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The sea ice extent dynamics in the Northern Hemisphere and variations of solar irradiance at diff erent 
altitudes of polar regions are considered as possible controls of total ozone variations in the atmosphere. It has 
been determined that annual variation of total ozone content (TOC) closely correlates with the annual course 
and multiyear variations of sea ice extent in the Northern Hemisphere. We used a regression model for forecast-
ing total ozone content up to 2050. It has been revealed that the model concept of total column ozone (TCO) 
should take into account the Earth’s cryosphere eff ect (cryospheric factor) on variations in total atmospheric 
ozone. The cryospheric factor includes changes in sea ice extent in the Northern Hemisphere and insolation 
variations at diff erent altitudes in the polar regions.

Total ozone, sea ice extent, planetary albedo, insolation, insolation contrast, correlation, regression model, 
forecasting

INTRODUCTION

Due to signifi cance of the ozone layer (acting as 
a shield to protect Earth’s surface from excessive ul-
traviolet (UV) radiation) to ensure life on Earth (in-
cluding human), the total atmospheric ozone content 
(TOC) and its controls is one of the issues of major 
importance in the Earth Sciences. This provides a 
substantiation of the topicality of the research into 
total atmospheric ozone, its spatial and temporal vari-
ability.

The TOC studies include two main research di-
rections. The fi rst one is the analysis and advance-
ment of ideas about photochemical reactions leading 
to production and destruction of ozone (photochemi-
cal theory). This research direction is heavily under-
lain by Chapman’s fundamental model (a schematic 
for photochemical reactions) [Chapman, 1930], 
which principally explains the existence of high-con-
centration layers of ozone and atomic oxygen in the 
atmosphere. The second direction focuses on the dy-
namic aspect [Perov, Khrgian, 1980] and includes 
ideas about atmospheric circulation processes (vorti-
ces) and vertical air flows, providing vertical and 
horizontal transport of ozone between source and 
sink regions. Our research views the Earth’s cryo-
sphere as another element (the third research direc-
tion) in the concept of TOC model aiming at study-
ing the seasonal and interannual sea ice extent dy-
namics largely governed by the change in planetary 
albedo and water vapor content in polar regions, with 
particular focus on changes in solar radiation inci-

dence with elevation in polar regions. This paper aims 
to study the relationships between insolation-aff ect-
ed sea ice extent and TOC at different time scales 
(annual dynamics, multiyear variability). Variations 
in albedo correlate with changes in the amount of so-
lar radiation refl ected by sea ice into the atmosphere 
(specifi cally, 60–90 % by the snow-ice surface and 
less than 10 % by water surface). Water vapor con-
tents are aff ected by variations in scattered radiation 
and concentrations of HO2 and OH radicals, which 
contribute to ozone breakup [Hunt, 1966]. In addi-
tion, changes in sea ice extent may be associated with 
a good solubility of ozone in water and are thereby 
involved in the TOC dynamics. As such, this “ice ele-
ment” is shown to be one of major players in the gen-
eralized TOC model because of the maximum TOC 
values localized in polar regions of the Earth, where 
the maximum TOC variability (i.e. annual and multi-
year variations) is accordingly observed [Perov, Khr-
gian, 1980]. This potential TOC predictor has thus 
far been totally ignored, though.

Traditionally, ozone is believed to be produced 
mainly in the equatorial region as a result of photo-
chemical reactions and transported to the polar re-
gions by air masses [Perov, Khrgian, 1980]. However, 
principal features of the solar radiation (insolation) 
reaching polar regions and production capacity of at-
mospheric and stratospheric ozone over the poles still 
remain understudied. Given that during the summer 
season, polar regions receive more solar radiation 
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than tropical region (because of the polar day) this 
period provides at least equal opportunities for ozone 
production in equatorial region and in polar regions.

The authors’ calculations of insolation in diff er-
ent altitude levels [Fedorov, Kostin, 2019] show that, 
e.g. at an altitude of 25 km (an ellipsoid with each 
point located 25 km above the normal relative to a 
reference ellipsoid that best approximates the Earth’s 

Fig. 1. Seasonal variations in sea ice extent in the 
Northern (1) and Southern (2) Hemispheres.

