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Abstract. Energetic particle precipitation (EPP) has long been known to influence the polar middle atmosphere. Extreme solar

proton events (SPEs), the most intense type of EPP, are expected to influence the Arctic polar vortex (APV); however, their im-

pacts and underlying pathways remain poorly understood. Here, we examine APV variability and the associated stratospheric

processes following the two most extreme late-October SPEs, using the ERA5 reanalysis data. Both events were followed by

persistent ozone depletion, cooling of the polar stratosphere, and sustained strengthening of the APV from autumn into late5

winter and spring. The ozone, temperature, and APV anomalies evolve coherently over time, with the APV transitioning from

a relatively weak background state to a strongly enhanced state with respect to the climatological distribution. Thermodynamic

budget diagnostics reveal that the temperature anomalies were dominated by dynamical cooling rather than by direct radiative

cooling from ozone depletion. This dynamical cooling was accompanied by a tendency for downward planetary wave refrac-

tion at high latitudes and associated changes in wave–mean flow interactions. Collectively, these results provide quantitative10

evidence that extreme SPEs can influence the seasonal APV variability through coupled ozone and dynamical processes.

1 Introduction

Energetic particle precipitation (EPP) is a major external forcing of the polar middle atmosphere, driven by precipitating

protons, electrons, and ions (Jia et al., 2024). These particles enter the polar cap regions, with higher-energy protons penetrating

deeper into the atmosphere. For example, protons with energies of ∼10 MeV deposit energy near 70 km, while those with15

energies of ∼100 MeV can penetrate to approximately 30 km (Turunen et al., 2009). The resulting ionization produces odd

hydrogen (HOx) and odd nitrogen (NOy), which catalyze ozone destruction (Jackman et al., 2008; Funke et al., 2011). HOx-

induced ozone depletion is typically limited to several days in the mesosphere and upper stratosphere due to the short lifetime

of HOx, whereas long-lived NOy can descend into the stratosphere, prolonging the ozone loss for months beyond the initial

forcing (Smith-Johnsen et al., 2017; Denton et al., 2018; Szela̧g et al., 2022).20

EPP is commonly classified into energetic electron precipitation (EEP) and solar proton events (SPEs) (Seppälä et al.,

2014). EEP primarily affects the mesosphere through electrons with energies from tens of keV to several MeV (Rozanov et al.,
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2012; Wang et al., 2024). In contrast, SPEs involve protons with energies up to hundreds of MeV and can reach the upper

stratosphere (Rozanov et al., 2012; Jia et al., 2020). Observations indicate ozone reductions exceeding 50% during extreme

SPEs in the polar mesosphere, compared with 10–30% during typical SPEs and less than 7% during EEP (Wang et al., 2024;25

Jackman et al., 2008). During extreme SPEs, high-energy protons produce in situ ionization in the upper stratosphere while

strong mesospheric ozone depletion propagates downward, sustaining stratospheric anomalies for 1–2 months (Jackman et al.,

2008; Jia et al., 2020).

Ozone perturbations alter the radiative heating and thereby modify the thermal structure, which can consequently influence

stratospheric circulation (Silverman et al., 2018; Tian et al., 2023; Hong et al., 2025). The Arctic polar vortex (APV), a large-30

scale cyclonic circulation encircling the polar stratosphere, is maintained by the meridional temperature gradient between

the warm tropics and the cold polar region (Schoeberl and Newman, 2015; Waugh et al., 2017). As a key feature of Arctic

stratospheric dynamics, the APV is highly sensitive to temperature perturbations and can respond rapidly to radiatively induced

changes in the polar stratosphere through thermal wind balance (Ward et al., 2021; Tian et al., 2023). Planetary wave (PW)

forcing further modulates APV variability via wave–mean flow interactions (Oehrlein et al., 2020; Hannachi et al., 2025).35

Given the sensitivity of the APV to thermal and dynamical forcings, it is plausible that EPP-induced perturbations could

modulate the vortex on various timescales (Seppälä et al., 2013, 2025). For SPEs, research has primarily focused on short-term

responses, with a transient strengthening of the polar vortex associated with enhanced proton flux during events (Veretenenko,

2021; Li et al., 2025). In contrast, EEP has been linked to more persistent APV variability on monthly timescales (Arsenovic

et al., 2016; Salminen et al., 2019, 2020a, 2022, 2024). These longer-lasting responses have been interpreted in terms of40

a chemically driven pathway, whereby long-lived NOy descends into the stratosphere and prolongs ozone depletion (Nesse

et al., 2026). This mechanism has recently been proposed to trigger a positive ozone–dynamics feedback involving thermal

wind adjustment and wave–mean flow interactions (Nesse et al., 2026). Whether such a feedback also operates following

extreme SPEs, and whether the resulting APV anomalies can persist on seasonal timescales through radiative and dynamical

processes, remain poorly constrained observationally.45

Here, we investigate the response of the APV to the two most extreme late-October SPEs, selected for their exceptionally

high proton fluences and similar stratospheric background conditions. Using ERA5 reanalysis together with radiative transfer

calculations from the Rapid Radiative Transfer Model for GCMs (RRTMG) and transformed Eulerian-mean (TEM) diagnos-

tics, we examine the evolution of ozone, temperature, circulation, and PW activity following the events. We focus on the

persistence of the stratospheric response and the extent to which radiative and dynamical processes contribute to seasonal APV50

variability following extreme SPEs.

