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Abstract Trends in the coupled stratosphere-troposphere system during the 1979-2022 period are
investigated in the Northern Hemisphere using reanalysis datasets. More upward planetary wave propagation in
December is shown to precede the deceleration of the stratospheric polar vortex in January. This deceleration
prevents the waves from continuing to propagate upward in February and favors an acceleration of the
stratospheric polar vortex in March. This is associated with an increased Northern Hemisphere annular mode in
March in the stratosphere and the troposphere. Trends show a moderate significance level because of strong
interannual variability. Recent seasons whose anomalies project onto the trends are those for which wave-1
anomaly constructively interferes with wave-1 climatology in December, which occurs when there is warming
in an area extending from Eastern Canada to Greenland and slight cooling over Eurasia. It shows the potential
for predicting the springtime stratospheric polar vortex from wintertime wave-1 anomalies.

Plain Language Summary In winter the stratosphere hosts strong westerly winds forming the
stratospheric polar vortex. Variations in the vortex strength can affect weather patterns in the underlying
troposphere. Vice-versa, the stratospheric vortex can also be disrupted by tropospheric waves that propagate
upwards into the stratosphere. Sea-ice loss from Arctic warming is amongst the forcings that have been proposed
to produce tropospheric waves leading to a weakening of the polar vortex. However, there is a strong dependence
of the stratospheric signal on the region of sea ice loss. In the present study, we show that mid-winter to early
spring stratospheric trends during the 1979-2022 period are linked to large-scale surface temperature trends in
December. Specifically, strong warming from Eastern Canada to Greenland and relative cooling over Eurasia in
December are associated with enhanced upward wave propagation and a deceleration of the stratospheric polar
vortex in January. In mid-winter a weaker than usual vortex inhibits wave propagation to the stratosphere,
allowing for arecovery in vortex strength by March. In conclusion, our work shows how the opposite mid-winter
and early spring trends in the stratosphere can be connected with stronger wave propagation from the surface in
December and with its time-evolving effects on troposphere—stratosphere coupling.

1. Introduction

The changes in the stratospheric polar vortex (SPV) during recent decades have received a lot of attention because
of the vortex’ role in stratosphere-troposphere interactions and its potential impacts on mid-latitude weather.
Several studies detected a weakening of the wintertime polar vortex and a shift toward lower latitudes (Sev-
iour, 2017; Zhang et al., 2016). A possible cause for such changes is the fast Arctic warming, known as the Arctic
Amplification and its associated reduction in Arctic sea ice, but this mechanism is still strongly debated (Cohen
et al., 2020; Liang et al., 2023; Peings et al., 2023; Peings, 2019; L. Sun, Deser, et al., 2022). The usually invoked
mechanism is the following: Arctic sea ice loss, which is most pronounced over the Barents-Kara seas region,
favors the formation of a Siberian high anomaly and upward propagating waves. More upward propagating waves
decelerate the stratospheric polar vortex that then in turn influences the troposphere by favoring the negative
phase of the Northern Annular Mode (NAM) and of the North Atlantic Oscillation (e.g., Hoshi et al., 2019; Kim
et al., 2014; Kretschmer et al., 2020).

Numerical experiments only partly confirm the above mechanistic arguments deduced from observations. The
large variety of numerical modeling responses to Arctic sea-ice loss is likely linked to the different model setups
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in terms of sea ice reduction and Arctic warming and to the compensating effects of various warming patterns
over different Arctic regions (L. Sun et al., 2015; Screen, 2017). It is mainly the warming over the Barents-Kara
seas region that leads to a weakening of the stratospheric polar vortex during mid-winter (Ruggieri et al., 2017;
Screen, 2017). Usually, the response of the SPV to sea ice loss in numerical modeling experiments is weak
compared to internal variability and a large ensemble of simulations is needed to obtain a significant signal
(Seviour, 2017; L. Sun, Deser, et al., 2022). Similarly, the response of the SPV to increased CO, is uncertain and
strongly model dependent, mostly due to model biases in the lower stratosphere (Karpechko et al., 2024). The
highest model uncertainty is found in winter, with impacts on surface climate (Karpechko et al., 2022), but with a
signal toward a longer seasonal duration of the SPV (Ayarzagiiena et al., 2020).

