Bresso, the lognormal distribution is clearly

visible for the i-pentane data.
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Figure 7.8: Histogram with density line for i-pentane mixing ratios [ppbvj in Bresso

and in Verzago

7.4.2 Characteristic concentration patterns

Bresso showed very irregular diurnal concentration variations for the anthropogenic

hydrocarbons. As can be seen in Figure 7.9, concentration variations of toluene were

rather coincidental and characterised by sporadically occurring peaks. Nevertheless, it

was possible to find some repeatedly occurring patterns. One of theses characteristic

concentration patterns was the occurrence of huge concentration peaks at night lasting

for up to 10 hours. Examples for the frequently observed night time peaks occurred on

13, 14, 20 and 30 May (see Figure 7.9).

In Figure 7.10 the concentration variations for various hydrocarbons are shown for the

night from 29 to 30 May. Figure 7.10 illustrates that hydrocarbons highly correlate

during these nightly peaks giving some indications about the emission source profile.
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Figure 7.9: Course of toluene in Mav 1998 in Bresso
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FIGURE 7.10: Night time peak for selected anthropogenic hydrocarbons on 29/30 May
1998 m Bresso

Night time peaks only occurred in nights with low wind speeds so that a very low

inversion layer could establish. In this way the permanently present and active emission

sources leaded to an accumulation of anthropogenic hydrocarbons over the whole night
in a small volume without major dilution processes. These night time episodes were

intensified if the low winds were coming from the north. The most important source in
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this area was the road traffic from the circle highway, named tangenziale, which was

located 1 km north of the measurement site in Bresso.

Figure 7.11 confirms this explanation showing clearly that nightly benzene mixing

ratios above 2 ppbv generally occur with northern winds. The combination of low wind

speeds and northern wind direction occurred in the average once to twice a week

leading to toluene concentrations above 20 ppbv.

Figure 7.11: Polar plot of benzene mixing ratios in ppbv and averaged wind direction

between 20:00 h and 8:00 h CEST in Bresso

Another indication that night time accumulations of hydrocarbons are mainly caused by

road traffic gives the comparison of the concentration ratio for toluene to benzene

measured in Bresso with the measurements of Como. As the station in Como is located

next to a road with high traffic in the city, the emission ratio found there can be

considered as representative for Italian road traffic. Continuous measurements in Como

between 1 May and 1 July 1998 resulted in an averaged ratio of 3.5. In Bresso, during

the night from 29 to 30 May 1998, the toluene to benzene ratio remained fairly constant

in a range between 2.9 and 3.6 agreeing very well with values of Como. The constancy

of ratio reflects the permanent dominance of road traffic as emission source.

The influence of the vehicle emissions originating from the circle highway was

probably not recognisable during day time, since then usually southern winds prevailed
and vertical mixing was high. Nevertheless, also dining day time, road emission seemed

to prevailed. In accordance to that, a characteristic day time pattern was the

concentration increase of anthropogenic hydrocarbons in the morning. Examples shown

in Figure 7.9 are the morning of 21. 22. 26 and 29 May 1998. In Figure 7.12 the

morning peak of different hydrocarbons observed on 22 May 1998 is shown. As the
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wind speed was slightly increased between midnight and 5:00 h CEST, night time

concentrations remained low at night. According to Figure 7.12 anthropogenic
emissions seem to start after 6:00 h when the mixing height is still quite low. In this

way the morning emissions cause pronounced concentration increases with highest

values at 8:30 h. Morning peaks never reached as high values as night time peaks (see

Figure 7.9) because of the already starting vertical mixing. In the late morning, vertical

mixing was usually strong enough to dilute concentrations efficiently, leading to sharp

concentration decreases. The reason why certain da\s do not show these morning peaks

is the presence of the high wind speeds. Besides the nocturnal accumulation and the

morning peak of anthropogenic hydrocarbons nearly at any day time unregularly

occurring peak loads could be observed in Bresso. The duration and intensity were

varying strongly illustrating the exposure to the big amount of present anthropogenic

emission sources in Bresso.

0:00 4:00 8:00 12:00 16:00 20:00 0:00

22 May 1998

Figure 7.12: Morning peak of selected anthropogenic hydrocarbons in Bresso

Verzago showed a rather different picture for diurnal concentration variations as can be

seen in Figure 7.13. As local anthropogenic emissions arc very low in this area,

concentration variations were basically characterised by the diurnal cycle of the vertical

mixing and advection. Increased concentrations were found at noon and during

inversions at night. The lowest concentrations on the other hand occurred during the

afternoon when aged air masses from the residual layer were efficiently mixed

downwards to the surface. According to the establishment of an inversion layer at

around 21:00 h CEST, hydrocarbon concentrations increased afterwards again. Nightly

peak loads were much less pronounced in Verzago than in Bresso confirming the

absence of anthropogenic emission sources in the surroundings. The highest mixing
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ratios for toluene for example amounted at night to 6.84 ppbv in Verzago compared to

55.15 ppbv in Bresso.

Monday

0 --

19Jun 98 20 Jun 98 21 Jun 98 22 Jun 98 23 Jun 98

FIGURE 7.13: Diurnal concentration variations in Verzago for 19 to 23 June, 1998

The only striking difference to a concentration pattern which is uniquely determined by

the vertical mixing are the peaks occurring roughly at noon. Looking at them more

closely, different peculiarities can be identified. First, only certain hydrocarbons such as

toluene and m/p-xylene showed these noontime peaks, while others such as benzene did

not show any concentration increase at noon. Besides the dependence on the substance

the occurrence of the midday peak seems also to depend on the weekday. While on

workdays such as Friday, 19 and Monday. 22 the noontime peak was very sharp,

exceeding nocturnal concentrations, on Sunday. 21 June the peak did not appear at all

despite of similar wind conditions. In section 7.4.5 the origin of the midday peaks is

discussed on the basis of concentration ratios.

7.4.3 Correlations among hydrocarbons

Diurnal concentration evolutions of Bresso (see Figure 7.10 and 7.12) already indicate a

strong correlation among the different anthropogenic hydrocarbon compounds.

Figure 7.14 illustrates this correlation for the example of o-xylene and benzene in

Bresso and in Verzago. Considering the large OH rate constant of 13.7 x 10"12 cm'

-i „-i
molecule" s~ for o-xylene compared to 1.23 x 10" "cm molecule" s" for benzene the

good correlation is a strong indication for the vicinity of very potent emission source.
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Figure 7.14: Scatter plot of o-xylene against benzene in Bresso (left with circles) and in

Verzaco (right with triangles)

Among the different hydrocarbon species linear regression analysis (y = ax + b) with its

parameters a, b, and p were calculated. The correlation coefficient r is defined according

to equation 7-1 to 7-4.

\ 5

covLY.F

ctx CT,
(7-1)

cov(x.r) = -£(Y,-//,)(v,-//y) (7-2)

°"\:=-E(x.-^v)2 (7-3)

<v^2(y,-//,r (7-4)

In Table 7.3 the regression parameters a, b, and r are summarised for Bresso and

Verzago. Bresso shows in accordance to the direct exposure to anthropogenic sources

significantly higher correlation coefficients between different hydrocarbons than

Verzago.
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Table 7.3: Slope a, intercept b in ppbv and correlation coefficient squared r2 of linear

regression y = ax + b

Bresso Verzago

x y a b
->

r a b r2

n-Pentane i-Pentane 1.59 0.82 0.75 1.75 0.51 0.74

2.2-DMB* 0.35 -0.02 0.75 0.38 0.01 0.76

2-M-pentane 0.55 0.24 0.78 0.47 0.13 0.49

Benzene 0.32 0.33 0.63 0.30 0.26 0.62

Toluene 1.36 1.18 0,54 1.40 0.58 0.41

Ethylbenzene 0.14 0.30 0.52 0.17 0.06 0.35

m/p-Xylcnc 0.52 0.77 0.56 0.48 0.13 0.39

o-Xylene 0.22 0.25 0.58 0.19 0.08 0.47

1,2,4-TMB 0.15 0.12 0.55 0.11 0.03 0.36

Benzene i-Pentane 4.04 0.15 0.80 2.68 0.59 0.40

n-Pentane 1.95 0.21 0.63 1.29 0.17 0.39

2,2-DMB* 0.76 -0.03 0.57 0.64 0.00 0,52

2-M-pentane 1.42 -0.01 0.84 1.03 0.00 0.53

Toluene 4.05 -0.02 0.78 2.98 0.21 0.43

Ethylbenzene 0.43 0.16 0.82 0.38 0.01 0.41

m/p-Xylene 1.61 0.25 0.88 1.04 0.00 0.42

o-Xylene 0.67 0.03 0.92 0.42 0.02 0.52

1,2,4-TMB 0.47 -0.04 0.88 0.21 0.02 0.30

2,2-DMB = 2,2,-Dimethylbutane

Especially high are correlation coefficients of benzene to other aromatic hydrocarbons
with values for r2 of up to 0.92. Correlations between n-pcntane and other alkanes are

slightly smaller with coefficients r between 0.8 and 0.9. Between alkanes and aromatic

compounds correlation coefficients squared are between 0.5 and 0.8, most probably due

to their different OH reactivity. The generally high correlation coefficients in Bresso

indicate a very close and dominant emission sources. It is not very likely, that different

emission sources with different profiles but with a constant share to the total emissions

are permanently present, as this would lead to a larger spreading of the data. Therefore,

probably only one predominant emission source profile is present in the area of Bresso.

The strong correlation between reactive and non reactive substances such as between o-

xylene and benzene further indicates, that the prevailing emission sources have to be in

the close surroundings. Otherwise, the composition of an air mass transported to the site

would vary, since chemical degradation of hydrocarbons with OH would take place to

different extents due to different wind conditions. High intercepts around 1 ppbv can be

found in Bresso for the linear regression of i-pentane, toluene and m/p-xylene with n-
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pentane. They basically reflect a stable background concentration of the mentioned

compounds as chromatographic artefacts such as memory effects can be excluded. The

other intercepts are below 330 pptv.

