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VARIATIONS IN THE TOTAL AMOUNT OF OZONE
OVER TROMS@, AND THEIR CORRELATIONS WITH OTHER

1. Introduction.

The purpose of this paper is to try to throw
further light on the connection which has been
found to exist between the total amount of atmos-
pheric ozone over Tromsg and other meteorologi-
cal elements.

The paper is mainly a statistical analysis of
the subject, worked out by means of simultaneous
upper air and ozone observations at Tromsg du-
ring the period May 1941 — October 1944. The
ozone observations have been worked out at Nord-
lysobservatoriet, Tromsg, and E. Tonsberg, Direc-
tor of Nordlysobservatoriet, has kindly placed at
my disposal all available ozone data from this
period. For the method of observation and the
reliability of the ozone ref

layers of the stratosphere. This result was in ac-
cordance with the results found by Meetham (13).
In his well known work on the relations
between ozone and other atmospheric characteris-
tics, he showed that the ozone content measured
at Oxford and Arosa was correlated with the
height of the tropopause and with the potential
temperature in the lower stratosphere in such a
way that an increase in the total ozone of 0.01
cm was accompanied by a lowering of the tropo-
pause by 1km and a rise of the potential tempe-
rature at 18 km by 3° C. The relation which, ac-
cording to the paper just mentioned, could be
shown to exist between ozone and other meteoro-
logical elements at Tromsg, was based on only

is made to the papers by Dobson (1), and by Tons-
berg and Langlo (Olsen) (19).

2. Correlations between the Total Amount of
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Ozone and the Height of the Trop
In a previous paper (10) it has been shown that
the variations in the total amount of ozone at
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Tromsg are related to the height of the tropopause
and the temperature of the upper troposphere and
lower stratosphere. The observations were grouped

according to rise and fall regions of atmospheric
pressure at ground level, and showed that the
variations in the total amount of ozone were rela-
ted to the height of the tropopause in the way that
large amounts of ozone will accompany a lowering
of the tropopause and a warming of the lower

Fig. 1. The mean annual variation of ozone and tropo-
pause height over Tromse.
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Fig. 2. Dot charts and regression lines of the deviations of daily values of total ozone
(40,) and tropopause height(4).

during April 1938, whereas the present investi-
gation deals with 941 observations of ozone and
height of the tropopause during the period 1941
—44.

Fig. 1 shows the mean annual variation in
total amount of ozone at Tromsg for the period
1940—49, as given by Langlo (12) together with
the mean annual variation of the tropopause for
the period 1941 — 44 (11). From this figure it can
be seen that maximum ozone content occurs du-
ring March—April, and that the annual curve of
the height of the tropopause shows a minimum at
about the same time of the year. Fig. 1 also shows

a converse seasonal variation of the two elements
during the period January-July.

The statistical treatment of the two clements
assumes independence of the different values of
the variables. Therefore, the correlation ratios
have been computed by means of the deviations
of daily values from the annual curves. The values
thus obtained have been divided into 6 groups,
each group containing the values for a period of 2
months. The values have been plotted on graph
paper (Fig. 2), with the deviations of total ozone
on the horizontal axis and the deviations of height
of tropopause on the vertical axis.
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Table 1. Correlation between Total Amount of Ozone and Hewgth of Tropopause

Months a | 0, B : F Regression equations
-
1. Dec.—Jan. . $6 ! —o0123 | 007 Ah= —028 A0, A0y~ —0.05 Ak
2. Feb—March . ....| 102 | —043¢ | 005 —1.06 A0, A0y~ —0.18 Ak
3. April—May ......| 181 | —0642 | 0.03 —3.57 40, AOy= —0.12 Ak
4. June—July . 220 | —0524 | 003 —3.19 A0, A0,= —-0.09 Ak
5. Aug. Sept. . 190 | —0557. | 003 —3.60 A0, A0, —9 08 Ak
6. Oct—Nov. ...... 162 —0317 | 005 Ah= —101 40, A0,— —0.10 Ak

Table 1 gives the correlation coefficients
1(0y,/) between ozone and height of the tropopause,
the number of cases in each group (n), the probable
errors (F = 0.6745 (1 — 1?)/}%) and the regression
equations.

When discussing the correlation coefficients
given in Table 1, it is necessary to take into ac-
count the accuracy of the ozone observations.
Tonsberg and Langlo (Olsen) (19) have shown that
the maximum error in the ozone observations at
Tromsp which should be taken into account at
the different seasons, amounts to 0.060 cm during
the darkest period of the year, decreasing to 0.005
cm during the period April—September. Therefore,
great care should be shown when using the ozone
measurements for the winter months.

