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A B S T R A C T

Northern Hemisphere winter circulation is affected by both solar and terrestrial forcings. El-Niño events and
volcanic eruptions have been shown to produce a negative and a positive North Atlantic Oscillation (NAO)
signature, respectively. Recent studies show a positive NAO signature related to both geomagnetic activity
(proxy for solar wind driven particle precipitation) and sunspot activity (proxy for solar irradiance). Here the
relative role of these four different drivers on the Northern Hemisphere wintertime circulation is studied using a
statistical analysis of observational and reanalysis data during 1868–2014. The phase of the Quasi-Biennial
Oscillation (QBO) is used to study driver signals in different stratospheric conditions. Moreover, the effects are
separated for early/mid- and late winter. Our findings suggest a stratospheric mediation of the ENSO signal to
the Atlantic side, which is delayed and modulated by the QBO unlike the signal in the Pacific side. The positive
NAO by volcanic activity is preferentially obtained in the westerly QBO. We also find a substantial QBO mod-
ulation for geomagnetic activity and late winter sunspot activity, which favours a stratospheric pathway and the
top-down mechanisms. However, signal in the North Pacific produced by early/mid-winter sunspot activity
remain rather similar in different QBO phases and supports a direct forcing from the troposphere by the bottom-
up sunspot mechanism.

1. Introduction

Winter conditions at high-latitudes of the Northern Hemisphere are
known to be affected by several climatic variables. ENSO (El-Niño
Southern Oscillation) has been shown to affect European winter con-
ditions at least since the early 1700s (Brönnimann et al., 2007b). Huang
et al. (1998) have shown that there exists a significant coherence be-
tween ENSO and the North Atlantic Oscillation (NAO) during the 20th
century. Positive ENSO (El-Niño) events have been shown to cause a
negative NAO response (Pozo-Vázquez et al., 2001). On the other hand,
this response has been found to be dependent on the strength of the
ENSO event (Toniazzo and Scaife, 2006). Moderate El-Niño events have
been shown to produce a negative NAO by intensifying the propagation
of Pacific extra-tropical stationary planetary waves to the stratosphere
and weakening the polar vortex (Bell et al., 2009). During the strongest
El-Niño events the stratospheric pathway is saturated and forcing
through the tropospheric tropical Atlantic produces a feature that re-
sembles a positive NAO in Western Europe (Bell et al., 2009). Recently,
Herceg-Buli et al. (2017) have shown that the ENSO signal in the North
Atlantic can experience a lag so that in springtime it consists of a direct
forcing from the stratosphere and a delayed forcing generated by the

atmosphere-ocean interaction. Ineson and Scaife (2009) have also
shown that the downward progression of an ENSO signal from the
stratosphere reaches the surface level of the Atlantic in late winter
(Feb/Mar) with a few months delay relative to the stratospheric signal.

Other significant contributors to the winter conditions in the
Northern Hemisphere are volcanic eruptions (Fischer et al., 2007).
Major volcanic eruptions are typically followed by global cooling be-
cause of the enhanced scattering of incoming solar radiation (Robock,
2000). On the other hand, warm conditions in European winter dom-
inate after volcanic eruptions and a positive NAO response is observed
over the Northern Hemisphere (Shindell et al., 2004). This is due to
enhanced heating of the lower equatorial stratosphere in the volcanic
aerosol layer, which leads to increased meridional temperature gradient
and acceleration of the polar vortex (Otterå et al., 2010).

Two different types of solar activity-related drivers are connected to
NAO surface signals, the solar irradiance related variations (Gray et al.,
2010) and the solar wind-related variations (Seppälä et al., 2014). Solar
irradiance (TSI and solar EUV/UV) variations roughly follow the sun-
spot cycle (Lockwood and Fröhlich, 2007), although recent observa-
tions have proposed that some other parts of the solar spectrum can
vary differently (Ermolli et al., 2013). Enhanced solar UV irradiance
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during sunspot maximum years increases ozone production in the
equatorial stratosphere (Haigh, 2007), leading to enhanced equatorial
heating and larger meridional temperature gradient (Frame and Gray,
2010; Mitchell et al., 2015). This intensifies stratospheric westerly
winds in the winter at mid to high latitudes (Mitchell et al., 2015) due
to the thermal wind balance (Holton, 2004). Changes in the polar
vortex strength are known to affect the surface circulation (Baldwin and
Dunkerton, 2001; Kidston et al., 2015). In the context of solar forcing,
this mechanism is often called the top-down mechanism (Kodera and
Kuroda, 2002). Thiéblemont et al. (2015) suggested that this top-down
mechanism synchronizes an intrisic decadal mode of the NAO, leading
to a positive NAO signal in the years following solar maximum.

In addition, another forcing related to solar irradiance called the
bottom-up mechanism is operating in the Pacific region (Cubasch et al.,
1997; Meehl et al., 2008). It enhances the trade winds and produces a
stronger ITCZ (intertropical convergence zone) due to increased total
solar irradiance (TSI) energy input on the surface at cloud-free areas
during sunspot maximum. This is seen in the surface temperature as a
La-Niña type feature and as a positive sea-level pressure (SLP) anomaly
in the Aleutian region (van Loon et al., 2007). Note however that this
mechanism might be sensitive to the chosen time period (Roy and
Haigh, 2012).

