
Answer to Reviewer 1 

I have reviewed the paper the current manuscript by Edgar Dolores-Tesillos, 
Franziska Teubler, and Stephan Pfahl. In this manuscript the authors investigate 
cyclone-centered composites in an ensemble of CESM-LENS simulations. They 
perform a piecewise PV inversion to study the projected changes in upper and lower 
PV anomalies and associated winds of strong midlatitude cyclones. Overall, this is 
a well-written paper that presents interesting analysis. While most of the results are 
not really surprising (as other previous studies have already examined changes in 
storm-centered composites in other climate-change simulations), the detailed 
examination of the PPVI analysis is interesting and deserves publication, after some 
revision. 

We appreciate and thank the reviewer for reading the manuscript and for the 
constructive comments. In the following we respond to all comments point by point. 
The line numbers and figure references in the reviewer’s comments refer to the 
original manuscript.  The reviewer’s comments are in black and our response are in 
blue.  

 

- Line 124: “15-day average”- should this be 30? 

We will modify this sentence to: 30-day average 

- Line 125: could the 2.5 spatial average hide some of structure at upper levels? For 
the full upper level PV field that should not matter, but for the upper level PV anomaly 
that spatial averaging around the center might involve averaging over positive (from 
the trough to the west) and negative (from the ridge to the east) values. 

Yes, the average tends to smooth the anomalies. We mention in line 300 that the 
changes in the upper level PV structure are more evident in the composites than in 
the PV profiles. 

Nevertheless, we would like to keep the PV profiles to compare our results with 
previous studies that also show PV profiles (e.g., Campa and Wernli, 2012, Büeler 
and Pfahl, 2017). 

- In general, your references (when citing more than one in the same parenthesis) 
should appear in chronological order). 

We will order the references chronologically in the text. 

- In what ways was the PV inversion code modified by Teubler and Riemer (2016)? 
And do you use the modified version? Equations (2) and (3) are based on the original 
David and Emanuel (1991) and David (1992) papers, so this is not clear. 

Thank you for your question. You are right, our point was not made clear enough. 
The basic equations have not been modified. There has been mainly modifications 



in the code to improve the stability of the inversion, e.g. Teubler and Riemer 2016 
replaced the linear solver from a SOR (successive over-relaxation) to a state-of-the 
art solver (fgmres - flexibel generalized minimal residual method). We removed 
that bit of information and reformulated that sentence accordingly to: 

Here we use piecewise PV inversion based on nonlinear balance (Davis and 
Emanuel 1991, Davis 1992). 

-Figure 1: the “lower” and “upper” decomposition should also contain a third “surface” 
contribution. 

We will add this contribution in the right column in row five as “theta lower-boundary”  

 
- Line 154: “30 days time slice”- 30 day time slice? 

We will modify this sentence to: 30 day time slice 

- Line 163: How is the separation defined? is it 600-200 hPa for the UPV, 600-875 
hPa for the LPV, and 875hPa for the lower boundary? You should write this explicitly. 
Also, why do you take the 875 hPa as the lower boundary for the PPVI? Can’t you 
use the surface temperature (or T2m temperature)? You later mention that you 
interpolate to 1000-50hPa, so why not use the lowest level? This might influence the 
PPVI composites. 



a) The paragraph (lines 158-163) will be rewritten: 

Furthermore, PV anomalies q’ in upper- and lower-tropospheric layers are 
considered separately from each other (right column in Fig. 1): the upper layer 
between 550 and 150 hPa, the lower layer between 850 and 600 hPa and the lower 
boundary contribution at 875 hPa. Note that in the lower layer contribution, the PV 
anomalies and potential temperature at the boundary are separated, but the upper 
layer contribution contains both, PV anomalies and temperature at the upper 
boundary. The separation level between these anomalies (600 hPa) is consistent 
with the transition of the shape of the PV features from lower to higher levels (see 
Supplementary Fig. S2). See Fig. 1 for a general overview of the PPVI algorithm. 

b) Due to local temperature variations at and near the surface, the lower boundary 
condition becomes noisier when using 1000 hPa instead of 875 hPa, which can 
compromise the convergence of the PV inversion. Using 875 hPa as lower boundary 
is also consistent with previous studies (e.g., Teubler F. and Riemer M., 2015). 

- Line 166: “Following (Davids and Emanuel, 1991)...”- Following Davids and 
Emanuel (1991),... 

