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Abstract. Hydroxyl radical (OH) concentrations were mea- dividual functional dependences between [OH] and' Q)
sured in August 2001 at Finokalia Station on the northeast{OH] and J(NGQ), and J(NQ) and J(3D) the partial loga-

ern coast of Crete during the Mediterranean Intensive Oxiithmic derivatives were determined to be 0.5, 0.6, and 0.3,
dant Study (MINOS). OH was measured based on selectedespectively. Overall, the box model yields a value of 0.70 for
ion chemical ionization mass spectrometry (SI/CIMS) with a the exponenk in very good agreement with the correspond-
time resolution of 30 sec and signal integration of 5min. Theing value derived from the empirical analysis of the mea-
corresponding accuracy, precision, and detection limit weresurements. This empirical approach in which the chemical
20% (1), 11% (¥), and 2.4x 10° molecules cm?® (20), air mass characteristics influencing the OH radical balance
respectively. OH levels showed a strong diurnal variability and thereby, the self-cleansing efficiency of the atmosphere,
with high maxima (approximately 2 10’ molecules cm?) are represented by only two parameters which are constant
occurring around 13:30LT (10:30UTC) and nighttime val- over quite substantial time periods may be used in future ex-
ues below the detection limit. Daily 24-hour average concen-periments to test and compare OH measurements made in
trations varied between 3.6-6:7 10°cm=3. For the total  different atmospheric environments.

measurement period (6-21 August) the mean and standard
deviation were 4.5+ 1.1 x 1®cm™3. The OH data set is
analyzed based on a classification into three periods: I: Aug

6-8, Il: Aug 9-11, lll: Aug 13-18. For each of the three pe- 1 Introduction

riods the measured OH concentrations are described by the

empirical function [OH] =z J(O'D)?, with J(O'D) being the  One of the major goals of the Mediterranean Intensive Ox-
ozone photolysis frequency and: 1.4 x 10%scni3, 1.7 x idant Study (MINOS) was to investigate the effect of an-
10%scnt3, 2.2 x 10!%scnt3, andb = 0.68, respectively.  thropogenic air pollution on the budgets of atmospheric oxi-
Taking into account the estimated precision of the OH mea-dants (e.g., ozone) over the Mediterranean region (Lelieveld
surements this empirical function using three valuesdfor et al., 2002a). The concentration of the most reactive oxi-
and one value fab explains 99% of the observed variance of dant species in the troposphere, the hydroxyl radical (OH),
OH. A detailed sensitivity analysis using a ¢H CO box  depends strongly on the ambient levels of ozone and water
model was performed to interpret this relationship, in par-vapour and on solar irradiance. In the remote atmosphere OH
ticular the meanings of the pre-exponential factand the s primarily produced via ozone photolysis at wavelengths
exponenb. It was found that the value ofwhich represents  |ess than about 330 nm (Matsumi et al., 2002) followed by
the total logarithmic dependence of [OH] on 3@ includes  reaction of the electronically excited {I¥) atom with water

the individual contributions from the photolysis 0§ NO5, vapour:

HCHO, HONO, and HO» which could be determined using

the box mod.el. For the conditions prevailing during the MI- Oz + hv —> O(*D) + O, (R1)
NOS campaign the exponehntvas found to be dominated by

the contributions from @ and NQ-photolysis. For the in-

O*D)+M — OCP) + M (M = Ny, Oy) (R2)

Correspondence tdd. Berresheim
(Harald.Berresheim@dwd.de) O(*D) + H,0 — 20H (R3)
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From the above reaction scheme a primary OH productiorconcludes with a quantitative assessment of individual con-
rate, P(OH), can be derived: tributions to the observed OH variance and their relationship
" with ozone photolysis. For a comprehensive and detailed
24O D)[OslkH,0[H20] (E1)  Photochemical model analysis of the OH data the reader is

P(OH) =
ko,[O2] + kny[N2] + kHy0[H20] referred to the companion paper by Baboukas et al. (2003).

where J(@D) is the ozone photolysis frequency, akg,,

kn,, andkn,o are the rate coefficients for reactions (R2) and 2 Experimental

(R3), respectively. The average tropospheric lifetime of OH

is less than 1 second due to its relatively fast reactions with 2.1 OH measurements

large number of both anthropogenic and natural compounds.

Major sinks for OH are the reactions with CO, g;Hnd non- Atmospheric OH concentrations were measured by selected
methane hydrocarbons (NMHCs) in which peroxy radicalsion/chemical ionization mass spectrometry (SI/CIMS) pre-
(HO,, ROp; R = organic rest) are produced as intermediateviously developed by Eisele and coworkers (Tanner et al.,
products. In addition, H®is also produced from the pho- 1997; Eisele and Tanner, 1991). During the MINOS cam-
tolysis of formaldehyde, HCHO. In turn, these peroxy radi- paign the system was installed in a mobile field laboratory
cals can be involved in further reactions leading back to OH(container) at Finokalia station (359" N, 25°40’ E) on the
(secondary OH source), i.e., OH can be recycled via Hp  northeastern coast of Crete. The container was deployed on

reaction with NO or G a plateau near the edge of a cliff approximately 100 m above
the coastline and some 20 m vertical distance below and to