A comparison of the slopes listed in Table 7.3 with measurement derived emission

factors for Swiss road traffic [Stahel and Keller, 1994], reveals major differences as

presented in Figure 7.15. In Bresso, where concentrations are expected to agree to a

high extent with road traffic emissions, the share of benzene is very low leading to the

generally higher concentration ratios to benzene. According to emission factors for cars

with and without catalyst reported by Friedrich and Obermeier [1999] (sec Table 2.3),

the corresponding volume ratios of 2.0 and 1,7 agree well with the value of 1.73

reported by Stahel and Keller [1994], Derwent et ah [1996] report a slightly higher

emission ratio for toluene to benzene of 2.6. Nevertheless, the averaged toluene to

benzene ratio of 4.05 for the whole data set of Bresso reflects in accordance to the

corresponding ratio measured at the roadside station m Como an overall dominance of

road traffic emissions. Therefore, common European emission factors as mentioned

above seem not to be appropriate for north Italian road traffic.
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Figure 7.15: Bar plot of averaged concentration ratios in Bresso and in Verzago and for

emission ratios from the Gubrist tunnel [Stahel and Keller, 1994]

As possible reasons for different vehicle emissions a different fleet composition, higher

gasoline evaporation, the fuel composition and different driving conditions have to be

discussed. A higher share of Diesel vehicles in the fleet cannot explain higher toluene to

benzene ratios at all, as Diesel engines are reported to emit toluene and benzene in a

ratio of 0.36 [Friedrich and Obermeier. 1999]. Also higher gasoline evaporations are

87



7. RESULTSAND DISCUSSION OF PIPAPO MEASUREMENTS

not a plausible explanation with a toluene to benzene emission ratio of 1.5 [Friedrich

and Obermeier, 1999]. The only probable explanation is the benzene content in the

gasoline which is legally limited to 1% in Italy compared to 5% in Switzerland.

Assuming a realistic benzene content of 2% in Swiss fuels, the toluene to benzene ratio

for measurements of Bresso should still be twice as high as for Gubrist measurements.

According to a recent study about the influence of driving conditions on vehicle

emissions [Heeb et ah, 1999], for vehicles without converter molar emission ratios for

toluene to benzene remained quite constant under different driving conditions between

2.2 and 3.3. Cars with converters tough showed in that study greater variations during

the driving cycle with toluene to benzene ratios between 0.83 and 2.7. A high share of

cars without converters in combination with a low benzene content in the fuel may

explain a ratio of 4.05.

Generally, Verzago showed much weaker correlations among hydrocarbon species than

Bresso. Especially benzene with its little concentration variations (see Figure 7.13)

correlates weakly to the other hydrocarbons with correlation coefficients squared

between 0.30 and 0.52. But also paraffins and olefins did not correlate well to other

hydrocarbons. Only certain C5 and Co paraffins such as n-pentane showed correlation

coefficients squared above 0.7 to other paraffins with similar atmospheric lifetime in

respect to reaction with OH.

The weak hydrocarbon correlations in Verzago illustrate the remote location of the

measurement site concerning anthropogenic hydrocarbon sources. Present hydrocarbon

concentrations and courses were mainly determined by vertical mixing and advection,

not as in Bresso by anthropogenic activities. Two of the most important parameters

which influence the concentration courses in Verzago are the wind speed and the wind

direction. The wind speed has an influence on the vertical mixing, and determines with

the wind direction the path of air parcels. The very differing concentration ratios occur

on the one hand because of the different origin of the passing air parcels, and on the

other hand because of their different photochemical age. The nearly stable concentration

of benzene is another hint for the permanent presence of aged air in Verzago. As no

concentration decrease is visible in the afternoon, benzene concentrations in the mixing

layer demonstrate to agree with the benzene concentrations in the residual layer.

Additionally, the slopes of hydrocarbons to benzene shown in Table 7.3, which are at

most half as high in Verzago as in Bresso, illustrate the progressed age of the air in

Verzago. Due to the comparatively low OH reactivity of benzene, it persists longer than

the other hydrocarbons in the air and leads to decreased hydrocarbon ratios to benzene.

In Verzago background concentrations of hydrocarbons seem to be below 260 pptv

according to the intercepts, except from i-pentane and toluene showing intercepts
between 0.5 and 0.6 ppbv.
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7.4.4 Hydrocarbon correlations to CO and NOx

In Table 7.4 regression parameters for selected hydrocarbons with CO and NOx are

shown. Hydrocarbons correlate with correlation coefficients squared r2 up to 0.82 quite
well to CO in Bresso. The reactivity of CO is with a rate constant for OH erf 2-10"n cm3

molecules"1 s"1 6 times lower than the rate constant of benzene and even 160 times lower

than 1.2,4-TMBs reactivity. Again, the degree of correlation does not depend on the OH

reactivity of the single species in Bresso, indicating the young photochemical age of the

air.

Brunner [1997] found a correlation between long time measurements of benzene and

CO in downtown Zurich with a slope of 0.57 and r2 of 0.93. The benzene portion seems

to be 1.4 times higher in Bresso than in Zurich, what may be explained by the

temperature dependence of the CO to benzene ratio. This phenomenon can be attributed

to additional benzene emissions from tank and engine evaporation. According to

Brunner [1997], an increase of the averaged daily temperature by 1° C causes an

increase of 1.7% in benzene concentrations. With an average temperature of 21.9° C in

Bresso the expected ratio of CO to benzene according to the regression line found by

Brunner [ 1997] drops to 0.45, whereas the effectively measured ratio was 0.40.

Table 7.4: Slope a, intercept b in ppbv and correlation coefficient squared r2 of linear

regression y = ax + b

y

Bresso Verzago

X a b
n

r a b r2

i-Pentane CO* 0.08 0.05 0.68 0.07 0.19 0.45

Benzene 0.40 -0.01 0.82 0.35 0.16 0.49

Toluene 0.08 0.08 0.66 0.07 0.21 0.45

m/p-Xylene 0.23 -0.05 0,80 0,15 0,25 0.28

1,2,4-TMB 0.79 0.05 0.82 0.71 0.25 0.26

i-Pentane NOx 5.44 2.59 0.64 1.36 4.00 0.13

Benzene 23.36 2.00 0.70 7.06 2.84 0.22

Toluene 5.26 3.92 0.66 2.15 2.88 0.32

m/p-Xylene 14.40 -3.08 0.75 7.56 2.82 0.40

1,2,4-TMB 50.72 3.45 0.79 23.17 4.01 0.26

CO'*': [a] = ppmv ppbv"' = 10 and [b] = pprm

In Verzago correlations between hydrocarbons and CO arc much weaker with maximal

correlation coefficient squared of 0.65 for n-hexane. For reactive aromatic compounds

as xylenes and trimethylbenzenes correlation coefficients squared are below 0.3. In

contrast to Bresso, a dependence of the correlation on the OH reactivity of the
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hydrocarbons seems to exist in Verzago: the lower the difference of the OH reactivity
for hydrocarbons to the reactivity of CO, the higher the correlation to CO.

Correlation coefficients squared of hydrocarbons are slightly lower for NOx than for CO

in Bresso, but still between 0.6 and 0.8. Supposing the reaction of NOo with OH

forming HNO3 is the most important sink for NOx, the reactivity of NOx is with a rate

constant of 1.4-10" cm molecules" s" 4 to 36 times higher than those of listed

hydrocarbons. Therefore, highest correlations should be found for the highly reactive

trimethylbenzenes, lowest ones for benzene, if air of different photochemical age was

measured at the site. In Bresso no such dependence of the correlation on the reactivity

seems to exist. In spite of that, also benzene shows a high correlation coefficient

squared of 0.7 indicating that photochemical age of the air does not vary much. The

intercepts between 2.0 and 4.0 ppbv clearly indicate a NOx background in this range.

The negative intercept of m/p-xylene to NOx though seems to be caused by a memory

effect for m/p-xylenes. As reported in section 6.1.3. memory effects for m/p-xylenes

amounted to 5 to 15% during the measurements of PIPAPO.

In Verzago, hydrocarbons correlate very weakly to NOx with maximal correlation

coefficients squared of 0.4 making a reliable interpretation impossible. Possible reasons

for this low correlation in Verzago are besides the different photochemical age of the

measured air masses also advection from sources with distinct emission profiles may be

the reason for the low correlation. The intercepts of linear regressions to NOx point out

a background concentration of NOx in the residual layer between 2.8 and 4.6 ppbv in

Verzago. These values agree very well with the results for Bresso.

7.4.5 Concentration ratios in Verzago

The examination of concentration ratios represents an efficient technique for

investigating predominant emission sources, studying photochemical processes and

characterising the photochemical age of an air parcel. Especially if hydrocarbon

compounds do not correlate well as it is the case for Verzago, it is worth to examine the

temporal evolution of the concentration ratios. Frequently, repeating pattern become

recognisable by taking a look at temporal variations of concentration ratios. They

represent a valuable tool to identify the change of and in present air masses.

Observing the evolution of hydrocarbon ratios of Verzago in dependence on day time,

regular diurnal patterns become recognisable. Figure 7.16 shows the temporal variations

of concentration ratios for toluene and for m/p-xylene to benzene in Verzago for 18

until 22 June. As benzene concentrations do not vary much, the course of toluene to

benzene and m/p-xylene to benzene is similar to the course of the mixing ratios shown

in Figure 7.13. However, the peaks occurring at noon seem to be more pronounced

looking at the concentration ratios. Ratios of toluene to benzene amount during noon
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peaks up to 12. The minimum ratios are regularly reached in the late afternoon or

towards the evening.
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Figure 7.16: Temporal variation of concentration ratios of toluene and m/p-xylene to

benzene in Verzago

The following processes may cause changes in concentration ratios:

• Mixing with fresh emissions

• Advection of an air parcel with a different composition
• Photochemical degradation

• Dilution

At first site dilution does not seem to have an influence on concentration ratios, since all

substances are diluted to the same extent. Nevertheless, mixing with pristine air may

reduce concentration ratios if substances with distinct reactivities in aged air are

observed. In aged air, reactive substances such as xylenes may have been reduce to

negligible levels or below the quantification limit, while less reactive ones such as

benzene are still present in considerable amounts. In this case mixing would reduce the

ratio of xylenes to benzene [Parrish et ah, 1998], As in this work concentrations below

the quantification limit are excluded, changes in concentration ratios due to dilution are

not possible. Photochemistry always leads to a reduction of a concentration ratio,

supposing the more reactive substance is in the numerator. In contrast to that, fresh

emissions increase the same concentration ratio. Advectcd air may increase or reduce

present concentration ratios, depending on its photochemical age.

Due to the absence of important local emission sources in Verzago. the midday peaks in

the concentration ratios are probably caused by advection. The peaks point out the
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passage of freshly emitted air parcels containing much more toluene and xylenes

compared to benzene. In order to determine the exact origin of these noontime plumes,

wind conditions have to be studied. The winds observed at the measurement site had a

velocity of about 1.5 m/s coming from southern directions. Extrapolating these

measurements backwards, the origin of these air masses is estimated to be 20 to 30 km

south of Verzago in the Milan suburb area or even the city of Milan itself.

