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ABSTRACT
Total column ozone (TCO) monitoring with the Dobson spectrophotometer no. 84 have been carried out at
Belsk (51°50, 20°47"), Poland, since 23 March 1963. TCO observations were made for various combinations
of double wavelength pairs (AD, CD, CC’) and instrument settings (direct Sun, zenith blue, and zenith
cloudy). In total, results of 115,736 manual observations were recorded in the period 1963-2019. The
following metrics of the intraday TCO variability are examined: standard deviation divided by the mean
value and the difference between the daily maximum and minimum divided by the mean value. The mean
value, standard deviation, and 5th-95th percentile range for the intraday changes of the metrics are {1.6%,
0.8%, 2.5%} and {4.3%, 2.3%, 7.3%,}, respectively. To examine interday TCO variability, one-day changes of
the metrics and the daily mean TCO are analysed. The corresponding statistics for one-day change of TCO
are {—0.2%, 6.9%, 22.6%}. The short-term TCO variability changed only slightly (if ever) since the beginning

of the ozone observations at Belsk.
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1. Introduction

Anthropogenic changes in the stratospheric ozone layer
have been the subject of scientific and public interest for
almost half a century. The possible thinning of the ozone
layer was suggested in the early 1970s by the 1995 lau-
reates of the Noble Prize in Chemistry: Paul J. Crutzen,
Mario J. Molina, and F. Sherwood Roland (Crutzen,
1971; Molina and Rowland, 1974). In the early 1980s,
significant depletion of the ozone layer was found over
Antarctica, i.e. the so-called ozone hole (Chubachi, 1984;
Farman et al., 1985). The widespread interest in the
ozone hole over Antarctica was due to the expected
increase in the intensity of harmful ultraviolet (UV) radi-
ation on the Earth’s surface in Antarctica and possibly in
other parts of the globe.

In response to the threat of ozone destruction, the
Montreal Protocol (MP) was signed in 1987, which estab-
lished restrictions on the production of the most ozone
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depleting substances (ODS) (e.g. chlorofluorocarbons —
CFC) containing chlorine and bromine,
involved in the catalytic destruction of the stratospheric
ozone shield against the UV radiation. Ground-based
monitoring of the ozone layer with Dobson spectropho-
tometers played a decisive role in the discovery of the
Antarctic ozone hole and led to the identification (in the
beginning of 1990s) of significant long-term ozone deple-
tion in winter and spring over extratropical regions
(Stachelin et al., 2018 and the references therein).
Establishing a world standard for the Dobson instrument
(Dobson spectrophotometer No. 83) was decisive for
maintaining the high quality of the global Dobson net-
work (Kombhyr et al., 1989).

The MP implementation and its further amendments
resulted in a turnaround of the ODS concentration in the
stratosphere in the late 1990s (middle latitudes) and
~2000 (high Ilatitudes) (WMO, 2018). Since then, an
accompanying trend reversal (from negative to positive
value) in total column ozone (TCO) should be identified.

which are
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Determining the onset of ozone regeneration in response
to ODS changes has been the subject of extensive scientific
debate based on the results of the statistical and chemistry-
climate models (Reinsel et al.,, 2005; Harris et al., 2008;
Morgenstern et al., 2010; Dhomse et al., 2018; Krzyscin and
Baranowski, 2019). Clear signs of the Antarctic ozone
recovery have recently been revealed (Solomon et al., 2016;
Pazmino et. al, 2018; Kuttippurath et al, 2018;
Krzyscin, 2020).

Surprisingly the ozone depletion still exists in the lower
stratosphere in the Northern Hemisphere midlatitudes
(Ball et al., 2018; Chipperfield et al., 2018) that is forced
by dynamical effects. Unexpected signs of increasing con-
tamination of the atmosphere by CFC have recently been
revealed in eastern mainland China (Montzka et al.,
2018; Rigby et al., 2019) suggesting that the protection of
the ozone layer by the MP and its further amendments is
not as effective as previously thought. Therefore, the
problem of the stratospheric ozone depletion is still rele-
vant and requires further research.

Usually, the ozone observations were averaged on the
monthly basis and used in long-term variability studies.
This paper is an extension of our earlier paper (Krzyscin
et al., 2013) focusing solely on trends in the Belsk’s TCO.
We will discuss the short-term TCO variability using of
the Belsk’s intraday TCO data base (Rajewska-Wigch
et al., 2020). The following daily metrics characterising
short-term TCO variability are considered, coefficient of
variability (CV) (standard deviation divided by the daily
mean), the relative range (RR) of daily variability (differ-
ence between daily maximum and minimum divided by
the daily mean), and one-day change of CV, RR, and
TCO daily mean. Differences between statistical parame-
ters of the metrics for the periods 1963-1979, 1980-1999,
and 2000-2019 will be analysed to discuss the long-term
changes in the metrics.