Fig. 2. Changes in sea ice extent in the Northern Hemisphere:
а – March (maximum); b – September (minimum). The red line shows the average boundary of sea ice extent in March and No-
vember in the period 1981–2010 [Fetterer et al., 2012; http://nsidc.org/data/seaice_index/].

overall shape) the polar night lasts four months (8–
11th astronomical months) in the 84.5–90° latitude 
range. While in the 84.5–79.5° latitudinal range it 
lasts two months (9–10th astronomical months), this 
phenomenon does not occur south of latitude 74.5°. 
This suggests solar radiation incident for the full year 
round there and, therefore, a possibility for ozone 
production. As such, these latitudinal boundaries de-
limit the surface at 30 km altitude. At an altitude of 
35 km, the latitude range of permanent illumination 
increases by 1° of latitude (75.5°). From a 40 km alti-
tude, the latitude limit of the two-month polar night 
rises to 84.5° (at an altitude of 25 km, it is located at 
latitude 79.5°). At altitudes of 45 and 50 km, the lati-
tudinal limit of permanent illumination “builds up” 
another 1° of latitude (76.5°). As such, the altitude-
dependent increase in the latitudinal range of illumi-
nation should be taken into account when evaluating 
a possibility of ozone production in polar regions.

Ice covers about 6 % (ca. 30 million km2) of the 
Earth’s surface, which is for the most part localized in 
the Arctic and Antarctic. In the Northern Hemi-
sphere, land ice accounts for only 20 % of the total 
area of Arctic glaciation, while sea ice for the rest of 
80 % [Koryakin, 1988]. Seasonal variations in land 
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and sea glaciation affect the area of 6.3–15.4 mil-
lion km2 in the Arctic ocean (Fig. 1) and from 3.0 to 
18.5 million km2 in Antarctica. The amplitude of av-
erage seasonal cycle of sea ice area is 9.15 million km2 

in the Northern Hemisphere, and 15.46 million km2 in 
the Southern Hemisphere [Fetterer et al., 2017; 
http://nsidc.org]. Seasonal variations in sea ice ex-
tent from maximum to minimum (i.e. the amplitude 
of average seasonal cycle) were estimated (in per-
centage) for the Northern (59.2 %) and Southern 
(81.4 %) Hemispheres. 

Sea ice cover is a product of interactions between 
the ocean and the atmosphere under certain tempera-
ture conditions [Frolov, Gavrilo, 1997; Zubakin, 2006]. 
The most important parameter is its extent, or the 
area it occupies. Among the changes this area is sub-
jected to over time, the most pronounced are inter-
preted as seasonal, interannual and multi-year varia-
tions. In the Northern Hemisphere, summer mini-
mum of the sea ice area is chronologically distinctly 
localized in the annual cycle and falls on September 
(the autumnal equinox, the end of summer half-year 
in the Northern Hemisphere) (Fig. 2).

The maximum area is more extended in time and 
is observed from February through April (the period 
around vernal equinox, the end of winter and begin-
ning of summer half year in the Northern Hemi-
sphere) [Frolov, Gavrilo, 1997]. Accordingly, ultimate 
sea ice extent values are characterized by ca. 90° 
phase lag (of three months) in the annual solar irradi-
ance cycle relative to ultimate values of arriving solar 
radiation. 

RESULTS AND DISCUSSION

The relationships between TOC values and sea 
ice extent (SIE) in the Northern hemisphere were 
analyzed with respect to annual variation cycles and 
time-series of multiyear variability. The input data for 

seasonal TOC variations were combined with the 
SBUV satellite database (Version 8.6) Merged Ozone 
Data Set (MOD) 1970–2017 Profi le and Total Col-
umn Ozone from the SBUV Instrument Series 
[https://acd-ext.gsfc.nasa.gov/Data_services/
merged/]. These data include TOC values with a 
monthly resolution and in 5° increments of latitude 
spanning the period since 1970 to the present.