On Sunday, 21 June, the midday peak did not occur. As wind pattern of 21 June in

Verzago does not differ much from the days before and after, different advection

conditions are not plausible. It is rather possible, that the regularly passing emissions

originated from working day activities, In order to characterise the type of responsible

source in the south more precisely, it is instructive to compare the concentration ratios

with available emission profiles for different sources. Considering the values for the

ratio of toluene to benzene far above 5, vehicle emissions are not likely to be the

responsible source. Industrial release from the southern surroundings and possibly also

from Milan are more likely to be responsible for these noon peaks. Solvent use from

industrial coating is the most probable industrial activity which leads to such high

concentrations of toluene. Fujita et ah [1995] reports that 51.57 weight percentages of

nonmethane organic gases in industrial coating use are toluene emissions, compared to

no benzene at all. Since also in Italy the use of benzene as a solvent is forbidden, the

high concentration ratios to benzene can be explained by emission due to industrial

solvent use. According to Friedrich and Obermeier [1999] 5.7% (mass) of industrial

varnishes consist of xylenes so that increased ratios of xylenes to benzene may as well

be explained by industrial solvent use.

7.5 Biogenic isoprene

7.5.1 Bresso

The measurement of biogenic isoprene by the airmoVOC instrument may be interfered

by t-2-pentene due to their nearly identical retention time (see section 3.1.3). An

additional difficulty in quantifying biogenic isoprene is that measured isoprene may also

origin from anthropogenic sources [Reimann et ah, 1999]. In Bresso, anthropogenic
interferences of isoprene measurements were evident, as also during night time

considerable amounts could be found. Supposing that emissions of biogenic isoprene

are light dependent, only anthropogenic sources have to be considered at night.

Frequently, even highest concentrations were measured at night. Day time

concentrations on the other hand were usually quite low showing only on few days also

during day time elevated concentrations. Obviously, the influence of anthropogenic

92



7. RESULTS AND DISCUSSION OF PIPAPO MEASUREMENTS

isoprene and t-2-pentene interferences was the highest at night leading to night peaks

which correlate to the other anthropogenic hydrocarbons.

Plotting concentrations of isoprene/t-2-pentene against those of a typical anthropogenic

hydrocarbon with a comparable atmospheric lifetime, the night time correlation

becomes evident. Figure 7.17 shows the scatter plot of isoprenc/t-2-pcntene against

1,2,4-TMB for day time (7:00 to 21:00 CEST) and for night time (21:00 to 7:00 CEST)

data in Bresso.

50

00 05 10 15 20

1,2,4-TMB [ppbv]

25

y = 0.5824x

R2 = 0.7788

2.0 3.0

1,2,4-TMB [ppbv]

5.0

Figure 7.17: Day time (left) and night time (right) scatter plot for isoprene/t-2-pentene
against 1,2,4-TMB

While night time values show a correlation coefficient squared of 0.78 for a lineal-

regression forced to zero, day time values seem to scatter randomly. The low scattering

of the data at night confirms that isoprene/t-2-pentente and 1,2,4-TMB originate from

the same anthropogenic emission sources. Further, the high correlation makes it

possible to distinguish between biogenic isoprene and anthropogenic interferences.

By applying the linear relationship derived from night data to the whole data
,

it is

possible to quantify anthropogenic interferences (see equation 7-5), According to

equation 7-6 biogenic isoprene is the difference of total isoprcne/t-2-pentene and

anthropogenic interferences.

\ant] = o.

[ISO], = [ISO}T07

.58 [llA-TMB]
'ant]

(7-5)

(7-6)
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[ANT]: anthropogenic interferences, corresponds to the sum of anthropogenic

isoprene and t-2-pentene

[ 1,2,4-TMB] : 1,2,4-trimethylbenzene

[ISO]b: biogenic isoprene

Figure 7.18 illustrates the received diurnal concentration variations splitted up into

biogenic isoprene (positive scale) and anthropogenic interferences (negative scale) for

selected days. Concentration of biogenic isoprene and anthropogenic interferences are

in the same range, but occurring at different day times. The diurnal pattern of biogenic

isoprene resembles to the course of emission rates« but there exists an obvious

postponement. Especially morning and midday concentrations of biogenic isoprene are

much lower than emission pattern would suggest them to be. As possible reasons

photochemical degradation by OFI and O-, and dilution through vertical mixing have to

be considered. Both explanations are not very plausible, since reaction with OH and O^

as well as vertical mixing should increase and not decrease towards afternoon. Possibly,

changes in the wind direction, which regularly occurred at noon, are responsible for the

late increase in biogenic isoprene mixing ratios. According to the wind pattern, main

sources should be located in the south west of the measurement site. On 21 and 22 June,

isoprene shows already in the morning a concentration increase. Especially on 22 June,

other wind conditions were present which may caused these morning increase. The

wind speed was significantly lower in the early morning than on the preceding days,

reducing vertical mixing. Besides, the wind direction was nearly 180 degrees different

coming from the west. However, on 21 June no significant differences to usual wind

patterns could be found.
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Apart from 19 June the daily pattern of the anthropogenic interferences shows beside

the night time accumulations also a peak in the morning. Coinciding with the morning

rush hour, the morning peak may reflect that the anthropogenic part originates from

road traffic.

The box plot in Figure 7.19 shows that the concentrations of anthropogenic isoprene/t-

2-pentene and biogenic isoprene were approximately within the same range in Bresso.

The splitting of the anthropogenic interferences into t-2-pentene and anthropogenic

isoprene can only be estimated roughly on the basis of reported concentration ratios.

Ratios derived from emission profiles for vehicle exhaust amount from 0.58 to 1.03, for

gasoline evaporation only to 0.06 [Fujita et ah, 1995], Derwent et al. [1995] report a

concentration ratio for isoprene to t-2-pentene of 0.67 at a roadside location in central

London which falls into the range of emission profile ratios. Reimann [1999] found

even at a remote site in Taenikon, Switzerland, comparable values for the ratio of

anthropogenic isoprene to t-2-pentene of 0.85 to 1.18. Applying Derwent's ratio of 0.67

to anthropogenic interferences in Bresso, the concentration ratio of anthropogenic

isoprene to 1,2,4-TMB would be 0.23. This value agrees very well with the ratio of 0.25

found by Derwent et ah [1995] for the roadside location in London. The good

agreement confirms on the one hand that no other substances are interfering the

isoprene peak, and on the other hand that the supposed ratio between anthropogenic

isoprene and t-2-pentene of 0.67 is realistic.
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Figure 7.19: Box plot of anthropogenic interferences in Bresso and biogenic isoprene
in Bresso and in Verzago

Assuming that 40% of the anthropogenic interferences are attributable to anthropogenic

isoprene, the concentrations of anthropogenic isoprene are m the same range as biogenic

isoprene. In Table 7.5 concentrations of biogenic and anthropogenic isoprene in Bresso

Bresso

Verzago
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are compared. Concentrations of anthropogenic isoprene are quite constant, reflecting
the permanent presence of road traffic emissions at the site.

Table 7.5: Maximum, median and mean mixing rations for anthropogenic and biogenic

isoprene in Bresso in pptv

Anthropogenic

Isoprene

Maximum

Median

Mean

980

70

110

Biogenic

Isoprene

4500

60

200

7.5.2 Verzago

Looking at diurnal concentration patterns of total isoprene and t-2-pentene in Verzago,

no indications for anthropogenic interferences of biogenic isoprene arise. Night time

concentrations are always very low in contrast to anthropogenic compounds. Also a

scatter plot of total isoprene against anthropogenic hydrocarbons does not show any

correlation. Since no indication for anthropogenic interference could be found for

Verzago. the contribution of anthropogenic isoprene and t-2-pentene are ignored and the

whole peak area is attributed to biogenic isoprene. Figure 7.19 shows that

concentrations of biogenic isoprene were generally higher in Verzago than in Bresso

with a maximum of 5.6 ppbv compared to 4.5 ppbv in Bresso.

Nevertheless, concentration patterns of isoprene in Verzago are not fully consistent with

biogenic emission patterns which are determined by light intensity and temperature. The

daily variations are characterised by a small isoprene peak in the morning, decreasing

concentrations towards noon, and rather low concentrations during the afternoon.

Regularly, a sharp peak occurs in the evening. Figure 7.20 shows the unusual

concentration pattern of isoprene and m/p-xylene for comparison in Verzago.

The isoprene enhancements in the morning are mostly explicable by the low OH

concentrations which arc present in the morning and the little vertical dilution. Later,

OH concentrations as well as vertical mixing strongly increase leading to a decline of

isoprene. Afternoon concentrations seem to be quite constant on a rather low level.

Different processes are responsible for these low levels. While biogenic isoprene

emissions have reached their maximum during that time, strong vertical mixing in

combination with chemical degradation by OH and ozone are responsible for these low

isoprene concentrations. Reaction with O-, though turns out to be the less important

degradation path than reaction with OH at any time. Supposing maximal afternoon

concentrations lor ozone of 200 ppbv and for OH of 2-106 molecules cm"3, isoprene
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degradation is still three times slower by 03 than by OH with a lifetime of 4.3 hours

compared to 1.4 hours. Supposing a lifetime of 1.4 h for isoprene and an averaged wind

speed of 1.5 m s"1, the origin of biogenic isoprene would be in a maximal distance of 7

to 8 km away from the measurement site.
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Figure 7.20: Isoprene and m/p-xylene in Verzago from 19 to 21 June, 1998

The occurrence of isoprene peaks in the evening was also observed in other studies

[Biesenthal et ah, 1998; Goldan et ah, 1995: Reimann, 1998; Starn et ah, 1998], At the

Swiss monitoring site for NMHC in Taenikon the isoprene measurement regularly show

patterns during summertime which are almost identical to those measured during
PIPAPO. In good agreement to Verzago, daily cycles of isoprene for August 1997 show

clearly that the evening peaks occur before anthropogenic concentration increase.