2. Materials and method
2.1. Total column ozone observations

TCO observations have been carried out at Belsk (the
Central Geophysical Observatory of the Institute of
Geophysics Belsk, Polish Academy of Sciences) since
March 1963 using the Dobson spectrophotometer No. 84.
The TCO retrieval follows the technique of the differen-
tial optical absorption spectroscopy applied to a wave-
length pair with strong and weak ozone absorption in the
UV range. The following pairs are used: A (305.5 and
325.0nm), C (311.5 and 332.4nm), and D (317.5 and
339.9nm). Different combinations of double wavelengths
pairs (AD, CD) and observation settings, direct sun (DS),
zenith blue (ZB), and zenith cloudy (ZC), have been

applied to achieve the highest possible accuracy of the
TCO observation under given atmospheric conditions
(Degérska et al., 1978).

Selection of the wavelength pairs and the observation set-
tings follow the World Meteorological Organization
(WMO) recommendations implemented in the global ozone
observing network (Dobson, 1957; Komhyr, 1980). History
of the ozone observations at Belsk and the instrument cali-
brations in the period 1963-2012 was described in our ear-
lier publication (Krzyscin et al., 2014). Since then, another
instrument calibration has taken place in Hohenpeissenberg
in 2014 which confirmed the stable performance of the
instrument without any signs of aging.

Numerous trend analyses were carried out using the
TCO monthly means, averaging the daily representatives
of TCO at Belsk, derived from manual observations by
the Dobson spectrophotometer (Hill et al.,, 1986;
Degorska et al., 1989; Bojkov et al., 1995; Krzyscin and
Baranowski, 2009; Krzyscin et al., 2013). These represen-
tatives were calculated as the arithmetic mean of a few
near noon observations, i.e. at least 3 for the low solar
elevation season (November, December, and January)
and 5 for the rest of the year, with the nominal highest
quality observation. The choice of the highest quality
observations depends on the solar elevation and the
cloudiness type, at the moment of the observation. This
criterion was adopted by WMO for the global TCO net-
work following the recommendations of Dobson (1957)
and Kombhyr (1980).

The Belsk’s daily TCO representatives have been
archived at the World Ozone and Ultraviolet Data
Centre (WOUDC) (https://woudc.org’lhome.php). The
Dobson TCO measurements were taken throughout the
day, not only around noon as recommended by WMO,
up to 36 and 50 in the low and high solar elevation sea-
son, respectively. Results of all intraday TCO measure-
ments (in total 115,736 observations during ~20,000 days
in the period 23 March 1963-31 December 2019) were
checked and outliers were removed. This data, divided
into three subperiods (1963-1979, 1980-1999, and 2000-
2019), has been stored at the PANGAEA data base
(Rajewska-Wigch et al., 2020) with additional information
including: time of observation, description of the wave-
length pairs, and observation setting for each individual
measurement. Splitting the data into three subsets corre-
sponds to three phases of the TCO long-term variability:
trendless, strong decline followed by strong recovery, and
finally a weak recovery (Krzyscin and Baranowski, 2019).

For comparison purposes, concurrent TCO daily val-
ues are taken from the Belsk’s overpasses with Solar
Backscattered UV (SBUYV) instruments (1970-2019) on
various satellite platforms: Nimbus 4 and 7, National
Oceanic and Atmospheric Administration (NOAA) 9, 11,
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Fig. 1. Yearly number of the intraday Dobson spectrophotometer
measurements in the period 1963-2019: the entire set (DS&ZB&ZC) -
black curve, the DS subset — red curve, and the ZC subset —
blue curve.

14, 16-19, and Suomi National Polar-orbiting
Partnership (SNPP). The data are taken from SBUV
Merged Ozone Data Set ver.8.6 available at https://acd-
ext.gsfc.nasa.gov/Data_services/merged/.

2.2. Statistical analysis

The short-term TCO variability is discussed using metrics
based on the standard statistics of the intraday TCO
measurements: daily mean (Mean), standard deviation
(SD), daily maximum (Max), and minimum (Min). The
following intraday metrics are examined: the coefficient
of variation (CV) and the relative range (RR):

CV =100% x SD/Mean (1)
RR = 100% x (Max — Min)/Mean ()

These indices are calculated for days with at least three
measurements per day. Each metrics is examined in five cat-
egories of the TCO observations: the entire set, DS&ZB,
AD&DS, ZC, and DS. The ranking (best to worst) of the
TCO observation accuracy by the Dobson spectrophotom-
eter is as follows: AD&DS, DS, DS&ZB, and ZC (Dobson,
1957). The subsamples of the TCO metrics are considered
for statistical analyses separately for three subperiods
(1963-1979, 1980-1999, and 2000-2019). Total number of
TCO observations was 16,906, 29,566, and 69,264 in these
subperiods, respectively.