The applied herewith measures of TOC are re-
lated to the concept of the total column ozone (TCO) 
and use units of length (centimeters, millimeters, and 
micrometers). The total column ozone implies total 
ozone content in a vertical air column conceptualized 
by suggesting that all of the overhead ozone molecules 
(spread over the stratosphere thickness) could be 
brought down to form a “layer” at standard conditions 
(pressure p = 1013 mbar, temperature T = 273.16 K). 
Thus, the units used as measures of the ozone co lumn 
base (“thickness”) are as follows: atmosphere-centi-
meters (atm-cm) and milliatmospheric centimeters 
(matm-cm), which alternatively are termed Dobson 
Units (DU) [Perov, Khrgian, 1980]. According to the 
Mid-Latitude Ozone Model [Krueger, Minzner, 1976], 
the “thickness “ of TCO layer is 0.345 atm-cm (or 
345 DU). This value is equivalent to ozone concentra-
tion in 7.39⋅10–3 kg, or 9.27⋅1022 molecules contained 
in a column of air with a 1 m2 cross-sectional area (i.e. 
for every square meter of area at the base of the col-
umn) [Perov, Khrgian, 1980]. In this work, we use 
Dobson Units (DU) for the atmospheric TOC analy-
sis. The initial data on the sea ice extent were derived 
from satellite observations available on the US Na-
tional data center website [http://nsidc.org].

Annual TOC variation cycle
The annual TOC variations cycle (“annual 

course”) is characterized by the antiphase change in 
the hemispheres (Fig. 3).

Fig. 3. Planetary total ozone distribution and ist changes with seasons and latitudes.
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In the Northern Hemisphere, the maximum 
TOC values are reported in April, and minimum in 
October, whereas in the Southern Hemisphere, vice 
versa, the minima in TOC values are attributable to 
April, and maxima to October. That same antiphase 
dynamics is observed in the annual SIE retreat/ad-
vance cycles in the hemispheres. In the Northern 
Hemisphere, SIE values peak in March, and are the 
lowest in September (in the Southern Hemisphere, 
contrarywise). Thus, the TOC maxima and minima 
are immediately followed by SIE maxima and mini-
ma. The eff ect is off set by lag of about a month. The 
shift by a month ahead in annual TOC variations (if 
its annual variation cycle is synchronized with the 
SIE annual dynamics) the coeffi  cient of correlation 
between the time-series equals 0.974 (with probabil-
ity of 0.99) (Fig. 4). The statistical signifi cance of the 
linear correlation coeffi  cient was evaluated from the 
correlation analysis according to the existing evalua-
tion criteria and methods [Tsymbalenko et al., 2007].

The annual TOC variation cycle for the Earth is 
determined by annual cycle of TOC variations in the 
Northern Hemisphere (and its anti-phase in the 
Southern Hemisphere, accordingly). This owes to 
greater TOC values for the Northern Hemisphere 
against the Southern Hemisphere. The mean monthly 
TOC values are 325.26 DU for the Northern Hemi-
sphere and 302.95 DU for the Southern Hemisphere 
[Perov, Khrgian, 1980]. If compared, these are ex-
pressed as percentage showing that mean monthly 
TOC values the Northern Hemisphere are ca. 7 % less 
than those for Northern Hemisphere. Interestingly, 
during winter half year in the two hemispheres, the 
Northern Hemisphere receives about 7 % more solar 
radiation than the Southern Hemisphere [Fedorov, 
2018]. This phenomenon accounts for the fact that 
during winter half year in the Northern Hemisphere, 
the Earth reaches perihelion, while it reaches aph-
elion in winter half year in the Southern Hemisphere. 
In summer half year, the eff ect is therefore seen to be 

opposite (i.e. roughly 6 months apart). Given that 
during the winter half year in the two hemispheres, 
Northern Hemisphere receives more solar radiation 
versus Southern Hemisphere, the former sees more 
refl ected and scattered radiation due to the maximum 
sea ice extent at this time of year. This may also be 
one of the reasons for asymmetry in the TOC distri-
butions across the hemispheres.

