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21 Abstract

22 The role of the stratospheric state in regulating planetary wave activity during sudden
23 stratospheric warming (SSW) events and subsequent surface impacts is still not well
24 understood. Using multiple subseasonal-to-seasonal (S2S) forecast models from the
25  Stratospheric Nudging and Predictable Surface Impacts (SNAPSI) framework, we investigate
26  the 2019 Southern Hemisphere SSW through both free forecasts and stratospheric sensitivity
27  experiments. In the control and nudged experiments, the stratospheric state is constrained
28  toward the zonally symmetric circulation climatology and the observed real-time evolution,
29  respectively, allowing the stratospheric contribution to wave evolution and surface responses
30 to be isolated. Forecasts show that biases in planetary wave activity arise from different
31  processes during different stages of the event. In the early stage, underestimated tropospheric
32 forcing dominates the weak upward wave propagation. However, during the central stage,
33 upper-stratospheric wave activity biases are further regulated by the stratospheric state through
34 changes in the critical line. Moreover, the nudged stratosphere induced a weak but detectable
35  enhanced tropospheric favorable pattern. These results highlight that the stratosphere is not
36  only a passive responder to tropospheric wave forcing but also actively regulates planetary
37  wave evolution. Diagnosis of the three-dimensional wave activity flux (WAF) further reveals
38  azonally asymmetric downward stratospheric signal in early October, which is forecast in the
39  nudged minus control experiments but with a farther westward shift than observed. Models
40  tend to forecast an earlier than observed negative Southern Annular Mode (SAM)-like pattern
41  in the troposphere and stronger regional precipitation contrasts in the nudged minus control
42  experiments. Several models simulate significantly drier responses in eastern Australia
43  following the downward-propagating SAM in the nudged experiments, while the remaining
44  models show a more dominant role for the lower troposphere. In contrast, the near-surface
45  impacts over South America show large inter-model spread in the nudged experiments,

46  possibly due to the westward-biased forecasts of downward WAF in models.
47
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49 1 Introduction

50 Sudden stratospheric warming (SSW) events are the most intense disturbance in the polar
51  stratosphere, predominantly driven by anomalous upward propagation of planetary waves
52 (Baldwin and Dunkerton, 2001; Baldwin et al., 2021; Rao et al., 2018). The substantial heat
53 flux and easterly momentum transported by the wave activity from the lower atmosphere
54 accumulate to result in dramatic warming in the middle and upper polar stratosphere and even
55  reversal of zonal winds at 10 hPa and 60° latitude (U1060) (Butler et al., 2015; Butler and
56  Gerber, 2018; Chwat et al., 2022; Feng et al., 2025). In the Northern Hemisphere (NH), SSW
57  occurs 6 or 7 times every 10 years, with typical events leading to a rapid U1060 decline of 40-
58 50 m/s and a reversal (Charlton and Polvani, 2007; Rao et al., 2025). In the Southern
59  Hemisphere (SH), only one SSW event in the observational record (in 2002) led to the reversal
60 of U1060 (Allen et al., 2003; Newman and Nash, 2005; Rao et al., 2020b; Lim et al., 2021),
61  and another one in September 2019 led to a decline in U1060 of over 60 m/s but ultimately
62  failed to generate a wind reversal (only drops below the 20 m/s isotach) (Lim et al., 2021; Rao
63 et al.,, 2020b; Liu et al., 2022; Feng et al., 2025). Although the 2019 SH SSW event is
64  commonly classified as a “minor” SSW in literature, it is characterized by several unique
65  features and the subsequent impacts are far from “minor”. For example, the preconditioned
66  tropospheric wave forcing in 2019 showed the longest persistence on record, and the ozone
67  concentrations were also the highest (Noguchi et al., 2020; Shen et al., 2020; Jucker and Goyal,
68  2022; Ma et al., 2022). Exceptionally, the total U1060 deceleration in the 2019 SH SSW
69  exceeds most NH SSW events. Further, the 2019 SH SSW event also produced the strongest
70  negative phase of Southern Annular Mode (SAM) on record, which coupled downward to the
71  surface and persisted for over two months until the end of austral late spring (Lim et al., 2021;
72 Fengetal., 2025; Purich et al., 2026). Previous studies have demonstrated that such an extreme
73  and prolonged negative SAM event is associated with the extreme warming over Antarctica
74  and subsequent wildfire weather over Australia (Lim et al., 2019; Lim et al., 2021; Feng et al.,
75  2025).

76 Given the exceptionality of the 2019 SH SSW event, analyzing and predicting it using

77  model-based approaches has become the most practical and feasible strategy. Using the
3
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78  subseasonal to seasonal (S2S) database, Rao et al. (2020b) reported that the forecast window
79  of this event was about 18 days for some high skill models, longer than the average predictive
80  limit of 1-2 weeks for NH SSWs (Rao et al., 2019; Rao et al., 2020a). Certain precursor
81  conditions in mid-to-late 2019, such as the easterly phase of the quasi-biennial oscillation
82  (QBO), which eventually developed into the 2019/20 QBO disruption (Wang et al., 2023), and
83  apositive Indian Ocean Dipole (IOD), were favorable for the occurrence of this SH SSW event
84  (Raoetal., 2020b). However, some of these factors, such as the positive IOD and the moderate
85  central Pacific El Nifio, may also complicate the attribution of the downward impacts of this
86  SSW event (Cai et al., 2011; Liguori et al., 2022; Reddy et al., 2022). It remains uncertain
87  whether the surface impacts are causally forced from the stratosphere, and it is also unclear
88  whether model biases in the stratospheric state can degrade prediction of the dynamical
89  processes during the SSW events. .
90 To investigate the stratospheric role in the wave dynamics and attribute the surface
91 impacts to stratospheric disturbances, the Stratospheric Nudging And Predictable Surface
92  Impacts (SNAPSI) protocol was designed in 2022 (Hitchcock et al., 2022). The SNAPSI
93 protocol chooses three recent SSW events (2018 NH SSW, 2019 NH SSW, and 2019 SH SSW)
94  for case studies. Using zonally symmetric stratospheric nudging, the internally generated
95  planetary wave activity, which is crucial for stratosphere-troposphere coupling, is only weakly
96  constrained and remains largely free to evolve. Based on this technique, the protocol aims at
97  providing three basic experiments: free, control, and nudged. The free experiment refers to a
98  forecast without any artificial constraints or nudging. In the control and nudged experiments,
99  the stratosphere is nudged towards either the time-evolving reanalysis climatology or the actual
100  reanalysis evolution in 2019, respectively. The nudging is applied gradually starting at 90 hPa,
101  and the maximum amplitude is reached at and above 50 hPa. All three experiments contain
102 large ensembles, which helps to increase the statistical robustness and to isolate the
103 dynamically forced signals.
104 Benefiting from the SNAPSI protocol, several studies have provided valuable insight on
105  SSW events. For example, during the 2018 NH SSW event, improved representation of the

