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Abstract—Observational data on the surface ozone concentration between 1989 and 1998 obtained at the
Kislovodsk high-altitude scientific station (KVNS) of the Oboukhov Institute of Atmospheric Physics, Russian
Academy of Sciences, are presented. Characteristic features of the temporal variability of the surface ozone
concentration are studied. By and large, ozone variations at the KVNS are significantly smaller than those at
other European high-altitude stations due to cleaner air and weaker flows of polluted air from the atmospheric
boundary layer to the free troposphere. From year to year, daily and seasonal variations have a regular structure
that is almost exactly reproduced. Over the observation period, the trend in the ozone concentration is equal to -
1.75 £0.40% per year. At nighttime (01:00-05:00, local time), when the station is in the free troposphere with
no fog or heavy precipitation, the trend is equal to -1.45 + 0.35% per year.

INTRODUCTION

The ozone content in the troposphere is substan-
tially influenced by human activity. Atmospheric emis-
sions of nitrogen oxides (NOx), carbon oxides (CO and
CO;), methane (CH,), and different organic com-
pounds promote ozone formation in polluted air and
increase the ozone concentration in the troposphere as
a whole [1—3]. Since ozone is the strongest oxidant and
a greenhouse gas, an increase in its content in the atmo-
sphere has an adverse effect on living matter and cli-
mate [4].

The nonuniform arrangement of pollution sources
on the earth's surface and high spatial and temporal
variability of atmospheric transport and photochemical
transformation of trace gases lead to a rather compli-
cated pattern of space-time ozone content variability
over the troposphere and, especially, over the atmo-
spheric surface layer [5]. A clear demonstration of this
variability is a significant difference in ozone trends
varying from positive to negative values within a lim-
ited region such as Europe [6, 7].

High-altitude stations located more than 1500 m
above sea level are of special importance in the ozone
network. The data obtained at these stations are only
slightly influenced by anthropogenic processes and pri-
marily contain information on regional and global
states of the troposphere [8-12]. At the same, complex
relief results in some peculiarities in the temporal
behavior of ozone concentration. At such stations, ver-
tical air transport, which is responsible for the
exchange between the stratosphere and the troposphere

and between the atmospheric boundary layer (ABL)
and the free troposphere, is rather intense [9-13]. How-
ever, in the vicinity of such stations, due to the small
content of minor species that react with ozone, its pho-
tochemical destruction and formation is depressed, and
the ozone concentration is not as variable as it is over
plains. The ozone variations are usually regular. There-
fore, at high-altitude stations, the correlation between
these variations and specific dynamic and photochemi-
cal processes can be revealed more easily. Thus, there
are possibilities for obtaining significant estimates of
the long-term ozone variability in the corresponding
regions and latitudinal belts and also for refining the
notions of the nature and mechanisms of these pro-
cesses.

In the world network, there are about fifteen long-
functioning high-altitude stations that are surrounded
by air of the free troposphere most of the time; the
majority are located in central Europe and in the United
States, and the rest on islands and in Antarctica [4-8].
The Kislovodsk high-altitude scientific station (KVNS)
of the Oboukhov Institute of Atmospheric Physics
(IFA) is located in the North Caucasus on the Shadzhat-
maz Plateau (2070 m above sea level), 18 km south of
the town of Kislovodsk, in the alpine grassland zone.
An extensive area of the Caucasian State Preserve, with
no population and no economic activity, is located
south of the station,. The Shadzhatmaz Plateau is char-
acterized by stable weather with a high frequency of
cloudless days and high atmospheric transparency. For
this reason, the Main Astronomical Observatory of the
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Table 1. Monthly mean heights of the atmospheric boundary layer (/) and frequencies of occurrence of the tropical tropo-
pause (N)', both are computed for the period from April 1989 to March 1990 on the basis of aerological sounding at the Min-

vody station

Month April May June | July Aug. Sept. Oct. | Nov. Dec. Jan. Feb. | March
H, km 150 1.658 1.75 1.8 1.75 1.5 1.35 1350 135 1250 135
N.% 18 | 89 78 14 2 17
Russian Academy of Sciences set up the Solar Station OBSERVATIONS

here for regular observations.