Hemispheric asymmetry in total ozone distribu-
tion can be dealt with by the dynamic approach, 
which constitutes the dynamic element of the TOC 
model, to study the global atmospheric circulation 
pattern in the hemispheres and specifi c characteris-
tics of the insolation because of elliptical orbit of the 
Earth and ozone production in winter months at high 
altitudes in the polar regions. The TOC models are a 
whole family of models, and each presents parameter-
ization of dynamic factors and photochemical pro-
cesses in a diff erent way. Meridional ozone transport 
in the Northern Hemisphere occurs both by regular 
transport in the global atmospheric circulation 
(GAC) with its constituent wind cells – Hadley 
Cells, Ferrell Cells, Polar Cells, and vortexes (tropi-
cal and extratropical cyclones) [Perov, Khrgian, 1980; 
Fedorov, 2018]. Due to the greater heterogeneity of 
the underlying surface in the Northern Hemisphere, 
meridional ozone transport is carried out there by 
tropical and extratropical cyclones (to a far greater 
extent than in the relatively homogeneous Southern 
Hemisphere). In addition, as it was shown previously 
[Fedorov, 2018], an increase in the meridional trans-
port intensity (meridional insolation gradient) is ob-
served in winter half year in the Polar Cells, while it 
decreases in summer half year. An increase in the an-
nual meridional insolation gradient (heat transfer) is 
observed in the areas of localization of the Hadley 
and Ferrell circulation cells. The ratio of land to 
ocean area is important as descriptor of the heteroge-
neity of the underlying surface in the hemispheres. 
The proportions of land/ocean areas are: 39.3 % and 
60.7 % in the Northern Hemisphere and 19.1 % and 
80.9 % in the Southern Hemisphere, respectively [Is-
toshin, 1956]. Thus, the annual number of tropical 
cyclones in the Northern Hemisphere (North Atlan-
tic and North-Western Pacifi c) totals to about 60 on 
average, and considerably less (6–8) in the Southern 
Hemisphere [http://meteoinfo.ru]. In the Southern 
Hemisphere, the meridional ozone transport is 
blocked due to the strong Roaring Forties west-east 
transport, whose existence is associated with the uni-
formity of the hemisphere and a high meridional tem-
perature gradient (much higher than the meridional 
temperature gradient in the Northern Hemisphere). 
Specifi cally, these natural controls, which weaken the 
meridional ozone transport effect in the Southern 
Hemisphere, are likely to determine the TOC values 
asymmetry for the two hemispheres.

Fig. 4. Seasonal variation cycle of sea ice extent in 
the Northern Hemisphere (1) and TOC (2).
TOC time-series is one month phase-shifted (advanced).
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The physical mechanism of the maximum and 
minimum TOC distribution can be qualitatively rep-
resented as follows. Since the beginning of the vernal 
equinox (March–April), the illuminated area in the 
Northern Hemisphere extends north of the Arctic 
circle (66.6°). While the solar declination is small, 
and is associated with large amount of the scattered 
radiation. At this, sea ice extent approaches its maxi-
mum, thereby increasing the reflected radiation. 
These components of the incoming radiation are like-
ly to determine both production and peaks in TOC in 
the Northern Hemisphere (which also occurs in the 
Southern Hemisphere after the onset of autumnal 
equinox in the Northern Hemisphere). The time of 
approaching autumnal equinox is marked by a small 
solar declination in the Northern Hemisphere; lowest 
the sea ice spread; and minimal refl ected radiation, 
which probably determines the minimum TOC val-
ues (the Southern Hemisphere sees the same situa-
tion with the onset of spring in the Northern Hemi-
sphere). In addition, the atmospheric circulation po-
lar cells show an increase in intensity in winter half 
year [Fedorov, 2018], which means that the maximum 
observed after the vernal equinox may also be associ-
ated with this dynamic factor.