Curren et cd. [ 1998] who measured in the Lower Fraser Valley, Canada in the evening
of 2 August, 1993 a sharp peak of isoprene, tried to reproduce that course by a box

model. They supposed that this peak depends on the time of the collapse of the

boundary layer regarding sunset. If the boundary layer collapses before sunset, strong

isoprene increases can be detected. In this case plants are still emitting considerable

amounts of isoprene, which are collected in a very small volume over the surface

leading to high concentrations. Although the box model was able to reproduce daily

cycles on other days without an evening peak quite well, for 2 August 1993 the box

model calculations were not successful. Predicted isoprene levels fell too early

compared to measured ones, probably due to increasing NO} concentrations. However,

the explanation of Curren et ah [1998], that the collapse of the boundary layer is

responsible for isoprene peaks in the evening, has two shortcomings. First, they neither

mention why the collapse of the boundary layer may occur before sunset nor what

indications they had for the assumption of these early collapses. Second, a collapse of
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the mixing layer should lead to a simultaneous accumulation of anthropogenic

hydrocarbons. In Verzago, evening peaks of isoprene regularly occurred at least one

hour before anthropogenic substances increased. A possible explanation for this delay
could be that biogenic isoprene sources were located much closer to the measurement

site than sources of anthropogenic hydrocarbons. Thus, after the mixing layer had

collapsed, isoprene released from plants nearby would reach the measurement site much

sooner than anthropogenically emitted hydrocarbons.

Another approach for explaining the diurnal pattern of isoprene was done by Yokouchi

and Ambe [1988] by comparing correlation coefficients for isoprene with

meteorological and chemical parameters. They found for clear days correlation

coefficients above 0.5 for isoprene with radiation, temperature, wind velocity and

ozone. While high correlation coefficients for radiation and temperature confirm the

dependence of emissions to these two parameters, the positive correlation to ozone and

wind, though, is not reasonable at all. By degrading isoprene, ozone should show a

negative correlation to isoprene. Also increasing winds should be accompanied by

isoprene concentration decreases, as dilution processes increase. In Verzago, indeed

such a negative correlation is visible for wind \elocity and isoprene concentrations on

clear days as illustrated in Figure 7.21. Especially m the morning and in the evening, if

the wind velocity drops, an isoprene peak may be observed. Nevertheless, correlation

coefficient r of isoprene against the wind speed and the inverse wind speed for 18 to 22

June 1998 between 10 am and 10 pm amounts to -0.27 and 0.38 respectively. Plotting
the ratio of isoprene to wind velocity and isoprene to the inverse wind velocity against

day lime shows that morning and evening peaks are responsible for the rather weak

correlations.
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Besides the isoprene increase in the evening also its sharp decrease afterwards from

several ppbv to less than 100 pptv in short time is striking. As these changes occur

beneath the nocturnal boundary layer, vertical mixing is of minor importance. Also

chemical degradation can explain this behaviour in remote areas only partly, OH and O3

concentrations are too to low at that time to cause such a sharp decline, and NO}

concentrations should not be too high in rural areas. Biesenthal et al [1998] found in

rural eastern Canada in the absence of high NO} concentrations similar concentration

declines of isoprene at night and supposed that a combination of increased reaction with

OH and deposition to the surface are the main reasons for these delines. Enhanced OH

concentrations were postulated to originate from ozonolysis of biogenic alkenes.

Although Verzago is also having a rural character, NOx levels were hardly ever below

2 ppbv exceeding NOx concentration measured by Biesen thai et al [1998] by a factor of

ten. The NOx concentrations present in Verzago led to enhanced concentrations of NO3

after sunset. Consequently, it has to be assumed, that m Verzago the sharp decrease in

the evening (when no more emissions from plants are present) is to a large extent

caused by reaction with NO-}.

In Figure 7,22 the logarithm of isoprene concentrations is plotted against time for night

data from 8 June until 10 June 1998. The high correlation coefficients of the linear

trends between 20:00 h and 2:30 h (CEST) confirm the first-order or pseudo-first-order

decay of isoprene during that time. Corresponding lifetimes derived from the slopes of

the regression lines are 1.8 h and 1.9 h respectively.
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Figure 7.22: Typical night time concentration decays for isoprene in Verzago:
Measurements and linear regression lines for 8 June to 10 June 1998
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Unfortunately, no NO3 measurements were performed in Verzago, and no attribution of

the isoprene decay to the reaction with NO3 is possible. Supposing in accordance to

other measurements [Aliwell and Jones, 1998; Piatt et al, 1981] an average mixing
ratio for NO3 of 100 pptv between 8 pm and midnight, the degradation rate kNOr[N03]

-^ 1

totals to 1.67 x 10" s" leading to a lifetime for isoprene of 10 min. This value is 10

times lower than the linear regression slopes of the measurements indicate. NO}

estimations of 100 pptv therefore have to be far too high for Verzago. However,

applying an NO3 concentration of 5-15 pptv reported by Biesenthal et al. [1998] a

lifetime of 1.7 h would result, explaining the whole degradation according to

Figure 7.22.

7.6 Vertical profiles

All aircraft measurements used in this section for hydrocarbon profiles were performed

by MetAir. In the aircraft an identical airmoVOC HC 1010 device was operated with a

temporal resolution of 10 min. For comparison with ground based data, aircraft

measurements were filtered with two grid cells of a dimension of 10 x 10 km and with

Bresso and Verzago in their centre were used. After filtering the data on the bases of the

flight tracks, seven continuous data series suitable for vertical profiles were left for

Verzago. Since all flights over Bresso were performed on the same altitude, only single
data points can be compared to ground based measurements.

7.6.1 Verzago

For Verzago seven vertical profiles with aircraft measurements at least on two different

heights could be generated. In Figure 7,23 the vertical profiles for isoprene, benzene and

toluene are shown for the afternoon of 12 May 1998.

Because of the nearly constant potential temperature 0 up to 1500 m above ground in

the afternoon of 12 May and 13 May, there existed a well mixed boundary layer
underneath. Above this level a positive vertical gradient was found for 6 indicating the

border of the mixed layer. Concentration profiles of isoprene, benzene and toluene

confirm this structure of the troposphere showing nearly constant values below 1500 m

on both days. According to Figure 7.23 concentrations decrease sharply linear on 12

May above 1700 m. At 2100m isoprene concentrations were even below detection

limit. However, the linearity of the concentration decreases with increasing altitude

implies that neither vertical dilution nor photochemistry are the responsible factors, as

these processes would lead to exponential decreases. Above 1600 m isoprene shows on

12 May the lowest concentration decrease with 70pptv/J000m compared to -

240 pptv/1000 m for benzene and -1 ppbv/1000 m for toluene. For 13 May no

hydrocarbon data are available above 900 m.
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The profile measured on 12 and 13 May in the mixed layer agree well with the

estimation that the convective turnover time in the mixed layer amounts to 10 min

[Helmig et al, 1998]. Supposing a minimal lifetime for isoprene of 30min,

photochemistry should therefore not affect the measured concentration gradients.
Tethered balloon measurement performed by Greenberg et al [1999] and Helmig et al

[1998] showed similar hydrocarbon profiles with very low decay of isoprene within the

mixed layer.
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Figure 7.23: Vertical profiles of hydrocarbons in ppbv: Ground based measurements

(empty symbols) and aircraft measurements (solid symbols)

In contrast to 12 and 13 May 1998, concentration profiles measured in the afternoon of

I. 2, 5, 6, 10, and 13 June, 1998 showed a distinct decrease within 1000 m above the

surface. On 13 June the concentrations decreased even less pronounced at higher
altitudes than over the surface indicating the existence of an inversion layer over the

surface. As aircraft measurements were performed above 200 m. no information about

dO/dz in the surface layer are available. However, above 200 m no indication for such

an inversion could be found. For 1, 2, and 5 June temperature measurements starting at

ground level are available from balloon soundings. But also these data point out a very

well mixed boundary layer for all three days.
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7.6.2 Bresso

In Figure 7.24 ground based measurements for Bresso are compared to aircraft

measurements at 350 m above ground performed in the afternoon of 13 May 1998.

Figure 7.24 illustrates that concentrations of ground based measurements were clearly

higher than aircraft measurements. The differences seem to be the highest for i-pentane
and isoprene* (isoprene* = sum of isoprene and t-2-pcntene).
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Figure 7.24: Hydrocarbons on 13 May, 1998 at 0 and 350 m above ground in Bresso

Comparing the concentration ratios to benzene, indications about photochemical

degradation can be gained. According to Figure 7.25 the relative differences seem to be

very low, indicating that photochemical degradation is negligible over the lowest 350 m

above surface for all substances except from i-pentane and isoprene. Taking into

account the variability of the measurements, which is depicted as error bars, the

concentration ratios range within the data variability. Therefore, the lower

concentrations at 350 m have to be attributed to dilution processes, which do not affect

concentration ratios.

However, for isoprene and i-pentane photochemical reactions have to be considered to

explain the significantly lower concentration ratios to benzene. While according to the

rate constants a concentration decay due to reaction with OH is plausible for isoprene,
the reactivity of i-pentane is much too low to be responsible for the low ratio.

Unfortunately, no vertical information about the potential temperature is available, since

the cruising altitude of the aircraft was constantly 350 m above ground. Therefore, the
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assumption of dilution processes and photochemical isoprene degradation cannot be

examined by the estimation of vertical mixing rates and residence times.
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7.7 Comparison to other ground based measurements

Table 7.6 gives an overview on all additional hydrocarbon measurement sites operated

during PIPAPO. The listed stations were operated by various groups who courteously

allowed the presentation of their data in this work, namely Guido Lanzani from

Provincia di Como (Como and Alpe del Vicerc). Francesca Polla Mattiot from

Enitecnologie (Milan), Massimo Cazzaniga from Dam Strumentazione (Monza), and

Matevz Pompe from FKKT, University Ljubljana (Monte Boletto and Colma del

Piano).

Not included in Table 7.6 are the DOAS measurements of benzene, toluene and xylenes

performed in Seregno, as high uncertainties about data quality exist. Further, the

additional airmoVOC instrument is not listed in Table 7.6. which was operated on

Colma del Piano during few weeks in May 1998. Because of severe operational

problems, measurements had to be stopped in the end that month before any calibration

could be carried out. Therefore, no airmoVOC measurements from Colma del Piano

could be quantified.
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TABLE 7.6: Overview on additional hydrocarbon measurements during PIPAPO

Site Analysed Species Instrument Time Measurem. No.

Altitude a.s.l. No., Type Resolut. Period Meas.

Piazza Carbonari, Milan 29, C2-C9 GC-FfD 60 min 5/20-6/15 75

1 10 m no biogenic Fisons Instr.