The KVNS and the Solar Station use electric power
to heat their buildings. In the nearest surroundings,
there are only minor sources of pollutants. In the town
of Kislovodsk, which is a health resort, vehicular traffic
is the dominant source of pollution. The town is situ-
ated 800-900 m above sea level. The observation site
(43.9° N, 42.7° E, 890 m above sea level) is located on
its southern outskirts, in the Recreation Park. Here,
continuous measurements of the ozone concentration
and episodic measurements of the NOx, CO and aerosol
concentrations are performed to control the contents of
pollutants that might be transported to the KVNS by
uphill north winds. However, since the town of Kislo-
vodsk is situated in a valley oriented from the west-
north-west to the east-south-east, such winds are not
prevailing in the local uphill-downbhill air circulation.

Among the world -network of high-altitude stations,
the KVNS occupies a special place. In fact, it is the
only continental station in the Northern Hemisphere
that is located in a region where there are no significant
anthropogenic or natural sources of ozone precursors
and where moderate climatic conditions do not pro-
mote photochemical processes in the environment.
Against the background of small ozone variations asso-
ciated with stable local dynamic processes, we can
identify weak long-term ozone variations and estimate
the contribution of the long-range transport of ozone
and its precursors. Another quality of the station is also
determined by its location on a plateau on the gentle
northern side of the Caucasus far (no closer than 45 km)
from the Main Caucasian Ridge. Since the north sides
of the mountains are warmed up only slightly by the
sun, the regional uphill-downhill air circulation is not
intense, and air flows coming into the space over the
station from outside are only slightly turbulent. Com-
bined observations at these two sites allow monitoring
of the regional air transport and the photochemical for-
mation and decomposition of ozone in the lower tropo-
sphere. Most of the time, the KVNS is surrounded by
air of the free troposphere. Table 1 lists the mean
heights of the upper level of the planetary boundary
layer obtained from the data of sounding performed in
1989-1990 at the town of Minevody (60 km north of
the KVNS).

The aim of this work is to obtain information on the
daily, day-to-day, seasonal, and long-term ozone varia-
tions typical of the lower troposphere and to identify
the main factors determining these variations.
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The ozone concentration has been measured at the
KVNS since March 1989. During this entire period, the
measurements have been performed with a Dasibi
1008-AH gas analyzer. It automatically takes into
account changes in pressure and temperature. The sen-
sitivity of the instrument is 1 ppb (by volume), and the
absolute measurement error is 1-2 ppb. The measure-
ment interval is 10 s. The response time (0-95%) is
50 s. Air is sampled at a height of 3 m above the ground
and is pumped into the instrument through a teflon tube
3.5 mlong.

We regularly checked the instrument against the
Dasibi 1008-AH and Dasibi 1008-RS gas analyzers
used at other stations of the IFA and in the International
TROICA experiments [15, 16]. All these instruments
were regularly calibrated with two ozone generators:
GP-024 and the generator built into the Dasibi 1008-RS
instrument. A distinctive feature of the instrument
installed at the KVNS is its operational reliability. Dur-
ing the entire observation period, the readings of the
instrument were corrected as a result of checks and cal-
ibrations by no more than a few percent. Upon chang-
ing the halogen lamp or the "zero" filter used for ozone
destruction, the correction was of particular impor-
tance.

A Dasibi-1003 gas analyzer was installed at the
town of Kislovodsk. This instrument has no device for
taking pressure and temperature variations into
account. Therefore, meteorological parameters were
measured simultaneously with the measurements per-
formed with this instrument. Every several months, the
operational reliability of the instrument was checked
against the Dasibi 1008-AH gas analyzer. For each
check, we brought the latter instrument from the
KVNS.

At the KVNS, in addition to the surface ozone con-
tent (SOC), we daily measured the UV spectra of solar
radiation and the total contents and vertical profiles of
atmospheric ozone, carbon monoxide (CO), and nitro-
gen dioxide (NO,) and episodically measured the sur-
face concentrations of NO, NO,, some other minor
gases, and aerosol [17]. The meteorological data neces-
sary for the analysis and interpretation of observational
data were obtained from the Meteorological station of
the Russian Hydrometeorological Service located on
the Shadzhatmaz Plateau.