Another pathway whereby solar forcing can act terrestrial climate is
by the high speed solar wind streams from coronal holes, which typi-
cally maximizes a few years after sunspot maximum (Mursula et al.,
2015). The flux of magnetospheric energetic particles (Asikainen and
Ruopsa, 2016) and the level of geomagnetic activity closely follow the
solar wind speed. Enhanced energetic particle precipitation into the
upper polar atmosphere during polar night produces reactive nitrogen
(Funke et al., 2014) and hydrogen oxides (Andersson et al., 2014),
which can destroy ozone in the mesosphere and the upper stratosphere
in catalytic reactions (Rozanov et al., 2012; Andersson et al., 2014;
Fytterer et al., 2015a; b; Arsenovic et al., 2016). This leads to thermal
and dynamical changes in the stratosphere, accelerating the polar
vortex (Baumgaertner et al., 2011; Seppälä et al., 2013) and enhancing
the positive NAO (Maliniemi et al., 2016).

Long-term surface climate records have shown that the positive
NAO conditions are systematically observed during the declining phase
of the sunspot cycle when geomagnetic activity typically maximizes
(Maliniemi et al., 2014). In addition, the long-term relation between
geomagnetic activity and the NAO is better observed in late winter
(Maliniemi et al., 2016). The descent of NOx from the thermosphere/
mesosphere can take months to reach the stratosphere (Funke et al.,
2014). Seppälä et al. (2013) have noted that due to this delay, the late
winter is affected by precipitation from the early winter, and geomag-
netic forcing after January is less likely to result in a significant effect.
Lu et al. (2008) have shown that zonal wind and temperature anomalies
related to solar wind variability are stronger later in winter with a lag of
a few months.

The quasi-biennial oscillation (QBO) operates in the equatorial
stratosphere, affecting also the extra-tropical stratosphere and the
strength of the polar vortex. The polar vortex is stronger (weaker)
during the westerly (easterly) QBO phase (Holton and Tan, 1980, 1982;
Anstey and Shepherd, 2014). This Holton-Tan effect is explained by the
poleward movement of zero wind line during the easterly QBO, which
guides planetary waves more to the high latitudes (Baldwin et al.,
2001). Flury et al. (2013) have shown that the speed of the Brewer-
Dobson circulation depends on the QBO phase so that the vertical speed
in the tropical stratosphere is stronger during the easterly QBO mea-
sured at 30 hPa. Polar vortex strength and the Brewer-Dobson circula-
tion are usually strongly anticorrelated, both depending strongly on the
wave forcing in the stratosphere (Salby and Callaghan, 2003). The QBO
has also been shown to control the sunspot (Labitzke and van Loon,
1988; Roy and Haigh, 2011) and the solar wind related (Maliniemi
et al., 2016) signals in the troposphere, as well as the ENSO forcing of
the Northern Hemisphere (Calvo et al., 2009; Hansen et al., 2016).

In this paper we study the statistical relationship of winter surface
circulation (SLP and zonal wind) to ENSO, volcanic activity, geomag-
netic activity and sunspot activity from the late 19th century to the
modern times using a multilinear regression. Earlier studies have in-
dicated that a notable variability in direct and lagged signal related to
ENSO (Herceg-Buli et al., 2017), geomagnetic activity (Maliniemi et al.,
2016) and sunspot activity (Gray et al., 2016) can exist within a winter.
For this reason we study early/mid-winter (Dec–Jan) and late winter
(Feb–Mar) separately allowing the possible lagged signals to emerge. In
addition, we also study the effect of the above mentioned four forcings
in the two QBO phases separately. This allows us to make tentative
conclusions on how the different forcings are mediated and whether the
stratosphere plays a major role. The paper is organized as follows. In
Section 2 we present the data and the methods. In Section 3 we discuss
the SLP results in early and late winter, and in Section 4 the effect of the
QBO phase. Section 5 presents the results for the zonal wind. Conclu-
sions are given in Section 6.

2. Data sets and statistical methods

We use the monthly SLP observations by the Hadley center (Allan
and Ansell, 2006), available since 1850, and the 20th century reanalysis
surface zonal wind (ZW) data (Compo et al., 2011), available since
1851, representing surface circulation during winter. Both of these data
sets are gridded in latitude-longitude bins ( ×∘ ∘5 5 for SLP and ×∘ ∘2 2
for ZW) over the whole globe. The monthly Nino3.4 index of sea surface
temperature (averaged over 5N-5S and 170W-120W) from NOAA,
available since 1856, is used to represent ENSO. Volcanic activity is
represented by the updated stratospheric optical depth data by NASA
(Sato et al., 1993) averaged over the Northern Hemisphere. (This data
is available since 1850 and we have extended this series from the end of
2012 to the end of 2014 with zero values). QBO at 30 hPa height is
obtained from the long-term reconstruction by Brönnimann et al.
(2007a), which extends to year 1900. This reconstruction is based on
relatively sparse observations of ozone and balloon measurements be-
fore the 1950s and thus includes considerable uncertainty in the early
20th century. Yet, Brönnimann et al. (2007a) state that it captures
reasonably well the maximum phases of the QBO already since 1910.

