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Abstract. The regionality of climate response to the contemporary raise of
global surface temperature puts with new keenness the question of the impact-
ing factors and the mechanisms of their influence on climatic modes. This article
shows evidence for a synchronisation between spatial-temporal variations of the
lower stratospheric ozone and two regional climate patterns known as ENSO and
NAO climatic modes. The ozone density in the lower stratosphere is substan-
tially influenced by the secondary ionisation, created at these altitudes by galac-
tic cosmic rays (GCR). So the irregular distribution of GCR over the globe (due
to the geomagnetic lensing) and their temporal variability (modulated by the so-
lar dynamo) is projected on the ozone variability. The mechanism, transmitting
the GCR ‘signal’ down to the planetary surface, goes through the ozone’s con-
trol on the near tropopause temperature and humidity, which alter the strength
of greenhouse warming.

KEY WORDS: El Nino-Southern Oscillation, Galactic cosmic rays, Lower
stratospheric ozone, North Atlantic Oscillation.

1 Introduction

Climate variability is not homogeneous in space and can be described as a com-
bination of some “preferred” spatial regimes, often called modes. In meteorol-
ogy and climatology, the term ’mode’ is usually used to describe a spatial struc-
ture with at least two strongly connected centres of action [1]. The most famous
of these spatial structures are known as climatic modes, which affect weather
and climate on different spatial and temporal scales. Most climatic modes are
defined by statistical classifications of the observed variability of surface temper-
ature, sea-level pressure, precipitations, etc. They could be a result of the action
of fundamental physical processes such as the instability of the climatic mean
flow, mesoscale interactions between the atmosphere and the ocean, etc. [2].
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However, these statistical patterns may also be artefacts of nature, whereby they
are not stable over long periods of time, or they may be statistical artefacts.

Although the spatial-temporal variations of climatic modes are well studied,
the reasons for their occurrence and variability over time are not fully under-
stood. Internal variations of the climate system are usually associated with the
processes of energy exchange and redistribution between the atmosphere and
the ocean. The huge heat capacity of the ocean is the reason for its inertia in
response to short-period fluctuations of atmospheric parameters, transforming
them in such a way into long-period variations of the ocean surface temperature.
This understanding does explain the phase alteration, but it is not able to explain
neither the various manifestations of climatic modes [3] nor their long-term vari-
ations.

The connectivity between solar variations at different time scales and ENSO
climate mode is found in paleoclimatic and contemporary data [4]. The author
founds that frequency of occurrence of El Nino events is almost doubled when
sunspots number is low. Moreover, in the maximum of the 11-year solar cycle
the time between consecutive El Nino events increases, while their amplitude
decreases [4]. According to other authors the El Nino/La Nina phases of ENSO
are related to the raising and decreasing phases of the 11-year solar cycle [5].
The same author proposed also ENSO relation to the irregular oscillation in
solar rotation about the centre of mass of the solar system, as well as to the Hale
(22-year) solar cycle.

Kirov and Georgieva [6] have investigated the imprint of Gleissberg solar cycle
on the centennial variability of ENSO and NAO climatic modes. They found that
the synchronisation between solar variability and both climatic modes is a result
of changes in the pressure and position of the atmospheric centres of action (i.e.
Azores high, Icelandic low, Hawaiian high, Aleutian low, Indian Ocean high
and Southern Pacific high). The solar influence on the spatial structure of NAO
was a subject of investigation in [7]. The author noticed that in solar maximum
phases, the NAO has a hemispherical structure extending into the stratosphere,
while during the minimum phase the NAO is confined to the eastern Atlantic
sector in the troposphere.

More recent investigations show that during the period 1660–2010 (covering
approximately 32 solar cycles) there is a tendency for positive NAO anomalies to
follow solar maxima and negative NAO anomalies to follow solar minima [8,9].
However, according to the first authors the NAO response to solar variations is
dominated by the Icelandic negative anomaly, while the second authors state just
the opposite – by the centre of action over the Azores.