While most of the literature focuses on the wintertime SPV, several studies have investigated the impacts of
winter Arctic sea ice decline on the tropospheric and stratospheric circulations in spring. By performing numerical
experiments using a coupled chemistry climate model with a well-resolved stratosphere, L. Sun et al. (2014) and
L. Sun et al. (2015) showed that the projected sea ice loss creates a deceleration of the SPV in winter and an
acceleration of the SPV in spring accompanied by ozone depletion. More recently, using reanalysis data, J. Sun,
Liu, et al. (2022) found a strong correlation during the 2001-2018 period between sea ice anomalies in winter over
the Barents-Kara sea regions and Eurasian extreme heat events in spring. Here again, the stratospheric pathway
was shown to be the key to understand this link.

The present paper aims at revisiting trends in the coupled troposphere-stratosphere system from winter to spring
using the most recent years of reanalysis data. This study is motivated by the fact that previous studies showing
trends focused on winter only and on a shorter period of time (Cohen et al., 2014; Hu et al., 2018, 2019). Here we
consider the satellite era (1979-2022) because stratosphere-troposphere coupling was shown to be consistently
represented by recent reanalyzes from 1979 onwards (Gerber & Martineau, 2018; SPARC, 2022, see chapter 6)
and because Arctic warming has strongly accelerated during the last two decades of this period. However, caution
should be taken in the analysis of reanalysis temperature trends during that period too due to changes in
observational systems (Long et al., 2017; SPARC, 2022, see chapter 3).

2. Data and Method

The paper relies on daily and monthly means of ERAS reanalysis from 1979 to 2022 (Hersbach et al., 2020). The
horizontal grid resolution is 0.75° and vertical levels are located at 10, 20, 30, 50, 70 hPa and every 100 hPa from
100 hPa to 1000 hPa. For comparison, two supplementary figures (Figures S1 and S2 in Supporting Informa-
tion S1) also use monthly means of Modern-Era Retrospective Analysis for Research and Applications (MERRA-
2) from 1980 to 2022 (Gelaro et al., 2017).

The Northern Annular Mode (NAM) is defined for each individual month as the first EOF (EOF1) of the zonal
and monthly mean geopotential height from 20°N to 90°N at each pressure level separately. The monthly NAM
index is the first principal component (PC1) associated with EOF1. The positive phase is defined as averaged
geopotential anomalies larger in mid-latitude than polar regions, across levels and seasons. The daily NAM index
is defined as the normalized projection of the daily geopotential height anomaly onto EOF1 of the corresponding
month.

The trends correspond to least squares linear regression estimates and their statistical significance is based on the
test of Santer et al. (2000) with N-2 degrees of freedom where N = 44 years for the 1979-2022 period. Statistical
significance of Pearson correlation coefficients relies on the assumption of a ¢ distribution with N-2 degrees of
freedom where N is the number of years (N = 44 for the 1979-2022 period and N = 22 for the 1979-2000 or
2001-2022 periods).

The vertical component of the Eliassen-Palm fluxes, which in the quasi-geostrophic framework is proportional to
heat fluxes, is expressed in pressure coordinates (Edmon et al., 1980):

F, = facos [v'0*]/[6,], (1)

where f is the Coriolis parameter, a the Earth's radius, ¢ the latitude, v the meridional wind, @ the potential
temperature and 6, the pressure derivative of 6. The parentheses [.] and superscripts .” denote the zonal mean and
the deviations from the zonal mean, respectively.
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The decomposition of the heat fluxes into a linear and nonlinear component has been shown to be useful to better
understand processes at play in the upward wave propagation (Fletcher & Kushner, 2011; Smith & Kush-
ner, 2012). The meridional wind and potential temperature deviations from zonal mean are separated into a
stationary wave component and a transient wave component.