The sunspot number (SSN) is used as a proxy for total and UV solar
irradiances. Sunspot data for monthly resolution extends to year 1749.
Earlier studies have shown that solar TSI and UV closely follow sunspot
activity (see e.g. Lockwood and Fröhlich, 2007) at monthly and longer
timescales. Monthly averaged aa index of geomagnetic activity is used
as a proxy for solar wind and particle precipitation related activity. This
data is available since 1868 and is defined by the measurements from
two stations, located in South England (Greenwich 1868–1925, Abinger
1926–1956 and Hartland 1957-) and Southeast Australia (Melbourne
1868–1919, Toolangi 1920–1979 and Canberra 1980-).

The solar dynamo defines the magnetic activity of the Sun and
consists of two components, the toroidal and the poloidal phase
(Ruzmaikin and Feynman, 2001). Sunspot activity follows the toroidal
phase, whereas solar wind speed is related to the poloidal phase
(Ruzmaikin and Feynman, 2001). Geomagnetic activity has contribu-
tion from both the toroidal and the poloidal phase, and we use the
method introduced by Feynman (1982) to separate these contributions.
Thus, the poloidal aa index (aa*) for Dec/Jan is obtained as

= − × −aa aa SSN0.0515 6.3* , which removes the toroidal component
from the aa index. Thereafter, the poloidal component aa* has only
marginal correlation (0.09) with SSN, whose correlation with the Dec/
Jan averages of the original aa index is 0.48 (p-value < 0.01) during
1868–2014. The correlation between the original aa index and the aa*
index for the same time period is still very high (0.91, p-value < 0.01),
which shows that the poloidal component dominates geomagnetic ac-
tivity.

We use a multilinear regression with four explaining variables: the
Nino3.4 index, the stratospheric optical depth, the aa* index and the
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SSN. In each ×∘ ∘5 5 ( ×∘ ∘2 2 ) SLP (ZW) bin of the whole Northern
Hemisphere regression is calculated over the whole time period of
1868–2014 (since the start of the aa index). Regression is performed
using the Cochrane-Orcutt method (Cochrane and Orcutt, 1949). In this
method the residual term is modeled as an autoregressive AR(1) process
instead of white noise as in regular regression. Thus the regression
model is

∑= + +
=

y α β X ε ,t
i

k

i i t t
1

,
(1)

where k is the number of explaining variables and the residual term is
= +−ε ρε et t t1 with ρ being the lag-1 autocorrelation of the residual and

et being normally distributed white noise. The above regression model
can be written as

∑− = − + − +−
=
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i i t I t t1
1

, , 1
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The regression parameters and ρ can be solved iteratively by first
performing normal regression for 1 and estimating ρ from the residual
time series εt . Then regression is performed for 2 using the value of ρ
obtained in the previous step. After that a new estimate for ρ can be
obtained from the new residuals. The procedure of estimating regres-
sion parameters from 2 and then ρ can be iterated until ρ converges.
Because the residual term of Eq. (2) is uncorrelated white noise the
variances and statistical significance of the regression parameters of Eq.
(2) can then be estimated with a standard two-tailed Student's t-test
(note that for Eq. (1) Student's t-test would be inappropriate due to the
AR(1) noise). This method of regression takes into account the auto-
correlation of variables. Furthermore, it is particularly suitable for
problems, where the model residual may also contain a physical signal
from some other factors, which can possess significant autocorrelation
but are explicitly omitted from the model. Their effects can implicitly
be modeled by the autoregressive residual term. Therefore, signals from
other omitted variables cannot leak to the used explaining variables.

Two different two-month averages are used for the winter period:
December/January (the early/mid-winter) and February/March (the
late winter). All explaining variables for both cases are calculated as
December/January averages, so there is a two-month lag in the late
winter signal relative to the explaining variables. This procedure allows
us to study a possible direct and a delayed signal relative to each ex-
plaining variable. Evidence already cited in the introduction supports
this choice at least for ENSO, aa* and SSN.

Before calculating the regressions the long-term trend of ENSO,
volcanic activity, aa* index, SSN, SLP and ZW data are removed.
Smoothly varying (two-month average) trends are calculated with a
LOWESS-method (LOcally WEighted Scatterplot Smoothing, Cleveland
and Devlin (1988)) with a 31-year window, which is then subtracted
from the considered two-month average time series. (More information
about the trend removal procedure can be obtained in Maliniemi et al.,
2014). Removing the long-term trend guarantees that the results re-
present mainly the inter-annual (decadal) variability rather than being
dominated by the long-term change in the data. Note also, that because
of this, the ocean related multidecadal climate drivers, the Pacific
Decadal Oscillation (PDO) and the Atlantic Multidecadal Oscillation
(AMO), have been left out of this study. The QBO is not detrended since
it is not an explaining variable but rather we want to study the effect of
explaining variables in different QBO phases, and the easterly (nega-
tive) QBO values have typically a larger amplitude than the westerly
(positive) QBO (see A1). After the trend removal, the explaining vari-
ables are standardized before calculation. Thus, the results in Figs. A3-
A10 show the range of SLP (ZW) variation in hPa (m/s) corresponding
to one standard deviation increase of each explaining variable.

