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Abstract. The fluctuation and the periodicities of the total ozone layer for the period 1957-1990 is
studied. Monthly total ozone data from 32 ground based stations have been analysed. It is shown that
the maxima and the minima of the monthly values of total ozone for each year and for the whole
period in question do not necessarily occur in March or in April and in September or October but
range from March till July and from September till December respectively. Periodicities of 3, 4 and 6
months have been revealed. Finally the maxima and the minima of the total ozone data were examined.
The variation of the whole phenomenon is analytically expressed with the help of an algebraic formula
and can represent the observed monthly ozone values with an accuracy of 97%.

1. Introduction

Ozone is a triatomic form of oxygen abundant at sufficient concentration mainly
in the stratospheric area between 15 and 35 km heights. As it is well known this
area is a very vulnerable part of the earth’s atmosphere being affected by both
natural and man-made activities. Natural phenomena influencing the ozone vari-
ability are either quasi periodical or transient. Oscillatory type phenomena include
the quasi-biennial-oscillation of winds in the tropical stratosphere and various
components of the 11-year solar cycle. Transient phenomena include volcanic
eruptions and the El Nino/southern oscillation. There is abundant literature for
both phenomena (Funk and Graham, 1962; Dutch and Link, 1973; Wilcox et al.,
1977; Zerefos, 1983; Hasebe, 1983; Bowman, 1989; Willet, 1962; Zerefos and
Crutzen, 1975; Pittock, 1978; Angell, 1990).

In the present paper we present new resuits and findings for the total ozone
layer based on a long series of measurements, kindly provided by the WMO of
Geneva and the whole problem of the fluctuation, the variability and the periodic-
ity of the total ozone layer is examined from a new perspective.

2. Observational Material

Monthly total ozone values obtained from 32 ground based stations of the Northern
and Southern Hemisphere for the period 1957-1990 were used to examine the
fluctuations and possible periodicities of total ozone for the cited time interval.
The data were kindly provided by the WMO being checked up beforehand by
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specialists from NASA and the WMO. The ozone stations are well distributed all
over the world and cover the latitude zones from 74° N to 54°S.

However, it should be noted here that due to limited space purposes, we have
restricted ourselves to the most important results and the paper includes only a
sample of the total figures (the most representative ones) the total number of
which is more than 90 while the tables are very long and will be avoided here.
We intend to publish the full text with its all tables and figures in one of the
Academy of Athens’ publications late next year.

3. Mean Monthly Values of Total Ozone

Mean monthly values of the total ozone and for the time interval in question,
were calculated for each station. In the relevant bibliography is referred that the
ozone presents a yearly variation the maximum value of which appears during
March while the corresponding minimum value in September. In the present work
it is shown that there is indeed a yearly variation but the maximum values appear
during the months March, April, May and July, while the minimum during the
months September, October, November and December for the Northern Hemi-
sphere and the inverse phenomenon for the Southern Hemisphere.

For the proper interpretation of the problem, we computed the mean monthly
values of the ozone layer for each station and for the entire period (1957-1986)
as well as the standard deviation (s.d.) for each monthly value. The results are
shown in Figures 1, 2 and 3. Figure 1 illustrates the computed mean monthly
values of total ozone for 8 stations of the N.H. The curves represent the ozone
values computed with the help of the equations marked below each curve. Bars
show the s.d. for each mean monthly value for the whole time interval.

Figure 2 gives the computed mean monthly values of total ozone for the time
interval 1957-1986 for 11 stations of the N.H. The curves represent the values
computed with the help of the equations marked below each curve. The small
bars show the s.d. for each monthly value for the time interval in question. As it
is seen the maxima and the minima occur in April and in October correspondingly.