VvE=vF Y, )
0" = 6" + 6", 3)

where the overbar denotes the climatological mean and prime denotes the deviation from the climatological mean.
It leads to

[V*H*]tmnd = [Fa*,]trend + [V*I§]tmnd + [V*,H*’]”end (4)
= LIN +NL,
where LIN and NL are the linear and nonlinear components.
LIN = [FH*/]trend + [V*/E]Trend’ (5)
NL = [v"0" ] yena- (6)

LIN corresponds to the interactions among stationary and transient waves, while NL corresponds to nonlinear
interactions among the transient waves. Horizontal averages of various quantities are hereafter computed using a
weighting by the cosine of latitude.

3. Results

ERAS trends during 1979-2022 are shown in Figure 1 as a function of calendar month (see the equivalent figure
for MERRA-2 in Figure S1 in Supporting Information S1). Three main areas of significant trends at the 95%
confidence level are detected for both datasets. The first one is the Arctic warming in the lower troposphere
present for all months throughout the year, with the strongest surface warming observed in October to February
(Figure 1a), consistent with Cohen et al. (2020). The second significant trend is observed during the summer
months from June to September in the lower stratosphere, characterized by a cooling between 100 hPa and 20 hPa
(Figure 1a), a slight acceleration of the easterlies in the middle stratosphere (10-20 hPa) (Figure 1b) and a
decrease in the stratospheric NAM (Figure 1c, see also the supporting information, in particular Figure S2 in
Supporting Information S1 for further details on these trends). The third and strongest significant trend is in
March, marked by a cooling up to —2.0 K per decade throughout the lower and middle stratosphere (Figure 1a), an
acceleration of the mid-latitude westerlies in both the stratosphere and troposphere (Figure 1b) and a positive
trend in the stratospheric and tropospheric NAM (Figure 1c). Opposite-signed trends occur in January as
compared to March: the stratosphere warms, the mid-latitude westerlies decelerate and the NAM decreases.
However, except at 10 hPa, January trends are not statistically significant at the 95% confidence level. This study
is dedicated to better understand the differing trends between mid-winter and early spring.

To identify potential time lags between stratospheric and tropospheric trends, Figure 2 shows trends at daily time
scales from December to April and between 1,000 hPa and 10 hPa. The warming trend of the stratosphere, the
higher geopotential height values and the negative NAM trend in January reach the largest values in the middle
stratosphere at 10 hPa (Figures 2a and 2b). January trends are preceded by positive trends in upward wave
propagation of wavenumbers 1 and 2 between mid-December and early January, the one in early January being
statistically significant at 99% (Figure 2c). The wave propagation trends start in the troposphere and reach the
stratosphere with a time-lag on the order of a week. The trend toward a decelerated polar vortex and a decreased
stratospheric NAM in January is only weakly significant and no significant impact in the troposphere is detected.
In mid-February, trends in Arctic temperature, Arctic geopotential height, NAM and mid-latitude zonal wind
change sign in the stratosphere, simultaneously with strong negative trends in upward propagating waves
(Figures 2a—2c¢). Between mid-February and mid-March, Arctic cooling and negative geopotential trends develop
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Figure 1. Trends from 1979 to 2022 as a function of the months of (a) zonally and latitudinally (70°N-90°N) averaged
temperature (units: K per decade), (b) zonally and latitudinally (40°N-70°N) averaged zonal wind (units: m s~! per decade)
and (c) Northern Annular Mode (units: normalized index per decade). Red and blue dots correspond to statistically significant
positive and negative trends, respectively, at the 95% confidence level (one-tailed test). Data: ERAS reanalysis at monthly
resolution.