Fig. A1 shows the Dec/Jan time series of each explaining variable
since 1868 as well as the QBO since 1900. One can see that volcanic
activity is dominated by two clusters of large eruptions in the turn of

the 19th to 20th century and in the late 20th century. The aa* peaks
typically a few years after sunspot maximum in the declining phase of
the sunspot cycle. Fig. A2 shows the Dec/Jan (Feb/Mar) climatologies
of SLP and ZW during 1868–2014 (1869–2014). One can see that the
SLP climatology consists of two low pressure centers around Iceland
and Aleutian, which are surrounded by high pressure areas. The Asian
continent is dominated by the Siberian high.

Zonal wind climatology consists of westerly jets roughly between
the polar and the Ferrell cells in the oceanic regions and easterly jets
corresponding to trade winds at low/mid-latitudes. Thus, ZW clima-
tology shows westerlies (easterlies) in the oceanic areas where pressure
gradient is negative (positive) polewards. Note that there are wave-like
structures in the ZW climatology. These are a consequence of a spectral
transformation in the corresponding 20th century reanalysis model (G.
P. Compo, personal communication, 2017). Thus, one must note this
uncertainty inherent in the current ZW data when analyzing the results.
(Future version of the data will be purified from this effect; G. P.
Compo, personal communication, 2017). We use this data because it
provides considerably longer time series compared to the other modern
reanalysis data sets, which allows us to directly compare it to our SLP
results with the same temporal coverage.

3. Long-term SLP signal in early/mid- and late winter

Fig. A3 shows the different regression coefficients for SLP during
early/mid-winter (Dec/Jan) for the time period of 1868–2014. One can
see that each of he explaining variables has a significant signature in
some parts of the Northern Hemisphere. The largest effect comes from
ENSO variability which shows large negative anomalies over the
Northern Pacific and the Western Atlantic and a smaller positive
anomaly over the Arctics. There is also a large positive anomaly at low
latitudes, especially in the West Pacific. Overall, the ENSO effect has
features which project negatively to the hemispheric northern annular
mode (NAM) pattern, in agreement with earlier studies (see e.g., Roy
and Haigh, 2011; Gray et al., 2013). The volcanic activity signal is seen
as a significant negative SLP anomaly over the Arctics, which has been
also observed earlier in similar studies (Roy and Haigh, 2011; Gray
et al., 2013).

The signal due to aa* index is seen as a significant negative signal
around Scandinavia and the Barents Sea and a positive signal at the
mid-Atlantic (Azores). This signal resembles the positive NAO pattern
but with a slight shift of NAO pressure centers to the northeast. In fact,
NAO pressure centers are known to have long-term shifts (Wang et al.,
2012). There is also a significant negative signal to aa* at North Pacific
around Aleutian. SSN produces a significant positive signal in the North
Pacific and a weak negative signal around South/Mid Eurasia. These
patterns of SSN and aa* are very similar to the patterns observed in an
earlier regression study which used geomagnetic and sunspot activity as
separate drivers (Roy et al., 2016). Our results verify that these signals
remain significant when both drivers are simultaneously included in the
MLR model, and that the aa* index signature on surface climate is
observed even after removing the sunspot related variability from the
aa index. The total explained variance of SLP by these four variables in
the regions of interest vary between 20 and 30% in the North Atlantic
and around 30–40% in the North Pacific, with higher values in the low
latitudes related to ENSO.

Fig. A4 shows the regression coefficients of ENSO, volcanic activity,
aa* and SSN in late winter (Feb/Mar) SLP during 1869–2014. One can
see that in late winter the ENSO signal in the Pacific sector is very
similar to early/mid-winter. However, in the Atlantic sector and over
the Arctic the signal is much stronger and more extended than in early/
mid-winter. This implies that there is a lag of a few months for the
ENSO signal to reach the Atlantic sector from the Pacific. This supports
the idea that the ENSO response in the Atlantic is mediated through
planetary wave forcing of the stratosphere/upper troposphere later in
winter (Huang et al., 1998; Ineson and Scaife, 2009), whereas strong
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signal in the North Pacific forms earlier and is of a direct tropospheric
origin. Interestingly, while the global pattern of the volcanic activity
signal in late winter remains the same, there is hardly any region of
significant signal. The strong negative signal in the Arctic in early
winter is reduced in size and remains below statistical significance.