106  stratospheric state enhances forecasts of the persistent negative North Atlantic Oscillation
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107  (NAO) and subsequent extreme precipitation over the Iberian Peninsula (Dai et al., 2025; Lee
108 et al., 2025); however, nudging the stratosphere failed to improve the forecasts of the negative
109  Pacific/North American pattern (PNA), which mainly results from the weakness of simulating
110  mid-latitude dynamical processes and poor representation of the tropospheric precursors
111 (Huang et al., 2026). During the 2019 NH SSW event, stratospheric forcing degraded
112 midlatitude forecast skill, likely due to overestimated stratosphere-troposphere coupling and
113 insufficient representation of tropics-extratropics teleconnections in the troposphere (Lee et al.,
114 2025). In the 2019 SH case, nudging the zonal-mean stratosphere did not recover the full
115  strength of the observed downward negative SAM signal, and the polar vortex exhibited a
116  significant zonally asymmetric structure, which is demonstrated to be crucial for forecasting
117  the Australian hot and dry conditions (Feng et al., 2025; Seviour et al., 2026).

118 It is worth noting that, despite these SNAPSI-based studies on surface impacts, substantial
119  scope for further investigation still remains. For example, Ayarzagiiena et al. (2026) have
120  showed that the downward influence of the pre-SSW stratospheric state on wave activities is
121  relatively weak across the three SNAPSI cases. Although there were some hints of a relevant
122 modulation by the stratospheric state of the wave evolution during the 2019 SH SSW, this
123 modulation still remains insufficiently explored. Moreover, previous studies have mainly
124 identified the timing of surface impacts based on the downward propagation of the negative
125  SAM signal, which gives only a zonal mean perspective. Here, we provide a three-dimensional
126  perspective, suggesting that stratospheric influences on the surface weather may emerge earlier
127 through a zonally asymmetric process, or may emerge at some latitudes first (Garfinkel et al
128  2023). Given the rarity of SH SSWs, exploiting SNAPSI experiments to evaluate the forecast
129  performance of the 2019 SH SSW and diagnose its sources of bias is of great importance for
130 improving our understanding of SH SSW characteristics and advancing model prediction
131  capability. Therefore, in the following sections, we seek to answer the following questions:
132 How skillful are free-running SNAPSI models in capturing the 2019 SH SSW (Sect. 3)? How
133 well do the models represent the tropospheric wave forcing, and how was the wave activity
134 affected by the stratospheric state during the SSW event (Sect. 4)? Is there evidence of

135  stratospheric impacts on surface weather prior to the downward propagation of the negative
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136 SAM signal in early October 2019? (Sect. 5)? Section 2 describes the data and methodology
137 wused in this study. The last section gives the summary and discussion.

138
139 2 Data and Methodology

140 2.1 SNAPSI models and reanalysis

141 In the SNAPSI zonally symmetric nudging configuration, only the zonal-mean
142 temperature and zonal wind are relaxed toward the reference state. ERAS (Hersbach et al.,
143 2020) is the sole reanalysis dataset prescribed as the reference state for stratospheric nudging,
144  and the corresponding climatological reference is also derived from ERAS5 6-hour means over
145 1st July 1979 to 30 June 2019, rather than from a model climatology (Hitchcock et al., 2022).
146 Accordingly, the ERAS reanalysis from 1st July 1979 to 30 June 2019 are used as the baseline
147  to calculate the model biases in this study.

148 According to the SNAPSI experimental design, each case includes two initialization dates
149  with 45-day forecasts to capture both SSW evolution and subsequent surface impacts, as well
150  as to assess the benefit of reduced lead time. For the 2019 SH SSW, the lagged downward
151  propagation of the negative SAM signal exceeded one month (e.g. Lim et al., 2021), and the
152 second initialization (1 October) does not cover the SSW onset. We therefore use only the first
153  initialization (29 August) to study the SSW evolution forecasts, corresponding to a forecast
154  period from 29 August to 12 October 2019, with model output every 6 hours. Six SNAPSI
155  models are used in this study. They are from CNR-ISAC (GLOBO) (Mastrangelo and Malguzzi,
156  2019), ECMWF (IFS) (ECMWF, 2016), KMA(GloSea6-KMA) (Williams et al., 2015), Meteo-
157  France (CNRM-CM6-1) (Voldoire et al., 2019), SNU(GRIMs) (Koo et al., 2023), and UKMO
158  (GloSea6-UKMO) (MacLachlan et al., 2015). All models have a model top at or above 0.1 hPa
159  (except CNR-ISAC; its model top is 6.8 hPa) and an ensemble size of 50 members. Further
160  details can also be found in Lee et al. (2025).

161 2.2 Methods

162 2.2.1 Identification of 2019 SH SSW

163 It has been reported that the 2019 SH SSW did not lead to a reversal of U1060. However,

164  according to Rao et al. (2020b), the zonal-mean zonal wind at 10 hPa and 50°S reversed on 15
6
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165  September, which coincided with U1060 dropping below 20 m/s. Therefore, a looser SSW
166  definition is used in this study: the SSW onset is defined as the first time when U1060 falls
167  below 20 m/s, consistent with definitions widely used in previous studies.

168  2.2.2 Identification of tropospheric favorable pattern

169 Ayarzagiiena et al. (2026) have shown that the favorable wave source during this SSW
170  occurred at the location of the climatological WN1 pattern (ridge, 45°S—75°S, 60°W—-160°W;
171  and trough, 45°S-75°S, 20°E-120°E), as alignment of an anomalous wave with climatology
172 can lead to constructive wave interference and enhancement of wave activity (Smith and
173 Kushner, 2012). Here, we follow this definition. The favorable pattern strength is obtained by
174 calculating the absolute value of 500 hPa geopotential height anomaly within the climatological
175  WNI ridge and trough regions separately and then average the two values. For the models, the
176  anomalies are also calculated relative to the daily-mean ERAS reanalysis climatology.

177  2.2.3 Wave activity analysis

178 The Eliassen-Palm flux (EPF, F) (Edmon et al., 1980) (Equation 1) is related to the group
179  speed of planetary waves, which can represent the propagation of the wave packet.
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182  In the formulas, a, f, ¢ are the Earth radius, Coriolis parameter, and latitude, respectively.
183  u,v, 8 are zonal wind, meridional wind, and potential temperature, respectively. The overbar
184  and superscript apostrophe denote the zonal mean and the deviation from the zonal mean,

185  respectively. The subscript p represents the partial derivative with respect to pressure. When
186  plotted, F(y) and F) are scaled by dividing by ma and 10° Pa, respectively. V-F

187  (Equation 2) is multiplied by 86400 to convert its unit to m s d*.
188 To obtain a more comprehensive view of wave activity diagnostics, Plumb (1985) derived

189  athree-dimensional formulation of the wave activity flux (WAF, W) (Equations 5, 6).
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192 In the formulas, p,=1000 hPa, k = 0.286. 02,4, H,$,T are the Earth’s angular velocity,
193 longitude, height scale, geopotential, and air temperature, respectively. All other symbols are
194  standard.