in the lower stratosphere together with a positive NAM trend. In mid-March, the positive NAM trend is statis-
tically significant at 95% throughout the vertical column with normalized NAM index trend values reaching 0.3
per decade. The downward propagation signal of the NAM trend in February-March is reminiscent of the
composites of strong polar vortex events (Baldwin & Dunkerton, 2001; Gerber & Martineau, 2018).
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Figure 2. Trends from 1979 to 2022 between December and April of (a) polar cap zonally and latitudinally (70°N-90°N) averaged temperature (shading, units: K per
decade) and geopotential height (contours: 10 m per decade), (b) Northern Annular Mode (units: normalized index per decade), (c) latitudinally (50°N-70°N) averaged
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total vertical component of EP flux F, » for zonal wavenumbers m = 1, 2 (units: 10°m? s~2 Pa per decade), (d) nonlinear vertical component of EP flux (NL, see

Equation 6) for m = 1, 2, (e) linear vertical component of EP flux (LIN, see Equation 5) for m = 1, 2 and (f) linear vertical component of EP flux (LIN, see Equation 5) for
m = 1. Black contours in panels (c) to (f) show the latitudinally (50°N-70°N) averaged zonal wind trend (interval: 0.5 m s~! per decade). Thin and bold green contours

correspond to statistically significant patterns at the 95% and 99% level (one-tailed test), respectively. Data: ERAS at daily time scales.

The following chain of events is suggested by the results in Figures 2a—2c. Increased upward wave propagation in
late December leads to a deceleration of the stratospheric polar vortex in January. Such a deceleration of the
westerlies reduces or even prevents upward wave propagation, which in turn helps to restore the stratospheric
polar vortex by radiative cooling, inducing a positive NAM in the stratosphere and subsequently in the tropo-

sphere in early spring. This mechanism shows similarities with the one described in Rupp et al. (2023).

While the linear trend is significant, large interannual variability is present and not all winters show this chain of
events. As an example we show an analysis of the seven recent winters from 2015 to 2022 (Figures S3, S4 and S5
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in Supporting Information S1). Only two winters (2018-2019, 2020-2021) follow the scenario suggested by the
trend patterns. These two winters are characterized by sudden stratospheric warmings in early January. Two other
winters follow the opposite scenario with late stratospheric warmings in early March (2015-2016 and 2021-
2022). The other three winters (2016-2017, 2017-2018 and 2019-2020) do not show a clear relationship with the
trends. For instance, winter 2019-2020 exhibits a strong positive NAM phase all the way from early January to
mid-April (Figure S4 in Supporting Information S1). By removing winter 2019-2020 from the computation, the
NAM trend in March becomes weaker and less significant (at 90% confidence level), whereas the negative trend
in January grows stronger, making the opposite trends in January and March more symmetric (not shown).

To highlight interferences of trends with climatological waves, Figures 2c-2e show the total, NL and LIN
components of F),, respectively, for wavenumbers 1 and 2 (Equation 4). The positive trend in F), in January is
mainly explained by the linear component. The negative trend in February is also mainly due to the linear trend,
with the weaker nonlinear trend reinforcing the linear one. The linear trend for wavenumber 1 dominates that for
wavenumbers 1 and 2 (compare Figures 2e and 2f). Specifically, wavenumber 1 shows more upward wave
propagation between mid-December and early January and less upward wave propagation between mid-February
and early March. These results mean that the linear interference of wave-1 trend with wave-1 climatology ex-
plains the largest part of the trend in heat fluxes.

Constructive interference of the wave-1 trend with wave-1 climatology in December is obvious over the whole
atmospheric column in Figures 3e—3i and 3m. Near the surface it corresponds to a positive temperature trend
along a sector extending from Eastern Canada to the Barents-Kara sea, where the climatological wave-1 tem-
perature signal is positive, and a negative temperature trend from Central Siberia to Alaska, where the clima-
tological wave-1 temperature signal is negative. This pattern is associated with a significant warming trend over
Eastern Canada, the Hudson Bay and the Labrador sea and over the Barents-Kara seas region (Figure 3a). The
weak and not significant negative temperature trend over Siberia is reminiscent of the Warm Arctic-Cold
continent pattern (Overland et al., 2011; L. Sun et al., 2016).

