
1. Introduction
The polar vortex is a westerly wind system in the wintertime stratosphere, which surrounds the polar region. 
Although the westerly thermal wind of the polar vortex forms due to the temperature difference between the cold 
pole and warm mid- and low-latitudes, this meridional temperature difference is not the only factor affecting 
the strength of the polar vortex. Planetary waves, which are disturbances mostly originating from the Earth's 
surface, input easterly momentum to the mean westerly flow and, thereby, weaken the polar vortex (Charney & 
Drazin, 1961). Moreover, planetary waves drive the meridional circulation, also known as Brewer-Dobson or 
residual circulation, which transports air from the equator to higher latitudes (Butchart, 2014).

Earlier studies have shown that the polar vortex is affected by energetic electron precipitation (EEP) (e.g., Rozanov 
et al., 2005; Baumgaertner et al., 2011; Maliniemi et al., 2013; Seppälä et al., 2013; Salminen et al., 2019). Ener-
getic electrons continuously precipitate from the near-Earth space, the magnetosphere, into the Earth's atmos-
phere. These electrons are accelerated by the interaction of the magnetosphere with solar wind which controls 
flux of these electrons (Asikainen & Ruopsa, 2016; Meredith et al., 2011). EEP directly affects the high-lati-
tude mesosphere and upper stratosphere, where precipitating particles form odd nitrogen (NOx) (Barth, 1992; 
Crutzen et al., 1975; Turunen et al., 2009) and hydrogen (HOx) oxides (Andersson et al., 2014; Swider & Kene-
shea, 1973). NOx and HOx compounds destroy ozone in catalytic reaction cycles. While HOx compounds are 
rather short-lived, NOx compounds can survive during the winter for long enough to be transported to lower 
altitudes. Descending NOx compounds cause the so-called indirect EEP effect in the stratosphere (Randall 
et al., 2007; Solomon et al., 1982). Ozone depletion in the mesosphere and stratosphere then affects the radiative 
balance by decreasing radiative cooling (leading to increased temperature) during early winter in polar darkness 

Abstract Energetic electron precipitation (EEP) forms ozone-depleting nitrogen and hydrogen oxides in 
the high-latitude middle and upper atmosphere, leading to ozone destruction and temperature enhancement that 
can strengthen the winter polar vortex. This EEP effect on polar vortex depends on quasi-biennial oscillation 
and sudden stratospheric warmings, which earlier studies relate to planetary waves. We study here the possible 
modulation of the EEP effect by planetary waves. We perform a principal component analysis of the vertical 
component of Eliassen-Palm flux (EP flux) to examine the latitudinal pattern of planetary waves. We use a 
multilinear regression analysis to estimate the responses of zonal wind and EP flux divergence to EEP in the 
northern winter stratosphere by keeping the two leading principal components of vertical EP flux as controlling 
factors. We find that the EEP strengthens the polar vortex most systematically when planetary wave propagation 
is enhanced at mid-latitudes but reduced at polar latitudes.

Plain Language Summary Electrons from the near-Earth space constantly precipitate to the 
Earth's upper atmosphere. Intensity of this electron precipitation is controlled by solar wind, a plasma stream 
flowing from the Sun. Precipitating electrons form ozone-depleting compounds which descend down to the 
stratosphere during the winter. Electron precipitation has been found to affect temperatures and the wind system 
characterized by a strong westerly wind surrounding the pole, the polar vortex, in the northern wintertime 
stratosphere. This effect is believed to be modulated by planetary waves, disturbances in the atmosphere 
originating from the Earth's surface. However, earlier studies give only indirect evidence for such modulation. 
We study here how the overall activity and latitudinal distribution of planetary waves modulate the electron 
precipitation effect on the northern polar vortex. We find that the effect of precipitating electrons is strongest 
when planetary waves propagate more at mid-latitudes and less at polar latitudes, while in the opposite case the 
effect is not significant.

SALMINEN ET AL.