NO + HO2 — NO2 + OH (R4)  the west of the summit laboratory operated by the University
of Crete (ECPL). The Finokalia site is located about 80 km

O3 + HO2 — 20, + OH (R5)  east of Heraklion and at least 20 km away from major road

traffic and small cities further south. The surrounding veg-
etation is sparse and consists mainly of some herbs and low
bushes. OH was measured continuously between 6-22 Au-

NO, + OH+M —> HNOs+M (M = Na, Oy) (R6) gust 2001. In addition, ambien't concentrations g8y and
gaseous methane sulfonic acid (MSA) were measured. For

Important loss processes for the sum of OH and iri@licals
(denoted here as HQare:

and radical self-reactions the results and interpretation of the sulfur measurements see
Bardouki et al. (2003) and Kanakidou et al. (2003). Short

OH+HO2 — H20 + Oz (R7)  interruptions of the measurements occurred due to mainte-
nance or power outage problems. The SI/CIMS system of

HO2 + HO2 — H202 + Oz (R8) Deutscher Wetterdienst (DWD; German Weather Service)

has been described in detail by Berresheim et al. (2000).
A brief outline of the measurement technique and of the sys-

. . . . tem’s performance during MINOS is given here.
Among these loss reactions (R7-9) dominate in relatively : L ; .
: . Ambient air is sampled at approximately 10| mininto
clean NQ-poor environments such as the remote marine at-

rosphereNO, = NO NG whereas eacton (%6 com- ¢ 97 36100 1e0n of e systen whiere neut) s
inates in relatively polluted air (e.g., Platt et al., 2002; P 2 P

Lelieveld et al., 2002b). pressure by charge transfer reactions with;NGre ions.

As part of the MINOS experiment daily measurements ofThe Ncg Ponjlare produced in a separate sheath gas by
ambient OH concentrations were conducted during 6-22 Au& rad|oac.:t|ve2. Am source and are subsequently focussed
gust 2001, at the ground level station Finokalia on the north-0Y_€lectrical fields to the sample flow axis. %0, and
eastern coast of Crete. Specific objectives of these measurd!SA molecules directly react with NDyielding the cor-
ments were: (1) to study the atmospheric oxidation efficiencyresponding HS® and MSA™ product ions. To measure
and production of OH in the Mediterranean boundary layer,OH, excess**SQ; is added to the sample flow before the
and (2) to provide a data base of diurnally measured OH proionization region. The SPcompletely titrates the sampled
files for detailed modelling of the local and regional photo- OH within approximately 20 ms producing heavy isotope
chemistry. In the present work, we first discuss experimentaH3*SOs molecules which in turn react with NPto pro-
details and the results and uncertainties of the OH measureduce H“‘SO; product ions. These differ from the3FBO;
ments. Next, the corresponding,GCO, meteorological and ions derived from ambient $50, by two mass units. The
photolysis frequency data are used to distinguish three periOH background signal is produced by adding high purity
ods within the OH data set. In the final part, the variancepropane to the sample air/S@nixture such that all OH is
in the OH data is analyzed for each of these periods by botmow scavenged by reaction with propane instead of. SO
an empirical function and a box model approach. The papefraction of the remaining N© ions and the newly formed

HO,; + RO, — ROOH+ Oy (R9)
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Table 1. Median daytime (03:50-16:50 UTC) levels of atmospheric trace gases and meteorological parameters measured during MINOS.
The data are classified into three periods as defined in the text. Numbers in parentheses show corresponding 18- and 82-percentile values

Parameter Period | Period Il Period IlI

6-8/8 9-11/8 13-18/8
CO, ppbv 130 (115, 146)  228(189,246) 161 (145, 174)
O3, ppbv 61 (54, 65) 67 (64, 70) 56 (52, 58)
NO>, ppbv 0.34 (0.06,0.47) 0.36(0.15,0.53) 0.66 (0.41, 1.04)
TemperatureSC 27.8(26.2,29.3) 28.1(27.3,29.4) 24.9(24.2,25.4)
H,0, 10t cm—3 3.5(3.2,4.0) 4.8 (3.9, 5.3) 5.5 (5.2, 5.8)
JO'D), 10 °secl 1.4(0.17,2.7) 1.2 (0.14, 2.3) 0.91(0.10, 2.2)
JINGy), 10 3sec?  7.9(3.7,9.5) 7.3(3.0,9.0) 6.7 (1.9, 9.2)

product ions are forced by electrical fields through a260  applying a median calibration factor F of 3.3210° cm™3.
diameter aperture into a differentially pumped vacuum re-This value already includes the correction by a factor of 0.82
gion where they are first stripped of neutral ligand molecules,described above.

then mass-filtered by a quadrupole (at approximately 2~ The precision of the ambient air OH measurements is
10~°hPa pressure), and finally detected by an electron mulessentially determined by the signal count statistics of the
tiplier. The OH concentration is determined from the cor- CIMS instrument, wind turbulence, and chemically induced
responding H*SO, to NOj signal ratio and a calibration variability. For the MINOS campaign the precision was es-
factor F according to: timated by first determining the reproducibility of the OH
U e _ calibration. A standard deviation for F of 14%o(l was
[OH] = F(H™SQ, /NO3) (E2) obtained. Next, contributions from calibration-specific vari-

