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Abstract
The transport of NOy reservoir species from midlatitudes into the Arctic and the ther

mal and photochemical breakup of these species has been proposed to be the most im

portant NOx source during spring, and may have an important influence on the ozone 

budget. This has not yet been shown to be correct. The objective of this research is to 

understand the sources of NOx and ozone in high latitudes during spring.

To measure NOx, a high sensitivity chemiluminescence NO detector and a photolytic 

converter for NO2 were constructed. The detection limits for NO and NO2 were 1.70 

and 5.67 part per trillion (pptv) in a one-hour average, respectively. Springtime NOx 

measurements were carried out concurrently with measurements of ozone, PAN, 

J(N0 2), and other species during 1994 at the Zeppelin station on Svalbard, and during 

1993 and 1995 at Poker Flat, Alaska.

The median mixing ratios of NOx, PAN and ozone at Svalbard were 23.7, 237.0 

pptv, and 39.0 parts per billion (ppbv), respectively. During a few ozone depletion 

events in the Arctic marine boundary layer ozone and NOx mixing ratios were as low 

as 4 ppbv and 0.9 pptv, respectively. Halogen chemistry is probably responsible for 

both effects.

The median NOx, PAN and ozone mixing ratios at Poker Flat were 79.5 pptv, 85.9 

pptv, and 40.6 ppbv, respectively. During April and May diurnal cycles of PAN, ozone 

and temperature were observed and anticorrelated with the water mixing ratio. We
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interpret this to be the result of mixing with higher layers of the troposphere during the 

day.

At both locations thermal PAN decomposition was an important NOx source. At 

Svalbard PAN decomposition was small, and the in-situ ozone production rates are an 

insignificant contribution to the ozone budget. Because of the higher temperatures, 

PAN decomposition rates, NOx mixing ratios, and in-situ ozone production rates are 

higher at Poker Flat. A contribution from this production to the overall ozone budget 

was visible during some periods. These results indicate that stable ozone precursors 

which are transported into the Arctic from anthropogenic sources can influence the 

ozone budget in high latitudes.
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1

1. Introduction

1.1 Introduction to tropospheric photochemistry

Ozone plays a central role in the chemistry of the troposphere. It is a key precursor to 

the hydroxyl radical, which is the main oxidizing agent in the atmosphere [Levy, 1971], 

and both determine the “oxidizing capacity” of the troposphere [Thompson, 1992], 

Ozone is a greenhouse gas [Fishman et a l, 1979], and also one of the major pollutants 

which, in high concentrations, can be harmful to human health and to plants.

The local budget of ozone can be described by: 

d0 3  /dt = ± horizontal advection ± vertical advection ± photochemistry - deposition. 

Large amounts of anthropogenic ozone are produced over the industrialized regions of 

the world during the warm seasons. Advection from these sources is dependent on the 

photochemical lifetime of ozone, which is on the order of 10 days [Liu et al., 1980], or 

more in Arctic latitudes [Liu et al., 1987], Stratospheric intrusion of ozone is often 

connected to tropopause folding events in extratropical latitudes [Danielsen, 1968], 

and may show a seasonal maximum in spring [Danielsen andMohnen, 1977], although 

the latter is uncertain and deserves more research [Crutzen, 1995], For the global 

budget, photochemical production in the troposphere is now believed to be larger than 

transport from the stratosphere [Crutzen, 1973; Logan, 1985]. The production of 

ozone in the troposphere results from the presence of NOx (NOx = NO + NO2), hy-
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2

drocarbons, and sunlight [Fishmcm et al., 1979; Liuetal., 1980, 1987; Crutzen, 1988; 

Linetal., 1988],

The chemical production of ozone requires NO2. In an airmass containing only NOx 

and ozone, the following three reactions occur:

NO+O3 —>N0 2 +O2 [11]

N 0 2 + h\{ A, <420nm) NO+ 0 ( 3P) [1 .2 ]

0 ( 3P ) + 0 2 + M - + 0 3+M [1.3]

In this system ozone is in a photostationary state [Leighton, 1961].

[NO] _ J(NO2)
[N 02] M O 3 ] l)

where J(N0 2> is the photolytic rate constant for reaction (1.2). In this scheme, no 

ozone production can occur. In the real atmosphere other compounds, notably CO and 

hydrocarbons, are present. Tropospheric ozone is photolyzed and produces OH, which 

is the primary removal agent for these species.

0 3 + hv(A.<360nm)->0(1D )+02 [1.4]

0 ( 1D)+H20 - > 2 0 H  [1.5]

The reactions for hydrocarbons can be summarized in the following picture 

[Finlayson-Pitts and Pitts, 1986] .
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Figure 1.1. Oxidation o f hydrocarbons by OH in the troposphere.

In this scheme the hydrocarbon reacts with OH and subsequently with O2 to produce 

a peroxyradical (RO2). In a second oxidation step the hydroperoxyradical (H02) is 

generated and restores OH into the reaction cycle. OH and NOx in this scheme are 

therefore catalysts. The reaction of the peroxyradicals, H 02 or R02, with NO produces 

NO2 which will then make ozone (reaction 1 .2 ). This is the only known way to gener

ate ozone in the troposphere.

Because of their long lifetimes, CO and CH4 are more abundant in remote regions 

than non-methane hydrocarbons (NMHC), and thus contribute significantly to the 

chemical in-situ production there. A typical reaction scheme for the production of 

ozone from CO in a NO rich environment is simpler than for hydrocarbons and involves 

the following reactions:
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OH + CO

O2

Figure 1.2. Oxidation o f CO by OH in the troposphere.

Again, OH and NOx are catalysts. The reformation of OH generates NO2 which can 

then produce ozone.

Photochemical ozone production can therefore only occur in the presence of NOx, 

CO, or hydrocarbons. Furthermore, if the NO/O3 ratio drops below about 1/4000, the 

self-reaction of hydroperoxy radicals is favored over the reaction with NO, and ozone 

is slowly destroyed, rather than produced [Liu et al., 1987, Lin et al., 1988].

The concentration of tropospheric ozone is increasing at northern latitudes. A trend 

of 0.67±0.30%/yr has been observed at the surface at Barrow, Alaska [Oltmans, 1993, 

Oltmans and Levy, 1994], This trend is larger in the summer (1.48±0.61%), and not 

significant in the winter [Oltmans, 1993]. At the same time a spring maximum in ozone 

has been observed at many Sub-Arctic (non-marine) locations [Oltmans, 1991; Olt

mans and Levy, 1994; Bottenheim et al., 1994], At Arctic marine locations ozone in 

the boundary layer may be destroyed during spring due to halogen chemistry 

[Bottenheim et al., 1986, 1990; Barrie et al., 1988, 1992; Sturges et a l, 1993, Sol

berg et al., 1996], This depletion of ozone dominates the ozone budget in these re

gions at times, as mixing ratios down to 0 ppbv are frequently observed.

One explanation for both the increasing trend and the spring maximum, might be 

transport of ozone precursors from polluted midlatitudes into the northern latitudes
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[Jaffe, 1992]. Of special importance is the availability of NOx, since CO and CH* are 

relatively long-lived and so are nearly uniformly distributed throughout the tro

posphere. In addition, at many locations, natural hydrocarbons are present, even at 

high latitudes during spring before the appearance of leaves [Herring et al., 1996; and 

also see chapter 6; Jobson et a l , 1994],

Tropospheric NOx is oxidized to HNO3, PAN or other reservoir NOy (=  all reactive 

nitrogen except N2O = NOx + PAN + HNO3 + NO3 + RONO2 + ...) species. The pri

mary sink is HNO3, which is removed by both wet and dry deposition and contributes 

to acid precipitation. During the Arctic winter reduced insolation and temperatures 

increase the lifetime of some NOy species, and thus allow transport over large distances 

and the accumulation of NOy in the Arctic. Organic nitrates have been found to be a 

major fraction of the NOy reservoir. PAN and alkyl nitrates contribute 70 - 80% to 

NOy during spring in the high Arctic [Bottenheim et al., 1993; Muthuramu et a l, 

1994]. This may be a result of HNO3 depletion during transport to the Arctic. Subse

quent warming and increased insolation at the onset of spring can lead to the decom

position of these reservoir species and return NOx to the atmosphere. In this manner, 

thermal decomposition of PAN may be the most important NOx source in the Arctic 

troposphere during the winter-spring transition [Isaksen et a l, 1985; Penkett and 

Brice, 1986], and thus may have an important effect on ozone production, although 

this theory has not yet been shown to be correct.

1.2 Objectives of this work

The overall goal of this work is to understand the NOx and ozone budgets at high lati

tudes. The specific objectives are:

• Measure NOx mixing ratios in the Arctic and Sub-Arctic.

• Quantify the thermal PAN decomposition and its contribution to the NOx budget.
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• Calculate in-situ ozone production rates and HO2 radical concentrations and assess 

the contribution of in-situ production to the ozone budget.

• Understand the behavior of NOx during ozone depletion events in the marine Arc

tic boundary layer.

To achieve these objectives, measurement activities were focused on NO and NO2 at 

Sub-Arctic and Arctic locations during spring. Previously, only NO and NOy have 

been measured in the Arctic during spring, at Barrow, Alaska [Jaffe et al., 1991; Hon- 

rath and Jaffe, 1992]. NOx has been measured in the Sub-Arctic previously during 

summer in Alaska, and in northern Quebec, Canada [Bakwin et al., 1992, 1994; Sand- 

holm et al., 1994], but never in spring when ozone and PAN are known to peak. While 

ozone can be measured with a commercial instrument, NOx requires better detection 

limits than typically available with commercial instruments. This necessitated the con

struction and testing of a high sensitivity NOx detector. For other species, such as 

PAN, CO, NMHCs, and aerosols, measurements were made by other researchers in Dr. 

JafFe’s group at Poker Flat or by researchers from the Norwegian institute for air re

search (NILU) at Svalbard as described later.

For this work a high sensitivity chemiluminescence NO detector and a photolytic 

converter for NO2 were built. The instrument is described in detail in chapter 2. Fol

lowing extensive testing three experimental campaigns were conducted: At the Zeppe

lin station near Ny-Alesund, Svalbard (spring 1994), and at Poker Flat Research Range, 

Alaska (spring 1993 and 1995). From these datasets four papers have been written for 

publication in peer reviewed scientific journals. Two are already published, one more 

has been submitted and the fourth will be submitted soon. These are included in this 

thesis as chapters 3 -6 .
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1.3 General features of the fieldsites

Data from two sampling locations are presented in this work. Both are high-latitude 

northern hemispheric background stations; their locations however give them distinctly 

different characteristics.

The atmospheric research station on Zeppelin mountain near Ny-Aiesund, Svalbard 

was installed and operated by the Norwegian Institute for Air Research (NILU) and the 

Norwegian Polar Institute (NP). The location is at 78°54’N, 11°53’E, 474 m above 

mean sea level. Zeppelin mountain is located about 1.5 km away from the sea. Figure 

1 in chapter 4 shows the location in detail. The station was put into operation in Octo

ber 1989. Measurements of meteorology, ozone, NMHCs, NOy, CO2 and aerosol par

ticles made at the station and in Ny-Alesund are well documented [Hansen-Bauer et 

al., 1990; Solberg et al., 1996a, b; Engardt et al., 1996; Heintzenberg and Leek, 

1994]. The station is often above the inversion layer, so that sampling of free tro

pospheric air is possible [Hov and Holtet, 1987]. During mid-winter the sun does not 

rise at this latitude. Complete darkness at this site ends on Feb. 17, and 24 hours of 

daylight begin on April 18.

The experiment took place from February to May of 1994. A complete snow and ice 

cover was present during the entire campaign. The measured NO2 photolysis rates 

J(N0 2 ) therefore reached noontime maxima of 0.015 s' 1 with a typical albedo of 80%. 

Temperatures during the entire campaign showed very little diurnal cycle. This behav

ior is expected close to an ice covered ocean.

The Climate Change Monitoring station (CCM) at Poker Flat, Alaska, is operated on 

a campaign basis by the Geophysical Institute, University of Alaska. It is located about 

50 km NE of Fairbanks, at 65°08rN, 147°29’W, 470 m above mean sea level. The sta

tion is located in boreal forest, 300 m above the Chatanika river valley. Measurements 

of aerosol particles were carried out near this site since the early 80’s [e.g. Shaw, 1985,
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1991; Slurges and Shaw, 1993], The campaign described in chapter 3 was the first 

time that ozone and other gaseous compounds were measured at this site. As de

scribed in more detail in chapter 6 , the prevailing wind at this site follows the Chatanika 

valley, funneling air either from Fairbanks or from the north-east. CN concentrations 

from the NE are lower than from other sectors during winter and spring [Shaw, per

sonal communication]. Air from this sector represents the clean background flow at 

this site. The snowcover typically disappears at this site around the middle of April, 

consequently the albedo drops sharply. Since the zenith angles are decreasing, J(N0 2> 

shows very similar noon time maxima during March, April and May. The temperatures 

show a strong diurnal cycle even before the snow cover is completely gone. In late 

winter (Feb. - March) trees are typically snow free, except immediately after a snowfall, 

and thus act to increase net absorption.

1.4 Units and symbols used in this thesis

The International Union of Pure and Applied Chemistry (IUPAC) has recommended 

the use of SI units in Atmospheric Chemistry [Schwartz and Wameck, 1995], The 

most notable change for the field of trace gas measurements is the replacement of units 

such as ‘pptv’ (part per trillion (volume)) by ‘pmol/mol’ (pico mol/mol). Both denote 

1 0 '12 v/v. Even though some scientific journals encourage the use of SI units [Rodhe 

and Sundquist, 1996], the scientific community has not yet responded. This thesis con

tains four publications, two of them were written prior to the recommendation. For 

reasons of consistency I will use the ‘old’ units throughout. The following table shows 

all units and symbols used in this thesis and any conversion factors required.
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Table 1.1. Units and symbols used in this thesis.
Quantity unit S.I. unit comment

a*, s.c. m' 1 scattering coefficient

CN cm*3
_ - 3m aerosol number 

concentration, 

10*6 cm*3 = 1 m*3

counts per second cps photoncounts/s

E eV electron volt

F slm standard 1/min (at STP)

F seem cm3/s standard cubic cm/min 

(at STP), 1/60 seem = cm3/s

k1 s*1 s"1 chemical reaction rate, 

unimolecular

ku cm3 molecule s' 1 mol m*3 s*1 chemical reaction rate, 

bimolecular

percent % cmol/mol 10*2 v/v

parts per million ppmv pmol/mol o & < <

parts per billion ppbv nmol/mol 10*9 v/v

parts per trillion pptv pmol/mol o • < <

pressure hPa, mb, atm, 

psi

Pa 1 atm = 1013 mb = 1013 hPa 

= 1.013xl05 Pa,

1 Pa = 14.7 lb./in2

solar flux photon cm*2 s*1

temperature °C,K K 0°C = 273.15 K

volume 1, ml dm\ cm3 1 1 = 10*3 m5

wavelength X nm
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Table 1.2. Abbreviations and acronyms used in this thesis.
AGASPIV Arctic gas and aerosol sampling program

CF conversion factor

DOY day of year, January 1 = DOY 1

ECL electron-couple logic

FID flame ionization detector

GC gas chromatography

GMT Greenwich Mean Time

ID inner diameter

MFC mass flow controller

MS mass spectrometer

NIST National Institute of Standards and Technology

NMHC non methane hydrocarbons

NOAA-P3 Lockheed P3 aircraft used by NOAA

NOx N 0 + N 0 2

NOy all oxidized nitrogen species except N20

OD outer diameter

PAD photomultiplier amplifier discriminator

PAN peroxyacetylnitrate

PMT photomultiplier tube

PSE Polar Sunrise Experiment

seem standard cm3/min at STP

Sno NO sensitivity

STP standard temperature and pressure (298 K and 1 atm)

TTL transistor to transistor logic

UV ultra-violet
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2. Experimental

2.1. Introduction

Our research group, under the supervision of Dr. Dan Jaffe, has undertaken the meas

urements of nitrogen oxides in the Arctic since 1988 [Honrath and Jaffe, 1990, 1992; 

Jaffe et al., 1991], The development of a NO/NOy system is described in detail in the 

Ph.D. thesis of Honrath [1991]. The theory and kinetics of the NO detection by 

chemiluminescence and some background on reaction chamber designs and the prob

lems of artifacts are discussed. I will therefore not reiterate every aspect of these top

ics.

Based on this previous experience, I constructed a new NO detection system. For 

this 'the reaction chamber design by Ridley and Grahek, [1990] was used. In a second 

step a photolytic converter for NO2 [Kley and McFarland, 1980] was added.

In the following chapter I will describe the complete NO and NO2 system as it was 

used during the field campaigns at the Zeppelin mountain, near Ny-Alesund, Svalbard 

1994 and Poker Flat, Alaska 1995. First a diagram of the whole instrument is shown, 

then a description of the NO and the NO2 detection. System control, data acquisition, 

quality control and possible interferences are then characterized.

No references will be made in the text to company names or model numbers. Ap

pendix D lists all the commercial parts purchased for this research.
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2.2. Instrumental configuration

inlet

NO calibration

NO detection

PMT

exhaust

Figure 2.1. Diagram of the NOx instrument. The components o f this instrument are: in
let, NO calibration. NO2 calibration (using NO-O3 titration or an NO2 permeation tube), 
NO2 photolysis system, zeroing system, ozonator, reaction chamber, pumps, computer.

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



18

/T$
n o © xc Solenoid valve 

^  Gas cylinder

Mass flow controller 

Figure 2.1a. Common symbols in the technical drawings.

2.3. Detection of NO

2.3.1 Principle

The measurement of nitric oxide NO is based on the chemiluminescence reaction be

tween NO and O3. The mechanism, reactions 1, 6  and 7, is known since at least 1966 

[Clough and Thrush, 1967, and references therein],

NO+O3 - > N 0 2*(A 2 Bl ) + 0 2 [2 .1a]

NO + O3 -* N 0 2 (X 2 A 1) + 0 2 [2.1b]

N 0 2*(A 2 B1)-> N 0 2 ( X 2 A t ) + hv [2.2]

N 0 2*(A 2 B!) + M ->  N 0 2 (X 2 A l )+M* [2.3]

Reaction 2.2 produces photons in the region of X = 600 to 2800 nm, which can be 

measured by a red-sensitive photomultiplier (PMT). The measured signal is propor

tional to the initial amount of NO.

Theoretically each NO molecule present could produce one photon, which in turn is 

detected by the PMT. However, because of quenching of NO2* and instrumental fac

tors, such as the collection efficiency of the PMT or reflection of photons on walls and 

windows of the reaction vessel, the sensitivity is reduced to 1 to 6  photons s' 1 detected
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per pptv NO present. This is only ~ 10 '8 of what could be seen if every NO produced a 

photon.

The photon intensity of the chemiluminescence reaction Cl (units of photons s'1) in 

the reaction chamber can be expressed as [Ridley et al., 1972; Ridley, 1978; Kley and 

McFarland, 1980; Drummondetai, 1985; Ridley andGrahek, 1990]:

CI=F[NO]M m { l-e^ -ta + ^ tb H O sl1*®)} (2.1)

where F is the total volumetric flow entering the chamber, [NO] is the NO mixing ratio 

in the vessel, [O3] is the ozone concentration added to the gas mixture in excess, and 

tn, is the residence time of the gas in the reaction chamber. 4> is the fraction of NO 

molecules forming NO2*, and 4>m is the fraction of excited NO2 molecules chemilumi- 

nescing;

( 2 2 )

* M = k 2 2  +  k 2 3 [ M ]  < 2 3 )

The response of the PMT is proportional to Cl, a  is a proportionality constant.

Signal = a x  Cl = S[NO] (2.4)

The sensitivity of the chemiluminescence reaction can then be reduced to

S=KF (2.5)

[Ridley and Howlett, 1974], where S is the sensitivity and K a constant for a given sys

tem and conditions. K depends on all the parameters in equation 2.1 and a.

Following equation 2.5, several strategies have been used in the past to increase sen

sitivity:

•  increase F by using a larger pump consistent with O3 production capabilities;

•  increase 0 3 production;

•  increase the temperature, which will increase the quantum yield of reaction 2 .2 ;
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• maximize K by the choice of red-sensitive PMT, improved cell geometry and cell 

reflectivity.

Compared to the system described by Honrath [1991], the increase in the sensitivity 

of the new NO detector is mainly due to improvements in K; the cell geometry of the 

chemiluminescence reaction chamber was unproved by using the reaction chamber de

sign as described by Ridley and Grahek [1990], and the cell reflectivity was increased 

by using a gold plated reaction chamber [Ridley and Grahek, 1990].
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2.3.2 Gas flow through the reaction chamber and detection of 

photons % _ _ _

V ,  < £ \\  V %>*

A \  \ \  * 
v \

V. - ■ —  ,

1 I

( J

Figure 2.2. Reaction chamber. The volume of the reaction chamber is about 250 cm'3. All reac
tion chamber material: gold plated brass except where indicated All Viton o-rings.
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In this NO detection system air is sampled through a Teflon tube and enters the reac

tion chamber at a mass flow rate of 1.0 1/min at STP (slm). There it mixes with ozone 

produced by silent electrical discharge in a flow of 100 - 200 cm3/min at STP (seem) 

oxygen. The mixing occurs in an annular ring in the reaction chamber. The gas then 

leaves this ring towards the window, such that the maximum photon emission occurs 

near the PMT window. The pressure in the reaction chamber is between 6  and 10 

Torr. The residence time of the gas in the reaction chamber is about 0.16 s (at 10 

Torr).

The gas mixture leaves the reaction chamber through a short (0.S m) stainless steel 

tube, enters a catchpot, where the ozone is destroyed on a Hopcalite catalyst, and 

leaves the system through the rotary oil vacuum pump. The exhaust-outlet is placed as 

far away from the inlet as the station setup allows, downwind of the predominant wind 

direction. All exhaust gases such as dumoed calibration gas and purge flows are dis

posed of through one common exhaust.

The photons emitted from reaction 2.2 are collected by a red sensitive PMT, the sig

nal is amplified by a photomultiplier amplifier discriminator (PAD), and subsequently 

converted to a TTL signal, which can be read by the counter channel of the data acqui

sition card. This is turned into a count rate by the software (LT Notebook). Count 

rates are read in 1/10 s intervals and averaged for I s segments. This count rate is the 

primary data from the instrument with units of counts per second (cps).

Photomultipliers are inherently subject to various sources of noise and a dark count 

[Burle, 1980]. This dark current arises from different components [Thom EMI, 1993]; 

they are proportional to the gain or the temperature of the photocathode [Burle, 1980], 

or arise from afterpulses, natural radioactivity in the window or the passage of cosmic 

rays. The main part of the dark current arises from the thermionic component. The 

sum of these terms is referred to as cpspvrr. Chemiluminescence of other gases or the
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reaction of ozone on the wall of the reaction chamber creates an additional background 

signal, cpSchem The total signal is thus:

CpStoul = CpSfNO] + CpSpMT + CpSchem (2.6)

In a so-called zero mode the sum of all background signals is measured by destroying 

NO upstream of the reaction chamber. Assuming that the background signal does not 

change rapidly, the measurement of cpspjoi is the difference between two modes, zero 

and measure. The NO mixing ratio is proportional to the difference between the two 

(Figure 2.3).

[ ^P^Total 

c P S[NO]

1
CpSchem

zero measure cpsPMT
I

Figure 2.3. Count rates in zero and measure mode.

The detection of light with a PMT is based on the photoelectric effect. This is a 

quantum mechanic effect, and is subject to statistical fluctuations described by Poisson 

statistics [Thom EMI, 1993], It shows the same characteristics for both zero and 

measure modes. Thus, accuracy is a function of the averaging time, since both modes 

are affected by the same noise. Based on Poisson statistics Honrath [1991] used the 

so-called S/Scm to confirm that the instrument behaved normal, and the ambient vari

ability as an indication of nearby sources of NOx (see section 2.9.1.4).

The PMT was cooled to a temperature of-18°C to -10°C with a Peltier chamber. To 

minimize heat transfer, the connection between the PMT housing and the reaction
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chamber was made with a phenolic resin ring, instead of a metal ring. This improved 

the temperature of the PMT chamber, since the reaction chamber was held at a tem

perature of 30°C for reasons of stability and kinetics. Unfortunately the PMT cooling 

chamber was not ideal for the poor thermal environments the instrument was later used 

in. Since the cooler did not have a direct thermocouple at the location of the PMT, the 

temperature of the PMT was not known. The PMT was cooled to approximately 38°C 

below ambient temperature. As it turned out none of the laboratories this instrument 

was used in had a very accurate temperature control. This resulted in significant varia

tions in the PMT dark count and the background count rates. The best results were 

achieved during the campaign at the Zeppelin mountain site, where much effort went 

into achieving a stable station temperature of +22°C ±3°C. At the Poker Flat site the 

temperature varied between 16 and 28 °C. This will be discussed more in the section 

about quality control.

Although zero counts were measured every 90 s during the campaigns, actual dark 

counts were measured only infrequently, as this data is not necessary to obtain mixing 

ratios. To measure dark counts, the reaction chamber was removed from the PMT 

housing, the windows were covered with black plastic, so that only the background 

signal from the PMT was recorded. This was done approximately once a year.
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Figure 2.4. Example of dark count rate due to varying lab temperature (Natural Science 
Facility Rm. 186).

In the zero mode, the signal is a result of the PMT dark signal and emission from 

species other than NO. The dark count rate, and consequently c p s^ , were dependent 

on the ambient temperature. Figure 2.4 shows an example for the dark count variation 

in the laboratory. The record started in the evening, shortly after the temperature 

dropped from 25°C to 18°C for the night. In the morning, the temperature in the lab 

changed abruptly. These changes altered count rate, however S/Sou stayed around 1 . 

Since the accuracy of the measurements at very low mixing ratios depends critically on 

the accuracy of the .zero measurement, every measure-mode was preceded by a zero

mode. Thus about half of the time the instrument was in zero mode. Since ambient 

conditions typically shifted on the timescale of hours, rather than minutes, this was suf

ficient for accurate measurements.

The PMT was specified to have a dark count at -1.520 kV and -20°C of 211 cps. At 

a supply voltage below -1.5 kV the dark count rate dropped, however, the signal did
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also. The supply voltage was changed to -1.6 kV, the dark count showed a plateau 

there. Starting at about -1.75 kV the noise of the PMT increased such that the S/Sc* 

was no longer unity.

Figure 2.5. Change o f dark count rate with PMT voltage at constant temperature. The 
circles show the dark count rate, and the stars indicate the S/Sot.

The PMT reached the specified dark count rate only in December 1991,. the lowest 

observed rate from this tube was about 200 cps. The dark count rates got higher over 

the years, 550 cps was a typical rate during the spring of 1995. At the same time, the 

observed sensitivity to the NO chemiluminescence dropped. Possible reasons such as 

water condensation in the PMT cooler or other contamination were excluded. All parts 

of the PMT, the housing and the windows were cleaned with acetone, before they were 

assembled in darkness. The PMT was never exposed to open light or run at too high 

or too low voltage. Degradation is sometimes observed for IR sensitive PMTs [Burle, 

1980], which could explain these observed effects here. As mentioned above, the tem

perature inside the cooler was not known. Recent tests in the lab have shown that the
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PMT is cooled to a AT of -38°C, whereas the manufacturer specified a AT of -40°C. It 

is quite possible that the performance of the cooler declined over the years, which 

could explain the rise in the observed dark counts.

The zero signal was obtained by destruction of NO in the system upstream of the re

action chamber out of the view of the PMT. This was achieved by mixing ozone into 

the sample gas flow. This then reacted with NO so that no NO was present in the re

action chamber and only the background count rate, the sum of dark count and pho

toemission from other species was recorded by the PMT.

In the simplest design, zeroing can be done by diverting a part of the ozone gener

ated by the ozonator into a reaction volume between the mass flow controller (MFC) 

and the reaction chamber. This early design was used on board of the NOAA-P3 dur

ing AGASP IV. However, the instrument proved to be unstable in this setup, since 

with every mode switching flow and pressure differences occurred everywhere down

stream of the MFC. Thus, equilibration times were very long and a negative artifact 

was observed.

The zeroing system was changed during the summer of 1992. A small amount of 

ozone was generated in a quartz tube from ambient oxygen by UV radiation from a Hg 

lamp. The air then passed through a Teflon reaction chamber to allow complete reac

tion. The design of this zeroing chamber proved important for the artifact. The air 

then passed the MFC and went immediately into the reaction chamber.
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Figure 2.6. Design of the zeroing system.

The main advantage connected with this design is that no changes in the flow or 

pressure are seen in the reaction chamber when switching from zero to measure modes. 

Also, the available amount of ozone and its distribution in the reaction chamber is es

sentially the same, thus making the determination of cpszER0 more accurate.

Since the UV lamp has a long warm-up time it is left running continuously. The gas 

flow is switched between zero and measure. Unstable artifact signals and long equili

bration times were observed when air remained in the zeroing tube during the measure 

mode. Therefore a purge flow was used through the zeroing volume during measure 

mode. The purge flow consisted of ambient air, sampled through the same inlet as the 

measured sample, in other configurations artifacts were observed.

The size of the zeroing volume was chosen to be equal the size of the reaction cham

ber, about 250 ml. Initially, the amount of ozone produced by the UV-lamp was large 

enough to destroy >99% of the NO in the given time {Honrath, 1991], This however 

raised a concern that too much ozone was being added and could react with other spe

cies in the ambient air sample, e.g. to produce NOa from NO2 (‘overtrtration’). There

fore part of the lamp was covered such that only 99% of the NO was destroyed. The
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ozone mixing ratio in this setup was not measured, however it can be estimated; to 

achieve 99% zeroing during the 15 s residence time in the zeroing system 700 ppbv 

ozone in the 1 slm sample flow are necessary using an NO + 0 3 rate constant of

1.168x 10'u [molecules' 1 s' 1 cm3]. Since only 99% of the NO was removed, the meas

ured zero level did not represent the true zero, and a small correction factor, the so 

called zeroing-efficiency, was introduced.

Fignre 2.7. Zeroing efficiency.

The mathematical formulation of this zeroing efficiency is shown in section 2.7.1 . 1 .

true zero level

zero measure
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2.3.3 Generation o f ozone

Scrubbers
J T 1

Silent discharge tubes

( g )  Pressure gauge

Oxygen

Valve

Figure 2 .8 . Diagram of the ozonator.

The ozonator used for this research was built by the electronic shop at the Geophysi

cal Institute, UAF. It is housed in a shielded box to avoid the risk of RF radiation 

interfering with the PMT. Two 3 .5” box fans cooled the ozonator. This housing con

tained two independent ozonator systems that were fed from one common oxygen line, 

which were designed to be used by the NOx and NOy instrument. A diagram of the 

ozonator is shown in Figure 2.8. Oxygen entered the system at a pressure of about 20 

psi through two scrubbers (activated carbon and Drierite) through a MFC and a pres

sure gauge. The flow then split. A needle valve is used to adjust the pressure in each 

of the two lines to ambient. The production of ozone occurred in high-voltage dis

charge tubes. Two tubes are used for each independent ozone generating system. The 

high voltage was produced by power supplies fed with IS to 18 VDC, because the 

ozonator was initially built for the aircraft campaign AGASP-IV and 18 VDC was the 

power available on board of the aircraft. For ground based campaigns a conversion 

from 110 or 230 VAC to 18 VDC was necessary. The use of 18 VDC allowed the use 

of commercial automobile parts in the high power generator.
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The discharge tubes were held in place by brass clamps, but compared to previous 

versions of the ozonator [Honrath, 1991], fewer problems with tubes breaking or high 

voltage leaks were encountered.

The amount of ozone that is required to completely react with NO in the reaction 

chamber can be calculated from equation 2.7.

[NO] =e-k[0 3]t (2 .7 )
[NO]0

At a flow of 1200 seem, a pressure of 10 Torr and a temperature o f 30°C in the re

action chamber the residence time t is 0.16 s, and k is 2.0x 10' 14 molecules'ls'1cm3. Un

der these conditions about 0.5% of ozone is required in the reaction chamber for re

moval of 99% of the NO.

The amount of ozone added was not measured. However, the change of the NO 

sensitivity with the ozone flow was tested. For comparison the same test was carried 

out with a commercial ozonator first, to explore the possibility of using metal discharge 

tubes rather than glass. The commercial ozonator contained one metal discharge tube, 

the UAF ozonator runs with two glass discharge tubes in each channel. The drastic 

change of S n o  with the oxygen flow and the lack of any stable plateau-region for the 

commercial ozonator indicated that the UAF built ozonator would be more stable. 

Figure 2.9a shows the results for the commercial ozonator, Figure 2.9b for the system 

built at UAF. The ozonator was used at a flowrate of 200 seem O2 during the meas

urement campaigns.
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Figure 2.9a. Oxygen flowrate versus Sv0  for commercial ozonator with one metal electri
cal discharge tube. The line shows LOWESS-smoothing (tension = O.S).
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Figure 2.9b. Oxygen flowrate versus Svo for UAF ozonator with two glass electrical dis
charge tubes. The line shows LOWESS-smoothing (tension = O.S).