Mutiyear variations in TOC
The authors compared the multiyear changes in 

the average annual TOC values obtained from the ob-
servations over the period 1936–2016 at Arosa station 
(Switzerland) [https://www.woudc.org/], with the 
SIE values derived from the reconstructions for the 
period from 1936 to 2006 [Walsh, Chapman, 2001] and 
using a regression model from 2007 to 2016 [Fedorov, 
2015a; Fedorov, Grebennikov, 2018]. This time-series 
of TOC measurements is the longest [Bronnimann et 
al., 2000; Visheratin, 2007; Staehelin et al., 2018].

Implementation of the cryosphere modulus (sea 
ice extent in the Northern Hemisphere) in our studies 
of multiyear variations in the atmospheric TOC is de-
termined by the reasons discussed above. Firstly, the 
annual TOC variation cycle in the atmosphere is de-
termined by the annual TOC variations in the atmo-
sphere of the Northern Hemisphere. Secondly, there 
are no long series of observations of sea ice area in the 
Southern Hemisphere (except relatively short satel-
lite observation series since 1978). Results of the 
comparison showed a close correlation between the 
series of multiyear TOC variations and multiyear SIE 
dynamics in the Northern Hemisphere. The correla-
tion coeffi  cient (R) for multiyear TOC variations and 
multiyear average annual SIE in the Northern Hemi-
sphere is 0.671. A relationship between multiyear 
TOC variations with the minimum sea ice extent is 
characterized by the value R = 0.642. The ties with 
the maximum values for sea ice extent dynamics are 
slightly weaker (R = 0.558). All R values are statisti-
cally signifi cant with a probability (p-value) of 0.99. 

When smoothing the TOC and SIE time-series and 
using the method of fi ve-year smoothed moving aver-
ages, the R values accordingly become equal to 0.899, 
0.859, and 0.857 (Fig. 5).

Previously, the authors calculated the solar ra-
diation that arrives at the top (upper boundary) of 
the atmosphere with a large spatial and temporal 
resolution [Fedorov, 2015b, 2019; Fedorov, Frolov, 
2019]. The calculations of the incoming solar radia-
tion were performed using the data obtained from 
high-precision astronomical ephemerides [Giorgini et 
al., 1996; http://ssd.jpl.nasa.gov] for the entire 
Earth’s surface (no atmosphere) within the interval 
from 3000 BC to 2999 AD. The input astronomical 
data for calculating insolation were the declination 
and ecliptic longitude of the Sun, the distance from 
the Earth to the Sun, and difference between the 
course of uniformly running (coordinate time, CT) 
and the universal corrected time (universal time, 
UT). The surface of the Earth was approximated by 
ellipsoid (GRS80–Geodetic Reference System 1980) 
with semi-axis lengths 6,378,137 m (big one) and 
6,356,752 m (small one). The calculation algorithm 
can be generally represented by the expression
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ϕ π
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where I is the incoming solar radiation for the elemen-
tary n-th fragment of the m-th of the tropical year, J; 
σ is the square multiplier, m2, which enables calculation 
of the square diff erential σ(H,ϕ); dαdϕ is the square of 
infi nitely small trapezoid ellipsoid cells; α  is horary 
angle, rad unit; ϕ is geographical latitude, rad unit; H is 
the height of the ellipsoid surface relative to Earth sur-
face, m; Λ(H,t,ϕ,α) is insolation at the stated moment 
at the stated ellipsoid surface point, W/m2; t is time, s. 
The integration steps were: longitude 1°, latitude 1°, 
defi ned as one three hundred sixtieth (1/360) of the 
length of tropical year [Fedorov, 2013]. The value of 
solar constant (average multiyear TSI value (total solar 
irradiance)) was taken to be 1361 W/m2 [Kopp, Lean, 
2011]. Changes in the solar activity were not taken into 
consideration [Fedorov, 2015b, 2019; Fedorov, Kostin, 
2019; Fedorov, Frolov, 2019]. 