In January, the wave-1 constructive interference diminishes mainly because the warming trend over eastern
Canada is reduced compared to December (Figures 3b—3f and 3j), even though the eddy heat flux is still positive
on average (Figure 3n). In February, the wave-1 trend and the wave-1 climatology destructively interfere as there
is no more warming trend over Eastern Canada and instead Eurasia tends to warm (Figures 3c—3g, 3k and 30). The
Eurasian warming is even more pronounced in March (Figures 3d—3h, 31 and 3p), consistent with J. Sun, Liu,
et al. (2022), and the wave-1 trend and climatology are out of phase.

To confirm the dynamical link between the different trends detected during the different months, it is worth
investigating interannual variability (Figure 4). The scatterplot of the normalized indices of the averaged Arctic
2 m temperature in December and the averaged Arctic stratospheric temperature in March (with opposite sign) is
shown in Figure 4a. There is a weak positive and non-significant correlation between the two indices (Table 1).
This weak connection is confirmed by regressing the 2 m temperature in December onto the polar vortex index in
March over the full 1979-2022 period (Figure 4e). The resulting map exhibits significant large-scale anomalies
over Eastern Canada (positive) and over Siberia (negative), but does not show significant anomalies in the Arctic,
in particular near the Barents-Kara sea regions.

The importance of the Canadian and Siberian anomalies is evidenced by composites of strong and weak polar
vortex in March during the more recent 2001-2022 period (red dots in Figure 4a) shown in Figures 4b—4d and 4f—
4h. The composite with strong polar vortex contains nine years, six of them being marked by a Sudden Strato-
spheric Warming (SSW) in January (2004, 2006, 2009, 2013, 2019, 2021) following the Charlton and Pol-
vani (2007) criterion. The composite shows a warm anomaly in eastern Canada and a cold anomaly over Eurasia
in the preceding December (Figure 4b). In contrast, the composite with weak polar vortex in March does not
contain any years with SSWs in January, but all include warmings (SSWs or final warmings) in March following
the Charlton and Polvani (2007) criterion (not shown). The latter composite shows a preceding cold anomaly over
Canada, and a warm anomaly over Eurasia (Figure 4f) whose pattern is mainly in opposite phase with the wave-1
climatology (Figure 4g). To conclude, the anomalous composite of wave-1 temperature in December construc-
tively (destructively) interferes with the wave-1 temperature climatology for strong (weak) polar vortex in March
leading to positive (negative) upward wave-1 heat fluxes in December as shown in Figure 4d (Figure 4h). The

RIVIERE ET AL.

6o0f 11

35U8217 suowIWoD aAIeal) a|geat|dde ay3 Ag peusenoh afe sapoie YO ‘asn Jo sajni Joj Akeiq 1 auljuQ AS|1/W UO (SUO N IPUOD-PUR-SLLLIB)I0D" AB| 1M AReiq 1|u 1 UO//:SANY) SUOIIIPUOD pue SWd | 8U) 89S [7202/TT/FT] uo AkeiqiauluQ A1 ‘@oueld auelyood Aq 9i260T 191202/620T 0T/I0p/wod A8 | 1m Ariq putuosgndnbe//sdny wolj pepeojumoqd ‘T ‘¥202 ‘200876T



. Ved N .
M\I Geophysical Research Letters 10.1029/2024GL109746
Dec Jan Feb Mar i il
a) b) ) d) 52

P

g - 45’”

o 3 9

o L]

- LD

e) f)

E \‘\ \‘\

o N \‘. i.\ ‘\‘.

g A d

o L é/” l" f’ll/ /"

3 v

pac P Lo

'_
— 10 10 ]

