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Abstract. An intensive measurement campaign was per-and hydrocarbons (e.g. Crutzen, 1995). In rural and remote
formed in June 2000 at the Mt. Cimone station (¥ environments an important fraction of the tropospheric ozone
N-10°42' E, 2165 masl, the highest mountain in the north- is due to in-situ photochemical production. It is well es-
ern Italian Apennines) to study photochemical ozone produc+ablished by model studies and observations that ozone pro-
tion in the lower free troposphere. In general, average mix-duction in remote areas is usually limited by the availabil-
ing ratios of important trace gases were not very high (121ity of NOx. Photochemical ozone production has been stud-
+ 20 ppbv CO, 0.284t 0.220 ppbv NOx, 1.15- 0.8ppbv  ied extensively in rural environments (see Kleinman, 2000
NOy, 58+ 9 ppbv &), which indicates a small contribution and Trainer et al., 2000) for recent reviews of observation-
by local pollution. Those trace gas levels are representativbased analysis of ozone production in rural environments),
of continental background air, which is further supported bywhile studies in the remote troposphere are less common (Ri-
the analysis of VOCs (e.g.: g = (9054 200) pptv, GHsg dley and Robinson, 1992; Atlas and Ridley, 1996; Fischer
= (268+ 110) pptv, GH2 = (2014 102) pptv, GHg = (111 et al., 1998; Zanis et al., 2000a; Zanis et al., 2000b). Of-
+ 124) pptv, benzene = (6& 33) pptv). Furthermore, sig- ten, free tropospheric measurements are obtained from air-
nificant diurnal variations for a number of trace gases, (O borne investigations, which place limitations on the number
CO, NOx, NOy, HCHO) indicate the presence of free tro- of species that can be measured and on their temporal cover-
pospheric airmasses at nighttime as a consequence of locage. As an alternative, high-altitude measurements at moun-
catabatic winds. Average mid-day peroxy radical concentratainous sites can be used to yield information on the free tro-
tions at Mt. Cimone are of the order of 30 pptv. At mean posphere, provided that local orographic influences can be
NO concentrations of the order of 40 pptv this gives rise toquantified. To determine the net ozone production and the
significant in situ net @ production of 0.1-0.3 ppbv/hr. The oxidizing power of the free troposphere, accurate measure-
importance of @ production is supported by correlations be- ments of the photolysis frequencies of @rd NQ, as well
tween @, CO, NOz, and HCHO, and between HCHO, CO as sensitive measurements of the concentrations of NG, NO
and NOy. O3, ROx, CO, and VOCs have to be made. In addition, mea-
surements of formaldehyde (HCHO), an intermediate species
originating from the photochemical degradation of £hd
NMVOCs (non-methane volatile organic compounds), can
be used to gain information about the level of chemical ac-
Ozone in the troposphere originates either from the stratoliVity (Wagner et al., 2002). In June 2000 an intensive mea-
sphere by downward transport to the troposphere at extraSurement campaign was performed at Mt. Cimon€14,
tropical latitudes, often in connection with tropopause fold- 10°42'E, 2165masl) (Bonasoni et al., 2000) to study ozone
ing events (e.g. Holton et al., 1995 and references therein), oformation in the free troposphere over this part of continental