2.3.4 MFCs

The flowrate at which the sampled air enters the reaction volume is critical to the de

termination of the mixing ratio o f NO. In this instrument mass flow controllers (MFCs) 

accurately controlled all flowrates, including the sample flow, the flow of oxygen in the 

ozonator and the calibration gas. MFCs were calibrated before and after each field 

campaign against a mechanical bubble flow meter. During the Spring 95 campaign at 

Poker Flat the calibration was confirmed with an electronic bubble flow meter 

(Gilibrator), which is traceable to a NIST flow standard.

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



34

Table 2 . 1 . Example o f MFC calibration.
MFC display 

[seem]

time [s] s.d. (time) correct flow 

[seem]

1.775 289.917 .955 2.096

4.095 126.765 1.029 4.793

5.980 87.290 .261 6.961

7.415 70.300 .164 8.643

9.550 54.928 .126 11.062

In Table 2.1 a typical example for the calibration of the calibration gas MFC is 

shown. The MFC was set at the nominal readout, and the time that the air took to pass 

a volume of 10 ml was recorded. Four replicate measurements were made at each 

flowrate, the average time and the s.d. is shown in the table. Using the temperature in 

the lab (21°C), and the ambient pressure ( 1 0 1 1  mb), the flow can be calculated in seem.
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Figure 2.10. MFC calibration with bubble flow meter. The x-axis shows the readout of 
the MFC control box, the v-axis is the measured flowrate in seem.

Figure 2 .10  shows the data and regression fit between the observed and the nominal 

flow, as read by the MFC controller. In this case the regression was: seem = 0.059 + 

1 .154 x nominal, P=0.000, r2 = 1.000. This result was later applied for the calculation 

of the calibration parameters. The flowrates were controlled to nominal values of 1.0 

slm for the sample flow, 200.0 seem for the ozonator and between 3.0 and 5.0 seem for 

the calibration gas. The actual flowrates as obtained from the calibrations were re

corded and used in all calculations.

2.3.5 Calibration o f the instrument

Automatic one-point spans were carried out every three hours by standard addition 

of 3.0 to 5.0 seem of 5.0 ppmv NO calibration gas into the sample flow of 1.0 slm. 

The calibration cycle consisted of the measurement of the ambient mixing ratio of NO, 

followed by a zero mode with calibration gas added, followed by a calibration mode -
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measure (with calibration gas added). Those four modes also determined the zeroing 

efficiency.

Figure 2.11. Modes during a calibration.

The two measurements following the calibration were discarded, because a small 

volume of calibration gas between the solenoid valve and the sampling line typically 

took several minutes to get flushed, and so the sample was contaminated with calibra

tion gas.

One-point spans can be used for calibration only if the response is linear to different 

mixing ratios. No reports of non-linear behavior for NO chemiluminescence instru

ments have been found in the literature [e.g. Carroll et al., 1985; Parrish et al., 1990], 

nonetheless the linearity of the NO instrument was tested during each field campaign. 

Figures 2.12 a-c shows the results of a typical linearity test.
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NO fopPvl 

Figure 2.12a. Linearity o f NO detection.

NO [ppbvi

Figure 2.12b. Linearity o f NO detection, double-logarithmic plot.
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Figure 2.12c. Residual o f linear regression.

Linearity was checked between about 1 ppbv up to 40 ppbv. In this example the re

gression shows 1000 cps = -0.995 + 4.185 x NOx [ppbv], P = 0.000, r2 = 1.000. The 

mean residual of the linear regression is 0.001, i.e. 10 cps. The residuals are plotted in 

Figure 12c to see whether any trend was apparent using the plotting method of John

son [1988], The deviation from the linear regression is plotted against the NOx mixing 

ratio.

One-point spans were typically carried out at a level of 9 - 15 ppbv addition. The 

analog output reading of each MFC was recorded by the data acquisition system, to 

accurately calculate the sensitivity. Linearity was not tested below 1 ppbv because a 

second 5 seem MFC was not available. The calibration was expressed as sensitivity to 

NO, Sno in units o f cps/pptv. This sensitivity varied typically between 3 and 4.5.
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2.3.6 Response time

No instrument reacts instantaneously to a stimulus, it needs a certain time to reach a 

full response. To evaluate the time constant for this NO instrument it was operated in 

different modes during which the NO mixing ratios present varied greatly. To measure 

the time constant, calibration gas was added, and the instrument was switched between 

the calibration mode (‘cal’), and the zero mode with calibration gas (‘zero w/ caT). 

This switch represented the biggest change when the instrument cycled in normal op

eration. The full response was established by letting the instrument run in each mode 

for 300 s. This response was set to 1 . The length of each mode was then reduced, the 

normalized response is shown in Table 2.4.

iaoK 2.4. normalized 
length of mode [s]

response in ome constant experiment, 
normalized response

300 1

60 .984

40 .966

30 .948

20 .8 66

10 .462

The response in dB can be calculated using

dB = -20 ln(l+A) (2.8)

where A is 1-normalized response. Figure 2.13 shows this response versus the fre

quency of the mode switching. The response frequency is defined by a fall of dB to -3. 

For the NO instrument it was found to be 0.054 Hz.
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Figure 2.13. Response frequency 

Using

1
(2.9)

the time constant can be calculated as 2.94 s, full response is reached after 6x, about 18

s.

The length of each mode is partly determined by this time constant. Both zero and 

measure modes consist o f 30 s for equilibration, followed by one minute, where the ac

tual data were taken. Since this instrument was built for the measurement of very low 

mixing ratios of NO close to the detection limit, the determination of the zero level was 

as important as the measure mode. A segment of 20 s was added to the zero mode to 

account for the residence time of the air in the zeroing volume. Each zero mode thus 

consisted of 110 s, each measure mode of 90 s. One complete cycle then was 200 s 

long, it was time stamped in the middle of the measure mode, 170 s into the cycle.
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time stamp

30s : 60s

30s : 20s : 60s

zero measure
Figure 2.14. Length of a complete NO measurement cycle.

2.3.7 Possible interferences and artifacts

NO-chemiluminescence detectors may show an artifact that is instrument specific and 

can severely interfere with the detection of low mixing ratios of NO. In this research 

much time was spent to construct an instrument that is artifact-free. An artifact is de

fined here as a response of the instrument which- is statistically different from 0 pptv 

when no NO is present in the sample. The difference arises from different responses to 

the identical air sample in measure and zero mode. If the zero mode shows higher 

count rates a negative mixing ratio is calculated, the artifact is then called ‘negative’ 

(Figure 2.15).

T

CP?[NO]

ESSfflKSl i p

negative positive combination

Figure 2.15. Types of NO artifacts.
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During the spring campaign of 1993 at Poker Flat the measured NO data could not

The reason for this artifact was experimental design and large variations in ambient 

temperature experienced at the field site. The instruments during 1993 were set up in 

a camping trailer without any temperature control, so that diurnal temperature varia

tions of up to 30°C were observed inside the trailer. Figure 2.16 shows nighttime data 

during this campaign. Each point is the average taken between midnight and 2 a.m., 

when the air was supposedly NO free. The significant and variable apparent negative 

NO mixing ratio at night indicated a problem in the initial zeroing configuration. The 

summer of 1993 was spent entirely to improve the instrumental design. During the 

field campaign at the Zeppelin mountain station, Svalbard in 1994, the average night

time NO mixing ratio was -0.021 pptv (o = 1.28 pptv).

be used for analysis because a very large and variable negative artifact was observed.

>
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Day of the Year 1S93

Figure 2.16. NO artifact during Poker Flat 1993.
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An artifact may be due to either chemical or instrumental m echanism s and may be 

negative or positive. However, the exact reasons for artifacts are not known.

Hydrocarbons can interfere with the detection of NO by causing chemiluminescence 

due to their reactions with ozone. Those emissions are typically centered in the visible 

part of the spectrum, and are excluded from detection by a red filter (620 nm) in front 

of the PMT. However, part of the emission may extend into the range above 620 nm 

and may interfere. If the reaction shows similar kinetics as the NO - O3 reaction, and 

the hydrocarbon is therefore removed completely in the zero mode, it will be seen as 

positive interference in the measure mode and lead to a positive artifact. If the reaction 

is much slower, as most hydrocarbon-0 3  reactions are, the interferent will not be re

duced significantly in the zeroing process and will consequently contribute to count 

rates in both zero and measure mode approximately to the same degree. Finally, it is 

possible that secondary products from the zeroing undergo chemiluminescence reac

tions with ozone in the reaction chamber. This might lead to a negative artifact.

Possible interferents include, for example, isoprene, a - or (3-pinene, limonene or 

other terpenes [Bollinger, 1982; Finlayson-Pitts and Pitts, 1986]. Parrish et al. 

[1990] suggests that these may cause a negative NO artifact. Although these are not 

likely to be found in an Arctic environment, they are present in a boreal forest ecosys

tem such as Poker Flat during spring to fall in central Alaska [Herring et al., 1996] and 

Canada [Jobson et al., 1994].

The evaluation o f artifacts is possible by two approaches. Measurement of nighttime 

NO should result in a mixing ratio of zero pptv in the absence of local sources, since at 

night all ambient NO is destroyed by the reaction with ozone. In this work NO meas

urements were considered nighttime when the NO2 photolysis rate J(NOz) fell below 

5xl(T* s' 1 The other way to examine artifacts is to use ultrapure tank air. This method 

has been used previously for NO artifact tests for both ground based and airborne in

struments [Carroll et al., 1985; Parrish et al., 1990; Ridley et al., 1987], However,
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even in the cleanest tank air available, pptv levels of NO may still be found [Scott Spe

cialty Gases, 1995; Ridley et al., 1987], In this research, tank air was found to have 

significantly higher NO mixing ratios than ambient night time air. Both were used to 

gain information on any artifact which might be present. The NO mixing ratio in tank 

air is not identical with the artifact, however the trend of both measurements was found 

to be identical with the nighttime measurements at Svalbard. Thus it was confirmed 

that the instrument was artifact free even during the presence of the midnight sun.

From observations of the instruments during the spring campaigns 1993, 1994, and 

1995 and tests in the lab, three main influences on the artifact were identified:

1. Ambient temperature; minimal artifacts were observed when the ambient labora

tory temperature was kept stable around 22°C. Reduction in the temperature led to an 

increasing negative artifact. High temperatures caused positive artifacts.

2. Pressure changes in the zeroing system. The zeroing system was purged during 

measure mode with sample air at a flowrate o f 1.0 slm. This rate was controlled by an 

additional MFC. With this purge flow, pressure and flow changes during mode 

switching of the instrument were kept minimal and improved the overall stability of the 

instrument. Use of a purge flowrate different from the sample flowrate or purge-gas 

different from the sample-gas resulted in long equilibrium times after mode switching 

and additional artifacts.

3. Changes in humidity of the sampled air. .This has been suggested previously as a 

source of artifacts [Kley and McFarland, 1980] due to chemisorption of water on the 

reaction chamber walls.

To explore whether instrumental conditions affect the artifact, a simple factorial de

sign experiment with 3 factors on 2 levels was carried out [Box et al., 1987],
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Table 2.S. Factorial design
factor - +

A volume 250 ml 500 ml

B material Teflon glass

C air tank (NO ~ 0  pptv) ambient (NO -  0 pptv)

Four different types of zeroing volume were used with two different types of air. 

The following Table 2.6 shows the results of this factorial design for the artifact, using 

Yates Algorithm [Box et a l, 1987], The experiments were carried out in random or

der, in Table 2.6 they are shown in normal order. The column ‘design’ shows the setup 

of the experiment, referring to Table 2.5. The response of the experiment, here the 

measured NO mixing ratio with mean, s.d. and number of samples is shown in the fol

lowing three columns. The following five columns show the calculation of the Yates 

algorithm. Column ‘est.’ is the result of the calculation, it shows how much a certain 

factor, identified in the last column of Table 2.6, contributes to the artifact, and 

whether this is a significant contribution. For each of the different designs calibrations 

were carried out as well, and the effect of the different factors on Sno and the zeroing 

efficiency were investigated.
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Table 2.6a. Results of the Table 2.6b. Yates algorithm for factorial design,
factorial design for the NO 
artifact. Normal order.
design

ABC

NO

[pptv]

s.d. n

1 — -0.089 4.59 81

2 + - - 0.003 2.97 66

3 -  + - -3.75 2.61 55

4 + + - 4.34 4.87 41

5 8.35 11.13 64

6 + - + 14.22 14.15 55

7 -  + + 10.03 13.5 59

8 + + + 2.84 8.47 83

1 2 3 div. est. idem.

-0.085 0.504 35.944 8 4.493 avg.

0.59 35.44 6.862 4 1.715 A
22.57 8.182 -9.024 4 -2.256 B

12.87 -1.32 -5.062 4 -1.265 AB

0.092 0.675 34.935 4 8.733 C
8.09 -9.7 -9.502 4 -2.375 AC
5.87 7.997 -10.375 4 -2.593 BC

-7.19 -13.06 -21.057 4 -5.264 ABC

The result of the factorial design shows the largest estimate for factor C, i.e. the use 

of tank air versus ambient air has a larger influence on the artifact than the size or the 

material of the zeroing volume. This is probably due to two causes, a.) the hydrocar

bons mentioned above, which may be responsible for some additional chemilumines

cence, can cause a negative artifact in ambient air, possibly through secondary products 

from the zeroing process. These tests were carried out during the summer of 1993 at 

the roof of the Geophysical Institute, which borders boreal forest in all directions. Bio

genic hydrocarbons such as isoprene and terpenes were probably abundant, b.) The 

other difference between tank air and ambient air is the humidity. Dry air showed, in 

general, a smaller artifact than moist air. This is the result of measurements during 

which tank air was humidified. The result from the factorial design, however, seems to 

contradict this earlier finding, since ambient air is expected to be moister than tank air, 

but showed a smaller NO mixing ratio. This suggests that the hydrocarbon effect is 

stronger than the humidity effect, but shows also that the question of artifact is very
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complicated. In this research the goal was not to investigate the cause of the artifact 

but to minimize it. Since this was achieved through the results and conclusions of the 

factorial design, the NO artifact caused by humidified tank air was not investigated fur

ther.

In conjunction with the type of air used the material o f the zeroing volume has a 

small effect on the artifact. Teflon seems to cause the smallest artifact. For both Sn-o 

and the zeroing efficiency nothing unusual was noted except for the combination of ma

terial and volume. A small (250 ml) Teflon volume or a large (500 ml) glass volume 

gave similar responses, which were distinctly different from the other two combina

tions. For practical reasons further tests were carried out with the small Teflon vol

ume. In practice the zeroing volume consisted of a 250 ml volume made of 3/4” Teflon 

tubing. The lower residence time of the smaller volume allowed for faster mode 

switching, and obviously this material would not break in the field. This Teflon volume 

proved to be an excellent choice for a zeroing volume; when the temperature and the 

flows were held constant, nighttime NO values o f zero pptv were routinely recorded.

Differences between ambient air and tank air can theoretically also stem from the 

ozone content of the sampled airmass. Ambient air, removed from the radiation field, 

will destroy NO in the reaction with ozone, which in background air is in excess by ~ 

103. The measured NO countrate will therefore be reduced. .

Typical conditions during the winter-spring transition at our field sites were T -  0°C 

= 273 K, p = 950 mbar (both Zeppelin and Poker Flat are slightly elevated sites), [O3] 

= 40 ppbv = 1,008xl012 [molecules cm'3]. The NO + O3 rate constant is k = 2.2xl0'u  

ec-i43o/T) [Atkinson and Lloyd, 1984], which is 1.1716xl0'w [moIecules'ls'lcm3] at 273 

K. The residence time of the ambient air before it reaches the reaction chamber is

[NO]q
(2.7)

[2.1]
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given by the volume of the inlet, which consists of the NO2 photolysis cell, about 2  m 

of 1/8” I.D. tubing, and additionally at Zeppelin 6  m of 15 cm I.D. high volume sample 

manifold, and at Poker Flat 3 m of 1/8” I.D. tubing. The volume of the NO2 photolysis 

cell was about 120 cm3. At Zeppelin the high volume sampling manifold has a volume 

of about 100 1. The flowrate of the high volume sampler was not measured, however, 

typical high volume flowrates are around 3 m3/min, which results in a residence time of 

2 s in the manifold. For the Poker Flat setup; 7 m of 1/8” I.D. tubing have a volume of 

55 cm3, combined with the photolysis cell volume this gives 175 cm3, thus the total 

residence time at a flow of 1 slm will be 10.5 s. The ratio of [NO]/[NO]o according to 

(9) is then 0.883. This discrepancy between the real and the measured mixing ratio re

quires no adjustment, because NO calibration gas is added at the beginning of the 

sampling inlet, and so the calibration gas undergoes the same reduction. Since calibra

tions were carried out frequently, ambient changes in ozone or the temperature were 

incorporated into the calibration factors. At Zeppelin the flowrate of the high volume 

sampler is large enough so that the correction due to the residence time in the manifold 

would be negligible. The calibration gas was added right after the high volume mani

fold.

In the factorial design shown above the S n o  was found to be higher in tank air than in 

ambient air by about 13%, which is explained by the effect of ozone in ambient air. 

The setup during the factorial design tests had a shorter inlet, so that the residence time 

was 7.6 s. This gives a calculated NO reduction of 13% at 40 ppbv ambient ozone, 

which is in excellent agreement with the observation.
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2.4. Detection of NO2

2.4.1 Theory o f NO2 photolysis

The ground state of NO2 is X2Ai, with an O-N-O angle of 134.1°, and a bond length of 

119.34 pm [Herzberg, 1966], The dissociation energy of the ON-O bond D0(ON-N) is 

3.118 ± 0.01 eV, which corresponds to radiation of 397.9 nm wavelength [Stull and 

Prophet, 1971], In the solar spectrum the maximum NO2 dissociation occurs between 

37S and 420 nm [e.g. Harker et al., 1977], Absorption in the visible spectrum above 

400 nm leads mainly to fluorescence [e.g. Patten et al., 1990];

NO 2 + hv(+M) -> N 0 2 +hv' (+M) [2.4]

The fluorescence weakens below 420 nm and disappears at 397 nm. In this range, 

the NO2 absorption is quite complex consisting of a large number of poorly defined 

bands with rotational structures becoming diffuse at wavelengths shorter than 398nm, 

indicating the onset of predissociation [Herzberg, 1966].

The dissociation of NO2 can be described for the two ranges above and below 398 

nm [Okabe, 1978]. At wavelengths below 398 electronically excited NO2 exists in the 

(2Bi) state and has a lifetime of about 5x1 O'13 s. The rotational, but not the vibrational, 

structure of the spectrum is diffuse. The mechanism consists of two reactions;

k2.6 is very large, 9.3 x 10*12 molecules'1 s'1 cm3 [Atkinson and Lloyd, 1984], 

Photodissociation above the threshold of 398 nm is possible through the contribution 

of internal, mostly rotational, energy to supplement the incident photon energy. At 

room temperature only 3% of the molecules are vibrationally excited, whereas a signifi

cant fraction is rotationally excited. It is assumed that this rotational energy is con

verted after absorption to the anti-symmetric vibration v3 before dissociation takes

N 0 2 ( X 2A t ) + h v -J- ° 2 -->NO(X2n)-HO(3P) 

0 ( 3P) + N 0 2 - > n o + o 2

[2.5]

[2.6]
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place [Okabe, 1978], The processes are still subject of active research [e.g. Mons and 

Dimicoli, 1989; R obraetaL, 1990].

The kinetic constant of the above photochemical process J(NC>2) is a function of the 

incident light flux I*., the absorption cross section o*. and the quantum yield 

[Finlayson-Pitts and Pitts, 1986]:

J (N 0 2 ) = 5 X + ; A  [ s ' 1] ( 2  8 )

6 [
i
i
I
i

4 'f-

6

q O c o o
O n
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y oC/3
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Figure 2.17. Absorption cross section for NO2. Shown are averages over S nm wavelength 
intervals.
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Figure 2.18. Quantum yield for NO: photolysis. Shown are averages over wavelength in
tervals of 5 nm (and 2 nm from 390 to 410 nm).
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Figure 2.17 and 2.18 shows a*, and <t>x, respectively after Bass et al. [1976], Jones 

and Bayes [1973] and Atkinson et al. [1989], Ix and Ox are in units of [photons cm'2 

s'1] and [cm2 molecule'1], respectively, <fo. is dimensionless. If the spectrum of the light- 

source is known, J(N0 2 > can be estimated. In Figure 2.19 the spectral intensity Ix is 

shown for a 300 and a 1000 W Xe arc lamp. The data were converted from units of 

W/nm and are shown as averages over 5 nm intervals [ILC Technology, 1992]. The 

300 W lamp shows a photon flux similar to the one reported by Kley and McFarland 

[1980],

_ 1OOOCOE*18

9QOOCOE- 1 7
c

80C0C0E- 1~
VJ
c ~OCGOOE-'7
c
c 60C000E-*7

X 5CC00CE-17

40C0G0E*'7
c
oc. 3CCCCCE* *7
Li.

20CC00E-'7
O iLC 300 W 
c  Kley McPariano

360 330
waveengtn inml

Figure 2.19a. Spectral distribution of photon flux for 300 W Xe arc lamp. Circles show 
the data by Kley and McFarland [1980], diamonds show data for the “ozone free” ILC 300 
W lamp [7IC Technology, 1992]. Shown are averages over 10 nm and 5 nm intervals, re
spectively.

S0G000E-13

5C 0000E -18 r

400000E -18 -
I

-s 300000E* 18 r  •/X ' /

g 200000E'>18 v J >

' 00000E *1S
320 3<3-0 360 380
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Figure 2.19b. Photon flux for 1000 W Xe-arc lamp [ILC Technology, 1992]. Shown are 
averages over S nm intervals.
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The difference between the 300 W and the 1000 W lamps diminish when the output 

area of the lamp is taken into account. The 300 W lamp emits a collimated beam of 1” 

diameter, the 1000 W lamp has a 2” collimated beam. For both lamps the beam half 

angle, at which the intensity falls to 10%, is 3°, thus the divergence is rather small. The 

beam widens and the lamp output decreases with age of the lamp. Figure 2.20 shows 

the photonflux per unit area at the source.

wavelength !nrr]

Figure 2.20. Photon flux [photon s' 1 cm*2] for ILC 300 and 1000 W lamps. Shown are av
erages over 5 nm intervals.

J(N02), calculated from equation 2.8, is shown in Figure 2.21.

wavelength [nm]

Figure 2.21. Spectrally resolved J(NQ>) [s ’] for a 300 and 1000 W Xe arc lamp assuming 
all photons from the lamp enter the photolysis cell. The symbols show averages over S nm 
intervals.
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J(N0 2 ) is the sum over the wavelength range of interest. The sum between 320 and 

420 nm is 0.629 s' 1 and 0.8185 s' 1 for the 300 and the 1000 W lamp, respectively, as

suming all photons enter the photolysis cell. The photolysis cell commonly used for 

N 02 photolysis is made of Pyrex [e.g. Kley and McFarland, 1980; Bollinger et al., 

1984; Parrish et al., 1990], which transmits light only above 320 nm. To reduce inter

ference by other NOy species that might possibly photodissociate in the given wave

length range [Kley and McFarland, 1980], the lamp output was cut off at 350 nm. 

This was achieved using a dichroic mirror for the spectral range of 350 to 450 nm. The 

sum J(N0 2> for X > 350 nm is then 0.505 s‘l and 0.659 s' 1 for 300 and 1000 W, respec

tively. It should be noted here that Kley and McFarland [1980] calculated a J(N0 2 > of 

only 0.32 s 1 for the range from 300 to 400 nm. This difference may arise from differ

ent input parameters used for I*, or different divergences of the UV-lamp.

A conversion factor (CF) for the N 02 photolysis can be defined, where:

A [NO] [N 02 ]t
CF = —-— - = 1 - - --- —  (2 9)

[NO2 ]0 [NO2 ]0 1 ;

CF equals the amount of produced NO divided by the number density NO2 entering 

the conversion cell. This can be expressed as [Kley and McFarland, 1980]:

C F = l-e " J(N°2 )t (2.10),

where the residence time in the cell t is given by 

Vp
t = - j r  (2 .1 1 )

where V is the volume of the photolysis cell, F the mass flow rate through this cell, and 

p the pressure.

In this research two different combinations of lamp and cell were used. For reasons 

that will be explained in more detail in section 2.4.5, it is preferable to use as short a 

residence time in the photolysis cell as possible, however, this will tend to reduce the 

CF. Therefore the initial design used a 1000 W Xe-arc lamp with a cell of 2.1 cm 

length and an illuminated area of 36.31 cm2 (diameter 6 .8  cm). Because of problems
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with cooling of the lamp and cell this design was later replaced by a 300 W Xe-arc 

lamp, a cell of 14.5 cm length and an illuminated area of 5.94 cm2 (diameter 2.75 cm). 

In both designs, a mass flow of 1 slm was used through the cell, the residence times 

were thus 4.6 and 5.2 s, respectively. In both designs the beam diameter determined 

the diameter of the photolysis cell. Calculating CF for various residence times (Figure 

2 .2 2 ) a conversion of 90% or higher was desired. Thus the residence time was chosen 

to be around 5 seconds.

residence time [si

Figure 2.22. CF for different residence times for a 300 W and a 1000 W ILC Xe-are lamp.

Conversion efficiencies above 0.9 as calculated above were never seen in the lab. 

The highest CF seen with a new lamp was of the order of 0.6, this value typically de

graded within a couple of days to 0.4, where it then degraded more slowly. Lamps 

were replaced when the conversion efficiency dropped to 0.25 to 0.2. The difference 

between the theoretical and the measured value for CF arises mainly from the diver

gence of the UV beam. The above calculations were carried out for a non-divergent 

beam, and calculate therefore the maximum CF. The divergence of the beam changes 

with the age of the lamp [ILC Technology, 1992]. For an older lamp the divergence 

can be as large as 3°, with our beam path-length of about 30 cm this implies that only 

20% of the incident UV beam actually will fall into the 1” front window of the conver

sion cell. The measured CF is higher than 0.9x0 2, mainly because the conversion cell
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is tightly wrapped in aluminum foil which reflects the incoming UV light. CF could be 

further improved by use of an appropriate focusing lens.

2.4.2 Design o f the NO2 system

The accurate detection o f NO2 is dependent on several factors, one of which is the ac

curacy of the NO measurement. The NO2 converter using the 1000 W lamp was used 

only once during the measurement campaign at Poker Flat 1993. During this campaign 

the NO artifact was large and variable, and invalidated the measured NO mixing ratios 

(see section 2.3.7). Consequently NO2 mixing ratios could also not be reported. The 

NO2 system with the 300 W lamp was used successfully in the lab and in two field 

campaigns. The practical aspects of the NO2 measurements are discussed in the next 

section for this 300 W system.

sample out

mirror l[r
sample in photolysis cell

dichroic mirror

UVbeam

Xelamp

Figure 2.23. Diagram of the NO2 photolysis system.

Air entered the photolysis system about 1 m downstream from the sampling inlet. 

The photolysis occurred in the conversion cell mentioned above. The body of the cell 

was made of glass and had Pyrex windows transparent to UV radiation above 320 nm. 

It was wrapped tightly with aluminum foil. Inlet and outlet consisted of 1/4” glass 

tubes; the connection to the Teflon tubing was made by 1/4” fluorocarbon unions di-
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rectly onto the glass. This combination was also used for the quartz tubes in the zero

ing system and the NO titration system and proved to be leak tight.

The beam was absorbed below 350 and above 450 nm by a dichroic mirror, the re

maining part of the light was reflected onto a shutter, which was computer controlled. 

Opening the shutter exposed the conversion cell to the UV beam and converted NO2. 

When the shutter was closed no light impinged onto the front window of the conver

sion cell; in this position measurements of NO were taken. Using a Xe-arc lamp in 

pulse mode is in principle possible, but not very practical in this application, because of 

the rise time to full power, and the lifetime of the lamp. The ensemble of lamp, mirror 

with cooling fins, shutter and conversion cell was set up in a rack mountable box, 

which was kept at ambient temperature by 6 box fans on the sides o f the box, and one 

larger fan (diameter 16 cm) directly above the lamp to remove the heat directly from 

the source. The temperature inside the box and especially of the conversion cell is im

portant for possible interferences.

2.4.3 Modes o f detection

Only one chemiluminescence channel is available, NO2 has to be measured differen

tially. Analogous to NO, the NO2 measurement consists of a zero and a measure 

mode. After NO2 is converted to NO, the sum of all NO is measured, that which was 

present initially and the NO that was produced by the photolysis o f NO2. Therefore 

each measurement o f NO2 is referenced against the preceding measurement o f NO. 

The complete measurement cycle consists of four modes, zero and measure with the 

shutter open and with the shutter closed (Figure 2.24). To accurately measure NO2 an 

additional calibration step is needed, which is the conversion efficiency, or the NO2 

sensitivity.
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shutter open

zero measure zero measure

NQ2(meas)

NO(meas)

Figure 2.24. Complete NO2 measurement cycle.
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2.4.4 Calibration o f NO2 conversion efficiency

The calibration of the NO2 conversion efficiency requires the addition of a known 

amount of NO2 to the sample airflow. This can be achieved by either a permeation tube 

or by a gas-phase titration system, in which a known amount of the NO calibration 

standard is reacted with ozone to form NO2. The two systems are described in the 

following sections. The permeation tube system is larger and heavier and was therefore 

used in the field only during the 1993 Poker Flat campaign. Laboratory tests and the 

1993 Poker Flat campaign have shown that both systems give the same results.

2.4.4.1 Permeation tube
An NO2 permeation tube was set up in a glass U-tube in a thermostatted water bath 

at 30 °C. The inlet side of the U contained glass beads to thermally equilibrate the air 

prior to passing over the permeation tube. Tank air at a flow of approximately 5 seem 

was passed over the tube. This flow was established with a flow restrictor. The actual 

flowrate was not critical, because this flow was added to the sample flow of 1 slm, so 

that the mixing ratio of N 02 is determined by the mass loss of the permeation tube and 

dilution of the permeated NO2 into the total sample flow. These factors were accu

rately known.

The weight loss rate of the permeation tube was very small as specified by the manu

facturer (88  ng/min ± 25%), therefore it had to be weighed frequently over a long time. 

Figure 2.25 shows the weight loss of the permeation tube during the Poker Flat cam

paign 1993 to establish an accurate permeation rate.
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Day of tne Year '993 

Figure 2.25. Weight loss o f the NO. permeation tube during Poker Flat 1993.

Using a simple linear regression the loss can be calculated as 53 ng min'1, with a 

relative standard deviation of 5 .7%, which is smaller than the specification for the tube. 

When added to a flow of 1000 seem this corresponds to 28.25 ppbv NO2.

Using a permeation tube for calibration has the advantage that only NO2 is added 

during NO2 calibration. This simplifies the calculations for the NO2 Sensitivity Snch, 

and reduces uncertainties.

2.4.4.2 NO Titration
In this calibration system a small flow of oxygen was added by a flow restrictor 

(typically -30 seem at 20 psi), and fed through a quartz tube where using UV irradia

tion a small amount of ozone was produced. This ozone was added to the NO calibra

tion flow, where it titrated some of the NO to NO2.
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inlet

Figure 2.26. Diagram o f the NO titration system.

The two solenoids were used to bring the oxygen flow either through a Teflon tube, 

in which case no ozone was produced, or through the illuminated quartz tube to pro

duce ozone and NO2. When oxygen flowed through the Teflon tube, a small volume 

was left in the quartz tube. In order not to install a second purge pump, the switching 

of the solenoids occurred well before the actual calibration to ensure that the system 

was equilibrated. The calibration gas during those intermittent periods was discarded.

Once mixed NO and ozone must be allowed time to ensure reaction before the mix

ture enters the sample flow where the reaction is essentially quenched by dilution of the 

ozone. At the same time, the amount of ozone added had to be small enough to con

vert only part of the NO in the standard to NO2, typically around 50%. Minimizing the 

amount o f ozone used helps avoid reactions of ozone with ambient NO (which pro

vides the background in this standard addition method), and also avoids further reac

tion of NO2 to produce other species such as NO3.

The mixing volume for the gas phase titration consisted of about 1 m 1/8” I.D. tub

ing. At a flow rate of 30 seem this required an addition of about 100 ppbv ozone to 

achieve a reduction of NO to 50%. Diluting this mixture into the sample flow resulted
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in an addition of about 3 ppbv ozone to the ambient level, which was negligible. To 

produce this low amount of ozone, the UV lamp was tightly wrapped with aluminum 

foil, and only a pinhole was exposed to the quartz tube [Honrath, 1991],

The determination of the NO2 sensitivity is more complicated, since both NO and 

NO2 are present in the NO2 calibration mode. The experimental determination of the 

above defined conversion efficiency requires several subsequent instrumental modes; 

the necessary calculations are shown in the section 2.9.2.1.

2.4.5 Interferences in NO2 detection

Interferences with the NO2 measurement are connected to processes in the photolysis 

chamber and fall in one of the following three categories; photochemical, thermal or 

surface reactions.

2.4.5.1 Photochemical interference
As mentioned by Kley and McFarland [1980] the photolytic conversion o f NO2 may 

show interferences from HONO and NO3 due to their absorption cross-sections. The 

absorption cross-sections of other NOy species fall off rapidly above about 300 nm. 

