
Response to Reviewers

We would like to thank the reviewers for the useful comments for our study. Following the reviewers’ reports,
we have made several changes to the manuscript, and extended both the scope of the manuscript as well as the
time series used.

In particular, we address the issues raised by the reviewers regarding the sub-selection of SSW events based
on the marine cold air outbreak response in the Barents Sea. We have revised our analysis to consider all
SSW events, rather than sub-selecting particular SSW events. In addition, we have extended our analysis to
explore marine cold air outbreak in three regions of increased cold air outbreak frequency in the North Atlantic:
the Barents Sea, the Norwegian Sea and the Labrador Sea (instead of considering the Barents Sea only). By
extending the analysis to the entire North Atlantic, we are able to compare the dominant pathways for MCAOs
in the Barents and Norwegian Seas to those of the Labrador Sea, and shed light on the spatial variability of the
MCAO response after SSW events (shown in Fig. 1f).

Please find below a point-by-point reply (in blue) to the reviewers’ comments and suggestions. All changes
are highlighted in the attached version of the manuscript.

Reviewer 1
The authors study stratospheric influence on Marine Cold Air Outbreaks (MCAO) in the Barents Sea us-
ing reanalysis data. They show that Sudden Stratospheric Warmings are followed by enhanced frequency of
occurrence of MCAO in the Barents Sea. They suggest that this connection can potentially lead to improved
predictability of MCAO on sub-seasonal to seasonal time scales. I believe the paper explores an interesting topic
which has potentially interesting implications for forecasting MCAO at longer lead times. However, the paper
fails, in my opinion, to thoroughly document stratospheric influence on MCAO and to convincingly demonstrate
that the stratosphere plays a role in occurrence of MCAO in the Barents Sea.

There are several points that the authors demonstrate rather clearly:

• (1) Climatologically, MCAO occur most frequently over Barents, Norwegian and Labrador Seas (Fig.
1a,b).

• (2) MCAO are more frequent over Norwegian and Barents seas and less frequent over Labrador Sea
following SSWs (Fig. 1d).

• (3) High over Greenland and low over Scandinavia favour MCAO occurrence in the Barents Sea (Fig. 5).

• (4) Anomalies over both regions contribute to MCAO occurrence (Fig. 6).

I believe these points are clear, but I suspect they may be not particularly new. However, the rest of the
manuscript concerning the stratospheric role in MCAO occurrence is less clear to me. Specific issues, which
need to be addressed before possible publication, are listed below. I recommend major revision and encourage
the author to revise the manuscript and resubmit it.

Major problems:

(1) Selection of the region: Why the authors choose to focus on the Barents Sea region while it seems from
Fig. 1d that SSW impacts in the selected easternmost box is nearly absent? The selection is more puzzling
since the authors state in the introduction that the interest to MCAO is triggered by the risks they pose on
populated Norwegian coast. The Norwegian sea region, which has enhanced frequency of MCAO occurrence
following SSWs, seems to be a more logical choice.

We thank the reviewer for this comment. Initially, the decision to focus on the Barents Sea was based on
its importance for many aspects of human activity in the Arctic. In particular, there is a considerable marine
activity in the Barents Sea region, mainly due to the oil and gas industry, fishing, and the growing global
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interest in new shipping routes to/from Asia. Small-scale extreme weather events, such as polar-lows, can cause
substantial damage to the marine activity in the Barents Sea region, in addition to the already-mentioned risks
to the highly-populated Norwegian coast. Even in the absence of polar lows, intense surface winds can form
along Arctic fronts (e.g., Kolstad, 2017, Pithan et al., 2018).

In the revised version, we extend the scope of the analysis to two additional regions of increased cold air
outbreak frequency in the North Atlantic: the Norwegian Sea and the Labrador Sea regions. As both the Nor-
wegian Sea (or the extended region known as Greenland–Iceland–Norwegian (GIN) Seas) and the Labrador Sea
experience a high frequency of MCAOs in winter (Kolstad et al., 2009, Fletcher et al., 2016), we investigate the
stratospheric influence on MCAO occurrence in these regions. All figures in the manuscript have been updated
accordingly.

(2) Sub-selection of SSWs: SSWs have divergent surface impacts and not all SSWs have significant surface
impacts, which, in general, justifies sub-selecting only interesting events. However, selecting events based on
impacts over a small region located at the edge of the canonical SSW fingerprint is dangerous because of a small
signal to noise ratio. But this is exactly what the authors do. Further, the criterion that the authors choose
for selecting the events seems to be very relaxed. It may be that some of the events the authors selected are
not necessarily represent stratosphere- troposphere coupling. For example, December 2001 event was followed
by positive tropospheric NAM during most of the winter, which is inconsistent with established stratospheric
influence on the troposphere. Situation in January 2003 was similar. It is likely that internal tropospheric
dynamics played a more important role during these winters. Nevertheless, both these events are listed as those
having stratospheric impact on Barents Sea MCAO. My question is, what if you randomly select 24 dates over
the ERA-I period and calculate MCAO frequency during 30 days following these dates? How likely is to get
8 events followed by periods with 30% of MCAO occurrence simply by chance, given that the climatological
frequency of MCAO occurrence in the region is about 23%, i.e. not much less than 30%?