2 Dataset and Methodology

2.1 Extreme SPEs

Solar proton fluxes were obtained from energetic proton detectors onboard the Geostationary Operational Environmental Satel-

lites (GOES), provided by the Space Weather Prediction Center (SWPC) of the National Oceanic and Atmospheric Administra-55
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tion (NOAA) as 5-minute averages. All SPEs between 1986 and March 2020 were identified using a daily mean flux threshold

of 10 pfu (protons cm−2 sr−1 s−1) at energies > 10 MeV, yielding a total of 112 events. Events were ranked according to

their integrated proton fluences above 10 MeV (protons cm−2 sr−1), and the two most extreme cases, beginning on 19 October

1989 and 26 October 2003, were selected for detailed analysis. In our study, both events are characterized by exceptionally

intense proton fluences and are classified as extreme SPEs, with the largest total fluences on the order of 109 protons cm−260

sr−1 during 1986–2020. The stratospheric background state preceding both events was dynamically stable and characterized

by the easterly phase of the quasi-biennial oscillation (QBO), providing a relatively stable and consistent baseline.

2.2 Stratospheric atmospheric properties

2.2.1 ERA5 reanalysis

Stratospheric atmospheric fields were derived from the ERA5 reanalysis (Hersbach et al., 2023), the fifth-generation atmo-65

spheric reanalysis produced by the European Centre for Medium-Range Weather Forecasts (ECMWF) under the Copernicus

Climate Change Service initiative (Hersbach et al., 2020). Daily ERA5 data from 1986–2020 were analyzed on pressure lev-

els from 1 to 100 hPa over the Northern Hemisphere at a horizontal resolution of 1◦×1◦. The analyzed variables include

geopotential height, zonal and meridional wind, vertical velocity, temperature, and ozone mass mixing ratio.

2.2.2 APV and anomaly definition70

The strength of the APV is quantified by the cosine-weighted, zonal-mean zonal wind averaged over 60◦–90◦N (U6090) (Butler

et al., 2015; Li et al., 2025). Polar-cap means (60◦–90◦N) of temperature, ozone, winds, and radiative and dynamical heating

rates were calculated using the same cosine weighting. These quantities were used to construct pressure–time cross sections.

To remove both the seasonal cycle and pre-event background variability, anomalies are defined as

Xa =Xo −Xc −Xb, (1)75

where Xo denotes the original field (e.g., zonal wind, temperature, ozone, and radiative and dynamical heating rates), Xc is

the climatological mean over 1986–2020, and Xb is the mean anomaly relative to the climatological mean over the 5 days

preceding each event.

Response episodes are identified as consecutive periods with westerly 5-day smoothed zonal-mean zonal wind (U6090 > 0)

and positive anomalies (Ua > 0) at 10 hPa, indicating APV strengthening. The response magnitude is quantified by ranking the80

mean U6090 during each episode against the climatological distribution for the corresponding calendar days (1986–2020), and

expressing its relative position as a rank-based percentage, where Top = rank/N and Bottom = (N − rank+1)/N .

The stratospheric final warming (SFW) is defined as the final springtime reversal of the zonal-mean zonal wind from west-

erly to easterly at 60◦N and 10 hPa (Hauchecorne et al., 2022). The corresponding day of year (DOY) is ranked within the

climatological distribution to assess potential delays in vortex breakdown.85
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2.2.3 Statistical significance

Statistical significance is assessed using a Monte Carlo approach with 10,000 pseudo-events. For each of the two SPEs, onset

dates are randomly selected within ±7 days of the actual onset date, and event durations are set equal to those of the observed

cases. The resulting distributions of anomaly fields are used to estimate the 90% confidence intervals.

2.3 Radiative transfer calculations90

Shortwave and longwave radiative heating rates were calculated using the RRTMG model (Mlawer et al., 1997; Iacono et al.,

2008). The radiative impact of SPE-induced ozone changes was isolated using the partial radiative perturbation (PRP) method

(Wetherald and Manabe, 1988; Klocke et al., 2013; Rieger et al., 2017). Two experiments were performed: (i) a control ex-

periment using SPE-period temperature and climatological ozone, and (ii) a perturbed experiment using both temperature and

ozone from the SPE period.95

The radiative effect of ozone changes was estimated separately for shortwave (Qsw) and longwave heating rates (Qlw) as

∆Q=Q(O3,SPE,TSPE)−Q(O3,clim,TSPE), (2)

where Q(O3,T ) denotes the radiative heating rate as a function of ozone and temperature. Subscripts SPE and clim refer to

fields during the SPE period and their climatological counterparts. To remove any systematic bias unrelated to the SPE, the

mean ∆Q during the 5-day pre-event period is subtracted from the entire time series. The total radiative heating rate is given100

by Qrad =Qsw +Qlw.