Viale Marche, Milan 18, C2-C9 GC-FID/PTD 60 min 5/27 - 6/11 307

110 m no biogenic Chrompack 90001

Monza 6, bz, toi, ebz. xyl GC-PID 15 min 5/9-6/16 864

160 m no biogenic Dani BTX 900

Como centro 3, bz, toi, xyk GC-PID 15 min 5/12 - 6/30 1457

207 m no biogenic Svntech GC 855

Colma del Piano C2-C9 GC-FID 120 min 6/1, 2, 5, 6, 54

1044 m iso, a-pin, cam airmoV. 11C1010 8-10

Alpe del Vicerc 3, bz, toi, xyk GC-FID 15 min 5/16 - 6/30 3964

903 m no biogenic HP 5890

Monte Boletto C2-C9 GC-MS/F1D 120 min 6/1,2,4-6, 43

1236 m iso, a-pin, cam Varian Star 3600 8-10

bz: benzene, toi: toluene, ebz: ethylbenzene, xyl,: sum of m-, p-, o-xylene, xyl: m-, p-, o-

xylene separately, iso: isoprene, a-pin: a-pinene, cam: camphene

The stations in Milan, Monza and Como were located in a very urban surrounding close

to roads with heavy traffic (see Figure 7.1). The other sites had a very remote

surrounding as they were located in the foothills of the Alps (see Figure 7.26).

According to the urbanity or remoteness of the sites the data comparison is classified in

two sections. Verzago is compared in section 7.7.1 to the remote stations on the

foothills of the Alps, whereas the measurements of Bresso are compared to the urban

measurements of Como, Milan and Monza in section 7.7.2.

7.7.1 Remote stations

Figure 7.26 shows the rural hydrocarbon measurement sites of PIPAPO in the foothills

of the Alps. The hydrocarbon measurements of Alpe del Vicerè showed a very regular
diurnal concentration pattern. Figure 7.27 illustrates that toluene concentration courses

remarkably agreed with the measurements of Verzago showing a pronounced peak at

noon with concentrations up to 7 ppbv.

The only exception was 21 June, when no noontime peak was found in Verzago, while

concentrations on Alpe del Vicerè increased, though less pronounced than on the other

days. The midday peaks of Verzago and Alpe del Vicerè are further characterised by a

striking simultaneity, Only on 22 and 23 June toluene peaks slightly earlier in Verzago,

indicating the prevailing wind direction from the south.

104



7 RESULTS AND DISCUSSION OF PIPAPO MEASUREMENTS

.
Monte Boletto

.Alpedel Vicere

Italy
.Verzago

Figuri 7 26 Topogiaphical map of the uital hydiocaibon measuiement sites

Despite the moie i emote chaiactei of the measuiement station, the concenti ations

measmed on Alpe del Viceie geneially exceeded the concenti ations fiom Veizago The

biggest difleiences in concenti ations exist m the afternoon, when toluene concenti ations

aie up to foui times highei on Alpe del Viceie In Veizago, besides advection also

vertical mixing had a sbong influence on the diurnal patterns leading to lowest

concenti ations in the afternoon (see Figuie 7 13)

>
n
Q.
a

Q

a>
c

X

-Alpe del Vicere

Verzago

0 1

18 Jun 98

0 00

19 Jun 98 20 Jun 98 21 Jun 98 22 Jun 98 23 Jun 98 24 Jun 98

0 00 0 00 0 00 0 00 0 00 0 00

HGURr 7 27 Concentiabon vaiiations of benzene, toluene and xylene on Alpe del

Viceiè and Biesso fiom 18 to 24 June 1998

105



7. RESULTS AND DISCUSSION OF PIPAPO MEASUREMENTS

In contrast to Verzago, on Alpe del Vicerè dilution processes through vertical mixing do

not seem to have a major influence, as high concentrations were found in the afternoon,

even though they were decreasing. It seems that the daily concentration cycles on Alpe

del Vicerè were mainly determined by the advection of air masses with a different

composition due to horizontal wind patterns.

As northern winds prevail at night, clean air masses coming from the Alps were present

at the site on Alpe del Vicerè. Therefore, lowest concentrations were regularly reached

in the early morning, when no influence of the polluted air parcels originating from the

Po valley existed. Nevertheless, the nightly minima found on Alpe del Vicerè were

sometimes far above the corresponding concentrations measured in Verzago, as the

example of 22/23 June illustrates.

The diurnal pattern for benzene and xylene on Alpe del Vicerè did not differ much from

toluene. The correlation coefficient r is for toluene to benzene with 0.74 significantly

higher than in Verzago with an r of 0.42. Even more remarkable is the high average

ratio for toluene to benzene of 3.9 agreeing to the one found at the strongly polluted

stations in Bresso and in Como (see section 7.4.2). The high correlation and

concentration ratio for toluene to benzene are besides the generally high mixing ratios

two additional properties which are very atypical for the remote site on Alpe del Vicerè.

On Monte Boletto and on Colma del Piano hydrocarbon measurements were performed

every second hour during day time. On the basis of these five to eight data points per

day no diurnal cycle was recognisable. However, high variations of benzene without

any regularity and correlation to the other hydrocarbons were identifiable. As major

specific emission sources of benzene are missing in that region, this peculiarity is very

difficult to explain and leads to doubts about the data quality.

Monte Boletto and Colma del Piano were the only two stations beside Bresso and

Verzago where biogenic hydrocarbon measurements were performed. In addition to

isoprene, also a-pinene and camphene were measured
. Although according to forested

area a higher influence of biogenic emissions can be expected for these two sites than

for Verzago, highest concentrations never exceeded 260 pptv for isoprene, 130 pptv for

a-pinene, and 70 pptv for camphene. As described in section 5.2.2 in the context of the

intercomparison performed in Verzago, due to the long storage period of the samples

before analysis, degradation of highly reactive compounds can not be excluded for

measurements performed by University of Ljubljana. In the mentioned intercomparison

isoprene concentrations analysed by University of Ljubljana were roughly 50% lower

than ours. However, also when considering this factor of 2, isoprene concentrations on

Alpe del Vicerè are still far below those found in Verzago.
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7.7.2 Urban stations

Due to the proximity to various emission sources such as air traffic, heavy road traffic

and fuel stations the reprcsentativity of the measurement site in Bresso for the Milan

area has to be investigated. For this reason measurements of Bresso were compared to

hydrocarbon measurements performed in Milano, Monza and Como. Figure 7.28 shows

for the example of toluene generally a remarkable qualitative agreement for

measurements of the three stations.

1 Jun 98 2 Jun 98 3 Jun 98 4 Jun 98 5 Jun 98 6 Jun 98

0:00 0:00 0:00 0:00 0:00 0:00

FIGURE 7.28: Toluene variations at the three urban measurement sites from 1 to 6 June,
1998

Measurements of Bresso and Milan even agree well quantitatively. Considering the

logarithmic scale of the vertical axis in Figure 7.28, onlv concentrations measured in

Monza are significantly lower than in Bresso and in Milan. The good data agreement

confutes that local emissions were the dominant influence on concentration variations at

station in Bresso. According to Figure 7.28 rather the meteorological conditions in

combination with the regional emissions from the Milan area seem to determine the

hydrocarbon concentrations.

The measurements of Viale Marche showed the highest correlation coefficients among

hydrocarbon species with r of 0.99 for the correlation between benzene and o-xylene.
The averaged concentration ratio for toluene to benzene found in Milano confirms again
with a value of 3.48 the assumption that emissions factors for Italian road traffic have a

significantly lower share of benzene than emission factors reported in literature.
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7.8 Contribution to the local ozone production

The contribution of a certain hydrocarbon species to the local ozone production depends

on the present concentration, the number of C atoms per molecule, the rate constant kou

and the photochemical degradation paths of this substance. Different concepts exists for

the quantification of the contribution to the local ozone production. Generally, in all

concepts concentrations or emissions of hydrocarbons are weighted by a factor which

includes all or some of the properties mentioned above.

As a measure for the VOC reactivity often the actual change in the ozone formation per

unit additional hydrocarbon in a real or simulated test system is considered. Using

numerical model simulations, this concept was used by Carter [1994; 1995a] and

Derwent et ah [1996] introducing the incremental reactivity (IR) factors and the

photochemical ozone creation potentials (POCP) respectively. Analogous VOC

reactivities were also determined in smog chamber experiments [Carter, 1995b].

Experiments performed by Kelly and Chang [1999] showed good agreement with the IR

factors from Carter. Reactivities derived from test systems are not universal at all and

strongly depend on the initial concentrations of NOx, ROG and photooxidants, as they

influence the limitation regime of the ozone formation. Further, they are always related

to additional VOC emissions and should not be applied to concentrations in ambient air.

Since especially reactive species such as isoprene and some of the alkylated benzenes

have already undergone photochemical degradation and do not represent the full amount

of emissions when they are measured, they already contributed to the formation of

ozone. Therefore, using the factors of Denvent et al [1996], Carter [1994] or Kelly and

Chang [1999] for field data contains the risk of underestimating the photochemical

significance of reactive compounds.

In contrast to the concept of looking at the ozone formation, the reactivity-based method

reported by Chameides et al [1992] simply considers the OH reactivity of the single

hydrocarbons and the number of C atoms in the method. For the estimation of the

individual contributions to the ozone formation propylene-equivalents were defined

according to equation 7-7, The concentrations C, in ppbC are weighted with the

corresponding OH rate constant korn normalised to the reactivity of propene kouXQHô).

Pr opy - Equiv, = C, • ~~^fSL> (7_7)

Compared to smog chamber experiments and model simulations a main drawback of

this method is that subsequent reaction mechanisms after the OH attack are ignored.

However, the species to species variability in the ozone yield is reported to be relatively
small compared to the variations of C, and kou(i) which may comprise orders of
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magnitudes [Chameides et al., 1992]. Therefore, the reactivity-based propylene-

equivalents were applied in this work.

Tt is though important to be aware that it is not possible to determine the total ROG

reactivity. As explained in section 2.2.2, important species among anthropogenic

hydrocarbons are not included in the analysis performed by an airmoVOC HC 1010

instrument. Their shares to total emissions depends on the dominant emission source

and varies from 2% for fuel evaporation, over 35% for car exhausts up to 92% for

solvent use. But also among biogenic hydrocarbons with isoprene only a part of the total

emissions can be detected by the airmoVOC HC 1010. Especially these biogenic

compounds and light olefins (ethene and propene) are characterised by a high reactivity
with OH radicals. Therefore, neglecting these species means a large inaccuracy in

quantifying the photochemical importance of hydrocarbons to the ozone formation.

However, this shortage restricts the expressiveness of the calculated reactivities only in

respect to the referred spectrum of ROG. Although some of the ozone forming species
are not considered, this method allows to create a ranking among the measured species.

Therefore, an estimation of the photochemical importance of hydrocarbons represents a

good tool for helping to identify the species within the available data set which are

important for the ozone formation.