We thank the reviewer for this comment. In the revised manuscript, several changes have been made to
address this issue. First, we have removed the sub-selected SSW events based on their impact in the Barents
Sea. Instead, we analyze all SSW events in the historical record. Thus, we do not focus on 8 out of 24 events
with a particular response, and no criterion is applied. In addition, we extended the reanalysis dataset to 2019
in order to include two recent SSW events in our analysis (in total: 26 events. See Table 1 in the revised
manuscript for full list of events).

During SSWs, changes in the stratospheric circulation can significantly influence surface weather in the
Northern Hemisphere, through coupling between the stratospheric polar vortex and the tropospheric jet stream
(Baldwin and Dunkerton, 2001; Charlton et al., 2003; Domeisen et al., 2019; Scaife et al., 2005). However, as
the also mentioned by the reviewer, the tropospheric response following SSW events can exhibit a rather large
variability (e.g., Afargan-Gerstman and Domeisen, 2020, Domeisen et al. 2020), which imposes some limitations
on the predictability of MCAOs in the North Atlantic. Therefore, following the reviewer’s comment, we have
removed the sub-selection of events, and revised Fig 1 to show only statistically significant anomalies above
the 95% level. In addition, to estimate the significance of the difference between correlations after SSW and
non-SSW periods, we use the Fisher z-transform at the 95% significance level. Several sentences on these results
have been added to the manuscript (lines 187-190 and 198-201), and all figures have been revised accordingly.

(3) Mechanism of SSW influence: Table 1 shows that ZD index is positive for most SSWs, which suggests
that it may play a role in MCAO occurrence following SSWs. However, the selection of SSWs is not based on
ZD index. The March 1981 and February 2001 events both have strong ZD index but they are not selected.
Why not include them? Going into more details, Fig. 4 shows that Scandinavian trough is more important
for MCAO intensity then Greenland blocking. However, according to Table 1 SSW has a stronger signal over
Greenland, while it has insignificant influence on Scandinavian trough. Here, 11 out of 24 events show positive
Z anomaly, inconsistent with proposed mechanism. Further, even the selected 8 events do not have a consistent
signal in either Scandinavian trough or in Greenland blocking regions. Thus, I wonder how MCAO forecasting
can benefit from SSW predictability if the mechanism of influence is not well established?

Following the reviewer’s comments, we have revised our analysis to include all SSW events (without sub-
selection of specific SSWs). Thus, both the SSW of 1981 and the SSW of 2001 (which the reviewer mentions)
are now taken into consideration. For consistency, we have also updated the values in Table 1 to show ZDI,
Z ′GB and Z ′ST averages for a period of 30 days after each of the SSWs. As pointed out by the reviewer, the
downward impact of SSW events is highly variable, depending on many factors such as the type of SSW (split
vs. displacement; e.g., Charlton and Polvani 2007) or the tropospheric state at the time of the SSW (Domeisen
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et al. 2020). Statistically, it is, however, often associated with a strong signal over Greenland, related to
Greenland blocking (Domeisen et al., 2020). This is also evident from Fig. 4, showing that the majority of SSW
events (red triangles) are followed by a positive geopotential height anomaly over Greenland (i.e., positive GB
index).

One of the main goals of this study is to establish a mechanism for the stratospheric influences on MCAOs
over the North Atlantic. We assume that changes in the frequency of MCAOs likely arises from modulation
of the large-scale flow regime, some of which occurring in connection with stratospheric forcing. For this pur-
pose, the relation between the Greenland blocking and the Scandinavian trough after SSW events has been
investigated (Fig. 4). We find that SSW events project on the preferred states for MCAO formation in the
Barents and the Norwegian Seas - a positive pressure anomaly over Greenland and a negative anomaly over
Scandinavia (Fig. 1e), which have a nearly equivalent contribution to MCAOs in the Barents and the Norwegian
Seas (right column in Fig. 5). SSWs therefore contribute to MCAOs in winter primarily through their impact
on the Greenland blocking and the Scandinavian trough patterns.

(4) Abstract (L 5-6) says that “Overall, more than a half of SSW events lead to more frequent MCAOs in
the Barents Sea.” However this is not supported by Figure 2 which shows that exactly half of SSWs are followed
by reduced frequency of MCAO in the Barents Sea.

We thank the reviewer for pointing this out. More than half (15 Out of 26 events ∼ 58%) of the SSW events
in the extended time period (between 1979–2019) are followed by more frequent MCAOs in the Barents Sea
compared to the same period in climatology. However, since we do not show this distribution in the revised
version, we have rephrased the Abstract accordingly (lines 5-12).

(5) Figure 4 shows that stronger ZD index corresponds to more intense MCAO, likely through more intense
northerly flow. But what is the purpose of showing the correlation separately for periods after SSWs? What
is the physics behind apparently higher correlation between ZD index and MCAO intensity during periods
following SSWs?