from in-situ photochemical production involving NOx, CO, Europe. Accurate measurements of NO,NENOz, NOy
(sum of reactive nitrogen species)g,CHCHO, CO, CH,
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meteorological parameters were performed by a consortium A peroxy radical chemical amplifier (PERCA), based on
of European institutes in the framework of MINATROC the design of Hastie et al. (1991), was used for the measure-
(MINeral dust And TROpospheric Chemistry). An overview ment of peroxy radicals (ROx). The instrument is placed in
of the goals of MINATROC in general and the Mt. Cimone a small refrigerator regulated to 280K (Perner et al., 1999)
experiment in particular can be found in Balkanski et al. (thismounted on top of the laboratory building (1.5 m above the
issue). roof). The chain length of the radical amplifier was deter-
mined three times during the campaign using the photolysis
of H20 as a source of HDradicals (Schultz et al., 1995).
2 Trace gas measurements at Mt. Cimone As shown by Mihele and Hastie (1998), the chain length of
a PERCA is sensitive to the concentration of ambient water.
The instrumentation operated by the Max Planck Institute forTherefore, the chain length was determined in the labora-
Chemistry was housed in a laboratory building while air sam-tory as a function of the water vapor concentration, and the
pling was accomplished at a height of 8m above the roof offield data were corrected after the campaign based on mea-
the building using a telescopic mast. The air was transferredurements of the relative humidity. The detection limit of
to the instruments using 1/4” OD PFA tubing wrapped in the PERCA used is better than 7 pptv (typically 2 pptv @
black sealing to avoid photochemical decomposition of pho-1 min time resolution), the noise level (1 min time resolu-
tolabile species inside the sampling lines. tion) is 8-10 pptv, and the accuracy is 40-60%. Note that
A Tunable Diode Laser Absorption Spectroscopy (TD- additional measurements of H@nd RQ were made by the
LAS) instrument was used for the measurement of,NO Max Planck Institute for Nuclear Research in Heidelberg us-
HCHO, and HO,. The TDLAS is described in detail in ing the ROXMAS technique. Details of these measurements
(Wienhold et al., 1998; Kormann et al., 2002). Absorption and a comparison of the total ROx levels measured by the
lines at 1608.1cm! (antisymmetric streching vibration), two instruments can be found in (Uecker et al., 2001; Hanke
1760.9cnt! (C-O stretching vibration) and 1248.0ch et al., 2002).
(O-H bending vibration) were used for NOHCHO and Ozone mixing ratios were determined every 60 sec from
H20,, respectively. The time resolution of the original data is UV absorption measurements (Ansyco 41 M) with an ac-
90sec. In-situ calibrations were performed every 15 min bycuracy better than 5%, while the ozone photolysis rate
replacing ambient air with known amounts of calibration gas (J(O'D)) was measured using two filter radiometers (Mete-
standards (permeation devices) while zero gas measuremendsology Consult), measuring the up- and downward flux of
were made every 90 sec, applying scrubbed ambient air to theadiation in the UV-B range with a total uncertainty of 20—
inlet (Kormann et al., 2002). The uncertainty of the calibra- 50% depending on solar zenith angle. An additional ozone
tion gas standards was estimated to be of the order of 10%measurement was performed at the station by CNR-ISAO
The precision, deduced from the reproduceability of the in-(Uv-Absorption Dasibi, inlet~8 m above the ground). A
field calibrations was 1.9% (Nfpand 2.6% (HCHO), while  l|inear regression analysis yielded @CNR-ISAO) =0.89 Q
the detection limit was 46 pptv (N and 102 pptv (HCHO)  (MPI-C) + 8, R = 0.82, indicating a tendency for higheg O
for the 90 sec time resolution. Post campaign averaging otoncentrations obtained by the MPI-C instrument. Since an
the data over 30 min further improved the precision and de-n-field comparison of the calibration standards was not per-
tection limit of those measurements. Reliable data fg@y  formed, this discrepancy remains unresolved.
could not be gained due to a technical problem with the laser |n addition to these in-situ measurements, 26 stain-
diode used for this species. less steel electropolished canisters were filled for post-
Total reactive nitrogen (NOy) was measured after conver-campaign analysis of volatile organic compound (VOC)
sion to NO in a heated Au-converter in the presence of CQ(ethane, ethene, propane, propene, isobutane, butane, acety-
using a chemiluminescence detector (Tecan CLD 770 ppt)lene, trans-2-butene, 1-butene, cis-2-butene, 2-methylbutane,
The Au- converter was mounted on top of the sample maspentane, cyclohexane, 2-methylpentane, 3-methylpentane,
thus avoiding the need for an additional inlet line (Lange ethexane, isoprene, benzene) and for greenhouse gases (sul-
al., 2002). Zero and calibration gas (NO, M@vere addedto  fur hexafluoride, carbon dioxide, methane, nitrous oxide).
the converter every 15min. The time resolution was 10 secThe VOC analysis was made in the home laboratory us-
the accuracy was about 22%, the precision was 14% and thiag gas chromatography with mass spectrometric detection
noise level was 90 pptv. A second CLD was used for NO (GC/MS) (Muhle et al., 2002). The 26 samples were sepa-
measurements (time resolution 10's, accuracy 5%, precisiorated on a 50 m, 0.32 mm ID,;5m Al,O3/KCl porous layer
2.2%, detection limit 3.5 pptv). open tubular (PLOT) column (Chrompack) by using a gas
CO was measured every 4 min using an in-situ gas chroehromatograph (Hewlett-Packard, HP 6890) connected to a
matograph with a gas reduction (HgO) detector (GC/HgO).quadrupole mass spectrometer (HP 5973). A 30 compound
The instrument was calibrated every 6 hr using two NOAA reference standard from the National Physical Laboratory
traceable secondary standards (accuracy 4.2%) with a reprgTeddington, UK) with a certified uncertainty range of 1.2
duceability of 1.5%. t0 2.2% (95% confidence limit) for each compound was used
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44 concentrations of ROx are of the order of 17 pptv. In particu-
2+ il lar, the low levels of NOx, NOy and the ratio NOx/NG30.3
SV Ay ST T AR TN T T so confirm that photochemically aged airmasses are probed at
aH 1% - 40 the site. This is further supported by the relatively low levels
goo | T 0 of NMHC (Table 2). During the night, slightly higher median
ol 7 Mv«\w /W\\%/ o ‘“%\m\ N levels are observed for{d60 ppbv) and NOy (1.027 ppbv),
L while lower levels are found for NOx (0.197) and HCHO
\,e“”t‘f‘“‘w‘”" u\M’\W«s‘mv'uyww,v\,,*\d‘f»w,4\1,‘4"&,\“"“1“w K’”“”"M,‘,«M ”\\‘Ar\ ;;2 (1.1_07 ppbv), as compared to daytime conditior_]s.. Per_oxy
L radical levels are generally below the detection limit during
2;5: . S —- - v pveo the night.
JSIe —_ B s Lowest levels for NOx, NOy, CO and HCHO were ob-
T T A A served during the nights of 5/6, 19/20, 20/21, 21/22, and
150 155 160 165 170 175 180 185

22/23 June. During these nights the relative humidity
dropped to values below 40%, while the wind speed gen-
erally exceeded 5 m/s, thus indicating downward transport of

Fig. 1. Time series (30 min resolution) of trace gas mixing ra- _. LS .
tios, ozone photolysis rate, and meteorological parameters obtaine%Ir from the free troposphere. This is reflected in the aver

during the MINATROC intensive campaign at Mt. Cimone, ltaly. age trace gas levels, which are£&3 pptv for NOx, 254-