To quantify cooling contributions, radiative and dynamical cooling rates are defined as

Qc
rad =




|Qrad|, Qrad < 0,

0, Qrad ≥ 0,
(3)

Qc
dyn =




|Qdyn|, Qdyn < 0,

0, Qdyn ≥ 0.
(4)

The relative importance of radiative and dynamical cooling is then quantified as105

R=
Qc

rad −Qc
dyn

Qc
rad +Qc

dyn

. (5)

Values of R approaching 1 indicate radiative cooling dominance, whereas values approaching −1 indicate dynamical cooling

dominance.

2.4 Wave activity diagnosis

2.4.1 TEM diagnostics110

PW activity is diagnosed within the TEM framework, which quantifies wave–mean flow interactions and the associated dy-

namical forcing (Andrews et al., 1987; Butchart, 2022). In spherical coordinates, the zonal-mean wave forcing is defined as
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Fw = (ρ0acosϕ)
−1∇ ·F, (6)

where ρ0 is the background density, a is Earth’s radius, ϕ is latitude, and F is the Eliassen-Palm (EP) flux.115

The EP flux, representing wave activity and momentum transport, is given by

F= (0,F (ϕ),F (z)), (7)

with meridional and vertical components

F (ϕ) = ρ0acosϕ

(
ūz

v′θ′

θ̄z
−u′v′

)
, (8)

F (z) = ρ0acosϕ

{[
f − (acosϕ)−1 ∂(ūcosϕ)

∂ϕ

]
v′θ′

θ̄z
−u′w′

}
, (9)120

and its divergence is

∇ ·F= (acosϕ)−1 ∂

∂ϕ
(F (ϕ) cosϕ)+

∂F (z)

∂z
. (10)

Here, ū, v̄, and w̄ denote the zonal-mean zonal wind, meridional wind, and vertical velocity, respectively; u′v′, u′w′, and v′θ′

are eddy fluxes of momentum and heat; θ̄z is the vertical gradient of potential temperature; and f is the Coriolis parameter.

The residual mean meridional and vertical circulations are defined as125

v̄∗ = v̄− ρ−1
0

∂

∂z

(
ρ0

v′θ′

θ̄z

)
, (11)

w̄∗ = w̄+(acosϕ)−1 ∂

∂ϕ

(
cosϕ

v′θ′

θ̄z

)
. (12)

2.4.2 Dynamical heating

The associated dynamical heating is calculated as

Qdyn =− T̄

θ̄

(
a−1v̄∗

∂θ̄

∂ϕ
+ w̄∗ ∂θ̄

∂z

)
, (13)130

where T̄ and θ̄ are the zonal-mean temperature and potential temperature. Qdyn is expressed in units consistent with the

radiative heating rates.

The net heating rate is given by Qnet =Qrad +Qdyn.

2.4.3 PW propagation

PW propagation is further characterized using the refractive index (Li et al., 2007),135

n2
k(y,z) =

q̄ϕ
ū

−
(

k

acosϕ

)2

−
(

f

2NH

)2

, (14)
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where

q̄ϕ =
2Ω

a
cosϕ− 1

a2

[
(ūcosϕ)ϕ
cosϕ

]

ϕ

− f2

ρ0

(
ρ0

ūz

N2

)
z
, (15)

and Ω, N , H , and k denote Earth’s rotation rate, buoyancy frequency, scale height, and zonal wavenumber, respectively.

Positive n2
k indicates regions where PWs can propagate, with larger values favouring wave propagation, whereas waves tend140

to refract away from regions with negative n2
k (Matsuno, 1970; Li et al., 2007).

PW amplitudes are diagnosed at 10 hPa and 60◦N from geopotential height (Shi et al., 2021; Liu et al., 2022). Zonal

anomalies relative to the daily climatology are first computed and then decomposed into zonal wavenumbers using Fourier

analysis. The amplitudes of individual wavenumbers (k = 1,2) are defined as the magnitude of the corresponding Fourier

coefficients (Shi et al., 2021).145

3 Results

3.1 The seasonal strengthening of the Arctic APV after extreme SPEs

Fig. 1a,b presents the evolution of solar proton flux. Both daily fluxes exceed 10 pfu at energies > 100MeV, indicating pene-

tration into the stratosphere, while fluxes at energies > 10MeV reach ∼ 103 pfu, sufficient to produce substantial ionization in

the middle atmosphere and to sustain a downward-propagating chemical perturbation into the stratosphere.150

Fig. 1c–h presents the evolution of polar ozone (Fig. 1c,d), temperature (Fig. 1e,f), and zonal wind anomalies (Fig. 1g,h)

averaged over 60◦–90◦N from the SPE onset to the subsequent springtime vortex breakdown for the 1989 (SPE1) and 2003

(SPE2) events. Based on the criteria defined above, four APV response episodes (E1–E4) are identified.