For the calculation of the reactivity k0ir[ROG], averaged concentrations measured

during the afternoon ( 12:00 h - 20:00 h CEST) were used, since this time represents the

photochemically active period. Also the vertical mixing is most intense at that time, so

that these concentrations are most representative for the planetary boundary layer during
the afternoon. For the calculation only C5 to Cio hydrocarbons were used. Substances

whose identification was uncertain, were excluded from the analysis. Despite its low

reactivity, also CO is included in the ranking, since it is found in much higher
concentrations than hydrocarbons. OH rate constants were taken from Atkinson [1990].
For coeluting substances the arithmetical average of the corresponding OH rate

constants were used, except from isoprene. In Verzago the interferences with

anthropogenic isoprene and t-2-pentenc were ignored, while in Bresso a separation of

biogenic isoprene according to section 7.5.1 was carried out. In Figure 7.29 the ranking
of OH reactivities for eight important ROG is presented for Bresso and for Verzago.
The species are listed according to the ranking for Bresso.
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Figure 7.29: OH reactivity for averaged afternoon concentrations of important ROG in

Verzago and in Bresso

At both sites the highly reactive biogenic isoprene turned out to dominate the overall

OH reactivity with 6.9 s4 in Verzago and 5.2 s"' in Bresso. For Bresso, this fact is rather

astonishing, since according to the PIPAPO emission inventory very few biogenic

isoprene sources are known in this area. This discrepancy arises because of the large

grid size of 3 to 3 km in the model, due to which local biogenic sources lose their

weight when they are averaged. OH reactivities are for all substances except isoprene

and CO higher in Bresso than in Verzago, reflecting the high anthropogenic emissions

in Bresso. The OH reactivity of CO is slightly higher in Verzago than in Bresso with

1.5 s"1. In spite of its low OH rate constant CO is after isoprene and toluene the third

most important contributor to the overall OH reactivity in Verzago. This shows that in

the afternoon generally air of advanced photochemical age is present in Verzago. Just

toluene with the second highest OH reactivity of 1.84 compared to 2.56 for Bresso does

not fit to this perception. But remembering the high toluene peaks with a toluene to

benzene ratio up to 10. which often occurred in the afternoon in Verzago, explains the

importance of the reactivity of toluene. Benzene has due to its low OH rate constant a

very low reactivity in Verzago and in Bresso ranking on the 28lh and 32nd position

respectively. I-pentane is the only alkane which significantly contributes to the total

reactivity due to its large ambient concentration, as its OH rate constant is quite low.

Figure 7,30 shows the total OH reactivity classified for biogenic isoprene, CO, alkanes,

alkenes and aromatic hydrocarbons. The total OH reactivity of ROG is with 33.6 s"1

more than 50% higher in Bresso than in Verzago with 20.3 s 7 The total reactivity is
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dominated by biogenic isoprene in Verzago, while in Bresso aromatic compounds are

the major contributors. In Bresso, also alkenes constitute more than 20% to the overall

OH reactivity. At both sites, CO has a minor contribution compared to hydrocarbon

species with only 4% in Bresso and 6.6% in Verzago.
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FIGURE 7.30: Total OH reactivity classified for CO, alkanes, alkenes, aromatic

compounds and biogenic isoprene for averaged afternoon concentrations in Verzago and

in Bresso

7.9 Multivariate data analysis

7.9.1 Method

The multivariate method used in this work was developed at the Seminar for Statistics

at the ETH Zurich [Mönkeberg and Stahel. to be submitted]. Its purpose is to determine

the dominant source profiles and shares out of a large data set of air pollutant

measurements. In contrast to chemical mass balance (CMB) models, multivariate

methods have the advantage that no a priori estimates about the number and

composition of the sources are required. The analysis by Mönkeberg and Stahel was

already successfully applied to other large data sets of hydrocarbon measurements from

Kasernenhof in Zurich and from Wallisellen [Kegel et al, 1997; Mönkeberg et ah,

19971.
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The method consists of a principal component analysis (PCA) combined with graphical
data inspection of the observations in the space of their eigenvectors for the

determination of the trial source profiles. A final adjustment of these profiles taking into

account non-negativity constraints and relative errors leads to the final source profiles.
The method is based on the assumption that each observation X consisting of all

measured compounds at one site and one time is a linear combination of the different

source profiles Q multiplied by their source activities S plus an error term E. In the field

of air pollution analysis, this assumption leads to the mass balance equation as

presented equation 7-8 [Henry el ah, 1984].

X = SQ + E S,Q>0 (7-8)

The mass balance equation is based on the provision that all compounds are

conservative and chemical degradation processes are ignored. Nevertheless, the kinetics

of chemical degradation processes are specific for each substance and may strongly
affect the relative shares of the different compounds in an observation. Especially for

reactive substances such as isoprene, TMBs and xylenes and especially on remote sites

chemical degradation considerably influences the chemical composition of the present

air mass.

After a standardisation of the data by observation and by compound, PCA provides the

eigenvectors with the corresponding eigenvalues which explain the data matrix by its

most important principal components. Out of these primary eigenvectors a minimum

number has to be chosen that explains most of the data variance. This choice is carried

out by considering the eigenvalues of the corresponding eigenvectors and the residual

variances. In order to transform the principal components to source profiles, further

analysis is necessary.

For the transformation of the eigenvectors into source profiles graphical data inspection
in the space of the eigenvectors is applied. This tool distinguishes the analysis from

other multivariate methods, were many other approaches are used for the determination

of the source profiles [Kontrakts and Spengler, 1987; Shen and Israel, 1989]. In the

graphical data inspection a set of extreme observations is determined as provisional
source profiles out of the graphical structures. The provisional source profiles
contributions are now used as starting values for a non-neçative alternating regression

which aims to minimise Y

to the final source profiles.

Ik 1 k.jn

°n
with respect to S and Q (S,Q > 0), leading

x,y: Mixing ration x at time i of species y

slk: Activity of source k at time i

qty: Emission portion of species y of source k
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0"iy: Standard deviation of species y at time i

The function to be minimised is the same as in Paatero and Tapper [1994]. However,

the difference to Paatero and Tapper [1994] is that the starting values obtained by

visual inspection lead to a better interpretability of the final source profiles and their

respective contributions.

7.9.2 Data selection and data treatment

The analysis was carried out for three different data sets: the data set of Bresso, the data

set of Verzago and a mixed or total data set containing all measurements from Bresso

and from Verzago. The data selection, treatment and analysis was carried out for all

three data sets according to the same criteria.

For the data selection different steps were carried out. First of all, the partly incorrect

observations (e.g. when sampling took place on the wrong traps or if peak areas

exceeded the upper quantification limit) were sorted out. Afterwards, the substances

which are suitable for the analysis were selected. For this purpose, the following

conditions had to be fulfilled:

1. The identification of the substances has to be sure according to Table A-l in

Appendix A.

2. The peak shapes have to be symmetric and the peaks have to be separated at

the baseline.

3. The concentrations of the substances should not contain more than 30% values

below the quantification limit, as all observations with minimally one mixing

ratio below the quantification limit are eliminated from the analysis.

The selection of substances is listed for both stations in Table A-l in Appendix A.

All observations with one or more concentrations below the quantification limit were

eliminated from the rest of the data set. Before PCA was carried out, each observation

was divided by the sum of all mixing ratios in this observation. Provided that dilution

processes reduce all compounds to the same extent, the relative shares of the single

compounds in an observation do not change. Therefore, such a standardisation can be

viewed as a compensation for possible dilution processes. This standardisation further

has the advantage of reducing the rank of the matrix by one. making it better amenable

to graphical inspection. Geometrically spoken, instead of cones or pyramids now

simplices such as tetraeders or triangles have to be found.

Since PCA is influenced by the scale of each variable, its result therefore strongly

depends on the concentration range in which the different compounds are found, ff large
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differences in the concentrations exist, the first eigenvectors will concentrate on the

explanation of the variance of the highly concentrated species. During PIPAPO,

generally, concentrations of i-pentane and toluene were much larger than those of other

hydrocarbons (see box plots in Figure 7.6 and 7.7). Therefore, without standardising the

concentration ranges, the first two eigenvectors could only be associated with two

separate sources for i-pentane and toluene. In order to the influence of high

concentrations, mixing ratios of each compound were standardised by their median.

7.9.3 Determination of considered principal components

In theory, the variance explained by each principal component drops sharply beyond

those components which are associated with important sources. In practice, however,

the variance explained drops off gradually with every additional principal component.

In such cases, the determination of the minimum number of considered principal

components is somewhat arbitrary [Henry et ah, 1984]. Figure D. 1.1 to D.1.3 in

Appendix D show the first ten principal components of the standardised data sets. For

Bresso a sharp decrease in the explained data variance is visible after the third principal

component, whereas for Verzago and the mixed data set the only pronounced decrease

in the eigenvalues exists after the first principal component. As the first principal

component for Verzago explains less than 54%. additional principal components should

be taken into account. For a reasonable choice, besides the eigenvalues also the

distribution of the residual variance was considered (see Figure D.2.1 to D.2.3 in

Appendix D). Usually, those factors are retained, which explain to a large extent the

variance of one or more additional important compounds. According to Figure D.2.2 the

second and third principal component of Verzago explain a large part of C5 and Cc,

alkanes, n-octane and alkylated benzene variances, while the fourth component reduces

the residual variance only for dimethylhexane and alkylated benzenes. Therefore, also

for the data set of Verzago the first three principal components were chosen for further

analysis, explaining 73% of the data variability compared to 76% in Bresso. For the

mixed data set of Bresso and Verzago six principal components explaining 89% of the

data variances were chosen, in order to account for the possibility, that completely
different sources are active at the two stations.

7.9.4 Determination of provisional source profiles by

graphical inspection

For the graphical data inspection all observations were plotted as points in the space of

the chosen eigenvectors. Looking at the data projection in this subspace, the scattered

data should be located within a simplex, whose extreme observations in the corners

correspond to provisional source profiles. Usually, graphical inspection shows that for

each additional eigenvector a new provisional source profile appears. Therefore, the

first tow eigenvectors should show a clear triangle. For data of Verzago and Bresso,
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such triangles were recognisable in projection of the first three eigenvectors, leading to

an arbitrary identification of the four provisional source profiles. Nevertheless, looking

at the data projection for the mixed data set in the space of higher eigenvectors, the

triangles often lose their shape making a determination of comers more difficult.