The lower panel indicates the airmass origin (Arctic (ARC), North- 180 pptv for NOy, 56+ 8 ppbv for G, 100+ 8 ppbv for CO

Western Europe (NWEU), Western Europe (WEU), Eastern Europednd 334+ 128 pptv for HCHO. Additional measurements

(EEV), Mediterranean Basin (MED), Saharan-African (AFR)) de- of low concentrations of cloud condensation nuclei (CCN)

duced from 144-hour backward-trajectories. (van Dingenen et al., this issue), as well as enhanced CO2
concentrations (Bonasoni et al., this issue) further support
the interpretation that the airmasses originated from the free

for absolute calibration. The detection limits;(8ariation of  troposphere (note that in summer £€Ebncentrations in the

a blank sample) were 1 to 7.4 pptv (alkanes), 0.3 to 2.7 pptwontinental boundary layer are generally lower than free tro-

(alkenes) and 8 pptv (acetylene, benzene) and the precisiopospheric concentrations due to uptake by vegetation, Fis-

is 1 to 15%. cher et al., 2002).

Additional measurements of meteorological parameters The highesttrace gas levels were observed in the late after-
(T, p, RH, wind speed and direction) were made by CNR-noon of 9 June between 18:00 and 23:00 GMT during east-
ISAO. For the following data analysis, a merged data seterly to south-easterly flow. During this period NOx and NOy
based on 30 min averages of the in-situ data has been usedincreased to 2.2 and 5 ppbv, respectively, while maximum

HCHO values of nearly 5ppbv were measured. Unfortu-
nately CO was not measured during this first phase of the

Day of the year 2000

3 Results and Discussion campaign, but very high concentrations of CCN of the or-
der of 1.3-1.4x 1C° (van Dingenen et al., this issue) and
3.1 Data overview highly elevated @ concentrations of more than 100 ppbv

indicate that most probably photochemically processed pol-
Near-continuous, 24-hour measurements were made durinlyted boundary layer air masses reached the site.
the intensive measurement period between 1-30 June, with The lower panel of Fig. 1 documents an airmass
the exception of CO, which was measured only after 14 Juneclassification deduced from 144 hours (6 days) three-
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Table 1. Statistics of trace gas measurements (30 min resolution) during upslope (6—20 GMT) and downslope (20-6 GMT) conditions

Osz/ppbv  CO/ppbv  NOx/ppbv NOy/ppbv  CHD/ppbv  ROx/pptv
All data:
Mean 58 121 0.284 1.151 1.356 11
Median 57 121 0.241 0.983 1.296 7
10-STD 9 20 0.220 0.807 0.721 11
Central 50%  52-63 120-129 0.155-0.341 0.623-1.442 0.869-1.682 1-20
Range 31-103 84-330 0-2.119 0.019-5.885 0.106-4.9924-54
Number 1163 644 1143 1004 1134 1088
6-20 GMT:
Mean 57 124 0.306 1.138 1.512 18
Median 56 119 0.267 0.897 1.418 17
10-STD 9 24 0.204 0.999 0.692 11
Central 50%  51-61 108-124 0.193-0.365 0.447-1.400 1.039-1.840 9-25
Range 31-103 84-330 0-2.119 0.019-5.855 0.262-4.9922-54
Number 705 370 664 415 650 654
20-6 GMT:
Mean 60 117 0.253 1.159 1.145 1
Median 60 118 0.197 1.027 1.107 1
16-STD 9 13 0.237 0.639 0.707 2
Central 50% 54-65 108-125 0.112-0.295 0.713-1.480 0.580-1.482 0-2
Range 40-96 85-151 0-1.879 0.113-5.065 0.106-4.4424-12
Number 458 272 479 589 484 434

Table 2. Mean trace gas levels and standard deviations in pptv for

NMHC measurements based on 26 canister samples collected b
tween 6 June and 4 July 2000

NMHCs Range Mean d-STD
Ethane 575-1446 905 200
Ethene 66-512 261 120
Propane 87-610 268 110
Propene 25-183 75 39
Isobutane 18-255 96 50
Butane 13-387 108 68
Acetylene 67-576 201 102
trans-2-Butene 1-11 5 2
1-Butene 6-37 15 8
cis-2-Butene 1-15 7 3
2-Methylbutane 12-446 110 86
Pentane 4-138 35 26
Cyclohexan 0-29 6 7
2-Methylpentane 2-92 26 19
3-Methylpentane 1-47 14 10
Hexane 3-32 13 7
Isoprene 0-500 111 124
Benzene 22-188 65 33

dimensional back-trajectories calculated every 3 hours withike Mt.

Cimone (Balkansky et al., this issue; van Dingenen et al., this
dssue), leading to a subdivision into 6 classes: Arctic (ARC),
North-Western Europe (NWEU), Western Europe (WEU),
Eastern Europe (EEU), the Mediterranean Basin (MED) and
the Saharan-African (AFR) area. Table 3 shows trace gas
levels (meant1lo-standard deviation calculated for a 3-hour
period centered around the time of the back-trajectory cal-
culation) for the different airmass origins. For this evalua-
tion a further subdivision in ascending airmasses from the
boundary layer and descending airmasses from the free tro-
posphere has been made, based on the vertical displacement
of the back-trajectories. The differences in the trace gas lev-
els for different airmass classes are quite small. In general,
lower pollution levels are observed for airmasses descending
from the free troposphere, in particular those of Arctic ori-
gin. The highest pollution levels are observed for airmasses
spending most of their time in the continental boundary layer
over north-western Europe.