195 The refractive index (RI, n2) (Weinberger et al., 2021) (Equations 7, 8) is widely used to
196  characterize the background for wave propagation, with waves tending to refract from negative

197  toward positive regions.

% 52 f2
198 2 =< —
" T au a%cos? @ 4N2HZ’ @
199 9 %(ﬁcos‘/’) af? 9 (p, 0u
%zZ!)cosq)——————(——). (8)
dp acosg@ po 0z \NZ2 0z

200  In the formulas, s,N,p, are the zonal wavenumber, buoyancy frequency, and air density,
201  respectively. In particular, § (Equation 8) is the zonal-mean quasi-geostrophic potential
202  vorticity, and the subscript ¢ represents the meridional derivative. All other symbols follow
203  the definitions given above.

204
205 3 SNAPSI forecast of the 2019 SH SSW

206 3.1 A brief review of the 2019 SH SSW

207 The SH stratospheric polar vortex was already in a weaker-than-normal state during June-
208  August 2019. It is seen from the reanalysis that at the forecast initial time (29 August), the
209  climatological U1060 is around 90 m/s, which is 20 m/s stronger than the speed in 2019 (Fig.
210 1i). During the 2019 SSW, U1060 experienced three intermittent decreases between 29 August
211  and 18 September, dropping below 20 m/s on 15 September (defined as the SSW onset date).

212 The total deceleration during this period reached about 60 m/s, with a minimum zonal wind of
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213 approximately 10 m/s occurring around 17-18 September. Compared with the major SSW in
214 2002 (dark gray line in Fig. 1i), the total weakening of U1060 is comparable, but the 2019
215  event was markedly more gradual, with the 60 m/s reduction occurring over a period of about
216 21 days, approximately twice as long as in 2002 (11 days) (Fig. 1i). After 18 September 2019,
217 U1060 partially recovered and subsequently fluctuated around 20 m/s for the rest of the forecast
218  period. Based on the characteristics of the 2019 SH SSW and existing reports in literature, the
219  forecast period is divided into three segments: a central period centered on the onset date and
220  the corresponding early and late periods (see caption in Fig. 1a), in order to provide a more
221  comprehensive assessment of the model’s performance in forecasting this event.

222 3.2 Free prediction and biases of the 2019 SH SSW

223 Figure la-f presents the evolution of the U1060 surrounding the 2019 SH SSW in all
224 ensemble members from the free run (gray dashed curves) and the corresponding ensemble
225  means (red curves) for each model. Based on the ensemble mean, at least two models (CNR-
226  ISAC and SNU) failed to forecast this SSW, as their ensemble means do not decrease to below
227 20 m/s throughout the entire forecast period. In addition, although the UKMO model forecasts
228  the zonal wind at ~20 m/s around 1 October, the SSW onset is delayed by two weeks and occurs
229  at the end of the forecast period. The ensemble mean of ECMWF shows the highest skill of
230  forecasting the SSW, while all other models soon begin to deviate markedly from ERAS5 one
231  week after initialization, consistently underestimating the magnitude of westerly weakening.
232 This bias may be related to an underestimation of the upward propagation of waves which will
233 be investigated in the next section.

234 In addition to a qualitative assessment, we further provide a quantitative evaluation of
235  model forecast performance. The SSW hit ratio is a key probabilistic metric for ensemble
236  forecast evaluation, defined as the fraction of ensemble members that successfully capture the
237  occurrence of an SSW. Only the first instance of U1060 < 20 m/s is counted for each member.
238  This metric can be computed either over the full forecast period or restricted to the central
239  period (Rao et al., 2019; Ayarzagiiena et al., 2026). Under a stricter definition, only forecasts
240  that capture the SSW within the central period are considered successful. Hits occurring outside

241  this window, including those during the early and late periods, are classified as false alarms,
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242  indicating forecasts issued at physically implausible times and thus lacking practical predictive
243 value (Taguchi, 2016). Fig. 1g shows the hit ratios for each model across different periods.
244  ECMWE, KMA, and Meteo-France exhibit substantially higher SSW hit ratios than the other
245  models, reaching approximately 40%, with ECMWF achieving the highest value, close to 50%.
246  In contrast, the hit rate of SNU is below 10%, while CNR-ISAC fails to capture any SSW
247  events. In terms of the false alarm ratio, the three models with higher SSW hit ratios also exhibit
248  higher false alarm ratios, generally exceeding 50%. The sum of the SSW hit ratio and the false
249  alarmratio is close to 100%, indicating that nearly all ensemble members eventually experience
250  a substantial weakening of zonal-mean zonal winds in those models. Furthermore, among the
251  false alarms, only a few members from ECMWF and UKMO issue earlier alarms during the
252 early period, while all models generally tend to predict later alarms during the late period. For
253 the three lower skill models, CNR-ISAC nearly misses SSW events, while SNU and UKMO
254  forecast SSWs too late rather than lacking the ability to capture SSWs.

255 The ensemble-mean model biases are mainly concentrated in the central period for most
256  models except Meteo-France, which show a bias peak in the late period (Fig. 1h). For the
257  higher-performing models (ECMWF, KMA, and Météo-France), the relatively high SSW hit
258  ratios are associated with a combination of low ensemble-mean biases and small ensemble
259  spreads. Comparing biases among models during the later period, ECMWF and Meteo-France
260  exhibit negative values, indicating an overly stronger deceleration of the westerly winds. In
261 ECMWEFE, the ensemble spread during the late period exceeds the mean bias amplitude, which
262  is only weakly too slow compared to reanalysis for the remainder of the forecast (Fig. 1b). In
263  contrast, Meteo-France exhibits the largest negative bias during the later period among all
264  models, which is also the largest bias among the three forecast periods. The ensemble spread
265  in Meteo-France is generally smaller than the mean bias magnitude, implying that the model
266  systematically fails to simulate the westerly recovery and tends to forecast a premature

267  breakdown of the polar vortex.

