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Anonymous Referee #1  
 
Using an idealized model, the paper assesses the role of eddy-eddy interactions (EEIs) 
on the sudden stratospheric warming (SSW) frequency and the number of splits and 
displacements. The paper shows that EEIs in the middle and upper stratosphere are 
important for SSW frequency, but whether the EEIs act to increase or decrease the 
frequency depends on the wavenumber of the forcing. Moreover, the paper shows that 
EEIs are important in the troposphere and lower stratosphere for displacements under 
wave-2 forcing, but that splits and displacements can form under wave-1 forcing without 
EEIs in the troposphere and lower stratosphere.  
 
I found the paper to be well written and interesting to read and therefore think it will be 
worth publishing after the authors have addressed my specific comments below.  
 

We thank both referees for their careful reviews of the manuscript and their 
helpful suggestions. The paper has been edited based on the comments by the two 
referees, and most suggested changes have been made. Line numbers mentioned 
below refer to lines in the tracked-changes version of the manuscript. 
 
Specific comments:  
 
1.) P2, L52-55 and more generally: Do the authors understand why forcing by heating 
perturbation vs. forcing by topography produces different SSW response with regards to 
split and displacement ratios? It looks to me that the applied heating perturbation (fig1 in 
Lindgren et al., 2018) is partially at the tropopause or even in the lower stratosphere in 
the polar regions. Could it be that applying the heating perturbation at the tropopause, 
where there is a sharp jump in the stratification, leads to a more non-linear behavior 
(and hence a larger role for eddy-eddy interaction) than a topographic forcing applied at 
the lower boundary? Do the authors expect the findings in their paper to be the same if 
forced by topography instead (where the eddy-eddy interactions might not be as 
important)? Some discussion on this, and why the use of heating perturbation instead of 
topographic forcing might be more realistic, would be insightful.  
 

Why topography mostly produces splits is not fully understood (Gerber and 
Polvani, 2009; Sheshadri et al., 2015); however, thermal forcing tends to create waves 
of larger scales (smaller zonal wavenumbers) than topography (Held, 2001). This could 
be a reason for the higher number of displacements (wave-1 events) in model runs 
forced with heating perturbations. It is an interesting question but beyond the scope of 
this paper. 



 

 While it is true that the top of the heating perturbation extends to 200 hPa while 
the peak of the 4000 m wave-2 mountain used by Sheshadri et al. (2015) and Lindgren 
et al. (2018) only reaches about 450 hPa, the wave fluxes produced by these forcings 
are not very different. The figure below shows vertical EP flux in the upper troposphere 
and lower stratosphere for the model runs forced with wave-2 heating (H2) and wave-2 
topography (T2) in Lindgren et al. (2018). The contour intervals are identical in the two 
panels. 

 
 As the figure shows, the vertical wave flux around the tropopause is very similar 
in the two model runs. Although the heating perturbation is cut off at 200 hPa the 
heating perturbation is very weak at high altitudes and the wave forcing is, like in the 
topographically forced case, primarily located in the troposphere. 

The findings would very likely be different if topography was used, mainly 
because splits and displacements cannot be obtained in comparable amounts with 
topography (Gerber and Polvani, 2009; Sheshadri et al., 2015; Lindgren et al., 2018). 
The effect of EEIs on split and displacement ratios would therefore be practically 
impossible to investigate, and that is the primary reason why heating perturbations were 
used. This was mentioned in the Introduction, but we have edited the Introduction to 
make that clearer (L129-130). 
 
2.) It would be helpful if the authors would state more clearly what they mean by eddy- 
eddy interactions. In the real stratosphere there are also shorter scale gravity waves, 
that are not resolved in the model at T42 truncation, whose interaction with planetary 
waves might be important. The manuscript seems to only describe wave-1 interaction 
with wave-2. The authors should therefore stress that by EEIs they mean wave 1 and 2 
EEIs. Additionally, is there any evidence to suggest that EEIs with wave-3 are important 
(Figure 4h suggests that there is a wave-3 signature)? The authors could plot EP flux 
and F_p for other wave components and compare magnitudes to those in Figs. S2-S5.  
 

It is true that small-scale waves affect the circulation, but this would be a 
limitation even with a much higher model resolution: all current climate models use 
some sort of gravity wave parameterization for the smallest waves. However, large 
scale waves dominate stratospheric wave variability since only the largest waves 
(waves with smallest wave numbers) can propagate into the stratosphere (Charney and 
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Drazin, 1961), and wave-1 and wave-2 in particular maximize prior to and during 
displacement and split SSWs, respectively.  

Waves of higher wavenumbers can temporarily form during highly nonlinear 
events such as vortex collapses around SSWs, but their role in driving stratospheric 
circulation (and disturb the vortex) is, in a time mean sense, negligible. Figure 8h shows 
a snap-shot (one day mean) of absolute vorticity during a SSW and is not 
representative of stratospheric wave activity; these figures are meant to illustrate vortex 
behavior around SSWs. 

Furthermore, the method we use remove EEIs between waves of all 
wavenumbers. We simply emphasize forcing by wave numbers 1 and 2 since they are 
the dominant ones. We have clarified this in the text (L218-220). 
 