Il

£
EF
© 5100 100
N J T
R \ \
N 1000 \ 1000. 1000_~

N
rTmTrrrirrroroTTd rTrrrrrrororid rTrrrrrroroTTd

180° 120°W 60°W 0° 60°E 120°E 180° 180° 120°W 60°W 0° 60°E 120°E 180° 180° 120°W 60°W 0° 60°E 120°E 180° 180° 120°W 60°W 0° 60°E 120°E 180°

m? n) 10% m2 72 Pa / decade
10 [ B B B B B B B 0L 11 DTV YO s N B B B B B DT YO s T T B B AR B 10,0
5.4
42
3.0
18
100 | L 100 0.8
.6
1.8
.0
‘ 4.2

4
1000-§ B B B B B B o o o o o e e e e e 1000 100

180° 120°W 60°W 0° 60°E 120°E 180° 180° 120°W 60°W 0° 60°E 120°E 180° 180° 120°W 60°W 0° 60°E 120°E 180° 180° 120°W 60°W 0° 60°E 120°E 180°

Longitude Longitude Longitude Longitude

1

Pressure (hPa)
8
1
T
g
1
T

EP flux, lin, m

Figure 3. Trends from 1979 to 2022 for December to March (columns) of (a)—(d) 1,000 hPa temperature (shadings and red contours; interval: 0.8 K per decade), (e)—(h)
1,000 hPa temperature for wavenumber m = 1 (shadings; units: K per decade), (i)—(1) latitudinally averaged (50 N-70 N) geopotential height (shadings; units: m per
decade) and (m)—(p) latitudinal average (50 N-70 N) of the linear vertical component of EP flux F), for m = 1 (units: 10°m?s~2 Pa per decade). In (a)—(d), gray shading
corresponds to significance larger than 99% (one-tailed test). In (e)—(h), black contours represent the 1,000 hPa temperature climatology for wavenumber m = 1 (interval:
2 K) and the red circle denotes the 70°N latitude. In (i)—(1), black contours represent the latitudinally averaged (50 N-70 N) geopotential height climatology for
wavenumber m = 1 (interval: 100 m). Data: ERAS at monthly time scales.

time-lag composites for strong (weak) SPV in March follow a chain of events similar to the trends with same
(opposite) sign anomalies (see also Figures S6 and S7 in Supporting Information S1).

The correlation between wave-1 eddy heat fluxes at 100 hPa in December and the stratospheric polar vortex index
in March is equal to 0.60 during the recent 2001-2022 period and 0.45 over the full 1979-2022 period, both
correlations being statistically significant at the 99% level (see Table 1). We also compute three additional indexes
in December, one based on the average of the 2 m temperature over Eastern Canada, another based on the average
of the 2 m temperature over Eurasia and a third one by taking the differences between these two averaged
temperatures (see red boxes in Figure 4e). The correlations over the full 1979-2022 period between these indexes
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Figure 4. (a) Scatterplot of two normalized indices: the December 2 m temperature anomaly averaged between 70°N and 90°N (denoted as Index (Arctic, T2m)) and zero
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polar vortex (Index (SPV, T) in March greater than 0.5 standard deviations) and (f), (g), (h) weak polar vortex (Index (SPV, T) in March smaller than —0.5 standard
deviations) during the recent period 2001-2022: (b), (f) anomalous 1,000 hPa temperature, gray dots representing regions where panels (b) and (f) are significantly
distinct at the 99% confidence level following a two-sample two-tailed #-test, (c), (g) anomalous wave-1 1,000 hPa temperature (shadings) and climatological wave-1
1,000 hPa temperature (black contours; interval: 2 K), (d), (h) anomalous vertical component of Eliassen-Palm flux F), averaged between 50°N and 70°N. The strong
polar vortex composite in March is based on the following years: 2004, 2006, 2009, 2011, 2013, 2015, 2019, 2020, 2021 while the weak polar polar vortex composite in
March contains the following years: 2005, 2008, 2014, 2016, 2018, 2022. (e) Regression of December 2 m temperature on Index (SPV, T) in March. The red boxes over
Canada and Eurasia are used to compute indexes whose correlations with Index (SPV, T) are shown in Table 1. Data: ERAS5 at monthly time scales.