© 2022. The Authors.
This is an open access article under 
the terms of the Creative Commons 
Attribution License, which permits use, 
distribution and reproduction in any 
medium, provided the original work is 
properly cited.

Planetary Waves Controlling the Effect of Energetic Electron 
Precipitation on the Northern Polar Vortex
Antti Salminen1 , Timo Asikainen1 , and Kalevi Mursula1 

1Space Climate Group, Space Physics and Astronomy Research Unit, University of Oulu, Oulu, Finland

Key Points:
•  We calculate the principal components 

of planetary waves in the northern 
wintertime stratosphere

•  Energetic electron precipitation (EEP) 
enhances the northern polar vortex 
if planetary waves are focused at the 
equatorward side of polar vortex

•  Latitudinal distribution of planetary 
waves is more important for the EEP 
effect than their overall intensity

Correspondence to:
A. Salminen,
antti.salminen@oulu.fi

Citation:
Salminen, A., Asikainen, T., & Mursula, 
K. (2022). Planetary waves controlling the 
effect of energetic electron precipitation 
on the northern polar vortex. Geophysical 
Research Letters, 49, e2021GL097076. 
https://doi.org/10.1029/2021GL097076

Received 16 NOV 2021
Accepted 1 MAR 2022

10.1029/2021GL097076
RESEARCH LETTER

1 of 10

http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
https://orcid.org/0000-0002-5366-8755
https://orcid.org/0000-0001-9098-6018
https://orcid.org/0000-0003-4892-5056
https://doi.org/10.1029/2021GL097076
http://crossmark.crossref.org/dialog/?doi=10.1029%2F2021GL097076&domain=pdf&date_stamp=2022-03-15


Geophysical Research Letters

SALMINEN ET AL.

10.1029/2021GL097076

2 of 10

and by decreasing radiative heating (leading to decreased temperature) in sunlit conditions during later winter 
(Sinnhuber et al., 2018). Changes in temperature lead to related dynamical variations, for example, in the propa-
gation of planetary waves.

While the above described chemical effect of EEP-NOx (and HOx) affects mainly the polar mesosphere and 
upper stratosphere (Funke et al., 2005; Funke, López-Puertas, Stiller, & Clarmann, 2014), the lower stratosphere 
experiences dynamical changes following the initial ozone depletion by EEP-NOx higher in the atmosphere. 
Enhanced EEP activity is associated with a decrease in temperature and ozone in the polar lower stratosphere and 
a strengthening of the polar vortex (e.g., Rozanov et al., 2005; Baumgaertner et al., 2011; Maliniemi et al., 2013; 
Seppälä et al., 2013; Salminen et al., 2019). Salminen et al. (2019) and Asikainen et al. (2020) suggested that an 
initial ozone depletion by EEP-NOx warms the polar midwinter mesosphere and upper stratosphere, which affects 
the propagation of planetary waves so that they converge less in the high-latitude lower stratosphere. This change 
leads to a strengthened polar vortex and a weakened residual circulation in the high-latitude stratosphere via the 
so-called wave - mean flow interaction (Andrews et al., 1987). Weakened residual circulation then decreases 
ozone and temperature in the lower polar stratosphere. This dynamical mechanism is supported by earlier studies 
showing that the EEP effect on polar vortex is enhanced in the easterly phase of the quasi-biennial oscillation 
(QBO) (Maliniemi et al., 2013; Palamara & Bryant, 2004; Salminen et al., 2019) and in winter months preced-
ing a sudden stratospheric warmings (SSW) (Asikainen et al., 2020). In both cases planetary wave activity is 
increased in the wintertime stratosphere.

Earlier studies have presented indirect evidence for the significance of planetary waves for EEP effect, but we 
do not know well enough the conditions in which the EEP effect is amplified. Here we will investigate this by 
examining the propagation of planetary waves in northern winter and by defining the precise patterns of plane-
tary wave activity instead of using indirect indicators such as QBO or SSW. We will use the combined ERA-40/
ERA-Interim data set (Asikainen et al., 2020) and regression analysis to estimate the EEP effect on zonal wind. 
In Section 2, we will present the data and the analysis methods used in the study. In Section 3, we examine plan-
etary wave propagation by applying principal component analysis (PCA) to the vertical Eliassen-Palm flux. In 
Section 4, we show the zonal wind and Eliassen-Palm flux responses to EEP in the different phases of the two 
principal components derived in Section 3. In Section 5, we discuss the results and give our conclusions.