The use of the wavelength cutoff at 350 nm should discriminate against those latter 

species. The photolysis of NO3 to NO2 occurs at wavelengths between 600 nm and 

662 nm [Atkinson et al., 1989], the upper cutoff of the dichroic mirror is 450 nm, so 

that interference from NO3 is very unlikely. The absorption cross-section o f HONO is 

of the same magnitude as that of NO2 in the range from 350 to 400 nm; its quantum 

yield is essentially unity [Stockwell and Calvert, 1978; DeMore et al., 1985, 1987; 

Cox and Derwent, 1978], HONO photolysis may be a major source of OH radicals at 

sunrise in polluted urban environments [Finlayson-Pitts and Pitts, 1986], Because of 

its fast photolysis, a possible interference would be expected only at night. HONO 

measurements at Alert, Canada showed mixing ratios of up to 70 pptv during periods 

of complete darkness. With the first appearance of sunlight these mixing ratios drop to
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about 5 -10  pptv [Li, 1994], The denuder technique used by Li also responds to PAN, 

an interference might thus be possible. In general, HONO is not considered a signifi

cant interferent at remote sites [Parrish et al., 1990], Significant mixing ratios of 

HONO were not expected at our field sites.

2.4.5.2 Thermal interference

Interferences from thermal decomposition of either PAN or N2Os are possible in the 

photolysis cell at higher temperatures, according to

k 2 .7

PAN+M( *HiC(COM)?+NO?+M* [2.7]
k - 2 . 7

where k2.7(®) 4.0 x 10I6 e"<( 13,600*3so>T) jyij [Qrlando et al., 1992], and

N20 5+ M - >N0 2 +N 03 +M* [2.8]

where km ., = 9.7xl0u (T/300)°l eKU’080rr) [s'1] [Atkinson eta l., 1989],

Both processes can be described by first order kinetics;

A —lrt
— =e “  (2 .1 2 )
Ao

where Ao is the amount of PAN or N2Os initially present, and t is the residence time.

The ensemble of fans in the N 02 photolysis box ensured that the temperature inside 

and at the photolysis chamber were equal to the ambient temperature. The residence 

time in the photolysis cell was, as shown above, on the order of 5 s. Taking the total 

sampling tubing (1/8” I.D., approximately 4 m) into account, this residence time in

creases to about 7 s. In Figure 2.27 the ratio A/Ao is shown for different temperatures 

for both PAN and N20 5, assuming a residence time of 7 s in equation 2.12.
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Figure 2.27. Thermal decomposition of PAN (circles) and N2O5 (squares) during NQ> 
photolysis.

For PAN thermal decomposition in the cell should not pose a problem until about 

310 K, where less than 2.5% is expected to decompose. Above this temperature PAN 

decomposition will be increasingly important. Parrish et al. [1990] report a discrimi

nation factor of >16 at -295 K for PAN, i.e. the sensitivity of their NO2 instrument to 

PAN is more than 16 times smaller than that for NO2. This factor is larger than ex

pected from thermal decomposition alone and attributed to the sum of all possible inter

ference mechanisms. The discrimination factor for N20 5 was reported as > 9.5 at 255 

K, which again is larger than expected from Figure 2.27. Parrish et al. [1990] how

ever report that NO2 contamination or transient perturbation o f the sample flow were 

possible during their interference tests. N2Oj decomposes thermally in the temperature 

range between 260 and 320 K. Model calculations show that N2Os can reach mixing 

ratios up to 20 pptv at Poker Flat during the night [Herring, personal communication]. 

According to Figure 2.27 the N2O5 interference could contribute as much as 10 pptv to 

the NO2 mixing ratio. Compared to the typical N 02 mixing ratios of about 100 pptv 

found at Poker Flat, this addition is small. Furthermore, N2O5 mixing ratios are ex

pected top drop to zero during the day [Finlayson-Pitts and Pitts, 1986],
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Because of the importance of PAN in the Arctic atmosphere, tests were carried out 

in the lab on the thermal PAN decomposition in our NOx instrument. The NOx system 

was set up together with an NOy detector [Honrath, 1991], so that the thermal PAN 

decomposition in the photolysis cell could be tested. PAN was synthesized in the lab 

[Gaffney et al., 1984] and supplied from a diffusion tube. It was measured as NO fol

lowing reduction by CO in a 300°C catalytic gold converter [Bollinger et al., 1983; 

Honrath, 1991]. The PAN mixing ratio during these tests was about 4.4 ppbv. Meas

urements were carried out in zero air, the background level of NOx in this air was 

measured and found to be 11.2 pptv. The amount of NOx produced from the addition 

of PAN into the NOx sample flow varied between 0 and 50 pptv since the laboratory 

temperatures were not stable. The temperature in the laboratory varied between 19°C 

and 26°C, sometimes a drop in temperature over the full range occurred within a few 

minutes only. Thus 0 and 50 pptv mark the lower and the upper range, respectively, 

for the thermal conversion of PAN in the NO2 photolysis system. These mixing ratios 

correspond to a conversion of 0% at 19°C and 1.1% at 26°C, which agree well with 

the theoretical prediction, as shown above. This also shows that the temperature in the 

photolysis cell was similar to the ambient temperature, otherwise higher conversion 

rates would have been found.

Thermal decomposition of PAN was a potential interference in the NO2 measure

ments only a couple of times during the Zeppelin campaign, when PAN mixing ratios 

reached 730 ppbv [Solberg et al., 1996]. NOx mixing ratios during these times was 

around 25 pptv, which was about the mean value of all NOx measurements at Zeppelin. 

The interference could have been as large as 7 pptv. The mean PAN mixing ratio dur

ing the Zeppelin campaign was 255 pptv, thus the possible interference (2 .8  pptv) is on 

the order of the NOx measurement uncertainty. At Poker Flat, where PAN was much 

lower (mean 84 pptv) and NOx much higher (mean 116 pptv), this interference is neg

ligible.
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2.4.5.3 Interference from surface reactions
Parrish et al. [1990] report an NO2 artifact from two of their instruments that they 

attribute to outgassing of NO2 from particles attached to the wall of the photolysis cell. 

This artifact was on average 17 pptv, and increased at a rate of 2  pptv/day, when unfil

tered air was sampled.

In this research the photolysis tube was cleaned before and once during each field 

season with a concentrated NaOH solution. The cell was rinsed afterwards with 

deionized water. A 2pm Teflon filter was used at the inlet of the instrument to exclude 

particles.

During both of the major measurement campaigns Zeppelin 1994 and Poker Flat 

1995 the NO2 artifact was tested by tank air measurements. Zero air tests were made 

to test the stability o f the instrument, rather than to find an absolute zero level for NO2. 

At Zeppelin only one charcoal scrubber for zero air was available. The mean and me

dian mixing ratios during 150 zero air tests at Zeppelin were 14.84, and 12.93 for 

NO2, respectively. For N 02 a slight negative trend over time could be detected, how

ever, this was significant only at the 90% level. The trend amounted to a decrease of 8 

pptv over the entire sampling period (100 days). During the Poker Flat campaign 1995 

only 38 zero air tests were carried out. Mean and median mixing ratios were 16.62 and 

18.68 pptv for NO2, respectively. The timeseries suggests a negative trend, however, 

too few data were available to calculate a statistically significant trend.

Since no increase was seen in the NO2 mixing ratios in tank air it can be concluded 

that interference from particle contamination was not a problem in the NOx instrument 

described here during the field campaigns.

2.4.6 StfO(on) sensitivity

As shown in section 2.6.5 the photolysis of NO2 by UV light is prone to some interfer

ences. During the earliest tests in the fall of 1992 a systematic difference was seen in
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the NO sensitivity S n o , when the shutter of the NO2 photolysis system was opened this 

sensitivity was higher then when it was closed. This difference arises from the pho

tolysis of NO2 which was formed from NO and O3 during sampling [Ridley et al., 1988; 

Gao et al., 1994] according to;

NO+O3 — N 02+ 0 2 [2.1]

N 0 2 +hv - —NP2- ■> NO+O [2.5]

The NO2 measurement depends critically on an accurate NO measurement. For this 

it is important that the response of the instrument to a known amount o f NO does not 

change or does change in a well defined way between the NO measurement and the 

NO2 measurement. To compensate for changes in the NO mixing ratio due to reactions 

2 .1  and 2.5, Ridley et al. [1988] used S n o  (with the shutter closed) to calculate NO2 

mixing ratios and introduced correction factors which require the accurate knowledge 

of O3, T, p, and J(N0 2 > in the photolysis chamber.

NOx countrate

NO countrate when 
.......................  shutter is opened

NO countrate when shutter is closed

Figure 2.28. Illustration of the ozone effect on the NO sensitivity.

For this research I chose to introduce a separate calibration step Snckoid, during which 

the NO sensitivity was measured with the shutter opened, i.e. under the conditions that 

the NO2 mixing ratios were measured in. The difference between Sno and Sncxod) can 

be theoretically predicted using the following equations for the NO and NO2 mixing 

ratios in the N0 2  photolysis chamber [Gao eta l., 1994]:
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rN° ] t = + k' e-(J+k)t} + (i -  e- (Ii-k'l‘ )

[ N 0 2 ]t =  ™ L  , ,  ^ l k  { k.+ , ,

(2.13)

(2.14)

These equations are derived from reactions 2 . 1 and 2.5 above, [NO]o and [N0 2 ]o de

note the initial amounts of NO and NO2, respectively, before entering the photolysis 

cell, t is the residence time in the cell, J is J(N0 2 ) of the Xe-arc UV lamp and is set here 

as 0.17 s'1, which corresponds to a conversion efficiency of about 30%. k’ is kix[Oj], 

the ambient ozone mixing ratio was typically around 40 ppbv during both field cam

paigns. ki at 273 K is 1.168xl0'14 [molecules*Vlcm3].

The following table shows median NO and NO2 mixing ratios as measured at Sval

bard and Poker Flat, together with calculated mixing ratios in the photolysis cell after a 

residence time of 5 s. The rows "no ozone’ show the mixing ratios that would be pres

ent without the presence of any ozone. This simulates tank air with the given mixing 

ratios of NO and NO2. The following columns show the mixing ratios of NO and NO2 

in the photolysis cell after the standard addition of 5 ppbv NO calibration gas to the 

sample. The resulting sensitivities Sno and Sno(oi» are shown in the last two columns.

Table 2.7. Calculations on Sno and Snckoo) for typical NOx mixing ratios at Svalbard and 
Poker Flat. ___________

soenario ambient 

mixing ratio

mixaig ratio in the 

photolysis cell.

diuaeropen

calibration: sundard addition o f 5 ppbv NO, 

mixing ra tio n  the photolysis oeil

shutter dosed shutter opm

Sno Sno,*)

[NO]0

ta*v]

[NO,],

Dpptvl

[NO],

fiPI*vl

[NO,],

to*vl

[NO],

(Pt**]

[NO,],

[ppw]

[NO],

(P!*vl

[NO,],

Svalbard :.o 24.0 15.3 10.6 4715.8 310.2 4821.8 204.2 3.77 3.85

Svalbard, 

no ozone

2.0 •24.0 13.7 10.2 5002.0 24.0 5015.7 10.25 4.00* 4.01

Poker Flat 8.0 108.0 67.9 48.0 4721.5 394.5 4874.5 241.5 3.77 3.89

Poker Flat, 

no ozone

8.0 108.0 69.8 46.2 5008.0 108.0 5069.8 46.2 4.00* 4.05

• Sno of 4.0 is an assumed value based on our measured calibrations. Since this Table is 
meant to show relative changes, this exact value is not critical.
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Skcxod) in the above examples is between 2  and 3 % larger than Sno in ambient air 

containing 40 ppbv ozone. This theoretical result can be compared to the measured 

data. During our field campaigns Sno«») was on average 1.2% and 1.5% larger than 

Sno at Svalbard and Poker Flat, respectively. The small difference between the theo

retical and the measured values probably arises from J(NC>2) and O3 values different 

from the ones assumed above.

Sncxoii) is recorded routinely to ensure that NO was measured accurately during the 

NO2 measure mode. The mixing ratio o f NO2 was calculated using this sensitivity. As 

a quality control parameter it was also calculated with Sno, to ensure that any differ

ence can be understood as shown above from the behavior o f J(N0 2 >, 0 3, and NOx. 

Furthermore, if other processes, e.g. outgassing of particles in the photolysis cell during 

illumination, created NO during the NO2 measurement this would be seen in Snocoh) and 

applied to the measurements.

The loss of NO to NO2 in the inlet under typical conditions at both Svalbard and 

Poker Flat was about 11.7%. For mean noontime NO mixing ratios at Svalbard and 

Poker Eat of 3.7 and 23.3 pptv, respectively, this results in a N 02 addition of 0.40 and 

2.56 pptv. Given the mean noontime NO2 mixing ratios of about 25.3 and 115.8 pptv, 

this addition is negligible

2.5 Quality control

2.5.1 Calibration parameters

All calibration parameters were followed in control charts. Anticipated values and their 

variation were defined before each field campaign based on the laboratory data and 

monitored during the field campaigns. Two levels were defined; the warning level, 

when the calibration parameter deviated by more than 2 xs.d. from the mean, and the 

action limit at 3xs.d. deviation. Calibrations parameters usually shift slowly over the
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course of weeks or months. Those shifts, however, are small and stay within 1 s.d. of 

the overall mean. Sudden changes of the laboratory environment, or nearby sources of 

NOx will invalidate the calibration parameters. Values outside the action limit were 

discarded, and not used as calibrations. At Zeppelin a few calibrations were discarded 

because of very hot temperatures in the station after a failure of the air conditioning 

system, however none had to be discarded because of nearby sources.

Calibrations were made every six hours. If a calibration was found invalid, the data 

three hours before and after this calibration were discarded as well.

Table 2.8. Calibration parameter during Svalbard 1994.
zeroing

efficiency

Sno SnCKob) conversion

efficiency

N 742 702 704 568

minimum 0.964 3.031 3.001 0.184

maximum 1.000 5.124 5.056 0.617

mean 0.998 4.441 4.510 0.353

s.d. 0.003 0.266 0.229 0.077

median 0.998 4.464 4.528 0.337

Figure 2.29 shows the histogram of all of the Sno during the Zeppelin campaign, the 

lower and higher action limits during this campaign were 3.909 and 4.973, respectively. 

A total of 25 calibrations (3.5% of all calibrations) were outside these limits, and were 

discarded. The difference between Sno and Sno<<») was 1.5%. This strengthens the ar

gument that there was little or no interference from surface reactions in the NO2 pho

tolysis cell. Finally, the conversion efficiency degraded continually as the lamp aged. 

Lamps were replaced when the conversion efficiency reached around 0.2. During the 

Zeppelin campaign the lamp was changed once, around day 90.
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Figure 2.29. Histogram o f the NO sensitivities Sno during the Svalbard campaign 1994.

During the Poker Flat campaign 1995 the same criteria were applied as during Zep

pelin, with one change in strategy, however. While at Zeppelin no access by any kind 

of motor vehicles was possible, the station at Poker Flat was located next to a road, 

and about 200 m to the north o f a construction site. Influence from cars and trucks etc. 

was occasionally seen. A log was kept at the station to record all times when some

body drove to the station. During those times NOx showed a very spiky behavior. 

These data were discarded, according to the log. The quality control procedures de

scribed above were then carried out for the remaining data. These were largely unin

fluenced from direct pollution, however, some influence was still present. The Poker 

Flat data had greater variability than at Zeppelin, as would be expected for these sites 

based on their proximity to sources.
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Table 2.9. Calibration parameters at Poker Flat 1995.
zeroing

efficiency

Sno SnCXoh) conversion

efficiency

N 421 422 411 340

minimum 0.902 2.600 2.580 0.164

maximum 0.998 4.634 4.488 0.622

mean 0.980 3.404 3.407 0.316

s.d. 0.013 0.549 0.515 0.071

median 0.980 3.199 3.219 0.307

Figure 2.30 shows the NO sensitivity during this campaign. It is essentially bimodal. 

In the beginning of the campaign the NO and NO(on) sensitivities were higher than 

during the second half, which can be attributed to changes in the laboratory trailer tem

peratures. From the beginning of the campaign to day 90 the only electrical heater was 

located behind the NOx and ozone instruments. It had to supply heat for the entire 

station, because two other heating circuits failed, continually. Thus the temperatures 

were both low (~ 18°C) and variable during the first period. After day 93 a second 

heating unit started to work in the trailer and the air conditioning system was switched 

on to remove some heat and maintain a more stable temperature. During the second 

half of the campaign the temperatures were higher (~ 2 S°C) but more controlled.
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Figure 2.30. Histogram of the NO sensitivities Sno during Poker Flat 1995.

The temperature change in the trailer did not affect the reaction rates of the chemi- 

luminescence reaction in the reaction chamber, which was held at 30 °C. The only no

ticeable change in the reaction chamber was a pressure change. In the beginning of the 

Poker Flat campaign the pressure in the reaction chamber was on average 6.735 

(±0.021) Torr, after day 90 it was 6.872 (±0.018) Torr. This pressure increase would 

increase the quenching rate of N 02* in the reaction chamber and thus reduce the sensi

tivity. However, the change seems too small to explain the reduction in Sno by 25%. 

The only other factor affecting the sensitivity is the reduced cooling of the PMT.

Two separate sets of quality control criteria were applied for those periods, in the 

first period 12 and in the second period 9 calibrations were outside the 3 s.d. action 

limit (4.9% of total calibrations).
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Tabic 2 .1 0 . Quality control criteria for NO sensitivities before and
after day 93 during Poker Flat 1995.

before day 93 after day 93

Sno SnO(oo) Sno SnO(ob)
N 148 138 274 273

mean 4.033 4.050 3.065 3.082

s.d. 0.444 0.335 0.168 0.169

median 4.164 4.175 3.047 3.062

2.5.2 NO Artifact

As defined in section 2.3.7, the artifact is the response of the instrument significantly 

different from 0 pptv when no NO is present in the sample. The artifact was measured 

using both nighttime air when JCNO2) was below 5XKT4 s'1, and tank air. Similar to the 

calibration parameters shown above, both the tank air measurements and the nighttime 

data were recorded in control charts. The goal was to reach a mean value of zero each 

night. Due to the high stability at the Zeppelin station, this goal was reached.
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Figure 2.31. Determination of the NO artifact at Svalbard 1994 using nighttime NO 
measurements (upper panel) and tank air (lower panel) (hourly averages).

Figure 2.31 shows NO measurements of ambient nighttime air and tank air during the 

campaign at Svalbard 1994. All data in this Figure are hourly averages. The nighttime 

measurements, as mentioned, showed a mean NO mixing ratio o f -0.021 pptv (o = 1.28 

pptv). Tank air measurements were carried out by supplying activated carbon- 

scrubbed tank air into the inlet of the instrument at ambient pressure. A single cylinder 

was used throughout the campaign. The mean NO mixing ratio for the tank of air was 

3.842 pptv (o = 4.30 pptv). The trends of both series, however, are practically identi

cal. A linear regression shows for the nighttime data a trend of 0.012 pptv/day (o = 

0.003), a weighted linear regression shows for tank air 0.015 pptv/day (o = 0.001). 

The tank air mixing ratios were weighted by their measured standard deviation. Figure
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2.32 shows a histogram of NO mixing ratio measured during darkness, when the 

J(N02) sensor recorded a value of less than SxlO*4 s'1. 500 hourly averages, about 

20% of the dataset, were recorded during these nighttime periods. The mean and me

dian is - 0.021 (s.d. = 1.28), and - 0.072 pptv, respectively.
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Figure 2.32. Histogram of NO nighttime data during Svalbard 1994.

The situation is more complicated at Poker Flat. During the beginning of the cam

paign, when the temperatures in the trailer were low, the mean and median nighttime 

NO mixing ratio was - 0.05 (s.d. = 1.88) and 0.029 pptv, respectively, similar to the 

Svalbard data. Following this period, airmasses that contained fresh pollution, possibly 

from Fairbanks, passed the station for several days and high NO mixing ratios were 

measured throughout those days, including the nighttime (DOY 95 - 103). After day 

103, the higher temperatures in the trailer resulted in a positive artifact. It had a mean 

and median value o f 1.96 (s.d. = 1.49), and 2.05 pptv, respectively (n = 111). The
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standard deviation of these nighttime values is on the same order as during the other 

artifact measurements.

~Q 80  9C '0 0  H O  '2 0  '3 0  14-0
day of year 1995

Figure 2.33. Determination of the NO artifact at Poker Flat 1995. The upper panel shows 
night time data, the lower panel shows tank air measurements (hourly averages).

Zero air measurements at Poker Flat started after day 100, as mentioned before, they 

were not made to measure the value of the artifact, but to ensure stability of the in

strument. The NO mixing ratio in this zero air is 6.91 pptv (s.d. 2.91). The measured 

NO mixing ratio in zero air declined at a rate of about 0.12 pptv/day, which amounts to 

S pptv for the last 40 days of the campaign. This decline accounts for the relatively 

large standard deviation in the zero air NO measurement, however, because only so 

few data were taken, this trend does not have a high significance (P = 0.026, r2 = 

0.141). A similar trend in the nighttime NO data was not found. The mean nighttime
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artifact value of 1.96 pptv was subtracted from the measured NO and NO* mixing ra

tios. In addition, the uncertainty in the measurements rose during this latter part o f the 

campaign. The detection limit for this amounts to about 4.5 pptv (3xs.d. of the night

time measurements) in a one hour average.

2.5.3 Detection limit

The detection limits during the Svalbard campaign for NO and N 02 were 4.5 pptv and 

15 pptv in a one-minute average, respectively. During the Poker Flat campaign the de

tection limit was calculated for every mixing ratio measured. The mean and median 3a 

detection limit was thus for NO 7.89 (s.d. = 1.488) and 8.16 pptv, and for N 02 25.57 

(s.d. = 8.50) and 24.06 pptv, respectively, for a one-minute average. All data were 

processed as hourly averages, the detection limit thus is reduced by l/V? of its value. 

The detection limits during both campaigns are summarized in Table 2 .11.
Table 2.11. Detection limits during the two campaipne.

3a D.L. in a 

one-hour average

Zeppelin 1994 Poker Flat 1995

NO n o 2 NO n o 2

[pptv] 1.8 6.1 3.2 10.4

From this alone it is immediately obvious that the proper control o f the laboratory 

environment is very important for low level measurements. At Poker Flat technical 

shortcomings of the station made this control impossible at times. The performance of 

the NOx instrument was consequently poorer, the detection limits were two times 

those at Zeppelin. In addition the NO artifact became important during the Poker Flat 

campaign and also increased the NO detection limit.

2.5.4 Uncertainty o f the measurements

The uncertainty of each calibration and measurement was calculated using propagation 

of error (see section 2.9). The uncertainty was about 33% at the detection limit and
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10% above 10 pptv for NO. Figure 2.34 shows the variation of the relative standard 

deviation (RSD) with the NO mixing ratio at Poker Flat. This relative precision of NO 

can be expressed as a function of the countrates necessary to determine the NO mixing 

ratio:

^  s.d. NO V
RSD no =

cPsmeas ^  cPszero
N (2.13),

[NO] cpsneaj.-cpSzero 

where cpsan is the background countrate detected when no NO is present in the reac

tion chamber, and cpSom is the countrate when NO is present. N denotes the number 

of 1-sec observations in the averaging interval.

Samples influenced by recent nearby emissions of NOx show a higher variability 

[Jaffe et al., 1991], and thus show a higher RSD than background air. Figure 2.34 

shows that only a few measured NO mixing ratios have higher RSDs. For example the 

NO mixing ratios around 10 pptv with RSD of 20% show clearly higher uncertainty, 

and were probably due to recent nearby pollution. This criterion was used during the 

Poker Flat campaign 1995 to flag periods of possible contamination of the data by, for 

example, pollution from Fairbanks or nearby sources.
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NO [pptvj

Figure 2.34. NO RSD versus NO mixing ratios at Poker Flat 199S.

As discussed in various sections in this chapter, a number of systematic errors might 

be present in the measurements. These affect the accuracy of the data. The resulting 

overall uncertainty can be assessed by adding the relative variances of each factor to the 

precision discussed above. The following factors might generate a bias;

♦ NO artifact: No NO artifact was present at Zeppelin and during the first half of 

the Poker Flat campaign. After day 103 at Poker Eat an artifact o f 2 pptv was ob

served during nighttime measurements. The mean NO mixing ratio after day 103 

at Poker E at was 11.5 pptv, the artifact might thus introduce a bias of as much as 

17%. The overall NO uncertainty therefore increased from 10 to about 20 %. The 

NO artifact also can cause a bias in the NO2 measurement. Sncm is roughly a third 

of Sno; measured NO2 may therefore be too high by 6 pptv. At a mean mixing ra

tio of 125 pptv (after day 103) this is about 5%. The uncertainty in the NO2 mix

ing ratio thus increases from 25% to 25.5%.
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♦ Reaction of ambient ozone with NO: The conversion of about 10% of the ambient 

NO adds 1% to the NO2 mixing ratio. This increases the NO2 error from 25% to

25.02%.

♦ Thermal PAN decomposition: 1% of ambient PAN might be converted to NO2 in 

the photolysis cell at elevated temperatures. As mentioned before this is an issue 

only at Zeppelin, where the mean PAN mixing ratio was 255 pptv. The conversion 

might account for as much as 10% of the NO2 mixing ratio.

♦ NO2 screening for shutter malfunction: Also at Zeppelin, the NO2 data might be 

biased towards higher mixing ratios (see section 2.8.4). The medians of the ‘raw’ 

and the screened distribution differ by about 2 pptv, 7% of the mean. The latter 

three effects together increase the overall NO2 uncertainty from 25% to 27.8% at 

30 pptv at Zeppelin.

Despite these possible biases, it is obvious that the uncertainty of the data is domi

nated by the precision of the photon counting technique. A bias changing the accuracy 

of the measurement was only important after day 103 at Poker Flat for NO.
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2.6 Instrumental control

The data acquisition card has one digital output channel with four bits that allows the 

control of four independent digital channels. The numerical values of the ‘modes’ in 

Table 2.12 are the representation o f the binary code for those four bits:

Table 2.12. Binary code o f the digital out-
put channel.

bit 0 24 I zero-measure

bit 1 21 2 calibration

bit 2 2i 4 titration

bit 3 23 8 shutter

16

All of the following terms are recorded for 1-minute averages, i.e. the average of 60 

1-second cps measurements. The standard deviation of these 60 cps values gives the 

s.d. cps.

Table 2.13. Definition of terms.
Directly measured quantities

term stands for

cps counts per second, measured value by instrument. Data acquisition 

reports a 1-min. average.

s.d. cps Standard deviation of the 60 1-second count-rates during the one 

minute averaging period

cPszero cps in the zero mode

cpsmeas cps in the measure mode

w/ cal or (cal) w/ the addition of cal gas

(t) titration on

open shutter open
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Table 2.14. Modes of the NOx instrument.
mode description term calculated

# cal. titration shutter term

0 zero on on open CPStcto w cal (t) open

1 measure on on open CpSmeaa vJ cal (t) open CNOx(calX0

2 zero off on open CpSzera (t) open

3 measure off on open CpSineaa(t)opca ChIOi(meai)

4 zero on off open CpSzCTo W cal open

5 measure on off open CpSmeaa mb' cal open CKOx(cal)

6 zero off off open CpSzcroopca
7 measure off off open CpSmeaa opca -̂'NOxTmeaa)

8 zero on on closed CpSacjo <nt cal (t)

9 measure on on closed CpSmettWcaUt) CNO(calXt)

10 zero off on closed CpSzero(t)

11 measure off on closed CpSmeaa (t) CNCXmeaa)

12 zero on off closed CpSzcroWcal
13 measure on off closed CpSmmWcal CNCXcal)

14 zero off off closed CpSzeco

15 measure off off closed CpSmeaa CttCXmeaa)

The last column of Table 2.14 shows ‘calculated term’, which was generated by sub

tracting the cpsjcn, from the cps^..T as shown here for the NO measure countrate 

Cnoomm), and in more detail in Table 2.17.

.r, cPsme«s “  cPSzero
c NO(n»eas) =  ~ 14)zeroeff N0

These modes were grouped in two types of cycles, a calibration and a measure cycle. 

The measure cycle is shown in Table 2. IS, it consisted of 8 consecutive modes, where a
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measure mode always followed a zero mode. Each zero mode consisted of 110 s, each 

measure mode of 90 s.

Table 2.1S. Modes during the measurement cycle.
mode description

14

15 measure NO

6

7 measure NOx

10

11 measure NO, NO titration on

2

3 measure NOx, NO titration on

In this cycle the instrument simply switched between the zero and measurement 

modes for NO and NOx. The titration was switched on and off regularly to have the 

system equilibrated for a calibration and to avoid overheating of the solenoid valves 

due to staying in one position for too long. The position of the titration valves did not 

influence the measurement in any way. The total length of this cycle was 800 s. The 

calibration cycle had a total length o f2800 s.
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Table 2.16. Modes during the calibration cycle.
mode description

14

15 measure NO

6

7 measure NOx

12

13 calibrate NO

4

5 calibrate NO(on)

10

11 flush

2

3 flush

10

11 measure NO, NO titration on

2

3 measure NOx. NO titration on

8

9 calibrate non-titrated NO

0

1 calibrate NOx in titrated NO

14

15 flush

6

7 flush

10

11 measure NO, NO titration on

2

3 measure NOx, NO titration on
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The instrument ran through a calibration cycle, 15 measurement cycles, a second 

calibration cycle and again 16 measurement cycles. At every mode switch the data 

were written into a file. This file closed after 8 hours and 40 min and a new file was 

started, which ran through the same procedure. This cycle ran indefinitely. The files 

were chosen to be rather short, because then fewer data were lost in case o f power 

outages or malfunctioning of the Notebook software. The latter happened once in a 

while without apparent reason, the program always restarted again without problem. 

For the case of power outages the instrument and the computer were configured so as 

to start automatically, including the software. Only the NO2 photolysis lamp had to be 

started manually, so that after power outages NO data only were recorded for some 

time.

2.7 Equations

The calculations for the calibration parameters and the mixing ratios are shown in the 

following sections. Most of the equations and their standard deviation were derived by 

Honrath [1991], The NO2 conversion efficiency calculation reported by Honrath 

[1991] has a minor error and is corrected in this work. The standard deviation for each 

parameter was derived from error propagation.

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



86

Table 2.17. Summary of the calculated quantities.
Calculated quantities

term calculated by stands for

C\0 (meas)
^NO(ineas) ~

cPsmeas cPszero 
zeroeff NQ

countrate due to 

NO, w/out the addi

tion o f cal gas, titra

tion may be on or 

off, the shutter is 

closed.

CnO(c«1) ^  c p s ^  cp szeI0W /ca[

NO

countrate due to 

NO, w / addition of 

cal gas, titration is 

off, shutter is 

dosed.

CNCKeal) =- “  '

Cn02 (mm) ^ N 0 2 (meas) _  ^N O x(meas) [N O ]x  S^Q fon) countrate due to

NOz

CvOsKdl) <
c NOx(cal) -

jpScai cpSzero w/cai 

zeroeff
NOx

countrate due to 

NOx, w / addition o f 

cal gas, titration is 

off, shutter open.

Cno (cal) (t)
CNO(calKt) =

cPscal ~  cpszeiow /cal 

zeroeff
NO

countrate due to NO 

w/ titrated cal gas, 

shutter is dosed.

CnOx (cil) (t)
c NOx(calXt) =

cpScai— cpSzeiow /cal 

zeroeff
NOx

countrate due to 

NOx w/ titrated cal 

gas, shutter is open.

CnOx (mm)
^NOx(meas) =

cPsmeas cPszero 
zeroeff NOx

countrate due to 

NOx w/ out calibra

tion gas, the shutter 

is open, titration 

may be on or off.
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[NO]
[N O ]-  C n o <“ “ ) 

SNO

mixing ratio of NO 

[pptv] in the sample 

air.

A[NO]cai
A [N O ]c a l= [N O ]„ llJllder- ^ !-

rsample

increased mixing 

ratio of NO in the 

standard addition 

calibration [pptv].

[N O ,]
[N 0 2 ] - CN° 2(neas)

S(N 0 2)

mixing ratio of NO: 

[pptv] in the sample 

air.

Sno C-NO(cal) - ^NO(ineas) 

S n 0 ‘  AtNOJca,

NO sensitivity 

[cps/pptv].

SnCHou) „ ^NCXcal) _ ^NO(meas) 

N W on)'

NO sensitivity 

through the illumi

nated cell 

[cps/pptv].

CN02(cotr) [ 2 0 0  • flowgai • conv e ff • S ^ o ] correction term for 

the amount of NO: 

in the NO standard.

Sn02 S N 0: = S N O (on)x  c o n v . e f f NO2 sensitivity 

[cps/pptv].

zero eff „  cPszero w /ca l— cPszero 
zero e f f  - 1 -

cpScal ~  cPsmeas

zeroing efficiency

conv eff
^  , ^ N O x (ca l) ~  ^NOxfealKt) ^ S^CKon) 
C onv e ff -  1 -  x

LI c N C * ca l)-c NO(calXt) )  s NO J

NO: conversion 

efficiency

S/Son S s.d. cps 

Sent V cps

S/Sent counts verify

ing Poisson statis

tics
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2.7.1 The calculation o f NO mixing ratios

All of the following quantities are calculated for 1-minute averages. The standard de

viations s.d. arise from averaging over 60 1-second average measurements of cps.