The solar ‘signal’ found in climatic modes requires a mechanism linking them
to the solar variability. Direct transfer of solar energy via heating of the plan-
etary surface is apparently ruled out by the weak changes in solar irradiance –
less than 0.1% at 11-year and ~0.2% at longer time scales [10]. Most of the hy-
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pothesis relating solar and NAO variability rely on the changes of stratospheric
dynamics and its influence on the vertical propagation of planetary waves or on
the cryosphere (at high latitudes). Such point of view is able to explain the more
active role of Icelandic low, but not the dominating role of the southern part of
the NAO pattern over the Azores.

The heuristic interpretation of the irregular ENSO variability considers the cou-
pled atmosphere-ocean system as a self-sustained oscillator, which interacts
nonlinearly with the annual cycle (driven in turn by the seasonal variation of the
received solar radiation). Because the intrinsic mode of the coupled atmosphere-
ocean system oscillates at a different frequency from the driving frequency of
annual cycle, nonlinear interaction between the two cycles ends up with a com-
plicated behaviour of the coupled system response. The survey of physical pro-
cesses, however, has failed to identify a plausible mechanism that might explain
the solar/ENSO associations.

In resume, the missing adequate understanding about factors and mechanism
driving spatial and temporal variability of NAO and ENSO climatic modes is
the main motivation for this research. This article shows evidence for the im-
portant role of the lower stratospheric ozone in regional air surface variability,
and consequently for the formation of the regional climatic modes. It shows
in addition a new mechanism translating the “solar signal” down to the Earth’s
surface.

2 Data and Methods

Gridded data for O3 mixing ratio at 70 hPa and specific humidity at 150 hP,
during the period 1900-2010, which are used in this study, are provided by ERA
20 century reanalysis (ERA20C).

Long time series for galactic cosmic rays are provided by the NOAA/NCDC
Paleoclimatology Program,Boulder, CO, USA.

The data of NAO index (defined as the difference between the pressures over
Azores and Iceland) are taken from the Climatic Research Unit, University of
East Anglia. For the statistical analysis we have used a normalized NAO record
for winter months (Dec, Jan, Feb, Mar), calculated as follows: (NAO(yr) −
mean NAO)/mean NAO, where the mean value is defined over the entire data
record.

We have chosen to use a 5-month running mean of Nino 3.4 index (defined at
5N-5S, 170W-120W) to examine the tropical Pacific variability. It represents the
sea surface T anomalies across the Pacific Ocean – from about the dateline to the
South American coast. The data of ENSO is taken from the National Centre for
Atmospheric Research for boreal winter (Dec-Apr), during the period 1900–
2010.
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The degree of relation between analysed variables has been estimated by the
use of the classical lagged cross-correlation analysis, allowing identification of
a possible delay of the dependent variable’s response. The analysed variables
have been initially smoothed by the running average procedure with 5 points
moving window. The correlation coefficients have been calculated in each point
of our grid with an increment of 10◦ in latitude and longitude. Following rec-
ommendations in Ref. [11], the statistically significant correlation coefficients
(at 2σ level) have been multiplied by the autocorrelation function of the inde-
pendent variable, which reduces the weight of the correlations with a large time
lag. The physical reason behind this operation is that the memory of the climate
system for the applied impact weakens with time, which means that the high
correlation coefficients with a large delay are more or less random. From the
weighted correlation coefficients have been drawn correlation maps, illustrating
the spatial distribution of the degree of similarity between temporal variability
of examined variables.

The non-linear regression technic Support Vector Machine (SVM) – a part from
the well Machine learning – has been used to analyse some of the non-linearly
evolving with time climatic records.

3 Results

3.1 Ozone-NAO relations

The increased sensitivity of climate to the lower stratospheric ozone variations
is noticed long ago [12–14]. A wide step toward the understanding of the role
of the near tropopause ozone and water vapour in climate variability has been
made in [15]. In serial numerical experiments the authors illustrate that cli-
matic changes are synchronised with corresponding changes in the lower strato-
spheric ozone and the upper tropospheric water vapour. More recent statistical
and model studies [16–19] show evidence for existing relationship between het-
erogeneously distributed ozone in the lower stratosphere and the regionality of
climate response to the 20-th century raise of global surface temperature.