In addition, the relative one-day change of TCO,
ATCOx, is used as a metrics of the interday changes of
TCO:

ATCOx = 100% x (TCOx(t + 1) — TCOx(t))/ TCOx(?)
3)

where TCOx(t+ 1) and TCOx (1) are TCO values in two
successive days, subscript “X” denotes data categories, e.g.
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Fig. 2. The yearly frequency of the DS (red curve) and ZC
(blue curve) observations in the period 1963-2019.

TCOayy, is for all observations, ATCOxpgps for AD&DS
subset, and so on. In case of TCO from SBUV Merged
Ozone Data Set, the metrics is denoted as ATCOsgyy.

Standard statistics (mean value, standard deviation,
median, and 5th-95th percentile range) are calculated based
on the daily values of the metrics defined by the formulas (1),
(2), and (3). Moreover, the two-sample Kolmogorov—Smirnov
(KS) test is applied to examine differences between statistical
distributions of the metrics for three possible combinations of
the data subsamples, ie. 1963-1979 versus 1980-1999,
1963-1979 20002019, and 1980-1999
2000-2019. The two-sample KS test is a general nonparamet-
ric method for comparing two samples, based on difference
in shape of the empirical cumulative distribution functions of
two compared samples. This test has the advantage of analyz-
ing cumulative distribution functions without checking the
significance of differences between selected statistical parame-
ters, such as means or medians, which requires assuming the
distribution type.

Versus versus

3. Results
3.1. Long-term total column ozone variability

Figure 1 shows the upward trend in number of all obser-
vations per year since the early 1990s and its levelling off
around 2005. This pattern reflects the growing interest in
monitoring ozone at Belsk, rather than the existence of
atmospheric processes that would allow more frequent
observations (e.g. more sunny days). The changes in
atmospheric conditions are probably imprinted mainly in
the relative frequency of the ZC and DS observations
(Fig. 2). The relative frequency of the DS observations
looks similar at the beginning and end of the Belsk’s
data, i.e. in the period 1963-1979 and 2000-2019, regard-
less of large differences in total number of the Dobson
observations totaling 16,906 and 69,264, respectively. In
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Fig. 3. The yearly means and their smoothed profile (by the

lowess filter) of total column ozone taken from various subsets of
the Dobson spectrophotometer measurements at Belsk in the
period 1963-2019: the ZC subset (the yearly data and the smooth
curve in blue), the entire set (black), the DS&ZB subset (red),
and the entire set from WOUDC daily means (magenta).

the period 1980-1999, the frequency of the DS observa-
tions was two to three times smaller when compared to
the ZC observations.

Figure 3 illustrates the long-term variations of the
yearly TCO means (the average of the monthly TCO
means) for the period 1964-2019. Interday observations
allow for calculation the time series for the entire set of
the observations, and separately for different data subsets
(here DS&ZB and ZC). The time series from selected sub-
sets of TOC measurements are superposed on the time
series averaging the daily TCO representatives (archived
in WOUDC) calculated according to the WMO rule to
average only a few high-quality observations made
around noon (Dobson, 1957). There is an almost perfect
correspondence between the time series averaging all
available intraday observations and the daily TCO repre-
sentatives. This result suggests similar results from trend
analyzes based on these time series.

The long-term TCO variability patterns (Fig. 3) from
the ZC subset and the non-ZC (DS&ZB) subset look dif-
ferent. This is especially apparent at the beginning of the
first subperiod (1963-1979). The difference between the
long-term ZC and non-ZC patterns (blue and red curves
in Fig. 3, respectively) decreases with increasing number
of the Dobson observations and equals less than ~1% at
the end of the time series. There are two sources of the
differences between these long-term patterns. The first is
related to the basic technical differences between the
Dobson’s observations (DS, ZB, and ZC) and the second
is related to influence of weather on monthly averages.

For several days a month, there were no DS and ZB
observations due to the cloud cover. In this case, the
monthly means used different numbers of the daily
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Fig. 4. The monthly means of total column ozone from the

DS&ZB measurements versus the corresponding means from the
ZC measurements: the linear regression fit — blue line, the
smoothed curve by the lowess filter — red line, and the diagonal
of the square (the perfect agreement line) — the dashed black line.

means. The increasing frequency of observations also
means more daily values to be used in the monthly aver-
aging, resulting in better consistency between the long-
term ZC and non-ZC (DS&ZB) profiles.