2. Data and Methods
2.1. Data

For atmospheric variables we use here a combined data set of the ERA-40 (Uppala et al., 2005) and the ERA-In-
terim (Dee et al., 2011) reanalysis data sets (https://www.ecmwf.int/en/forecasts/datasets/browse-reanalysis-da-
tasets). This combined data set has been constructed with a method described by Asikainen  (2019). Shortly, 
the combined data set is formed by extending the ERA-Interim data set, which covers the period of January 
1979–August 2019, with a transformed ERA-40 data set, which covers the period of September 1957–August 
2002. The ERA-40 data is transformed with a mapping matrix which is derived with canonical correlation anal-
ysis between the ERA-40 and ERA-Interim data sets in the overlapping period (January 1979–August 2002). 
ERA-Interim/ERA-40 data are given on 2.5° × 2.5° latitude-longitude grid and at 23 pressure levels between 1 
and 1,000 hPa in 6-hr resolution. We use here the zonal wind to study the polar vortex and the Eliassen-Palm 
flux (EP flux, F) to study the propagation and activity of planetary waves (Eliassen & Palm, 1961) whose group 
velocity is parallel to F (e.g., Edmon et al., 1980). We have calculated the EP flux components in the log-pressure 
coordinates as presented by Andrews et al. (1987). Thus, the vertical component of EP flux (Fz) is positive when 
the flux is upward. We also use the divergence of EP flux (∇ ⋅ F) to quantify planetary wave dissipation (Eliassen 
& Palm, 1961).

Since satellite measurements of precipitating electrons do not cover the whole period studied here, we use the 
geomagnetic Ap index (http://isgi.unistra.fr) as a proxy for EEP. Ap index measures variability in geomagnetic 
activity and correlates considerably well with the satellite measurements of precipitating energetic electron fluxes 
(Van de Kamp et al., 2016). The Ap index has also been used to model the amount of NOx produced by EEP 
(Funke et al., 2016). In addition to geomagnetic activity, we also consider three other drivers of the northern 
polar vortex: solar irradiance quantified by sunspot numbers (version 2; http://www.sidc.be/silso/versionarchive), 

https://www.ecmwf.int/en/forecasts/datasets/browse-reanalysis-datasets
https://www.ecmwf.int/en/forecasts/datasets/browse-reanalysis-datasets
http://isgi.unistra.fr
http://www.sidc.be/silso/versionarchive
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El-Nino - Southern Oscillation quantified by the Nino 3.4 index (https://www.esrl.noaa.gov/psd/data/timeseries/
monthly/NINO34/) and volcanic aerosols quantified by stratospheric aerosol optical depth (Sato et  al., 1993) 
(https://data.giss.nasa.gov/modelforce/strataer/).

2.2. Principal Component Analysis

We use here the PCA (e.g., Von Storch & Zwiers, 2002) to examine variability in the EP flux. We calculate PCA 
using daily averaged values of the vertical component of the EP flux (Fz) at 30 hPa at the latitudes between 30° 
and 90°N. We use here the 30 hPa pressure level since it is approximately in the middle of the lower stratosphere. 
Thus, the EP flux reaching that level represents planetary waves that have advanced high enough to the strat-
osphere. Since the components of the EP flux are zonal averages by definition, Fz values used in the PCA are 
functions of latitude and time. The daily values of Fz are centered by subtracting the mean value at each latitude 
bin separately. Then the values are weighted by the square root of the cosine of latitude before calculating the 
PCA. We use here the singular value decomposition (e.g., Von Storch & Zwiers, 2002), and calculate the PCA 
separately for each northern winter month (December, January, February and March).