During the MINOS campaign calibration measurements@Pilities (UV photon flux and 5O measurements) were de-
were made regularly every hour using a calibration unit termined and subtract.ed yielding an estimated precision of
which emits filtered UV light ak = 184.9 nmiinto the air flow ~ 11% (1) for the ambient OH measurements. The detec-
in front of the sample tube. The UV light photolyzes the wa- tion limit for OH was calculated to be 24 10°cm™> (20)
ter vapor molecules in the sampled air yielding OH concen-based on signal count statistics as described by Berresheim
trations in the range 0.3—¢ 108cm=3. The generated OH €t al. (2000).
concentrations are determined based on the knoy® &b- Measurement accuracy accounts for both precision and
sorption cross section (Cantrell et al., 1997) and concurrensystematic uncertainties. The latter were determined to
measurements ¢H,0] and the UV photon flux (for details, amount to a total of 15% () based on contributions from
see Berresheim et al., 2000). OH was measured at 30 selfe calibration of the cathodes (8%g )1 the corresponding
time resolution and the corresponding signals were averagel/V photon flux measurements (8% )i the flow velocity in
over 5min intervals. The measurements were corrected by &e illuminated zone (8%,dd), and minor contributions (6%,
factor of 0.82+ 0.03 (1) to account for errors resulting from  1o) from uncertainties in thgH>O] measurements, the;®
chemically induced changes in the CIMS sample inlet andabsorption cross section, and the median value of F. As a fi-
titration zones. This correction was based on an iterative aphal result, the total accuracy for individual 5 min integrated
proach previously described by Berresheim et al. (2000) and®H measurements during the MINOS campaign is estimated
Tanner et al. (1997) using concurrently measured mixing rato be 20% (&).
tios of NO, Og, and CO (see also Table 1; Vrekoussis et al.,

2003; Salisbury et al., 2003). In addition, ambient air mixing 2.2 Photolysis frequencies and ancillary measurements
ratios of CH,, Hy, and HCHO were assumed to be 1900 ppbv,

550 ppbv, and 1 ppbv, respectively (1 ppbv =2@nol sub-  Photolysis frequencies J{D) and J(NQ) were measured
stance per mol of air). The latter assumption is supported byontinuously by filter radiometers (Meteorologie Consult,
airborne HCHO measurements in the lower marine bound-Germany). The accuracy of the J(Mdilter radiometer was

ary layer during MINOS (Kormann et al., 2003; Lelieveld determined to be 15%, precision better than 3%. For the
et al., 2002a) and measurements performed at Finokalia dud(O'D) measurements one sensor pointing upward was used
ing summer time in 2000 (C. Economou and N. Mihalopou- (upper 2r sr). Frequent tests reversing the direction of the
los, unpublished data). Both the OH data correction factorsensor showed that the irradiance reflected from the ground
and the sensitivity of the CIMS instrument showed no sig- (lower 2t sr) contributed 16 3% of the J(@D) value mea-
nificant trends during the campaign. Therefore, all OH mea-sured in upward direction. Therefore, total 3g0) values
surements during the MINOS campaign were evaluated bywere obtained by augmenting the upwardly measured values
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Fig. 2. (a)Local wind direction and wind spee(h) relative humid-
ity and ozone and CO mixing ratios at Finokalia during the MINOS
campaign. The CO data were measured by J. Sciare and are repro-
duced here from the companion paper by Salisbury et al. (2003).

Fig. 1. (a) OH concentration an¢b) ozone photolysis frequency
(upper 2r sr +10% from lower 2 sr; see text) measured concur-
rently at Finokalia Station during the MINOS campaign. Dots indi-
cate individual 5 minute averaged data.

3 Results and discussion

3.1 General overview and data classification

by 10%. The J(@D) sensor was calibrated against a spec- __ ] ) .
tral radiometer in November 2001 (B. Bohn, Research Cenfigure 1a shows the temporal profile of the ambient air OH
ter Jilich, personal communication, 2002). The accuracy of¢oncentration at Finokalia for the whole measurement period

the instrument after calibration was estimated to be 15%, pre®f 6-22 August 2001. The corresponding ozone photoly-
cision is better than 3%. sis frequency J(&D) is shown in Fig. 1b. Pronounced diur-

nal cycles were observed for both parameters with maximum
OH levels occurring roughly between 13:30-14:00 hrs Greek
NO, was measured by differential optical long-path ab- summer time or 10:30-11:00 UTC (lowest local solar zenith

sorption (DOAS) as described in detail by Vrekoussis et al.angle). Corresponding OH values (5 min averages) typically
(2003). @ was measured using a Thermo Analyser Model peaked in the range of 1.5-2:010" cm3, with individual
49C and CO was monitored every 15 min by gas chromatogspikes reaching up to 24 10’ cm~3. In general, OH levels
raphy equipped with a UV detection technique (Kouvarakisat night were below the detection limit. The average OH con-
et al., 2002; Salisbury et al. 2003). Meteorological data werecentration for the whole measurement period was#4 51
measured by both DWD and ECPL using standard instru-x 106 cm=2. The noon values of both J{D) and J(NQ)
ments. The DWD weather station was mounted on a smallvere in the same range as corresponding values measured in
mast on top of the container. The air flow to the DWD site May 2000 at the northwestern coast of Crete (Balis et al.,
was always from westerly directions and thus, not blocked2002). The latter study was part of the Photochemical Activ-
by the summit where the ECPL measurements were madety and Ultraviolet Radiation (PAUR) campaign and included
In the present paper we use the DWD data which were irthe only previously reported J¢D) and J(NQ) values mea-
excellent agreement with the ECPL data. sured in the Eastern Mediterranean marine region.