Following the SPE onset, the ozone depletion exhibits a downward migration from the upper stratosphere in autumn to

the middle and lower stratosphere in spring. During late autumn and early winter (E1 and E3), pronounced ozone depletion155

emerges primarily in the upper stratosphere (Fig. 1c,d), reaching −0.8 and −0.9 ppmm, corresponding to 9.7% and 10.5%

decreases relative to the 5-day pre-event mean in the 1–10 hPa layer. This is accompanied by pronounced cooling (Fig. 1e,f)

and a strengthened polar vortex (Fig. 1g,h), with positive mean U6090 anomalies reaching 9.7 and 17.7 m s−1 in the upper

stratosphere. By mid-December in E1, the ozone depletion extends downward into the middle stratosphere. There, enhanced

depletion (enclosed by the −0.6 and −0.9 ppmm contours) coincides with stronger cooling (enclosed by the −4 and −8 K160

contours) and a concurrent strengthening of the westerlies. In E3, pronounced ozone depletion develops simultaneously in the

upper and middle stratosphere following the SPE onset. Distinct anomaly centers of ozone depletion, cooling, and strengthened

westerlies occur at similar times in the middle stratosphere, indicating a coherent temporal evolution of the three fields.

The wintertime evolution is interrupted by sudden stratospheric warmings (SSW), including a minor SSW following E1 and a

major SSW following E3. These events temporarily reverse the westerly circulation into easterlies and induce transient warming165

(Fig. 1e–f) and enhanced PW activity (Fig. 1i–j). At the same time, the associated strong vertical transport facilitates the

downward propagation of SPE-induced perturbations from the mesosphere into the stratosphere, shifting the ozone depletion

signal toward the middle and lower stratosphere (Baldwin et al., 2021).
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In spring (E2 and E4), ozone depletion becomes more pronounced in the 10–100 hPa layer, reaching −0.5 and −0.7 ppmm

(9.7% and 13.0%), while the upper-stratospheric depletion both weaken to approximately −0.3 ppmm (3.3% and 3.5%). During170

E2, three distinct maxima in ozone depletion develop in the middle stratosphere and coincide with vertically coherent cooling

anomalies, while the westerly anomalies strengthen simultaneously. In E4, pronounced ozone depletion persists throughout the

middle stratosphere, while the strongest cooling and westerly anomalies progressively evolve downward during the recovery

from the major SSW.

Overall, APV strengthening persisted for 202 and 186 days following the two extreme SPEs, corresponding to approximately175

6–7 months from late autumn to the following spring. Throughout the identified response episodes, the vortex evolved from

a relatively weak background state to a strongly enhanced state, in line with its rank-based position within the climatological

distribution shown in Table 1. Springtime peaks reached the top 8.6% and 14.3% of the climatological distribution for E2

and E4, respectively. The corresponding final warming dates ranked within the top 11.4% and 28.6% of the climatological

distribution (Table 1), indicating a tendency toward delayed vortex breakdown.180

Table 1. Key characteristics and stratospheric dynamical responses associated with two extreme SPEs.

SPE1 (1989/10/19) SPE2 (2003/10/26)

Proton fluence (protons cm−2 sr−1) 1.54× 109 1.27× 109

Episode E1 E2 E3 E4

Start date 1989/10/19 1990/02/16 2003/10/26 2004/02/17

End date 1990/02/08 1990/05/08 2003/12/20 2004/04/28

APV anomaly (m s−1) 6.0 12.2 13.5 19.6

Background APV rank 27/35 (Bottom 25.7%) – 30/35 (Bottom 17.1%) –

APV rank 8/34 (Top 23.5%) 3/35 (Top 8.6%) 8/35 (Top 22.9%) 5/35 (Top 14.3%)

Final warming date (DOY) 128 120

Final warming rank 4/35 (Top 11.4%) 10/35 (Top 28.6%)

Ranks are calculated relative to the climatological distribution during 1986–2020, with rank 1 indicating the strongest APV anomaly or the latest final warming date.

Relative positions are expressed as Top or Bottom percentages as defined in Section 2.2.2. The background APV rank is defined as the mean APV over the 5 days

preceding each SPE event. For E1, N = 34 because the analysis period spans two calendar years, leaving no complete sample for the final year (2020); otherwise,

N = 35.