An additional illustration of the monthly values of total ozone computed with
the help of quite similar algebraic equations as per Figures 1 and 2 is shown in
Figure 3. In this figure the maxima occur from April till July while the minima
from October till December. The time interval is the same as per Figures 1 and
2 (1957-1986)

From Figures 1, 2 and 3 we see that the variation of the mean monthly values
of total ozone can be expressed analytically with the help of a relation of the form:

10 =2 Opmean = A + Blsin(m/12)t + W], @

where W represents the displacement of the maximum of the mean monthly values
for each year and varies among the ozone stations. Of particular interest are the
parameters A and B of Equation (1). Indeed, as it is shown in Figure 4 the
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Fig. 1. Computed mean monthly values of the total ozone (continuous curves) for the period 1957—

1986. Maxima appear in March and minima in September. The curves were computed with the help

of the equations marked below each curve. The small bars indicate the computed s.d. for each mean
monthly value for the whole time interval.



112

J. XANTHAKIS ET AL.

T T T T T T T T 1 1 17 1T 1T 7 T 1T 1T
140 vJan Feb Mor AIr May Jun Jul Aug Sep Ocl MNov Dac 400 van Feb Mar Apr Moy Jun Jul Aug Sep Det Nov Dec
300 4 380 {

. Kageshima .
. )
260 1002295 263430 5inZ0t 340 Rome
y .
g 1020 =3 41485+435inDE
360 l’ | m 12
320
320 4 X J:
Noshville 400
1040, nzg:.s.:osinﬁt
280
1' 360
360 - N
o 320 - Huhenpa;ssenberg
1204 Walleps 4 tddo s 18as50sinZ0t
10%0,232324.6 ¢ 385in20t 280 - v ¢
280 - J/
} 400
. 7 Brocknell ¢
> 360 ~ 360
A " ot w00, : 31832ate855inTt
. 3 ouls i
320 4 1030z 3582840 420t 320 4
4 h +
280 1
\l 380 + *
380 . Vccle
| 340 A 10%0pnz 3528 6te 553Dy
340 4 4
. Cagliari + [ 300 -
300 - 100,z us:s_q.msin‘g_'z‘t -
| 400
360 * -
A 360 Belsk
220 Boulder 1o’om::sm.s~suin:.'zlt
N 10%0ms 322¢ 7,50 40sinde 320 -
280 . f
Jon Feb Mar Apr May Jun Jul Aug Sep Ocl Nov Dec 280 - Jan Feb Mar Apr Moy Jun Jul Aug SepOct Nov Dec
| RN UONUNS TSN U TN SN (ORI SO A N | TN VOGNSR NN NN NN NNUUR SN UG N N |
MAX IN APRIL

MIN IN OCTOBER

Fig. 2. Computed mean monthly value total ozone (continuous curves) for the period 1957-1986.

Maxima appear in April and minima in October. The curves were computed with the help of the

equations marked below each curve. The small bars indicate the computed s.d. for each mean monthly
value for the whole time interval.



STRATOSPHERE OZONE VARIATIONS 113

T T T T 1 T U T T T ™ T T T T T T T T T T
Jen Feb Mor Apr Moy Jun Jul Ay Sep Ocl Nev Dec Jan Feb Mar Ape Moy Jun Jul Aug Scp Ocl NovDet
‘iZOT *
3804
7 * Leningrad
3 40— ; Lerwick Y omumuwo,;,,'z;t
320 167 02 350103« GesinZTh
} q
280+ *
v 00- |
360
- PR ) !
Reykjovik White Sands t
. . 4 i3q.- s 38, PR [y i
320 V80,5 3604118 60sinTY 1830z 3074711035122 12303134 iED 3T g}
12 i . am
-3 * -4 15510~
12
280 | 1 320
380~ .
* Tallchessee
] 2804 100 ::ou.a.»n;}n(i—’;t-w')
3’\0-1 ) . !
-1 Aproso 4 300+
=3 . <02
107 Oz e . = 4
300 0 OmzdiotipestinZ msm‘"t |
} 60 Nohe
7 ) z 15‘0m:z7o:s,s~rz7xin(f—:{-as-) \\f
300+ /“‘ .
' ¢
. : \
Quelte
260 o, :zasetrserssin :_'2‘{ 230
l Meune Lou
. R . - .
100 */* 240 10’Om:272!2ﬂ§15:|n[;’-§ ~60°}
i/
360 l
T Hredee Crelov ‘/5/_‘\{
-, - 280 - s '
320 23018072k i it ¢ \
[] . Mexico Cily t +
160 240~ 10'0,,\:1‘71#:,“20:::\(%5‘1-1_ -20°)
Jen Feb Mar ApeMey Jun Jul Aug Sep Ocl lov Dec Jen Feb Mer App May Jun Jul A SepOct Nov Dec
e e AT i A W M A A Ll R W M
Mox in Aprit t4ox. in April-May-July
Min in Oclober Minin Oclober~Noveber-December
Fig. 3. Computed mean monthly values of total ozone (continuous curves) for the period 1957-1986.
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for each mean monthly value for the whole time interval. The names of the considered 11 ozone
stations are also marked.
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Fig. 4. Correlation between A, and ¢ for 31 stations of the N.H. Equation giving the parameter A,
is marked on the left. Sapporo station is not included in the calculations.