The program of Os; monitoring involves continuous
round-the-clock measurements with short interruptions
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Fig. 1. Monthly and daily mean ozone concentrations
observed at the KVNS.

(once every few days), the latter for preventive mainte-
nance and changes of some details and filters. In the
case of highly unfavorable natural events, such as thun-
derstorms, rainfalls, and heavy snowfalls with fitful
wind, measurements were also stopped for a time. By
and large, this program was implemented. However,
rather long downtimes sometimes occurred; they could
be caused by station deenergization, instrument mal-
functions, and some other unforeseen events.
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Fig. 2. Distribution and its Gaussian approximation for the
frequency of occurrence of the daily mean ozone concentra-
tion averaged over four years, 1991, 1992, 1995, and 1998.
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The data recording frequency was equal to 10 s-'.
For processing, we used observational data in the form
of a series of 1 -min mean values. Taking into account
the response time characteristic of the instrument, we
can consider these values to be mutually independent.
We analyzed the results in the form of series of the 10-
min, hourly, daily, and monthly mean values. The daily
means were computed if the observation period was no
shorter than 12 h per day. The accuracy of the daily
means was usually rather high due to very small daily
ozone variations. To study the detailed structure of tem-
poral ozone variability and to estimate the effect of the
uphill-downhill air circulation, we computed two
series of the means: for the nighttime from 1:00 to 5:00
and for the daytime from 10:00 to 14:00 (local time).

Figure 1 presents the daily and monthly mean ozone
concentrations for the ten-year observation period from
1989 to 1998. Two long interruptions, in 1990 and
1996-1997, were associated with eliminating instru-
ment faults and with transporting the instrument to
Moscow for calibration. In the 1996/1997 fall-winter
season, during the period of a prolonged dramatic
decrease in the ozone concentration, we compared the
instrument operating at the station with the Dasibi-
1008 RS instrument calibrated by the manufacturer in
the spring of 1996. Both of these instruments registered
this unusual depletion of ozone.

Frequency of occurrence, %

20 30

e 60 70 80
(k.péh

Fig. 3. Smoothed distribution of the frequency of occur-
rence of the 03 daily mean concentration computed on the
basis of measurements in a four-year period (1991, 1992,
1995, and 1998) for the total data set (undashed area) and
for the data measured only at an air humidity less than 85%
in the absence of fog and precipitation (dashed area).
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The main characteristics of SOC temporal variabil-
ity for the entire observation period are given in
Table 2. The range of ozone variation is not wide. For
ten years, the minimum and maximum hourly mean
values are 16.3 and 74.8 ppb, respectively. Thus, the
range of SOC variation observed at the KVNS is signif-
icantly narrower than that observed at other high-alti-
tude stations [18-23, 26].

Frequency of Occurrence

Figure 2 shows the frequency of occurrence of the
daily mean SOCs observed for four years (1991, 1992,
1995, and 1998) characterized by the least frequent
interruptions between observations. The principal fea-
tures of this distribution are its proximity to a normal
one, with a small shift toward the range of high SOC
values, and also the total absence of both very low
(below 23 ppb) and very high (over 75 ppb) SOC val-
ues. Most frequently, an SOC value ranging from 44 to
45 ppb was observed. The Gaussian distribution
approximating the observational results has a maxi-
mum at 46-47 ppb.