Fig. 5. The fi ve-year-period smoothed moving ave-
rages of TOC time-series (1) and average annual sea 
ice extent in the Northern Hemisphere (2). 
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A close relationship was revealed between multi-
year changes in the insolation (irradiance) contrast 
(IC) and multiyear variations in sea ice extent in the 
Northern hemisphere [Fedorov, 2015a; Fedorov, Gre-
bennikov, 2018]. The authors interpret IC as the dif-
ference between annual insolation of the heat source 
area (0–45° latitude) and heat sink area (45–90° lati-
tude) in the two hemispheres. IC (for heat source and 
sink areas) generally refl ects changes in the meridio-
nal gradient of insolation, which controls meridional 
heat transfer in the ocean–atmosphere system [Fe-
dorov, 2018, 2019]. In the regression equations, multi-
year changes in IC explain 76 % of the multiyear vari-
ability of the average annual and minimum SIE in the 
Northern Hemisphere [Fedorov, Grebennikov, 2018]. 
A re lationship between TOC and IC time-series is 
cha racterized by the value R = –0.657 (with a probabi-
lity of 0.99), while the smoothed (for fi ve-year moving 
averages) TOC time-series – by the value R = –0.860. 
The IC is extrapolated by the authors onto the future, 
allow to perform an estimated forecast of smoothed 
TOC values (trends) based on a regression model. 
Graphs of the linear and polynomial (second-degree 
polynomial) regression equation are shown in Fig. 6. 
The coeffi  cient of determination (R2) shows the pro-
portion of multiyear variability of TOC, which is tak-
en into account by the regression model (IC).

TOC calculations were performed using linear 
and polynomial regression equations. In these equa-
tions, a 74.0 % and 76.8 % change in TOC is deter-
mined by a variation in IC. The average regression 
model based on an ensemble of linear and polynomial 
solutions revealed that as much as 76.1 % of the mul-
tiyear variability of TOC is determined by multiyear 
changes in the IC (or the average annual and mini-
mum SIE) (Fig. 7).

The estimated forecast is calculated for the TOC 
values smoothed over a five-year moving averages 
(TOC trends). According to the calculations, the 
TOC in 2050 will be 297 DU (Fig. 8). The reduction 
in total ozone will be 14 DU, against the values as of 
2016. Thus, the TOC reduction in 2050 relative to 
2016 will be 4.5 %. The probable reasons for atmo-
spheric ozone reduction are: reduction in the sea ice 
extent (primarily in the Northern Hemisphere) and 
affiliated decrease in the planetary albedo; and a 
marked decrease in the amount of solar radiation 
reaching the polar regions [Fedorov, 2015b, 2018]. 

CONCLUSION 

The sea ice extent dynamics and insolation inter-
preted to be as factors of seasonal and multiyear TOC 
variations are considered. Characteristic features of 
spatial and temporal sea ice extent dynamics, insola-
tion and TOC variations are revealed. It was deter-
mined that the annual and multiyear TOC variations 
are closely related to annual and multiyear variations 
in sea ice extent in the Northern Hemisphere (corre-
lation coeffi  cient is 0.974 for the annual variation cy-
cle and from 0.857 to 0.899 for multiyear variations). 
The annual sea ice extent dynamics is strongly cor-
related with the annual dynamics of insolation, while 
multiyear sea ice extent variations – with multiyear 
IC variations [Fedorov, 2015a]. Based on the calcu-
lated IC values, smoothed TOC values enabled esti-
mation of the forecast values for the period up to 
2050. It is shown that in the model conceptualization 

Fig. 8. Forecast estimations of TOC variations cal-
culated based on the ensemble of linear and polyno-
mial (second-degree) regression model. 

Fig. 6. Graphs of linear and polynomial (second-
degree) regressions for IC and TOC and equations.

Fig. 7. Measured (1) and calculated from ensemble 
(2) TOC values.
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of TOC, next to the photochemical reactions and dy-
namic (variations) modules, the Earth’s cryosphere 
should be considered as a factor aff ecting TOC varia-
tions, which also implicated in the sea ice extent dy-
namics in the Northern Hemisphere and altitude-
specifi c changes in insolation in the polar regions.

The work was carried out within the state-commis-
sioned budget theme “Geoecological analysis and fore-
cast of the permafrost dynamics in the Russian Arctic” 
(AAAA-A16-116032810055-0) and “Mapping, model-
ing and risk evakuation of natural hazards” (AAAA-
A16-116032810093-2).
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