parameter A increases linearly along with latitude ¢ i.e. the higher the latitude
the thicker the ozone layer is. This is clearly shown by the theoretical variation
which is represented by the straight line in Figure 4 and which has been computed
by means of the least square method. From this figure we see that at ¢ = 20°
corresponds total ozone of the order of 272 Dobson Units (DU) while at ¢ = 60°,
372 DU and at ¢ = 74° the corresponding value of total ozone is 400 DU. We see
then that the variation of the parameter A, which represents the mean ozone
value for each station can be analytically expressed as a function of the latitude
¢ with the help of Equation (2)

A=1233+31.89+2.29, )

where the standard deviation (s.d.) o was estimated to be o = £31.89 and the
correlation coefficient r equal to r, , = 0.94.

Figure 5 shows the correlation between the parameter B, which represents the
amplitude of the mean ozone variation for each station, and the latitude ¢ for 30
ozone stations of the Northern Hemisphere. The station Sapporo has not been
included in the calculations due to its large deviation from the rest of the stations.
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Fig. 5. Correlation between the parameter B, which represents the amplitude of the mean ozone

variation for each station, and the latitade ¢ for 31 ozone stations of the Northern Hemisphere. The

station Sapporo has not been included in the calculations due to its large deviation from the rest of
the stations.

The straight line in Figure 5 shows that the parameter B, is well correlated with
the latitude ¢ (rz,, = 0.96). It is therefore obvious that the parameter B, can be
analytically expressed as a function of the latitude ¢ with the help of Equation

(3)
B=-9.87+17.05 + 1.25¢. 3)

It is worth mentioning that as far as we know this is the first time that Equations
(2) and (3) are presented in the literature by the present work, although there
was a suspicion that there should exist a relationship between the mean variation
of total ozone and ¢.

Figures 6 and 7 are quite similar to Figures 4 and 5 but they are referred to the
Southern Hemisphere. However the results which are graphically shown in Figures
6 and 7 should be considered with due caution because they are based on obser-
vational data referring to only 4 stations of the Southern Hemisphere. Figures 6
and 7 show that folowing the same procedure as for the Northern Hemisphere
the parameters A, and B, can be also expressed analytically as function of the
latitude .
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A=2710+17+13le  (ra,¢=0.99), (4)
B=-785%+15-0.8¢ (rz,=099). (5)

In the following paragraphs a study will be made of the phenomenon of the
mean variation of the total ozone layer with time for each station. It is well known,
that the ozone layer is unstable and varies from year to year. It is, therefore, very
important that this variation with time is investigated and, if possible, to be
expressed with the help of a mathematical expression. To this end for each station
the differences

D =10"% O°* —[A + Bsin(2w/12)t + W], (6)

were calculated. The spectrum analysis showed that these differences do not seem
to be of random origin but appear, for almost all the stations, short periodical
variations. The periodicities revealed through the spectral estimate of the differ-
ences (6) have short periods of 6, 4 and 3 months. For brevity reasons, reference
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is made here to only three stations. The above cited short periodicities are shown
in Figures 8, 9, and 10. Similar figures exist for all the stations of Northern and
Southern Hemisphere.