Atmos. Chem. Phys., 3, 639-649, 2003 www.atmos-chem-phys.org/acp/3/639/
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The results shown in Fig. 1a suggest that the OH data ca22 August). It cannot entirely be excluded that local and
be classified into different periods. Therefore, we examinedregional contributions from Crete may have contributed to
individual parameters relevant for the OH balance such ashe air mass composition measured at Finokalia. However,
corresponding CO, § and meteorological data shown in both NO and CO measurements at the station indicated no
Figs. 2a and 2b. The CO data measured by J. Sciare hauwaajor impact from anthropogenic sources on the island, e.g.,
been discussed in detail in the companion paper by Salisburfrom Heraklion. Also, this contribution should have been
et al. (2003). To provide a clear context for the following less significant during daytime than at night since the wind
discussion we have reproduced them here in Fig. 2b. Basedias blowing from the sea during daytime. To check for local
on the above data analysis we divided the OH data set intémpacts due to biogenic emissions from the plants, local herb
three major time periods: I: 6-8 August, II: 9—11 August, samples were frequently plucked, then crushed and held into
and Ill: 13-18 August (Table 1). These overlap with the cor-the air sample flow directly next to the CIMS inlet. Corre-
responding periods 2, 3, and 4, respectively, defined by Salsponding effects on the measured OH signals were found to
isbury et al. (2003). Period lll can easily be distinguished be negligible. As reported by Xu et al. (2003) the concen-
from | and Il due to relatively enhanced OH values follow- trations of biogenic NMHCs emitted from the surrounding
ing 12 August. Furthermore, local meteorological conditionsvegetation were scarcely measurable.
significantly changed on 12—-13 August showing a transition Having classified the OH data set into three different peri-
from southwesterly to northwesterly wind directions and aods we now examine for each of these periods the relation-
concurrent drop in wind speed (Fig. 2a). In addition, a sig-ship between [OH] and JdD), the latter parameter exhibit-
nificant increase in both absolute humidity,(®lconcentra-  ing by far the strongest variability in primary OH production
tion, Table 1) and relative humidity (Fig. 2b) was observed (Eq. E1 and Fig. 1b).
starting on 12 August, the latter increasing roughly from 30—

50% to 60-80%. Both parameters were highly correlated3-2 BOX model calculations and comparison with empirical
(R? = 0.90). Also, @ mixing ratios dropped from 60-70 approach
to 50-60 ppbv (Fig. 2b). Since 12 August was characterized

by significant changes in air mass composition and corre-N€ in situ OH concentrations measured at Finokalia

sponding OH data are missing for the noontime hours this(':ig' 1a) represent a quasi-steady state balance between dif-

day has been excluded from the present classification. Alsglerent OH sources and sinks. In the lower troposphere the

the end of the campaign (past 18 August) has been exclude@H lifetime is typically less than 1 second and photostation-

due to missing CO data and continuously changing meteo2'Y State equilibrium within the HOx system (= OH + b)is
rological and atmospheric chemical conditions. Between 9-YPically achieved within a few minutes (Poppe et al., 1994).

11 August both CO mixing ratios and relative humidity (and ThUS: for a typical wind speed of 8 mSwe may assume
also[H0]) showed transient maximum values in correlation that the local OH concentration was determined by the me-

with the advection of air masses impacted by biomass burnteorological and atmospheric chemical conditions prevailing
within a distance of at most a few km around the station.

ing (Salisbury et al., 2003). Therefore, we distinguished this >
episode as period Il . The average OH concentrations correcOMmpPlementary to the detailed model study by Baboukas et

sponding to the three periods defined above were:3077 al. (2003) we focus in this section more explicitly on an anal-
x 108cm3 (1), 4.1+ 0.7 x 108 cm3 (Il), and 4.9+ 1.0 x ysis of the relationship between [OH] and 3{@) by means

10° cm3 (I11), respectively. In Table 1 statistical results for ©f @ Simple box model. Using this alternative approach we

several parameters with importance for the OH balance arélttempt to identify the photochemical information contained

summarized for each of the three periods. in the variability of the OH data. ,
On average, most of the atmospheric chemical observa- First, a visual comparison between Figs. 1a and b suggests