Figure 7.31 illustrates this problem for the principal components 5, 6 and 7 of the whole

data set.
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Figure 7.31: Projection of all observations in the space of the principal components 5

to 7

While the determination of a triangle with the three corners a, c and d seems quite clear

for the projection in the subspace of principal components 5 and 6, the triangular shape

of the data "cloud" disappears in the two subspaces with the principal component 7.

Further, the projection m the subspace of the components 6 and 7, indicates, that a

should be replaced by b. For an consideration of component 7, more than one additional

extreme point had to be determined in order to include the area of all data points. Also

according to the graphical inspection it seems reasonable to chose the first six principal

components for further analysis.

An important condition for the identification of a source profile as extreme observation

in the data projections is that the source was at least once active without any
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interferences from other sources. If the activity of a source is always coupled to another

sources, its identification is only possible together with the other source.

7.9.5 Results: Source profiles and shares

On the basis of the provisional source profiles the final profiles were calculated by a

linear unmixing analysis. This analysis basically executes alternating regression taking
into account non-negativity constraints and the measurement errors. In gas

chromatography, generally the noise of the baseline is considered when determining the

measurement error. As the noise of the baseline does not depend on the compound and

on the measurement value, the absolute measurement error should be identical for all

compounds. For field measurements with the used instrument, additional error sources

such as memory effects and peak interferences with the matrix have to be taken into

account. These errors are specific for each substance. During PIPAPO, the specific
errors exceeded the noise of the baseline by far. Since these effects mostly depend on

the measured concentration, the measurement error was assumed to be proportional to

the measurement value. The errors were estimated for each compound on the basis of

the field chromatograms, the results of the intercomparisons and the blank

measurements. The accuracy of the estimated relative errors is 10%.

The resulting final source profiles of Verzago shown in Figure 7.32 basically confirm

the interpretations reported in the preceding sections. The analysis resulted in a specific
source for isoprene (source "98.06.27 19:00") and one for toluene with minor shares of

xylenes (source "98.06.23 10:30"). The temporal evolution of the source activity of the

isoprene source follows the concentration courses, as it is the only source for isoprene.

According to the diurnal pattern of the source activity the "toluene" source was only
active at noon being responsible for the midday peaks. As no such source seem to exist

in the surroundings, the toluene source can be attributed to the advection of toluene rich

air. The other two sources (source "98.06.17 21:30" and source "98.07.13 04:30") show

quite a similar composition with major shares for i-pentane and toluene. Only for 2,2-

dimethylpentane, benzene and alkylated benzenes they have different shares. These two

sources represent human activities with a high share of vehicle emissions. Figure 7.33

shows the diurnal evolution of their activities on 19 and 20 June. The different shares in

the afternoon indicate that the sources must have different origins. Source "98.07.13

04:30" reflects the typical air of the nocturnal boundary layer while source "98.06.17

21:30" seems to be active anytime.
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Figure 7.32: Trial (t) and final (f) source profiles for Verzago

117



7. RESULTS AND DISCUSSION OF PIPAPO MEASUREMENTS

10

CO

CO

CD
Ü
i

o

co

-Source 98.06.17 21:30

-Source 98.07.13 04:30

0

19 Jun 00-00 20 Jun 00 00 21 Jun 00:00

Figure 7.33: Temporal evolution of the activity of the two anthropogenic sources in

Verzago

The source profiles found for Bresso which are presented in Figure 7.35 differ

completely from those of Verzago. No source shows a share for isoprene, but each of

the four sources contributes to toluene. An attribution of the found profiles to sources

with known emission profiles seems rather difficult as the highly volatile indicator

species (Co to C4 compounds) are missing. Also a consideration of the shares in

Figure 7.34 reveals no major differences m the source activity, as sources show a

similar evolution with high night time activity. Due to such an activity pattern, fuel

evaporation can be excluded as emission source.
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7. RESULTSAND DISCUSSION OF PIPAPO MEASUREMENTS

The sources "98.06.16 14:00" and "98.06.21 09:30" are probably not traffic emissions

as their profiles differ considerably from known emission profiles for road traffic.

Further, the day time of the provisional source "98.06.11 01:00" indicates that this

source most probably represents the night time vehicle emissions from the highway.

Figure D.3.1 in Appendix D shows the provisional and final source profiles for the total

data set of Bresso and Verzago. As no common sources could be found for Bresso and

Verzago, also the analysis of the total data set did not lead to additional source profiles.

Of the resulting 7 source profiles 3 resulted from observations in Verzago and 4 from

such of Bresso. Completely, 5 sources were identical with those found for the single

data sets of Bresso and Verzago. Interestingly, the toluene emission source was now

found in an observation of the data set of Bresso, agreeing very well with the one found

in the analysis of Verzago. The other new source profile can be attributed to the

measurement of "98.07.02 03:00 V" in Verzago showing high emissions for i-pentane

and 2-methylpcntane. The temporal evolution of the shares shows that besides the

toluene source of Bresso also the vehicle source "98.05.29 16:30 B" of Bresso

contributes during night time to air composition in Verzago. On the other hand, the

"new" source "98.07.02 03:00 V" with strong emissions of i-pentane and 2-

methylpentaneand and the source "98.07.13 04:30 V". both identified in Verzago, show

substantial contributions to the air composition in Bresso.

7.9.6 Conclusions

The statistical analysis generally confirmed the results and interpretations reported in

the preceding sections. This is encouraging, because no a priori information about

emission sources is used in this method. However, the analysis could not help to find

clearly identifiable source types. The assumption that chemistry may be ignored

interestingly did not lead to worse results for Verzago than for Bresso.

For Verzago the analysis confirmed the presence of an independent source for isoprene
and one for toluene mainly active at noon and two mixed sources reflecting

anthropogenic activities. The two mixed anthropogenic sources were attributed

according to the diurnal pattern of their source activities to local anthropogenic emission

from the close surroundings and to a general tropospheric background concentration of

anthropogenic substances. Considering the remote location of the measurement site, it

seems very remarkable that such accurate results were attained by a method which

assumes that no chemical degradation occurs,

For Bresso four independent sources were found, of which two were according to their

profiles attributable to vehicle emission sources. The exact attribution of the found
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7. RESULTSAND DISCUSSION OF PIPAPO MEASUREMENTS

profiles though was not possible, as the source activities did not differ in there temporal
evolutions.

The analysis of the total data set including the measurements from both stations did

basically not reveal new emission sources. Five of the seven profiles even originated
from the same observations as in the analysis of the single data sets. Nevertheless, the

results showed for four sources significant activity at both stations.
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8. Summary and conclusions

Laboratory experiments confirmed the general feasibility to extend the analytical

window of the airmoVOC instrument to C^ hydrocarbons without the installation of a

cooling system for the sampling traps. However, because of breakthrough problems the

trapping of C2 hydrocarbons is not feasible without trap cooling. The adsorbent

Carbopack B turned out to have the best adsorption properties for the whole trapping

window compared to the material Carbopack X, which showed considerable memory

effects for less volatile hydrocarbons. For a further improvement of the sampling

properties, however, the application of three stage sorbent beds should be tested.

Moreover, the implementation of a cooling system for the GC oven should be realised

in order to improve the chromatographic separation of CA to C5 hydrocarbons.

The comprehensive QA/QC program could be carried out within the PIPAPO

framework, involving the two airmoVOC HC 1010 instruments and the calibration

system confirmed the ability and accuracy of the airmoVOC HCl010 instruments for

the continuous and automatic measurement of C5 to C10 hydrocarbons. Additionally,

laboratory experiments showed that ambient ozone has no influence on the recovery of

the highly reactive isoprene, A comparison with a permeation calibrator further

confirmed the accuracy of the tedlar bag calibration. Thanks to the field

intercomparisons with the measurement system from Alpe del Vicerè and the

intcrcalibrations between Bresso and Verzago, the data quality could be guaranteed and

enabled accurate hydrocarbon comparisons between the different stations. For coming

projects the QA/QC program could possibly be improved by emphasising the field

intercomparisons, as they reflect the most important and most critical part of quality

control. For a uniform data quality all hydrocarbon measurement sites should be

involved in the QA/QC activities.

The instrumental maintenance should not be underestimated during long term

measurements. The field experiment revealed a major shortcoming of the analytical

system in decreasing sampling flows leading to considerable data losses in Bresso. This

problem showed up for both devices requiring repeated cleaning of the orifices and
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sampling line on the site. For future experiments, therefore, frequent instrument and van

inspections, if possible every day, are recommended in order to minimise data losses.

Another shortcoming of the system for long term measurements consists in the

antiquated software, which requires an additional software tool involving extensive

manual work for an accurate peak identification and quantification.

The measurements of volatile hydrocarbons during PIPAPO revealed important

information about concentration ranges, diurnal concentration patterns, substance

correlations and active sources of anthropogenic and biogenic hydrocarbon species at

both stations in Bresso and in Verzago. Verzago showed rather low hydrocarbon

concentrations without strong correlations between them. At noon toluene regularly

showed a peak in Verzago indicating the advection of industrial emissions from the

south. In Bresso, concentrations turned out to be dominated by close road vehicle

emission, with a high share of toluene. Especially during night time, strong

concentration increases were measured which could be attributed to the traffic

emissions of the circle highway north of the station. Nevertheless, a complete allocation

of the measured hydrocarbons to specific source types and to a spatial origin was not

possible. This is generally a difficult task for ground based measurements, if the

available meteorological information, particularly in the vertical dimension arc

insufficient. Also multivariate data analysis did not reveal source profiles clearly

attributable to know sources. Therefore, surface measurements should whenever

possible be combined with numerous aircraft measurements in order to provide

evidence about the representativeness of the results for the whole boundary layer.

The measurements further confirmed the importance of biogenic isoprene for the local

ozone production in Verzago and even at the urban site in Bresso. In Bresso the

interferences with t-2-pentene and anthropogenic isoprene could successfully be

distinguished from biogenic isoprene due to their strong correlation with 1,2,4-TMB.