Previous analyses of lower stratospheric ozone-surface temperature illustrate the
existence of a coherence between the lower stratospheric ozone and the temporal
variability of climatic modes [20, 21]. Here we continue the exploration of this
issue, comparing the inter-annual and the long-term variations, using different
statistical methods of analysis. The non-linear character of ozone and NAO (re-
fer to Figure 1) assumes the use of non-linear statistical methods for estimation
of their covariance with time.

We have applied the Support Vector Machine technic over the unsmoothed
time series (in each point of our grid with a resolution of 10◦ in latitude and
longitude). A regression map has been constructed from the predicted by SVM
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Fgure1Rime series of winter ozone at 70 hPa and 400 N and NAO index, 

illustrating their non-linear evolution with time. 
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longitude). A regression map has been constructed from the predicted by 
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distribution of temporal covariance between both variables (ozone and 

NAO index). 

 

 
Figure 2 Regression map, derived from unsmoothed ozone and NAO time series, 

applying the Support Vector Machine analysis over the period 1900-210. 
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Figure 1. Time series of winter ozone at 70 hPa and 40◦N and NAO index, illustrating
their non-linear evolution with time.
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Figure 2. Regression map, derived from unsmoothed ozone and NAO time series, apply-
ing the Support Vector Machine analysis over the period 1900–2010.
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regression coefficients (see Figure 2), which illustrates the spatial distribution of
temporal covariance between both variables (ozone and NAO index).

Since both variables can themselves interact, we have consistently assessed the
effect of the NAO index on ozone and vice versa – the impact of O3 on the NAO
mode. The upper left panel shows the NAO index influence on the lower strato-
spheric ozone, while the upper right panel – the impact of ozone mixing ratio at
70 hPa on the NAO regional pattern of sea surface pressure. The comparison of
the top panels of Figure 2 clearly shows that the causal variable could hardly be
determined by the SVM method. The calculated difference between both maps
(shown in the bottom panel) reveals that ozone’s impact slightly dominates the
NAO one in almost the entire Northern Hemisphere (NH), except the Atlantic
beach of Canada and southern Greenland. This result should be interpreted as a
domination of the lower stratospheric ozone in the ozone-NAO temporal covari-
ance at inter-annual time scales.

In attempt to estimate the coupling between both variable at longer time scale,
as well as to separate the cause from the effect, we apply the lagged cross-
correlation method on smoothed time series. NAO has been smoothed by 5-point
moving window, while ozone by 11-years averaging (due to the higher variabil-
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Figure 3 Correlation maps of the winter lower stratospheric ozone and NAO index, 
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in years.  
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Figure 3. Correlation maps of the winter lower stratospheric ozone and NAO index,
calculated for the period 1900–2010. In the upper left panel the leading factor is NAO
index, while in the right one the independent variable is ozone. The lagged correlations
are illustrated by blue shading for negative coefficients and orange – for positive ones.
The bottom panels’ maps illustrate the time lag of dependent variables in years.
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ity of the latter). The correlation map, shown in Figure 3, allows to be made the
following conclusions:

First, the NAO “signal” in the ozone’s variability is weaker and shifted over
north-eastern Canada and south-eastern USA. Second, the ozone’s impact of the
NAO climatic pattern fairly well coincides with both centres of action (Azores
and Iceland) determining the phase of NAO mode. Unlike the previous results
(stressing the leading role of the northern [8] or the southern part [9] of NAO
spatial structure), Figure 2 indicates that the variations of lower stratospheric
ozone density can impact each centre of action (Azores or Icelandic), or simul-
taneously both of them – altering in such a way the phase of NAO mode [20].

Analysis of the time delay of NAO response to ozone changes shows that sur-
face pressure near the Icelandic Low respond with a delay of 1–2 years. In the
subtropical centre of action, however, the atmospheric response is delayed ap-
proximately by a decade (see right bottom panel in Figure 3).

3.2 Ozone-ENSO relations 
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able to affect the surface temperature regionally, we have estimated also the 

relation between lower stratospheric ozone and the regional pattern of the 
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lagged cross-correlation analysis. The results are presented in Figure 4. 
 