The correlation coefficient between the TCO monthly
means based on DS&ZB and ZC observations is 0.96 and
the regression line of the DS&ZB on the ZC monthly
means is Y=0.93 X+0.01 (Fig. 4). A high agreement
between these two classes exists throughout the TCO
variability range because the regression line is close to a
locally smoothed curve (by the smoother,
Cleveland, 1979).

lowess

3.2. Intraday metrics of the short-term variability of
total column ozone

Table 1 shows the basic statistical parameters of TCO
intraday variability for three subperiods (1963-1979,
1980-1999, and 2000-2019) including: mean value, stand-
ard deviation, and difference between the daily maximum
and minimum. The mean values are in the range of
~330-345 Dobson Unit (DU), standard deviations in the
range of ~4-5.5 DU, and the max-min difference in the
range of ~11-17 DU. The smallest variability corre-
sponds to the most accurate (DS&AD) class of the
Dobson measurements.

The statistical parameters of CV and RR are presented
in Tables 2 and 3, respectively. Mean and median of CV
values are ~1-1.7%, standard deviations ~0.7-0.9%, and
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Table 1. Statistical characteristics of intraday TCO variability:
Mean value (Mean), standard deviation (SD), and Span

(difference between the daily maximum and minimum
TCO value).
Class Mean (DU) SD (DU) Span (DU) N
1963-1978
ALL 342 5.15 13.1 3551
DS&ZB 335 4.58 11.8 1661
AD&DS 334 4.48 11.4 1346
zC 346 5.43 13.2 1366
DS 334 4.53 11.6 1420
1980-1999
ALL 332 4.89 13.1 5182
DS&ZB 330 4.30 11.7 2430
AD&DS 333 3.88 10.4 852
zC 330 5.07 12.8 2464
DS 331 3.92 10.5 984
2000-2019
ALL 328 5.40 16.9 6440
DS&ZB 328 4.65 14.9 3782
AD&DS 330 3.69 10.7 2537
zC 329 5.19 14.3 4068
DS 329 3.98 12.1 2891

All values are in Dobson units (DU). DS, ZB, and ZC denote
direct sun, zenith blue, and zenith cloudy class of the Dobson
spectrophotometer observations, respectively. AD means the
observation class (with the highest accuracy) using the double
wavelength pairs: A (305.5nm, 325.0nm) and D (317.5nm,
339.9nm). N is total number of the daily values used in the
calculations for each class.

the 5th-95th percentile range ~2-3%. The respective val-
ues for RR are ~3-5%, 2-2.5%, and 6-8%. The largest
difference between statistical values for the subperiod
pairs is obtained for RR when comparing the entire data
set for the 1963-1979 and 2000-2019 period, i.e. the dif-
ference is of ~1.3 percentage point (PP), for the mean
and median (see Table 3 for RR equal to 3.85% and
5.16%), and the corresponding change of ~1.7 PP for the
5th-95th percentile range.

Table 4 shows the probabilities (using the two-sample
KS test) of a hypothesis with a similar distribution of
metric values in the subperiod pairs, i.e. 1963-1979 versus
1980-1999, 1963-1979 versus 2000-2019, and 1980-1999
versus 2000-2019. The distributions are mostly different
as there exists a probability of less than 1% in 19 cases
out of a total of 30 cases (~63%), whereas the probability
of less than 5% occurs in 70% of all cases. For the ZC
subset, a hypothesis of the same distributions is rejected
three times (50% possible cases). For other combination
of observation types and subperiod pair, there are two
cases (DS and AD&DS) with two insignificant differences
(out of six cases).

Table 2. Statistical characteristics of the coefficient of variation,
according formula (1), of the intraday TCO values.

Class Mean = SD % Median [Range] %
1963-1979
ALL 1.52+£0.84 1.38 [0.41, 3.04]
DS&ZB 1.38£0.78 1.25[0.34, 2.80]
AD&DS 1.34£0.77 1.22 [0.32, 2.74]
zC 1.59+0.91 1.44 [0.43, 3.27]
DS 1.36 £0.77 1.23[0.32, 2.74]
1980-1999
ALL 1.48£0.82 1.350.41, 3.00]
DS&ZB 1.31+£0.74 1.20 [0.34, 2.64]
AD&DS 1.16£0.73 1.00 [0.31, 2.49]
zC 1.54+0.90 1.39 [0.39, 3.22]
DS 1.18£0.72 1.05[0.32, 2.51]
2000-2019
ALL 1.65£0.81 1.51 [0.58, 3.14]
DS&ZB 1.4210.71 1.31 [0.43, 2.73]
AD&DS 1.11+£0.72 0.96 [0.25, 2.41]
ZC 1.58 £0.89 1.43[0.42, 3.26]
DS 1.20+£0.72 1.05[0.32, 2.58]

Mean, SD, median, and [range] denote average value, standard
deviation, median, and the 5th-95th percentile range. All values
are percentages.