A comparison of this distribution with analogous
distributions [7, 18] obtained since 1978 at the Zug-
spitze (2962 m above sea level) and Wank (1780 m
above sea level) alpine stations gives the following -
results. For the above-mentioned years, the mean SOC
values at the KVNS were very close to the values of
49-51 ppb measured at the Zugspitze station and coin-
cided almost exactly with the values of 46-48 ppb mea-
sured at the Wank station. For the same years, at the
KVNS, the minimum SOC values were somewhat
lower than those (over 30 ppb) at the Zugspitze station
and almost the same as those at the Wank station, and
the maximum SOC values were significantly lower
than those at the Zugspitze and Wank stations (85-90
and 90-100 ppb, respectively). These results may have
two explanations. It is possible that air transport from
the stratosphere is more intense over the Alps than that
over the Caucasus; however, it is most probable that the
rate of photochemlcal ozone formation is significantly
higher in Alpine air than that in Caucasian air. In partic-
ular, data of aircraft measurements over the Swiss Pla-
teau [12] testify to O3 and NO; arriving in the free tro-
posphere from the atmospheric boundary layer and to
an active development of photochemical processes in it.

Among the meteorological factors that could influ-
ence the frequency distribution of the SOC are fog,
rain, and snowfalls. To estimate this influence, we used
the standard measurements of the humidity at the
Shadzhatmaz meteorological station. We excluded
from our consideration the ozone data relating to peri-
ods when the humidity exceeded 85%. In Fig. 3, we
present the smoothed frequency distributions computed
for the same four-year periods as in Fig. 2, ignoring the
data obtained under conditions of precipitation and fog.
It is seen that the principal changes in the form of the
frequency distribution, namely, a significant decrease
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Fig. 4. Daily variation of the ozone concentration for
December and July 1991-1993.

in the frequency, is characteristic of the SOCs ranging
from 23 to 50 ppb. However, the median criterion
changes only slightly, by no more than 2 ppb. Thus, the
weather factor has no significance for explaining the
differences between observational data obtained at the
Alpine stations and at the KVNS.

Daily Variation

The characteristic features of the daily variation of
the SOC at the KVNS are a noon minimum and a sea-
sonally dependent shift of the maximum toward the
evening or night hours (Fig. 4). Such a form of SOC
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Fig. 5. (a) Daily variation of the ozone concentration and (b) balance between the uphill and downhill air flows computed on the
basis of the standard meteorological observations performed in the cold periods of 1991 and 1993 and in the warm periods of 1992

and 1993.

daily variation is almost opposite to the one character- In [14], we showed that a number of specific fea-
istic of mountain stations surrounded by somewhat pol-  tures in the daily SOC variation observed at the KVNS
luted air, for example, stations located in western areas  could be caused by uphill-downhill air circulation. In
of the United States [8] and in Greece [19] and also for the lower troposphere, the ozone concentration

plain stations.

increases with height, except when ozone is actively

Table 2. Variability of the hourly mean ozone concentration for the observation period 1989-1998

Year Ozone concentration, ppb
minimum | 5% 25% mlfl‘éfr? mean 75% 95% maximum

1989 222 383 41.6 46.4 474 53.1 579 66.9
1990 26.2 39.0 44.0 49.2 48.7 53.9 57.8 65.3
1991 29.1 42.5 46.2 513 519 56.9 62.6 74.8
1992 31.8 393 44.6 51.0 49.8 54.5 60.0 66.9
1993 304 36.2 41.6 47.5 46.8 524 56.1 64.1
1994 29.3 36.7 41.0 46.3 46.4 525 56.4 66.3
1995 243 373 41.7 45.6 45.6 49.5 534 68.8
1996 163 26.8 33.6 46.7 442 532 572 74.8
1997 222 335 374 41.6 41.1 454 48.3 544
1998 28.8 36.1 395 43.1 439 46.8 52.6 67.1
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generated in the atmospheric surface layer. As follows
from [20,21 ], in the midlatitudinal atmospheric layer at
heights from 1 to 3 km, the vertical gradient of the
ozone concentration is positive and ranges from 4 to
6 ppb/km during the year. Such a gradient allows us to
qualitatively explain the daytime SOC decrease at the
KVNS by the effect of uphill air flow. However, the
extension of the data set and the use of the information
from the Kislovodsk observational site located within
the urban air flowing up along the valley led us to the
undoubted conclusion that the daily SOC variation had
a fine regular structure caused by joint action of the fol-
lowing factors.