 
 

Figure 4 Lag-corrected correlation maps of Nino 3.4 index and the lower 

stratospheric O3 (coloured shading), calculated for December-April, 

during the period 1900-2010. The upper left panel illustrates the 

hypothesis for Nino 3.4 as an independent variable (the driving factor). 

The upper right panel shows the strength of O3 influence on the ENSO. 

The bottom panels’ maps illustrate the time lag in years. 
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the period of weakening of easterly trade winds preceding the 

appearance of the El Nino events [22]. In contrast, the ozone response 

to fluctuations in the Nino3.4 index is severely delayed, which reflects 

its negligible influence on the near tropopause ozone (left panel in 

Figure 4). 
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and NAO and ENSO climatic modes requires the clarification of factors 

impacting ozone’s variability. One possible explanation is presented in the 
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3.2 Ozone-ENSO relations

Considering that heterogeneously distributed lower stratospheric ozone is able
to affect the surface temperature regionally, we have estimated also the relation
between lower stratospheric ozone and the regional pattern of the tropical Pacific
near surface temperature, known as ENSO climatic mode. The analysed time
series have been preliminary smoothed by 5-point moving window and temporal
covariance has been estimated by the use of lagged cross-correlation analysis.
The results are presented in Figure 4.

The upper left panel in Figure 4 illustrates the Nino 3.4 effect on the near
tropopause ozone, while the right one presents the ozone influence over the sur-
face temperature in the Indo-Pacific region. It is obvious that during boreal
winter (Dec–Apr), the direction of interaction is from ozone to the surface tem-
perature (i.e. towards changes of the Nino 3.4 index). The right panel of Figure 4
shows the existence of strong relation between both variables over the maritime
continent and the tropical–subtropical central Pacific Ocean, persisting for the
entire 20th century. The delay of the surface temperature response to the ozone
changes is ∼ 1 year (bottom right panel in Figure 4), which corresponds sur-
prisingly well to the period of weakening of easterly trade winds preceding the
appearance of the El Nino events [22]. In contrast, the ozone response to fluc-
tuations in the Nino 3.4 index is severely delayed, which reflects its negligible
influence on the near tropopause ozone (left panel in Figure 4).

Presented evidence for existing relation between lower stratospheric ozone and
NAO and ENSO climatic modes requires the clarification of factors impacting
ozone’s variability. One possible explanation is presented in the following sec-
tion.

3.3 Galactic cosmic rays – a driver of ozone and climate variability

The possibility for galactic cosmic rays (GCR) to produce ozone in the lower
stratosphere is proposed for the first time in [23]. The necessary conditions for
the activation of an autocatalytic O3 production are (i) low energy electrons,
a bulk of which exists in the Regener-Pfotzer maximum of ionisation in the
lower atmosphere; and (ii) dry atmosphere – a condition fulfilled just above the
tropopause, due to the freeze drying of upward propagating air masses. The
fulfilment of both necessary conditions depends on the level of Regener-Pfotzer
maximum. Thus in cases when the latter is situated beneath the tropopause,
instead of ozone are produced water clusters. This fact, as well as the irregular
distribution of the lower atmospheric ionization layer (due to the geomagnetic
lensing of the energetic particles trapped in the Earth’s radiation belts [24]),
reflects in the spatial irregularities of the near tropopause ozone distribution.

The lagged cross-correlation analysis of time series (GCR smoothed by 22 years
running window, while O3 – by 11 year averaging), reveals that at tropical and
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energy electrons, a bulk of which exists in the Regener-Pfotzer 

maximum of ionisation in the lower atmosphere, and (ii) dry atmosphere 

– a condition fulfilled just above the tropopause, due to the freeze 

drying of upward propagating air masses. The fulfilment of both 

necessary conditions depends on the level of Regener-Pfotzer 

maximum. Thus in cases when the latter is situated beneath the 

tropopause, instead of ozone are produced water clusters. This fact, as 

well as the irregular distribution of the lower atmospheric ionization 

layer (due to the geomagnetic lensing of the energetic particles trapped 

in the Earth’s radiation belts [24]), reflects in the spatial irregularities of 

the near tropopause ozone distribution. 