3.) The authors suggest in several places throughout the manuscript that barotropic 
instability may explain wave-2 structures in simulations forced by wave-1. The authors 
could easily verify if the necessary condition for barotropic/baroclinic instability is 
satisfied in their simulations to back up the statement and make the paper stronger.  
 

We thank the referee for the suggestion. We calculated the meridional derivative 
of quasi-geostrophic vorticity (qy) and found that qy had opposite signs in the 20N-90N 
region of the stratosphere during the majority of all days for all runs, showing that the 
necessary conditions for barotropic instability are satisfied (Charney and Stern, 1962). A 
few sentences about this have been added to the paper (L355-358). 
 
4.) Would the results regarding SSW frequency and the role of eddy-eddy interactions 
be the same if instead of reversal of zonal wind at 60N and 10hPa, a sudden 
stratospheric deceleration events based on 2-sigma threshold (as in Birner & Albers, 
SOLA, 2017 and de la Camara et al, JClim, 2019) were used as a criteria? As the 
authors discuss (figs. 1 and 3) the climatology and variability of the polar vortex 
changes quite a bit as a result of removing/allowing eddy-eddy interactions in the 
stratosphere/troposphere. Therefore a deceleration event criteria might be less 
subjective.  
  

The exact changes associated with removing EEIs would likely change with a 
different event definition; however, the changes in vortex variability are robust. Figure 7 
(Figure 3 in the previous draft) is meant to illustrate that although the SSW definition 
used here may be restrictive and binary, there are robust changes in vortex variability 
regardless of vortex deceleration definition. This has been clarified in the new version of 
the paper (L250-252). 
 
More technical comments:  
 
P2, L30: “climate” -> “climate variability” as SSWs do not necessarily affect the climate 
itself, as is shown in your Fig. 2 (i.e., while the frequency of SSWs change as a result of 
allowing/removing EEIs, the surface climate does not).  
 

Thank you, this has been changed (L31). 



 

 
P2, L43-44. Please provide a reference for where a GCM has been extensively tuned to 
produce realistic SSW frequencies. Unless developed to specifically study SSWs, my 
understanding is that generally GCMs are tuned to produce realistic climatology. The 
fact that the SSW frequency is realistic is a by-product of this.  
 

GCMs are tuned to provide realistic climatology, and if one wants to study SSWs 
then SSW frequencies in the Northern Hemisphere is something that the model is tuned 
to reproduce realistically. The forcing was tuned to produce reasonable SSW 
frequencies in idealized GCMs by Gerber and Polvani (2009), Sheshadri et al. (2015), 
and Lindgren et al. (2018), and in later versions of the Whole Atmosphere Community 
Climate Model (the first version had a very low SSW frequency; Charlton et al, 2007). 
Citations have been added (L48-50). 
 
P3, L61: “main” -> “mean”  
 

Edited (L68). 
 
P3, last paragraph. Model resolution is surely another limiting factor of previous work 
that should be acknowledged. Model resolution determines what eddy-eddy interactions 
can be captured (see also my main point 2).  
 

That is true, a sentence about this has been added (L99-100). 
 
P4, L103: remove parenthesis around “Lindgren et al., 2018”.  
 

Edited (L111). 
 
P7, L200 and L202: “pressure levels below 50hPa” -> “vertical levels below 50hPa”. 
Otherwise it is confusing since “pressure levels below 50hPa” imply pressures 50hPa 
and lower, which is not what the authors intend.  
 

Thank you for pointing this out, it has been edited as suggested (L211, 213). Also 
L133 and L135. 
 
P7, L208-209 :“at pressure levels greater than 50hPa” -> “at vertical levels below 
50hPa”  
 

Edited as suggested (L222-223). 
 
Since Figs. S2-S5 are referenced quite a lot in the main text, it would make sense to put 
them in the main body rather than supplementary information. Also, why is the vertical 
extent plotted in Figs. S2 & S3 different to that in Figs. S4 and S5?  
 

The figures have been put in the main text, and edited for clarity. Figures S2 and 
S3 are meant to show changes in wave convergence in the stratosphere, which is why 



 

only the stratosphere is plotted. Figures S4 and S5, on the other hand, illustrate the 
vertical flux throughout the atmosphere and are therefore scaled with pressure and 
plotted from the lower troposphere.  
 
Table 1: Please explain what do the square brackets around some of the entries mean. 
While it is explained in the main text, it would be helpful to have this information in the 
table caption.  
 

An explanation in the table caption has been added. 
 
P11, L345: “u(\phi)” to me means just zonal wind at latitude \phi and not “meridional 
shear of the flow”. Perhaps better use “du/d\phi”? Or since this is not really referenced 
elsewhere, I would remove this altogether.  
 

Thank you for pointing this out; we meant du/d\phi and have edited accordingly 
(L369). 
 
P13, L387: “confirms” -> “confirm”. 
 

Edited (L412). 
 
 
P13, L402: “lower pressure levels” -> “lower levels”.  
 

Edited as suggested (L427). 
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