2.7.1.1 Zeroing efficiency

The zeroing efficiency calculates the fraction o f NO removed by the zeroing process:

„  cpSzero w/cal_ cPszero 
zeroeff = 1  --------------------------- (2.15)

C ps^ -  cpSjneas

pdcpSjerQ^cai2 +s.d.Cpszero2
s.d. zeroeff = zeroeff •

(cpSzeiow /cal cPszero)

s-d.cpSeai2 +s.d.cpsffiM«2

(c Pscai “  cpSineas)

(2.16)

2.7.1.2 NO sensitivity 

„ CNO(cal)- C NO(ineas)
S n o =  i S 5 £ i  ( 2 1 7 >

, d S No  = S H o J - df ^ Q M )- CNQ(-y  +0.01 (2.18)
Y (c NO(cal) ~  C NO(meas))

0.01 in the above equation is the contribution to SD Sno from the uncertainty in the 

calibration-standard (certified to be ± 10%).

2.7.1.2 NO mixing ratios [pptv]
[NO] is calculated from the measurements o f ambient air with the shutter closed and 

the calibration valve closed (titration may be on or of£ as it does not affect the meas

urement).
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[NO] = C-N? (meaS) (2.19)
s NO

s.d.[NO] = [NO]- (2.20)
V C NO s N 0

NO measurements directly after calibrations are discarded, since calibration gas is still 

present in the lines for about 3 to 5 min. after the calibration.

2.7.1.4 NO detection limit

The detection limit of an analytical method is traditionally defined as 3x the standard 

deviation of a blank measurement [e.g. Winefordener and Long, 1983; Keith, 1991], 

Photon counting techniques follow Poisson statistics. This fact can be used to derive a 

useful quality control parameter and the detection limit of the method.

PMT pulses in a given time increment follow Poisson statistics, where

Vcps=°cps (2.21)

cps is the total number of counts in this time increment, and Oq* its standard devia

tion.

The NO mixing ratio can be calculated by

[N O ]=CN° <me3i) (2.22)
S NO

which, simplified, is equal to

[NO]=CpSme” ~ CpS2” ° (2.23)
S NO

Near the detection limit the two countrates are roughly equal. The standard devia

tion of their difference is

-CPSzero ) = V2 X CPSzeTO (2 24)

Both measure and zero are averaged over N seconds, the standard deviation in [NO] 

for a blank measurement is then
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1 12  x cpszero
° t N 0 | -  S k j o  V  N  ( 2 2 5 )

Consequently, the detection limit is 3xo[noj.

A simple relationship to check whether the system actually follows Poisson statistics 

is the S/Sou ratio, derived from (2.21);

<226>acnt ^cps

This ratio should be close to 1 . High values of S/Seat are encountered if mixing ratios 

vary rapidly, for example during measurements of NO with nearby sources, or when 

instrumental problems are present. S/Scat ratios connected to instrumental problems 

were usually at least one order of magnitude higher than during any ambient NO varia

tions. Instrumental problems causing high S/Seat may include gas leaks or electrical 

problems with the ozonator or the connections between PMT and PAD. These re

quired servicing of the instrument. S/Scat is a very sensitive indicator of instrumental 

problems.

2.7.2 The calculation o f NO2 mixing ratios

2.7.2.1 NO2 conversion efficiency

The conversion efficiency for N 02 was measured using NO-O3 titration. Four calibra

tion modes are necessary for its determination. The NO2 conversion efficiency is given 

as:

conv eff = 1 - ^NOx(cal) ^NOx(calXt) 

.1. ^NO(cal) — ^NO(calKt) >

'  SNO(on)
x ------------- (2.27)

SNO

The conversion efficiency is derived from the amount o f NO2 produced by NO titra

tion that is not converted back to NO by photolysis IHonrath, 1991].
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sd.conveff = conveflf
I

2 2 1 
s.d.CNOx(cal) + s d c NOx(cai)(t) |

” “  “I i- r ^  I -

(c NOx(cal)~c NOx(calKt)) J
s.d.CNCKcal) ^s.d.CNp(cal)(t) 

(C NO(cal) “  C N O (cal)(t))

(2.28)

2.7.2.2 NO(on) Sensitivity

This sensitivity is determined similar to the NO sensitivity; in difference to Sno it is 

measured while the shutter is open and the cell is illuminated. The actual calculation of 

Sno(od) during this campaign is not straight forward, since the calibration standard is not 

NO2 free. With an open shutter this NO2 is converted and contributes to the NO 

amount. The certified amount of NO2 in the standard is 0.2 [ppmv], (the uncertainty 

for NO however is 0.5 [ppmv]). This amount can be taken into consideration for the 

calculation of SncW

C NOx(cal) ~  C NOx(meas) ~  [2Q 0’ flo w cal ~c o n v e f f ' SN p]

[N O ]^ . ( 2 2 9 )

The correction term for the amount of NO2 in the NO standard is named Cnô coid, 

where 200 is:

[NO; ] in the NO standard 200000f  ppt

^NO(on) = '

^sample 1000 "Lsccm.
(2.30)

CN02(cofr) is on the order of 1200 cps, and thus only a small correction compared to

CnOjc(ci1)-

s d ^NO(on) =  ^NO(on)
js -d .C ^ Q ^ ^ ) +  s d -^N O x(meas) + s -d ^ N 0 2 (coni)

(^ N O x(caI) ^N O x(meas) ^ N 0 2 (coir))
\2 + 0.01

(2.31)

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



92

Since there is some uncertainty about the real amount of NO2 in the calibration stan

dard, the calculation of NO2 mixing ratios is made with both, S n o  and S n o w -

2.7.2.3 NO2  mixing ratios

[NO2] is calculated from the measurements of ambient air with the shutter opened, 

(titration may be on or off, the calibration valve is closed):

(2.32)

where

^N02(meas) = CNOx(meas) ~ [NO] x SnO(oii) 

and

(2.33)

SN02 = SNO(on) x conv eff (2.34)

(2.35)

C mO -fmeas') FNOl
• s.d. conv eff2
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2.8 Data treatment

2.8.1 Recording o f raw data

The setup of the Labtech Notebook program is shown in Appendix A.

As mentioned above, one file contained data from 8 hours and 40 minutes continuous 

operation of the instrument. An example of a raw data file is shown in Appendix B.

The header of the file contained the campaign name, the date and time when the cur

rent file was started. The file shown in Appendix B contains data from the measure 

cycle. The first two row are headers containing the names of the blocks from the NB 

program and their units. The first data column shows the cps for the zero mode (col. 

B) as average of 60 1-second cps measurements, then the standard deviation for this 60 

cps, and the pressure in the reaction chamber during this minute. Starting with column 

E the same is recorded for the measure mode. The next four columns show the abso

lute time, only day is elapsed day. The record starts at 18:01 and ends at 18:34. The 

column ‘light check’ contains the voltage from the solar cell to inspect the state of the 

shutter. The ozone mixing ratio from the Dasibi is recorded. The Dasibi produces a 

voltage that is converted to a mixing ratio by the data acquisition software according a 

preset conversion factor. The same procedure is used to record flowrates of the sam

ple and the calibration MFC. The two channels of the J(NCh) sensor are recorded as 

voltage because the final calibration factor was not known at the time of the measure

ments. The calibration factor for J(NC>2) was later provided by the manufacturer.

2.8.2 Data reduction using a LOTUS 1-2-3 spreadsheet

The equations used in the spreadsheet are shown in Appendix C. From the data-analy- 

sis spreadsheet the data were written into a second spreadsheet that contained the time, 

the mixing ratio, its standard deviation, and the detection limit. These spreadsheet
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were imported into Systat, and hourly averages were calculated. Typically 6 to 7 NO 

and NO2 values make up the hourly average. The analysis of the data was performed 

on hourly averages in SYSTAT.

2.8.3 NO2 data during Zeppelin 1994

The digital output channel of the data acquisition card controlling the shutter failed oc

casionally at random times during the Svalbard campaign. It only affected the shutter 

in the NO2 photolysis system. The shutter opened correctly but closed prematurely, 

sometimes after only a few seconds. This problem was first attributed to a grounding 

problem, which seemed likely because feeding off the same 220V circuit instruments 

were used with 220V SO Hz and 115V 50Hz. This measurement could not be used for 

anything, since it consisted of a mixture of NO and N 02 measurement, with no re

corded indication which was measured, except the countrate itself which was between 

the NO and the NO2 countrate. To unambiguously record the state of the shutter a 

solar cell was salvaged from a pocket calculator and connected to an analog input 

channel of the data acquisition card. A voltage was produced, this voltage was higher 

when the light from the UV lamp fell directly on to the cell. This cell was installed to

wards the end of the Svalbard campaign. It not only provided a check on the shutter 

but also served as a check on the degradation of the lamp, since the recorded voltage 

decreased with time in the N 02 mode.

Thus only the last few weeks of data have a reliable marker when the shutter was 

working correctly. By the time the solar cell was installed the data acquisition card 

failed completely. Fortunately by that time a new card was available, and the experi

ment could be continued as planned.

The shutter closing prematurely resulted in a lower count rate than during a valid 

N 02 measurement. Typically this resulted in an NO2 mixing ratios around 0 pptv. Fig

ure 2.35 shows an N 02 measurement over a 2-day period. Clearly visible are some 

data points that stay around 0 pptv or are scattered between 0 and 100 pptv. On day
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65 two distributions can be distinguished, however, on day 64 a clear cut decision' is 

more difficult.
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Figure 2.35. NQ2 mixing ratios [pptv]. Unprocessed 1-minute averages during Svalbard 
1994.

A criterion to remove these incorrect points from the data record had to be found in 

a way that the distribution of the data was not erased from below or censored. Outliers 

in timeseries received little attention in the literature, it was possible to define the out

liers present here as ‘additive outliers’ [Barnett and Lewis, 1984], since the reason for 

the malfunction is known, and the data are superimposed on otherwise reasonable data. 

The distribution of erroneous data must have two qualities, a.) the mean must be 

around zero, since mainly the background NO signal was measured, and b.) The stan

dard deviation of this distribution must be smaller than the standard deviation of the 

valid measurements, since the spurious data are not, or not as much, influenced by am

bient variation.
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A running filter was chosen for the separation of the two distributions. A running 

mean over five data points was calculated, together with its standard deviation. If the 

6th datapoint was smaller than txs.d., then this point was flagged as an outlier, but in

cluded in calculating the next running mean. The running mean of five points proved to 

be too short. It corresponded to roughly one hour worth of NO2 data. Very rarely the 

shutter failed more than once within one hour, in that case, however, the mean was so 

low that the next outlier would not be detected. Thus a running mean of ten one-min

ute NO2 measurements was used. To avoid censoring the set, the parameter t had to be 

adjusted. This method essentially calculates a confidence interval, t-tests were carried 

out with t = 0.5, 1, 1.282, 1.645, and 1.960, which correspond to confidence intervals 

of 40, 63, 90, 95, and 97.5%, respectively. Figure 2.36 shows the resulting distribu

tions for data from day 46 to 66 as box-and-whisker plot. A statistical summary is 

given in Table 2.18.

— ■ ■1 ■■ ° ° 40% included
60% excluded

63% included 
36% excluded

« * a odo

■»oo o 90% included 
10% excluded

O 9  0 0

BQOO O 95% included 
5% excluded

O 9  0

97.5% included 
2.5% excluded

-5 0

booo □ entire distribution
1500  5 0  1 0 0

NO2 [pptv]
Figure 2.36. Box-and-whisker plot of distributions o f NO: data during Svalbard 1994.
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Table 2.18. Statistical summary o f different distributions o f NO2 data DOY 46-66.
confidence level N mean

[pptv]

s.d.

[pptv]

median

[pptv]

complete dataset NO2 2833 25.145 20.741 25.514

97.5 % included

excluded

2574

265

28.092

-4.047

18.795

15.690

26.982 

- 4.922

95% included

excluded

2449

389

29.420 

- 2.093

18.108

14.831

27.731

-3.129

90% included

excluded

2284

551

31.005

0.762

17.421

14.810

28.692 

- 0.638

63% included

excluded

2114

721

32.406

3.785

17.008

15.271

29.550

2.836

40% included

excluded

1670

1163

35.501

10.274

16.861

16.266

31.892

10.649

From those tests the 90% confidence level was chosen as the discriminator. The dis

tribution of the erroneous data fulfilled the two criteria stated above. The overall mean 

o f the data from this 20 day period shifted by 6 pptv from 25 to 31 pptv. The median, 

however, shifted by only half this value. Figure 37 shows an example for the separated 

distributions.
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cay of year : 9 9 ^

57 58 5 9  6 0  5* 62 53 54- 6 5  56

x*c
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Figure 2.37. Separation o f NO? data (upper panel, right axis) from shutter malfunction 
Gower panel left axis) for DOY 55 - 66,1994 at Svalbard

About 1/5 of the entire NO2 data were thus removed, on average 1 point each hour, 

which agrees well with the visually observed frequency of the shutter malfunction. The 

remaining data were hourly averaged and are presented in Chapter 4, 5, and 6.
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3. Poker Flat 19931
A bstract Measurements of the atmospheric mixing ratios of ozone, peroxyacetylni- 

trate (PAN), hydrocarbons, and alkyl nitrates were made in a boreal forest ecosystem in 

the interior of Alaska from March IS to May 14, 1993. During this period the mixing 

ratios o f PAN, alkyl nitrates, and nonmethane hydrocarbons (NMHCs) generally de

creased due to the influence of both meteorology and OH removal. Mean mixing ratios 

of ozone, PAN, C2 - alkyl nitrates, and total C2 - Cs NMHC during southerly flow 

periods were 24.4 parts per billion (ppbv), 132.1 parts per trillion (pptv), 34 pptv, and 

8.2 ppbCv, respectively. During a short period of northerly flow, mixing ratios of PAN 

and total NMHC were approximately 2 times the southerly flow mixing ratios. PAN is 

correlated with ozone, and alkyl nitrates are correlated with alkanes. PAN and ozone 

mixing ratios exhibit similar diurnal variations on a number of days with an early 

morning minimum and afternoon maximum. This is likely due to a diurnal cycle in the 

boundary layer - free troposphere exchange and loss processes in the boundary layer 

for both O3 and PAN. Higher molecular weight (mw) hydrocarbons and alkyl nitrates

1 This chapter was published as 

H. J. Beine, D. A  Jaffe, D. R. Blake. E. Atlas, J. Harris, Measurements of PAN, alkyl nitrates, ozone, 

and hydrocarbons during spring in interior Alaska. J. Geophys. Res.. 101(D7>. 12.613-12.619.1996. 

The formatting has been changed to fit the thesis format, the original paper is unchanged otherwise.
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are observed to decrease more quickly than the lower raw hydrocarbons, consistent 

with removal by OH as the primary loss process.

3.1 Introduction

NO and NO2 (NO + NO2 = NOx) are key species in tropospheric chemistry through 

their primary role in ozone production and influence on the lifetime of the hydroxyl 

radical [Crutzen, 1979; Logan, 1985]. Photochemistry in the troposphere oxidizes 

NOx to reservoir species such as HNO3, peroxyacetylnitrate (PAN), and other organic 

nitrates such as alkyl nitrates (RONO2). The ultimate sink for NOx is HNO3, which 

contributes to acid rain. Photolysis or thermal degradation o f these reservoir species 

can return NOx to the atmosphere. During the Arctic winter, reduced temperature 

and/or insolation increases the atmospheric lifetimes of PAN, alkyl nitrates, and non

methane hydrocarbons (NMHCs), so that they may be transported over large distances 

from midlatitudes into the Arctic. Subsequent warming and increased insolation at the 

onset of spring can lead to the decomposition of these reservoir species and a return of 

NOx to the atmosphere. In this manner, thermal decomposition of PAN may be the 

most important NOx source in the Arctic troposphere during the winter-spring transi

tion [Isaksen et al., 1985; Penkett and Brice, 1986] and thus may have an important 

effect on ozone production in the Arctic spring.

The Arctic atmosphere has some unusual features relative to chemistry in lower lati

tudes. Because the nitric acid reservoir is depleted during transport to the Arctic, or

ganic nitrates are a major fraction of the NOy ( = NOx + PAN + HNO3 + RONO2 + 

N2O3 +...) budget. PAN and alkyl nitrates have been reported to contribute 70-80% to 

NOy during spring in the high Arctic [Bottenheim et a!., 1993; Afuthuramu et al., 

1994], In addition to the odd nitrogen reservoir species, elevated levels of NMHC are 

present in the high latitudes during spring [Rasmussen et al., 1983; Blake and Row

land, 1985; Penkett, 1993; Jobson et al., 1994b]. Furthermore, the decay of NOy
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during spring has been found to coincide with a pulse in NO mixing ratios [Honrath 

cmd Jaffe, 1992], The combination of enhanced NOx and NMHC from anthropogenic 

sources may influence the ozone budget in the Arctic troposphere during spring.

Surface ozone mixing ratios observed at Barrow, Alaska, show a long-term increase 

of about 1%/year [Oltmans and Levy, 1994], This trend may reflect increasing NOx 

emissions and chemical processing of these anthropogenic pollutants. However, the 

long-term ozone trends reported by Oltmans are most pronounced during summer, 

rather than in spring when ozone produced from processing of anthropogenic precur

sors might be expected. A possible explanation is that ozone produced during late 

spring is sufficiently long lived to contribute to ozone trends in the summer. Alterna

tively, regional sources of NOx may be responsible for the summer increase [Jaffe, 

1993],

The broad objective of this work is to gain a better understanding of the sources and 

sinks of ozone and its precursors in the Arctic and, ultimately, to determine the primary 

factors affecting mixing ratios and trends of ozone in the Arctic troposphere. Here we 

present the measurements of trace gases related to oxidant chemistry and describe their 

trends and relationships during the winter-spring transition of 1993 at Poker Flat, 

Alaska. The trace gases we discuss are ozone, C2-C5 NMHC, PAN, and C2-C« alkyl 

nitrates.
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3.2 Experiment

170‘ -160 ' -ISO' -140'

Figure 3.1. Map of Alaska

Measurements were made at Poker Flat Research Range, Alaska (64° I IN , 147° 

43W, 501 m above mean sea level), from March 15 to May 14, 1993 (days of year 74 

to 134) in a boreal forest ecosystem. A map of Alaska is shown in Figure 3 .1. The 

research she is located on a ridge, 300 m above the Chatanika River valley. A Dasibi 

UV-analyzer (model 1003-PC) was used to measure ozone mixing ratios continuously. 

A multi point calibration was carried out by titration of ozone with a NIST traceable 

NO standard (Scott-Marrin). A gas chromatograph with electron capture detector 

(GC-ECD) was used for the PAN measurements. Samples (1 ml) were automatically
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injected every IS min onto a 30-m, 0.53-mm ID capillary column with a stationary 

phase of DB-210. Calibrations were performed every 2 weeks using a diffusion tube 

containing PAN in tridecane. The standard was referenced against the NO standard, 

using a chemiluminescence NO/NOy instrument [Honrath and. Jaffe, 1992]. In the 

calibration system, PAN was detected as NO following reduction by CO in a 300°C 

catalytic gold converter [Bollinger et al., 1983]. The precision of the measurements, 

determined by propagation of error, was 1 \%  and 2.5% for PAN and ozone, respec

tively. Alkyl nitrates (C2 - Cg) were collected for 6 hours on charcoal traps 4 times 

each day and analyzed by GC-ECD and gas chromatography - mass spectrometry (GC- 

MS) [Atlas and Schauffler, 1991]. The precision is estimated to be 5 to 8 %. Whole 

air ambient pressure samples were collected approximately every other day and later 

analyzed by GC-FID for C2 - Cj NMHC [Blake et al., 1996], The precision is the 

larger of 5% or S pptv. Isobaric back trajectories were calculated daily for 00:00 and 

12:00 GMT at 1000 and 850 hPa [Harris, 1982],

3.3 Results

Time series for PAN, ozone, total NMHC, and alkyl nitrate mixing ratios show the 

general decline in mixing ratios during the winter-spring transition (Figure 3.2). On 

two days the isopentane mixing ratio was anomalously high. The measurements on 

these days appear to have been influenced by an unidentified source. Isopentane is 

therefore not included in the sum of NMHC.
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TO 3 0  9 0  100 110 120 i3G  1*0
Day of Year iQS3

Figure 3.2. Daily averages of peroxyacetylnitrate (PAN) (circles, top panel left axis), 
ozone (diamonds, top panel, right axis), total nonmethane hydrocarbons (circles), total alkyl 
nitrates (diamonds), temperature (the bars extend to the daily minimum and maximum), 
ethane (2) and propane (3) (bottom panel as percent of the initial concentration on day 75 
(100%). The initial concentrations were 2320 and 841 pptv for ethane and propane, respec
tively).
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Surface pressure, 8S0 mbar height, and isobaric back trajectories indicate primarily 

southerly flow with an Arctic influence on the site only once during this campaign. 

Days 82 to 86 show airflow from the Arctic into the interior of Alaska. After this pe

riod until the middle of May, trajectories indicate transport from the south and south

east. The unusual persistence of southerly flow during this period contributed to the 

higher than usual ambient air temperatures in Fairbanks. The daily mean temperature 

dining the entire campaign (S.8°C) was 4.8°C higher than the 30 year mean for this pe

riod. The data set is therefore divided into three groups: days 82 to 86 (Arctic flow) 

and the period before and after this time (southerly flow).

Statistics for the three different groups are given in Tables 3.1 a-3. lc. Measurements 

of alkyl nitrates and ozone did not start until days 89 and 100, respectively; they are 

therefore not included in Tables 3.1a and 3. lb.

Table 3.1a. Statistics o f hourly averages for measured values o f PAN and daily samples
for total NMHC for days 74-81 (southerly flow).

Species N Mean s.d. Median Minimum Maximum

PAN [pptv] 13S hours 96 21 95 52 158

Total NMHC 

[ppbCv]

5 days 10.1 1.3 10.5 8.4 11.5

Table 3.1b. Statistics o f hourly averages for measured values o f PAN and daily samples
for total NMHC for days 82-86 (arctic flow).

Species N Mean s.d. Median Minimum Maximum

PAN [pptv] 86 hours 241 80 256 49 371

Total NMHC 

[ppbCv]

3 days 13.7 2.4 14.2 11.1 15.7
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Tabic 3.1c. Statistics of hourly averages for measured values of PAN and ozone, daily 
samples for total NMHC, and 6 -hour samples o f alkyl nitrates for days 87-134 (southerly 
flow).___________________________________________________________________________

Species N Mean s.d. Median Minimum Maximum

PAN [pptv] 1053 hours 138 40 136 27 301

Total NMHC 

[ppbCv]

24 days 7.7 1.5 7.3 5.6 11.6

Alkyl Nitrates 

[pptv]

154 6-hr. 34 10 33 11 66

Ozone[ppbv] 869 hours 27.3 12.6 26.7 0 72.0

Mixing ratios are higher during the period of Arctic flow than during southerly flow. 

Elevated levels o f both gases and aerosols in connection with airflow from the Arctic 

and possible long-range transport from Eurasian sources (in winter and spring) have 

been reported previously [e.g., Raatz and Shaw, 1984; Barrie, 1986; Jaffe et al., 1991] 

and may account for the increases in mixing ratio here. Individual NMHC mixing ra

tios are near those reported for Alert, North West Territories, during the same season 

[Jobson et al., 1994b], but PAN mixing ratios are significantly lower.

After day 125 until the end of the campaign, higher molecular weight alkane and un

saturated hydrocarbon mixing ratios are highly variable, and daily minimum ozone 

mixing ratios are low, probably due to nearby anthropogenic pollution sources.

Alkyl nitrates and NMHC mixing ratios decreased steadily during the measurement 

period. As expected from their atmospheric lifetimes [Roberts, 1990], alkyl nitrates 

with high molecular weight decreased fester than those with low molecular weight. 

Both PAN and ozone showed an increase in their mixing ratios during the first month 

of the campaign and reached a maximum on day 110 after which the mixing ratios de

creased. The trajectories do not explain the observed PAN and ozone increases, 

though the isobaric trajectories do not provide information on altitude variations or 

vertical mixing the air masses may have encountered en route.
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For northern latitudes a general decrease from spring to summer in the mixing ratios 

of NOy species, ozone, and NMHC have been reported [Honrath and Jaffe, 1992; Olt

mans, 1993; Blake and Rowland, 1985; Penkett et al., 1993], our results are in general 

agreement with those earlier reports.

3.4 Discussion

Trace gas trends at Poker Flat showed two main features during this campaign: (1) 

An abrupt transition related to changing air mass back trajectories between days 82 and 

86, and (2) a slow decline in mixing ratios from late winter to early spring. During the 

short period of flow from the north, PAN mixing ratios were the highest observed in 

this campaign but at the low end of mixing ratios observed at a Canadian Arctic site 

during spring [Barrie et al., 1989; Bottenheim et al., 1993], Also, the maximum PAN 

mixing ratio observed at Poker Flat on day 83 (315 pptv) was significantly lower than 

mixing ratios measured during the same time period at Alert, North West Territories 

(500-600 pptv), as part of the Polar Sunrise 1992 Experiment (PSE 92) [Muthuramu et 

al., 1994]. Maximum mixing ratios o f most NMHC at Poker Flat, however, were near 

those found at Alert [Jobson et al., 1994b]. While one should expect variable mixing 

ratios of both PAN and NMHC over the Arctic region, observations at Poker Flat are 

consistent with PAN decomposition or deposition during transport from more northerly 

latitudes. Decreased mixing ratios of PAN could be related to increased rates of ther

mal decomposition encountered during transport south with a minor effect due to in

creases in the NO/NO2 ratio. Lifetimes of PAN with respect to thermal decomposition 

will decrease from near 3 months at -20°C (typical of Alert) to about 8.6 hours at 

10°C. No correlation of PAN mixing ratios with local temperatures is apparent, al

though a general decline of PAN with increasing temperature was found.

The mixing ratios of ozone and PAN were strongly correlated during our campaign. 

Figure 3.3 shows a plot of PAN versus ozone where both data sets were ordered and
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grouped by the ozone mixing ratio. A linear regression, weighted by the standard de

viation of the grouped ozone averages, shows a slope of 1.96 (pptv PAN/ppbv ozone) 

(r2 = 0.997), corresponding to 510 molecules ozone per molecule PAN. During sum

mertime clean westerly flow at Niwot Ridge, Colorado, the ratio o f PAN to O3 was 

found to be about 5 - 9  (pptv PAN/ppbv ozone) [Ridley et al., 1990], Bottenheim et 

al. [1994] report for background air at a rural site in Canada 5.01 (pptv PAN/ppbv 

ozone). Ratios for easterly flow at Niwot Ridge and in Boulder are about one order of 

magnitude higher (39 and 48, respectively) due to fresh emissions of NOx and there

fore recent PAN production [Ridley et al., 1990],

Ozone loDdvi

Figure 3.3. Correlation o f 10th percentiles o f PAN and ozone. The data were ordered by 
the ozone mixing ratios. The line shows a linear regression, weighted by the standard de
viation in the ordered ozone averages, with a slope of 1.96 (pptv PAN/ppbv O3).

PAN and ozone mixing ratios exhibit diurnal cycles during our campaign, which are 

often correlated. On 10 days during our campaign the correlation between hourly av

eraged PAN and ozone mixing ratios was significant at the 95% level. A median diur-
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nal cycle for both PAN and ozone is shown in Figure 3.4 for those 10 days. The diur

nal ozone variation is of the order o f 10 ppbv. The diurnal variation in PAN is about 

60 pptv.

nour o f the day
0  6  12  18  2 4
 1-------------------- 1---------------------1-------------------- j-------------------- j

Hour o f the day

Figure 3.4. Median diurnal cycle for ozone (diamonds, top panel), and PAN (circles, bot
tom panel) for 10 days when the ozone/PAN correlation was significant at the 95% level. 
Those days were 102, 103, 104, 108, 110, 119, 120, 127. 130, and 131. The lines show 
lowess smoothing (tension is equal to 0.25).
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During days when the surface temperature exceeded 10°C, growth in the boundary 

layer mixes air with higher mixing ratios of both PAN and 0 3 from above. This bound

ary layer-free troposphere exchange apparently is less pronounced on cooler days. 

Table 3.2 lists the maximum temperature and the PAN/ozone slope for the 10 days 

when this slope was statistically significant at the 95% level. No clear picture emerges; 

however, part of the data seem to suggest that on days with highest temperatures PAN 

may be decomposing thermally to an increasing extent, leading to a small or even nega

tive PAN/ozone slope. The maximum ratio during periods of concurrent downward 

mixing was 21.5. The slope of 1.96 found when using all of the data as in Figure 3 .3 

indicates that during most times, thermal decomposition during transport results in 

PAN lifetimes which are shorter than the ozone lifetime.

Table 3.2. Maximum temperature and PAN/ozone slope for the 10  days when the

T max. [°C] pptv PAN/ 

ppbvCh

R4 N Day

10.0 21.52 0.746 2 1 1 1 0

10.0 1.48 0.323 20 127

1 1 .1 4.67 0.352 24 10 2

11.7 6.65 0.227 20 103

12 .2 10.13 0.690 23 104

12 .2 3.14 0.622 24 12 0

15.6 3.47 0.453 23 108

15.6 2.94 0.438 20 130

15.6 4.10 0.753 2 1 131

18.3 -2.83 0.216 2 1 119

That PAN and 0 3 are correlated in both daily averages for the whole campaign and 

the hourly averages on many days is probably a result of several causes. First, the daily
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averages for both reflect the similar seasonal cycles, whereby both PAN and O3 show a 

recurrent April maximum [e.g., Barrie et al., 1989; Bottenheim et al., 1993; Oilmans 

ami Levy, 1994]. Whether the accumulated PAN reservoir causes the O? maximum, as 

proposed by Isaksen et al. [1985] and Penkett and Brice [1986], is not clear from these 

data. The role of boundary layer exchange in transporting both PAN and ozone to the 

surface is apparent from the diurnal cycle on a number of days and the good correlation 

on those days.

Sounding data from the Fairbanks international airport indicate median mixing 

heights during the afternoons of around 1400 m. Every night, low-level surface inver

sions formed. However, at the Poker Flat site, which is located about 50 km from Fair

banks and on a ridge, the situation is unclear. The nighttime loss of both PAN and O3 

shown in Figure 3.4 suggest rapid deposition in a shallow inversion layer. Thus we 

conclude that in general the boundary layer is a sink for both O3 and PAN. Deposition 

of both on snow surfaces is not likely to be a substantial loss process. In April, loss of 

both to vegetation probably became more important as the snow disappeared.

An estimation of the thermal PAN decomposition can be made from simple kinetics. 

The three most important reactions for formation and loss of PAN are

PAN—-3- »H3C C 002 +N 0 2 [3.1]

H3CCOO2 +N 02 - 3i >PAN [-3.1]

H3CCOO2 + NO- -k—- > H3CCOO2 NO [3.2 ]

Finlayson-Pitts and P itts [1986] calculated the thermal PAN decomposition rate at a 

given temperature from the first order rate constant k3.u where k3.i = 1.95xl016 e(' 

13,343/T) £s-ij [Atkinson and Lloyd, 1984], This method ignores the reformation of PAN. 

However, it is probably an acceptable approach at Poker Flat, given that NOx mixing 

ratios are low.
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The highest median PAN mixing ratio o f about 170 pptv occurs at 15:00 in the after

noon (Figure 3 .4). The mixing ratio drops subsequently over the next 10 hours to 120 

pptv. This drop is possible from thermal decomposition alone at about 3°C, using the 

approach discussed above. At temperatures of 10°C, which were frequently seen dur

ing our campaign, thermal decomposition alone would result in a drop from 170 pptv 

to about 50 pptv over 10 hours. Therefore for PAN, thermal decomposition in the 

boundary layer, when the temperature is above 0°C, is also increasingly important.

In spring, diurnal boundary layer variations are relatively large in interior Alaska. 

Daytime solar heating occurs during the many clear days, resulting in growth in the 

mixed layer. At night, strong temperature inversions reform due to radiative cooling. 

Thus in the boundary layer we believe the observed mixing ratios result from the differ

ence between the source from above and the boundary layer losses. Although the me

teorological and chemical situation was rather different, a similar conclusion was also 

reached from measurements taken during the summer of 1988 as part of the ABLE 3A 

campaign in Bethel, Alaska [Jacob et al., 1992].
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Figure 3.5. Correlation o f alkanes versus alkyl nitrates. Units are (1010 molecules). The 
linear regression shows a slope o f 47 (molecules alkanes/molecules alkyl nitrates).

Total alkyl nitrates correlate well with alkanes (Figure 3.5). The other NMHC show 

little or no correlation with alkyl nitrates. The slope of the linear regression is 47 

(molecules alkanes/molecules alkyl nitrates). Alkyl nitrates are produced from alkanes 

when sufficient NOx is present. The primary removal process for alkanes is OH attack 

on the carbon chain, for alkyl nitrates it is both photolysis and OH attack. The chemi

cal lifetime of an alkyl nitrate is within 50% of that of the corresponding alkane, the 

differences are mainly due to different photolysis rates [Atlas et al., 1992]. The corre

lation therefore suggests that the ratio of pollutants in the source region is a controlling 

factor on the NMHC/alkyl nitrates ratio observed at Poker Flat. Total NMHC and 

PAN are correlated only for the time of Arctic flow to the site. For the southerly flow 

regime no correlation is apparent, indicating different removal processes for PAN and 

alkanes, thermal decomposition, and OH attack, respectively.
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The ratio o f PAN to alkyl nitrates and the variation of this ratio can suggest the 

processes affecting these organic nitrates during transport from a common source. 