(1) Photochemical processes. Within the atmo
spheric boundary layer, they lead to a daytime SOC
increase characteristic of the plain stations, whereas,
within the free troposphere and under the condition that
the NO” concentration does not exceed 10-20 ppt, they
can lead to a daytime SOC decrease [1-3].

(2) Dry deposition on the surface. Under the condi
tions of nighttime temperature inversions frequently
observed at the bottom of the valley and rifts the SOC
sometimes reduces almost to zero.

(3) Turbulent mixing. For several hours after sunrise
and the destruction of nighttime surface inversion, tur
bulent mixing equalizes the ozone concentration
throughout the entire thickness of the ABL. This phe
nomenon results in some decrease in the morning O;
concentration at the station near the upper boundary of
the ABL. The process of turbulent mixing can lead to
the stable transport of O3, NO,, and other minor species
into the free troposphere. This transport is most intense
in the afternoon. According to [12], in summer, the O;
flow intensity over the Sw1ss Plateau and Hong Kong
runs as high as about 8 x 10~* and 11 x 10° mmol/(s m?),
respectively. As a result, even in the free troposphere,
the afternoon maximum in the regional O; concentra
tion is sometimes observed in the case of occurrence of
intense sources of 0zone precursors.

(4) Local mountain-valley circulation. In the vicin
ity of the KVNS, the mountain-valley circulation is
complicated. The main uphill-downhill air flow deter
mined by an increase in the height of the massif toward
the Main Caucasian Ridge is imposed by the small-
scale air flows caused by heating of the sunward valley
slopes. On warm sunny days, as noon approaches and
the upper boundary of the ABL ascends to the KVNS
(see Table 1), the polluted plain air may be transported
to the station. It should be noted that the entire region
of the Kavminevody is a specially protected resort zone
with no developed industry. Therefore, the atmosphere
is significantly less polluted over this region than over
European Russia and the more so than over western and
central Europe.

(5) Upward convective transport of polluted air
within the ABL and into the free troposphere. Such
transport is accompanied by active photochemical
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interactions in rising air flows and less active interac-
tions in descending air flows.

In warm seasons, when all these factors are most
significant, the following processes seem to be most
probable for explaining daily SOC variations (see
Figs. 4, 5). After sunrise, in the free troposphere at low
NOx concentrations and intense UV illumination, pho-
tochemical processes result in a small decrease in the
ozone concentration. Turbulent mixing and air flows
ascending 400-500 m along the slopes of the quickly
warming canyon of the Khasaut River also lead to a
decrease in the ozone concentration. The cause of this
decrease is an almost complete decomposition of ozone
near the bottom of the canyon due to nighttime inver-
sions. The monotonic morning decrease in the SOC at
the KVNS terminates at about 9:00, when the free-tro-
posphere ozone-rich air fills the space around the sta-
tion as a result of the extended upward air flow along
the foothills of the North Caucasus. However, when the
boundary of the ABL rises above the KVNS, the ozone
concentration decreases again. By noon, vertical mix-
ing, similarly to the uphill wind from the canyon, leads
to the filling of the space around the station by air of the
lower ABL characterized by a decreased ozone concen-
tration. A similar effect is provided by convective air
transport.

By noon, the extended uphill flow transports pol-
luted air masses from the valley of Kavminvody toward
the KVNS. At high temperatures, intense solar illumi-
nation, and high concentrations of NOx and volatile
organic compounds, ozone is generated in upward air
flows. In the afternoon, the ozone concentration gradu-
ally increases until the intensity of solar illumination
begins to decrease. By 18:00, as the illumination inten-
sity falls, ozone generation slows down, and the down-
hill flow intensifies. These processes lead to the dis-
placement of the ABL air by the free-troposphere air.
By 22:00, the ozone concentration level characteristic
of the free troposphere is reestablished. From Figs. 4
and 5, it is seen that the daily ozone variation at the
KVNS is smaller than that at the Alpine stations where,
by around noon, instead of decreasing to a minimum
value, the ozone concentration, on the contrary,
increases to a maximum value exceedmg the basic level
by several ppb [7, 18]. This peculiarity means that, in
the Alps, the process of ozone formation at heights up
to 3 km is more intense than that at the KVNS in con-
nection with a higher concentration of pollutants and
probably with a more intense mountain-valley circula-
tion.