Figure 1 (top panels) shows the first two empirical orthogonal functions (EOF1 and EOF2) for Fz separately for 
December, January, February and March. Figure 1 (bottom panel) presents the corresponding principal compo-
nents (PC1 and PC2) for January. Note that EOF1 and EOF2 vary only slightly between the 4 months. EOF1 
(Figure 1, top left) is positive at all latitudes and peaks close to 60°N in all months. EOF1 explains about 80% 
of the variance in Fz in the studied region in all months. EOF2 (Figure 1, top right) is positive up to the latitude 
of about 60°N and negative above it in all months. EOF2 has the maximum at 50°–52.5°N and minimum at 
70°–72.5°N. EOF2 accounts for about 15% of the daily variance in the studied Fz.

Figure 1. First two empirical orthogonal functions EOF1 and EOF2 of vertical Eliassen-Palm flux (Fz) at 30 hPa at latitudes 30°–90°N separately for December, 
January, February and March (top panels); mean January time series of corresponding principal components PC1 and PC2 (bottom panel).

https://www.esrl.noaa.gov/psd/data/timeseries/monthly/NINO34/
https://www.esrl.noaa.gov/psd/data/timeseries/monthly/NINO34/
https://data.giss.nasa.gov/modelforce/strataer/
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2.3. Multilinear Regression Analysis

Multilinear regression (MLR) analysis (e.g., Wilks, 2011) is used here to study the zonal-mean zonal wind and 
EP flux divergence responses to EEP. The Ap-index, sunspot number, Nino 3.4 and aerosol optical depth are the 
explaining variables and either zonal-mean zonal wind or EP flux divergence is the response variable. We use 
here time-integrated EP flux divergence as a response variable since it corresponds more accurately to the change 
in the zonal wind induced by planetary waves (Newman et al., 2001; Polvani & Waugh, 2004). Daily values 
of time-integrated EP flux divergence are calculated as moving sums of the normal EP flux divergence with a 
[−30,0]-day window. This 31-day window corresponds to thermal relaxation timescale in the lower and middle 
stratosphere (Mlynczak et al., 1999).

MLR is separately calculated for each latitude - pressure level grid point using monthly averaged values. Before 
calculating MLR we detrend the explaining and response variables by subtracting smoothly varying 31-year 
trends estimated with the LOWESS (LOcally WEighted Scatterplot Smoothing) method (Cleveland,  1979). 
Because of detrending, our results are related to the interannual to decadal variations, but the long-term trends, 
like the systematic decline of ozone, do not influence the results. Since we want to study the possible modula-
tion of the EEP effect by planetary waves, we consider the first two principal components of Fz (PC1 and PC2) 
in MLR by classifying months to positive and negative phases of PC1 and PC2. We use here monthly averaged 
values of PC1 and PC2, for example, Decembers, in which PC1 is lower (higher) than the median PC1 value of all 
Decembers in the studied period, are classified to negative (positive) PC1 phase. Since the phases are determined 
separately for each winter month, months of the same winter are not necessarily in the same phase. We define an 
indicator variable separately for PC1 and PC2 which is 0 in months of negative phase and 1 in months of positive 
phase of the corresponding PC. We then calculate separate MLR for PC1 and PC2 by using one indicator variable 
at a time. The basic form of our MLR model is

𝑌𝑌𝑡𝑡 = 𝛼𝛼 + 𝑎𝑎𝑎𝑎𝑡𝑡 +

𝑚𝑚
∑

𝑘𝑘=1

(𝛽𝛽𝑘𝑘𝑋𝑋𝑘𝑘𝑘𝑡𝑡 + 𝑏𝑏𝑘𝑘𝑎𝑎𝑡𝑡𝑋𝑋𝑘𝑘𝑘𝑡𝑡) + 𝜖𝜖𝑡𝑡. (1)

Where Yt is the response variable, Xk,t is the kth explaining variable, It is the indicator variable for the used PC 
phase (I = 1 for positive phase, I = 0 for negative phase), α and a are constant terms, βk and bk are the regression 
coefficients for the k:th explaining variable and ϵt is the residual term. Now βk is related to a response of Y to Xk in 
the negative phase (I = 0) and the sum term βk + bk is related to a response of Y to Xk in the positive phase (I = 1). 
We multiply βk and βk + bk by the standard deviation of Xk to get the corresponding response in the response 
variable ΔY. We use the Cochrane-Orcutt method (Cochrane & Orcutt, 1949) to solve the regression coefficients 
and the Student's t-test to estimate the significances. The MLR model used here is described more in detail in the 
study by Salminen et al. (2020).