Beside photochemistry during the day, diurnal variations
(Fig. 2) are mainly driven by local meteorology. Diurnal vari-
ations of trace gases at high-elevation mountainous sites are
generally influenced by local catabatic and anabatic winds
(Zaveri et al., 1995). After sunset, radiative cooling of the
mountain slopes cools the adjacent air, resulting in downs-
lope flows (catabatic winds). Therefore, high-elevation sites
Cimone often receive air from the free tropo-

the FLEXTRA trajectory model (Stohl et al., 1995). The sphere during the night. Shortly after sunrise, solar heating
classification is based on the geographical region over whiclwarms the air adjacent to the slopes, causing a reversal of
the airmasses spent most of their time before reaching Mtthe flow, giving rise to upslope (anabatic) winds, that can

Atmos. Chem. Phys., 3, 725-738, 2003
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Table 3. Mean trace gas levels for different airmass classifications based on 3D-back trajectories. One-sigma standard deviations are given
in parenthesis. For the evaluation descending (FT) and ascending (BL) trajectories have been listed separately

Altitude %  COl/ppbv  HCHO/ppbv NOx/ppbv NOy/ppbv  s3pbv

Arctic BL NA NA NA NA NA NA
FT 1 112(5) 0.230(0.047) 0.111(0.039) 0.250(0.063) 63 (5)
NW-Europe  BL 9  131(8) 1.588(0.492) 0.387(0.205) 2.059(0.997) 60 (8)
FT 5 129(5) 1.484(0.368) 0.265(0.081) 1.693(0.662) 60 (6)
W-Europe BL 15 120(8) 1.322(0.533) 0.267(0.117) 1.116(0.766) 56 (10)
FT 9  118(6) 1.527(0.676) 0.270(0.117) 0.999 (0.651) 64 (8)
E-Europe BL 11  119(15) 1.283(0.580) 0.271(0.184) 1.216(0.633) 60 (7)
FT 7 113(17) 1.212(0.874) 0.184(0.119) 0.758(0.481) 53 (7)
Mediterranian  BL 26 128(46) 1.314(0.754) 0.321(0.502) 0.945(0.747) 57 (8)
FT 6 106 (10) 0.956(0.494) 0.337(0.162) 0.531(0.277) 55 (6)
Africa BL 6 NA  1.639(1.049) 0.351(0.666) 1.158(0.666) 57 (10)
FT NA NA NA NA NA NA
100 — the strong enhancements observed during the night of 9/10
go —| Oslot June (see Fig. 1). Much stronger diurnal variations are ob-
60 fw served for ROx and HCHO. For these species the diurnal
40 I O 0 [ B B O BB ;;‘gg variation is much more dependent on local photochemistry
(0'D) [107s7] £ 200 rather than transport, producing high values during the day
AAAAAAAAAAAAAAAAAAA [ 100 (Fig. 2 and Table 1).
22 ;"‘F:;‘"‘"\"‘"‘ N L B BN Ot0aus I Additional measurements of HNGQvere performed by the
w0 1 xIppd Max Planck Institute for Nuclear Physics (Hanke et al., this
O;,M,W,M 2o —" 5 < 3 < > SOV N issue). The calculated ratio between HN&hd NOy is close
NOy [ppbv] 3 to unity (mean+tlo-standard deviation: 0.2 2.8), with
Zi 40% of all ratios larger than one. A linear regression indi-
O L e e . e e el cates a significant offset of the order of 0.5 ppbv (HN©
98 3 Noxppbyl 0.36 NOy + 0.445). This offset can be either due to an over-
g%‘ :E E{Eﬁ&ﬁ%miﬁﬂﬁﬁ H«fﬁ ) estimation of HNQ or a corresponding underestimation of
I I R E the measgred NOy. If we assume.that_l-tNQa rather con-
HCHO [ppbv] s stant fraction of NOy, an underestimation of NOy by a con-
1 stant amount could be due to either inlet losses or an underes-
I L L I S L B L L B timation of the HNQ conversion efficiency of the converter.

160 — CO [ppbv]
120 {Hgggggggﬁgﬂ Hz BHHHEEHEHHE

Since the NOy converter itself acts as an inlet system, losses
of HNOs are very low in our measurement set-up. In-field
measurements of the conversion efficiency of the converter
for HNOs were not made, but laboratory tests before and af-
ter the campaign demonstrated a good agreement between
the HNG; conversion efficiency and those for N@37%)

Fig. 2. Diurnal variation (mgantla-standard deviation) of trace \yithin 5% (Lange et al., 2002). Although we cannot exclude
gas measurements at Mt. Cimone. a systematic underestimation of the NOy measurements by
0.5 ppbv, we nevertheless consider this as highly unlikely.