3.2 Radiative and dynamical contributions to polar cooling

The strengthened APV is accompanied by persistent polar cooling (Fig. 1). Through thermal wind balance, such cooling

would be expected to support enhanced stratospheric westerlies and thus contribute to vortex strengthening. To determine

the processes that maintain this cooling, we examine the relative contributions of radiative and dynamical heating anomalies

following the SPEs (Fig. 2).185
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Figure 1. Time evolution of solar proton fluxes for (a) SPE1 and (b) SPE2, and the corresponding polar-cap (60◦–90◦N) anomalies of ozone

(c, d), temperature (e, f), zonal-mean zonal wind (g, h), and PW amplitude (i, j) from the SPE onset to the subsequent springtime vortex

breakdown for SPE1 and SPE2. Contours in panels (c–h) indicate the corresponding anomaly fields. The thick white contour in panels (g, h)

denotes the 0 m s−1 isoline of the cosine-weighted polar-cap (60◦–90◦N) mean zonal wind (U6090). White dots indicate anomalies exceeding

the 90% confidence level based on the Monte Carlo test. The black dashed line marks the SPE onset, and the red dashed lines indicate the

beginning and end of the identified APV response episodes.
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Despite pronounced ozone depletion, the associated radiative cooling (Fig. 2a,b) remains weak during late autumn and win-

ter. The absence of solar radiation largely suppresses shortwave radiative effects, while the longwave response is characterized

by weak warming, resulting in only limited net radiative cooling (Fig. A1). As solar radiation returns in spring, ozone depletion

exerts a stronger radiative influence and enhances the radiative cooling. Nevertheless, the radiative cooling remains approxi-

mately one order of magnitude smaller than the corresponding dynamical cooling throughout the response episodes (Fig. 2a–d).190

Consequently, changes in ozone radiative heating alone cannot account for the observed polar cooling or the accompanying

vortex strengthening.

To quantify the relative importance of these two processes, we define the radiative–dynamical cooling dominance metric R

(Fig. 2e,f). Throughout most response episodes and over most of the polar stratosphere, R remains close to −1, indicating that

the cooling is overwhelmingly dominated by dynamical processes. Following the return of sunlight in spring, the radiative con-195

tribution becomes more important and R increases to approximately −0.9. However, dynamical cooling remains the dominant

contributor throughout the response period.

This dominance of dynamical cooling is ultimately reflected in the net heating rate anomalies (Fig. 2g,h), which show good

agreement with the temperature anomaly tendencies (Fig. 2i,j), with pattern correlation coefficients of 0.72 and 0.73 for the

two events, respectively. Taken together, the dominance metric R, the net heating rate anomalies, and the temperature anomaly200

tendencies consistently indicate that the observed polar cooling is primarily maintained by dynamical processes rather than

by direct radiative effects associated with ozone depletion. This motivates an examination of how PW activity modulates the

residual circulation and thereby controls the dynamical heating.

3.3 PW forcing, residual circulation, and dynamical cooling

PWs influence the APV through both wave–mean flow interactions and their control of the residual circulation. In the TEM205

framework, by driving the residual circulation, wave drag regulates polar dynamical heating through adiabatic descent: en-

hanced wave drag strengthens polar downwelling and warming, whereas reduced wave drag favors cooling. We therefore

examine changes in PW propagation, wave forcing, and residual circulation following the SPEs.

Fig. 3a–h shows latitude–pressure cross-sectional views of temperature and zonal wind for the four SPE episodes, while

Fig. 4 presents the corresponding temperature and zonal wind anomalies at 10 hPa. All four episodes are characterized by210

pronounced cooling in the polar upper stratosphere (Fig. 3a–d), accompanied by strengthened high-latitude westerlies (Fig. 3e–

h), indicating an intensified APV. The horizontal structures at 10 hPa are consistent with these zonal-mean responses, showing

enhanced polar cooling surrounded by stronger circumpolar westerlies (Fig. 4). During E2, however, the cooling center is

displaced away from the pole, resulting in a corresponding shift in the strongest wind anomalies.

Fig. 3i–l shows the wave diagnostics, and Fig. 3m–p shows the associated dynamical heating anomalies. Following SPE1215

(Fig. 3i–j), the zero contour of refractive index forms a downward-sloping propagation boundary for PWs near 80◦N, and it

exhibits a downward-bending structure between approximately 65◦N and 75◦N in the upper stratosphere during E2. As EP-

flux vectors approach the polar stratopause, they are progressively redirected downward, yielding a pronounced downward

component over much of the 60◦–80◦N upper stratosphere (arrows in Fig. 3i–j). Positive wave forcing anomalies dominate
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Figure 2. Time evolution of polar-cap (60◦–90◦N) anomalies of net radiative heating rates (Qrad; a, b), dynamical heating rates (Qdyn; c,

d), the radiative–dynamical cooling dominance metric R (e, f), net heating rates (g, h), and temperature anomaly tendencies (i, j) from the

SPE onset to the subsequent springtime vortex breakdown for SPE1 and SPE2. Values of R approaching −1 indicate cooling dominated by

dynamical processes, whereas values approaching +1 indicate cooling dominated by radiative processes. Black contours denote anomalies

of 0.06 K day−1 in panels (a, b) and 0.6 K day−1 in panels (c–d and g–j). White dots indicate anomalies exceeding the 90% confidence level

based on the Monte Carlo test. The black dashed line marks the SPE onset, and the red dashed lines indicate the beginning and end of the

identified APV response episodes.
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the upper stratosphere poleward of approximately 50◦N, indicating reduced wave drag. Correspondingly, weakened polar220

downwelling is accompanied by negative dynamical heating anomalies (Fig. 3m–n), indicating enhanced dynamical cooling

and strengthened westerly anomalies (Fig. 3e–f).