3. Principal Components of Vertical EP Flux
Figure 1 shows that the first principal component of Fz (PC1) is positive when the upward EP flux at 30 hPa is 
larger than on average. The second principal component (PC2) is positive when the upward EP flux is enhanced 
at latitudes southward of 60°N and reduced at latitudes poleward of 60°N. The opposite is true if PC2 is negative.

Figure 2 shows the climatologies of the EP flux as a collection of arrows and the EP flux divergence in back-
ground color coding (first row) and the differences between the positive and negative phase of PC1 (second row) 
and PC2 (third row) separately for December, January, February and March (columns 1–4). Phases of PCs are 
determined as described in Section 2.3. All the climatologies and composite differences are shown for pressure 
levels 2–200 hPa and latitudes 20°–90° N. Note that the arrows shown in Figure 2 have constant length and only 
indicate the direction of the EP flux.

The climatological pattern of the EP flux and its divergence (first row) remains almost the same during the winter. 
On average winter the EP flux is mostly upward at latitudes poleward of 40°N in the lower stratosphere, while in 
the upper stratosphere the EP flux turns more southward with increasing height. The EP flux mostly converges 
in the whole stratosphere, except in the polar upper stratosphere in December, dissipating wave energy in most 
parts of the stratosphere.
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Composite differences between the two PC1 phases (Figure 2, second row) show a consistently larger conver-
gence (blue background), indicating larger dissipation of waves when there is more wave activity (positive PC1 
phase). The EP flux pattern in the composite difference is closely similar to the overall climatological pattern 
of the EP flux (first row), indicating that the positive PC1 phase enhances the climatological pattern. In the 
composite difference, the EP flux is more upward and the convergence maximum is at a higher latitude in the 
positive PC1 phase than in the negative PC1 phase in all months.

The composite differences between the positive and negative PC2 phase (Figure 2, third row) present a very 
different but expected pattern, in which the EP flux in the lower and mid-stratosphere is upward at latitudes 
below 60°N and downward poleward of 60°N. Between these oppositely directed zones, at the latitude of about 
70°–80°N in the upper stratosphere, EP flux is mostly northward directed. Note that there is much more variabil-
ity between the 4 months in the PC2 composite than in the PC1 composite, reflecting the smaller amount of PC2 
in explaining the Fz variability. Similarly, the composite difference in EP flux divergence is not very consistent 
between the different months. The EP flux converges less in the positive PC2 phase than in negative phase in 

Figure 2. Climatologies of Eliassen-Palm (EP) flux (1. row) and the composite differences in EP flux between positive and negative phase of principal components 
PC1 (2. row) and PC2 (3. row) separately for December, January, February and March (columns 1–4). All arrows have the same length and mark only the direction 
of the flux or its difference. Yellow and red colors correspond to divergence and blue to convergence of EP flux in units (m/s)/day. Only the arrows, which represent 
significant (p < 0.05) difference in either vertical or horizontal EP flux component, are plotted in rows 2 and 3. Significant differences in EP flux divergence are 
bordered with black (p = 0.05) and gray (p = 0.1) contours.
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December, mostly in the region of northward EP flux. On the other hand, in the polar stratosphere the EP flux 
converges more in the positive PC2 phase than in negative phase in January, February and March.