0 4 8 12 16 20 24

GMT

bring polluted air from the continental boundary layer to the 3.2 Comparison to observations at other remote mountain-
site. At Mt. Cimone weak diurnal variations are observed for ous sites

NOx, NOy, G; and CO (Fig. 2). As expected, pollutant lev-

els are higher during the day (see Table 1), due to transpoit is useful to compare the measurements at Mt. Cimone
of boundary layer air to the site, but the ratio of NOx/NQOy, to spring or summer observations at other high elevation
which is approximately 0.3 (0.22 0.16), indicates transport mountainous sites. Table 4 shows a comparison of mean
of photochemically processed airmasses to the site. An exO3, CO, NOx, NOy, and HCHO trace gas levels, as well
ception is the higher concentration of NOy during the night. as average noontime ROx concentrations observed at Mt.
This is partly due to a bias in the nighttime NOy data due toCimone (Italy, 44.18N, 10.7PE, 2165masl), Mauna Loa

www.atmos-chem-phys.org/acp/3/725/ Atmos. Chem. Phys., 3, 725-738, 2003



730 H. Fischer et al.: Ozone production and trace gas correlations

Table 4. Comparison of trace levels (upslope/downslope conditions) observed at Mt. Cimone with summer time observations at four other
mountainous sites in Europe and the US. The cited ROx levels are average values for noontime

Mte. Cimone Mauna Loa Izan& Jungfraujoch Jungfraujochl Idaho Hil®
Lat./Long. 44.18N/10.7 E  19.38N/155.36W  28.18N/16.3W  46.3¥N/7.59W  46.33N/7.59W 39.5°N/105.3PW
Altitude [m] 2165 3400 2370 3580 3580 3070
Season June 2000 July/August 1992  July/August 1994  Summer 1997 March/April 1998  August/September 1993
O3 [ppbv] 56/60 33.8/35.6 38/40 49/44 57.8/59.8 51
CO [ppbv] 119/118 64/66 92/89 106/92 193/184 92
NOX [pptv] 267/197 50/26 76147 188/77 297/59 2221/393
NOy [pptv] 897/1027 223/188 519/392 958/231 956/625 4315/1340
HCHO [ppbv] 1.4/1.1 0.80.15 1.4/1.1 n.a. n.a. 1.4/0.9
ROX [pptv] 305 254 65 n.a. 17.5 32

1Atlas and Ridley (1996); Cantrell et al. (1996); Zhou et al. (1996)
2Fischer et al. (1998)

3zellweger et al. (2000)

4Carpenter et al. (2000)

SCantrell et al. (1997); Harder et al. (1997); Williams et al. (1997)
*average values for noontime taken from Cantrell et al. (1996)

(Hawaii, 19.38N, 155.36W, 3400 masl), Izana (Tenerife, continental background conditions. The HCHO levels at Mt.
28.18N, 16.3W, 2370masl), Jungfraujoch (Swiss Alps, Cimone, Izana, and Idaho Hill are of the same order (0.9—
46.33N, 7.59W, 3580 masl), and Idaho Hill (Colorado, 1.4 ppbv), while observations at Mauna Loa indicate much
Rocky Mountains, 395N, 105.37W, 3070 masl). The mea- smaller concentrations (0.15-0.3 ppbv). The noontime aver-
surements at Mauna Loa were obtained during the Maunage ROX levels vary within a factor of two for the four sites.
Loa Observatory Photochemistry Experiment (MLOPEX) I

intensive measurement campaign between 15 July and 18.3 Ozone production

August 1992 (Atlas and Ridley, 1996), while the measure-

ments at Izana were made during the Oxidizing CapacityThe oxidation of CO and volatile organic compounds (VOC)
of the Tropospheric Atmosphere (OCTA) intensive from 31 in the presence of sufficient amounts of NOx (= NO + O
July until 22 August 1994 (Fischer et al., 1998). Both sitescan be considered as a significant source of tropospheric
are in remote marine environments in the North Pacific andozone (Crutzen, 1973, Chameides and Walker, 1973, Liu et
Atlantic Oceans, respectively. In general, their high eleva-al., 1980). During daylight hours NOs photolytically con-
tions guarantee access to the free troposphere, at least duferted to NO leading to the formation o0

ing the night and the early morning hours. Contrary to

these sites, Idaho Hill, the Jungfraujoch, and Mt. CimoneNOz +hv(% < 424nm — NO+ O (R1)

are located in North America and Europe, thus represent-

ing continental background conditions. Measurements a® +02+M — Oz +M (R2)
Idaho Hill were obtained during the Tropospheric OH Photo- ) N )

chemistry Experiment (TOPHE) in August/September 1993Under. most trppospherlc conditions the QOmlnant pqthway
(Mount and Williams, 1997). Intensive measurements at theP?y Which NO is converted back to NOs via the reaction
Jungfraujoch were performed between 18 July and 23 AuWith Oz :

gust 1997 (Zellweger et al., 2000) and during the Free Tro-

pospheric Experiment (FREETEX) between 19 March andNO + 03 — NO2+ O3 (R3)

14 April 1998 (Carpenter et al., 2000). The data in Table 41pq sequence of reactions (R1), (R2), and (R3) constitutes
have peen subdmded into free tropo§phe_r|c qnd boundar)é cycle with no net @ production or destruction, but the
layer influenced airmasses by averaging nighttime and daybhotochemical oxidation of CO and VOC produces peroxy

time measurements, respectively. In general the trace gas leyz yic41s (HQ and RQ) that provide additional NO to N©
els listed in Table 4 reflect the remoteness of the sites, Wm}:onversion routes:

lowest pollution levels observed at Mauna Loa for downslope

conditions at night. The concentration levels for NOx, NOy, NO + HO, —s NO, + OH (R4)
CO, and @ at Mt. Cimone are very similar to the summer
1997 measurements at the Jungfraujoch, indicating Europeao + RO, —s NO, + RO (R5)
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Fig. 3. Calculated daily mean (6—20 GMT) net ozone production (NOP) for the period between 14 June (DOY 166) and 28 June (DOY 180)
(blue stars). The error bars indicate the-dtandard deviation. Red squares give the mean daytime NO concentration. Note that NO spikes
due to local pollution have been omitted for this analysis.