The great difference, in numbers of observa-
tions, between winter and summer is partly due
to lack of ozone observations during the darkest
season, and partly due to the soundings reaching
higher levels during summer than during winter,

Table 1 confirms the earlier results, that the
total ozone and the height of the tropopause vary
inversely. The correlation coefficient for Decem-
ber—January is found to be —0.123 and not even
double its probable error. The small correlation
does not offer any reason for assuming a connec-
tion to exist between 0y and h during midwinter.
On the other hand, the fact that the correlation
coefficient is negative, might indicate a tendency
in the direction just mentioned. The other corre-
lation coefficients in Table 1 do not indicate a very
strong correlation, but they show that some con-
nection doubtless exists between total ozone and
the height of the tropopause. The highest corre-
lation coefficients are found during the period
April—September, with a maximum of —0.642 in
April—May. For the group August—September
the correlation coefficient is slightly higher than
the coefficient for June—July, but the difference

is not significant, as it is within the limits of the
probable errors.

Correlating the ozone measurements at Oxford
with the upper air observations from Kew and
Sealand, and omitting the observations during the
winter months, Mestham (13) found r(0gk) =
—0,56. Averaging the correlation coefficients
given in Table 1 and omitting the coefficients for
the winter groups (1 and 6), we find r(0s, &) =
—0,54 at Tromsg.

3. Correlation between the Total Amount of
Ozone and the Temperature in the Upper
Troposphere and the Lower Stratosphere.

It is well known that the variations of the
geopotential of the tropopause are accompanied
by temperature variations in the upper troposphere
and the lower stratospere in such a way that a
warming of the lower layers of the stratosphere
and a cooling of the upper layers ot the tropo-
sphere accompany a lowering of the tropopause.

In order to investigate the connection between
ozone and temperature variations, the variation
in total amount of ozone has been correlated to the
temperature variations at 6 and 12km. The
height of the tropopause above Tromsg is on the
average 9,4 km, with a mean annual range of 1,5
km (11). The lowest position of the tropopause
which was observed during the period considered
was 6,4 km. The temperature variations at the
level of 6 km can, therefore, safely be regarded as
a good representation of the upper troposphere
temperature variations.

For the representation of stratospheric tempe-
rature variations, the level of 12km has been
chosen. This level is situated well above the mean
height of the tropopause, but it is not sufficiently
high to give merely stratospheric temperature
variations. Owing to the rapid decrease in num-
bers of observations with increasing height, the
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Fig 3 Dot charts and regression lines of the deviations of daily values of total ozone
(40,) and temperature at 6 km ( Af,).

level of 12km was preferred and, consequently,
the observations had to be rejected whenever the
tropopause was above 12 km.

In order to climinate the annual variations
from the correlation coefficients, daily deviations
from the smooth curves of annual variations have
been used instead of day-to-day variations. The
values have been divided into 6 groups, each group

containing the values for a period of two months.
‘Thus, the method, which have been used in deter-
mining the correlation between ozone and tempe-
rature, is consistent with the method used in the
preceding chapter.

The dot charts given in Fig. 3 show the devi-
ations of the total amount of ozone on the hori-
zontal axis and the deviations of temperature at

Table 2. Correlation between Total Amount of Ozoné and Temperature at 6 ghm.

Months [ 10y, #) F Regression equations
1. Dec.—January ... 122 —0314 | 0.06 —0.04 40;, A0, = —2.40 Aty
2. February—March . 148 | —0481 | 0.05 007 A0, A0y = —3.21 Aty
3. April—May 206 | —0604 | 003 —0.17 40, A0,
4 June—July ....... 235 | —o601 | 0.03 —0.08 40, A0,
5. August—September . 223 | —0558 | 004 —0.18 40, A0,
6. October—November -........... 201 | —0448 | 0.04 —0.09 40, 40, -
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Fig. 4. Dot charts and regression lines of the deviations of daily values of total ozone
(40) and temperature at 12 km ( Atyy).

6km on the vertical axis. The correlation coeffi-
cients with their probable errors and regression
equations are given in Table 2.

For the determination of r(0g,5) 1135 sets of
data were used. The corresponding number of
sets of data for the determination of r(0;, ) was
941. Table 2 shows that the total ozone and the
upper tropospheric temperature vary inversely.
Comparing the coefficients given in Table 1 with
the corresponding coefficients in Table 2, it can
be seen that, even if the correlation coefficients
are small, there seems to be a slightly closer con-
nection between ozone and tropospheric tempera-
ture variations than between ozone and height
of tropopause during the darkest season of the
year. Otherwise the corresponding values are of
the same order of magnitude, showing the highest
correlation during the period April—September
with a maximum 1(03,¢) = —0.60 in April—July.
Omitting the coefficients during winter (group 1

and 6), and averaging the other coefficients, we
get (03, tg) = —0.56. The corresponding value of
the correlation of ozone with height of tropopause
was 1(0, h) = —0.54.