Interestingly, indications exist that a fraction of roughly 40% of these interferences may

be attributed to anthropogenically emitted isoprene from road traffic leading to isoprene

concentrations in the same range as biogenic sources. In Verzago, no evidence for

anthropogenic interferences were found and the total peak areas were assigned to

biogenic isoprene. However, the diurnal concentration pattern of biogenic isoprene
found in Verzago were quite unusual with low afternoon concentrations and a

pronounced evening peak. It can tough be explained by the strong vertical mixing

during the afternoon and the continuing emissions after the collapse of the mixed layer

in the evening. For the investigation of the sharp isoprene decreases in the evening, it

would be very useful to have NO-, measurements, in order to estimate whether other

responsible processes exist such as deposition or enhanced degradation by OH

originating from alkene ozonolysis.
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8. SUMMARYAND CONCLUSIONS

The multivariate data analysis confirmed the existence of the postulated emission

sources for Verzago, the independent isoprene source, the toluene source and two

similar anthropogenic sources. A definitive attribution of the resulting sources

according to their profiles was not possible for Bresso, as their source activities showed

very similar courses with night time activity. The analysis of the total data set including

the measurements from both stations did not reveal additional source types. However,

four of the seven identified sources showed a significant activity at both stations. For a

better interpretation of the statistically determined source profiles a more detailed

knowledge about north Italian emission sources is required.
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Appendix A: Analysed compounds

TABLE A. 1: Compounds analysed during PIPAPO in Bresso and in Verzago with their

identification procedure, number of observations inside the quantification range and

below the lower quantification limit (<LQL), and the relative errors for species used for

multivariate data analysis in percentages.

Compound Identifi¬ Nuiüber of observations Relative

cation* Bresso Ver:mgo error

valid <LQL valid <LQL [%]

i-Butane P 1097 935 1692 15

1 -Butcnc/1,3-Butadiene/n-Butane s 1773 258 1686 21

i-Pentane s 2018 9 2203 6 30

n-Pentane s 2004 25 2197 12 20

Isoprene/t-2-Pentene s 1934 98 2106 103 10

c-2-Pentene u 1404 628 1595 614

2-Methyl-2-Butene u 1737 295 2000 209

2.2-Dimethylbutane p 2008 24 2185 24 10

2.3-Dimethylbutane/Cyclopentane u 25 2007 1176 1033

2-Methylpentane/MTBE p 2000 32 2066 143 10

3-Mcthylpentane p 2002 30 2179 30 10

I -Hexene/1 -Methylpentene u 1940 92 2186 23

n-Hexane s 1909 123 2197 12 10

2,4-Dimethylpentane p 2005 n~] 2192 17 10

Benzene s 2021 11 2200 8 10

Cyclohexane/2-Methylhexane/ u 1980 52 2190 19

Butanol

2,3-Dimethylpentane II 1574 458 2191 18

3-Methylhexane p 1998 34 2191 18 10

i-Octane p 1989 43 2202 7 10

n-Heptane s 2011 21 2191 18 10

Methyl-Cyclohexane u 1792 240 2129 80

"see next page
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Table A. 1 : continued

Compound Identifi¬ Number of observations Relative

cation* Bresso Ver:zago error

valid <LQL valid <LQL

2,4/2,5-Dimethylhexane P 1298 734 2085 124

2,3,4-Trimethylpentane u 1600 432 n.i. n.i.

Toluene s 2019 8 2204 5 10

4-Methylheptane vu 1837 195 533 1676

3-Methylheptane vu 530 1502 2042 167

n-Octane p 1777 255 2025 184 20

Dimethylheptane 11 470 1562 708 1501

Ethylbenzene s 2022 10 2200 9 20

m/p-Xylcne s 2025 7 2206 3 20

Styrene u 113 1919 399 1810

o-Xylene s 2017 15 2195 14 20

n-Nonane s 1829 203 1864 345 20

n-Propylbenzene p 1950 82 2179 30 20

m/p-Ethyltoluene p 2014 18 2066 143 20

1,3,5-Trimethyfbenzene s 1878 154 1453 756 20

o-Ethyltoluene p 1903 129 2028 181 20

1,2,4-Trimethylbenzene p 2021 11 2160 49 30

n-Decane s 1851 181 1520 689 30

1,2.3-Trimethylbenzene s 1867 165 696 1513 30

n-Undecane s 1075 957 0 2209

*Identification: s = sure (standard injection)

p = probable (reference chromatorgrams)
u = unsure (reference chromatograms)
vu = very unsure (reference chromatograms)

n.i.: no identification
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Appendix B: Chromatograms
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B.2 Bresso
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Appendix C: Measurement programs

C.I Concept files

LAPETH instrument

ben tzt

méthodeJ) ZHMESS30

methode_l ZHDESORB

begin_ba.tch

ZHMESS30 46

ZHDESORB 3

end___batch

AFU instrument

ben tzt

méthodeJ) SGMESS30

melhode_l SGDESORB

begin_batch

SGMESS30 46

SGDESORB 3

end_ batch
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C.2 Sampling methods

LAPETH instrument

last_update=24.04.1998
version=HC1010V2.0

erstellei-FG

kurzbeschrcibung=MESS 30min V2

kurzbeschreibung 1 =PTPAPO

kurzbeschreibung2=

kurzbeschreibung3=

dir_rohdaten=

dir_peakdaten=

erstclldatum= 16.04.1998

clat_store= 1

pks_store=l

slope=5.000000

drift=6.000000

pcakbreite= 1.000000

mindestfl„che= 100.000000

zykluszeit=30

substanz= 1

substanzname-sum

rtmi n=0.000000

rtmax=9999.000000

winmin=0.000000

winmax= 1.000000

faktoi-1.000000

fitmode=l

standard=0

proginit

ofcntemperatur 0 35.000000

ficltcmperatur 0 150.000000

rampenrate 0 15.000000

rampenendcO 150.000000

endinit
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progmain

motor_aus 10

motor_ein 13

motor__check 40

motor_aus 40

motor_ein 43

motor_check 70

ventil l_ein 70

ventil2_ein 70

desorption_ein 75

kryok hlung_aus 240

kolonnenvordruck 245 300

desorption_aus 255

ventil l_aus 260

aquisition_ein 265

kryoheizung_ein 265

kryoheizung_aus 355

rampe_ein 385

kolonnenvordruck 415 400

rampe_aus 845

ofentemperatur 845 150.000000

aquisition_aus 895

ofentemperatur 1095 35.000000

kryok hlung_ein 1700

ventiI2_aus 1795

endmain

AFU Instrument

last_updatc= 16.04.1998

version=HC1010V2.0

erstell er=FG

kurzbeschreibung=MESS 30min V2+V3

kurzbeschrei bung 1 =PIPAPO

kurzbeschreibung2=

kurzbeschreibung3=

dir_rohdaten=

dir_peakdaten=
erstell datum=l 6.04.1998

dat_slore= 1

pks_store= 1
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slope=5.000000

drift=6.000000

peakbreite= 1.000000

mindestfl„che=50.000000

zykluszeit=30

substanz=l

substanzname=sum

rtmin=0.000000

rtmax=9999.000000

winmin=0.000000

winmax= 3.000000

faktoi-1.000000

fitmode=l

standard=0

proginit

ofentemperatur 0 35.000000

fidtcmperatur 0 150.000000

rampenrate 0 15.000000

rampenende 0 150.000000

endinit

progmain

motor_aus 10

motor_ein 13

motor_check 40

motor_aus 40

motor_ein 43

motor_check 70

ventil l_ein 70

ventil2_cin 70

ventil3_ein 70

dcsorption_cin 75

kryok hlung_aus 240

kolonnenvordruck 245 200

desorption_aus 255

ventill__aus 260

aquisitioiuein 265

kryoheizung_ein 265

kryoheizung_aus 355

rampe_ein 385
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kolonnenvordruck 415 300

rampe_aus 845

ofentemperatur 845 150.000000

aquisition_aus 895

ofentemperatur 1095 35.000000

kryok hlung_ein 1700

ventil 3_aus 1795

ventil2_aus 1795

endmain

C.3 Calibration methods

LAPETH instrument

last_update=24.04.l998

version=HC1010V2.0

ersteller=FG

kurzbeschreibung=KALIBRATION 5/20 V2

kurzbeschreibung I =PIPAPO

kurzbeschreibung2=

kurzbeschreibung3=

dir_rohdaten=

diu_peakdaten=
erste! ldatum= 16.04.1998

dat_storc=l

pks_store= 1

slope=5.000000

drift=6.000000

peakbreite= 1.000000

mindestfl„che= 100.000000

zykluszeit=20

substanz= 1

substanzname=sum

rtmin=0.000000

rtmax=9999.000000

winmin=0.000000

winmax= 1.000000
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faktor= 1.000000

fitmodc= 1

standard=0

proginit

ofentemperatur 0 35.000000

fidtempcratur 0 150.000000

rampenrateO 15.000000

rampenendeO 150.000000

endinit

progmain

motor_aus 10

motor_ein 13

motor^check 40

motor_aus 40

motor^ein 43

motoiicheck 70

ventil l_ein 70

ventil2_ein 70

desorption _ein 75

kryok hlung_aus 240

kolonnenvordruck 245 300

desorption_aus 255

ventil l_aus 260

aquisition_ein 265

kryoheizung_ein 265

kryoheizung_aus 355

ventil2_aus 370

rampe_ein 385

kolonnenvordruck 415 400

rampe_aus 845

ofentemperatur 845 150.000000

aquisition_aus 895

ofentemperatur 1095 35.000000

kryok hlung_ein 1100

endmain

AFU instrument

last_update= 16.04.1998
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version=HC1010V2.0

ersteller=FG

kurzbeschreibung=KALIBRATION 5/20 V2+V3

kurzbeschreibung 1 =PIPAPO

kurzbeschreibung2=

kurzbeschreibung3=

dir__rohdaten=

dir_peakdaten=

crstclldatum=l 6.04.1998

dat_store= l

pks_store=l

slope=5.000000

drift=6.000000

peakbreite= 1.000000

mindestfl„che=50.000000

zykluszeit=2ü

substanz=l

substanzname=sum

rtmin=0.000000

rtmax=9999.000000

winmin=0.000000

winmax= 1.000000

faktor= 1.000000

fitmode=l

standard=0

proginit

ofentemperatur 0 35.000000

fidtemperatur 0 150.000000

rampenratcO 15.000000

rampenendeO 150.000000

endinit

progmain

motor_aus 10

motor_ein 13

motor_check 40

motor_aus 40

motor„ein 43

motor_check 70

ventil J__ein 70
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ventil2_cin 70

ventil3_ein 70

desorption_ein 75

kryok hlung_aus 240

kolonnenvordruck 245 200

desorption_aus 255

ventil l_aus 260

aquisition_ein 265

kryoheizung_ein 265

kryoheizung_aus 355

ventil3_aus 370

venti!2_aus 370

rampe_ein 385

kolonnenvordruck 415 300

rampe_aus 845

ofentemperatur 845 150.000000

aquisition_aus 895

ofentemperatur 1095 35.000000

kryok hlung_cin 1100

endmain
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Appendix D: Multivariate data analysis

D.l Principal components for standardised data
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Verzago
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D.2 Relative residual variances
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D.3 Trial and final source profiles
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