The SLP signature to aa* in late winter remains roughly the same in
the Atlantic as in early winter, although it is shifted further to the
northeast. Signature in the North Pacific disappears in late winter.
Seppälä et al. (2013) have shown that geomagnetic activity effect to the
polar vortex was significantly observed between December and March,
which is in line with our findings that show a significant pressure dipole
structure in both early/mid- and late winter (although shifted north-
wards) related to aa*. The late winter signal in SSN is very different
from the early/mid-winter signal so that a strong positive signal in the
North Pacific is replaced by a weaker negative signal. There is also a
strong negative signal over the Arctic and a weak positive signal over
South Europe, which project positively to the NAO pattern. Note,
however, that there is only a weak positive signal to sunspot activity in
the mid-to low latitude Atlantic sector in late winter.

The difference between the early/mid-winter and the late winter
SSN signals is notable and suggests that the mechanisms behind these
signatures are different. Indeed, the positive pressure anomaly in the
North Pacific in Fig. A3 resembles very much results obtained earlier for
the bottom-up mechanism operating in the Pacific (van Loon et al.,
2007; Meehl et al., 2008). Late winter signal instead supports the solar
UV effect to circulation in the Atlantic region, the so called top-down
effect (Ineson et al., 2011). This is also in line with the ENSO notion
above, implying that forcing via the stratosphere takes a bit longer to
progress than the direct forcing from the lower troposphere.

4. Long-term SLP signal in different QBO phases

In order to study the QBO dependence, we divide the data into years
of easterly ( < 0) and westerly ( > 0) QBO phase. Dec/Jan mean QBO at
30 hPa is used for both early/mid- and late winter cases. Fig. A5 shows
the signature to the four explaining variables in the two QBO phases in
early/mid-winter during 1900–2014 (67 winters in the easterly QBO
phase and 48 winters in the westerly QBO phase). One can see that the
ENSO signal is quite similar in the Pacific in both QBO phases. How-
ever, in the Atlantic region ENSO in easterly QBO projects to a wide
negative NAO pattern, whereas in westerly QBO ENSO projects posi-
tively to the NAO pattern. Ineson and Scaife (2009) have shown that the
ENSO response in the Atlantic sector depends on the state of the stra-
tosphere, causing a negative NAO pattern only during a weaker polar
vortex. They propose that when sudden stratospheric warmings (SSW)
modulate the polar vortex, planetary waves generated by the North
Pacific ENSO signal can propagate better to the stratosphere causing
further modulation to the polar vortex. Results in Fig. A5 agree with
this, especially by noting that the polar vortex is weaker during the
easterly QBO in early winter (Holton and Tan, 1980; Maliniemi et al.,
2016).

The pattern related to volcanic activity is spatially roughly the same
in both QBO phases but slightly stronger, and more closely resembling
the positive NAO pattern in the westerly QBO. Volcanic eruptions tend
to heat the lower equatorial stratosphere due to the enhanced absorp-
tion of infrared radiation by volcanic aerosols (Robock, 2000; Otterå
et al., 2010). This increases the pole-to-equator temperature gradient
and thus enhances the polar vortex (Otterå et al., 2010). We propose
that the stronger surface signal in the westerly QBO could be due to the
different effect of the Brewer-Dobson circulation in different QBO
phases. Flury et al. (2013) have shown that the upward transport in the
lower stratosphere increases during the easterly QBO (30 hPa). Thus,
the volcanic aerosols would be less spread vertically in the equatorial
stratosphere when transport in the low/mid-stratosphere is weaker
during the westerly QBO (Flury et al., 2013). We also note that this
volcanic activity pattern does not come from individual big eruptions in

the westerly QBO, but eruptions are more or less evenly distributed to
both QBO phases (not shown).

We have shown earlier (Maliniemi et al., 2016) that the positive
correlation between geomagnetic activity and NAO was mainly ob-
served in the easterly QBO phase. Roy et al. (2016) showed that the
combined effect of QBO and geomagnetic activity produced a greatly
amplified response at high latitudes. The aa* signal also differs quite
dramatically between the two QBO phases. The aa* signal in the east-
erly QBO is similar to the result in Fig. A3, resembling the (slightly
shifted) positive NAO pattern. In the westerly QBO there is a significant
signal in the Pacific sector with large negative anomalies over Alaska
and the Northeast Pacific and a weaker positive anomaly in the West
Pacific. In the Atlantic sector no anomalies are significant for the QBO
westerly phase. We propose that the QBO dependence of aa* may also
be related to the strength of the Brewer-Dobson circulation. Stronger
Brewer-Dobson circulation in the easterly QBO (Flury et al., 2013)
transports more ozone to the high latitudes and enhances the down-
welling of both ozone and NOx inside the polar vortex. Thus, during
active geomagnetic periods it is expected that more ozone would be
destroyed due to the geomagnetic effects in the easterly than in the
westerly QBO, making the geomagnetic effect stronger in the easterly
QBO phase.