Owing to the rapid decrease in number of ob-
servations with increasing height, especially du-
ring winter, the sets of data for the determination
of the correlation of ozone with stratospheric
temperature variations r(0, ¢;,) were only 672, i.e.,
about 60 per cent of the numbers used for the
determination of r(0y, #). The correlations be-
teen total amount of ozone and temperature at
12 km are illustrated by means of dot charts given
in Fig. 4. The coefficients, the probable errors, and
the regression equations are given in Table 3.

The correlation coefficient for December— Ja-
nuary is found to be—0.29, and not even three times
its probable error. The small correlation, which is
based upon only 29 sets of observations, does not
offer any reason for assuming a connection be-
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Table 3 Corvelation between Total Amount of Ozone and Temperature at 12 ghm.
Months n (0, #19) ‘ F Regression equations
1. December—January ... 29| —-0.290 01z | Aty = —0.02 A0y A0, — —4.05 Atyy
2. February—March . 39 0470 0.08 Aty = 00340, A0, = 8.26 Aty
3. April—May . 132 0.504 0.04 Aty = 013 40, A0, = 266 Aty
4. June—July ... 209 0.536 003 Aty 0.16 40, 405 = 1.84 Aty
5. August—September . 171 0517 004 Aty 0.17 40, A0, = 161 Aty
6. October—November ... 92 0339 0.06 Atyy = 0.05 405, 405 = 212 At

tween O, and 4, during this season of the year.
Besides, it should be remembered that the ozone
measurements during the dark period (Dec.—
Jan.) should be used carefully owing to the inac-
curacy of the observations. In addition, it has
been difficult to eliminate entirely the annual
variations of the stratospheric temperatures, due
to lack of observations during the same period.
The other correlation coefficients in Table 3 show
that some connection undoubtedly exists between
total amounts of ozone and temperature in the
lower layers of the stratosphere.

Table 3 confirms the results given in Tables 1
and 2, i.e. that the highest correlations occur du-
ring the period April—September with a maximum
correlation coefficient r(0, #,,) = 0.59 in April—
May. Averaging the coefficients in Table 3 and
omitting the winter values (group 1 and 6), we
get (0, £;5) = 0.53. Comparing this value with
the corresponding uncorrected value r(0g, #y,) =
0.56. which is given in the work by Meetham (13),
we find that the correlation coefficient between Oy
and ¢, at Tromsg is almost equal to the coefficient
at Oxford.

4. Correlations between the Total Amount of

Ozone and Temperature, Potential Tempera-

ture and Pressure at Various Levels of the
Atmosphere.

In the two preceding chapters it has been
shown that the correlations of ozone with the
height ot the tropopause, as well as with the lower
stratospheric and upper tropospheric temperatures,
have an annual variation, showing moderate cor-
relations during the period April—September with
maximum correlation coefficients in April—May,
whereas the correlations during midwinter roughly
could be classified as hardly significant.

In this chapter correlations of ozone with tem-
perature, potential temperature and pressure at

different levels of the atmosphere are dealt with,
Owing to the small number of upper air observ-
ations reaching heights of 15 km or more during
winter, only upper air observations during the
period April—September have been used. For the
determination ot the correlation coefficients, 412
simultaneous upper air and ozone observations are
available. The method which has been used in
determining the coefficients, is consistent with
the method used in the preceding chapters. Thus,
all deviations have been taken from smooth curves
of annual variations.

Table 4 gives the correlation coefficients of
total ozone with temperature and pressure at 3, 6,
9. 12 and 15 km, and with potential temperature
at 6, 9, 12 and 15 km above the surface, together
with the standard deviations, the probable errors
(F) and the regression equations. The standard
deviation of ozone is 17.22 X 10-*cm and is not
included in the Table. The coefficients within
parenthesis are the corresponding values for Ox-
ford as given by Meetham (13).