In these reactions the conversion of NO to N@oes not Ozone is lost by photolysis, producing an oxygen atom in
consume @ so that the subsequent photolysis of N@ac-  an electronically excited state

tion R1 followed by reaction R2) represents a net source of 1
Os. The peroxy radicals needed in (R4) and (R5) are formedOs + hv(x < 315nm — Oz + O("D)

mainly in the photochemical oxidation of CO and £H

(R11)

that can either be quenched to the ground-state by collision
CO+ OH(+02) —> COy + HO» (R6)  with N2 or O, or react with water vapour to form two hy-
droxyl radicals (OH):

CH4 + OH(+02) — CH302 + H20 (R7)

, _ _ _ O(*D) + H,O —> 20H (R12)
and in reactions of higher non-methane hydrocarbons with
OH. Additional losses of @are due to its reaction with either OH

Under the assumption that ozone is formed mainly via thegr HO,

oxidation of methane the ozone production rate is given as
(Liu et al., 1980): OH+ O3 — HO2 + Oy (R13)

P(O3) = {kR4[H02] + kRS[CH3OZ]}[NO] (1) HO, + O3 —> OH + 20, (R14)

Note that through the reaction of NMHC with OH, R€ad-

icals other than CkD, are formed that can contribute to the If we assume that ozone losses due to dry deposition, het-
ozone production. erogeneous reactions and up-take in cloud droplets, and re-

The net ozone production is limited by radical termination actions with alkenes are negligible, its loss term is

reactions, e.g.:
9 L(O3) = (fj (O'D) + kr13[OH] + kr14[HO2])[O3] (2

NO; + OH+ M — HNO3 + M (R8)
where (OD) is the ozone photolysis rate and fis the fraction

dominating at high NOx concentrations, and of O(!D) atoms reacting with b to produce OH rather than
being collisionally deactivated.

HO, + HO» — H205 + O2 (R9) g )

The difference between (1) and (2) describes the net ozone
CH307 + HO, — CH3OOH+ O (R10) production:
most significant at low NOx concentrations. NOP = P(O3) — L(O3) (©)
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Fig. 4. Scatter plot of @ versus CO. Daytime data (6—20 GMT) are printed as yellow squares, while nighttime (20—6 GMT) observations are
printed as dark blue diamonds. The individual regression lines obtained from major reduced axis fits for day and night are shown as yellow
(03=0.54C0O-12; R =0.19) and blue (=056 CO-7; R = 0.23) lines, respectively. A linear regression analysis for the combined

data yields: @ =0.56 CO — 12; R=0.15.

Equation (3) can be evaluated using chemical box models Figure 3 shows the mean daytime (06:00-20:00 GMT)
(e.g. Liu et al., 1980) or estimated from in-situ measure-net ozone production (NOP) raté-{o-standard deviation),
ments of G, NO, HO, + ROy, j(OlD), H20, and tempera- which gives an estimate of the on-site ozone tendency in a
ture (Penkett et al., 1997; Zanis et al., 2000b). Here we fol-present-time frame. As such it describes the potential for
low the approach described in detail by Zanis et al. (2000b).0zone production in these airmasses in a Lagrangian exper-
The OH concentration, which was not measured at the siteiment. The NOP evaluated for the period between 14 June

was estimated according to Zanis et al. (2000a): (DOY 166) and 28 June (DOY 180) varies between approx-
imately zero (23 June, DOY 175) and 0.2-0.3 ppbv/hr, indi-
[HO2] + [CH3O;] _ cating that 2—-3 ppbv of ozone can be expected to be formed
[OH] in these airmasses in the course of one day. Figure 2 shows

kre[COJ + kr7[CHa] + kra[Og3] that the average ozone concentration increases from a min-

. @
kralNO] + kr14[03] + 2,/Kj(OID)[O3] imum value around noon (ca. 54 ppbv) to a late afternoon
maximum of the order of 60 ppbv, which is of the same order
with [CH4] = 1800 ppbv. of magnitude as the estimated net ozone production. Note,
The coefficient k' is defined as that a direct comparison is difficult due to the experimental

set-up. While the NOP describes the photochemical ozone
K' = (B%Kro + BKR10+ KR(CHs0p+CHs02))/ (B + D?  (5)  production in an Lagrangian frame, the observed increase

of ozone at the site itself is due to local chemistry and ad-
whereg = [HO2]/[CH30z]. vection of airmasses with different ozone content (Eulerian

As first shown by Penkett et al. (1997) scatter plots of frame). Figure 3 also shows the average daily NO concentra-

[HO2] + [RO2] versus(j(O'D))Y/2 can be used to derive an tion, which is approximately 40 pptv.
experimental value for k'’ from the gradient of a fitted regres-
sion line on the data, whil@ = 1 was derived from in situ The NOP measured at the site is comparable to the daily
HO, and RGQ measurements at Mt. Cimone using the Hei- average net ozone production rates deduced for the Jungfrau-
delberg ROXMAS instrument (Uecker et al., 2001). Note joch during the FREETEX'98 campaign in March/April
that Zanis et al. (2000b) derived a much higher valuegfor 1998, that varied from around 0.1 ppbv/hr for relatively clean
of 4—7 using a box model to simulate the B@H30; ra- days to more than 1 ppbv/hr during the more polluted days
tio at the Jungfraujoch. Sensitivity studies indicate that NOPat average daily NO mixing ratios of 27.3 and 260.5 pptv,
would decrease by 11% fgr = 5. respectively (Zanis et al., 2000b). Contrary to the positive
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Fig. 5. Scatter plot of @ versus NOz, defined as the difference between NOy and NOx. Daytime data (6—20 GMT) are printed as yellow
squares, while nighttime (20—6 GMT) observations are printed as dark blue diamonds. The individual regression lines obtained from major
reduced axis fits for day and night are shown as yellow £016 NOz + 43; R = 0.33) and blue (@= 10 NOz + 52; R = 0.22) lines,
respectively. A linear regression analysis for the combined data yielgls: 13 NOz + 48; R = 0.27.