Table 3. The same as Table 2 but for the relative range of the
intraday variability according formula (2).

Class Mean +SD % Median [Range] %
1963-1979
ALL 385+2.14 3.5210.98, 7.69]
DS&ZB 3.51+£2.02 3.17 [0.81, 7.40]
AD&DS 3.41+1.98 3.09 [0.78, 7.18]
zC 3.87+2.24 3.53 [1.01, 7.99]
DS 3.46+1.99 3.130.79, 7.27]
1980-1999
ALL 3.97+2.18 3.63 [1.03, 8.06]
DS&ZB 3.57+2.05 3.29 [0.85, 7.35]
AD&DS 3.11+1.95 2.77 [0.73, 6.56]
zC 3.90+2.29 3.530.93, 8.26]
DS 3.17+£1.97 2.82 [0.76, 6.76]
2000-2019
ALL 5.16 £2.56 4.84 [1.54, 9.94]
DS&ZB 4.55%+2.40 4.26 [1.12, 8.84]
AD&DS 3.20+2.12 2.78 [0.61, 7.29]
zC 4.34£2.51 3.96 [1.08, 9.05]
DS 3.65+2.26 3.2510.79, 7.95]

3.3. One-day changes of total column ozone
variability

Tables 5 and 6 show statistical parameters of the one-day
changes of the metrics describing the TCO variability
over the day, i.e. differences between next day and cur-
rent value of CV (Table 5) and RR (Table 6). Mean and
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Table 4. Probability of the same distribution for the intraday metrics
in the subperiod pairs by the two-sample Kolmogorov-Smirnov test.

Table 5. Statistical characteristics of one-day change of the
coefficient variability.

1963-1979 1963-1979 1980-1999
versus Versus versus
Variable 1980-1999 2000-2019 2000-2019
ALL
Ccv 0.05 <0.01* <0.01*
RR 0.01* <0.01* <0.01*
DS&Z7ZB
Cv <0.01* <0.01* <0.01*
RR 0.20 <0.01* <0.01*
AD&DS
Ccv <0.01* <0.01* 0.06
RR <0.01* <0.01* 0.12
zC
(6% 0.25 0.68 0.04*
RR 0.78 <0.01* <0.01*
DS
Ccv <0.01* <0.01* 0.39
RR <0.01* 0.13 <0.01*

The results are for the entire set of observation (ALL) and
various combinations of the Dobson spectrophotometer settings
(DS&ZB, AD&DS, ZC, and DS).

(...)* marks cases with the probability less than 0.05.

CV, coefficient of variability; RR, relative range.

median of the differences are close to zero (between
—0.03 and 0.06 PP for CV and between —0.06 and 0.16
PP for RR), whereas standard deviations are ~1 PP and
2.5-3 PP, respectively. The 5th-95th range for one-day
CV changes is ~3.5 PP for the entire set of the observa-
tions, ~4 PP for the ZC, and ~3 PP for non-ZC class.
The corresponding ranges for the one-day RR changes
are ~9-11 PP, 9-11 PP, and 8-10 PP.

Table 7 presents the statistical parameters of the rela-
tive one-day changes of TCO calculated using formula
(3). Mean and median are close to zero both using the
Dobson measurements and SBUV overpasses i.e. between
—0.5% and 0.2%. Standard deviation varies from 4.3%
(for AD&DS subset) up to 8.5% (for ZC subset).
Standard deviation from the SBUV data is between these
values, i.e. ~ 7%. The 5th-95th percentile span is from
~11-15% (DS subset) up to ~26% (ZC subset). The span
from the SBUV data is ~21%.