For SSN the signal in the easterly QBO is similar to Fig. A3 but the
negative anomaly in Eurasia is now stronger. In the westerly QBO the
signal in the Pacific is the same as in the easterly phase and in Fig. A3,
but the negative anomalies in Eurasia are smaller and differently lo-
cated. The similarity of patterns related to SSN in different QBO phases
in the Pacific side are interesting and strongly suggests that the stra-
tospheric pathway does not have a significant role in them. Instead, the
signal likely has a tropospheric origin due to the bottom-up mechanism
described earlier (Meehl et al., 2008). On the other hand, changes in
Eurasia and Europe are quite different in different QBO phases, which
might suggest a stratospheric pathway similarly as with ENSO.

Fig. A6 shows the QBO phase separation for late winter. As men-
tioned earlier, the QBO phase is determined from Dec/Jan average. The
QBO modulation of ENSO pattern in late winter is rather small. The
Atlantic sector is similar in both QBO phases, unlike in early winter (see
Fig. A5). The patterns in Fig. A6 are roughly similar but somewhat
stronger (weaker) and more (less) significant in the Atlantic (Pacific)
side in the westerly QBO and vice versa in the easterly phase. These
ENSO patterns in different QBO phases in Figs. A5 and A6 are consistent
with earlier observations by Calvo et al. (2009). They showed that
warm ENSO events weaken the polar vortex in late winter regardless of
the QBO phase. In addition, the easterly QBO advances the onset of
the warm ENSO signal, whereas the westerly QBO delays it earlier
in winter. This supports our findings when noting the differences in
Fig. A5.

Interestingly, volcanic activity is much stronger in the westerly QBO
than in the easterly phase, or in early winter in either QBO phase. It
greatly resembles the positive NAO pattern supporting the hypothesis of
a stronger volcanic effect due to reduced scattering of volcanic aerosols
in the equatorial stratosphere with a weaker vertical transport in the
westerly QBO as discussed more detail above. The aa* pattern in the
easterly QBO reproduces the overall pattern obtained in Fig. A4, while
the westerly QBO shows a different pattern with insignificant positive
anomaly over the Arctic and negative anomalies around it. Comparing
Figs. A5 and A6, it looks as if the aa* pattern of early winter (outside
the Pacific) is slightly rotated eastwards in late winter. These patterns
related to aa* and volcanic activity in Figs. A5 and A6 support the
hypothesis that their forcing comes purely from the stratosphere (in
both Dec/Jan and Feb/Mar) and are strongly modulated by the QBO.

The pattern related to SSN in the easterly QBO (see Fig. A6) also
resembles the pattern in Fig. A4 and shows a strong positive NAO
pattern with a negative anomaly over the Arctic and a positive (but not
very significant) anomaly over Europe and the Atlantic. In the westerly
QBO there is a more or less opposite overall signal with a positive but
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less significant pattern over the Arctic and negative signals in the lower
latitudes. These patterns are consistent with earlier findings of e.g.,
Labitzke and van Loon (1988) and Lu et al. (2009) showing a strong
QBO modulation of sunspot signal in the polar region. Unlike the SSN
signal in early/mid-winter this late winter signal is strongly modulated
by the QBO, suggesting that the forcing has a stratospheric origin. This
supports the top-down mechanism (Kodera and Kuroda, 2002) as dis-
cussed earlier in Fig. A4.

5. Long-term zonal wind signal in early and late winter

Results related to zonal wind are shown in Figs. A7-A10. Figs. A7
and A8 show early/mid- and late winter ZW signatures, respectively,
without the QBO modulation, and Figs. A9 and A10 the corresponding
results with the QBO separation. Overall, the results for ZW agree well
with the SLP results, showing enhancements of westerlies in regions
where pressure gradient is negative northwards.

Zonal wind signal to ENSO in the Pacific sector is very similar in
both early and late winter (see Fig. A7 and A8). There are large positive
anomalies across the Central Pacific from Japan to California. There is
also a less extensive negative ZW anomaly in the West Coast of Canada
and Alaska. In the Atlantic sector there is a weak positive anomaly from
Caribbean towards North Africa in early/mid-winter which is
strengthened in late winter. There is also a strong negative anomaly
from Canada to Scandinavia in late winter. These patterns match well
with the SLP signals observed in Figs. A3 and A4 where the Atlantic
sector shows a strong negative NAO pattern in related to ENSO espe-
cially in late winter. They are essentially in line with the notion above
that the Atlantic signal is generated later possibly due to the lag in-
volved in the planetary wave forcing through the stratospheric
pathway.

Volcanic activity shows signatures in ZW mainly in the Atlantic
sector that are fairly similar in early/mid- and late winter. In early/mid-
winter westerlies are enhanced from South Greenland to Great Britain
and to the Baltic Sea and weakened from Caribbean to Azores. In late
winter these patterns are somewhat decreased and directed more
northeast. Again they match well with the SLP signals observed for
volcanic activity and show ZW signal resembling the positive NAO
pattern.