NOP derived for these two mountainous sites in continen-middle and upper troposphere (Fishman et al., 1980; Fischer
tal Europe, Cantrell et al. (1996) deduced a negative NORet al., 2002). Figure 4 showss€CO scatter plots for the
(—0.15 ppbv/hr) for a mean NO concentration of 19 pptv at measurements at Mt. Cimone. Positive correlations between
Mauna Loa during MLOPEX Il in summer 1992, a remote these species are observed during day and night with slopes
site in the central North Pacific. The compensation point,of the order of 0.5, based on a reduced major axis fit account-
where the production and destruction of ozone are in balancdng for errors in both the x and the y-variable, These values
is related to the NO concentrations in the range of 5-50 pptware slightly higher than observations at other sites in North
depending on the conditions in the probed airmass, which exAmerica (Chin et al., 1994), the Atlantic coast of Canada
plains the difference between net ozone destruction at MaungéParrish et al., 1993) and the central Atlantic ocean (Fischer
Loa compared to net ozone production at the continental Euet al., 1998; Parrish et al., 1998) during summer. Note that

ropean site cited above. the majority of these results (Parrish et al., 1993; Chin et al.,
1994; Fischer et al., 1994) are based on single sided linear
3.4 Trace gas relations regressions accounting only for errors ig.@\ similar pro-

_ . . cedure would yield slopes of the order of 0.25 for the MINA-
In the preceding section we used a present-time framerrROC data set, a value in much better agreement with these
method based on observational quantities to estimate the oniterature values.

site net ozone production at Mt. Cimone. To describe the N thel h lati Hicients of the@D
net Qs production during the transport of airmasses to the, . evertheless, the correlation coetlicients o he re-
lations at Mt. Cimone are rather small, most probably indi-

site, past-time frame techniques can be applied (Kleinman, i anificant tributi to the<dudaet at the sit
2000). Such methods are generally based on relations amon? Ing significant contributions lo thestbudget at the site

Oz with CO, NOy or NOz (= NOy— NOX) (for a recent ssociated with transport from the middle and upper free tro-
review see Trainer et al., 2000). A positive correlation be_posphere.

tween @ and CO can be expected if one assumes that CO Trainer et al. (1993) found that a positive correlation ex-
is a proxy for the amount of reactive carbon (CO and hydro-ists between @and the oxidation products of NOx, i.e. NOz
carbons) used during{production (Fishman et al., 1980). = NOy — NOx. This is a consequence of the fact that the
A slope of~0.3 has been observed in@O scatter plots at rate of ozone formation is indirectly related to the rate of
various rural and remote sites in moderately polluted boundNOXx oxidation to NOz (Liu et al., 1987; Trainer et al., 1993).
ary layer air (Parrish et al., 1993; Chin et al., 1994; ParrishThus the slope of @NOz scatter plots has been interpreted
et al., 1998), while no significant correlation is found in the as an estimate of the amount of @rmed per ppbv of NOx
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Fig. 6. Scatter plot of HCHO versus CO. Daytime data (6—20 GMT) are printed as yellow squares, while nighttime (20—6 GMT) observations
are printed as dark blue diamonds. The individual regression lines obtained from major reduced axis fits for day and night are shown as
yellow (HCHO = 0.038 CO — 3.3; R= 0.47) and blue (HCHO = 0.046 CO — 4.52 R 0.59) lines, respectively. A linear regression analysis

for the combined data yields: HCHO = 0.043 CO — 4;=R0.54.

oxidized. However, this slope is further affected by the rela-(NOx/NOy > 0.3). Note that this branch is not present in the
tive rates of chemical and physical (dry deposition and rain-O3-CO scatter plot, since CO measurements are not available
pny: y aep p
out) removal of @ and NOz (in particular its major con- before 14 June. The lower branch in Fig. 5 is characterized
stituent HNQ@), and by the mixing of air parcels of differ- by NOz values in excess of 1.5 ppbv ang ¥alues less than
ent histories (Trainer et al., 2000). Therefore, the slope of ar¥5 ppbv (R = 0.45). These airmasses are characterized by
03-NOz scatter plot in general provides only a lower limit of significantly smaller NOx/NQy ratios<0.2) indicating more
the gross ozone production efficiency. Figure 5 shows theprocessed air (during the nights of 1-2, 16—17 June and dur-
correlation among these species obtained at Mt. Cimoneing the day of 18 June).
The slope is about 16 (based on a reduced major axis fit)
which is somewhat higher than observations in the eastern |
United States that showed values/®™®3/ANOz between 8
and 12 (e.g. Trainer et al., 1993; Poulida et al., 1994; Klein-
mann et 5!'-' 199.4)' Lower value_s of 4£€D3/ANOZ WEr® and CO (overall R = 0.54) (Fig. 6), while weaker correla-
observed in the city plume of Freiburg at Schauinsland (VOIZ'tions were observed for HCHO and NOy (overafl R0.4)
Thomas et al., 1993). The large scatter and the subdivisiorEFig 7) and HCHO and @(overall R = 0.37) (Fig. 8) 1.'he
|nto.tt_vvo breénches '? Ffl?-u\? IS mo;t 'prob?bl'y due to dryﬂ?e'HCHO-NOy scatter plot is again composed of two branches,
position and rainout o 9 or MIXing Of aIrMasses wi corresponding to the airmass classification discussed already
different h|stor_|es, both of which t_end to m(_)d'fy the slope for the G;-NOz relation. Here the freshly polluted airmass
of the regression and_ the correlat|o_n coef_“nme_nt. The UPPEH 55 higher HCHO levels2 ppbv), than the more processed,
branch in Fig. 5 consists of data points with high @lues aged airmass (HCH@ 2 ppbv). Again this separation can-