In cold seasons, this scheme continues to work, but
all processes are less intense (Figs. 5, 6). In addition,
during cold seasons, the KVNS is in the free tropo-
sphere most of the time. As a result, regular daily vari-
ations are small or absent. It should be noted that the
KVNS weather peculiarities, first of all, the variability
of the large-scale atmospheric circulation, introduce
some changes to the regular structure of the daily vari-
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Fig. 6. Seasonal variation of the ozone concentration aver-
aged (a) over the total data set and (b) over the nighttime
data only (/) throughout the entire observation period and
(2) throughout the period without 1991 and 1996, when
anomalous data were obtained.

ation of the ozone concentration at this station. Figure 5
gives daily ozone variations for the cold and warm sea-
sons of 1991-1993 and also the daily variation for the
index of the local mountain-valley circulation. This
index is computed as the three-hour balance of the
uphill and downhill air flows along the foothills of the
North Caucasus and is expressed in percent. From this
figure, it is seen that, in the cold season of 1993, due to
the weather conditions, the uphill flow was virtually
undeveloped, and the ozone concentration was nearly
constant in the course of the day. In the same period of
1991, the mountain-valley circulation was more
intense, and daily ozone variations were more clearly
pronounced.

A delay in intensification of the uphill flow along
the foothills of the North Caucasus in the warm period
of 1993 in comparison with that of 1992 led to the delay
in daily ozone variations observed in 1993 in compari-
son with those observed in 1992. In 1991, when the air
temperature and ozone concentration were unusually
high for several months, a deviation from the mean
daily variation, namely, a more prolonged daytime
minimum, was also noted (Fig. 4). This example and
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Fig. 7. Anomalous ozone concentrations observed at the
KVNS and at the Jungfraujjoch station [7] for 1991 and
1996 in comparison with those for two years preceding
1991 and 1996.

many other similar examples identifying relations
between the dynamic regime and changes in the ozone
concentration confirm and clearly illustrate the scheme
explaining the ozone daily variation described above.

Seasonal Variations

In Fig. 6, the seasonal behavior of the ozone concen-
tration at the KVNS averaged over 1989-1998 is pre-
sented. For the periods October-December and May-
August, low and high concentrations, respectively, are
revealed. The seasonal behavior is characterized by the
occurrence of two maxima: in April-May and July-
August. Such seasonal behavior is typical of high-alti-
tude stations and is hardly observed at all at plain sta-
tions [4, 18, 23]. It is influenced by two sources of tro-
pospheric ozone, namely, by photochemical generation
and transport from the stratosphere, which are most
intense in middle latitudes in July and March-April,
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respectively [24]. Evidently, the same sources influence
the annual variations in the ozone concentration at sea
level, but the irregularity and temporal variability of
anthropogenic actions and meteorological characteris-
tics mask such an influence.

In the vicinity of the KVNS, the stratosphere-tropo-
sphere exchange depends to a large extent on whether
the discontinuity of the tropopause in the subtropical
high frontal zone, which migrates over the region of the
station in spring and late summer, exists. During the
summer migration, the effects of high insolation and
intense stratosphere-troposphere exchange superim-
pose on each other. Possibly, this superimposition
explains a peculiarity in the seasonal behavior in Fig. 6,
namely, a clearer manifestation of the July-August
maximum compared to the spring maximum. The
activity of the stratosphere-troposphere exchange can
be indirectly judged from the frequency of occurrence
of the tropical tropopause over the KVNS. The sound-
ing data on the distribution of the frequency of occur-
rence for the tropical tropopause over the town of Min-
vody in 1989-1990 are given in Table 1. It is clearly
seen that the distribution has a maximum falling in the
period of July-August.