Following SPE2 (Fig. 3k–l), the wave anomalies exhibit a more complex structure, likely reflecting the influence of the

major SSW and the enhanced PW-2 activity (Fig. 1j). Similar to E1, the zero contour of refractive index forms a downward-

sloping propagation boundary, beyond which the wave propagation is inhibited. In E3, the EP flux vectors propagate upward225

and poleward between approximately 50◦N and 75◦N before turning downward near the refractive index boundary at higher

latitudes. In E4, the downward component becomes more pronounced, with EP flux vectors exhibiting a steeper descent angle

compared to E3.

The wave forcing anomalies exhibit a vertically tilted dipole structure (Fig. 3k–l), characterized by negative anomalies over

the polar cap and positive anomalies at lower latitudes. A similar tilted dipole structure is evident in the residual circulation230

and dynamical heating anomalies (Fig. 3o–p), with enhanced downwelling and dynamical heating on the poleward side and

weakened downwelling associated with dynamical cooling equatorward. Despite this spatial complexity, the net effect over the

polar cap is characterized by reduced dynamical heating in the middle and lower stratosphere, consistent with the dominant

cooling anomalies identified in Fig. 2.

Together, these features suggest that the altered wave propagation weakens the wave-driven residual circulation over the235

polar cap, thereby suppressing dynamical heating and maintaining the cooling anomalies associated with the strengthened

APV.

4 Discussion

Recently, Nesse et al. (2026) proposed that EPP-induced ozone depletion may influence stratospheric dynamics through thermal

wind adjustment and subsequent wave–mean flow interactions. Key features of this mechanism, including polar ozone depletion240

(Szela̧g et al., 2022; Wang et al., 2024), middle and lower stratospheric cooling (Seppälä et al., 2013; Arsenovic et al., 2016;

Salminen et al., 2019, 2024; Asikainen et al., 2020), polar vortex strengthening (Seppälä et al., 2013; Arsenovic et al., 2016;

Salminen et al., 2019, 2020a; Asikainen et al., 2020), and a reduction of Eliassen-Palm flux convergence (Seppälä et al., 2013;

Salminen et al., 2024), have been reported in both modelling and observational studies (Nesse et al., 2026). Our analysis of

two extreme SPEs on record provides reanalysis evidence for the spatiotemporal evolution of the atmospheric response from245

the SPE onset to the subsequent springtime vortex breakdown, together with quantitative diagnostics that support the proposed

ozone–dynamics feedback under extreme forcing conditions.

Fig. 5 summarizes the dominant processes inferred from the two events. Extreme SPEs inject large fluxes of energetic

protons into the polar middle atmosphere, producing substantial amounts of HOx and NOy through ionization. During the

following months, the downward branch of the residual circulation transports EPP-produced NOy from the mesosphere into250

the stratosphere, wherein the ozone destruction continues. Meanwhile, the strong APV suppresses mixing with ozone-rich

mid-latitude air. As a result, substantial ozone depletion can persist from SPE onset to spring, qualitatively consistent with the
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Figure 3. Pressure–latitude distributions of temperature anomalies (a–d), zonal wind anomalies (e–h), wave forcing anomalies (i–l), and

dynamical heating anomalies (m–p) during the four APV response episodes. All anomaly fields are defined relative to the climatology and

the 5-day pre-event baseline. Blue contours in panels (e–l) denote the refractive index (n2), with thick blue contours indicating n2 = 0.

Arrows in panels (i–l) indicate EP flux vectors scaled by exp(z/H), approximately equivalent to dividing by density (Mechoso et al.,

1985; G.J., 2020). The vertical component is further multiplied by 150 to improve visibility. Black contours in panels (m–p) denote residual

circulation vertical velocity anomalies (w∗) scaled by 104; solid (positive) and dotted (negative) contours, respectively, and thick contours

indicate zero values. White dots indicate anomalies exceeding the 90% confidence level based on the Monte Carlo test.

temporal evolution simulated by Whole Atmosphere Community Climate Model with D-region ion chemistry (WACCM-D)

(Fig. B1). However, the magnitude of ozone loss is underestimated, which may be partly because the prescribed proton forcing

does not include protons with energies above 300 MeV (Jia et al., 2020).255

The ozone depletion reduces shortwave radiative heating, leading to cooling of the polar stratosphere (Szela̧g et al., 2022) and

an enhanced meridional temperature gradient. Through thermal wind balance, the strengthened temperature gradient intensifies

the polar night jet and strengthens the APV (Zhao et al., 2025). This interpretation is consistent with the statistical relationship

between SPE proton flux and concurrent APV strengthening reported by Li et al. (2025).