In summary, the first EOF/PC of Fz describes the changes in overall planetary wave activity in the stratosphere. 
In the positive PC1 phase, the upward EP flux in the lower and mid-stratosphere is increased poleward of 50°N in 
all months, reflecting enhanced planetary wave propagation upward from the troposphere. Higher planetary wave 
activity is also seen as increased EP flux convergence (wave dissipation) in the whole stratosphere. The second 
EOF/PC of Fz describes the latitudinal difference of planetary wave activity in the lower and mid-stratosphere. 
Upward propagating planetary waves are enhanced at lower latitudes in the positive PC2 phase and at higher 
latitudes in the negative PC2 phase. Note that, although less planetary waves propagate from the troposphere to 
the polar stratosphere in the positive PC2 phase than in the negative phase, planetary wave dissipation (EP flux 
convergence) is, contrary to expectations, enhanced in the upper stratosphere in January to March. This is due 
to reduced southward propagation of planetary waves at about 50°–80°N in the positive PC2 phase compared to 
the negative phase.

4. Modulation of the EEP Effect on Polar Vortex by Planetary Waves
Figure 3 shows the zonal wind and EP flux divergence responses to Ap index in the positive and negative phase of 
PC1 (rows 1 and 2 for zonal wind and rows 5 and 6 for EP flux divergence) and in the positive and negative phase 
of PC2 (rows 3 and 4 for zonal wind and rows 7 and 8 for EP flux divergence) separately for December, Janu-
ary, February and March (columns 1–4). These responses are calculated using the MLR method as described in 
Section 2.3. We use here a 2-month average of Ap index in all months, with a 1-month lag in February and March, 
that is, we use the average Ap index over November and December in December, the average over December and 
January in January and February, and the average over January and February in March. In this way we can take 
into account the finite descent time of EEP-NOx (Funke et al., 2005; Funke, López-Puertas, Holt et al., 2014). The 
results remain qualitatively the same in January, February and March for any lag between 0 and 2 months. Since 
months are separated to positive and negative PC phases using the median value as separator, all four phases 
studied here (positive and negative phases of PC1, positive and negative phases of PC2) include 31 months.

In the positive PC1 phase an increase in Ap index is related to a significant positive response in the polar vortex 
only in February (Figure  3, row 1). There is also a significant negative response in zonal wind at latitudes 
20°–40°N in the stratosphere in December and a positive response at 20°N at 10 hPa and at 50°–60°N in the trop-
osphere in March. In the negative PC1 phase there is a significant positive Ap response in polar vortex in Decem-
ber and in March, but in other months the responses are weak and insignificant (Figure 3, row 2). A consistent 
EEP effect on the polar vortex is not present throughout the winter in either phase of PC1.

In the positive PC2 phase the Ap index is related to a significant positive response in the polar vortex in all winter 
months (Figure 3, row 3). In December a significant positive response exists in the polar upper stratosphere while 
in January and February it is stronger and extends to lower altitudes, even down to the troposphere. In March 
the positive response is significant in the lower stratosphere and troposphere poleward of 50°N. There is also a 
significant negative response at 20°–40°N in all winter months. On the other hand, in the negative PC2 phase 
there are no significant zonal wind responses in the polar stratosphere (Figure 3, row 4).

In the positive PC1 phase the Ap index causes a significant response in EP flux divergence in the polar region 
only in February (Figure 3, row 5, column 3). This positive response is related to the positive zonal wind response 
in the same month and PC1 phase. In the negative PC1 phase Ap increases EP flux divergence in the polar lower 
stratosphere in December and in the polar upper stratosphere in February (Figure 3, row 6). There are also corre-
sponding significant but limited (December) or weak (February) positive zonal wind responses in these months 
(Figure 3, row 2).