and that of the stratospheric polar vortex in March are 0.47, —0.45 and 0.57, which are significant at 99% con-
fidence level. This shows that it is not the intensity of the Arctic warming in December that matters for the
strength of the polar vortex in March but rather the opposite-signed temperature anomalies over Eastern Canada
and Siberia and their projection onto wave-1 climatology.

Z‘Z?rl:l:tion Coefficients Between Different Indices in December (Vertical) and March (Horizontal)

(1979-2022) (1979-2000) (2001-2022) Index (SPV, T) March Index (SPV, NAM) March
Temperature 2 m Arctic Dec 0.26 —0.06 0.20 0.15-0.12 0.14
Heat fluxes 100 hPa m = 1 Dec 0.45 0.29 0.60 0.44 0.33 0.51
Temperature 2 m Canada Dec 0.47 0.26 0.50 0.43 0.26 0.51
Temperature 2 m Eurasia Dec —0.45 -0.32 -0.48 —0.34 -0.28 -0.35
Temperature 2 m Canada-Eurasia Dec 0.57 0.44 0.57 0.48 0.40 0.49

Note. December indices are the 2 m temperature averaged in the Arctic (70°N-90°N) and the 100 hPa heat fluxes averaged
between 50°N and 80°N for wavenumber 1. The two March indices correspond to two estimations of the stratospheric polar
vortex intensity: one is equal to zero minus the temperature averaged between 10 and 50 hPa over the Arctic (70°N-90°N) and
denoted as Index (SPV, T) and the other is the 10 hPa NAM index and denoted as Index (SPV, NAM). Black, blue and red
correspond to the 1979-2022, 1979-2000 and 2001-2022 periods, respectively. Bold correlations are significant at 99% for a
one-tailed test.
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4. Conclusion and Discussion

Trends computed during the 1979-2022 period suggest that the following successive events in troposphere-
stratosphere interaction occurred more often in the two latest decades. The chain of events starts with anoma-
lous upward wave propagation for wavenumber 1 in December that leads to a deceleration of the SPV in January.
This deceleration prevents tropospheric waves from propagating into the stratosphere in February, as found after
SSW events (Hitchcock & Haynes, 2016), and supports a new acceleration of the SPV in March. The NAM
increase in the stratosphere tends to favor a NAM signal of the same sign in the troposphere (Baldwin & Dun-
kerton, 2001). The dynamical link between the opposite January and March trends, particularly obvious during
the recent 2018-2019 and 2020-2021 winters, is supported by the findings of Hauchecorne et al. (2022) who
showed a strong anticorrelation between the SPV intensities at 2—-3 month lags, in particular between January and
March.

However, the trends are only weakly statistically significant because of strong interannual variability. Some
recent winters, such as 2015-2016 or 2021-2022, were characterized by opposite signed patterns, while others do
not fully project onto the trend scenario. We showed that recent winters with strong (weak) SPV in March are
preceded by more (less) upward wave-1 propagation in December than usual due to constructive (destructive)
interference of the wave-1 anomaly with the wave-1 climatology. This constructive (destructive) interference in
December is associated with anomalous warming (cooling) over Eastern Canada and anomalous cooling
(warming) over Eurasia. The connection is supported by a positive and highly significant correlation between the
SPV intensity in March and the difference in averaged temperature between Eastern Canada and Siberia in
December. This link does not necessarily mean that surface temperature anomalies in December drive the SPV
fluctuations during the subsequent months. Our results rather show that wave-1 tropospheric anomalies in
December trigger the SPV fluctuations and surface anomalies could be just the signature of those tropospheric
anomalies.