10
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Figure 1. (a-f) Forecasts of U1060 in free runs for six SNAPSI models with ERAS shown
in the black curve. The gray curves are all members, and the red curve is the ensemble mean.
The horizontal and vertical dashed lines denote the 20 m/s value and the SSW onset date,
respectively. The SSW central period is shaded in gray (12-18 September), while the
preceding and subsequent forecast days are defined as the earlier (29 August-11 September)
and later (19 September-12 October) periods, respectively. (g) SSW hit ratios during three

periods in the free runs. An SSW hit refers to an ensemble member predicting U1060 below
20 m/s in the given period. The hit ratios in the central period (+3 days; real hit) are shown

in red bars, whereas those in earlier and later periods (false alarms) are displayed in light and
dark bars, respectively. (h) Ensemble mean biases of U1060 during three periods in the free
runs. Error bars indicate one inter-member standard deviation (i.e., ensemble spread). (i)
Observed U1060 evolutions from September-October during 1979-2019, displayed in light
gray curves. The climatology is shown in green. The 2002 and 2019 SH SSW events are
highlighted in dark gray and black, respectively.
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268 4 Forecast of the dynamical processes and the role of the stratospheric state

269 4.1 Tropospheric forcing and wave propagation biases in free experiments

270 Previous studies have suggested that the occurrence of the 2019 SSW was mainly driven
271 by enhanced tropospheric WNI1 forcing. Therefore, we examine how biases in the
272 representation of wave activity evolution are associated with the forecast biases of this SSW.
273 Fig. 2a—f shows the biases of each free experiment relative to ERAS, while Fig. 2g presents the
274  vertical-temporal evolution of the WN1 Eliassen-Palm flux (EPF) vertical component and the
275  60°S zonal-mean zonal wind in ERAS. Fig. 2h also shows the temporal evolution of the 500
276  hPa favorable pattern intensity in observations and free runs, representing the tropospheric
277  wave forcing. The temporal evolution of the ensemble correlation coefficients between the
278  favorable pattern intensity and the 100 hPa eddy heat flux three days later in each model are
279  also shown in Fig. 2i, which characterizes the response of the lower stratospheric upward wave
280  flux to tropospheric wave forcing.

281 Reanalysis shows that the strongest tropospheric wave activity occurred during the early
282  period (29 August—11 September) (Fig. 2g), which generally coincides with the peak intensity
283  of the 500 hPa favorable pattern (Fig. 2h). During this period, the strong upward propagating
284  wave activity extended from the troposphere to ~100 hPa and further into the upper stratosphere.
285  Around the SSW onset (central period, 12—18 September), the upper stratospheric westerlies
286  weakened and reversed to easterlies. Meanwhile, wave dissipation mainly occurred in the
287  middle stratosphere (as shown later in Fig. 3g). After this period, the 500 hPa favorable pattern
288  was no longer maintained and temporarily disappeared (Fig. 2h). Although some intermittent
289  upward wave propagation still occurred in the troposphere, its magnitude was much weaker
290  than the peak during the early period.

291 SNAPSI models can generally reproduce the intensity of the 500 hPa favorable pattern in
292  the early and central periods (except for CNR-ISAC and SNU). During the late period (after
293 19 September), the observed favorable pattern temporarily reversed. However, the simulated
294  favorable pattern intensity in the models generally disappeared (i.e., the amplitude became
295  near-zero), indicating that the models struggled to reproduce the observed temporal evolution

296  of the tropospheric forcing after the SSW event. Throughout the forecast period, the 100 hPa
12
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297  eddy heat flux showed strong consistency with the 500 hPa wave forcing, with correlation
298  coefficients >0.5. This relationship was maximum during the central period, with correlations
299  ~0.8, and there is little spread across models, showing that all models show large sensitivity of
300 the lower stratospheric upward wave flux to tropospheric wave forcing during this event.

301 The vertical-temporal evolution of vertical wave activity biases in models can be divided
302  into the same three periods. During the early period, all models exhibited too-weak upward
303  wave propagation throughout the stratosphere, probably due to their too-weak favorable pattern
304  (Fig. 2h). Among them, CNR-ISAC and SNU showed the largest biases, consistent with their
305  stronger zonal wind biases, as the westerly biases in the models are often associated with too-
306  weak upward EPF biases. During the late period, the observed EPF experienced a short-term
307  reversal in its upward propagation. Models failed to capture this reversal of favorable pattern
308  (Fig. 2h), resulting in too-strong upward EP flux biases during this period. Subsequently, as the
309  observed favorable pattern recovered in the late period, the pattern intensity in models already
310  disappeared, leading again to too-weak upward propagation biases.

311 During the early and late periods, the evolution of wave activity in models are roughly
312 consistent between lower and upper levels. Specifically, weakened (enhanced) lower
313  stratospheric wave forcing was generally accompanied by weakened (enhanced) upward wave
314  propagation in the upper stratosphere. However, during the central period, the distribution of
315  wave activity biases exhibited a different structure: weakened upward propagation biases near
316 the tropopause coexisted with enhanced upward propagation biases in the upper stratosphere.
317  As the models that best simulated the SSW evolution, ECMWF, KMA, and Meteo-France
318  simulated a brief enhancement of the favorable pattern around 10 September, but the magnitude
319  of this enhanced wave forcing was too small and the duration was too short. The associated
320  strong upward propagation occurs mainly during 12—14 September in these models, which
321  cannot fully explain the persistent strong upward EPF biases in the upper stratosphere
322 throughout the central period. Moreover, although CNR-ISAC and SNU forecast consistently
323  too-weak wave activity before the central period in the lower stratosphere, they still produce
324  strong upward EPF biases in the upper stratosphere during the central period.

325 This evidence suggests that the development of too-strong upper stratospheric EPF biases

13



https://doi.org/10.5194/egusphere-2026-4971
Preprint. Discussion started: 8 September 2026
(© Author(s) 2026. CC BY 4.0 License.

EGUsphere\

326  during the central period was not solely related to tropospheric wave forcing; instead, the
327  stratospheric background state also played an important role in regulating upper stratospheric
328  wave propagation. We explore this possibility in the next section.
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Figure 2. (a-f) Forecast biases of vertical component of wavenumber 1 (WN1) EPF
(shading) averaged over 45°S—75°S and zonal mean zonal wind at 60°S (contour; interval 5
m/s) in free runs. Dots show biases at the 95% confidence level according to the z-test. (g)
Observed vertical component of WN1 EPF (shading; the positive value means upward wave
propagation) and zonal mean zonal wind at 60°S (contour; interval 5 m/s) in ERAS. (h)
Strength of 500 hPa favorable pattern (absolute anomalies averaged within the red and blue
boxes in Fig. 4) in ERAS and free runs. (i) Inter-ensemble correlations between 500 hPa
favorable pattern strength and 3-day lagged 100hPa eddy heat flux averaged over 45°S—75°S
in free runs.
329
330 4.2 Stratospheric control on wave propagation during the SSW
331 To better illustrate how the stratospheric state affects the propagation of planetary waves
332 in the upper stratosphere, we compare the early period (Fig. 3a—d) and central period (Fig. 3e—
333 h). The EP flux and the zonal wind in ERAS5 and the biases of the corresponding free multi-
334 model mean (MMM) are shown in the left column of Fig. 3, which are used to investigate the
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335  role of wave breaking in decelerating the zonal wind and to evaluate model performance. The
336  observed refractive index (RI) and the RI from the free MMM are presented in the right column,
337  which are used to examine how the background mean flow regulates wave propagation.