The variation of the correlation coefficients
(03, #) with height shows that the maximum coef-
ficient is found at the level of 6 km. The value
(0, £)) = —0,605 is in good agreement with the
values given in Table 2, which gives a mean corre-
lation coefficient r(0;, #) = -—0,588 during the
same period (April—September). The level of 9
km is situated just below the mean annual height
of the tropopause (9.6 km) and belongs to the tran-
sitional zone between troposphere and strato-
sphere where the correlation between ozone and
temperature changes from negative to positive
values. Consequently, only small correlations are
to be expected at this level of the atmosphere.
The correlation coefficient 1(03, #,,) = 40.55 is
in excellent agreement with the values given in
Table 3, where the mean correlation coefficient
during the same period can be found to be +0.549.
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Table 4. Coprelation Coefficients of Tatal of Ozone with Temperature (t) and Pressure (p) at 3, 6, 9, 12 and 15 km, and

with Potential Temperature (6) at 6, 9, 12 and 15 km above the Surface

Number of Observations: 412

T T

Correlated L Standard ‘; Corr. coefficients F Regression equations

cement | deviations | o 5| {

’ | a3c —0.556 | 002 —0.140 40, 40, = —2.207 Aty
4 4781°C —0.605 0.021 —0.168 A0, A0, — —2 180 At
4 } 3.659°C 1 —0.316 0.030 —0.067 40, A0y = —1.487 Aty
by £.460°C 40552 | (+0.56) l 0.023 0,143 40,, A0, 2132 Aty
hs 2817°C +0521 | (+052) | 0023 0.085 40, A0, 3.185 A,
Ps ‘ 7120 mb 1 —0.532 | 002t | ap, = —0.220 40, 40, 1287 Ap,
Pe G826mb | —0.674 0018 | Apy = —0.267 40, A0y = —1.701 Ap,
bo 6.426 mb —0605 | (—0.6) i 0021 | Ap, = —0.225 40, A0,

Prs 3.504 mb —0.561 | (—043) | 0.023 | Apy— —0.114 40, A0,

Pis 2472 mb —0.387 | (—036) | 0028 | apy, = —0.056 40, A0,

X 5225°C —0562 0023 | 46, — —0.170 A0, A0,

o, 3635°C —0080 0033 | 46, — —0.017 A0, A0,

O ‘ 6.552°C +0.578 (+060) | 0022 | 46,y = 0220 A0, A0, 1.520 46,,
Oy 4.976° C ' +0.560 (+0.63) | 0023 | 460,;= 0389405, 40, = 3.461 46,

The value at 15km is slightly smaller than the
value at 12 km, but the difference is within the
limits of probable errors. The values at 12 and
15 km are found to be almost equal to the corre-
sponding values at Oxford.

For the correlation of ozone with pressure, an
inverse connection can be found at all layers from
3 to 15 km with the maximum value r(03, p)
—0,674 at 6km, decreasing gradually upwards.
Comparing the values at Tromsg and Oxford, the
correlations at Tromsg are seen to be somewhat
higher, especially at the 9 and 12 km levels.

The relationship between the tropospheric
temperature and pressure variations and the ozone
variations was early pointed out by Dobson and
Meetham (4). From the surface pressure and the
temperature at 4 km measured by aeroplanes near
Cambridge, the pressure at 9 km was estimated.
A comparison between the estimated pressure
values and the ozone values above Oxford showed
a close connection between them.

From the correlation coefficients of ozone with

potential temperature it can be seen that the vari-
ations with height are almost similar to the vari-
ations of the correlation between ozone and tempe-
rature. It is, however, interesting to note that the
correlation between ozone and potential tempe-
rature at 12 and 15 km is slightly higher than the
correlation between ozone and temperature at the
same levels

The variation with height indicates a decrease
in the correlation with potential temperature at
higher levels in the stratosphere. This result is not
in accordance with the values at Oxford, which
are found to be somewhat higher and increasing
with height, indicating that the correlation between
ozone and potential temperature at 18 km is very
close (r = +0.70). In order to find a confirmation
of the assumed decrease of the correlation with
potential temperature in the stratosphere at
Tromsg, the soundings reaching the level of 18
gkm have been examined. For the computation
of the correlation coefficients only soundings du-
ring the summer months of June, July and August

Table 5. Correlation Coefficients of Total Ozone with Potential Temperature at 12, 14, 16 and 18 km.

Year | | 100, 0,9 Y P 0,64 F | 10,0, | T
1941 29 0.582 i 0.083 0.482 0.096 0.343 0.111—[ 0.223 0.119
1942 | 57 0.702 0045 0756 0.038 0.670 0.049 | 0544 0.063
1943 | 42 0366 | 0.090 0380 0.089 0354 | 0.091 0.337 0.092
1. 50| o040 | oon 0520 0.070 | 0.084

values 0.535 0535 0.430 0.368