These results show a potential for predictive skill of the March SPV intensity from the knowledge of the
December surface temperature patterns between Eastern Canada and Siberia, rather than from the December
Arctic temperature. We show that the Barents-Kara seas temperature, strong and positive across the latest period
of data, is not a good predictor for the March SPV. This is to be contrasted with the findings of J. Sun, Liu,
et al. (2022) who showed the influence of Barents-Kara sea ice anomalies in winter on extreme Eurasian heat
waves in spring.

Following the above results, one may wonder if there are changes in the behavior of final stratospheric warmings
(FSWs). Although, as already mentioned by Hauchecorne et al. (2022), no clear trend in the dates of FSWs is
detected, the latest period (2001-2022) contains 15 late FSW and 7 early FSW while the oldest period (1979—
2000) contains 10 late FSW and 12 early FSW, following the definition of FSW by Butler and Domeisen (2021).
There is thus a tendency for later FSWs in the most recent period. However, since the correlation between the
dates of FSWs and the NAM in March is only 0.3 over the whole period, the link between FSW and the trends in
the coupled stratospheric-tropospheric system is not straight-forward.

One may also wonder what is the impact of SSW events on the weakening trend of the SPV in January and in our
statistics in general. Since the earliest period (1979-2000) contains 2 SSWs and the latest period (2001-2022) 7
SSWs in January (not shown), this change in frequency certainly contributes to the general weakening trend of the
SPV during that month. However, the correlations of the surface temperature indices with the SPV index (Table 1)
do not change much when removing years with SSWs in January (not shown). Given the strong decadal vari-
ability in SSW occurrence (Domeisen, 2019; Reichler et al., 2012) and the limited number of SSWs events, the
role of SSWs in the chain of events between mid-winter and early spring highlighted in the present paper needs
further investigation.

One reason for the higher significance in the March trends with respect to the mid-winter trends lies in the fact
that, although the intensity of the two stratospheric temperature trends is comparable, the January standard de-
viation is higher. An additional explanation could be related to positive feedbacks of ozone loss in early spring
onto the intensity of the SPV (Friedel et al., 2022). Indeed, the presence of a strong SPV in early spring is
accompanied by strong ozone loss due to less ozone transport from the tropics and enhanced springtime
destruction of ozone favored by cold Arctic stratospheric conditions (Lawrence et al., 2020; Oehrlein et al., 2020).
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The lack of ozone inside the vortex leads to less solar absorption that reinforces the cold stratospheric temper-
atures and hence the SPV strength.

Emerging observational evidence of mid-to-high latitude surface warming patterns modulating stratospheric
variability (here and in Hamouda et al. (2024)) requires further investigation through tailored model experiments.
Based on our results and those of J. Sun, Liu, et al. (2022), we also encourage future studies to investigate the
predictive role played by mid-winter eddy heat fluxes and large-scale near-surface temperature anomalies on
early spring stratospheric and tropospheric circulations. Following the same approach as in Butler et al. (2016)
and Portal et al. (2022), it would be worth investigating the skill of seasonal forecast models initialized in mid-
winter in predicting the SPV in early spring. In particular, the ability of the models to represent alternations in sign
in eddy heat fluxes at 100 hPa and SPV intensities with 2-3 months lag would be of particular interest.

Data Availability Statement

ERADS reanalysis data is described in Hersbach et al. (2020) is available from the Copernicus Climate Data Store:
https://cds.climate.copernicus.eu (Hersbach et al., 2023).

MERRA-2 reanalysis data is described in Gelaro et al. (2017) and available via Global Modeling and Assimi-
lation Office, MERRA-2 inst3_3d_asm_Np: 3d, 3 Hourly, Instantaneous, Pressure-Level, Assimilation,
Assimilated Meteorological Fields V5.12.4, Greenbelt, MD, USA, Goddard Earth Sciences Data and Information
Services Center (GES DISC). It can be accessed here: https://doi.org/10.5067/QBZ6MG944HWO.
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