338 During the early period (Fig. 3a—d), low-latitude middle stratospheric easterly winds
339  extended poleward (Fig. 3¢). As a result, the dynamical barrier, represented by the critical line
340 (0 m/s), remained around 45°S. Therefore, the EPF convergence region was mainly
341  concentrated in the middle-to-upper stratosphere poleward of 45°S. During the same period,
342  the models exhibited weaker EPF convergence in the middle-to-upper stratosphere (Fig. 3a).
343 Origin of this bias can be primarily attributed to insufficient tropospheric wave forcing, since
344  the horizontal wave propagation is relatively weak in the middle-to-upper stratosphere (see Fig.
345  S1 in the Supplement).

346 During the central period (Fig. 3e-h), the tropospheric wave forcing had already
347  weakened substantially (Fig. 2h; Fig. 3g), but enhanced waves continued to propagate upward
348 in ERAS. The polar vortex reached its weakest state (Fig. 2g), and the jet core shifted
349  downward to the region between 20—50 hPa (Fig. 3g). Consequently, the critical line continued
350  to move poleward and temporarily arrived at 70°S near the stratopause. Meanwhile, almost the
351 entire midlatitude stratosphere was occupied by negative RI values (Fig. 3h). Such a
352  background state became unfavorable for wave propagation into the upper stratosphere,
353  causing the center of EPF convergence at polar latitudes to shift downward into the middle
354  stratosphere.

355 In contrast, in models, persistent too weak tropospheric wave forcing resulted in
356 insufficient weakening of the polar jet (Fig. 3e). Therefore, the simulated jet core showed little
357 downward displacement during the central period and remained near 10-20 hPa. This
358  prevented the critical line from extending further poleward, with its maximum poleward extent
359  reaching only ~ 50°S at the stratopause. Consequently, although the EPF entering the
360  stratosphere was consistently weaker than in ERAS5, the models still maintained relatively
361  strong upward wave propagation into the upper stratosphere. This explains the strong EPF
362  convergence biases near the stratopause and the weak convergence biases in the middle

363  stratosphere in the MMM. The shift of the observed EPF convergence center between these
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364  two periods, together with the corresponding changes in model biases, demonstrates the

365  stratospheric control on upper-level wave activity.

30
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Figure 3. (a) Multi-model multi-ensemble mean (MMM) biases of WN1 EPF (vector), EPF
divergence (shading), and zonal mean zonal wind (contour; interval 2.5 m/s) in free runs
during the early period (29 August-11 September). Dots show difference at the 95%
confidence level, based on the t-test. (b) MMM of WNI1 refractive index (RI) (shading) and
zonal mean zonal wind (contour; interval 5 m/s) in free runs during the early period (29
August-11 September). The hatched shading indicates the negative sign consistency of
ensemble members over 90%. (¢) Observed WN1 EPF, EPF divergence (shading), and zonal
mean zonal wind (contour; interval 5 m/s) in ERAS during the early period. (d) Observed
WNI RI (shading), and zonal mean zonal wind (contour; interval 5 m/s) in ERAS during the

early period. (e-h) as in (a-d), but for the central period (12—18 September).

366
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367 4.3 Stratospheric influence on the tropospheric favorable pattern

368 The previous sections have systematically examined the statistical and dynamical
369  characteristics of model forecast biases during this SSW event and identified the mechanisms
370  responsible for wave activity biases during different periods. In particular, it is emphasized that
371  the stratospheric background state can regulate upper stratospheric wave propagation. Here,
372 we further ask whether changes in the stratospheric state can also influence the tropospheric
373  favorable pattern and the subsequent upward wave propagation. To address this question, we
374  use the SNAPSI nudged and control experiments, in which the stratospheric zonal wind and
375  temperature above 90 hPa are constrained toward the observed and climatological states,
376  respectively. The difference between these two experiments is therefore used to isolate the
377  influence of the weakened stratospheric state. Figure 4a shows the vertical-temporal evolution
378  of the difference in the vertical component of WN1 EPF. Figure 4c—d presents the weekly
379  evolution of the 500 hPa geopotential height differences, while Fig. 4f-h shows the
380  corresponding ERAS 500 hPa geopotential height anomalies for comparison.

381 ERAS shows that the 500 hPa favorable pattern persisted from the beginning of the
382  forecast period until the end of the central period (Fig. 4f-h). This pattern consisted of a positive
383  geopotential height anomaly west of the Antarctic Peninsula and a negative anomaly over the
384  southern Indian Ocean, superimposed on the climatological WNI1 pattern, and this favorable
385  pattern was also reasonably reproduced in the control runs (Fig. 4c—e, contour). Small
386  differences in the nudged minus control geopotential height anomalies during the first forecast
387  week (29 August—4 September; Fig. 4c, shading) indicate that the stratospheric influence was
388  weak and slightly unfavorable for the development of the favorable pattern. In the following
389  two weeks, however, as the polar vortex continued weakening, the positive anomaly west of
390  the Antarctic Peninsula gradually intensified, while the negative anomaly over the southern
391  Indian Ocean also strengthened but shifted away from the climatological trough.

392 Overall, during the first forecast week, there were enhanced upward EPF above 90 hPa in
393  nudged minus control runs (Fig. 4a), but this enhancement was not linked with the tropospheric
394  wave forcing. The favorable wave pattern did intensify with the weakening of the polar vortex.