. . l
tions at Finokalia were consistent with large scale changes it high ‘?'egfee of correlation between t.he O,H and™lo .
the composition and origin of air masses over the Mediter-data. Figure 3a shows the corresponding linear regression
ranean Sea advected to the measurement site. This catjalysis. However, itis also obvious that the relationship be-
be concluded from a comparison with flight measurementdWeen both data sets is non-linear. As described by Ehhalt
(Traub et al., 2003; de Reus et al., 2003) and from trajec-and Rohrer (2000), a more realistic fit which also yields a

tory analyses used to categorize the different air masses bP’lUCh better correlation is obtained using an exponential re-

composition and origin (Salisbury et al., 2003). The trajec- ationship:

tory analyses showed that the streamlines of air masses a‘f’OH] —u J(OlD)b (E3)
proaching the coast of Crete from northerly directions were

deflected to a more westerly direction in the vicinity of the A log-log regression of [OH] vs. J(D) yields a value of
coast. In addition, a regular day-night pattern in both windb = 0.68+ 0.01 for the exponent. The same value for the
direction and wind speed was observed at Finokalia correexponent was also found for the data subsets corresponding
sponding to a land-sea breeze circulation, particularly duringo each of the three periods defined above. Using this value
the periods | and Il and the last days of the campaign (20-in combination with Eq. (E3), a plot of [OH] vs. JiD)%68

www.atmos-chem-phys.org/acp/3/639/ Atmos. Chem. Phys., 3, 639-649, 2003
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(J(o1 D)/1 075 3—1)0468

Fig. 3. (a) OH concentrations plotted as a function of 3D for
the whole measurement period (6—22 August 20()Plot of OH
vs. J(@D)%68. The correlation coefficient is 0.953.

becomes linear with R = 0.953 (Fig. 3b). In the following
analysis we want to answer two questions: 1. Can the em-
pirical functional expression (E3) and the exponert0.68

be explained by our present knowledge of atmospheric pho-
tochemistry? 2. How much of the residual variability shown
in Fig. 3b can be attributed to the precision of the CIMS in-
strument, how much to atmospheric variability?

The photochemical balance of OH includes as major
sources: the reaction of &) atoms with BO (reaction
R3) and the recycling of OH by reaction of H@ith NO
and ozone (reactions R4 and R5; see also Baboukas et al.,
2003). The production of OH through reaction (R3) depends
linearly on J(GD) because of the strong coupling between
reactions (R1), (R2), and (R3). With respect to the,Hal-
ance one can distinguish between two extreme conditions: 1.
At low NO mixing ratios the loss of H@ proceeds mainly
via the self-reaction (R8) resulting in a square root depen-
dence offHO,] on its production rate, 1O2). HO, in turn
is weakly coupled to the OH concentration through the slow

Atmos. Chem. Phys., 3, 639-649, 2003

Fig. 5):

1. Very low NO (<0.01 ppbv): The major source of OH
is reaction (R3) in which P(OH) depends linearly on
J(O'D). A small amount of OH is produced via the reac-
tion of HO, with ozone, which has a square root depen-
dence on the production of HO Overall, we expect a
slightly less than linear dependence of [OH] on 1M

2. Very high NQ (>10ppbv): In this case, Hlevels
should be very low. Again, the major source of OH is re-
action (R3) with P(OH) depending linearly on J@.
Overall, we expect a quasi-linear relationship between
[OH] and J(GD).

3. Moderate N@: Here the situation is more complex.
The loss of HQ is controlled by both reactions (R8) and
(R4). The recycling via reaction (R4) is the dominant
source of OH. Therefore, J(NY becomes an impor-
tant parameter because it controls the NO mixing ratio
and introduces an additional dependence on solar irra-
diance. The [OH] vs. J(éD) relationship can be less
than, equal to, or stronger than linear, i.e., the value
of the exponend in equation (E3) can range between
0.5 and 1.2 depending on the boundary conditions. For
example using an exponent of 1 between J{Né&nd
J(O'D) in Eq. (E4) we calculate a value pf= 1.1.

www.atmos-chem-phys.org/acp/3/639/
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During MINOS the photochemical conditions corre- [ 500 — oy JHoNo) —Ji0) — o]
sponded to regime 3) since the mean N@ixing ratio B L S T T e
was about 0.4 ppbv (Vrekoussis et al., 2003). For a more L =
detailed analysis we applied a simple box model includ- = (g} ]
ing CO-CH,-chemistry and followed the analytical proce- ©
dure described by Ehhalt and Rohrer (2000) with kinetic & 06
parameters from Sander et al. (2003), Bohn and Zetzsch2

(1997) for HQ + NO, and Ravishankara et al. (2002) for %

04

O(D)+Ny. At Finokalia OH loss due to reactions with =

NMHCs was less than 10% during MINOS (according to ,:E 0.2

Baboukas et al., 2003) and has been neglected in our modelg '

The key for understanding the conditions prevailing during Z 00

MINOS is the relation between the photolysis frequencies N R T T T
J(O'D) and J(NQ) which must be explicitly determined. 0.001 0.01 0.1 1 10 100
Figure 4 shows a well-defined relationship betweent (0O NO, [ppbV]

and J(NQ) which can be explained by the fact that during

the whole MINOS campaign Finokalia station experiencedrig. 5. Sensitivities of [OH] with respect to different photolysis
almost always clear sky conditions. The relation betweenprocesses vs. NO