In the positive PC2 phase Ap causes a significant positive response in EP flux divergence in the polar lower strat-
osphere in December, January and February (Figure 3, row 7). These responses are stronger and more consistent 
than responses in other phases. In the positive PC2 phase Ap also leads to a negative EP flux divergence (EP 
flux convergence) response in the upper stratosphere at 20°–60°N in February and at 60°–70°N in March. In the 
negative PC2 phase Ap leads to a significant positive response in the EP flux divergence in the upper polar strat-
osphere in February, but in other months there are no clear responses in the polar stratosphere (Figure 3, row 8).
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Figure 3. Zonal wind responses to Ap in the positive and negative phases of principal component PC1 (rows 1 and 2) and PC2 (rows 3 and 4) and EP flux divergence 
responses to Ap in the positive and negative phases of PC1 (rows 5 and 6) and PC2 (rows 7 and 8) separately for December, January, February and March (columns 
1–4, respectively). Yellow and red colors correspond to positive responses and blue to negative responses. Significant responses are marked with black (p = 0.05) and 
gray (p = 0.1) contours.
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5. Discussion and Conclusions
We have studied here the effect of energetic electron precipitation (using the Ap index as its proxy) on the north-
ern polar vortex and the modulation of this effect by planetary wave activity in the stratosphere. We calculated 
the empirical orthogonal functions and principal components of the vertical Eliassen-Palm flux Fz at 30 hPa at 
30°–90°N to examine the leading patterns of variation in the amount and latitudinal distribution of planetary 
waves. The two first principal components were found to explain over 95% of variance in Fz in this region. The 
first PC/EOF (Figure 1, EOF1 in the top left panel and PC1 in the bottom panel) describes the strength of the main 
latitudinal EP flux distribution, in which the vertical EP flux at 30 hPa maximizes near 60°N latitude. The second 
PC/EOF (Figure 1, EOF2 in the top right panel and PC2 in the bottom panel) relates to the latitudinal difference 
between middle and polar latitudes in the distribution of vertical EP flux.

By using these two first principal components of Fz, we found that EEP significantly strengthens the northern 
polar vortex in all winter months if the upward EP flux is enhanced only at mid-latitudes (but not at polar lati-
tudes; positive PC2). On the other hand, if the upward EP flux is enhanced only at polar latitudes (but not at 
mid-latitudes; negative PC2), the EEP does not appear to affect the polar vortex. Moreover, neither positive nor 
negative phase of PC1 produces a similar consistent and significant effect in the polar vortex throughout the 
winter. Furthermore, EEP responses in EP flux divergence confirm that planetary waves are consistently modu-
lated by EEP only in the positive PC2 phase.

EEP destroys ozone and, thus, alters the radiative and thermal balance in the polar mesosphere and upper strat-
osphere (e.g., Rozanov et al., 2005; Sinnhuber et al., 2018). Thermal and dynamical variations then affect the 
propagation of planetary waves, and thereby extend the EEP effect from the polar mesosphere and upper strato-
sphere to lower altitudes and lower latitudes. Our results show that the latitudinal distribution of planetary wave 
activity in the stratosphere can significantly modulate the EEP effect on the polar vortex. The effect appears 
preferentially only when more planetary waves propagate at mid-latitudes and less at polar latitudes than on an 
average. This dependence is likely driven by the wave - mean flow interaction (Andrews et al., 1987), which 
modulates the EEP effect on the polar vortex. If planetary waves propagate on the southward flank of the polar 
vortex, they can be refracted away from or toward the vortex, thereby either increasing or decreasing the EP flux 
divergence. This can be controlled by rather small initial EEP-induced radiative changes in the polar vortex. 
However, if planetary waves propagate inside the polar vortex, they are more likely trapped within the vortex 
(Dickinson, 1968; Matsuno, 1970), and contribute only to wave convergence (dissipation), thereby weakening 
the vortex. Accordingly, those times (months) when planetary wave activity is enhanced at mid-latitudes and 
reduced at polar latitudes are optimal for the EEP to affect to the polar vortex while, in the opposite distribution 
of planetary waves, EEP effect on the polar vortex is far less viable. This explains why the positive phase of PC2 
is an optimal situation for the EEP effect to take place. Since both PC1 phases include both optimal (positive PC2) 
and nonoptimal (negative PC2) months, the EEP effect is only marginally significant in the months of increased 
or decreased overall planetary wave activity, that is, when the PC1 is positive or negative.
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