Table 8 shows the results of the two-sample KS tests
regarding the significance of differences between the sam-
ples of the one-day change of the metrics in the following
subperiods: 1963-1979 versus 1980-1999, 1963-1979 ver-
sus 2000-2019, and 1980-1999 versus 2000-2019. The
statistically significant differences between samples are
found only in two cases out of total 30 cases (~7%) for
the CV and RR metrics, i.e. for one-day changes of RR
when comparing the first and last subperiod for the entire

Class Mean + SD PP Median [Range] PP N
1963-1979
ALL 0.02+1.09 —0.01 [—1.82, 1.81] 2458
DS&ZB 0.03+1.01 0.02 [—1.56, 1.75] 793
AD&DS 0.03+£0.98 0.02 [-1.59, 1.73] 629
zC 0.06+1.17 0.01 [—1.89, 1.99] 443
DS 0.02+0.98 0.02 [—1.59, 1.70] 668
1980-1999
ALL 0.00+1.11 —0.01 [—1.76, 1.87] 4108
DS&ZB 0.02+0.96 0.01 [—1.57, 1.50] 1308
AD&DS —0.01%£0.87 0.02 [—1.53, 1.30] 363
zC —-0.01£1.26 —0.03 [-2.11, 2.13] 1135
DS 0.01+£0.93 0.02 [—1.59, 1.49] 403
2000-2019
ALL —0.00£1.06 0.00 [—1.71, 1.69] 5857
DS&ZB 0.01£0.92 0.00 [—1.45, 1.43] 2547
AD&DS 0.02+0.94 0.00 [—1.44, 1.55] 1517
ZC —0.01£1.18 0.01 [—1.94, 2.01] 2528
DS 0.02+0.95 0.00 [—1.46, 1.58] 1723

The same notation as in Table 2. The values are in percentage
points (PP). N is total number of the daily values of the metrics
used in the calculations for each class.

set of the observations and for the ZC subset. For the for-
mer case, the standard deviation of one-day changes of RR
increases from 2.82 PP to 3.30 PP, and the 5"-95™ range
from 9.43 PP to 10.8 PP (Table 6). For the latter case (ZC
class), the corresponding values change from 2.95 PP to
3.35PP, and from 9.30 PP to 11.1 PP, respectively.

A marginally statistically significant difference (with
probability ~0.05) is found in the comparison of one-day
changes of CV between the 1980-1999 and 2000-2019
subperiods using the entire sample of measurements. In
this case, standard deviation decreases from 1.11 PP to
1.06 PP, and the 5th-95th range decreases from 3.63 PP
to 3.4 PP (Table 5).

The two-sample KS test applied to the relative one-day
change of TCO (see Table 8 for ATCOx variables) shows
significant difference between samples for only two cases
(out of total 15 cases), when the sample from 1963 to
1979 containing all available Dobson measurements was
compared with the sample from 1980-1999 to 2000-2019.
The SBUV samples of one-day change of TCO have
insignificant differences in the comparisons of three sub-
period pairs, 1963-1979 & 1980-1999, 1963-1979 &
2000-2019, and 1980-1999 & 2000-2019.

4. Discussion and conclusions

Nowadays, increasing variability of the climate, which is
possibly related to the anthropogenic forcing in recent
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Table 6. The same as Table 2 but for the one-day change of the
relative range that is expressed in percentage point (PP).

Table 7. The same as Table 2 but for the relative one-day
change of TCO according formula (3).

Class Mean £ SD PP Median [Range] PP N Variable Mean +SD % Median [Range] % N
1963-1979 1963-1979
ALL 0.05+2.82 0.04 [-4.71, 4.72] 2458 ATCOALL —-04+64 —0.4 [-11.1,9.9] 2458
DS&ZB 0.05%£2.62 0.03 [—4.36, 4.41] 793 ATCOpsszs —-0.4+45 -0.2 [-7.7, 6.3] 793
AD&DS 0.04£2.51 0.05 [—4.17, 4.35] 629 ATCOapsps -0.3+43 0.0 [-7.5, 6.0] 629
zC 0.16+2.95 0.02 [—4.47, 4.83] 443 ATCOzc —-0.2+8.3 —0.4 [-14.1,12.5] 443
DsS. 0.04 +2.54 0.03 [—4.14, 4.26] 668 ATCOps —-0.2+45 0.0 [-5.4, 6.6] 668
1980-1999 ATCOspyv 02+6.8 0.0 [-9.9, 10.6] 688
ALL —0.01+£2.96 0.01 [—4.80, 4.84] 4108 1980-1999
DS&ZB 0.06£2.70 0.03 [—4.29, 4.26] 1308 ATCOaLL —04%6.8 —0.2 [-11.9, 11.0] 4108
AD&DS —0.05+2.43 0.02 [—4.18, 3.79] 363 ATCOpsszs —-0.5%£5.0 —0.4 [-10.0, 8.1] 1308
zC —0.02+3.21 —0.06 [—5.46, 5.36] 1135 ATCOapsps —-0.5+3.38 -0.4 [-8.7, 5.1] 363
DS. 0.01+2.63 0.02 [—4.50, 4.01] 403 ATCOzc —-0.4+8.5 —0.1[-13.7, 12.6] 1135
2000-2019 ATCOps —-0.5+£42 —0.4 [-6.4, 5.8] 403
ALL —0.01+3.30 —0.01 [—5.40, 5.40] 5857 ATCOsgyuv 0.2%6.6 0.0 [-9.6, 11.0] 6278
DS&ZB 0.02+3.07 —0.01 [—4.97, 4.88] 2547 2000-2019
AD&DS 0.06%2.75 0.00 [—4.33, 4.54] 1517 ATCOALL -03%75 —0.1 [-13.0, 10.9] 5857
zC —0.01+3.35 0.07 [—5.48, 5.65] 2528 ATCOpsszp —-0.6+5.5 —0.4 [-10.0, 8.1] 2547
DS 0.06 +2.96 0.02 [—4.83, 4.82] 1723 ATCOapsps —-0.6+4.6 —0.4 [-8.3, 6.5] 1517
- - - - ATCOzc 0.1+8.2 —0.1 [-14.6, 12.0] 2528
N is tot.al number of the daily values of the metrics used in the ATCOpg 05448 —0.4[-8.6, 7.6] 1723
calculations for each class. ATCOssuy 0.2+7.0 0.0[~104,119] 7108