Through oxidation of hydrocarbons in the presence of NOx, both PAN and alkyl ni

trates are associated with anthropogenic pollution. In addition, PAN and not alkyl ni

trates may be produced from the oxidation of biogenic hydrocarbons or photolysis of 

acetone [Singh et al., 1994], Biogenic hydrocarbons were measured as early as April 

at Fraserdale, Ontario, [Jobson et al., 1994a] which is in a similar ecosystem as Poker 

Flat. As already noted, the major PAN sink in the atmosphere is thermal decomposi

tion, while alkyl nitrates have mainly photochemical sinks via photolysis and reaction 

with OH radicals [Roberts, 1990]. Thus in principle, changes in the ratio of PAN to 

alkyl nitrates should reflect source variations and the relative lifetimes. The PAN/alkyl 

nitrate ratios increased steadily from about 2 to a maximum of around 6 on day 110, 

after that it varied greatly. The overall mean is 4.1, with a standard deviation of 0.9S. 

No correlation with local daily mean or maximum temperatures was found.
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Table 3.3. PAN to alkvl nitrate ratio (rutv PAN / nctv RONO5).
Campaign Day of Year Mean Median Range Reference

Poker Flat 1993 74 - 134 4.11 4.17 2.04 - 6.09 this work

PSE 88 60-98 2.05 2.05 1.4-3.3 Bottenheim et al. 

[1993]

PSE 92 22-112 3.3 - 10 Muthuramu et al. 

[1994]

Ontario, Spring 

1990

85-117 7.7 Shepson et al. 

[1993]

Scotia, Summer 

1988

197 - 243 15.15 14.57 7-18.75 Buhr e ta l. [1990]

Mauna Loa spring 1988

fall 1991

winter

1991/1992

spring 1992

summer

1992

5.40

6.25

3.57

10.0

5.55

Atlas et al. [1992] 

E. Atlas, unpub

lished data, 

[1993]

The PAN/RONO2 ratio from different measurements varies over a wide range, de

pending greatly on geographic location, season, and proximity to pollution sources 

(Table 3.3). At Alert the ratio ranged from 1.4 to 3.3 during the PSE 88 [,Bottenheim 

etal., 1993], while Muthuramu et al. [1994] report ratios of 3.3 to 10 during PSE 92. 

Shepson et al. [1993] report a mean value of about 7.7 for a rural site in Ontario that is 

influenced by local NOx emission, and higher ratios were measured in a rural site in the 

SE United States which is largely influenced by biogenic hydrocarbon emissions [Buhr 

et al., 1990]. Free tropospheric air at Mauna Loa, Hawaii, shows PAN and alkyl ni

trate mixing ratios that are I order o f magnitude lower than the ones reported here, but
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surprisingly, the ratio during spring at Mauna Loa Observatory (MLO) (5 .4 for down- 

slope air) is near that reported for continental sites [Atlas et al., 1992]. In other sea

sons a ratio between 3 .5 and 10 was found at MLO, with the highest during spring 

1992. The comparison suggests, in general, that higher ratios are found in more pol

luted environments. However, no clear picture emerges from this comparison.

The primary removal for saturated NMHC is via reaction with the OH radical. Since 

higher molecular weight NMHCs have larger OH reaction rates, we would expect to 

see a faster falloff in their mixing ratio during the winter-spring transition at high lati

tudes. This was observed during this campaign for ethane, propane, and n-pentane (the 

bottom panel in Figure 3.2 shows ethane and propane only). Ethane mixing ratios drop 

by about 28% from March to May, whereas propane and n-pentane drop by approxi

mately 73 and 85 %, respectively, over the same time period. For these hydrocarbons 

the percent decrease is consistent with their OH reactivity. I-butane and n-butane, 

however, decreased by only 63 and 70%, respectively, which compared to the other 

hydrocarbons is not in accord with their OH reactivity. This suggests that the butanes 

have additional sources on the transport path, or were influenced by local sources.

The measured species seem to frill into two groups: Ozone is very strongly correlated 

with PAN, and alkyl nitrates with the alkanes. The correlation between the two groups 

is weaker but still statistically significant. The very different mixing ratios found for the 

short period of northerly flow supports the view that synoptic meteorology has a strong 

influence on pollution mixing ratios.
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4. Svalbard 19941
Abstract. The accumulation o f anthropogenic pollution in the Arctic during winter 

and spring can be studied from only relatively few sites. In 1989 a new research station 

was put into operation on Zeppelin mountain, Svalbard (78°55’N, ll°5 3 ’E, 474m asl). 

The location near the top of the mountain was chosen to minimize impacts from the 

nearby village o f Ny-Alesund.

Meteorological data, mixing ratios of NOx, and concentrations of aerosol particles 

measured from February to May 1994 are used to identify different types of influences 

on the station. During periods of low atmospheric stability and windspeeds, relatively 

high NOx mixing ratios and variability together with a high number concentration of 

nucleation mode particles can be used to identify local pollution. During 6.4 % of the 

time of our campaign the air was contaminated by local pollution sources, with the 

majority of the events occurring later in the campaign.

Based on isentropic back trajectories four major source regions for air arriving at the 

station are identified. These are Western Europe, Russia, Arctic and North Atlantic

1 This chapter was published as

H. J. Beine, M. Engardt, D. A  Jaffe, 0 . Hov, K. Holmta, F. Stordal, Measurements of NOx and 

aerosol particles at the Ny-Alesund Zeppelin mountain station on Svalbard: Influence o f regional and 

local pollution sources. Atmospheric Environment, 30171. 1067-1079, 1996. The formatting was 

changed to fit the thesis format the original paper is unchanged otherwise.
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regions. Elevated levels of pollution were seen when air arrived from either Western 

Europe or Russia. Western European flow showed, on average, the highest NOx mix

ing ratios, while Russian flow showed the highest mass loading of aerosols.

Background air during flow from the Arctic or North Atlantic regions showed a me

dian scattering coefficient of 3.8x1 O'6 and 1.3x1 O'6 m '\ respectively, and CN concen

trations of 180 and 270 cm'3, respectively. Median ozone and NOx mixing ratios dur

ing these periods were 37 ppbv and about 20 pptv, respectively.

4.1 Key Word Index

Aerosols; anthropogenic pollution; Arctic pollution; NOx; Ny-Alesund, Svalbard.

4.2 Introduction

Each winter and spring the Arctic troposphere receives anthropogenic pollution from 

various source regions [e.g., Ottar et al., 1986; Barrie, 1986; Jaffe et al., 1991], This 

pollution may have an influence on regional photochemistry [Jaffe, 1993], climate 

[Stamms et al., 1995] and Arctic ecosystems [Lockhart, 1995], However, there is only 

a very limited number of research sites where the Arctic troposphere can be studied.

In October 1989 a new atmospheric research station on the Zeppelin mountain, Sval

bard was put into operation. The station was planned and built for measurements of 

background air in the high Arctic troposphere [Braathen et al., 1990], It was located 

on top of Zeppelin mountain to minimize impacts from the nearby village of Ny-Ale

sund and to permit sampling of free tropospheric air [Hov and Holtet, 1987], How

ever, measurements of atmospheric constituents showing the influences of local or re

gional sources on the station have not been documented yet.

NOx (NO + NO2) is a key species in tropospheric chemistry. It affects the concen

tration of OH radicals and controls the ozone production [Logan, 1985; Crutzen, 

1988]. NOx in the troposphere is photochemically oxidized to other odd nitrogen spe
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cies such as HNO3 and peroxyacetylnitrate (PAN). Its ultimate sink is HNO3, which 

contributes to acid rain. The lifetime of NOx in midlatitudes is on the order of one day. 

Due to reduced insolation and temperature in the Arctic during winter, NOx shows a 

prolonged lifetime, on the order o f about 10 days [Liu e ta l., 1987], Local and regional 

pollution can therefore be seen by an increase in NOx mixing ratios.

Aerosol particles are ubiquitous in the natural atmosphere, although with extremely 

variable concentrations. The total number density and mass concentration together with 

the size distribution yield information on the age and origin of an airmass. In remote 

regions the bulk of particle-mass is usually found in the size range from 0.1 - 1.0 jim 

(accumulation mode), due to the combined effect of coagulation of smaller particles 

and inefficient scavenging processes in this size range. The lifetime of these particles in 

clean maritime background air is on the order o f one week. Particles with a radius less 

than 0.1 (im are formed directly during combustion or gas to particle conversion, and 

have a lifetime of a few hours to days, depending on their size and the ambient condi

tions. They are mostly removed by coagulation to larger sizes.

A discussion of the particle data collected by MISU at the Zeppelin station 1990 - 

1992, including the chemical composition of the aerosols, is given by Heintzenberg and 

Leek [1994], They do not discuss local impacts on the measurements.

“Arctic haze” aerosols consist of SO42*, organic compounds and black carbon. The 

source regions are in Europe, Asia, and to a lesser extent North America [Barrie, 

1986]. Western European countries like France, Germany, and Great Britain showed a 

SOz/NOx emission ratio o f 0.9, 0.6, and 1.8 [mol S/mol N], respectively, between 1985 

and 1990. Emissions from the former Soviet Union during the same period contained 

more SO2, up to a SCVNOx ratio of 3.8 [Iversen et al., 1991], Thus we might expect 

that the measured ratio o f sulfur to nitrogen concentrations can yield information about 

the source region of the airmass.
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In this work we describe data collected at the Zeppelin mountain station from Febru

ary to May 1994. During this period the ongoing monitoring activities o f NILU (O3, 

/(NCh), PAN, SO42', NO3', hydrocarbons, CFCs, meteorology) and MISU (CO2, aero

sol particles, filter samples, meteorology) were supported with high sensitivity meas

urements of NOx by the Geophysical Institute, University of Alaska. The objective of 

the paper is to identify different types of influences on the station during this campaign, 

and to demonstrate the validity of the Zeppelin station as an Arctic background station. 

For that purpose we use the meteorological, NOx and particle data. The other data 

and its scientific interpretation will be reported elsewhere.

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



129

Figure 4.1. Ny-Alesund and surrounding [Holmin et al. , 1995],
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4.3 The site

The station is located at 78°54’42”N, ll°53’30”E, at 474 m above mean sea level 

(measured with Magellan GPS NAV 5000DX, Map Datum W6S84). This height is 

generally well above the ground inversion of the fjord valley [Braathen et al., 1990], 

No combustion sources are located at the mountain top. The only access is by means 

of an electric cable car that runs from the base of Zeppelin mountain over a distance of 

one km. The site was chosen to minimize the influence of pollution from the village of 

Ny-Alesund, which is located about one km from the base of the mountain.

Ny-Alesund is a research community with around IS permanent residents in the win

ter. During summer up to about ISO people live there. Pollution sources in and around 

Ny-Alesund include diesel-generators, cars, snowmachines, litter-burning, airplanes and 

in the summer watertraffic. While at least one generator was running continuously, the 

other sources are active only sporadically. However, almost every day cars were ob

served idling nearly continuously in Ny-Alesund. The pollution closest to the monitor

ing station was occasional snowmachine activity at the base of the mountain. A map of 

the location is shown in Figure 4.1 (For an overview of the Arctic region see Figure 

4.6).

4.4 Methods

4.4.1 NOx

Measurements of NOx were conducted from February 19, to May 31, 1994 (Day of 

year 50 -151). NO was measured using a high-sensitivity chemiluminescence detector, 

utilizing the reaction chamber design of Ridley and Grahek [1990]. The instrument was 

calibrated every three hours by standard addition of 3.0 standard-cm3/min (seem) of 5.0 

ppmv NO in N2 (AGA Norgas AG, 5.0 ± 0.5 ppmv NO, 5.2 ppmv NOx) to the sample
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flow of 1000 seem, corresponding to an addition of 15.6 ppbv NO. The NO sensitivity 

was on average 4.46 (± 0.23) counts/s pptv'1 (cps/pptv). A NIST traceable standard 

(Scott Specialty Gases Inc., 9.79 ppmv (± 2%) NO, 10.0 ppmv NOx) was used to 

confirm the measured sensitivities. The two standards gave identical results within 

their specified uncertainties. The 3o NO detection limit was 4.5 pptv in a one-minute 

average. The measured NO mixing ratio during night-time hours was on average -0.03 

pptv (o = 1.27 pptv), thus, the instrument had essentially no artifact response. N 02 

was detected as NO following broad-band photodissociation [Kley and McFarland, 

1980] by a 300 W Xe-arc lamp. The conversion efficiency of the photolytic converter 

was calibrated every three hours by standard addition of N 02 This N 02 was pro

duced from the NO standard by reaction with O3, which was photolytically generated in 

a 3.0 seem flow of O2 by irradiation with a UV lamp. The NO2 sensitivity was about

1.5 cps/pptv, resulting in a 3<r N 02 detection limit of 15 pptv in a one minute average. 

The uncertainty was 33% at the detection limit, and 10% above 10 pptv and 30 pptv 

for NO and N 02, respectively. All calibration parameters were followed in control 

charts. Data were discarded during periods when the calibration parameters deviated 

by more than three times the standard deviation from the mean. All valid measured 

NOx mixing ratios were used to compute the statistical values reported in this paper, 

thus, data below the 3o detection limit were included.

4.4.2 Aerosol particles

Three instruments were used to quantify the particle concentrations during the cam

paign; an integrating nephelometer (built by MISU) and two particle counters, TSI- 

3760 and TSI-3020 (TSI Inc., St. Paul, MN, USA). Air is drawn into all three instru

ments from an inlet that is constructed to exclude particles with an aerodynamic radius 

greater than 1 pm. The nephelometer uses a photomultiplier to measure the intensity 

of the scattered light (X=550 tun) from an enclosed volume of air. The sample is illu
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minated by a quartz halogen lamp, and the signal is acquired using photon-counting 

techniques. Absolute determination of the scattering coefficient of aerosol-particles 

(a*) is achieved by subtracting the signal from scattering by air molecules and chamber 

walls. The detection limit o f the nephelometer is O.lxlO'6 m*1 [Heintzenberg and 

Backlin, 1983; Heintzenberg et al., 1991]. Theoretical [e.g. Covert et a l, 1980] and 

empirical studies [e.g. Waggoner and Weiss, 1980] have shown that the scattering co

efficient of aerosol particles at SSO nm is roughly proportional to the total mass of fine 

particles (radius < 1 pm), can thus be used as a proxy for particle-mass in the accu

mulation mode.

The particle counters measure condensation nuclei (CN) number concentrations in 

two different size ranges. The TSI-3760 detects the number of CN larger than 0.01 pm 

[Keady et al., 1986], the TSI-3020 detects CN down to a size of about 0.005 pm ra

dius [Agarwal and Sem, 1980]. Both counters operate through producing a supersatu

rated butanol-vapor that condenses on the nuclei which thus grow to optically detect

able sizes. The TSI-3020 operates in a single particle counting mode up to 103 cm'3, 

where it switches to a photometric mode of operation, the photodetector of the TSI- 

3760 counts individual particles up to 104 cm'3.

From the number concentrations measured by the two CN counters the ratio:

(7S7 3020)-(757 3760)
(75/3760) (4 1)

can be calculated. This ratio is indicative of the relative contribution of nucleation 

mode particles between 0.005 and 0.01 pm, which are produced during gas to particle 

conversion, to the size distribution.
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4.4.3 Ozone

Ozone was measured utilizing a UV-absorption ozone analyzer (Monitor labs model 

8810). The instrument was pressure compensated. The uncertainty was 1 ppbv. Cali

brations were performed according to EPA specifications.

4.4.4 Meteorology

Measurements of wind, temperature, humidity, and pressure are made continuously 

(Aanderaa Instruments) from a 10 m tower on top of the station [Braathen et al., 

1990],

Temperature is also measured on the MISU stack 2.3 m above roof-top. A second 

wind sensor (Orthogonal Anemometer Model 874BN1B, Rosemount Inc., Minneapo

lis, MN, USA) is mounted 4.5 m above roof-top. The sensor has no moving parts, but 

measures wind speed and direction from the pressure differences o f two pairs o f pres

sure sensing ports arranged in N-S and E-W directions [Hemtzenberg et al., 1991].

4.4.5 Soundings

Atmospheric soundings were measured by the Alfred Wegener Institut (AWI) as part 

of their daily measurement routine. The balloon-sondes were launched from Ny-Ale

sund. From the soundings a stability index Sz can be calculated [Wallace and Hobbs, 

1977]:

where 0  is the potential temperature, T the temperature, z denotes the altitude, r d and 

T is the dry adiabatic and measured lapse rate, respectively. During the winter months 

the Arctic boundary layer is generally stable due to radiative cooling [Wendler and 

Eaton, 1990],

(4.2)
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4.4.6 Trajectories

Isentropic back trajectories were calculated at MISU using the Irish Meteorological 

Service trajectory model [McGrath, 1989], All trajectories arrive at 12:00Z, 950 hPa 

and extend for 5 days backwards in time. The trajectories are calculated from the 

initialized analysis stored at the European Center for Medium Range Weather Forecast 

(ECMWF). This model has previously been used to calculate trajectories to Ny-Ale- 

sund [Engardt et al., 1995]. Nilsson [1995] has recently shown that it yields useful 

results for up to five days even close to the ground in the Arctic where actual meteoro

logical measurements are scarce.

Data are reported by day of year (DOY), whereby January 1 = DOY 1. Times are 

reported in both local time (LT) and GMT, where LT = GMT + 1.

4.5 Results

Figure 4.2 shows the wind rose for this campaign (average measured by the two differ

ent anemometers). The maximum difference between the two instruments in each sec

tor was 2.5%. The average of the two instruments was used since some data are miss

ing in both records. The prevailing wind direction is SSE due to funneling effects by 

the surrounding mountains, glaciers and valleys. Heintzenberg and Leek [1994] report 

a prevailing wind over a period of 26 months from ESE. However, during our cam

paign only about 1.4% of the wind arrived from ESE, while about 37% arrived from 

SSE.
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Figure 4.2. Wind direction at the Zeppelin station [% of total in each sector] for spring
1994.

The daily mean temperature rose from about -20°C in February to -6.5°C in May. 

Timeseries (hourly averages) of aerosol-particles and NOx are shown in Figure 4.3. 

Table 4.1 shows a statistical overview for all NOx, aerosol, and ozone data.

Table 4.1. Statistical overview o f all NOx and aerosol data (hourly averages) during the 
spring 1994 campaign.

n=2330 hours

NOx

[pptv]

TSI-3020

[cm*3]

TSI-3760

[cm’3]

nephelometer 

[10-* m"1]

ozone

[ppbv]

mean 27.7 314 117 5.0 36.5

std. deviation 24.0 418 94 3.9 8.7

minimum -3.3 10 3 <0.1 4.0

maximum 637.5 7984 1115 21.9 51.0

median 23.9 223 93 4.3 38.0
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Figure 4.3. Hourly averages of the scattering coefficient [10*6 m'1], NOx [pptv], and 
CN (TSI-3020) [cm'3]. Peaks that go off scale ( NOx max. 637 pptv, CN m ax 8000 cm'3) 
are marked with a star. Time is local time (LT).

Apart from numerous events that showed as spikes in the time-series, both, NOx and 

CN showed no obvious trends during this campaign. The nephelometer however 

showed a broad maximum around DOY 80 and a decrease afterwards.

Using only the local wind direction and its changes at the station as criterion, initially 

SI different periods of prevailing flow were identified during the campaign. These
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lasted from a few hours to several days. In the following examples different airmasses 

that arrived at the station will be discussed in detail.

4. S. 1 Example o f local pollution

Several of the initial 51 periods showed high mixing ratios and concentrations of NOx 

and aerosols, respectively. As one example Figure 4.4 shows a local pollution event on 

DOY 139 (May 19, 1994). At DOY 139.0 (midnight), the wind changed for a few 

hours to northerly and simultaneously NOx mixing ratios peaked. Later during the day 

again local winds below 2 ms*1 turned from south to north over six hours. Around mid 

day on DOY 139, when the wind was from a northerly direction, NOx peaked sharply 

several times up to 400-800 pptv. During those spikes the hourly relative standard de

viation (RSD = standard deviation / mean value) of NOx was up to 60%, indicating a 

nearby anthropogenic source [Jaffe et al., 1991], Simultaneously, the CN measured by 

TSI-3020 peaked up to the highest value encountered during the entire campaign 

(about 8000 cm*3). This peak was followed by relatively high CN concentrations 

measured by both the TSI-3020 and the TSI-3760, lasting until the end of DOY 139. 

The CN-ratio, as defined by equation 4.1, reached up to more than 20, indicating a 

large fraction of newly formed particles. The lifetime of 8000 particles cm*3 is on the 

order of a few hours, which suggests that the airmass was very recently influenced by 

pollution, a ,  was around 0.5x10** m*1 on DOY 139 and up to 2.2x10** m*1 around 

DOY 140. In addition, during this period ozone mixing ratios were relatively low 

when CN peaked, and also showed an inverse relationship with the NO/NO2 ratio, 

which peaked at around 2.6. The latter value is much higher than expected from pho

tolysis of NO2 alone and also suggests recent pollution.

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



Figure 4.4. NOx, CN, CN-ratio. ozone, and wind direction during the local pollution epi
sode on DOY 139 (May 19, 1994). NOx, CN and the CN-ratio are shown as 1-minute av
erages, ozone and the wind direction as 1-hour averages, time is LT.

However, the concentrations of aerosol particles and mixing ratios of NOx were not 

very well correlated during this period. While every individual piece of information 

points towards a recent influence by local pollution, we are not certain about the appar

ent lack of correlation between NOx and aerosol particles. One possible explanation is
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that we see poorly mixed airmasses from sources with different particle/NOx ratio, ei

ther from two local sources or from a local and a distant source.

Figure 4.5 shows the temperature sounding and the derived stability index for DOY 

139 (May 19, 12:00 GMT). No inversion layer was present, neutral stability reached 

up to about 600 m, well above the station. Under these conditions, air could travel 

upslope from Ny-Alesund and reach the station.

- 1 0  1 2
1 0 0 0  (----------------------------To------------------ $ T

! ;  v

Temoerature 1 C l

Figure 4.5. Vertical temperature profile (diamonds) and atmospheric stability on DOY 
139 (May 19, 1994) for 12:00 GMT. The second x-axis shows the stability index Sz 
(circles).

Several other periods showed a similar pattern; near neutral stability close to the 

ground, low windspeeds, local winds from the North, together with elevated NOx 

mixing ratios and CN number concentrations, while the scattering coefficient remained
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relatively unaffected. Additionally some periods showed elevated NOx mixing ratios 

and CN concentrations, but local winds from the south. Analysis of trajectories during 

these periods suggest that the air often arrived to Svalbard from the southeast. Almost 

all other villages on Svalbard, including Longyearbyen, Pyramiden or Barentsburg are 

southeast of the station, so the air might have been impacted by one of those settle

ments. However, there is not sufficient information to unambiguously pinpoint a spe

cific source or even a source region, since trajectories from the SE and local winds 

from the North sometimes occurred simultaneously. For the purpose of contrasting 

contaminated airmasses with background flow, the influence by the village of Ny-Ale

sund and other anthropogenic sources on or close to Svalbard is treated as one cate

gory. Thus using high NOx mixing ratios and CN number concentrations six of the 

initial 51 periods were identified as being influenced by local pollution.
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4.5.2 Example o f transport from Russia

The remaining 45 periods were divided into four categories based on the source re

gion as found by the trajectory analysis. Those categories are: Arctic air, which in

cludes all airmasses that arrived from either north of 80°N or Greenland; Western 

European air, which passed through a sector between the west coast of Ireland and a 

line from Ny-Alesund through St. Petersburg, Russia as its eastern border; Russian air, 

which originates from east of that line; and North Atlantic air, which includes air that 

has spent at least four days prior to arrival at the station over the oceans south of 80°N. 

The first three sectors are indicated in Figure 4.6. This figure also shows examples of 

trajectories for those categories: Transport from Western Europe (DOY 64), flow 

from Russia (DOY 113), Arctic flow (DOY 122), and North Atlantic air (DOY 106).
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Figure 4.6. Borderlines for the airflow categories and example-trajectories. The number 
indicates the arrival DOY at the station. The distance between circles marks the transport 
time of one day.
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Figure 4.7 shows the timeseries for aerosol particles, NOx, ozone, and water for one 

transport event from Russia that lasted from DOY 111.4 to 115.6 (April 22 - 26, 

1994). During this period wind speeds were low and the local wind direction was 

variable, but mostly from the South. The NOx mixing ratio was around 35 pptv and 

rather stable, the hourly RSD was around 23%. The scattering coefficient was above 

5X10*6 m'1 during this period. The ozone level reached the highest value during the 

whole campaign. The CN number concentration was fairly low, the CN-ratio was 

around 1, indicating that the pollution arriving at the station at this time was well aged.
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Figure 4.7. Scattering coefficient NOx mixing ratios, ozone mixing ratios, CN con
centrations. and H20  mixing ratios during the transport event from Russia, DOY 112 -116  
(LT, hourly averages).

For several days before the middle of DOY 115 high ozone mixing ratios and low 

water mixing ratios are consistent with an influence from higher regions of the tro

posphere. The five day back-trajectories suggest that the air came from an altitude of 

between 1500 and 3000 meters. In the middle of DOY 115 the airmass changed. The
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air now contains more water, more particle mass and less ozone. The trajectories show 

that the air originated from lower altitudes.

4.5.2 Example for flow from Western Europe

Airflow from Western Europe was indicated by trajectories from DOY 61.8 to 66.9 

(March 2 - 7,1994). Local winds were from the south, the speed varied between 0 and 

15 ms'1. Different sources of greatly varying strength may have been encountered, 

which accounts for the relatively high, but variable aerosol concentrations and NOx and 

ozone mixing ratios, as shown in Figure 4.8.
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Figure 4.8. Scattering coefficient NOx mixing ratios, CN concentrations, and ozone 
mixing ratios during one transport event from Westem-Europe, DOY 62 - 67 (LT, hourly 
averages).
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4.5.3 Example for Arctic flow

DOY 120.3 to 125.2 (April 30 - May 5, 1994) showed Arctic flow (Figure 4.9), as 

seen by the trajectory in Figure 4.6 (DOY 122). Local winds were between 2 and 8 

ms'1, and from the North, except on two occasions where the speed was low, and the 

direction changed to the South. The NOx mixing ratios during this period were among 

the lowest detected, with about a third of the data below the 3o detection limit. The 

aerosol number concentration as well as the scattering coefficient were also low during 

this period (-180 cm'3 (TSI-3020) and -3.5X10"6 m'1, respectively). These airmasses 

were free of recent anthropogenic influences. Ozone showed two minima during this 

period, which might be due to boundary layer ozone depletion processes [e.g. Botten

heim et al., 1986; Anlauf et al., 1994], The first minimum at DOY 121 was preceded 

by a slight increase in both NOx and the scattering coefficient. The onset of the second 

coincided with an increase in the scattering coefficient. Only after noon on DOY 125 

did a short O3 minimum show a correlation with both CN (measured by TSI-3020) and 

the CN-ratio.
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Figure 4.9. Scattering coefficient NOx mixing ratios, and ozone mixing ratios during 
one Arctic flow event, DOY 120 - 12S (LT, hourly averages).

4. S. 4 Example for North Atlantic flow

The last category (North Atlantic) includes all days when the air has spent at least 

four days prior to arrival at the station over the open oceans. One example for a North 

Atlantic flow period is DOY 104.2 - 106.4 (April 14,-16, 1994). During this time the 

local winds were from the South, reaching a speed up to about 10 ms'1. NOx mixing 

ratios are low (20-40 pptv). The aerosol concentrations and scattering coefficient were 

low (~100 cm'3 (TSI-3020), < 3x1c6 m'1, respectively), and so was the CN-ratio (~1). 

This is expected in an airmass that has passed through a relatively wet and stormy re

gion such as the North Atlantic.
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4.6 Discussion

With this analysis performed on all SI periods, five different categories o f events were 

identified. They are, as shown with examples above. Local pollution, transport from 

Western Europe, transport from Russia, Arctic and North Atlantic air. The times of 

the periods for each category is shown in Figure 4.10. During our campaign, the Zep

pelin station was influenced 6.4% of the time by local pollution, and 10.2%, 38.7%, 

23.7%, and 20.9% of the time by Western European, Russian, Arctic and North Atlan

tic air, respectively. Figure 4.11 shows the aerosol concentrations and NOx and O3 

mixing ratios in the five different categories as box-and whisker plots.

North Atlantic

Arctic

Russia jj-i i
ll«!

Western Europe I—j

Local

H

- 1

AO 60 i2'° : 4U 16080 100 

Day o f year 1994

Figure 4.10. The categories of air flow during the campaign

Local influences on the station occurred during periods of lower wind speed and low 

atmospheric stability. The average windspeed during periods of pollution from local 

sources was 2  ms'1, while the average speed in the four other categories ranged from
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2.5 - 4.7 ms'1. During local pollution the average stability Sz between sea-level and the 

Zeppelin station is only 0.08 (range: 0.02-0.16), while the average of all other periods 

is 0.19 (range: 0.04-0.54).

Average NOx mixing ratios were highest during transport from Western Europe, 

whereas maximum values and the highest variability occurred during periods of local 

pollution. Relative standard deviation of NOx by itself cannot be used to distinguish 

contaminated from uncontaminated periods. Low NOx mixing ratios close to the de

tection limit encountered during background periods showed an hourly RSD of about 

33%. On average, the hourly RSD during locally contaminated episodes was 38%. 

However, during several spikes, the hourly RSD of NOx reached up to 60%.

The maximum CN number concentrations measured by the TSI-3020 were encoun

tered during periods of local pollution. However, both, North Atlantic and Russian 

airmasses showed higher mean values than the local pollution. The average CN-ratio 

was 2.5 during periods of local pollution, but only 1-1.5 in the four other categories. 

The maximum CN-ratio during local pollution was 21.6, during other periods the 

maximum was 8.0. High CN concentrations, together with a high CN-ratio indicate 

high concentrations of small, newly formed particles, suggesting local pollution.

Median ozone mixing ratios were higher in Western European and Russian airmasses 

than in the other categories. This can be attributed to an influence by long-range an

thropogenic pollution. North Atlantic and Arctic airmasses showed an identical median 

ozone mixing ratio of 37 ppbv. The few ozone depletion events that occurred during 

Arctic flow had only a minor impact on the overall statistics. The median NOx mixing 

ratio was slightly lower in Arctic than in North Atlantic airmasses, 18.6 and 21.8 pptv, 

respectively. Arctic air showed higher o*, but lower CN concentrations than North 

Atlantic air.

The highest scattering coefficient was reached during transport from Russia. Flow 

from the Arctic and Western Europe was also found to be enriched in accumulation
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mode aerosols, but not small ones. North Atlantic airmasses showed a low scattering 

coefficient, since they were not recently influenced by pollution sources or had been 

scavenged by clouds.
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Figure 4.11. Box-and-Whisker plots for cr ,̂ NOx mixing ratios, particle concentrations, 
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Western European and Russian airmasses differed in the median values for the com

ponents shown in Figure 4.11. European airmasses had higher median NOx and ozone 

mixing ratios, whereas Russian airmasses have a higher median scattering coefficient. 

It is tempting to utilize these data to infer information about the sulfur and nitrogen 

emissions in the source regions o f each airmass. However, this approach involves nu

merous assumptions. Nonetheless our data are consistent with the very high sulfur 

emissions from Russia, and the relatively larger NOx emissions from Western Europe.

4.7 Conclusions

Measurements of NOx, aerosols, ozone and meteorology were made at the Zeppelin 

mountain station on Svalbard during the spring of 1994. These data are used to iden

tify local (Svalbard) and distant pollution sources.

The identification of local pollution sources is difficult to achieve with one single cri

terion. During some periods low atmospheric stability and/or low wind speeds from 

the North brought local pollution to the station which resulted in relatively higher NOx 

mixing ratios, a high hourly variability, and higher number concentrations of nucleation 

mode particles. The latter is shown by the CN-ratio, which was found to be a very use

ful parameter in identifying recent anthropogenic pollution. During the spring 1994 

campaign we found that 6.4% of the time the air was contaminated in NOx and fine 

particles from nearby anthropogenic sources on Svalbard, with the majority of events 

occurring later in the campaign. Due to increased solar insolation and increased sur

face temperatures, atmospheric stability is lower in spring than during winter and more 

frequent flow from the village o f Ny-Alesund upslope to the station is possible. During 

1994 the month of May had only two days with surface inversions extending up to 500 

m, while February, March and April had 14, 17, and 10 such days, respectively. This 

suggests that local contamination may be more likely to occur during the summer, un

less an increase in vertical mixing dilutes local pollution to a level where it is not distin
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guishable from background concentrations. Local winds at the Zeppelin mountain sta

tion are insufficient to identify source regions of the sampled air. Long range transport 

of anthropogenic pollutants from Russia and Western Europe was indicated by isen- 

tropic backtrajectories and enhanced levels of the scattering coefficient and NOx, re

spectively. Air from Russia generally contained less NOx and more aerosols in the ac

cumulation mode compared to air from Western Europe, consistent with the emissions 

of NOx and SO2 for Russia and Western Europe [Iversen et al., 1991],
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5. NOx during ozone depletion1
Abstract Measurements o f NOx, ozone, non-methane hydrocarbons (NMHC), and 

other atmospheric constituents during the spring o f 1994 were made at the Zeppelin- 

mountain atmospheric research station near Ny-Alesund, Svalbard. On a few occasions 

we observed tropospheric ozone depletion events with minimum ozone mixing ratios of 

4 ppbv that typically lasted for several hours. This paper presents the first measure

ments of NOx during ozone depletion. The objective of this work is to explore the role 

of NOx and NMHCs during those periods.