We will modify this sentence to: Following Davis and Emanuel (1991), 

- Figure 3: The switching of the colormap from panel (a) to panels (c) and (e) is really 
confusing! Please use the same colormap, and the same color to denote the same 
sign (e.g., blue to denote negative values, and red to denote positive values). 

Fig. 3 will be modified so that all use the same color bar. 

- Lines 270-275: The RV850 changes (Fig.5b) essentially show a more SW-NE 
elongated low level feature. Could this be a signature of enhanced Anticyclonic 
Wave Breaking (AWB), which is projected in the future in the region? 

Our intense cyclones are generally characterized by cyclonic rather than anti-
cyclonic wave breaking in the upper troposphere (Fig. 7c). But, consistent with your 
comment, this cyclonic wave breaking is projected to weaken in the future (Fig. 7d), 
which may also influence the lower-tropospheric vorticity pattern shown in Fig. 5b. 
Nevertheless, as this vorticity change has a relatively complex spatial pattern, we 
find it difficult to speculate about such a relationship to wave breaking. 

- Figure 6: Why does PV increases everywhere in the troposphere? If these changes 
are due to enhanced LHR than I would expected positive PV changes below ~700-
800 hPa, and negative PV changes above. This is not what you get. 

Our hypothesis is that the amplified future LH in intense cyclones does not only 
enhance the low-level PV anomaly, but also leads to a larger vertical extent of this 
anomaly into the middle troposphere. This is consistent with previous results of Pfahl 
et. al. (2015, their Fig. 13) and Büeler and Pfahl (2019, their Fig. 5). Büeler and Pfahl 



also show, based on a quantitative diagnostic relating LH and PV production, that 
such an upward shift can be expected due to enhanced LH. 

In addition, we do not see any negative anomalies in these PV profiles because the 
outflow region of ascending air streams (WCBs) is located far away from the cyclone 
center (see our response to the following comments). 

- Lines 341-349 (about the upper level PV decrease): your findings about the upper 
level PV reduction are confusing. First, the spatial distribution of the changes (Fig.7d) 
are confusing- they are not similar to other studies (e.g., Michaelis 2017 see their 
Fig. 8g,h), who find a PV decrease to the northeast of the UPV center (opposite from 
what you find!). The regions to the northeast (e.g., where the low level PV increases, 
Fig.7b) is where I would expect to find a PV decrease at upper levels, so I am 
confused. Could this reduction of PV that you find be just a signature of the upward 
lifting of the troposphere and tropopause? Can you plot vertical cross sections 
(without the spatial averaging) of PV and PV changes? Perhaps the peak of the PV 
maximum at upper levels has just shifted slightly upward? 

When comparing our results to Michaelis et al. (2017), one should look at their Figure 
7, which also shows intense (and not moderate) cyclones. Furthermore, their panels 
g and h show times prior to maximum cyclone intensity. The most appropriate 
comparison can thus be made between their Fig. 7i and our Fig. 7d. These two 
figures are actually very consistent, both showing PV decrease south and west of 
the cyclone center and an increase (although not significant in both analyses) to the 
northeast. We thus do not think that there is a discrepancy between our findings and 
previous studies. 

Figure C1 below shows a PV cross section in present day climate and its future 
change, averaged over intense cyclones. While PV increases throughout the warm 
sector in the entire lower and middle troposphere, a PV decrease is visible around 
the tropopause level, which dominates the PV composite change at 250 hPa shown 
in Fig. 7d. However, this decrease is not simply due to an upward shift of the 
dynamical tropopause, as indicated by the green lines in Fig. C1. 

We agree with the reviewer that one might expect a signature of reduced upper-level 
PV associated with the enhanced LH northeast of the cyclone center, in a region 
where the outflow of ascending WCB air streams can be expected. We hypothesize 
that we (and also Michaelis et al., 2017) do not see this signature in composites at 
this fully developed stage of the cyclones because the outflow has already spread 
out horizontally. This may shift the PV anomaly to other locations and also lead to 
smaller signals in the composite due to inconsistencies between the individual 
cyclones. In the second part of our study, we will investigate exactly this in more 
detail with the help of a Lagrangian methodology that is able to better capture such 
differences linked to the advection of PV anomalies. 