J(O'D) and J(NQ@) can be approximated by an exponential

fit:
LmnC 0.005 ppbv, respectively). We determined the contributions

JNG2) ~ JO™D) (E4) of the individual photolysis processes to the overall depen-

Here the exponent represents the magnitude of the sen- dency of [OH] on J(3D) for NO, mixing ratios between
sitivity ratio d{In(J(NO))}/d{In(J(O'D))}. A value of ¢ = 0.001 and 100 ppbv. The other boundary conditions were
0.30 was found for J(&D) values larger than & 105571 fixed to mean values as measured during MINOS, in partic-
(Fig. 4). This means that if J&D) increases by 1%, J(NQ  ular J(GD) for which the average daytime value of 13
increases by 0.3%. To analyze the functional relationshipl0—°s~! was used. For each N@nixing ratio we varied the
between measured [OH] and measured{Owe calcu-  value of the individual photolysis frequencies by +1% and
lated and added the partial dependences (derivatives) of [OHgalculated the corresponding changes in [OH]. The results
on J(3D) and of [OH] on J(NQ@), with the latter being are shown in Fig. 5. For the average N@ixing ratio dur-
weighted by the functional relationship betweenIppand ing MINOS of 0.4 ppbv we calculated the total dependence
J(NG) by the sensitivity of 0.30 (Fig. 4). For average of [OH] on J(O'D), i.e., d[OH}/dJ(O'D)} to be 0.70, which
daytime conditions during the MINOS campaign the par-is in quite good agreement to the value of 0.68 derived from
tial derivatives of [OH] on J(@D) and on J(NG) were the corresponding measurements.
calculated to be 0.5 and 0.6, respectively. Thus, the to- These values are significantly smaller than the correspond-
tal sensitivity of measured [OH] vs. measured 1Ippdur- ing values determined from the results of the POPCORN
ing the MINOS campaign was found to be approximately campaign (0.92 from measurements and 0.85 from model
0.68 (= 0.5 + 0.6x 0.30). Following Ehhalt and Rohrer calculations, respectively; Ehhalt and Rohrer, 2000). This
(2000), we extended this sensitivity analysis to all rele-can be largely explained by significantly different radiation
vant photolysis frequencies as defined by the general expregonditions during both campaigns yielding very different
sion d{In([OH))}/8{In(D)} x d{In(J)}/d{In(J(O'D))}, with J overall relationships between JD) and J(NQ). In con-
= J(O'D) , J(NG), J(HCHO), J(HO,), J(HONO) and cor- trast to MINOS, overcast conditions dominated most of the
responding sensitivities {th(J)}/d{In(J(O'D))} of 1.0, 0.3, measurement period during POPCORN. In general, for the
0.59, 0.55 and 0.54, respectively. Because photolysis frerelatively few days with clear sky conditions an exponent of
quencies other than JD) and J(NQ) were not measured 0.3 was obtained from equation (E4) which changed to 1 for
at Finokalia we used their correlation to 3@@) as published  days with total cloud coverage. During MINOS, short-term
by Kraus and Hofzumahaus (1998) to estimate J(HCHO) transient cloud passages over the measurement site occurred
J(H202), and J(HONO). Mixing ratios of HCHO, #Do, on a few days. As shown in Fig. 4, the corresponding rela-
and HONO were not measured at Finokalia. However, wetively small subset of data clearly deviates from the regres-
assumed a HCHO value of 1 ppbv corresponding approxsion curve and, similar to POPCORN, suggests a near-unity
imately to the mean HCHO mixing ratio obtained from exponent (quasi-linear relation) between Ippand J(NQ)
airborne measurements near the station in the lower mafor these conditions. The average value for the correspond-
rine boundary layer (Kormann et al., 2003; Lelieveld et al, ing exponent determined from the total POPCORN results
2002a). For HO, and HONO we used steady-state mixing using Eq. (E4) was 0.50 (Ehhalt and Rohrer, 2000) in con-
ratios as calculated from the model (max. values: 1 ppbv andrast to the value of 0.30 resulting from the MINOS campaign
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25T ' ' l T Table 2. Experimental and model calculated slopesf the func-
- ] tion [OH] = a J(O'D)?-68 for the three time periods of the MINOS
20— — campaign as defined in Table 1. Also given are the correlation co-
& - . efficients R betweefOH]cjus and J(GD)%-68 and the results of
g 15— 7 additional model calculations using the lower and the upper bound
o C d of NO, concentrations given in Table 1
£ 10[ = : : :
S C 1 Parameter Period | Period Il  Period lll
5 5 o g E 6-8/8  9-11/8  13-18/8
- ;. ﬂz:ﬁ ] R([OHlcims, JO'D)0-68) 0.982 0.988 0.980
o |™?” i a(experiment)/x180scn3  1.39 1.71 2.20
o I S S S SN AN S TN TN SR NSNS ST SR S N SRR ST S TR ST ST | 0 _3
0.0 05 o 5 20 a(model)/x16 scm 1.55 1.39 2.26
a(model)t(experiment) 1.12 0.81 1.03
1 -5 ~-110.68
(J(O'D)107s™) a(model) NG lower bound 0.84 0.99 1.86
a(model) NG upper bound 1.78 1.66 2.44