During depletion periods mixing ratios of NOx, total NMHC, and acetylene dropped 

to minima of 2.3 pptv, 6.4 ppbCv, and 202 pptv, respectively. These mixing ratios are 

significantly lower than the means for the entire campaign, which were 27.8 pptv, 14.3 

ppbCv, and 614 pptv, respectively.

Because NO2 would quickly scavenge the BrO radical, the low observed NOx mixing 

ratios are consistent with proposed mechanisms involving catalytic destruction of

1 This chapter was first presented at the special session4 Arctic Tropospheric Chemistry’ of the XXI 

General Assembly o f the European Geophysical Society on May 7, 1996. It was then submitted to 

Tellus to the special edition covering the EGS session as: H. J. Beine, D. A  Jaffe, F. Stordal, M. 

Engardt, S. Solberg, N. Schtnidbauer, K. Holmdn, NOx during ozone depletion events in the Arctic 

troposphere at Ny-Alesund, Svalbard Submitted to Tellus, May 1996. The formatting has been 

changed to fit the thesis format, the paper is unchanged otherwise.
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ozone by the Br radical. A mechanism involving NOx to recycle halogen radicals 

seems unlikely.

5.1 Introduction

The depletion of ozone is frequently observed in the Arctic maritime boundary layer 

during the winter-spring transition [Hopper et al., 1994], When maritime boundary 

layer air is advected to measurement stations, a drastic change in the mixing ratios of 

ozone and many other species can often be observed.

Regular measurements and campaigns at Alert, NWT [e.g. Barrie et al., 1988; Bot

tenheim et a l, 1990, Barrie et a l, 1994], Ny-Alesund, Svalbard [Solberg et a l, 

1996b] and Barrow, Alaska [Sturges et al., 1993] revealed many interesting results re

garding aerosol and radical chemistry, however, no reliable measurements o f NOx have 

been reported for these events.

Two groups of compounds have been identified during ozone depletion events. In 

the first group are those that are depleted together with ozone, including many 

NMHCs, such as the alkanes and acetylene [Jobson et al., 1994; Solberg et al., 

1996b], alkyl nitrates [Muthuramu et al., 1994], trichloro- and tetrachloroethylene 

[Yokouchi et al., 1994], and peroxides [de Serves, 1994]. These studies show the ef

fect of chlorine and bromine radical chemistry on NMHC and alkyl nitrate composition 

and ratios. They identify the Br radical as the responsible specie for ozone depletion. 

The second group included substances that were enhanced during ozone depletion 

events, those included formaldehyde [de Serves, 1994], acetone [Yokouchi et al., 

1994], and bromine compounds in all forms [Li et al., 1994; Barrie et al., 1994], The 

sources for the enhanced oxidized hydrocarbons are unidentified.

Central to the current understanding of the ozone depletion mechanism is the cata

lytic cycling ofBr atoms [Barrie eta l., 1988; Bottenheim et al., 1990; Finlayson-Pitts 

etal., 1990, McConnell et al., 1992; Fan and Jacob, 1992]. Which bromine species is

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



160

produced by which mechanism is not well understood, however, the key steps in the 

destruction are

Ozone depletion events at Alert during PSE 1992 were connected with a capping in

version at a height of 300 - 400 m [Anlauf et al., 1994],

Our measurements of NOx and other atmospheric constituents [Beine et al., 

1996a,b] were not focused on ozone depletion, but on the understanding o f the sources 

of NOx in the Arctic troposphere and its influence on the ozone budget. In this paper 

we explore the NOx behavior during the few ozone depletion events, and discuss the 

consistency of our findings with possible mechanisms of ozone depletion.

5.2 Experiment

Measurements o f NOx were performed at NILU’s atmospheric monitoring station at 

the Zeppelin mountain near Ny-Alesund, Svalbard (78°54’42” N, 11°53’30” E, 474 m

a.m.s.l.) from February 19, to May 31, 1994. Ozone, NMHCs, and aerosol particles 

are measured at the same location routinely throughout the year by NILU and MISU, 

respectively. The detailed procedures for NOx, ozone, particle counters, the nephelo

meter, and the trajectories are described in Beine et al. [1996a]. The measurements of 

NMHCs are described by Solberg et al., [1996a,b, and references therein]. Thus only a 

short overview is given here; ozone was measured using a UV-absorption ozone ana

lyzer (Monitor Labs model 8810), NO was measured using a high-senshivity chemilu- 

minescence detector, NO2 was detected as NO following broad-band photodissociation 

[Kley and McFarland, 1980] by a 300 W Xe-arc lamp. Nucleation and accumulation 

mode particles were measured using a particle counter (TSI-3020) and a nephelometer 

(MISU), respectively. NMHC canister samples were taken daily and later analyzed by

Br+Oj —>BrO+02 

2BrO-*Br2+ 0 2 

Br2 +hv-»2 Br

[5.1]

[5.2], and

[5.3].
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GC-FED (Chrompack VOC-AIR) 3-dimensional back trajectories were calculated us

ing the Irish Meteorological Service trajectory model [McGrath, 1989], Trajectories 

were calculated for depletion events four times a day. They arrive at 950 hPa and ex

tend for 3 days backwards in time. The trajectories are calculated from the initialized 

analysis at the European Center for Medium Range Weather Forecast (ECMWF).

All data reported here are hourly averages but NMHC, which were collected once 

daily. Data are reported in day of year (DOY), whereby January 1 = DOY 1. Times 

are reported in local time (LT), where LT = GMT + 1.

5.3 Results

Table 5 .1 presents a statistical overview o f the observed background mixing ratios of 

ozone, NOx, and total C 2 -C 7 NMHC. More detailed information regarding the influ

ence of different airmasses can be found in Beine et al. [1996a]. The photochemistry 

during this period is discussed by Beine et al. [1996b].

Tabic 5.1. Statistical overview of the entire Svalbard campaign 1994.
O3 [ppbv] 

n = 2 1 l 0

NOx [pptv] 

n = 1811

total NMHC [ppbCv] 

n = 77

mean 37.6 26.7 14.33

std. dev. 7.6 16.0 7.03

minimum 5.0 0.2 3.62

maximum 51.0 146.6 33.49

median 39.0 23.7 13.46

To identify periods of ozone depletion all periods where ozone mixing ratios fell be

low 25 ppbv were flagged. This mixing ratio was considered a lower limit for back

ground ozone levels, not influenced by ozone depletion [Solberg et al., 1996], We 

identified 5 periods which typically lasted on the order o f one to two days. Since sta
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tistical values such as mean and medians vary with the somewhat arbitrary selection 

process for the episodes we include in Table 5.2 the minimum mixing ratios for ozone 

and NOx found during each event together with the medians.
Tabic 5.2. Five ozone depletion events.

event start end length

[h]

median O3 

[ppbv]

min03

[ppbv]

median

NOx

[pptv]

min

NOx

[pptv]

I 66.292 67.625 31 24.0 2 1 .0 17.3 7.1

2 121.375 12 2 .0 0 0 16 20.5 5.0 14.3 8.0

3 124.000 126.417 45 14.0 6.0 11.3 3.5

4 132.417 133.875 36 23.0 19.0 17.9 0.9

5 148.542 151.500 72 20 .0 10.0 17.8 2 .8

The available NMHC data during the low ozone events are rather sparse, since only 

daily samples were taken, and the sampling times were not coordinated to search for 

ozone depletion. Only a total o f eight NMHC samples were taken during ozone deple

tion. The minimum total NMHC mixing ratio found in these was 3 .62 ppbCv. Acety

lene, ethane and propane are significantly reduced, while benzene shows no change 

compared to normal ozone periods. A comparison of the NMHC mixing ratios during 

the events with non-ozone depletion behavior is difficult from this set in a statistical 

meaningful way, since the NMHC mixing ratios showed a significant decreasing trend 

during the campaign. NMHC mixing ratios during ozone depletion events at Zeppelin 

are discussed by Solberg et al. [1996b].

The ozone depletion events identified above show the same general features, which 

have been identified before for the Zeppelin station [Solberg et al., 1996b], and other 

locations [Anlaufet al., 1994; Hopper and Hart, 1994; Jobsonetal., 1994; Staebler 

et al., 1994; Sturges et al., 1993]. As an example we show events 2 and 3 in Figure 

5 .1. These two events are close together in time, and the ozone mixing ratio does not
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recover to the median value of 39 ppbv in between. This intermittent period does not 

meet the criterion of ozone being below 25 ppbv. Nevertheless, it shows indication of 

depletion, and probably reflects mixing with non-depleted air. In the following we will 

discuss them together as one depletion period. Figure 5.1 shows the timeseries for 

ozone, wind-direction, temperature, acetylene, and NOx. The right axis in the 

NOx and ozone plot shows the data in percent of the median value of all data during 

our spring campaign, 23.7 pptv, and 39 ppbv, respectively. The straight line in these 

two plots indicates 100%, i.e. the median. Acetylene is shown because it is most af

fected during ozone depletion events [Jobson et al., 1994; Solberg et al., 1996b]. The 

straight line in the acetylene plot shows a lowess smoothing (tension = 0.25) on the 

data during non-depletion periods, which represents the expected ‘normal’ behavior. 

Acetylene is reduced to about half of its ‘normal’ value during the low-ozone events 2, 

3 and 5.

Days 121 to 126 are meteorologically homogeneous, with cold, clean air coming 

from the north, as indicated by the trajectories. The onset of low ozone events is con

nected to a shift in the local wind direction to north-westerly directions after the pas

sage of a cold front. Temperature is lower than average throughout the depletion pe

riod (T,vg = -13.7°C). The average temperature is -10.9 °C and -3.5 °C in April and 

May, respectively [Hansen-Bauer et al., 1990], Anticorrelated to the sharpest ozone 

drops, the scattering coefficient rises up to 6 [10*6 m'1], while nucleation mode particles 

drop from about 200 to 100 cm'3. a* is a measure for the total mass of fine particles in 

the accumulation mode. An increase in particles, identified as filterable bromine, was 

found to be anticorrelated to ozone depletion [e.g. Barrie et al., 1988; Bottenheim et 

al., 1990; McConnell et a l, 1992; Sturges et al., 1993], Other accumulation mode 

compounds usually show no correlation with ozone depletion [Barrie et al., 1994], 

This suggests that particulate bromine was enhanced during the ozone depletion period 

shown here.
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123 124 125
Day of tne Year 1994

126 128

Figure S .l. Timeseries o f ozone [ppbv], wind direction, temperature [°C], scattering coef
ficient s.c. [10-6 m'1], acetylene [pptv], and NOx [pptv] for days 120 to 128. For ozone and 
NOx the straight line indicates the median value of ail data, 39 ppbv and 23.745 pptv, re
spectively. The right axis shows the values as percent o f this median. The line in the acety
lene panel shows lowess smoothing for the non-depletion data (tension = 0.25).

Finally, following the first drop in the ozone mixing ratio, the NOx mixing ratio de

creases to low levels for four days. The measured NOx mixing ratios are around the
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level of quantification for NOx (-10 pptv). NO mixing ratios are 0 to 2 pptv and show 

no diurnal cycle. Consequently the NO/NO2 ratio cannot be accurately determined.

Radiosoundings show that low ozone mixing ratios were found in a mixed layer that 

extended up to about 1000 to 1500 m. The capping inversion was higher on DOY 122 

and 123, consistent with the higher ozone mixing ratios found on these days. It then 

dropped during the remainder o f the ozone depletion event. Figure 5.2a shows the 

potential temperature and the ozone mixing ratio measured by a radio sonde, launched 

at day 125, 12:00 GMT at sea level at Ny-Alesund. A layer of low stability extends to 

about 530 m altitude, only 60 m above the station. Ozone mixing ratios in this layer 

vary from 13 to 17 ppbv, with the onset of the inversion ozone mixing ratios return to 

values around 50 ppbv within 500 m.

25C 2SC 2'C 25C '0  20 30 *0 50 60 ?0

ootenta' Tamceratu’e £k; ozor.e iooevl

Figure 5.2a. Ozone sounding for day 125, 12:00 GMT. The left panel shows potential 
temperature 0  [K], the right panel shows ozone mixing ratios [ppbv].
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Figure S.2b. Ozone sounding for day 126.

At the onset of day 126 mixing ratios of ozone and NOx are increasing, while the 

scattering coefficient drops to very low values. The radiosounding on day 126 shows a 

stratified lower troposphere and a fairly uniform ozone gradient of about 6 ppbv/km 

throughout the troposphere (Figure 5.2b). This marks the end of the low ozone epi

sode.

Three-dimensional back trajectories show for this period that ozone depletion oc

curred most strongly when the air mass passed the north-east coast of Greenland about

1.5 days prior to arrival at Ny-Alesund at altitudes below a few hundred meters. Figure 

5.3 shows a trajectory on day 121. The ice chart for DOY 119-122 [DNMI/HOV, 

1994] shows fast ice and open drift ice along the north-east coast of Greenland, and 

additionally an area of open drift ice at 82°N, between 5 to 10°E. On days 122 and 

123, when ozone mixing ratios returned to around 30 ppbv, the airmass arrived from a 

more northerly direction, and did not pass the coast line of Greenland any more. The 

ice chart shows very close drift ice to the North of Svalbard. In addition, weak cy
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clones passed Svalbard on day 123. Finally on day 126, the trajectory arrived from the 

open waters of the Greenland sea when ozone returned to normal mixing ratios and the 

scattering coefficient dropped to low values. Thus, ozone depletion was connected to 

coastal or cold areas of open water in the ice-covered Arctic ocean. This coastal re

gion is potentially a source of halogen compounds [Sturges et al., 1993]. Warmer 

open water such as the extension of the North Atlantic current that reaches the west 

coast of Svalbard is apparently not cause of ozone depletion.

Figure 5.3. 3-Day isentropic back trajectory for DOY 121.75 arriving at Zeppelin. The 
dots mark 6  hours in time, the numbers show the elevation of the airparcel above the sur
face.
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5.4 Discussion of observed NOx
Table S.3. NOx statistics for day 121.0 to 126.0

NO N 02
n [min] 820 571
mean [pptv] 1.16 11.87
s.d. [pptv] 3.11 13.85
median [pptv] 0.65 10.94

Table 5.3 shows statistics of the NO and NO2 mixing ratios during the low ozone 

period day 121.0 - 126.0. This statistics was derived from the measured one-minute 

averages and thus show more scatter than in Figure 5.1. Both NO and NO2 were at the 

detection limits. We therefore do not observe any diurnal cycle for the NO/NO2 ratio, 

which shows a clear cycle during periods when ozone is not depleted. The latter cycle 

is shown in Figure 5.4 for days 100 to 150.

Hour of the Day

Figure 5.4. Median diurnal cycle o f the NO/NO2 ratio for the period of day 100 to 150 for 
non-ozone depletion days.
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In summary, NOx during the observed ozone depletion period shows the following 

features:

•  NOx shows a median value of 11.4 pptv, which is less than half than during non

depleted periods.

• N 02 shows a higher mixing ratio during daytime than during nighttime, the dif

ference, however, is very small; about 2 pptv.

•  The diurnal cycle of NO and consequently the NO/NO2 ratio is not detected due 

to NO and NO2 being at the detection limit. The hourly median NO mixing ratio 

is below 2 pptv.

It should also be noted here that after about day 7S NOx mixing ratios below 10 pptv 

were only observed when ozone was below its median value of 39 ppbv. This suggests 

strongly that low ozone and low NOx mixing ratios are caused by the same mechanism.

S.5 Mechanisms of ozone depletion

So far, S different mechanisms have been proposed by different authors for the ozone 

depletion processes. They all involve halogen species as the main ozone destroying 

agent, which is produced from different sources. It was hypothesized that the active 

species in destroying ozone are Br radicals [Barrie et al., 1988; Bottenheim et al., 

1990, Finlayson-Pitts, 1990]. However, similar mechanisms were formulated for Cl 

radicals, as its importance during ozone depletion periods [Jobson et al., 1994] and in 

the marine boundary layer in general [Keene et al., 1996] becomes more evident. Here 

we will not summarize the various mechanisms, this was done recently in Hausmarm 

ami Platt [1994],

The role of NOx during ozone depletion is to return BrO to Br [Barrie et al., 1988]:

BrO+NO -> Br+N02 [5.4]

Additionally, NO2 would be scavenged by BrO to form Br0N02 (reaction 5.5), which
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could be returned to the reactants by photolysis, or hydrolyzed to produce nitric acid, 

HNO3 [Fan and Jacob, 1992].

BrO+N02 -»BrON02 [5.5]

BrONO 2 (g) — H0Br(aq)+HN03 (aq) [5.6]

Alternatively, BrNO or BrN0 2  may be produced from NO2 or N2Os and NaBr 

(reactions 5.7 and 5.8, respectively), contained in sea-salt aerosols. Subsequent pho

tolysis releases the Br radical [Sturges, 1989; Finlayson-Pitts et al., 1990],

2N 02 (g) +NaBr(s) -► BrNO(g)+NaNO 3 (s) [5.7]

N 20 5 (g)+NaBr(s) -> BrN0 2(g)+NaN0 3 C.> [5.8]

The observation of very low NOx mixing ratios is consistent with some of the pro

posed mechanisms in the following three points:

1. BrO can react with NO to form N 02. All NO would be quickly removed from the 

atmosphere by this reaction.

2 . More importantly, BrO reacts with N 02 to form B1ONO2, which subsequently 

would be scavenged by aerosols and hydrolyzed. Thus, NOx would be permanently 

removed from the atmosphere as nitric acid.

3. Finally, the presence of ice crystals would enhance this scavenging process [Curry 

andRadke, 1993], and thus keep NOx mixing ratios low.

We conclude from this that a mechanism involving NOx to recycle Br radicals seems 

unlikely. Rather, the low observed NOx suggests that the recycling of BrO to Br oc

curs via other channels, such as reaction with BrO (reaction 5.2) or CIO [le Bras and

Platt, 1995], or heterogeneous reactions [McConnell et al., 1992; Fan and Jacob, 

1992; Abbott, 1994],
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5.6 Conclusion

During five ozone depletion periods that were observed at the Zeppelin station on 

Svalbard NOx mixing ratios were very low as well. The minimum ozone and NOx 

mixing ratios were 5 ppbv and 0.9 pptv, respectively.

The absence of NOx is consistent with mechanisms involving halogen chemistry to 

destroy ozone. Furthermore it supports mechanisms that do not involve NOx to recy

cle those halogens.

However, in order to fully understand the role of NOx, several depletion events in 

varying stages have to be observed with a more sensitive instrument in a future cam

paign. To quantify the observations, detection limits of less than 1 pptv and around 1 

pptv are necessary for NO and NO2, respectively, in a one-minute average.
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6. NOx, PAN and Ozone 

Relationships1

Abstract Spring time measurements of NOx, ozone, PAN, J(N02>, and other com

pounds were made near Ny-Alesund, Svalbard (78°54’N, 1 l°53’E), in 1994 and Poker 

Flat, Alaska (65°08’N, 147°29’W), in 1995. At Svalbard PAN and NOx median mix

ing ratios o f237 and 23.7 pptv, respectively, were observed. The median mixing ratios 

at Poker Flat for PAN and NOx were 79.5 and 85.9 pptv, respectively. Thermal PAN 

decomposition at Svalbard was vanishingly small, while at Poker Flat up to 30 pptv/h 

PAN decomposed. The NOx/PAN ratio increased with temperature between -10 and 

20°C at both sites implying that PAN decomposition is an important NOx source. 

Median in-situ ozone production was 605 pptv/h at Poker Flat, and one order of mag

nitude smaller at Svalbard. Only at Poker Flat could a direct influence on the diurnal 

ozone cycle be observed from in-situ production.

1 This chapter was written as manuscript: H. J. Beine, D. A. Jaffe, J. Herring, T. Krognes, F. 

Stordai. High latitude springtime photochemistry part I: NOx, PAN, and ozone relationships. 

Submitted to J. Geophys. Res., July, 1996. The formatting was changed to fit the thesis format, the 

paper is unchanged otherwise.
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6.1 Introduction

Ozone plays a central role in the chemistry of the troposphere [Crutzen, 1979; 1995], 

Both in-situ production and stratospheric exchange are believed to be important 

sources for tropospheric ozone. In the troposphere it is generally agreed that in-situ 

ozone production depends on the precursor NOx (NO + NO2).

An increase of tropospheric ozone in the Arctic of ~l%/year has been observed at 

Barrow, Alaska over the past 20 years [Oltmans and Levy II, 1994], Additionally a 

springtime maximum in surface ozone was found at Sub-Arctic continental sites in 

Canada [Oltmans, 1991; 1993] and Alaska [Jaffe et al., 1996], One hypothesis is that 

transport and accumulation of anthropogenic pollutants into the Arctic cause ozone 

production during spring [Isaksenet al., 198S; Penkett and Brice, 1986; Jaffe, 1993].

The present work is concerned with the photochemical production of ozone from 

NOx [Crutzen, 1979; Logan, 1985], From the oxidation of CO, CH4, or hydrocar

bons, ozone production can occur in a NOx rich environment. Considering CO and 

CH4 alone, the borderline between ozone production and destruction lies at an NO/O3 

ratio of 1/4000 [Liu et al., 1987; Lin et al., 1988], e.g. NO > 7.5 pptv at O3 = 30 

ppbv. At Barrow, Alaska, spring time NO mixing ratios between 8 and 35 pptv were 

observed in 1990 [Honrath and Jaffe, 1992]. Although these mixing ratios are quite 

low, ozone production may be possible.

Tropospheric NOx is photochemically oxidized to HNO3, PAN or other reservoir 

NOy (= all reactive nitrogen oxides except N20 ) species. The primary sink is HNO3, 

which contributes to acidic precipitation. During the Arctic winter reduced insolation 

and temperatures increase the atmospheric lifetimes of NOy species, and thus allow 

transport over large distances and the accumulation of NOy in the Arctic [Isaksen et 

al., 1985], Since HNO3 is depleted during transport to the Arctic, organic nitrates are 

a major fraction of the NOy reservoir. PAN and alkyl nitrates contribute 70 - 80% to
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NOy during spring in the high Arctic [Bottenheim et al., 1993; Muthuramu et al., 

1994]. Subsequent warming and increased insolation at the onset of spring can lead to 

the decomposition of these reservoir species and return NOx to the atmosphere. In this 

manner, thermal decomposition of PAN may be the most important NOx source in the 

Arctic troposphere during the winter-spring transition [Isaksen et al., 1985; Penkett 

and Brice, 1986], and thus may have an important effect on ozone production during 

the Arctic spring, although this theory has not yet been conclusively proven.

In this work we describe and compare results from two measurement campaigns that 

were performed during the spring of 1994 at the Zeppelin mountain station on Sval

bard, and during the spring of 1995 at Poker Flat, Alaska. Some of the results o f the 

earlier Svalbard campaign are presented in Beine et al. [1996a]. The objectives o f this 

paper are; 1.) To understand the sources of NOx in the Arctic and Sub-Arctic tro

posphere - especially the importance of PAN decomposition, and 2.) To assess the con

tribution of m-situ production to the budget of tropospheric ozone.

In a companion paper [Herring et al., this volume] measurements of CO, non meth

ane hydrocarbons (NMHCs), and terpenes in interior Alaska are described along with a 

modeling study to examine the sensitivity o f these parameters to ozone production.

6.2 Experimental

Measurements of NOx, J(N02>, O3, PAN, NMHCs, other compounds and meteorology 

were made during the spring of 1994 at the atmospheric research station of the Nor

wegian Institute for Air Research (NILU) at the Zeppelin mountain near Ny-Alesund, 

Svalbard (78°54’42” N, 11°53’30” E, 474 m a.m.s.l ). The campaign was conducted 

from February 19, to May 31, 1994.

During the spring of 1995 NOx, J(NC>2), ozone, PAN, NMHCs and meteorology 

were measured at the Poker Flat climate monitoring station (65°08’N, 147°29’W, 470
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m a.m.s.1), about 50 km NE of Fairbanks, Alaska. The measurements were made from 

March 17, to May 17, 1995. Figure 6.1 shows a map with the two sampling locations.

Figure 6.1. Map o f the two sampling locations. The coordinates are; Z: Zeppelin near 
Ny-Alesund. Svalbard (78°54' N, 11°53’ E. 474 m a.m.s.1.), and P: Poker Flat Alaska. SO 
km NE of Fairbanks, (65°08’N, 147°29,W, 470 m a.m.s.1.).

6.2.1 Svalbard 1994

The same high-sensitivity chemiluminescence NOx instrument was used during the 

Svalbard - 1994 and Poker Flat - 1995 campaign. The instrumental cycles and calibra
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tion procedures were identical. The experimental setup for NOx, ozone and meteorol

ogy at Svalbard is described in detail by Beine et al. [1996a], so only a short summary 

of these measurements is given here. NO was measured using a high-sensitivity 

chemiluminescence detector designed and built at the University of Alaska. The in

strument was calibrated every three hours by standard addition of an NO standard 

(AGA Norgas AG, 5.0±0.5 ppmv NO, 5.2 ppmv NOx). The NO sensitivity was 4.4 

count s'Vpptv (cps/pptv), resulting in a 3o detection limit of 4.5 pptv in a one-minute 

average. The measured NO mixing ratio during night time hours was on average -0.03 

pptv (a  = 1.27 pptv), thus, the instrument had essentially no artifact response. N 02 

was detected as NO following broad-band photodissociation [Kley and McFarland, 

1980; Ridley et al., 1988; Parrish et al., 1990] by a 300 W Xe-arc lamp between 350 

and 410 nm. The N 02 sensitivity was on average 1.6 cps/pptv, giving a 3a N02 detec

tion limit of about 15 pptv in a one-minute average. A single chemiluminescence detec

tor was used for both NO and NOr 

Photon-counts are recorded for both NO and N 02 modes during one minute inter

vals. The standard deviation of the 1-sec count rates during this minute is used to de

termine the precision of the measurements by error propagation. Since the N02 pho

tolysis cell was air cooled at ambient temperatures, a bias could be present in the N 02 

measurements because of thermal PAN decomposition. The measured cell temperature 

was identical to the room temperature, on average 22°C. The cell residence time was 

about 5 s. Based on the known thermal PAN decomposition rates, at this temperature 

about 0.3% of ambient PAN would thermally decompose and add NO2 to the sample. 

This theoretical value was confirmed experimentally. The average PAN mixing ratio 

during the Svalbard campaign was 255, the maximum value 729 pptv [Solberg et al., 

1996]. During the high PAN events, which lasted a few days, a maximum of 10% of 

the mean NOx might have been produced from PAN decomposition in the photolysis 

system. Except for those days, PAN decomposition was at most a small contribution
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(2 - 8%) to the measured NOx mixing ratios. The NO2 data were corrected for this 

bias, the uncertainty increased by half o f the value.

The uncertainty for NO is thus 33% at the detection limit and 10% above 10 pptv, 

including contributions from counting statistics, calibration gas, mass flow controllers, 

etc. The precision for NO2 was 25% at 30 pptv, including the bias due to PAN inter

ference, the overall uncertainty increased to 26% at 30 pptv and above.

Ozone was measured using a UV-absorption ozone analyzer (Monitor Labs model 

8810). The precision was 1 ppbv.

PAN was measured using a GC-ECD. The instrumental setup is described in detail 

by Solberg et al. [1996], Calibrations were carried out using a static dilution technique 

of a liquid PAN standard [Krognes et al., 1996]. The precision of the measurement 

was estimated as the larger of 20% or 20 pptv.

The NO2 photolysis rate was measured utilizing a J(N02> radiometer (Meteorolgie 

consult gmbh, Glashutten, Germany). This instrument consists of two separate units, 

facing up and downwards. The instrument was calibrated by the KFA Julich against a 

set of master J(N0 2 ) radiometers that were calibrated against a chemical actinometer 

[Schultz et al., 1995], The uncertainty of the instrument was estimated during airborne 

measurements of J(N02) to be up to 8% [Volz-Thomas et al., 1995], depending on the 

solar zenith angle. For the calculations shown in this paper 8% was used.. No angle 

dependent error was introduced.

6.2.2 Poker Flat 1995

For the NOx calibration at Poker Flat we used an NO standard (Scott-Marrin, Inc., 

3.93 ± 0.08 ppmv NO, 3.95 ppmv NOx), which we compared to a NIST standard 

(NIST standard reference 26827a, 4.76 ± 0.09 pmol/mol NO). The mixing ratio sup

plied by the manufacturer of our working standard agreed, within specifications, with 

the NIST standard.

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



181

At the Poker Flat site the temperature of the laboratory was not as stable as desir

able. On day 93 the temperature conditions changed in the trailer due to problems with 

the air conditioning system. This affected the sensitivity and the NO artifact of the 

chemiluminescence instrument. Prior to the change the NO sensitivity and the NO arti

fact was 4.03 cps/pptv and - 0.05 pptv (s.d. = 1.28), respectively. The NO sensitivity 

dropped to 3.04 cps/pptv, and a positive night time signal of 2.96 pptv (s.d. = 2.04) 

was observed. This change did not affect the precision of the measurements, but might 

have introduced a small bias. Both the NO and NO2 data were corrected for the NO 

artifact after day 93. The accuracy was estimated as half of the value of the artifact 

correction. The overall uncertainty for NO prior to day 93 is 33% at the detection limit 

and 10% above 10 pptv. The NO2 uncertainty was 25% at 50 pptv. After day 93 the 

uncertainty increased for NO to 17.8% above 10 pptv and for NO2 to 27% above 50 

pptv. The relative uncertainties decreased at higher mixing ratios. No significant in

terference occurred from thermal PAN decomposition in the NO2 photolysis system 

despite the higher temperatures present. This is because PAN mixing ratios at Poker 

Flat were not higher than 200 pptv. Even at 1%- PAN conversion this would add an 

insignificant contribution to the median NO2 mixing ratio o f 80 pptv.

Ozone was measured using two independent UV-absorption analyzers (Dasibi 1003- 

PC and Dasibi 1008-RS), the average from the two instruments was used. A multi

point calibration was carried out by titration of an ozone source against the NO stan

dard. The overall uncertainty about 1 ppbv.

PAN measurements were made using a GC-ECD (Hewlett-Packard 5890). The 30 

m (0.53 mm I.D.) megabore capillary column (J&W DB-210) was kept at 35°C, and 

the ECD at 50°C. The carrier gas was Ar/CH« flowing at 15 ml/min through the col

umn and 35 ml/min through the ECD. Samples (1ml) were injected every 15 minutes. 

Calibrations were performed once per week by dynamic dilution using a diffusion tube 

containing PAN in tridecane with zero air [Gaffney et al., 1984], The dynamic PAN
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standard was quantified as NO following reduction by CO in a 350°C catalytic gold 

converter [Bollinger et al., 1983], Thus the PAN measurements were referenced to 

the same NIST traceable standard as was used for the NOx measurements. The detec

tion limit was 6 pptv. The uncertainty of the measurements was 18%.

The NO2 photolysis rate was measured utilizing a JCNO2) radiometer (Meteorolgie 

consult gmbh, CHashiitten, Germany). The instrument was calibrated at the KFA Julich 

one month prior to our campaign. This is the same type of instrument described earlier 

for the Svalbard campaign. The uncertainty is 8 %.

Local wind and temperature were measured during most of the campaign. During 

some of the colder periods the anemometer froze, so that no continuous wind record is 

available. Atmospheric pressure was not measured at the site. For kinetic calculations 

an average pressure of 950 mb was assumed for the elevation of the station. 10 day 

isentropic back-trajectories were calculated using the CMDL Isentropic Transport 

Model [Harris and Kahl, 1994],

All data are reported as hourly averages. Data are reported in day of year (DOY), 

whereby January 1 = DOY 1. Times are reported in local time (LT), where LT = GMT 

+ 1 at Svalbard and LT = GMT -10 at Poker Flat.
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6.3 Results

6.3.1 Svalbard 1994

Table 6.1 shows a statistical overview of the mixing ratios of NO, NOx, 0 3, and 

PAN measurements at the Zeppelin mountain station during spring 1994. We identified 

periods uninfluenced by local pollution using meteorological data, NOx mixing ratios, 

aerosol particle concentrations and isentropic back trajectories [Beine et al1, 1996a]. 