The signal associated with aa* in early/mid-winter shows an en-
hancement of westerlies from South Greenland to Great Britain and the
Baltic Sea and also from North Japan to the Central Pacific. Westerlies
are weakened south of Azores. In late winter the Pacific signal vanishes,
whereas in the Atlantic sector both the negative and positive anomaly
regions move somewhat northwards. The pattern related to SSN in early
winter show weakening of westerlies in the Central Pacific (north of
Hawaii) related to the positive SLP anomaly in Fig. A3, and a weak
enhancement in the low-latitude Pacific. In late winter this Pacific di-
pole moves northwards. There is also an enhancement of westerlies in
the Atlantic, north of Azores. Overall, ZW signals to aa* and SSN are
very different, the former being more significant and systematic in the
Atlantic, the latter in the Pacific. This emphasizes the Pacific bottom-up
forcing related to SSN.

There are only small differences in the ENSO signal between the two
QBO phases in early/mid-winter in the Pacific sector (see Fig. A9 and
A10). However, in the Atlantic sector there are clear differences be-
tween the two QBO phases. ENSO in the QBO easterly phase has a ty-
pical negative NAO ZW pattern, with weakening of westerlies at high
latitudes and strengthening of westerlies from Caribbean to Azores.
ENSO in the QBO westerly phase instead shows stronger westerlies from
Canada to South Europe. In late winter the ENSO signal in the Atlantic
(and Pacific) is very similar in the two QBO phases, both showing a
negative NAO pattern. These patterns are consistent with ENSO pat-
terns obtained in Figs. A5 and A6 for SLP and support the mechanism
described earlier (Calvo et al., 2009).

The signal related to the volcanic activity shows a strong positive

NAO type pattern in the Atlantic sector in the QBO westerly phase in
both early/mid- and late winter, whereas in the QBO easterly phase no
significant patterns are observed. In the Pacific one can also observe a
significant pattern in the westerly QBO, especially in late winter.
Interestingly, this pattern resembles the pattern observed in the ENSO
even though the patterns are not significant in the SLP (see Figs. A5 and
A6). The volcanic activity signal in the Atlantic in the westerly QBO
supports the hypothesis related to the QBO forcing of volcanic aerosol
dispersion, as discussed earlier.

The signal associated to aa* in the QBO easterly phase in early/mid-
and late winter shows strengthening of the overall patterns in the
Atlantic sector depicted in Figs. A7 and A8. Interestingly, in the wes-
terly QBO the Pacific sector signal to aa* is again stronger than in the
easterly QBO showing stronger westerlies in the North Pacific in early/
mid-winter and west of Hawaii in late winter. The Central Atlantic
shows a more negative ZW pattern in late winter but statistical sig-
nificance is only reached in a small area.

For SSN there is not much difference in early/mid-winter between
the two QBO phases in the Pacific sector, both showing weakening of
westerlies north of Hawaii. Again, this suggests that the SSN signal in
the Pacific sector is not mediated through the stratosphere and is due to
the tropospheric bottom-up forcing. However, in late winter the pat-
terns are very different. In the easterly QBO the Atlantic sector re-
sembles a positive NAO pattern, while there is no signal in the Pacific
sector. In the westerly QBO the westerlies are weakened all around the
Arctic Circle and strengthened in the North Pacific and north of
Caribbean. These ZW patterns are consistent with the results obtained
with SLP and the top-down mechanism (Kodera and Kuroda, 2002).

6. Conclusions

In this paper we have studied the dependence of winter sea-level
pressure and zonal wind on ENSO, volcanic activity, geomagnetic ac-
tivity and sunspot activity, using the multilinear autoregressive method
over the time period 1868–2014. The QBO phase (30 hPa height)
modulates the signal of all explaining variables, which suggests that the
state of the stratosphere affects the mediation of several signals. In
addition, the time of the winter (early/mid-winter: Dec/Jan, late
winter: Feb/Mar) has a notable role, which suggests that lagged re-
sponses are present in the system. This study uses several different
drivers in different conditions, which allows a simultaneous comparison
of potential sources of the Northern Hemisphere circulation variability.
This is especially true for the two different solar-related forcing para-
meters, which have not been compared simultaneously in the same
regression model before. The key findings are as follows.

1. ENSO produces a hemispheric negative NAM pattern, which is
considerably stronger in the Atlantic sector in late winter. The ENSO
response in the Atlantic is mediated by planetary wave forcing of the
stratosphere/upper troposphere (Huang et al., 1998; Ineson and
Scaife, 2009). Our results suggest that there is a lag in the response
in the Atlantic sector relative to the direct tropospheric forcing in
the North Pacific, which is quite similar in the different QBO phases
and in both early/mid- and late winter. QBO modulates the ENSO
signal so that it becomes significant in the Atlantic sector already in
early/mid-winter. The ENSO effect in the easterly QBO phase re-
sembles a negative NAO pattern. The weaker polar vortex during the
easterly QBO (Holton and Tan, 1980; Maliniemi et al., 2016) ad-
vances the mediation of a negative NAO signal to the Atlantic sector
(Ineson and Scaife, 2009) and is observed earlier than without QBO
modulation. In late winter when the Holton-Tan mechanism is no
longer significant (Lu et al., 2014; Maliniemi et al., 2016) a negative
NAO signal is rather similar in the two QBO phases. This QBO
modulation of ENSO teleconnection to the Atlantic sector verifies
the modeling study by Calvo et al. (2009), both in early/mid- and
late winter.
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2. The typical positive NAO pattern related to volcanic activity be-
comes more clear in the westerly QBO phase, especially in late
winter. We suggest that this is due to the weaker Brewer-Dobson
circulation in the westerly QBO (Flury et al., 2013), which mixes
volcanic aerosols less effectively, leaving them mainly to the lower
equatorial stratosphere. This would lead to a stronger infrared ab-
sorption by these aerosols in the lower equatorial stratosphere, to
larger equator-to-pole temperature gradients and a stronger polar
vortex (Robock, 2000; Otterå et al., 2010).

