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Thank you for the comments and suggestions and also for pointing out small corrections and
typos. The technical corrections have been implemented. Remarks and questions are addressed
in a point-to-point response below.

In general we followed the suggestions of Referee 1 and highlight the analysis of the small-
scale spatial ozone gradients. The discussion of the January 2019 SSW is meant to support
the understanding of the temporal evolution of the ozone gradients at Ny-Ålesund. We therefore
refrain from a more detailed discussion of the SSW which was suggested by Referee 2 in comments
9, 10 and 14.

Response to Referee 1

1)

P6, L23-25: I guess you mean that “between 60◦ and 90◦ N” refers to the reversal of the lat-
itudinal temperature gradient at 10hPa but not to the reversal of the zonal mean zonal wind.
Typically, it is the reversal of the zonal wind at 60◦ N what defines the occurrence of a major
SSW, as it is indicated some lines above in the same page.

We use the definition of a major SSW by McInturff (1978) which is referred to as the WMO def-
inition. It uses the reversal of the latitudinal temperature gradient and the reversal of the zonal
mean zonal wind poleward of 60◦ latitude: “A stratospheric warming can be said to be major if
at 10 mb or below the latitudinal mean temperature increases poleward from 60◦ latitude and an
associated circulation reversal is observed (i.e., mean westerly winds poleward of 60◦ latitude are
succeeded by mean easterlies in the same area).“ We are aware that there are different definitions
of major SSW conditions. In this clear case of a major SSW, the exact definition has no bearing
on the final conclusions.

2)

P6, L30-31: Please describe more in detail the criterion for the identification of the polar vortex
edge.

The identification of the polar vortex edge is now described as follows:

For a given pressure level the polar vortex is determined as the geopotential height (GPH) con-
tour north of 15◦ N with the highest absolute wind speed compared to other GPH contours at
the same pressure level. The GPH, and wind data are taken from ECMWF and the method is
discussed in detail in Scheiben et al. (2012).

3)

P7, L1: It is indicated that vortex started to shift notably around 20 December, but the vortex
structure is only shown from 25 December. I think it would be great to show its structure before
20 December to appreciate the shift.



The polar vortex contour is now additionally shown for 22 December 2018 as well as for 22
October 2018, 4 February 2019 and 3 March 2019.

4)

P7, L23-24: I am confused. I am not sure which level the authors are referring to, because in
the stratosphere and most of the mesosphere, the winds remain westward the whole December
except for some days in mid-December. Please rewrite this sentence.

The sentence has been changed.

Except for a few days in mid December, it stayed westward for the whole month in the strato-
sphere and lower mesosphere.

5)

P8, L12: Figure 7 only shows the water vapor from 1st October. However, since the effective
descent rate of H2O is measured for the period of 15 September-1 November, I would start the
figure on 15 September too.

All figures which show a time series have been modified and show the time period from 15
September 2018 – 1 April 2019.

6)

P11, L15: Figure 12 shows only the plots for a specific day of October, December and March
but not the monthly field. I recommend the authors computing the monthly means of the fields
if they want to show the monthly state.

In the monthly mean plots the characteristic state of the atmosphere which we want to discuss
becomes blurry. We therefore decided to show the ozone and wind fields for more dates.

See Fig. 12.

7)

P11, L24-27: The wave activity is already low in January and the ozone gradient is then increas-
ing by that time. However, by the end of January and the first fortnight of February the ozone
gradient decreases and the wave activity is still low. How do you explain that?

The additional plots in Fig. 12 show that in the end of January and in the first fortnight of
February the ozone was well mixed inside of the newly formed polar vortex.

In the beginning of February a weak polar vortex reestablished. Ozone is well mixed inside the
newly formed vortex (Fig. 12i) and the gradient amplitude drops again.

8)

P12, L4: I think the wind is mainly southward in October.

We rewrote the sentence.

At the beginning of the winter season in October a stable polar vortex evolves with a strong zonal
wind, which blocks the meridional transport of ozone from the mid-latitudes into the polar cap
resulting in a 90◦ angle difference between the ozone gradient and the wind vector (e.g. towards
the end of October the ozone gradient points southward and the wind vector points eastward).

9)



P12, L9-10: so, no specific effects of the SSW?

At 3 hPa the SSW first leads to varying gradient amplitudes when the vortex shifts and splits
and ozone rich air from the midlatitudes enters the polar cap region and filamentary ozone struc-
tures develop. A low ozone pocket which passes at Ny-Ålesund leads to a drop in the gradient
amplitude for a few days because the ozone distribution inside of the pocket is homogeneous.
The following sentences were added.

During the SSW Figs. 12b–g) show the inflow of midlatitude air into the polar region and fil-
amentary structures lead to variations in the gradient amplitude. In mid January a low ozone
pocket crosses Ny-Ålesund (Fig. 12h) which shows very low gradient amplitudes.

10)

Figure 1: I cannot see the red square indicating the location of Ny-Ålesund.

The red square has been added.

Response to Referee 2

The numbers correspond to the comments of Referee 2.

3)

P1, L18: Wired. Coriolis force is force (units: N), and radiation forcing (W/mˆ2) is energy. How
are they balanced?

This is true. It is the pressure gradient force which is balanced by the Coriolis force.

The polar vortex is a cyclonic wind system which forms in autumn from the balance between
the Coriolis force and the pressure gradient force between the pole and the midlatitudes, which
results form the radiative cooling of the polar middle atmosphere in the absence of solar heating.