decades, is a widely discussed issue (Nicholls and
Alexander, 2007; Fischer and Knutti, 2015; Baker et al.,
2018). The comparisons of the intraday values of the met-
rics between the 1963-1979/1980-1999/2000-2019/subper-
iods reveal changes of the intraday TCO variability for
many classes of the TCO observations (in 21 cases out of
a total 30 cases, Table 4). This is also confirmed in Fig.
S, which shows that an increasing trend began around
1985. However, the number of the intraday manual
observations is also increasing (Fig. 1) due to the growing
interest in the ozone variability after discovery of the
ozone hole in 1983 (Chubachi, 1984). Larger span of
the observed intraday TCO values could be supposed as
the data extremes within the day could be better identi-
fied by frequent sampling.

The two-sample KS test applied to the intraday (next
day minus current day value) changes of the metrics also
reveal a change in the short-term TCO variability but for
a limited number of cases (4 cases out of total 48, Table
8). The sample size increased from 2458 int the first sub-
period, to 4108 in the middle subperiod to reach 5877 in
the last subperiod for the entire class of the observations
(Table 5). The differences between the distribution of
interday metrics are always found to be statistically insignifi-
cant when comparing the samples for the 1980-1999 and
2000-2019 subperiods (last column in Table 8), despite the
larger size of the latter subset. Moreover, the analysis shows
insignificant differences after comparing satellite data taken
from the SBUV Merged Ozone Dataset.

The values are in percentages. N is total number of the daily
values of the metrics used in the calculations for each class.

A statistically significant change is revealed by the
comparison of one-day changes in RR between the
1963-1979 and 2000-2019 subset for the entire set of
observations and for the ZC subset (Table 8). However,
in these cases, standard deviation and the 5th-95th per-
centile range increased only slightly (Table 6). Another
two cases with statistically significant change between
subsamples are identified for the relative one-day change
of TCO for the entire set of measurements, when the
1963-1979 sample is compared with the 1980-1999 and
2000-2019 sample.

Therefore, this analysis does not categorically confirm
an increase of the variability of the short-term (with time
scale up to one-day) fluctuations in TCO at Belsk. The
observed significant increase in the variability of the
intraday metrics of the TCO fluctuations is probably
strongly affected by increasing frequency of the ozone
observations at Belsk.

TCO measurements are of the highest quality when
using the AD double wavelength pairs for DS measure-
ments (Komhyr, 1980). TCO values from ZC observa-
tions are less reliable as not directly calculated from the
ratio between the measured intensity of the UV radiation
at two wavelengths, weakly and strongly absorbed by
ozone. In this case, the empirical corrections to the ratio
between UV irradiances were applied that depended on
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Table 8. Probability of the same distribution for the one-day
change of the intraday metrics (CV, RR, and ATCOx) in the
subperiod pairs by the two-sample Kolmogorov—Smirnov test
applied to the entire set of the Dobson measurements and
various combinations of the instrument settings.