The strengthened vortex subsequently modifies PW propagation and wave–mean flow interactions (Zhao et al., 2025). Both260

events exhibit a tendency for PW activity to refract downward at high latitudes, although the associated EP-flux structures

differ, likely because of their contrasting dynamical backgrounds. These changes are accompanied by a weakening of the

residual circulation and enhanced dynamical cooling over the polar stratosphere. The resulting cooling further reinforces the
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Figure 4. Spatial distributions of temperature anomalies (a–d) and zonal wind anomalies (e–h) at 10 hPa during the four APV response
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Figure 5. Schematic illustration of the positive ozone–dynamics feedback following extreme SPEs. Red arrows denote the chemical processes

linking SPE-induced ionization to ozone depletion, whereas blue arrows denote the associated dynamical feedbacks. Blue dashed arrows

indicate a potential subsequent modulation of ozone transport through changes in the residual circulation.

vortex, forming a positive dynamical feedback that may help maintain the SPE-induced anomaly from autumn into late winter

and spring.265

Previous studies have shown that springtime Arctic lower stratospheric temperature variability is controlled primarily by

wave-driven dynamical processes (Newman et al., 2001). Consistent with this view, our thermodynamic budget diagnostics

demonstrate that dynamical cooling associated with wave-driven residual circulation substantially exceeds the direct radiative

cooling induced by ozone depletion. Together with the coherent evolution of ozone depletion, temperature anomalies, APV

variability, and diagnosed wave–mean flow interactions, these results suggest that SPE-induced ozone loss may interact with270

stratospheric circulation and amplify APV anomalies through a positive ozone–dynamics feedback. However, the robustness

and generality of this feedback require confirmation through larger-sample statistical analyses and dedicated model experi-

ments.

Our results further suggest that the manifestation of the proposed ozone–dynamics feedback is strongly modulated by the

background dynamical state of the winter stratosphere. The two extreme SPEs analyzed here represent two contrasting evolu-275
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tions of the APV under extreme particle forcing. Following SPE1, only a minor SSW occurred, and the APV remained largely

stable throughout the winter, allowing the proposed feedback to develop continuously. In contrast, a major SSW occurred

approximately two months after SPE2, substantially disrupting the APV and interrupting the persistence of the dynamical

feedback. Under relatively stable dynamical conditions (E1–E3), the broadly coherent timing of ozone depletion and dynam-

ical cooling, together with their distinct vertical structures, suggests an important dynamical contribution beyond the direct280

radiative effect of ozone depletion, consistent with the proposed ozone–dynamics feedback (Friedel et al., 2022). After the

onset of the major SSW (E4), however, the SPE signal becomes increasingly difficult to distinguish from strong internal dy-

namical variability. Similar behaviour was observed during the winters of 2000 and 2001, when frequent SSW activity may

have obscured any coherent SPE-induced dynamical response despite substantial proton fluxes reaching the stratosphere.

In this context, the dipole pattern in the PW anomalies resembles the structure identified by Salminen et al. (2022), who285

showed that EPP effects are most systematic when wave propagation is enhanced at mid-latitudes and reduced over the polar

region. This suggests that the background wave configuration plays a key role in modulating the stratospheric response to ener-

getic particle forcing. During SSWs, enhanced planetary wave activity reorganizes the residual circulation through wave–mean

flow interactions and modifies the dynamical state of the winter stratosphere. As a result, the SPE-related signal is obscured by

strong internal variability, limiting robust attribution of stratospheric changes to particle forcing. Whether EPP can influence290

the occurrence of SSWs remains uncertain (Salminen et al., 2020b; Edvartsen et al., 2023; Vokhmyanin et al., 2023; Nesse

et al., 2026); addressing this question is beyond the scope of the present study.

The persistence of ozone, temperature, and circulation anomalies from late autumn into late winter and spring suggests

that extreme SPEs may provide a source of subseasonal-to-seasonal predictability for the polar stratosphere. However, several

limitations should be acknowledged. First, the present analysis is based on only two extreme events. Given the rarity of SPEs295

that are sufficiently intense to generate pronounced stratospheric responses, the availability of comparable events for such

process-based analyses is inherently limited. Second, this study relies on ERA5 reanalysis and lacks direct observational

constraints on key chemical species (e.g., NOy), which limits a more comprehensive assessment of the chemical response.

Third, because both events occurred under a similar QBO easterly phase, the QBO modulation of the SPE response could

not be systematically assessed. Finally, the SPE-related signal cannot be fully separated from other EPP sources, such as300

EEP. Future studies combining long-term observations, chemistry climate model simulations, and larger event samples will be

necessary to better quantify the dynamical influence of extreme SPEs on the winter polar atmosphere.