In order to explain these complex issues more clearly in the paper, the discussion 
after line 344 (in the original manuscript) will be modified as follows: 

"A similar reduction of upper-tropospheric PV has been found by Michaelis et al. 
(2017, their Fig. 7i).  Parts of the PV decrease may be explained by changes in 
meridional PV advection. For instance, the slight increase in southerly upper-level 
wind velocities over the warm sector (see again Fig. 5f) may go along with enhanced 
advection of low-PV air masses from lower latitudes. In addition, an upward shift of 
the dynamical tropopause might contribute to such a PV decrease, although this 
tropopause shift is very small in the cyclones investigated here (see again Fig. 6) 
and thus not sufficient to explain the entire PV decrease. Finally, also enhanced LH 
at lower levels may impact the upper-level PV distribution through amplified upward 
motion and negative diabatic PV tendencies above the level of maximum heating. 
Michaelis et al. (2017) showed that this might lead to negative PV changes northeast 
of the cyclone center prior to (but not at) the time of maximum cyclone intensity. We 
will investigate the complex interplay between diabatic PV changes and PV 
advection (see also Brennan et al., 2008; Madonna et al., 2014) in the second part 
of this study with the help of a Lagrangian methodology." 

 

 



Fig. C1. Average cross section (from west to east through the cyclone center, 
averaged over all intense cyclones) of the future PV change (shaded color) in the 
North Atlantic. The present-day mean PV distribution is shown as black contour 
lines. The tropopause is shown in the present-day (green solid line) and in the future 
climate (green dashed line). The composite shows the time of maximum intensity 
(time=0). 

- Lines 354-359: Again, not clear to me. The diabatic heating from LHR usually tends 
to amplify the upper level ridge downstream of the positive PV anomaly, and this is 
not what you get.  

This discussion will be removed/integrated in the text on upper-level PV changes 
above (see our previous response) 

- Line 414: fairly way–> fairly well 

We will modify this sentence to: fairly well  

- Figure 10a: I find it confusing that the strongest meridional winds are to the west 
(i.e., southward), as I would expect, due to the induced winds from the UPV, to find 
the strongest v’ to the east (i.e., poleward). Do you get the same results in the 850 
hPa composites for the ERAI reanalysis data? 

The upper-level contribution indeed leads to stronger southerly winds east of the 
cyclone center (Fig. 10b), but since both lower-level PV and the temperature 
anomaly at the lower boundary are associated with stronger northerlies to the west 
(Fig. 10 c,), this slightly dominates the complete pattern shown in Fig. 10a. Note, 
however, that the balanced wind (Fig. 10a) does not fully capture the complete wind 
pattern shown in Fig. 5c, which has its maximum southeast of the cyclone center, as 
discussed in lines 411-413. 

A similar study with ERAI was done by Seiler (2019), who obtained similar results in 
terms of PV and THETA anomalies. Seiler (2019) does not show wind composites, 
but in his composites the maximum of relative vorticity at 850 hPa is also found 
slightly upstream of the cyclone center. Performing our PV inversion analysis again 
based on ERAI would be a substantial effort and, in our opinion, beyond the scope 
of this study. 

- Figure 10d: Why is the wind velocity induced by the low level PV alone not more 
circular, as one would expect from the low level roughly circular PV anomaly? 

The horizonal PV gradient is larger to the west than to the east of the cyclone center 
(Fig. 9a). This becomes clearer when Fig. 9a is plotted with a different color scale 
also showing lower PV values, we will thus adjust the figure accordingly. 

 

 



  
Figure 9. Present-day composites for extreme cyclones of PV averaged over a) the 
lower troposphere (850-600 hPa), c) the upper troposphere (550-150 hPa) and 
potential temperature at 875 hPa (lower boundary) for winter in the North Atlantic 
region. Future changes of the lower tropospheric PV, upper tropospheric PV and 
potential temperature are shown in b, d, and f respectively. The present-day mean 
of each field is overlaid as black contour lines in b, d and f. The composites are 
shown at the time of maximum intensity (time=0). 

- Figure 11: If you perform the PV inversion but not show the contributions from other 
layers, then this is not very meaningful (panels b and c are then just like taking a 
mean and perturbations). I think you should at least add the low level inversions to 
the SI. 



As mentioned in the manuscript, the contributions from lower levels are very small. 
For completeness, we will add the contribution from lower-layer PV anomalies to the 
SI: 

 
Figure S5. Wind composites at 250 hPa in present-day climate (a) and their future 
change (b). The wind composite is obtained from inverting the lower-layer PV 
anomalies.  