(>75ppbv). These data are mainly due to observations madg o jgentified in the HCHO-CO scatter plot due to the
during late afternoons of 2, 3, and 9 June. In particular the,

; g missing CO measurements before 14 June. In the HCHO-
pollution event in the late afternoon (18:00-23:00 GMT) of 9 o tter plot the plume iated with the freshlv polluted
June, when the highest concentrations of NOx, NOya@d 3 SCamEr p 0" the pLUMe assoclaiec wi © frestily potlu

. . . airmass is clearly visible at£>> 75 ppbv.
HCHO were observed, contributes to this particular branch y $-75pp

of the &-NOz correlation (R = 0.54). The slope of the re- If one restricts the analysis to those days that were not
gression analysis for this branch is larger than 16 indicating2ffected by clouds (clear sky days: DOY 155, 157, 165,

rather high ozone production in freshly polluted airmassesl71, 173, 174, 175) the HCHO vs. CO and HCHO vs.
NOy correlations are even stronger with 80.73 and 0.82,

Much higher correlation coefficients are observed for a
mber of scatter plots involving HCHO, an intermediate
in the oxidation of methane and higher hydrocarbons. A
particularly significant correlation was observed for HCHO
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Fig. 7. Scatter plot of HCHO versus NOy. Daytime data (6—20 GMT) are printed as yellow squares, while nighttime (20—6 GMT) observa-
tions are printed as dark blue diamonds. The individual regression lines obtained from major reduced axis fits for day and night are shown
as yellow (HCHO = 1.05 NOy + 0.31; %= 0.35) and blue (HCHO = 0.76 NOy + 0.252R 0.51) lines, respectively. A linear regression

analysis for the combined data yields: HCHO = 0.92 NOy + 03:R.40.
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Fig. 8. Scatter plot of HCHO versus£ Daytime data (6—20 GMT) are printed as yellow squares, while nighttime (20-6 GMT) observations
are printed as dark blue diamonds. The individual regression lines obtained from major reduced axis fits for day and night are shown as
yellow (HCHO = 0.075 Q — 2.78; R = 0.55) and blue (HCHO = 0.0810- 3.78; R = 0.41) lines, respectively. A linear regression

analysis for the combined data yields: HCHO = 0.079-C8.29; R = 0.37.
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respectively. On the other hand, the effect of the data filteringcomparable to reported observations from North America,
on the correlation coefficients for HCHO vsg @3 vs. NOz Europe, or the central Atlantic (Trainer et al., 1993; Parrish
and @ vs. CO is not significant. et al., 1993; Poulida et al., 1994; Kleinmann et al., 1994,
A correlation between CO and HCHO is usually inter- Chin et al., 1994; Fischer et al., 1998; Parrish et al., 1998).
preted as an indication of nearby anthropogenic emissiorhe large slope of the observed HCHO/CO correlation in-
sources (Neitzert and Seiler, 1981; Cardenas et al., 1999) aficates that HCHO production at the site has a strong con-
the influence of biomass burning (Mauzerall et al., 1998).tribution from the oxidation of longer lived VOCs that are
Nevertheless, a positive correlation among these species hasnitted along with CO. The fact that HCHO is also signifi-
recently been observed in the remote marine boundary layegantly correlated with NOy (NOy itself is strongly correlated
over the Indian Ocean, far away from anthropogenic orwith CO) indicates that the HCHO precursors are mainly as-
biomass burning sources (Wagner et al., 2001). To estimateociated with anthropogenic combustion processes.
the contribution from direct emissions, the HCHO/CO area

. . . . I 3 .
emission ratio for eastern North America 86~ (Li et al,, cknowledgementsie gratefully acknowledge the excellent col-

1.994) IS us_ed.IThe slope ?jf thefregres.sloc? ar?algSIS fozr Fig. aboration with the Mt. Cimone staff members, in particular, Mr.
gives a ratio almost an order of magnitude highel@4“), " cajz0lari and Mr. Cristofanelli. This work was supported by

confirming that direct emissions most probably contribute lit- e Eyropean Commission (DG XII) within the framework of the

tle to the observed correlation. It is likely that secondary mMiNATROC and STACCATO projects.

HCHO formation from volatile organic compounds is at least

partially responsible for the observed correlation. In this case

CO would serve as a proxy for VOCs associated with com-

bustion processes, which is further supported by the observeReferences

correlation of NOy vs. HCHO (Fig. 7) and NOy vs. CO (not

shown). Atlas, E. L. and Ridley, B. A.: The Mauna Loa Observatory Pho-
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