1963-1979 1963-1979 1980-1999
versus Versus versus
Variable 1980-1999 2000-2019 2000-2019
ALL
ACY 0.80 0.09 0.05
ARR 0.32 <0.01* 0.18
ATCOaLL <0.01* <0.01* 0.78
ATCOspuv 0.92 0.92 0.62
DS&ZB
ACY 0.90 0.43 0.55
ARR 0.60 0.13 0.20
ATCOpsezs 0.19 0.10 0.99
AD&DS
ACY 0.47 0.69 0.78
ARR 0.85 0.24 0.45
ATCOAp&Ds 0.14 0.22 0.16
zC
ACY 0.33 0.53 0.51
ARR 0.13 0.04* 0.65
ATCOyc 0.98 0.80 0.80
DS
ACY 0.85 0.76 0.99
ARR 0.91 0.10 0.34
ATCOps 0.27 0.21 0.29

ATCOsgyy shows the probability based on the comparisons of
the satellite data over Belsk (SBUV Merged Ozone Data Set).
*Marks cases with the probability less than 0.05.
ACV=CV(t+1) —CV(t), one-day change of CV in PP.
ARR=RR(t+1) — RR(t), one-day change of RR in PP.

ATCOx, relative one-day change of TCO for subset X in %.

cloudiness type (Rindert, 1973; Degoérska et al., 1978). It
seems impossible to account for a wide range of cloud
variability at the measuring site when calculating ozone.
However, there were small differences between the metrics
of the TCO intraday fluctuations for the most accurate
AD&DS subset and the least accurate ZC subset. For CV
and RR metric of the intraday variability derived from
the ZC subset, the 5th-95th ranges were larger of
~0.4-0.7 PP (Table 2) and ~ 0.6-1.5 PP (Table 3) when
compared with corresponding values from AD&DS
observations, respectively.

The DS&ZB observations are not always possible at
Belsk because of numerous cloudy days. The long-term
variability of TCO derived only from the DS&ZB subset
of observations showed agreement with the long-term
pattern based on the entire data sets but it was worse in
the period with a limited number of the Dobson observa-
tions (Fig. 3). Moreover, there was a different proportion
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Fig. 5. The yearly means (1963-2019) and their smoothed

pattern derived from the daily values of the intraday metrics of
the short-term total column ozone variability: coefficient of
variability (blue) and the relative range (red).

between the number of the non-cloudy (DS&ZB) and
cloudy day (ZC) observations, depending to some extent
on the observation policy. The number of the DS&ZB
daily means were 1.22 larger than the ZC daily means in
the period 1963-1979. Whereas, the rate was 0.99 and
0.93 for the period 1980-1999 and 2000-2019, respect-
ively (see N values in Table 1).

Cloudless or overcast conditions over Belsk are related
to specific air masses advection over the observing site.
For example, cloudless days appear frequently during
advection of the cold air from the north and north/east in
winter and highly variable cloudiness appears during
advection of the wet Atlantic air masses in summer.
Therefore, the monthly TCO averages should include the
whole spectrum of the atmospheric masses appearing
over the site.

Envisaged limitation of the manual TCO observations
to only ones with the highest accuracy rank, because of
expected diminished interest in the ozone monitoring in
the trendless era of the stratospheric ozone, which seems
to begin at Belsk in the early 2000s (Fig. 3), will lead to
an underestimation of the TCO variability in all time
scales from the short-term (~1day) up to the long-term
ones (~10yr.). This problem also concerns the Dobson
stations operating in the northernmost part of the mid-
latitudinal zone with abrupt changes of the weather con-
ditions and many cloudy days. In such circumstances,
observers will focus on the DS&ZB observations near
local noon avoiding less reliable ZC observations.
Therefore, the monthly means will not represent the
“true” means when future data collection policy is driven
by funding constrains restricting TCO measurements to
perfect weather days only.

The main findings of the paper are summarized
as follows:
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e assumption of the constant TCO value throughout
the day is frequently invalid

e the short-term TCO variability (with time scale up to
~1day) changed only slightly (if ever) since the
beginning of the ozone observations at Belsk

e for trend estimates, all types of the ozone observa-
tions should be carried out in higher latitude sta-
tions, not only these with the higher accuracy rank

It is expected, that the intraday TCO data base will be
very useful when new ozone absorption coefficients are
officially recommended by WMO for the global network
of the ozone monitoring as expected from recent papers
(Redondas et al., 2014; Wang et al., 2019). In such cir-
cumstances the revaluation of the previous TCO values
(based on the Bass-Pour absorption coefficients for a
fixed temperature, Bass and Paur, 1985; Komhyr et al.,
1993) will be necessary. The correction coefficient to be
applied for the WOUDC data should be derived taking
into account all types of the ozone observations not only
to the AD&DS subset.
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