5)

P2, L1: Add the most recent and relevant references.

The following references were added: Hocke et al. (2015) and Manney et al. (2009).

15)

P6, L24: The SSW definition of WMO is based on the zonal wind at 60◦ N, not from 60-90◦ N.
If your definition is different, please clarify.

See point 1 in the response to Referee 1.

18)

P7, L1-7: Add some references, because the process of the 2019 SSW has been reported recently
in Rao et al. (2019, 2020).

The references were added.

For altitudes below 10 hPa (about 30 km) the SSW was already discussed in Rao et al. (2019,
2020).

19)



P7, L9-11: Could you add some comparison between Observations at Ny-Ålesund and those in
Wang et al. (2019).

Wang 2019 observed the SSW in February 2018 and not the SSW in Dec 2018/ Jan 2019.

20)

P7, L15: Do you mean that the elevated stratopause is only observed for split SSW. What did
you observe for displacement SSWs?

According to Chandran et al. (2013) 68% of SSW with and elevated stratopause are split type
events whereas the rest are displacement events. In this study we do not discuss other SSWs
and focus on the Winter 2018/2019 event. The sentence was modified accordingly.

The elevated stratopause is a phenomenon which can occur after an SSW and has been previ-
ously observed (e.g. Manney et al., 2008). In a model climatology Chandran et al. (2013) found
that 68 % of the SSWs with elevated stratopause are split type events and the remaining 32 %
are displacement events.

21)

P7, L16-18: Did Matthias et al (2012) and Limpasuvan et al. (2016) only composite the split
SSWs, or all SSWs? Please clarify. It will confuse readers, because those sentence is follow-
ing your statement for the split SSW. But the 2019 SSW is not a typical split SSW (Rao
et al. 2019, 2020JGR). For the SSW type, also refer to Table 1 in Rao et al. (2019b, doi:
10.1029/2019JD030900), Charlton and Polvani (2007), and Butler et al. (2015).

Matthias et al. (2012) and Limpasuvan et al. (2016) consider major SSWs with an elevated
stratopause which contains both split and displacement type events.

Matthias et al. (2012) compiled a composite of SSW events with an elevated stratopause between
1998 to 2011 using ECMWF data and MF-radar observations revealing the formation of an el-
evated stratopause in the mesospheric wind as strong zonal wind enhancement after the SSW.
Later, Limpasuvan et al. (2016) made a composite analysis of SSWs with an elevated stratopause
using WACCM data and explained the occurrence of an elevated stratopause with strong, wave
induced downwelling in the mesosphere which leads to adiabatic warming.

24)

P8, L7: If you smooth the time series, you can filter out the diurnal cycle. I suggest to remove
the diurnal cycle and stress the variation related to the SSW.

The SSW took place in the beginning of January. At a latitude of 79◦ there is polar night during
this period even in the mesosphere and hence no sun induced diurnal ozone cycle which could
mask the effect of the SSW. Schranz et al. (2018) provides a discussion of the diurnal ozone cycle
in the stratosphere and mesosphere at the location of Ny-Ålesund.

25)

P8, L10: I do not know how you obtain the peak magnitude and the period. You calculate them
using the wavelet analysis? Or something else I missed?

Yes it is a wavelet-like approach. The time series were filtered with a digital non-recursive, zero-
phase finite-impulse response filter using a Hamming window whose length is 3 times the centre
period (Hocke and Kämpfer, 2008; Hocke, 2009).

Using a wavelet-like approach which is described in Hocke and Kämpfer (2008); Hocke (2009)
we find peak-to-peak amplitudes of 0.8 ppm and periods of 3–4 days in November.



28)

P8, L17: Contradict with those sentences if Matthias et al. (2012) and Limpasuvan et al. (2016)
composite all SSWs (Page 7, L16-18).

Matthias et al. (2012) and Limpasuvan et al. (2016) use SSW events with an elevated stratopause
and find enhanced zonal wind and downwelling which is exactly what we see.

29)

P11, L1: Many reference show the important role of the planetary waves during SSWs. Please
add more from the most recent publications.

The following sentence was added.

Large amplification of the planetary wave amplitude was observed prior to and during SSWs
(e.g. Lawrence and Manney, 2020; Matthias and Ern, 2018).

30)

P11, L16-19: Can you add some references?

The following references were added: Meek et al. (2017) and Manney et al. (1994).

In October the amplitudes of the planetary waves 1 and 2 are low and the polar vortex is mainly
centred at the pole and the zonal wind field is zonally symmetric which leads to a transport
barrier between midlatitude and polar air (e.g. Meek et al., 2017; Manney et al., 1994).

31)

P11, L24: I do not understand this sentence. Please clarify.

Inside of the polar vortex ozone is not symmetrically distributed but consists of filaments with
lower and higher ozone VMR which show strong horizontal gradients. The filaments pass at
Ny-Ålesund when the polar vortex rotates. The sentence was reformulated.

During the SSW Figs. 12b–g) show the inflow of midlatitude air into the polar region and fila-
mentary structures in the ozone field lead to variations in the gradient amplitude.

32)

P11, L30: The equations should be put much earlier. You used the wave 1-2 in early part of the
paper.

This equation shows only the reconstruction of the wind field from wave 1 and 2 and not the
algorithm for extracting wave amplitude and phase. This is described in detail in Baumgarten
and Stober (2019) and we refer to this source earlier in the manuscript.
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