The lagged cross-correlation analysis of time series (GCR smoothed by 

22 years running window, while O3 – by 11 year averaging), reveals that 

at tropical and polar latitudes the GCR and ozone covary in phase, 

while at mid-latitude – in antiphase (see Figure 5). This means that 

systematic decrease of GCR intensity during the 20th century is 

accompanied by a persistent decrease of the lowermost stratospheric 

O3 in these regions. In contrast, negative correlation found in the 

northern extra-tropic (near 50°N latitude), and over the southernmost 

edge of Latin America, suggests a centennial ozone enhancement in 

these regions. 

 

 
 

Figure 5 Stereographic projection of correlation map of ozone at 70 hPa with GCR 

(shading) and specific humidity at 150 hPa (contours), calculated over the period 

1900-2010; (lower panel) Time delay of O3 response to GCR forcing. 

 

Analysis of the time lags of ozone response to GCR forcing reveals that 

the cosmic rays–ozone coupling is without time delay in the Northern 

Hemisphere polar cap. In extra-tropics, and more specifically within the 

belt 45–60°N latitudes, the ozone responds to particles forcing with a 

delay of 1–9 years (bottom panes in Figure 5). 
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Figure 5. Stereographic projection of correlation map of ozone at 70 hPa with GCR
(shading) and specific humidity at 150 hPa (contours), calculated over the period 1900–
2010; (lower panel) Time delay of O3 response to GCR forcing.

polar latitudes the GCR and ozone covary in phase, while at mid-latitude – in
antiphase (see Figure 5). This means that systematic decrease of GCR intensity
during the 20th century is accompanied by a persistent decrease of the lowermost
stratospheric O3 in these regions. In contrast, negative correlation found in the
northern extra-tropic (near 50◦N latitude), and over the southernmost edge of
Latin America, suggests a centennial ozone enhancement in these regions.

Analysis of the time lags of ozone response to GCR forcing reveals that the
cosmic rays–ozone coupling is without time delay in the Northern Hemisphere
polar cap. In extra-tropics, and more specifically within the belt 45–60◦N lati-
tudes, the ozone responds to particles forcing with a delay of 1–9 years (bottom
panes in Figure 5).

In conclusion, there is statistical evidence that GCR and ozone in the lower
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stratosphere covariate synchronously within the period 1900–2010. This rises,
however, another important question related to the mechanism of translation of
GCR ‘signal’ from the lower stratosphere down to the Earth’s surface.

It is well known that with ozone’s ability to absorb the incoming solar radiation
(and in lesser extent the long wave radiation emitted from the Earth), makes it
a radiatively active gaz. This means that its variations in the lower stratosphere
affect the temperature near the tropopause [25, 26]. The latter, however, deter-
mines the static stability of the upper troposphere, altering through the moist
adiabatic lapse rate the humidity near the tropopause [16]. Having in mind that
the near tropopause humidity forms ∼ 90% of the greenhouse effect of the whole
atmospheric water vapour, it becomes clear that ozone variability in the lower
stratosphere is projected on the planetary surface through the modulation of the
strength of greenhouse warming.

A kind of validation of this hypothesis is presented in Figure 5, through a
comparison of ozone correlation with (i) GCR and (ii) specific humidity at
150 hPa. Ozone and humidity time series have been preliminary smoothed by
11-year running average. Note that the narrow latitudinal band in the two hemi-
spheres, corresponding to antiphase synchronisation between GCR and ozone,
fairly well resolves the tight connection between ozone and water vapour in the
near tropopause region (contours). This result is a good indication that ozone-
humidity variations, which are projected down to the Earth’s surface, are actually
related to GCR variability.

4 Conclusions

The coherence in the spatial-temporal variation of the lower stratospheric ozone
with two of the most important climate modes (NAO and ENSO), together with
the statistically resolved problem of causality, gives us a hint that these spatial
structures of climate variability could be attributed to the irregularly distributed
ozone in the lower stratosphere. The article offers also an explanation of the
unevenly distributed across the globe ozone, as well as the mechanism of its
influence on the near surface climatic variables. It is pointed out that the ex-
istence of ‘solar signal’ in temporal variability of both climatic modes should
be attributed to the galactic cosmic rays, being modulated by heliomagnetic and
geomagnetic fields.
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