395  However, this enhancement occurred only after the first forecast week, and the magnitude of
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396  the pattern intensification induced by the polar vortex weakening was relatively small,

397  accounting for only 10-20% of the observed amplitude. The EPF differences below 90 hPa

398  (Fig. 4a) also show enhanced upward wave propagation after the first forecast week, consistent

399  with the changes in the tropospheric favorable pattern, which supports the arguments presented

400  in Section 4.3. However, because the stratosphere above 90 hPa was directly constrained in the

401 nudged and control experiments, the EPF differences in this region do not represent the

402  response of the zonal wind to wave activity. Instead, they reflect how wave propagation adjusts

403  to the prescribed background state. Thus, under the weakened prescribed stratospheric state,

404  upward wave propagation above 90 hPa was suppressed in the nudged runs, reflecting the

405  adjustment of wave propagation to the modified mean flow.
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Figure 4. (a) MMM difference of vertical component of WN1 EPF (shading) and zonal mean
zonal wind at 60°S (contour; interval 10 m/s) between nudged and control runs. Dots show
difference at the 95% confidence level, based on the t-test. (b) same as Fig. 2g, shown here
for reference. (c-e) MMM differences of 500 hPa geopotential height (shading) between
nudged and control runs and MMM eddy geopotential height field in control runs (contour;
interval: 40 gpm) during three forecast periods. Dots show difference at the 95% confidence
level, based on the #-test. (f-h) Observed 500 hPa geopotential height anomalies (shading)
and climatological eddy geopotential height field (contour; interval: 40 gpm) in ERAS during

the same periods. The red and blue boxes indicate the regions used to define the favorable

pattern (ridge, 45°S-75°S, 60°W—-160°W; and trough, 45°S—75°S, 20°E-120°E).

406

407 5 Impact of the 2019 SH SSW event on surface forecasts

408 5.1 Downward propagation of zonally asymmetric stratospheric signals

409 Shortly after SSW onset, U1060 experienced a modest recovery to around 25 m/s, but
410  then dropped to below 20 m/s again on 3 October (Fig. 1i). The weak westerly winds are far
411  below the climatological state, indicating a sustained weakening of the stratospheric polar
412  vortex and the early onset of the stratospheric final warming. Existing studies have used the
413 Southern Annular Mode (SAM) to determine whether stratospheric disturbances propagate
414  downward (Rao et al. 2020b; Lim et al. 2021; Feng et al. 2025). The downward impact of the
415 2019 SH SSW has been estimated to occur around 18 October, far beyond the forecast period
416  considered in this study (29 August—12 October) (Feng et al. 2025). However, using three-
417  dimensional wave activity flux (WAF) diagnostics, we have already identified evidence of a
418  downward-propagating signal with clear zonal asymmetry since 3 October.

419 Figure 5 shows wave activity flux (WAF) for WN 1-3 and eddy geopotential height
420  averaged over 45°S—75°S for different time periods. From the initial time to 2 October (Fig.
421  5a), the tropospheric wave source exhibits a relatively symmetric WNI structure, and a
422 coherent upward-propagating pathway above 500 hPa is mainly confined to 60°W—-180°W,

423 where an anomalous high develops over the Antarctic Peninsula. This is consistent with
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previous studies highlighting the importance of the Antarctic Peninsula high in enhancing
upward eddy heat flux (e.g., Rea et al., 2024). From the lower troposphere to the middle
stratosphere, the height ridge and trough show a clear westward tilt with height, indicating a
canonical upward-propagating Rossby wave structure.

After 3 October (Fig. 5b), upward wave activity persists over the Western Hemisphere
troposphere, while downward-propagating waves appear in the lower stratosphere over the
southern Atlantic Ocean when the weakened polar low extends downward. At the end of the
forecast period (Fig. 5c—d), the Antarctic Peninsula tropospheric high gradually weakens, and
its associated upward wave activity is further reduced. Meanwhile, as stratospheric westerlies
continue to weaken, most upward-propagating planetary waves are refracted near the
tropopause. The refracted waves converge in the 0°-60°W sector (southern Atlantic Ocean),
where it merges with wave flux descending from the stratosphere, forming a coherent
downward-propagating wave activity. This process leads to an eastward-tilted vertical structure
of troughs extending into the lower troposphere, consistent with the typical Rossby wave
downward propagation or refraction process (Kodera et al., 2008). These results imply that a
zonally asymmetric downward-propagating wave process already emerges during 3-12

October, but it remains weak and is strongly confined to the southern Atlantic Ocean sector.
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Figure 5. (a) Observed WAF (vector; units: m%s?) by WN 1-3 and eddy potential height
(shading; units: gpm) averaged within 45°S-75°S from 29 August to 2 October from ERAS.
(b-c) As in (a), but for the time evolutions during the rest of three forecast periods (3-12

October).
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442 5.2 Stratospheric role to the tropospheric forecast

443 Figure 6g shows the observed 500 hPa geopotential height anomalies (major plot;
444  shading), the climatological ridges and troughs (major plot; contours) and the vertical
445  component of the 100 hPa WAF (minor plot) averaged during 3—12 October. The corresponding
446 nudged minus control differences, representing the isolated impact of stratospheric
447  perturbations, are also shown in Fig. 6a-f. Two climatological ridges are located over southern
448  Africa and southern South America in ERAS, respectively, with the latter being stronger,
449  reaching a maximum of about 90 gpm and extending westward to the west of New Zealand
450  (Fig. 6g). Pronounced downward wave activity is observed in the lower stratosphere over 0°—
451  60°W, while upward wave activity appears over 120°W—180°W (see also Fig. 5). These
452  correspond respectively to an anomalous low in the Atlantic sector and an anomalous high in
453  the Pacific sector. Both anomaly centers are superimposed near the climatological ridge over
454  southern South America. In midlatitudes, high anomalies are also present over southern Africa,
455  Australia, and central South America. The highs over southern Africa and central South
456  America are likewise superimposed near the corresponding climatological ridges.

457 In the control experiments (Fig. 6a—f, contours), CNR-ISAC forecasts a markedly
458  different eddy geopotential height pattern from other models, characterized by an overly strong
459  high extending from southern South America westward and equatorward. This high contains
460  three distinct centers located over southern South America, the subtropical South Pacific, and
461  southern Australia, respectively. In addition, the southern Africa high is substantially weaker
462  than its observed climatology. In contrast, the remaining five models reasonably reproduce the
463  observed double-ridge structure and its overall amplitude. SNU shows a northward-biased and
464  overestimated southern South American ridge with an elusive minor center exceeding 50 gpm.
465  Three models (ECMWF, KMA, and Meteo-France) forecast a too strong high (~10 gpm) over
466  Australia in the control runs.

467 In the nudged minus control differences, models consistently produce a negative SAM-
468 like response, characterized by positive geopotential height anomalies over the Antarctic and
469  negative anomalies in the SH midlatitudes. This phenomenon is consistent with previous

470  studies, which have shown that stratospheric signals emerge earlier at high latitudes and exhibit
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471  a more zonally symmetric structure over Antarctica (e.g., Garfinkel et al., 2023). The vertical
472 component of the 100 hPa wave activity flux indicates that the stratospheric wave perturbations
473  are forecast farther westward by approximately 60° longitude relative to observations with an
474  underestimated amplitude. The corresponding geopotential height response shows a low
475  anomaly center over 45°S—75°S, 60°W—-120°W and a high anomaly center over 60°S—75°S,
476  0°-120°E. Five of the six models except CNR-ISAC forecast the low anomalies over 60°W—
477  120°W, nearly collocated with the ridge over southern South America in the control runs. This
478  suggests that stratospheric perturbations primarily act to weaken this ridge in the nudged runs,
479  and the westward strengthening of the ridge is relatively weaker than observed. Over Australia,
480  these five models capture a meridional dipole structure characterized by a trough to the south
481  and a ridge to the north. This pattern has been linked to reduced precipitation over eastern
482  Australia during late October (Gibson et al., 2017; Henderson et al., 2024). Models with the
483  stratospheric contribution forecast this dipole pattern too early before it appears in the
484  observations, and this may also be associated with the overestimation of the downward

485  coupling by S2S models (Garfinkel et al. 2025).