Fig. 6. Normalized [OH] vs. J(&D)%68 for the time period 6-18
August 2001. Oldorm is calculated using the parameters a;,

a7 shown in Table 2 (see text). The corresponding correlation . . . .
coefficient is 0.983. anday;; for the corresponding time periods to be used in

conjunction with Eqg. (E3). In Fig. 3b the difference be-
tween the individuak-values contributed to the scatter in

which was dominated by clear sky conditions. Based onthe data plot. To visualize the magnitude of this contri-
these results, for the relation between [OH] and.Da bution it can be removed by a normalization procedure.
slightly higher value ob was modelled for the POPCORN We have done this by first dividing each measured [OH]
data ¢ = 0.85) compared to the MINOS datia£ 0.70). value by the appropriate; and then re-scaling the re-

The total [OH] and J(@D)%68 data from MINOS were sults such that the mean value is conserve@H]nom =
strongly correlated (R = 0.953). Based on our estimated pre{[OH]civs,i/a;)/}_([OHlcims,i/a;)x Y ([OHlcivs,i). Here
cision of the CIMS instrument (Sect. 2.1) one could expect alOHlcivs,i denotes the individual [OH] data points; the
maximum correlation with Rax = 0.986. The difference be- corresponding experimental scaling factor taken from Ta-
tween the two R-values can be explained by the variability ofble 2. The result of this normalizing procedure for the time
components in the data record other than the relation betweeperiod 6-18 August 2001, is shown in Fig. 6. The correla-
[OH] and J(GD). This can be estimated to contribute 6% (= tion coefficient betweefOH]norm and J(GD)%8 is Ryorm =
0.986—-0.953) to the total variance of [OH]. To identify the 0.983 which is very close to the maximum possible value of
cause of this difference we divided the OH dataset into threeRmax = 0.986 (see above). The comparison between Fig. 6
periods as shown in Table 1. We calculated three individ-and Fig. 3b clearly demonstrates the extent at which this nor-
ual correlation coefficients between OH and P68 and  malization using> and the three parameters a;;, anda;;;
found corresponding correlation coefficients qf 0.982,  has reduced the variance in the [OH] data set.
Ry = 0.988, and R = 0.980, each of which are very close A comparison of this result with model calculations of
to Rmax = 0.986. This means that for each of the three time[OH] using measured photolysis frequencies and boundary
periods the variability of the measured [OH] data is almostconditions, is essentially a comparison pertaining to these
completely explained by the variance of 3@ and the pre-  four quantitiesa;, a;;, arr7, andb. As explained above,
cision of the CIMS instrument. Only 1% of the total vari- the exponenb gives information about the different produc-
ance in [OH] remains unexplained. Most of this remaindertion terms of OH. The pre-exponential fact@rrepresents
can be attributed to 8 obvious outliers out of the 2500 OHthe combination of boundary conditions like mixing ratios
data points (Fig. 1). These 8 data points show the highesbf ozone, CO, NMHC, HCHO etc. and kinetic parameters.
OH concentrations above 2 10’ cm=3. At least in some  Using the present approach one can check the combination
cases these may have been caused by local emissions of N@ these quantities within the limit given by the accuracy of
from cars occasionally passing the site (see also Salisbury éhe CIMS instrument. However, even with the very good
al., 2003). However, the number of these outliers is smallprecision of the CIMS instrument this does not permit an
enough to fall just into the allowed limits of a normal distri- evaluation of the contributions from individual photochem-
bution. ical processes determining the concentration of OH during

In summary, from the above analysis we could derivethe MINOS campaign. Therefore, we also performed box
and quantify four principal parameters characterizing themodel calculations using the GOHs-model described in
relationship observed between [OH] and 309, namely  Ehhalt and Rohrer (2000). We calculated three different diur-
the exponenb and three different scaling factorg, a;y, nal cycles with average boundary conditions given in Table 1,
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P2l I — — L N — The discussion above has shown that the difference between
C, * both the measured and calculated OH data is in the range of

20 the estimated accuracy of the CIMS instrument.

151

4  Conclusions

T T T T

10 As part of the MINOS campaign we have conducted highly

time-resolved measurements of atmospheric OHSE,

and methanesulfonic acid (MSA) concentrations at Finokalia
Station on the northeastern coast of Crete. The sulfur gas
measurements are reported in the companion paper by Bar-
douki et al. (2003). In the present study we have eval-
uated the results of the OH measurements in conjunction
with J(O'D) and J(NQ) photolysis frequencies, mixing ra-
tios of O3, NOy, and CO, and meteorological data mea-
Osured at the site. Similar to JtD), the OH levels showed

a strong diel variation with peak values of approximately 2
x 10" molecules cm3. The mean OH concentration for the
total measurement period (6—21 August 2001; 0-24 hr data)
was 4.5+ 1.1 x 10° molecules cm?® which is significantly

diumal cycles of measured D) and J(NQ) taken from higher than the zonal (36!) and monthly (July) averaged
the very first day of each of the three time periods, and eSyalue of 1.5x 10f crm—23 (at 1000 hPa) calculated by Spi-

timated CH, Hz, and HCHO mixing ratios of 1900 ppbv, vakovsky et al. (2000) using a global 3D-model.