Timeseries of the background data of NOx, PAN, O3, and J(N02) are shown in Figure

6.2a.
Table 6.1. Statistical overview of hourly averages of some of the measured species

NO 

[pptv] 

n = 1942

NOx 

[pptv] 

n = 1811

0 3 [ppbv] 

n = 2110

PAN [pptv] 

n = 2055

temperature

[°C]

n = 2181

mean 2.0 26.7 37.6 255.3 -9 .2

std. dev. 3.9 16.0 7.6 106.4 5.7

minimum -5.3 0.2 5.0 69.0 - 31.3

maximum 43.4 146.6 51.0 729.0 0.4

median 1.0 23.7 39.0 237.0 -7.9

NO mixing ratios were usually below 10 -1 5  pptv, except for one event, when air 

from Europe was sampled. This was also the event with the highest NOx mixing ra

tios. The daily average NO/NO2 ratio increased as expected during the transition from 

the polar night to the midnight sun.
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Say of year 1994.

Figure 6.2a. Timeseries o f NOx, PAN, O3, and J(NOz) background data at Svalbard 1994.

During a few periods ozone dropped to very low mixing ratios, similar to ozone de

pletion events described by Barrie et al. [1994]. These events are discussed elsewhere 

[Beine et al., 1996c]. In general, apart from these events, the ozone mixing ratios 

showed a broad maximum around days 80 - 90, with lower values in the beginning and 

end of the campaign.
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PAN also showed high mixing ratios around DOY 80 - 90, and again after DOY 110 

[Solberg et al., 1996], During both those periods the trajectories indicated flow from 

northern Russia. A similar high influx of PAN rich air in northern Canada was attrib

uted to flow from northern Russia [Muthuramu et a l, 1994]. For our Svalbard data 

four distinct source regions for airmasses could be identified; including Russia, West

ern Europe, the Arctic, and the North Atlantic [Beine et al. 1996a].

6.3.2 Poker Flat 1995

Table 6.2 shows a statistical overview o f the NO, NOx, ozone and PAN hourly aver

aged mixing ratios of all data during our Poker Flat campaign. The site is located 

about 50km to the NE of Fairbanks, AK, on a ridge, 300 m above the Chatanika valley. 

This valley funnels the airflow, so that air arrives mainly from either ENE or SW. In 

the latter case higher mixing ratios of NOx were usually observed, most likely due to 

emissions from Fairbanks (population ~ 80,000).

Table 6 .2 .  Statistical overview of all data at Poker Flat 1995.
NO 

[pptv] 

n = 1314

NOx [pptv] 

n = 1074

O3 [ppbv] 

n = 1244

PAN [pptv] 

n = 1043

temperature 

[°C] 

n = 964

mean 32.5 289.1 39.3 85.4 3.8

std. dev. 94.8 546.0 7.8 62.8 10.8

minimum -6.7 2 1 .6 9.5 2.0 -25.5

maximum 1501.8 3933.8 61.6 909.9 24.9

median 7.9 123.3 40.1 79.9 6.4

To remove any data that were possibly influenced by near-by pollution sources we 

applied two criteria:

1.) Relative standard deviation of NOx. A high variability during the one-hour aver

age in the NO and NOx mixing ratios indicates nearby sources [Honrath and Jaffe,
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1992], However, especially in the case of NO, a higher relative standard deviation is 

expected close to the detection limit. Periods of high NOx relative standard deviation 

(RSD > 33%) were removed when NOx was above the limit of quantification 

(lOxstandard deviation, usually around 50pptv).

2.) Wind direction. The prevailing windpattem at Poker Flat follows the Chatanika 

valley. When winds are from the southwest relatively fresh pollution from Fairbanks 

can impact the station, while most o f the time the flow arrives from the ENE. Since air 

arriving at the station from WSW, SW or SSW might have been influenced by pollution 

from Fairbanks, these data have been removed from the analysis. The data shown in 

Table 6.3 represent background conditions after application of these two criteria, Fig

ure 6.2b shows the background timeseries o f NOx, PAN, O3, and J(N02).

NO 

[pptv] 

n = 648

NOx 

[pptv] 

n = 558

0 3 [ppbv] 

n = 618

PAN [pptv] 

n = 478

temperature 

[°C] 

n = 490

mean 8.17 116.09 41.5 84.4 6.7

std. dev. 14.17 96.38 6.2 60.5 6.1

minimum -6.13 18.55 30.0 2.9 -4.1

maximum 115.97 955.84 61.6 739.0 24.9

median 3.33 91.01 40.6 79.5 6.2

This background data set shows neither the high NOx mixing ratios any more, nor 

the low ozone minimum, which were connected to recent anthropogenic emissions. 

The NO mixing ratio increased in the beginning of the campaign as expected from the 

increase of solar radiation received at the site. NOx increased steadily during the cam

paign; this increase might be a part o f a seasonal cycle. A seasonal cycle was observed 

for NO in the Arctic at Barrow, Alaska [Honrath and Jaffe, 1992], with maximum NO 

mixing ratios of 35 pptv observed between day 100 and 150.
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Figure 6.2b. Timeseries of NOx, PAN. Oj, and KNO2) background data at Poker Flat 
1995.

PAN and ozone were anticorrelated until about day 95, after this date both increased 

and showed a maximum around day 105. A springtime maximum of PAN and ozone at 

Poker Flat around day 110 was also observed in 1993 [Beine et al., 1996b]. During 

this latter period until about day 125 they showed a strong correlation. Towards the 

end o f the campaign ozone reaches a second maximum, while PAN dropped to very
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low values. During this period NOx reached its highest mixing ratios. This behavior 

might be due to thermal PAN decomposition and subsequent ozone production, and 

will be discussed in more detail later.

6.3.3 Comparison o f the two campaigns

Comparing the two campaigns one can see immediately that the NOx mixing ratios 

were much higher at Poker Flat, while PAN was higher at Svalbard. Ozone at the two 

sites is very similar, except that the continental Poker Flat site does not experience 

ozone depletion events as they were seen at the high Arctic site.

NO is in photochemical steady state with N 02 A diurnal cycle in the atmospheric 

mixing ratio of NO is expected. Tins cycle was observed at both locations. At Sval

bard during February the mixing ratios were essentially zero pptv all day. After March 

a noontime maximum was observed. In May the nighttime mixing ratios did not reach 

zero any more, because of the midnight sun, and the daily noontime maximum during 

May reached 6.3 pptv. NO mixing ratios during Poker Flat were in general much 

higher. During March the noontime maximum reached about 6.5 pptv. April and May 

showed a nighttime NO mixing ratio o f 0 pptv, and noontime maxima of about 22.5 

pptv.

Figure 6.3 shows the NO/NO2 ratio for the two campaigns. At Svalbard the 

NO/NO2 ratio reached an average noontime maximum in May of about 0.35 and did 

not go to zero at night. At Poker Flat the diurnal NO/NO2 cycles for the three months 

are very similar to each other. While this result is surprising at first, it is in agreement 

with the measured NO2 photolysis rate J(N0 2 >, which has similar noontime maxima for 

all 3 months. This is due to the high albedo snow surface in March and part of April.

Svalbard had much higher photolysis rates until the end of May, because the snow- 

cover was essentially unperturbed. At Poker Flat the snow was mostly gone by April 

20, the albedo remained lower than at Svalbard, and the maximum J(N(>2) stayed more 

or less constant.
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Figure 6.3. Diurnal variation of the NO/NOo ratio during the four months o f the Svalbard 
campaign 1994 and the three months of the Poker Flat campaign 199S.

At Svalbard diurnal cycles for NOx and ozone were small and not statistically signifi

cant. On individual days cycles were observed, however, no systematic variation with 

the time of the year or the origin of the airmasses emerges. PAN showed a small diur

nal maximum during the early afternoon on several days.

In contrast, hourly mean data at Poker Flat showed diurnal cycles for most of the 

measured species. This was shown previously for ozone and PAN during our meas

urement campaign at Poker Flat 1993 [Beine et al. 1996b]. However, the situation is 

likely more complicated than previously described.
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Figure 6.4. Timeseries of ozone. PAN, H20 , and temperature at Poker Flat for days 104 to 
1 1 1  as example for boundary layer • free troposphere exchange.

Figure 6.4 shows an example for the mixing ratios of ozone, PAN, H2O, and tem

perature at Poker Flat for days 104 to 111. Clearly visible is the diurnal cycle for tem-
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perature, with daytime maxima of up to 1S°C and nighttime minima of 2 - 5°C. Both 

ozone and PAN followed this diurnal cycle closely, with maxima shifted by a couple of 

hours towards the afternoon. The water mixing ratio was anticorrelated to PAN and 

ozone, indicating mixing with air from higher layers of the troposphere during the day. 

On some days the wind direction changed as the temperature increased from north

easterly to south-westerly. On these occasions the NOx mixing ratio exhibited spikes 

to 160 pptv or more, presumably due to local sources.

The Poker Flat sampling site is located on a ridge, about 300 m above the Chatanika 

valley. The daily breakup of the nocturnal inversion layer in valleys can be observed by 

a drop in height of the inversion top and the simultaneous lifting of the convective 

boundary layer [Whiteman, 1982], as the air is radiatively heated. Thus mixing of air 

from above the boundary layer to the station may occur following breakup of the noc

turnal inversion. At the same time, between 8 and 12 a.m. occasional spikes in the 

NOx mixing ratio were observed, probably due to local emissions in the valley near the 

sampling site.
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6.3.4 Comparison with observations at other locations

Measurements of NO at other Arctic sites showed mixing ratios of up to 16 pptv 

during spring in Barrow, Alaska [Honrath and Jaffe, 1992]. Maximum NO mixing 

ratios at Ny-Alesund, Barrow and Poker Flat during May were 12.0, 23.1 and 115.9 

pptv, respectively. One can see that the mean NO mixing ratio found during spring in

creases with decreasing latitude.

NO2 has not been reliably measured before in the Arctic or Sub-Arctic during spring. 

Mean mixing ratios of NOx during ABLE 3A and 3B over the Arctic tundra near 

Bethel, Alaska in summer were around 10 pptv [Bakwin et al., 1992], and 30 to 40 

pptv in the free troposphere over eastern Canada [Fan et al., 1994]. This suggests 

springtime NOx mixing ratios are much higher than during summer in interior Alaska.

Ozone mixing ratios at Barrow, Alaska vary between 0 and 40 ppbv in spring 

[Oltmans and Levy, 1994], During PSE 92 at Alert, Canada ozone mixing ratios of up 

to 45 ppbv were observed [Anlauf et al., 1994], At both sites strong variations in the 

mixing ratio occur every spring. The low ozone periods are attributed to ozone deple

tion from halogen-radical chemistry in a shallow surface layer [Jobson et al., 1994; 

Anlauf et al., 1994], Ozone depletion events encountered during our Svalbard cam

paign were not that strong, one reason might be that the site is at 450 m elevation, so 

that during times when ozone depleted air from the surface was transported to the sta

tion it was mixed with other airmasses. Ozone depletion during our Svalbard campaign 

is further discussed in Beine et al. [1996c] and Solberg et al., [1996]. Surface and free 

tropospheric ozone peaks during spring at many background northern hemispheric sta

tions [Oltmans, 1993]. The peak is usually seen in April. During the Svalbard cam

paign the maximum mixing ratio was found in late March/early April, at Poker Flat the 

maximum was found in the middle of April.

Due to wintertime accumulation followed by the increase of light and temperature in 

spring, peaks in the mixing ratios of PAN and NMHC are usually observed. Peak
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mixing ratios of PAN at Alert reached around 500 pptv during PSE 88 [Bottenheim'et 

al., 1993] and 800 pptv around JD 70 during PSE 92 [Muthuramu et al., 1994], Tra

jectories for the latter period originated from Russia. This finding is consistent with 

our results at Svalbard, both in the observed mixing ratios and the source. PAN mixing 

ratios at Poker Flat were in general lower, consistent with the much higher tempera

tures during spring at that location compared to the high Arctic locations.

In summary our results show higher mixing ratios of reservoir species at Svalbard, 

while at the more southerly Poker Flat location we observed higher mixing ratios of 

NOx and ozone.

6.4 Discussion: The relationship between PAN, NOx and ozone

The relationship between PAN, NOx, and ozone is complex. Correlations between 

these species are expected under certain circumstances. In a region where recent NOx 

emission results in both PAN and ozone production, we would expect a good correla

tion between PAN and ozone [Ridley et al., 1990]. On the other hand, in a region 

where PAN decomposition supplies NOx a correlation between PAN and ozone would 

not be expected, but one between NOx and ozone might be. Finally, if PAN and ozone 

are stored in a cooler free tropospheric reservoir which undergoes occasional exchange 

with a warmer boundary layer it is conceivable that PAN, NOx, and ozone could all be 

correlated at various times in a rather complex manner. We believe that this latter hy

pothesis most accurately describes the situation at Poker Flat.

From measurements at Poker Flat during the spring of 1993 we found that PAN and 

ozone mixing ratios were positively correlated, and that on several days the diurnal cy

cles of both were similar [Beine et al., 1996b]. This was also observed during the 

spring of 1995.

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



194

It is the aim of this discussion to explore the relationship between NOx, PAN and 

ozone. Therefore we investigate a) NOx production from thermal PAN decomposi

tion and b) in-situ ozone production.

6.4.1 Thermal PAN decomposition

The NOx/PAN ratio during the Svalbard campaign was low with an overall median 

of 0.10. Arctic airmasses at Poker Flat show a median NOx/PAN ratio of 0.25. These 

values are comparable to values found during GTE/CITE n  in the marine free tro

posphere (0.2). Ratios over the continents and/or closer to the ground were much 

larger during the summer months (up to 10) [Ridley et a l, 1990].
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Figure 6 .S. NOx/PAN ratio vs. temperature. Both datasets are combined in this Figure. 
The points show the mean NOx/PAN ratio for each °C.
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At both sampling locations the NOx/PAN ratio generally increased with temperature 

between about -10°C to 20°C (Figure 6.5). This is a strong indicator of thermal PAN 

decomposition as a NOx source in the Arctic in this temperature range. Below >10°C, 

in Arctic airmasses at Svalbard in February 1994, a decrease of the ratio with tempera

ture is found. One possible explanation is that because of darkness and low tempera

tures the NOx lifetime is very long, leading to an increased contribution of NOx from 

other sources.

PAN is formed in an equilibrium reaction between the peroxyacetyl radical and NO2.

P A N + M ^ Z _ H 3C(CO)O2 +N 02+M [6  1]
^-6.1

where k.K*) = 4.0 x 1 0 16 e'(<13,600*350yT) [s*1] [Orlando et al., 1992, and references 

therein], and k*.i(1C) = 12.1(±0.5) x 10‘ 12 x (T/298)'°'9±0'15 [molecules'ls'lcm3] [Bridier et 

al., 1991], The PAN lifetime decreases exponentially with T. At -10°C it is around 

200 hr., at 0°C and 10°C around 50 hr and 8 .6  hr, respectively. These lifetimes, how

ever, are only realized, if the peroxy acetylradical (H3CCOO2) is removed by reaction 

with a species other than NO2. The most important gas phase sink for this radical is 

[6.2], the reaction with NO [Orlando et al., 1992]

H 3C(C0)02 +N O — k-2 >H 3C + C 0 2 +N02 [6.2]

(where ks.2 = 2.1(±0.5)xl0'u [molecules^s^cm3] (at 313 K) [Kirchner et al., 1990], 

This rate constant shows no pressure dependence and a negligible temperature depend

ence [Atkinson et al., 1989]). The rate of PAN decomposition is not only determined 

by the temperature T, but also by the mixing ratios of NO and NO2.

In low NOx environments other sink processes may be more important for the ace

tylradical such as self recombination, reaction with other (peroxy) radicals, or deposi

tion on aerosols, snow and/or ice. PAN loss via the reaction with OH ( t  ~ 200 days) 

[Tsalkani et al., 1988] or photolysis (x -  60 days) [Senum et al., 1984] are too slow to 

be of importance here.
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Based on these three reactions, an effective 1* order PAN loss rate can be described 

byk’ [Orlando et al., 1992]:

^6.1^62 [NO]k'=- (6 .1 ), andk-6j[N 0 2 ]+k6 2 [NO]

[PAN]t = [PAN]0 xe(-to) (6 .2)

Equation 6.2 calculates a PAN loss rate under the assumption that there are no addi

tional sources for the peroxyacetyl radical. Using k = k6.i in equation (6.2), i.e. 

considering thermal PAN decomposition alone, a maximum decomposition rate can be 

calculated, since it is then assumed that every peroxyacetyl radical formed is removed 

from the equilibrium. Using k = k’ instead will reduce the PAN decomposition rate due 

to the gas phase reformation reaction described above. With this treatment the maxi

mum rate cannot be realized. The importance of other sink processes such as, for ex

ample the deposition of the acetylradical to snow is unknown. Thus our calculation 

using k&i and k’ are the upper and lower boundaries to the PAN decomposition rates, 

respectively. To calculate k6.i one needs the temperature, to calculate k’ one also 

needs the NO and NO2 mixing ratios. '

In Table 6.4 we show the median values for k*.i and k’ in units of [s ] during the two 

campaigns. The PAN decomposition rate is the PAN mixing ratio times k«.i or k’ in 

units o f [pptv/hr] and is negative. The table also shows the median temperature.

PAN

decomposition

Temp.

[°C]

[s*1] k’ [s l] dPAN/dt 

[pptv/hr] (k6.i)

dPAN/dt 

[pptv/hr] 0 0

Svalbard 1994 . - 7.92 2.153e-6 5.291e-8 -2.04 - 0.058

Poker Flat 1995 6.23 2.890e-5 1.443e-6 -5.50 -0.312

Because of higher temperatures at Poker Flat the rate constant k’ was a factor of 20 

higher than at Svalbard. However, the PAN decomposition rates at Poker Flat were
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larger by only a factor 3 - 5 ,  because the observed PAN mixing ratios were higher at 

Svalbard.

As expected, the kinetic constants and the PAN decomposition rates increased with 

temperature. Using k’ instead of k&i includes the effect of the NO/NO2 ratio on the 

decomposition. The temperature of an airmass determines how many peroxyacetyl 

radicals are formed, but the branching between the two reactions [-6 .1] and [6 .2 ] is de

termined by the NO/NO2 ratio. However, it is likely that the real PAN decomposition 

rate approaches the rate calculated using k6.i, since the acetylradical can react with spe

cies other than NO or NO2.

The airmasses that can be compared directly at these two locations are those 

originating from the Arctic. Arctic airmasses at Svalbard reached the station predomi

nantly during the early part of the campaign. Therefore not only was the temperature 

very low, but also J(N0 2 ), and the NO/NO2 ratio. The median PAN decomposition 

rate (calculated using k&i) was 0.59 pptv h'1. Consideration of the NO/NO2 ratio re

duced this amount to 0.003 pptv h"1. Unfortunately neither PAN nor temperature 

measurements were available during the times of northerly flow at Poker Flat (DOY 6 6  

- DOY 8 6). If, however, the median temperature measured at Fairbanks during this 

period of northerly flow (-13.3 °C) and the mean NO and NO2 mixing ratios (7.4 and 

122.65 pptv, respectively) are used, a k’ of 2.66x10"* [s*1] can be calculated. This is 

the same order of magnitude as during Arctic flow periods at Svalbard and shows that 

decomposition must be rather small. This suggests that airmasses with high PAN mix

ing ratios can penetrate into lower latitudes where increased warming returns NOx to 

the troposphere.

A relationship between the PAN decomposition rate and the measured mixing ratio 

of NOx was visible at Svalbard. Figures 6.6  show the dataset ordered and grouped 

into 10* percentiles by the PAN decomposition, calculated using k6.i. This k was used 

to avoid comparing two parameters that were both derived from the NO and NO2
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mixing ratios. To avoid having to make assumptions about the distribution of the 

points or the nature of the error, we used Theil’s nonparametric regression [Miller and 

Miller, 1984] to calculate a linear relationship. With this method no information about 

the significance of the fit is obtained, since no specific distribution is assumed for the 

data points. PAN decomposition in the range from about 0.5 to 4 pptv seems corre

lated with NOx mixing ratios, 1 pptv of decomposing PAN/hour results in a NOx addi

tion of 4.92 pptv. At very low decomposition rates this relationship is lost, a possible 

reason is that since the decomposition is so small, other NOx sources dominate. A 

similar plot for the Poker Flat dataset shows the same relationship but with much 

higher scatter. Although it is tempting to infer the NOx lifetime from these plots we 

have chosen not to do so because of the many other variables involved.

The measured low NOx - high PAN at Svalbard and high NOx - low PAN at Poker 

Flat and the relationship between decomposing PAN and NOx gives support to the idea 

that decomposing PAN is a major source of NOx during spring in northern latitudes.

PAN decomposition rate [pptv/hri

Figure 6.6l  Scatterplot of NOx versus the PAN decomposition rate at Svalbard. The data 
are sorted and grouped into 10th percentiles by the PAN decomposition rate. The line shows 
Thed's non-parametric regression, the slope is -5.07 [pptv NOx / pptv h'1 PAN].
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PAM decomoosition rate foptv/hrl

Figure 6.6b. Scatterplot of NOx versus the PAN decomposition rate for Poker Flat The 
data are sorted and grouped into 10th percentiles by the PAN decomposition rate. The line 
shows Theirs non-parametric regression, the slope is -4.81 [pptv NOx / pptv h'1 PAN].

6.4.2 Production o f ozone

As discussed in the introduction, ozone production depends primarily on NOx. In 

this section we will consider the chemical production terms only.

The median NO/O3 ratio during our Svalbard campaign was 0.26x1c4, which is one 

order of magnitude smaller than would be required for ozone production [Liu et al., 

1987; Lin et al., 1988; Crutzen, 1994], The ratio during Poker Flat showed a median 

value of 2.32x10“* (including nighttime data), thus for about half of the time ozone 

production can be anticipated.

The in-situ ozone production rate can be calculated directly from our measurements 

using [Volzetal., 1988]:
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J (NO2 )[N02 ] - k63[N 0 I0 3] = £ ( R 0 2 +HO, )* k64[NO] (6.3)

where k ^  = 2.2xl0*12 e(‘1430=200/T) [Atkinson and Lloyd, 1984] and k .4 = 3.7xl0' 12

eQ40±Mrt) [DeM()re 1 9 g7]

This assumes that all o f the peroxy radicals (ROx -  H 02 + RO2) have similar rate 

constants for the reaction with NO. The accurate calculation of [ROx] depends criti

cally on the accurate measurement of the NO/NO2 ratio. Measured NO/NO2 ratios of

ten disagree with modeled values [Crawford et al., 1996]. Several reasons have been 

proposed for this discrepancy, such as experimental problems in the accurate determi

nation of NO2, J(N02) [Lantz et al., 1996], or incomplete hydrocarbon chemistry in the 

models.

We measured isoprene and some terpenes during the spring of 1996 in a boreal forest 

in the interior Alaska, and applied those data to model calculations using the Poker Flat 

1995 data [Herring et al., 1996]. The observed isoprene mixing ratios and the model 

results suggest isoprene and terpenes as the cause of discrepancies in the NO/NO2 ratio 

between models and measurements.

In calculating in-situ ozone production rates (equation 6.3) and ROx concentrations, 

two large numbers are subtracted from each other to yield a small value. A propaga

tion of error calculation was therefore carried out for both values. The errors for NO, 

NO2, 0 3, and J(N0 2 > were described in the experimental section, the errors for k«j  and 

k«.4 were given by DeMore et al. [1987], In the calculation of dOa/dt the largest con

tribution to the overall error arises at both locations from the uncertainty in NO2, the 

next biggest contribution comes from J(N0 2>. For the calculation of the ROx concen

trations at Svalbard, the largest contribution to the overall error arises again from NO2, 

the contribution from k&4 and NO are of equal importance. At Poker Flat NO and NO2 

are equally important.
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Table 6 .S shows the median hourly in-situ ozone production rate calculated from the 

measurements, together with its relative error. Also, the table shows the median per- 

oxyradical mixing ratios with its relative error. These median values only give an 

overview, since both values show diurnal cycles due to J(NC>2) and substantial day to 

day variability.

Table 6.5. Statistics on ozone prodluction rates and HO? mixing ratios: medlian values.
d0 3/dt

[pptv/hour]

RSD(d03 /dt) ROx [pptv] RSD (ROx)

Svalbard 1994 62.4 47.6 % 69.2 63.7%

Poker Flat 1995 605.1 40.4 % 85.3 56.3 %

The errors for the in-situ ozone production varied between 28 and 73%.

During both campaigns a general trend is obvious, as the insolation increases, and 

with it the NO/NO2 ratio, the in-situ ozone production rate increases. Higher ozone 

production rates were calculated for Poker Flat, the differences between the two sites is 

about one order of magnitude. ROx mixing ratios were comparable at the two sites; 

besides temperature, the other main difference between the two sites is the presence of 

natural hydrocarbons such as isoprene or limonene at Poker Flat, which in their oxida

tion convert NO into NO2 and thus lower the NO/NO2 ratio [Herring et al., 1996],

6.4,3 Effect o f thermal PAN decomposition on the ozone budget

In-situ ozone production did not show any substantial influence on the ozone budget 

during our Svalbard campaign, while during some periods o f the Poker Flat campaign 

such an influence was visible. The hourly PAN decomposition rates were mostly very 

small, however, they showed a correlation with the observed NOx mixing ratios. We 

conclude from this that decomposing PAN and possibly other NOy reservoir species 

are mainly responsible for the observed NOx mixing ratios at our Arctic and Sub-Arctic 

sites.
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Since PAN returns NOx which produces ozone, a link between the PAN decomposi

tion and ozone production might be present. Figure 6.7 shows the PAN decomposi

tion, calculated by equation (6 .2 ), using k&i, sorted and grouped into 10 th percentiles, 

versus the in-situ ozone production rate, calculated by equation (6.3) during both cam

paigns. Using k6.i again avoids the comparison of numbers generated from the same 

variable. The line in the plots shows Theil’s nonparametric regression. At the low de

composition rates observed at Svalbard only a general increase of ozone production 

with PAN decomposition can be deduced, while the picture at Poker Flat is suggestive 

of a correlation between the two.

PAN decomoosition rate [pptv/hrl

Figure 6.7a. Scatterplot of m-situ ozone production versus the PAN decomposition rate for 
Svalbard The data are sorted and grouped into 10th percentiles by the PAN decomposition 
rate. The line shows Theil’s non-parametric regression, the slope is -43.52 [pptv h' 1 O3 /  
pptv h' 1 PAN]. .
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Figure 6.7b. Scatterplot o f /n-situ ozone production versus the PAN decomposition rate 
for Poker Flat The dam are sorted and grouped into 10th percentiles by the PAN decompo
sition rate. The line shows Theil’s non-parametric regression, the slope is -82.88 [pptv h' 1 

O3 /pptvh ' 1 PAN].

From this picture it follows that anthropogenic NOx emissions converted to PAN, 

and transported into high latitudes can produce ozone, and thus contribute to the ob

served ozone maximum in northern high latitudes. The annual ozone maximum at 

these latitudes occurs at a time when the PAN lifetime is sufficiently long for transport, 

but the temperatures are high enough in some regions for thermal decomposition. At 

the same time J(NC>2) is sufficient for photochemical production and the surface is 

snow covered, minimizing ozone deposition. Thus the annual ozone maximum occurs 

during spring.
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6.5 The diurnal behavior of trace gases

In this section we will discuss four different cases during our two campaigns. Those 

case studies will explore diurnal cycles and possible covariances of the measured and 

calculated species. They are aimed to represent the transition from winter to spring 

conditions at northern latitudes. The parameters shown are J(N0 2 ) [s*1], NOx [pptv], 

HO2 [pptv], PAN [pptv], dO^dt [pptv/hr], dPAN/dt [pptv/hr] (using ki), ozone 

[ppbv], H20  [g/kg], NO/NO2 ratio, and temperature [°C]. Diurnal cycles are shown 

for the following cases: 1. Arctic air at Svalbard, 2. North Atlantic air at Svalbard, 3. 

Southerly flow at Poker Flat, boundary layer ventilation, 4. Southerly flow at Poker 

Flat, springtime.

6.5.1 Arctic air at Svalbard, D OY50 - 59,1994
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Figure 6 .8 . Diurnal cycle of KNO2), O3, NOx, PAN, dPAN/dt, and T in Arctic air during 
DOY 50 - 59, 1994 at Svalbard.

The airmasses during this period was photochemically inactive, cold and dry. J(NC>2) 

only reached 5x1a4 s' 1 at noon. Ozone was uniform throughout the day, while NOx 

dropped in the afternoon by about 5 pptv. The NO/NO2 ratio was around 0 , in accor-
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dance with the very little light received. Both PAN decomposition and in-situ ozone 

production were very small and showed no effect on the respective budgets.

6.5.2 North Atlantic air at Svalbard\ DOY 130 to 140t 1994
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Figure 6.9. Diurnal cycle of J(NOi), O3, dOj/dt, HO2, NO/NQ., NO, PAN, dPAN/dt, H:0, 
and T in North Atlantic air during DOY 130 - 140, 1994 at Svalbard.

This represents an example for the photochemically most active period during our 

Svalbard campaign. J(N0 2) reached the highest values measured, which was a conse

quence of the insolation together with a very high albedo of 0.8 due to the snow cov

ered ground. J(N0 2 > did not go back to zero at night, midnight sun was present. Ac

cordingly the NO/NO2 ratio reached some of the highest observed values during both 

campaigns. NOx was low and showed very little diurnal change. The temperature was
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uniform, since no diurnal change was induced by changing insolation. Accordingly the 

water mixing ratio was rather uniform, too. PAN reached a maximum in the late even

ing that was 40 pptv higher than the noon time minimum. Due to the combination of 

high PAN mixing ratios and a slight increase in temperature, the PAN decomposition 

rate reached a maximum of 2.5 pptv/hr. Considering the NO/NO2 ratio, the highest 

PAN decomposition rate of all of the Svalbard campaign was reached during this pe

riod. Calculated HO2 mixing ratios stayed fairly constant during the day and did not 

decrease to 0 any more, which is consistent with the fact that the sun did not set at 

night. The in-situ ozone production showed a clear diurnal cycle which followed the 

J(N0 2 ) rate. However, no influence on the ozone mixing ratio seems present. The di

urnal ozone cycle seemed to be correlated to the PAN cycle from about midmoming 

on, which would suggest an exchange process with higher layers of the troposphere. 

The water mixing ratios support this on individual days, overall the variability in H2O 

was too high for a clear diurnal cycle. Radiosoundings during this period show an in

version on some days right at the height of the station and above that fairly neutral 

conditions, so that transport from the free troposphere to the station was possible. De

spite the sizable in-situ ozone production at the site, a direct influence on the ozone 

budget was never seen during the Svalbard campaign, other processes obviously were 

stronger and obscured the direct contribution.
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6.5.3 Southerly flaw  at Poker Flat, boundary layer ventilation, 

DOY 89 to 110,1995
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Figure 6.10. Diurnal cycle of J(N0 2 ), HO2, <KVdt O3, NQ/NOfc NOx, PAN. dPAN/dt.
H;0 .  and T in southerly flow during DOY 8 9 - 110 .199S at Poker Flat

As described in the results section, during this period boundary layer exchange with 

the free troposphere was seen on many days. The period was characterized by strong 

diurnal cycles of almost all the measured species. J(N0 2 > showed a strong cycle, how

ever, the values were lower than during the same period at Svalbard, because the al

bedo was lower. During this period the snow was rapidly melting at the Poker Flat 

site. The temperature showed a strong day-time maximum, the rise in the morning by 

about 6°C was relatively sharp. The water mixing ratio was anticorrelated to PAN and 

ozone, which shows the exchange over different altitudes. The diurnal ozone cycle in
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this 21 day average lagged behind the PAN cycle by about 3 hours, this was also ob

served at this site during the spring of 1993 [Beine et al., 1996b], While the diurnal 

variation of both PAN and water was of the order of 25 to 30% of their measured val

ues, ozone only showed a variation of 10%. Those differences between the cycles of 

PAN and ozone showed that neither transport nor photochemistry alone were respon

sible for the diurnal behavior, although the lag could be indicative of PAN decomposi

tion being an ozone source. .

NOx showed a rapid increase around noon, but starts to decrease before the PAN 

decomposition is at its maximum. HO2 reached a diurnal maximum of about 100 pptv, 

and the in-situ ozone production reached a diurnal maximum of 1 ppbv/hr. Between 

noon and 6  p.m. the water mixing ratio stayed constant, the increase in the ozone mix

ing ratio could therefore be attributed to in-situ production rather than to vertical 

transport. PAN decomposition reached up to 12 pptv/hr, interestingly, the cycles of 

PAN decomposition and in-situ ozone production appear similar. This can have two 

different reasons: PAN decomposition returns NOx to the atmosphere; this NOx 

could add to the ozone production mechanism. The other reason might be simply that 

sunlight drives both the ozone production and the diurnal temperature variation, which 

then in turn is responsible for the PAN decomposition.
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6.S.4 Southerly flow  at Poker Flat, springtime, DOY 126 to 131,1995
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Figure 6.11. Diurnal cycle of J(N02>, HO2, dCVdt, O3. NO/NO* NOx, PAN, dPAN/dt,
H20 .  and T in southerly flow during DOY 126 - 131 .199S at Poker Flat

The last case discussed here shows a period at Poker Flat where all the snow was 

gone and the leaves were coming out. The birch trees which make a good portion of 

the boreal forest, were all green at this time. Accordingly J(N0 2) did not reach the 

same maximum as during the snow covered periods any more, since the albedo at the 

site was largely reduced. The diurnal temperature variation was about 6°C, from mid

morning to the evening the temperature was almost constant. The water mixing ratio 

showed a strong diurnal cycle, and was anticorrelated with PAN. The PAN decompo

sition rate reached very high values, the afternoon PAN lifetime is one hour. NOx also 

reached very high values, which might originate from PAN decomposition. The higher
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availability of NOx is represented in a peak in the in-situ ozone production in the late 

afternoon. In-situ production had a strong influence on the observed ozone mixing ra

tio. At night until about mid-morning deposition seemed to occur, afterwards the 

ozone mixing ratio increased, possibly due to accumulation following production. The 

in-situ production summed to about 6  ppbv/day, which is of the order of the diurnal 

variation of the observed ozone mixing ratio. The peak in the ozone mixing ratio was 

seen in the afternoon concurrent with the maximum in the in-situ ozone production.