3. The geomagnetic activity (energetic particle precipitation) signature
in both early/mid- and late winter is modulated by the QBO phase.
Geomagnetic activity produces a significant circulation pattern
mainly during the easterly QBO. It represents a dipole pressure
pattern similar to the positive NAO pattern, although in late winter
it is shifted towards the pole. The geomagnetic activity signal is now
verified by a simultaneous consideration of sunspot effects, thus
generalizing the earlier studies (Maliniemi et al., 2013, 2016; Roy
et al., 2016). A possible explanation to the QBO dependence of the
signal to geomagnetic activity is that the Brewer-Dobson circulation
is stronger in easterly QBO (Flury et al., 2013). This enhances the
transport of ozone to high latitudes (Li and Tung, 2014) and the
downwelling of NOx (produced by particle precipitation (Funke

et al., 2014)) inside the polar vortex (Baldwin et al., 2001). This
would lead to a larger ozone loss for a given level of geomagnetic
activity in the QBO easterly phase compared to the westerly QBO,
and as so to stronger polar vortex due to the stratospheric cooling
(Baumgaertner et al., 2011).

4. The pattern of the signal due to sunspots (or any other solar driver
like TSI or EUV/UV co-varying with sunspots) is very different be-
tween early/mid- and late winter. The positive NAO pattern due to
SSN in late winter, which is mainly obtained in the easterly QBO
phase (in agreement with, e.g., Labitzke and van Loon, 1988; Lu
et al., 2009), suggests for the top-down mechanism originating in
the stratosphere by enhanced solar UV heating (Kodera and Kuroda,
2002). On the other hand, the positive SLP signature in Aleutian in
early winter is only marginally modulated by the QBO, which sug-
gests that the stratospheric variability does not have an effect on it.
Rather, it supports the bottom-up mechanism, which is directly
forced from the troposphere by enhanced heating in the tropical
Pacific (e.g., Meehl et al., 2008). These results related to sunspot
activity during early/mid- and late winter in different regions and in
different QBO phases verify the different earlier findings (Gray
et al., 2010, and multiple references therein) under a common
global setting.
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Fig. A1. Dec/Jan average time series of ENSO (top), volcanic activity (second), geomagnetic activity (aa*, third), sunspot number (SSN, fourth) and QBO 30 hPa
(bottom). ENSO, volcanic activity, aa* and SSN are detrended with smoothly changing trend (31 year window) and standardized.
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Fig. A2. Top: Dec/Jan climatologies of SLP (left) and surface ZW (right) over the Northern Hemisphere during 1868–2014. Bottom: Feb/Mar climatologies of SLP
(left) and ZW (right) over the Northern Hemisphere during 1869–2014.

Fig. A3. Regression coefficients of ENSO (top left), volcanic activity (top right), geomagnetic activity (aa*, bottom left) and sunspot number (SSN, bottom right) for
SLP in early winter (Dec/Jan) during 1868–2014. Each map shows the variation in SLP (hPa) related to one standard deviation increase in related regression
coefficient. Black lines represent the p-value of 0.05.
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Fig. A4. Same as Fig. A3 but for late winter (Feb/Mar) during 1869–2014.
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Fig. A5. Same as Fig. A3 for SLP in early winter but data separated to easterly (left) and westerly QBO (right) times during 1900–2014.
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Fig. A6. Same as Fig. A5 but for late winter during 1901–2014.

V. Maliniemi et al. Journal of Atmospheric and Solar-Terrestrial Physics 179 (2018) 40–54

49



Fig. A7. Regression coefficients of ENSO (top left), volcanic activity (top right), geomagnetic activity (aa*, bottom left) and sunspot number (SSN, bottom right) for
surface ZW in early winter (Dec/Jan) during 1868–2014. Each map shows the variation in westerly ZW (m/s) related to one standard deviation increase in related
regression coefficient. Black lines represent the p-value of 0.05.

Fig. A8. Same as Fig. A7 but for late winter during 1869–2014.
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Fig. A9. Same as Fig. A7 for surface ZW in early winter but data separated to easterly (left) and westerly QBO (right) times during 1900–2014.
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Fig. A10. Same as Fig. A9 but for late winter during 1901–2014.
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