Unfortunately the spectrum analysis does not give the position and the amplitude
of the short-term periodicities. This can be achieved only by applying the method
of the successive approximations. This can be clearly seen in Figures 11 and 12
for the stations Rome and Boulder which are a representative sample of the total
figures. In these figures periodicities of 6, 4 and 3 months as well as their position
and amplitude for the period 1957-1986 are clearly shown. In some cases these
periodicities are superimposed or show semi-periodicities overlapping each other.

From the above discussion we see that it is possible to express the monthly
values of the total ozone with the help of the analytical Equation (7) giving the
variation of the ozone layer from year to year for all the stations and the time
interval considered here. Indeed, Equation (7) is of particular importance because
it represents the variation of the monthly values of total ozone from station to
station as function of time and represents the observational data with an accuracy
equal to 97%.
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0= A + B[sin(2m/12)t + W] + asin(27/3)t +
+ b sin(2ar/4)t + csin(7/6)r . (7N

Equation (7) describes the total ozone data of all stations and express the whole
phenomenon of the fluctuation, the variability and the periodicities of the monthly
values of total ozone layer dor the time interval in question.

Figures 13 and 14 are a representative ample of the total figures. They illustrate
the close correlation between the observed and the computed monthly values of
the total ozone for the stations Rome and Boulder.

Finally the monthly minima and mazxima per year for the period 1957-1990 are
illustrated in Figure 15. This figure shows that the monthly minima per year for
the time interval in question do not fall below the limit of 240 DU. Conversely,
the monthly maxima per year for 16 out of 28 ozone stations of the Northern
Hemispbere show a slight linear decrease with the time. (In Figures 15 only 5
ozone stations were included for brevity reasons).

It is concluded that this is the only evidence which provides some indication of
the human impact upon the stratospheric total ozone layer, e.g. CFC, CO, NO,
etc.
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Short-term periodicities with period equal to 6, 4, and 3 months are shown for the station

each other. The time interval is from 1964 to 1986.

4. Conclusions

- The periodicities appear as a network of periodicities and in some cases are overlapping with

On the basis of the present analysis which has utilized all total ozone observations
ever made in the Northern and in the Southern Hemisphere during the period
1957-1990 the following are the main findings regarding the fluctuation, the vari-
ation and the periodicity of the stratospheric ozone layer.

1. The mean monthly values of total ozone for the period 1957-1990 do not
always exhibit their maximum in March and their minimum in September but
these values range from March to July and from September to December respec-
tively. The inverse phenomenon is observed in the Southern Hemisphere.

2. The variation of the mean monthly values of the total ozone for the period
19571990 can be expressed analytically with the aid of a relation of the form
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Fig. 15. (a) The small circles represent the monthly minima per year for the period 1957-1990. As

it is seen the monthly minima of total ozone do not fall below the limit of 240 DU. (b) Inversely, the

monthly maxima per year (a sample of 5 stations of the Northern Hemisphere) show a slight linear
decrease with time.

1072 - Opean = A + B[sin(wr/12)t + W],

which is valid for both hemispheres.

3. The parameters A, and B are very closely correlated with latitude ¢ and can
be analytically expressed as a function of the latitude ¢. This is for the first time
revealed by the present investigation.

4. The spectrum analysis, applied to all available data, revealed short-term
periodicities with period equal to 6, 4 and 3 months.

5. The method of the successive approximations applied to the residuals be-
tween the mean monthly values of total ozone and the corresponding computed
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values illustrates for each station and for the whole period 1957-1990 the position
and the amplitude of the revealed short-term periods.

6. The variation of the monthly values of the total ozone for each station and
for the period 1957-1990 can be expressed with the help of a relation of the form

1072+ O = A + B[sin(#/12)t + W] + asin(2w/3)t +
+ bsin(w/4)t + csin(2w/6)t ,

the above equation describes the whole phenomenon of the total ozone, i.e. the
fluctuation, the variability and the periodicity of the total ozone layer and repre-
sents the observational data with an accuracy equal to 97%.

7. The monthly minima per year for the period 1957-1990 do not fall below
the value of 240 DU.

8. The monthly maxima per year for the period 1957-1990 show for some
stations of the Northern Hemisphere (16 out of 28 stations) a slight linear decrease
with time. The decrease in no case exceeds per decay the 2%.
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