Acknowledgments. Funding for this work was provided by NSF (gram # ATM- 

9215127).

6.6 References

Anlauf, K. G., R. E. Mickle, N. B. A  Trivett, Measurements of ozone during Polar 

Sunrise Experiment 1992. J. Geophys. Res., 99,25,345-25,353, 1994.

Bakwin, P. S., S. C. Wofsy, S.-M. Fan, Measurements of NOx and NOy concentrations 

and fluxes over Arctic tundra. J. Geophys. Res., 92,16,545-16,557,1992.

Barrie, L. A, J. W. Bottenheim, W. R. Hart, Polar Sunrise Experiment 1992 (PSE 

1992): Preface. J. Geophys. Res., 99, 25,313-25,314,1994.

Beine, H. J., M. Engardt, D. A. Jaffe, 0 . Hov, K. Holmen, F. Stordal, Measurements of 

NOx and aerosol particles at the Ny-Alesund Zeppelin mountain-station on Svalbard: 

Influence of local and regional pollution sources. Atmospheric Environment, 3CX71- 

1067-1079,1996a.

Beine, H. J., D. A  Jaffe, D. R. Blake, E. Atlas, J. Harris, Measurements of PAN, alkyl 

nitrates, ozone and hydrocarbons during spring in interior Alaska. J. Geophys. R2 s., 

101(D71. 12,613-12,619,1996b.

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



211

Beine H. J., D. A. Jaffe, F. Stordal, N. Schmidbauer, S. Solberg, M. Engardt, K. 

Holmen, NOx during ozone depletion events in the Arctic troposphere at Ny-Ale- 

sund, Svalbard. Submitted to Tellus, May 1996c.

Bollinger, M. J., R  E. Sievers, D. W. Fahey, F. C. Fehsenfeld, Conversion of nitric di

oxide, nitric acid, and n-propyl nitrate to nitric oxide by gold-catalyzed reduction 

with carbon monoxide. Anal. Chem.. 55. 1980-1986,1983.

Bottenheim, J. W., L. A  Barrie, E. Atlas, The partitioning of nitrogen oxides in the 

lower Arctic troposphere during spring 1988. J. Atm. Chem., .17, 15-27,1993.

Crawford, J., D. Davis, G. Chen, J. Bradshaw, S. Sandholm, G. Gregory, G. Sachse, B. 

Anderson, J. Collins, D. Blake, H. Singh, B. Heikes, R. Talbot, J. Rodriguez, Photo- 

stationary state analysis of the NO2 - NO system based on airborne observations from 

the western and central North Pacific. J. Geophys. Res., 1 0 1 . 2053-2072,1996.

Crutzen, P. J., The role of NO and NO2 in the chemistry of the troposphere and strato

sphere. Arm. Rev. Earth Planet. Sci., 7,443-472, 1979.

Crutzen, P. J., An overview of atmospheric chemistry. In C. Boutron (Ed.), ERCA, Les 

editions de physique, Les Ulis, France, 1994.

Crutzen, P. J., Ozone in the troposphere. In H. B. Singh (Ed.), Composition, chemis

try and climate o f the atmosphere, Van Nostrand, New York, 349-393,1995.

Fan, S.-M., D. J. Jacob, D. L. Mauzerall, J. D. Bradshaw, S. T. Sandholm, D. R  

Blake, H. B. Singh, R  W. Talbot, G. L. Gregory, G. W. Sachse, Origin of tro

pospheric NOx over Sub-Arctic eastern Canada in summer. J. Geophys. Res., 99. 

16,867-16,877,1994.

Gaflney, J. S., R  Fajer, G. I. Senum. An improved procedure for high purity gaseous 

peroxyacetyl nitrate production: Use of heavy lipid solvents, Atmos. Environ., 18. 

215-218,1984.

Harris, J. M., Kahl, J. D. W , An analysis of 10-day isentropic flow patterns for Bar

row, Alaska: 1985-1992. J. Geophys. Res., 99,25,845-25,855, 1994.

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



212

Herring, J. A., D. A. Jaffe, H. J. Beine, S. Madronich, D. R  Blake, High latitude 

springtime photochemistry part II: sensitivity study of ozone production and the ef

fect of biogenic hydrocarbons. Submitted to J. Geophys. Res., July 1996.

Honrath, R  E., D. A  Jaffe, The seasonal cycle o f nitrogen oxides in the Arctic tro

posphere at Barrow, Alaska. J. Geophys. Res., 97,20,615-20,630,1992.

Isaksen, I. S. A , 0 . Hov, S. A. Penkett, A  Semb, Model analysis of the measured 

concentrations of organic gases in the Norwegian Arctic. J. Atm. Chem., 3, 3-27, 

1985

Jaffe, D. A., The relationship between anthropogenic nitrogen oxides and ozone trends 

in the Arctic troposphere. In H. Niki, K. H. Becker (Eds.), The tropospheric 

chemistry o f ozone in the polar regions, NATO ASI Series I, Vol. 7, 105 - 115, 

1992

Jobson, B. T., H. Niki, Y. Yokouchi, J. Bottenheim, F, Hopper, R. Leaitch, Measure

ments of C2-C6 hydrocarbons during the Polar Sunrise 1992 Experiment: Evidence 

for Cl atom and Br atom chemistry. J. Geophys. Res., 99, 25,355-25,368, 1994.

Kirchner, F., F. Zabel, K. H  Becker, Determination of the rate constant ratio for the 

reactions of the acetylperoxy radical with NO and NO2. Ber. Bunsenges. Phys. 

Chem., 94,1379-1382, 1990.

Krognes, T., D. Danalatos, S. Glavas, P. Collin, G. Toupance, J. C. Th. Hollander, R. 

Schmitt, P. Oyola, R  Romero, P. Ciccioli, V. Dipalo, A. Cecinato, R  F. Patier, M. 

T. Bomboi, J. Rudolph, K. P. Muller, W. Schrimpf, Y. Libert, H. Geiss, Interlabora

tory calibration of peroxyacetyl nitrate liquid standards. Atmos. Environ., 30(6)- 

991-996,1996.

Lantz, K. O., R  E. Shetter, C. A. Cantrell, S. J. Flocke, J. G. Calvert, S. Madronich, 

Theoretical, actinometric, and radiometric determinations of the photolysis rate coef

ficient during MLOPEX n. J. Geophys. Res., 101. 14,613-14,629,1996.

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



213

Lin, X., M. Trainer, S. C. Liu, On the nonlinearity of the tropospheric ozone produc

tion. J  Geophys. Res., 93, 15,879-15,888,1988.

Liu, C. S., M. Trainer, F. C. Fehsenfeld, D. D. Parrish, E. J. Williams, D. W. Fahey, G. 

Hubler, P. C. Murphy, Ozone production in the rural troposphere and the implica

tions for regional and global ozone distributions. J. Geophys. Res., 92, 4191-4207, 

1987

Liu, S. C., D. Kley, M. McFarland, J. D. Mahlman, H. Levy n, On the origin of tro

pospheric ozone. J. Geophys. Res., 85, 7546,1980.

Logan, J. A., Tropospheric ozone, seasonal behavior, trends and anthropogenic influ

ence. J. Geophys. Res., 90, 10,463-10,482,1985.

Miller, J. C., J. N. Miller, Nonparametric regression methods. Statistics fo r Analytical 

Chemistry, Wiley, New York, 132-134,1984.

Muthuramu, K., P. B. Shepson, J. W. Bottenheim, B. T. Jobson, H. Niki, K. G. Anlauf, 

Relationships between organic nitrates and surface ozone destruction during Polar 

Sunrise Experiment 1992. J. Geophys. Res., 99, 25,369-25,378,1994.

Oltmans, S. J., Climatology of Arctic and Antarctic tropospheric ozone. In H. Niki, K. 

H. Becker (Eds.), The tropospheric ozone in the polar regions, NATO ASI Series I, 

Vol. 7,25-40, Springer, Berlin, 1993.

Oltmans, S. J., H. Levy II, Surface ozone measurements from a global network. At

mos. Environ., 28, 9-24,1994.

Orlando, J. J., G. S. Tyndall, J. G. Calvert, Thermal decomposition pathways for Per- 

oxyacetyl nitrate (PAN): Implications for atmospheric methyl nitrate levels. Atm. 

Environ., 26, 3111-3118,1992.

Parrish, D. D., C. H. Hahn, D. W. Fahey, E. J. Williams, M. J. Bollinger, G. Hubler, M. 

P. Buhr, P. C. Murphy, M. Trainer, E. Y. Hsie, S. C. Liu, F. C. Fehsenfeld, System

atic variations in the concentrations of NOx (NO + NO2) at Niwot Ridge, Colorado. 

J. Geophys. Res., 95, 1817-1836,1990.

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



214

Penkett, S. A., K. A. Brice, The spring maximum in photo-oxidants in the northern 

hemisphere troposphere. Nature, 319. 655-658,1986.

Ridley, B. A., M. A. Carroll, G. L. Gregory, G. W. Sachse, NO and NO2 in the tro

posphere: Technique and measurements in regions of a folded tropopause. J. Geo

phys. Res., 93, 15,813-15,830, 1988.

Ridley, B. A., J. D. Shetter, B. W. Gandrud, L. J. Salas, H. B. Singh, M. A. Carroll, G. 

Hiibler, D. L. Albritton, D. R. Hastie, H. I. SchifF, G. I. Mackay, D. R. Karechi, D. 

D. Davis, J. D. Bradshaw, M. 0 . Rodgers, S. T. Sandholm, A. L. Torres, E. P. 

Condon, G. L. Gregory, S. M. Beck, Ratios of peroxyacetyl nitrate to active nitrogen 

observed during aircraft flights over the eastern Pacific Oceans and continental 

United States. J. Geophys. Res., 95, 10,179-10,192,1990.

Ridley, B. A., S. Madronich, R. B. Chatfield, J. G. Walega, R. E. Shetter, M. A. Car

roll, D. D. Montzka, Measurements and model simulations of the photostationary 

state during the Mauna Loa observatory photochemistry experiment: Implications 

for radical concentrations and ozone production and loss rates, J. Geophys. Res., 97, 

10,375-10,388,1992.

Schultz, M., N, Houben, D. Mihelcic, H.-W. Patz, A. Volz-Thomas, Ein chemisches 

Aktinometer zur Kalibrierung photoelektrischer Detektoren zur Messung von 

J(NOz). Berichte des Forschungszentrums Jiilich, 3135.1995.

Senum G. I., Y.-N. Lee, J. S. Gaffney, Ultraviolet absorption spectrum of peroxyacetyl 

nitrate and peroxypropionyl nitrate. J. Phys. Chem., 88, 1269-1270,1984.

Solberg, S., N. Schmidbauer, A. Semb, F. Stordal, 0 . Hov, Boundary-layer ozone de

pletion as seen in the Norwegian Arctic in spring. J. Atmos. Chem., 23, 301-332, 

1996a

Solberg, S., T. Krognes, F. Stordal, 0 . Hov, H. J. Beine, D. A. Jaffe, K. Clemitshaw, 

S. A  Penkett, Reactive nitrogen compounds at Spitsbergen in the Norwegian Arctic. 

Submitted to J. Atmos. Chem., March 1996b.

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



215

Tsalkani, N., A. Mellouki, G. Poulet, G. Toupance, G. LeBras, Rate constant meas

urements for the reactions of OH and Cl with peroxyacetyl nitrate at 298 K. J. At

mos. Chem., 7, 409-419,1988.

Volz, A, D. Mihelcic, P. Musgen, H.W. Patz, G. Pilwat, H. Geiss, and D. Kley, 

Ozone production in the Black Forest: Direct measurement of RO2, NOx and other 

relevant parameters in tropospheric ozone regional and global scale interactions. In 

I S. A  Isaksen (Ed.), NATO ASISeries, D. Reidei Pub. Co. Boston, 1988. 

Volz-Thomas, A , A  Lemer, H.-W. Patz, M. Schultz, D. S. McKenna, R. Schmitt, S. 

Madronich, E. P. Roth, Airborne measurements of the photolysis frequency of NO2. 

Submitted to J. Geophys. Res., Oct. 1995.

Whiteman, C. D , Breakup of temperature inversion in deep mountain valleys: Part I. 

Observation. J. Applied Meteorology, 21,270-289,1982.

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



216

7. Conclusions
A high sensitivity chemiluminescence NO detector and a photolytic converter for N 02 

were constructed and tested in the lab. The detection limits for NO and NO2 were as 

low as 1.70 and 5.67 pptv in a one-hour average, respectively. This instrument was 

used at two high latitude northern hemispheric stations, Poker Flat, Alaska, and Zeppe

lin, near Ny-Alesund, Svalbard. In addition other measurements were carried out in

cluding ozone, PAN, J(N0 2 ), NMHCs, and other species. The data was analyzed using 

statistical methods to arrive at the following conclusions:

•  The NOx and ozone budget at Svalbard

The median NOx and PAN mixing ratios at Svalbard were 23.7 and 237 pptv, re

spectively. The low NOx mixing ratios resulted in very low in-situ ozone production 

rates. Even during times of very high J(N0 2 ) at the end of May the in-situ ozone pro

duction rate poses only an insignificant factor to the ozone budget on Svalbard. Trans

port, mixing, and deposition dominate the budget.

During a few days ozone was depleted to mixing ratios as low as 4 ppbv. At the 

same time NOx was very low, approaching the detection limit of the chemilumines

cence instrument. Halogen chemistry is probably responsible for both effects.
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•  The NOx and ozone budget at Poker Flat

The median NOx and PAN mixing ratios at Poker Flat were 79.5 and 85.9 pptv, re

spectively. Because of the higher temperatures, PAN decomposition rates reached up 

to 30 pptv/h, possibly supplying most of the measured NOx to the airmass.

The median in-situ ozone production rate at Poker Flat, calculated from the photo- 

stationary state equation, was 605 pptv/h. A contribution from this production to the 

overall ozone budget was clearly visible in the afternoon during some periods.

•  Other species at Poker Flat

Measurements of PAN, ozone, NMHCs and alkyl nitrates during 1993 showed that 

PAN was correlated with ozone and alkanes with alkyl nitrates. The removal rates of 

hydrocarbons and alkyl nitrates showed OH as the primary removal agent.

• Boundary layer ventilation at Poker Flat

During the second half of April both in 1993 and 1995 diurnal cycles of many of the 

measured species were observed. PAN and ozone followed the diurnal temperature 

cycle at the site, while the water mixing ratio was anticorrelated, indicating mixing with 

higher layers of the troposphere during the day.

•  Different airmasses at Svalbard

For our 1994 campaign three-dimensional 5-day back trajectories were used to iden

tify four source regions; Western Europe, Russia, the Arctic and the North Atlantic. 

NOx mixing ratios at Svalbard were in general very low, except during transport from 

Europe, where it reached up to 100 pptv. Airmasses from Russia showed enhanced 

levels of accumulation mode aerosols and PAN. Both NOx and ozone mixing ratios 

were similar in North Atlantic and Arctic airmasses, the latter showed a higher num

ber of accumulation mode, but lower nucleation mode, particles.
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•  Influence o f local pollution on Svalbard

No single criterion can be used to identify local pollution at the Zeppelin station. 

During some periods of low atmospheric stability and/or low northerly winds higher 

NOx mixing ratios, a high hourly RSD of NOx and a higher number concentration of 

nucleation mode particles were found. The CN ratio and NOx measurements were 

found to be good indicators of local pollution. The Zeppelin station is exceptionally 

clean during spring; only 6.4% of the time indications of local pollution were seen.

For airmasses uninfluenced by local effects, such as local pollution or boundary layer 

ozone depletion, PAN is an important source of NOx in high northern latitudes during 

the winter spring transition. As airmasses move from higher to lower latitudes and/or 

altitudes the increased temperatures tend to increase the NOx/PAN ratio. The PAN 

decomposition rate and the in-situ ozone production appear correlated for PAN de

composition rates up to -20 pptv/h. At Poker Flat higher NOx mixing ratios result in 

significant in-situ ozone production. The production rates are large enough to have a 

marked influence on the ozone budget.

The accumulation of PAN during winter in the Arctic and its thermal decomposition 

during spring can supply NOx to lower latitudes or altitudes and result in significant in- 

situ ozone production.
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Appendix A. 

Labtech Notebook setup
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Table A a. Labtech Notebook setup, I*1 half
Block Block Block
No. Name Dev Ch Function
1 Zeus Replay
2 modes 1 0 Digital Output
3 mode for file -2
4 cp .ls 1 0 Counter
5 cps Block Av(4)
6 meas Block Av(5)
7 zero Block Av(5)
8 meas s.d. Block Std Dev(5)
9 zero s.d. Block Std Dev(5)
10 pressure 1 2 Analog Input
11 pressure Block Av(10)
12 zerop Block Av( 11)
13 meas. p Block A v ( l l)
14 light 1 3 Analog Input
15 lightcheck Block Av(14)
16 ozone 1 4 Analog Input
17 ozone Block Av(16)
18 J(N 02) Q1 1 5 Analog Input
19 J(N 02) Q2 1 6 Analog Input
20 J(N 02)Q 1 Block A v(l8 )
21 J(N 02)Q 2 Block A v(l9)
22 MFC 1 1 7 Analog Input
23 MFC 4 1 8 Analog Input
24 MFC 1 Block Av(22)
25 MFC 4 Block Av(23)
26 Time Time
27 time stamp Time
28 Hera OFF ALL



Scale
Factor Offset Iter Stg duration Rate
1 0 2E+08 1 100000000 0.1

2E+08 3 10 0.1
I 0 2E+08 2 10 0.1.

2E+08 1 100000000 10
10 0 2E+08 1 100000000 1
1 0 2E+08 2 10 0.1
1 0 2E+08 2 10 0.1
1 0 2E+08 2 10 0.1
1 0 2E+08 2 10 0.1
10 0 2E+08 1 100000000 10
1 0 2E+08 1 100000000 1
1 0 2E+08 2 10 0.1
1 0 2E+08 2 10 0.1
1 0 2E+08 1 100000000 1
1 0 2E+08 2 10 0.1
200 0 2E+08 1 100000000 1
1 0 2E+08 2 10 0.1
1 0 2E+08 1 100000000 1
1 0 2E+08 1 100000000 1
1 0 2E+08 2 10 0.1
1 0 2E+08 2 10 0.1
200 0 2E+08 1 100000000 1

0 2E+08 1 100000000 1
1 0 2E+08 2 10 0.1
1 0 2E+08 2 10 0.1

2E+08 1 10000000 1
2E+08 2 10 0.1

1 0 1E+00 1 100000000 0.1



Ta
bl

e 
Ab

. 
La

bt
ec

h 
No

teb
oo

k 
se

tu
p.

 2
nd 

ha
lf

221

Ea. E E E Eo. a  a  a E Ea. a EQ. Ea E E a  a E E a. a. Ea.

Inr  a

oy
E

§p f ) ( | ) J )  j ) l

<4
E

f

4
E E

4  <  
E E
|> < f )

E

Fil
e 

1 
(fi

rs
t

£
d

43 43
b d  d  d d d £

d
£
d d d d d

<£
d

I sH  tO —

St
ar

t
St

at
e

u
o

£ o

5
2

•o o

Tr
ig

ge
r

Bl
oc

k
St

ar
t

St
at

e

u  u  
o  o

U U U B )
o  o  o  o S  uO  O

U
O

B1
O

OJ U
O  O

U  B) 
O  O

U
O

Ra
te

o  o ' o ' o  o ' o ' o ' o ' o o ' o ' o o  o ' o '

s
■3 o  © o  o  o  o ©  o © o o  o o  o ©

S i z z z z z z z z z z z z z z z z z z z z z z z z z z z a
w w O O O O O O O O O O O O O O O O O O O O O O O O O O O F

u
° o'

CO z  - rs ro tt o■o vo e** oo ©  — 11 12 13 14 15 16 17 18 19 20
 

21
 

22
 

23 24 25 26 27 28

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.

Appendix B. Raw data file
Tabic B. Example of raw data file.

A B C | D E F O H 1 J K 1. M N O P Q
Poker Fla 1995

NOx

date is 5-11-1995

lime i* 17:04:44.20

mode zero sdzer p zcr mess id me* pmeas day hour min second light
dteck

ozone J(NOj)

down

J(NOj)

up

mfc 1 mfc 4

cps a.d.

cps

torr q * i.d. cps torr d h mm s V ppbv V V scan scan

7 2333 54.8 6.87 2347 51.7 6.867 0 18 I 44.305 0.9526 37.8499 0.4779 1.3175 998.6083 5.912

11 2328 43.7 6.871 2361 45.5 6.867 0 18 5 24.305 0.9263 37.5 0.5056 1 3249 998.0957 3.9138

3 2323 45.7 6.874 23)9 43.4 6.875 0 18 9 4.305 0.8728 38.1917 0.4076 1.1429 998.1933 5.9119

15 2339 58 6.87 2354 50.9 6.874 0 18 12 44.305 0.8406 38.3382 0.3542 1.0314 998.4862 3.9105

7 2325 51 6.869 2344 53 6.866 0 18 16 24.305 0.8242 38.208 0.262 0.8674 997.884 5.9159

11 2327 49.5 6.859 2352 45.4 6.877 0 18 20 4.305 0.8123 38.5498 0.2003 0.7679 998.8527 5.9082
3 2333 48.4 6.888 2352 46.6 6.87 0 18 23 44.305 0.823 38.737 0.1801 0.7276 997.6644 5.9043

15 2332 53.2 6.87 2362 48.2 6.873 0 18 27 24.305 0.8245 39445 0.169 0.7114 998.0226 5.9166
7 2342 43.6 6.867 2331 42.8 6.879 0 18 31 4.303 0.8081 37.2559 0.1727 0.7161 998.1119 5.9132

11 2337 41.8 6.868 2341 55.1 6.875 0 18 34 44.305 0.854 38.5173 0.1848 0.7323 998.2993 5.9149

Mtoto
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Appendix C. Data treatment
Table C. Organization of LOTUS spreadsheet for data analysis.

col. variable calculation

A mode

B zero cps

C s.d. zero

D pzero

E meas ops

F s.d. meas

G p meas

H day

I hour

J min

K sec

L light check

M ozone

N J(N02) (up)

0 J(N02) (down)

P MFC 1

Q MFC 4

R time +$R$l+(H10)+(I10/24)+(J10/(24*60))+(K10/(24*60*60))
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s s/s zero +C10/@SQRT(B10)

T s/s meas +F10/@SQRT(E 1 0)

U CpS meas " cps jod +E10-B10

V zero eff(l) @IF(A10=1#OR#A10=5#OR#AIO=9#OR#A10=13,(1- 

((B10-B8)/ (E10-E8))),0)

w zero eff (2 ) @IF(V10<1#AND#V10>0.9,V10,0)

X zero eff (3) @AVG(W10,W11,W16,W17)

Y zero eff (4) @AVG(X$1,X$10,

Z s.d. zero eff ( 1) @IF(A10=1#OR#A10=5#OR#A10=9#OR#A10=13,V10*@ 

SQRT((((C 10A2/60)+(C8A2/60))/(B 10- 

B S ^ H ^ io ^ /e o j+ ^ s ^ /e o ^ /C E io -E s y ^ x o )

AA s.d. zero eff (2 ) @IF(Z10X)#AND#Z10<(0.2*Y10)^10,0)

AB s.d. zero eff (3) @AVG(AA10,AA11,AA16,AA17)

AC s.d. zero eff (4) @AVG(AB$1,AB$10,

AD Cno +U10/Y10

AE s.d. Cno +AD10*@SQRT((((F10A2/60)+(C10A2/60))/(E10- 

B10) A2)+( AC 10A2/Y10A2))

AF S(NO) (1) @IF(A10=13,(AD10-

AD8)/($ AFS3 *((0.232+(1.373 *Q 10))/P 10)),0)

AG S(NO) (2) @IF(AF10<5#AND#AF10>3,AF10,0)

AH S(NO) (3) @AVG(AG$l,AG$10, , )

Al s.d. S(NO) (1) @IF(A10= 13, AH 10*@SQRT ((((AE 10A2/60)+( AE8 A2/60))/ 

(AD 10-ADS^J+O.01 ),0)

AJ s.d. S(NO) (2) @IF(AI10X)#AND#AI10<0.2*AH10,AI10)0)

AK s.d. S(NO) (3) @AVG(AJ$1,AJ$10,

AL conveff(l) @BF(A10=13,1-(((AD11-AD9HAD17-AD15))/((AD10- 

AD8)-( AD 16-AD 14))),0)
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AM conv eff (2 ) @IF( AL 10>0#AND# AL10<1,AL 10,0)

AN conv eff (3) @AVG(AM$1,AMS10,...,...)

AO s.d. conv eff 

( 1 )

@IF( A10= 13, AN10 *@SQRT(((( AE11 A2/60)+( AE9A2/60)+ 

(AE17 A2/60)+( AE15 A2/60))/((AD 11-AD9MAD17- 

AD15 ))A2)+((( AE10A2/60)+(AE8 A2/60)+( AE 16A2/60)+(AE 

14A2/60))/(( AD 10-AD8)-(AD 16-AD 14))A2)),0)

AP s.d. conv eff 

(2 )

@IF(A010>0#AND#A010<0.2*AN10,A010,0)

AQ s.d. conv eff 

(3)

@AVG(AP$l,AP$10,...,...)

AR S(NO)on ( 1 ) @IF(A11=5,(ADI 1-AD9-

(200*Q10*AN11*AH11))/($AF$3*((0.232+1.373*Q10)/P1 

0)),0)

AS S(NO)on (2) @IF(AR10>3#AND#AR10<6,AR10,0)

AT S(NO)on (3) @AVG(AS$1,AS$10,...,...)

AU s.d. S(NO)on 

( 1 )

@IF(A11=5, ATI 1 *@SQRT((((AE1 \*2/6Q)+{AE9*2J6Q)+Q. 

01+AQ11A2+AK11 A2)/(AD 11-AD9- 

(200*Q10*AN11 *AH1 O^J+O.OIXO)

AV s.d. S(NO)on 

(2 )

@IF(AU10X)#AND#AU10<0.2*AT10,AU10,0)

AW s.d. S(NO)on 

(3)

@AVG(AV$1,AV$10,...,...)

AX [NO] (1) @IF(A10=11#OR#A10=15,AD10/AH10,0)

AY [NO] (2) @IF(A9=5#OR#A9=l ,0,AX10)

AZ s.d. [NO] @ABS(@EF(A10=11#OR#A10=15,AY10*@SQRT(((AE10 

A2/60)/(AD 10A2))+(AK10A2/AH10A2)),0))

BA d.l. NO @IF(A10=11#OR#A10=15,(3/AH12)*@SQRT(2*B 10/60),
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0)

BB [NO] calc @EF( AY 1 0<0,0, AY 10)

BC [N02](1) @IF(A10=3#OR#A10=7,(AD 10- 

(BB9*AT9))/(AT10*AN10),0)

BD CNQJ (2 ) @IF(A8= 1 #OR#A8=5,03C 10)

BE s.d [N02] @IF(A10=3#OR#A10=7,@SQRT(((1/(AT10*AN10))A2*A 

E 10A2)+((AD 10/( AT 10A2 * AN 10))A2* AW 10A2)+(( 1 /AN 10) 

A2*AZ9A2)+(((AD10/(AT10*AN10A2))- 

(AY9/AN10A2))A2*AQ10A2)),0)

BF [N02] check @IF( Al 0=3#OR#A10=7,(AD 10- 

(BB9*AH9))/(AH10*AN10),0)

BG s.d. N 02 check @IF(A10=3#OR#A10=7,@SQRT((( 1/(AH 10* AN10))A2* A 

E10A2)+((AD10/(AH10A2*AN10))A2*AK10A2)+((1/AN10) 

a2*AZ9a2H((AD10/(AH10*AN10a2))- 

(AY9/AN10a2))a2*AQ 10A2)),0)

BH lightcheck @IF(A10=3#OR#A10=7^10,0)

BI d.l. N 02 @IF(A10=3#OR#A10=7,(3/(AT11 *AN11))*@SQRT(2*B1 

0/60),0)

The cell addresses shown above are for row 10 of the data analysis spreadsheet. 

Variables with the same names and bracketed numbers, e.g. S(NO) (1), S(NO) (2), 

show subsequent calculations of the same term. The variable is calculated in the first, 

checked in the second against a preset quality control parameter, and averaged over n 

set of four values in the third (and fourth) row. The last number thus follows variations 

in the performance of the instrument in a semi-continuous fashion and is then used to 

calculate mixing ratios.
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Appendix D. Components
The following is a list of commercial parts purchased for this research.

Data acquisition

• Data acquisition board (Omega DAS 16), with screw terminal (Omega ST A-16).

•  ECL - TTL converter (Thom EMI, model C605).

• Photomultiplier amplifier - discriminator (Thom EMI, model C604A).

• Photomultiplier tube (Hamamatsu R1333, hand selected for special red 

sensitivity).

Inlet

• Teflon filter (Gelman Sciences, zefluor, 2pm)

NO Calibration gases:

•  4 ppmv NO (Scott-Marrin, Inc., 3.93 ± 0.08 ppmv NO, 3.95 ppmv NOx).

• 4 ppmv NO (Scott-Marrin, Inc., 4 . 1 1  ± 0.08 ppmv NO, 4 . 1 1  ppmv NOx).

•  5 ppmv NO (AGA Norgas, 5.0 ± 0.5 ppmv, 5.2 ppmv NOx).

• 5 ppmv NO (NIST standard reference material 2627a, 5pmol/mol in N2, 4.76 ± 

0.09 pmol/mol).
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• 10 ppmv NO (Scott Specialty Gases Inc., 9.79 ppmv (± 2%), 10.0 ppmv Ndx) 

transfer standard.

N 02 calibration 

Permeation tube

• Flow restrictor (30 seem ± 2.5% @ 30 psig to atm., Mott Metallurgical Corp.).

•  NO2 permeation tube (Dyncal, 88 ng/min. ± 25% @ 40°C).

NO titration

• Flow restrictor (30 seem ± 2.5% @ 30 psig to atm., Mott Metallurgical Corp.).

N 02 photolysis

• 300 W-Xe arc lamp (ILC, Cermax 300W, ozone free, with R300-5 lampholder 

and PS1000SW-1 power supply).

• Dichroic mirror (Oriel 66238,350-450 nm, with mirror holder 66247).

• Shutter (Vincent Associates, Uniblitz VS62)

• Shutter Driver (Vincent Associates, Uniblitz D 122)

Ozonator

• Silent electrical discharge tubes (ozone electrodes, Thermo Environmental Inst.)

Pumps

• Chemical inlet trap (Edwards High Vacuum International, model ITC 20)

• Oil mist filter (Edwards High Vacuum International, model EMF10)

• Pump oil (Edwards High Vacuum International, type TW)
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• Rotary pump (Edwards High Vacuum International, model E2M 8)

Reaction chamber

• Evacuated window, (Products for Research), with colored sharp cut filter RG 

610 (Schott).

•  Flow calibration system (Gilian Gilibrator-2, Sensidyne)

• Mass flow controllers (Tylan FC 280, 1000, 500, and 10 seem, with

readout/control RO-28).

•  PMT housing, thermoelectric refrigerated chamber (Products for Research, 

model TE182TSRF008)

• Pressure transducer (MKS Baratron 122B absolute pressure gauge)

•  Reaction chamber (design by Ridley and Grahek, [1990])

•  Temperature control for reaction chamber (Omega CN 9000 A, with heating tape 

and type J thermocouple).

System control

•  1/4” teflon tubing (Furon FEP heavy wall, I.D. 1/8”).

•  1/8” teflon tubing (Furon flexible FEP, I.D. 1/18”)

• Computer (Micro Express Regal 386)

• Connectors (Furon Teflon, Swagelock Teflon, Swagelock Stainless Steel,

Swagelock Brass, all 1/4” or 1/8”)

• Glass to Teflon connectors with 1/4’ glass tubes and Furon 1/4” unions.

• Solenoid valves, 3-way (Furon, Delta solenoid valves, CV3-224)

• Solid state switching modules (DC output, normally open, Grayhill 70-ODC5, 

nominal control 5 Vdc), mounted on mounting rack (Grayhill 4-module rack), 

with separate 5 Vdc power supply.
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Zeroing

• UV lamps, 254nm (Pen Ray 11 SC-1)

• Zero volume tubing: 3/4” (Furon flexible FEP tubing, I D. 11/15”)
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