550 ppbv, and 1 ppbv, respeciively. However, our measured OH data are in close agreement
The experimental and model calculated pre-exponentialyith the MINOS model studies by Baboukas et al. (2003),
factorsay, arr, anda;y; are given in Table 2. The individual  Kanakidou et al. (2003), and Vrekoussis et al. (2003). The
values are in agreement with each other within the accuracynost detailed box model study by Baboukas et al. (2003)
of the CIMS instrument of 20%. On average, the differencewhich includes NMHC chemistry reproduces the measured
between the results obtained from the measurements and thgH concentrations very well &= 0.95). The largest devi-
model calculations is 7%. The major experimental uncer-ations were found for some days during the second half of
tainty seems to be the mixing ratio of NOChanging N@  the campaign when OH was underestimated by about 25%.
in the model calculations within the 18- and 82-percentile |n the present work we show that these model results are also
values given in Table 1 changes [OH] by about a factor ofconsistent with the results from a relatively simple box model
1.5 higher or lower. On the other hand, the correlation analincluding CH, — CO-photochemistry. We have used a sys-
ysis discussed above showed that no major processes haw&matic approach based on the work of Ehhalt and Rohrer
been missed to explain the Varlablllty of the measured OH(ZOOO) to ana|yze the [OH] VS. \]EO) re|ati0nship_ Three
concentration. Therefore, the N@nixing ratio should have  tjme periods during the campaign could be distinguished.
been relatively constant within each of the three time periOdSFor each of these periods we inferred the re|a‘[ion5hip be-
As a consequence, the 18- and 82-percentile values of NOyyeen [OH] and J(@D) using the empirical function [OH]
shown in Table 1 seem to reflect mainly the experimental= ; J(O'D)? and explicitly determined the effect of J(ND
precision of the NQ measurements (Vrekoussis et al., 2003) on this relationship. The corresponding pre-exponential fac-
than the variability of atmospheric NQevels. torsay, ayr, ar;; and the exponent (whose value turned
Equation (E3) can be used to empirically interpolate theout to be the same for all three periods) were used in a nor-
OH data based on the corresponding exponential and premalization procedure to describe a fit to the total [OH] data
exponential values. Taking the experimentatalues given  series (except for transition periods). A very good fit to the
in Table 2 and an exponent of 0.68 we calculated a condmeasured data was obtained. The major surprising result of
tinuous time series of [OH] for the period of 6-18 August this analysis was that the variance in the normalized [OH]
(Fig. 7). On 12 August a gap in the OH data occurred duedata could nearly be fully explained (99%) by the variability
to technical problems. Since the air mass characteristicof J(O'D) (inherently including a small but significant con-
changed on that day we calculated two corresponding OHribution by J(NGQ)) and the precision of the CIMS measure-
profiles usinga;; anday;; , respectively. The two profiles ments.
included in Fig. 7 demonstrate the resulting difference from Based on the value of 0.68 obtained for the exportent
using either value. Overall, the agreement between the emthe major sources of OH were found to be ozone photoly-
pirical calculation and the measured OH data is very goodsis and recycling of OH via the HOt+ NO reaction. This

OH [10% cm™¥]

6 8 10 12 14 16 18
Date, August 2001; UTC

Fig. 7. [OH]cims (crosses) and empirical [OH] calculated from

line withay, ayr, andaj;, respectively).

www.atmos-chem-phys.org/acp/3/639/ Atmos. Chem. Phys., 3, 639-649, 2003



648

H. Berresheim et al.: OH measurements on Crete during MINOS

means that other processes influencing the local OH producEhhalt, D. H. and Rohrer, F.: Dependence of the OH concentration

tion were unimportant which is in agreement with the model

on solar UV, J. Geophys. Res., 105, 3565-3571, 2000.

results by Baboukas et al. (2003). Differences in boundary Eisele, F. L. and Tanner, D. J.: lon-assisted tropospheric OH

conditions, e.g., mean mixing ratios of NOO3, water va-

measurements, J. Geophys. Res., 96, 9295-9308, 1991.

por, and CO during the three time periods are represente&a”akidou’ M., Vrekoussis, M., Berresheim, H., Bardouki, H.,

here by the three pre-exponential factays a;;, andayyy,
respectively.
In conclusion, we recommend that future studies of this

kind should include measurements of all parameters ex-

Sciare, J., Kouvarakis, G., Economou, C., Schneider, J., Bor-
rmann, S., and Mihalopoulos, N.: Gaseous (DMS, MSA,SO
H,SO4, and DMSO) and particulate (sulfate and methanesul-
fonate) sulfur species during the MINOS campaign: 2. A mod-
elling approach, submitted to Atmos. Chem. Phys., 2003.

pected to be of potential importance for the local OH balancekormann, R., Fischer, H., de Reus, M., Lawrence, Mty C.,
at a particular field site, especially photolysis frequencies and von Kuhimann, R., Warneke, C., de Gouw, J., Schlager, H.,

NO and NQ mixing ratios. Furthermore, to detect and quan-
tify different contributions to the OH balance all correspond-

Ziereis, H., Heland, J., Holzinger, R., Williams, J., and Lelieveld,
J.: Formaldehyde over the Eastern Mediterranean during MI-

ing measurements including those of OH need to be made NOS: Comparison of airborne in-situ measurements with 3D-

with a sufficiently high degree of precision and accuracy. It
will be interesting to test the present empirical approach in

reproducing locally measured OH concentrations.
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