22



https://doi.org/10.5194/egusphere-2026-4971
Preprint. Discussion started: 8 September 2026 G
© Author(s) 2026. CC BY 4.0 License. E U Sp here

(a) CNR ISAC (b) ECMWF
EQ — — EQT-

0° 60°E  120°E 180°  120°W  60°W 00 00 60°E  120°E 180°  120°W  60°W

(gpm)

-60 -50 -40 -30 -20 -10 -5 0 5 10 20 30 40 50 60

(10% m? s?)
T v T . . { [C e e . I
60°E 120°E 180° 120°W 60°W 0° 6 54 -3 -2 -1 0 1 2 3 4 5 6

Figure 6. (a-f) Difference of 500 hPa geopotential height (major plot; shading) and vertical
component of WN1-3 WAF (minor plot; shading) at 100 hPa between nudged and control
runs during 3-12 October. Dots show difference at the 95% confidence level based on the t-
test. The 500 hPa eddy geopotential height in the control runs (major plot; contour; interval
20 gpm) are highlighted in red (positive) and blue (negative), respectively. (g) ERAS 500
hPa geopotential height anomalies (major plot; shading) and vertical component of WN1-3
WAF (minor plot; shading) at 100 hPa during 3-12 October. The climatological ridges and

troughs at 500 hPa are in solid (positive) and dashed (negative) contours, respectively.

486

487 5.3 Forecast skill of precipitation attributed to the stratospheric signals

488 Figure 7 shows observed precipitation anomalies and the nudged minus control run
489  differences for the SNAPSI models. Two focused regions are highlighted in orange boxes,

490  ecastern Australia (EA) and South America (SA). Both EA and SA witnessed negative
23
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491  precipitation anomalies after the SSW onset (Fig.7g). In EA, the mean rainfall anomaly is
492  approximately —0.3 mm/day, with maximum anomaly center near Brisbane, approaching —1
493  mm/day. In SA, the drought is more widespread and more intense, with the anomaly magnitude
494  exceeding 1 mm/day in most of the region and reaching 1.5 mm/day in some spots. Such
495  drought conditions are closely linked to the circulation patterns (Fig. 6g). Although a weak low
496  pressure anomaly center appears over eastern EA, most of EA is predominantly controlled by
497  abroad high pressure circulation, which suppresses precipitation. In central SA, an anomalous
498  high disrupts the Amazon moisture inflow pathway. Over southern SA, an anomalous high
499  enhances the climatological ridge to the west of SA, while the downward-propagating
500  stratospheric low weakens the eastern flank of the climatological ridge; this dipole establishes
501  ameridional flow corridor that allows dry air to move inland from high latitudes.

502 Out of SNAPSI models, three (ECMWF, KMA, and UKMO) simulate evident negative
503  precipitation contributions from the stratosphere over EA. These three models show higher
504  skill of forecasting the EA northern ridge — southern trough dipole under nudged conditions,
505  which is reported favorable for EA’s drought conditions in late spring (Feng et al., 2025),
506  although this pattern was not yet clearly established in ERAS during early October. These
507  models also exhibit better consistency for the stratospheric forcing, tropospheric circulation
508  anomaly structure, and rainfall response. Two models (SNU and UKMO) forecast significant
509  but limited negative precipitation anomalies over SA. This can be possibly attributed to two
510  factors: On one hand, the downward-propagating low anomaly center is forecast too westward
511  (Fig. 6a—f), leading to excessive weakening of the southern SA ridge. On the other hand, most
512 models (except SNU and UKMO) fail to capture the enhanced high anomaly center over central
513 SA.

514 Southern Africa also experienced severe drought (Fig. 7g), but models do not provide
515  evidence that stratospheric perturbations can reduce rainfall over Southern Africa by driving
516  tropospheric circulation variations (Fig. 6). It might imply that the drought over Southern

517  Africa might be forced by other factors at such a short lag relative to the SSW onset.
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Figure 7. As in Fig. 6, but for total precipitation differences between the nudged and control
runs. The focused regions, eastern Australia (EA; 22.5°S-40°S, 145°E-155°E) and South
America (SA; 10°S-45°S, 45°W-70°W), are highlighted in the orange boxes.

518

519 Based on 50 ensemble members, the distribution of forecast precipitation anomalies in the
520 EA and SA regions are analyzed for each run and each model (Fig. 8). In EA (Fig. 8a), four of
521  the six models (except ECMWF and UKMO) overestimate the observed negative precipitation
522 anomaly in the control run ensemble means. Specifically, the observed precipitation anomaly
523 is —0.3 mm/day, while the control runs from CNR-ISAC, KMA, Meteo-France, and SNU
524  forecast too large negative anomalies, with the magnitude of 4.3, 1.7, 2.0, and 3.7 times the
525  observed value (1.3/0.3, 0.5/0.3, 0.6/0.3, and 1.1/0.3), respectively. This indicates that models
526  tend to overestimate the contribution of boundary forcing (e.g., oceanic conditions) to the EA
527  precipitation deficit without the stratospheric signal interference. In particular, CNR-ISAC
528  forecasts an unrealistically strong anticyclonic ridge over EA in the control run (Fig. 6a). This
529  partly explains why the nudged experiments in these four models do not show a stronger drying
530  response over EA. In contrast, ECMWF and UKMO with dry anomalies close to observed over
531  EAinthe control runs exhibit the strongest additional drying signals in the nudged runs. Overall,

532 the ensemble distribution shows that the EA precipitation consistently shifts toward lower
25
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533  wvalues in the nudged runs. This indicates a consistent tendency toward EA drier anomalies
534  when the stratospheric signals are more realistic.