Despite these limitations, this study provides a detailed quantitative characterization of the temporal evolution of the strato-

spheric response to extreme SPEs, from initial ozone depletion in autumn to delayed vortex breakdown in spring. The con-

sistency between the two events, despite their differing dynamical backgrounds, supports the existence of an ozone–dynamics305

feedback operating under extreme solar proton forcing.
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5 Conclusions

Using GOES proton flux observations and ERA5 reanalysis data, we investigated the stratospheric response to two extreme

SPEs that occurred in October 1989 and October 2003. Both events were followed by persistent ozone depletion, cooling of the

polar stratosphere, and strengthening of the APV, with the temporal evolution of these anomalies remaining closely coupled310

from autumn into late winter and spring. In both cases, the vortex evolved from a relatively weak background state to a strongly

enhanced state within the climatological distribution and remained anomalously strong for about six months. Thermodynamic

budget diagnostics indicate that the temperature anomalies were dominated by dynamical cooling rather than direct radiative

cooling associated with SPE-induced ozone loss. Although the two events occurred under markedly different winter dynamical

conditions and exhibited distinct EP flux anomaly structures, both shared two common features: a tendency for PW activity to315

refract downward and net dynamical cooling over the polar stratosphere.

These results suggest that extreme SPEs can influence the winter polar stratosphere through a coupled ozone–dynamics path-

way. Persistent ozone depletion reduces the shortwave heating and cools the polar stratosphere, strengthening the meridional

temperature gradient and the APV through thermal wind adjustment. The strengthened APV may further alter PW propagation

by wave–mean flow interactions, favoring dynamical cooling over the polar stratosphere. This cooling, in turn, reinforces the320

vortex, thereby closing a positive ozone-dynamics feedback loop.

By examining the temporal evolution of atmospheric anomalies following two extreme SPEs, this study provides process-

based evidence supporting the ozone–dynamics feedback pathway. The persistence of ozone, temperature, and circulation

anomalies suggests that extreme SPEs might influence the winter polar stratosphere on subseasonal to seasonal timescales.

The contrasting responses observed under minor- and major-SSW conditions further indicate that the impact of SPEs de-325

pends strongly on the background dynamical state. These findings highlight the importance of accounting for EPP forcing in

subseasonal-to-seasonal prediction systems that aim at improving the representation and predictability of winter polar strato-

spheric variability. More broadly, extreme SPEs provide a natural experiment for investigating the coupling between atmo-

spheric composition and dynamics under strong external forcing. Future work combining observations and model simulations

will help clarify the role of EPP in chemical–dynamical coupling and its contribution to variability and predictability in the330

winter polar stratosphere. Despite the limited sample size, the consistency of the response across two extreme events with

contrasting dynamical backgrounds lends confidence to the existence of a robust ozone–dynamics feedback under strong solar

proton forcing.

Appendix A: Shortwave and longwave radiative heating rates calculated using RRTMG

Figure A1 decomposes the net radiative heating anomalies (Figure 2) into shortwave (Qsw) and longwave (Qlw) components.335

During the polar night (E1 and E3), ozone depletion produces little shortwave radiative cooling because of the absence of solar

radiation, whereas the longwave component exhibits weak warming that partly offsets the cooling in the middle and lower

stratosphere. As sunlight returns in spring (E2 and E4), shortwave cooling becomes increasingly pronounced and dominates
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the net radiative response to ozone depletion, while longwave anomalies remain comparatively small. These results provide a

more detailed view of the radiative evolution associated with SPE-induced ozone depletion.340
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Figure A1. Time evolution of polar-cap (60◦–90◦N) anomalies of ozone-induced shortwave (Qsw; a, b) and longwave (Qlw; c, d) radiative

heating rates from the SPE onset to the subsequent springtime vortex breakdown for SPE1 and SPE2. Contours show the corresponding

anomaly fields. Black dots indicate anomalies exceeding the 90% confidence level based on the Monte Carlo test. The black dashed line

marks the SPE onset, and the red dashed lines indicate the beginning and end of the identified APV response episodes.

Appendix B: WACCM-D simulations of SPE-induced chemical perturbations

WACCM-D has been widely used to investigate the impacts of EPP on the polar middle atmosphere (Verronen et al., 2016).

We have conducted WACCM simulations in order to provide supporting evidence for the chemical perturbations associated

with the two SPEs. The model was run in the specified dynamics (SD) configuration using ERA5 reanalysis data. It has a

horizontal resolution of 1.25◦ longitude by 0.94◦ latitude and 88 vertical levels extending from the surface to 6× 10−6 hPa345

(approximately 140 km).

Only solar proton forcing was included in the experiments. Differences between simulations with and without SPE forcing

were calculated to isolate the SPE-induced changes in NOy and O3. The model results are presented as supporting evidence

for the chemical pathways discussed in this study. The WACCM-D simulation tends to underestimate the magnitude of ozone

depletion compared to observations (Jia et al., 2020).350
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Figure B1. Time evolution of WACCM-D simulated polar-cap (60◦–90◦N) anomalies in NOy (a,b) and O3 (c,d) from the SPE onset to the

subsequent springtime vortex breakdown for SPE1 and SPE2. Anomalies are calculated as the differences between simulations with and

without SPE forcing and are shown from the SPE onset to the subsequent springtime vortex breakdown. The black dashed line marks the

SPE onset.
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