.The seasonal ozone variations observed at the
KVNS are close in their character and value to those
observed at alpine stations. In particular, at the Wank
and Zugspitze stations, as at the KVNS, two summer
maxima are observed, in May and in July [18, 23]. At
all three stations, the annual minimum in the ozone
concentration is observed in October-November. The
absolute values in these minima are very close to each
other and are equal to 40.3, 40.8, and 38.4 ppb at the
KVNS, Zugspitze, and Wank stations, respectively. In
the summer maximum, the differences between the val-
ues measured at the KVNS and the values measured at
the Zugspitze and Wank Alpine stations are not large
and are equal to 7.7 and 4.3 ppb, respectively. However,
these differences are of a fundamental nature. They
confirm our assumption that, in summer, the rate of
photochemical ozone generation in the Alpine region
is, as a rule, higher than that in the North Caucasus.
This assumption is also supported by a close relation
between the excess ozone content and the concentra-
tions of anthropogenic NOy, SO,, and CO in the atmo-
sphere [18, 23].

At nighttime, when the stations are in the free tropo-
sphere (Fig. 6b), the differences between the maximum
values obtained at the KVNS and at the Zugspitze and
Wank Alpine stations decrease to 5.0 and 2.5 ppb,
respectively. If the anomalous data obtained at the
KVNS in 1991 and 1996 are not included in the com-
parison, these differences are still smaller: 4.5 and
2.0 ppb, respectively.
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Long-Term Variability

Figure 1 shows that the ozone concentration experi-
ences not only seasonal variations, but also irregular
long-term ones. The 10-year observation period is suf-
ficiently long for consideration of these changes as
trends. Over the entire period from 1989 to 1998, the
ozone content decreased significantly. The mean
annual trend is -1.75 + 0.40%. The multiyear mean
monthly trend is month-dependent; i.e., it is maximum
for August-October and is not identified for winter
months.

Over a long period in 1991 and from the latter half
of 1996 to early 1997, anomalously high and low levels
of ozone concentration, respectively, were observed.
These anomalies contribute significantly to the trend
value. However, the causes of these anomalies are not
sufficiently clear. The multiyear observations at the
alpine stations also show that the data obtained during
these years are anomalous, but the deviations from the
mean values are of the opposite sign compared to the
data obtained at the KVNS. This peculiarity is illus-
trated by Fig. 7, which gives the annual ozone concen-
tration behavior at the Jungfraujjoch station [7] and the
KVNS measured in 1991 and 1996 in comparison with
those measured in the preceding years, characterized
by a stable annual behavior. This peculiarity indicates
the influence of the large-scale atmospheric circulation
on the ozone distribution in the regions under consider-
ation. In 1991, the atmospheric circulation led to pro-
longed periods of stable transport of warm air enriched
by Mediterranean and North African air to European
Russia and of cold and humid North Atlantic air with a
relatively low ozone concentration to central Europe.
All other factors determining the photochemical forma-
tion and vertical transport of ozone are also dependent
on the intensity of zonal and meridional air transport.

The strong decrease in the ozone concentration
observed at the KVNS in the latter half of 1996 and
early in 1997 is more difficult to explain. We can only
note that, in 1996, anomalously high ozone concentra-
tions were observed at the Jungfraujjoch station [7]
and, by analogy with 1991, associate these deviations,
which are opposite to those observed at the KVNS,
with the effect of large-scale circulation. However, at
present, the available information is not sufficient for
such a conclusion. Therefore, it is of interest to analyze
the nighttime data obtained at high-altitude stations
surrounded by free-troposphere air minimally influ-
enced by local and regional factors.

Table 3 lists the nighttime ozone concentration
trends estimated on the basis of data obtained for 1:00-
5:00 local time in different months in the absence of fog
and heavy precipitation. Over the 1989-1999 observa-
tion period, the annual trend of the nighttime ozone
concentration was equal to -1.45 £ 0.35%. The compu-
tation of such a trend with neglect of the anomalously
low concentrations measured in the period from August
1996 to March 1997 gives a value of-0.85 + 0.30%. We
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Table 3. Annual trends of the nighttime ozone concentrations
measured from 1:00 to 5:00 local time in the absence of fog
and intense precipitation for each month over the ten-year
period from 1989 to 1998

Annual trend, % per year
Month Annual trend, % [without data for Aug.-
per year Oct. 1996 and March