535 Models exhibit large spread of forecast rainfall over SA. CNR-ISAC, ECMWF, and
536  Meteo-France fail to reproduce negative rainfall anomalies in the control run ensemble mean,
537  and stratospheric perturbations do not lead to additional dring. This indicates that lower-
538  boundary forcing alone does not ensure realistic forecast of SA rainfall anomalies in these
539  models, and that the SA rainfall is also insensitive to stratospheric perturbations. KMA and
540 UKMO show positive precipitation anomalies in all three experiments, with lower quartiles
541  still remaining above the climatological mean. The unrealistic wet anomalies are consistent
542 with the enhanced low centered over western SA and the northward extension of the southern
543  SA ridge in the control runs (Fig. 6c, f). In contrast, SNU exhibits consistently negative
544  precipitation anomalies across nearly all ensemble members, indicating a severe dry bias. This
545  isclosely linked to an overly strong and broad southern SA ridge in the control experiment (Fig.
546  6e), suppressing precipitation over SA. In short, the contribution of the stratospheric
547  perturbation signal to precipitation over SA is neither as model-consistent nor as strong as that

548 over EA.
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Figure 8. Violin plots (outer) and box-and-whisker plots (inner) of forecast total

precipitation anomalies relative to the ERAS climatology (units: mm/day) in (a) EA and (b)
SA, for control (green), free (red), nudged (blue) runs during 3-12 October. The ensemble
mean is shown in black dot. The upper quartile, lower quartile, and median are shown in
box’s top, bottom, and white dash, respectively. The width of the violin plot indicates the

distribution density. The observed precipitation is shown in the horizontal brown reference

line..

549
550 6 Summary and discussion

551 This study examines planetary wave activity during a rare SH SSW event and the short-
552 term near-surface weather response to stratospheric nudging in SNAPSI models. Under the
553  framework of SNAPSI, two stratospheric nudged experiments are examined to assess the role
554  of'awell resolved stratospheric state in forecasting the SSW event and isolating its contribution

555  to subseasonal weather forecasts.
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556 Using outputs for an initialization before the SSW onset, the model performance of
557  forecasting the U1060 evolution and the primary biases is evaluated. The high SSW hit ratios
558  in high-skill models (ECMWF, KMA, and Meteo-France) show a smaller ensemble mean bias
559  but a larger ensemble spread during the SSW onset. Larger ensemble spreads accompanying
560  higher hit ratios in those models also tends to give larger false alarm ratios. CNR-ISAC exhibits
561 little skill of forecasting SSW events and even fails to capture any SSW onset. In contrast, the
562  forecast errors in SNU and UKMO are primarily due to the delayed onset timing of the SSW.
563  Meteo-France successfully reproduces the SSW hit ratio and the associated wind deceleration
564  during the central period, but it shows little skill in forecasting the later recovery of westerlies.
565  This may lead to a premature breakdown of the polar vortex in the model. This finding is
566  consistent with Lawrence et al. (2022), which finds that Meteo-France initialized in eatly spring
567  tends to forecast a too early stratospheric final warming at the end of the forecast period.

568 The SH SSW was primarily driven by persistent tropospheric WN1 forcing associated
569  with the development of an anomalous high over the Antarctic Peninsula (e.g., Shen et al., 2020;
570  Rao et al. 2020; Ayarzagiiena et al., 2026). The evolution of planetary wave activity during the
571  SSW was determined in large part, but not fully, by tropospheric forcing. During the early and
572  late periods, model biases in upward wave propagation were closely linked to biases in the
573  representation of the tropospheric favorable pattern. In contrast, during the central period, the
574  upper stratospheric wave activity biases could not be explained by tropospheric forcing alone.
575  Rather, the stratospheric background state played an important role in regulating wave
576  propagation and determining the location of EPF convergence through its modulation of the
577  critical line and refractive index structure. Models with insufficient weakening of the polar jet
578  maintained a less favorable background state for wave dissipation in the middle stratosphere,
579  resulting in excessive upward wave propagation into the upper stratosphere. By comparing the
580 nudged and control experiments, this study further shows that a more realistic stratospheric
581  state can also modify the tropospheric favorable pattern, although the magnitude of this
582 influence is relatively small compared with the direct tropospheric forcing. These results
583  highlight that the stratosphere is not only a passive responder to tropospheric wave forcing but

584  also actively regulates planetary wave evolution.
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585 This study also shows downward propagation of zonally asymmetric weakened polar
586  vortex signals over the Atlantic sector in early October. These asymmetric signals precede the
587  observed negative SAM by nearly two weeks, consistent with Feng et al. (2025), highlighting
588  the importance of the zonally asymmetric stratospheric state for surface impacts during the
589 2019 SH SSW. The pure stratospheric contribution to the subseasonal forecasts is further
590 isolated by comparing the difference between the nudged and control experiments. All six
591  models consistently show that the negative SAM-like signal has already propagated into the
592  troposphere much earlier than the observations, indicating that purely tropospheric processes
593  delayed the observed onset of the negative SAM.

594 Three models (ECMWF, KMA and UKMO) show significantly drier conditions over
595  eastern Australia (EA) under the nudged stratosphere compared to the climatological
596  stratosphere due to the more realistic forecast of the geopotential height dipole over EA. As a
597  consequence, these three models also better forecast the EA rainfall, consistent with Feng et al.
598  (2025). The remaining three models (CNR-ISAC, Meteo-France and SNU) show a weaker
599  stratospheric signal in EA rainfall, and impacts of the lower-boundary conditions are more
600  dominant in those models. Most models (except SNU) show a wet bias in South America (SA)
601 in the control experiments, primarily due to the enhanced low pressure over western SA.
602  However, it is still difficult to attribute this enhanced low pressure to the lower-boundary
603  conditions or to the absence of stratospheric perturbations. The nudged stratosphere fails to
604  improve the SA rainfall forecasts at such a short lag relative to the SSW onset. The insensitivity
605  of the SA rainfall response to the stratospheric perturbation is associated with the westward-
606  shifted downward WAF, which reflects a westward displacement of the wave propagation
607  pathway and consequently weaken the climatological ridge over southern SA. Models fail to
608  forecast the anomalous high over central SA. It is still a challenge to forecast the correct
609  position of downward WAF and SA precipitation.

610 It has been widely acknowledged that a resolved stratospheric state plays a crucial role in
611  modulating wave propagation and can improve subseasonal weather forecasts (Dai et al., 2025;
612  Lee et al., 2025). However, it cannot fully account for all biases arising during different

613  forecasts (Huang et al., 2026). In addition, the nudged stratospheric state appears to not be
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614  related to the severe drought over central and southern Africa, suggesting that other processes
615  may play amore dominant role in driving regional weather extremes. Considering that SNAPSI
616  experiments are primarily based on case studies, some conclusions derived from specific event
617 may not be applicable to other cases. Nevertheless, the SNAPSI framework provides an
618  unprecedented opportunity to investigate the formation and impacts of this rare SH extreme
619  eventin 2019 (Feng et al. 2025). This unique case provides useful insights into the stratospheric
620 role in shaping subseasonal forecasts and the current capability of stratosphere-resolved
621  forecast systems.
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