1997

Jan. 0.12 £1.02 0.12 £1.02

Feb. -0.14 +£0.69 -0.14 +£0.69

March -2.61 £1.16 -1.57 £0.86

April -0.87 £0.69 -0.87 £ 0.69

May -1.52 £0.58 -1.52 +£0.58

June -1.62 £0.90 -1.62 £0.90

July -1.07 £0.71 -1.07+0.71

Aug, -2.35+£1.32 -1.18+0.80

Sept. -2.26 £1.71 -1.21 £0.69

Oct. -2.27 £1.48 -1.36 £0.93

Now. 0.11 £0.62 0.11 £0.62

Dec. 0.32 +£1.29 0.32+1.29

believe that, for the Caucasian region, the nighttime
trends are most representative for estimating the long-
term ozone behavior in the free troposphere. The
annual trends vary significantly from month to month.
If the anomalous data are not taken into account, they
range from near-zero values for November-February to
1.5-1.6% per year for May and June. These trends dif-
fer significantly from the corresponding values
obtained at the Alpine stations [7], where the ozone
concentration was increasing over a prolonged period
in the 1980s and 1990s. However, the data obtained at
individual stations have some peculiarities. Thus, at the
Zugspitze station, over the period from 1982 to 1999,
the ozone concentration increased almost linearly with
an annual trend of 1.48 £ 0.5% per year. At the Wank
station, over the period from 1984 to 1996, the ozone
concentration increased very slightly and, over the last
four years, it has decreased [7-18]. The trend at the
Jungfraujjoch station is positive, with heightened val-
ues for October, December, and February [7].

In the free troposphere over central Europe, for the
entire prolonged period from 1970 to 1996, an increase
in the ozone concentration is observed with ozone-
zondes [22]. However, over the last portion of this
period, from 1980 to 1996, no trend is observed [22].
For the same period, ozonezonde measurements over
the eastern United States and Canada at the Edmonton
and Goose stations located at a latitude of 53° N give
clearly pronounced negative annual trends of-0.35 and
-0.75% per year, respectively, for an 800-hPa level. In
contrast, over the period from 1980 to 1996, ozone-
zonde measurements over a number of Japanese sta-
tions give a significant positive annual trend ranging
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from 0.2 to 1.0% per year [22] at the same height level.
Thus, for the last 15-20 years, a zonal character of
long-term variations becomes noticeable; namely, the
atmospheric ozone concentration increases over central
Europe and Japan and decreases over the United States,
the Caucasus, and Canada. This peculiarity in the spa-
tial distribution of ozone variability and also the oppo-
site anomalies in central Europe and the Caucasus can-
not be explained by any regional or global changes in
tropospheric pollution. Most likely, these phenomena
are caused by long-term variations in the wave charac-
ter of the large-scale atmospheric circulation. In partic-
ular, in [25], it is shown that such variations reveal
themselves in the location of high frontal zones and in
the spatial distribution of the total ozone content.

CONCLUSIONS

It is evident that the KVNS is able to occupy a prom-
inent place in the system of surface-ozone monitoring.
It is located in a region with a stable climate and with
no active natural or anthropogenic sources of ozone
precursors. In addition, in this region, the mountain-
valley circulation is not intense and thus the transport of
pollutants from lower atmospheric levels is not signifi-
cant. Therefore, the KVNS is characterized by the
smallest seasonal variations in the ozone regime in
comparison with those characteristic of the stations in
the same latitudinal belt and by a stable daily variation
in the ozone concentration with a noon minimum and a
minor or negligible daytime rate of ozone formation.
The station is located most of the time over the atmo-
spheric boundary layer, and therefore its data on atmo-
spheric parameters characterize the atmospheric state
not only in the Caucasian region but also on a global
scale.

Unlike alpine stations, at the KVNS, a significant
negative trend in the SOC is observed. In addition, at
the station, some long-term anomalies in the ozone
concentration are alternating in time. These phenomena
give us grounds to suppose that long-term ozone varia-
tions are closely associated with the variability of the
large-scale atmospheric circulation.
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