We thank the reviewer for this comment. After SSW events, there is evidence of an increased likelihood of
a Greenland blocking, as compared to other weather regimes (e.g., Domeisen et al., 2020). As the Greenland
blocking contributes to a positive geopotential height anomaly over Greenland (by definition), it makes part of
the dipole pattern that is described by the ZDI (see Eq. 2 in the manuscript). The purpose of the correlations
shown in Fig. 3 (and in Fig. 4) is to estimate the correlation between ZDI and the MCAOs for each of the
sub-regions, and compare between SSW and non-SSW periods. We have rephrased parts of the manuscript to
address this point (lines 180-212).

In addition, we added a new figure to the manuscript (Fig. 5) that shows a boxplot distribution of weekly
ZDI, Z ′GB and Z ′ST indices after SSW events and in periods without SSWs. We find that SSW events are as-
sociated with a ZDI distribution shift towards positive values, providing an indication of the higher correlation
between ZDI and MCAO intensity during periods following SSWs. We added a discussion about these results
to the manuscript (lines 213-220).

(6) I am surprised that the authors did not collect the data for the two recent SSW events. Surface impacts
by SSWs have a very low signal-to-noise ratio. For example, Maycock and Hitchcock (2015) showed that a large
number of events (about 50) are required to detect difference between impacts by splits and displacements.
Establishing significant signal seem to be important also for your paper. Adding two recent SSW events would
increase the sample size by 8% which is a considerable improvement. The dates for the 2018 and 2019 events
could be found for example in the following paper: Afargan-Gerstman, H., Domeisen, D. I. V. (2020). Pacific
modulation of the North Atlantic storm track response to sudden stratospheric warming events.Geophysical
Research Letters,47,e2019GL085007.

As suggested by the reviewer, we have extended our datasets to 2019 and added the two recent SSW events
(2018 and 2019) to this study (see Table 1 in the revised manuscript). Following the reviewers’ comments, we
have evaluated the significance of the results in several ways: (1) we corrected Fig. 1 to show only statistically
significant anomalies at significance level of 95% (panels c-f), (2) we performed additional statistical analysis to
evaluate the significance of each correlation in Fig. 3 and Fig. 4, (3) using the Fisher z-est, we assess the signif-
icance of the difference between correlations between SSW and non-SSW periods (lines 180-212 and 215-220).
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Other comments:

L50 After reading the paper I was wondering whether the Barents regions discussed in the paper is so relevant
for the densely populated Norwegian coast?

The Barents Sea is important for several reasons. There is a considerable marine activity in the region, mainly
due to the oil and gas, fishing, and shipping activities along new trade routes from Asia (Kolstad, 2015). Extreme
weather events associated with marine cold air outbreaks, such as polar lows, can cause substantial damage to
the marine activity in the Barents Sea region, and pose a risk to the highly-populated Norwegian coast.

L44 “weak stratospheric forcing” Is it a combination of “weak stratospheric vortex” and “stratospheric forc-
ing”?
We have corrected to "weak stratospheric polar vortex" (line 43).

L88-90: How do you calculate MCAO frequency and frequency change after SSW? Please provide equations.

We thank the reviewer for pointing this out, and have added an explanation on calculation of the MCAO
frequency to the Methods section. MCAO frequency (PM ) is defined as the percentage of days with MCAOs
above a 4K threshold within a period of 30 days (see Eq. 1). The climatological MCAO frequency (PM≥4K,Clim)
is computed for all days between December 1 to March 31 divided by the number of days in DJFM. Following
SSW events, the MCAO frequency (PM≥4K,SSW) is computed as the percentage of days with M ≥ 4K within a
30-day period after the SSW central date. Hence, the anomaly in the MCAO frequency is the difference between
the MCAO frequency in a 30-day period after the SSW central dates and in climatology, as follows

δPM = PM≥4K,SSW − PM≥4K,Clim. (1)

To clarify this, we added parts of this paragraph to the revised manuscript (lines 96-103).

L109-110: “Using this classification, we are able to capture the favorable conditions for MCAO occurrence
in response to stratospheric forcing.” Are these conditions different from those that favor MCAO occurrence
without stratospheric forcing?
We find that similar tropospheric conditions contribute to the MCAO occurrence both in climatology and after
SSW events. However, these conditions are more likely to arise in the aftermath of SSW events. For a quan-
titative assessment, Fig. 3 and Fig 4 in the revised manuscript show the regression coefficient for periods after
SSW events, compared to the same periods in winters without SSW events.

L191: Should Fig. 5a be replaced by Fig. 4a.
Corrected.

L220: “often followed by a more frequent occurrence” Strange expression. I don’t think that saying “It often
occurs more frequently” makes much sense but it is what the authors are trying to say.
We thank the reviewer for this comment, and have removed this sentence from the Conclusions.

Reviewer 2
General comments:

In this manuscript, the authors evaluate whether there is a relationship between marine cold air outbreaks
(MCAOs) and Sudden Stratospheric Warmings (SSWs) in the Barents and Norwegian Seas. The authors make
the conclusion that 33% of SSWs are associated with an enhanced MCAO response in the Barents Sea. They
furthermore conclude that a positive zonal dipole pattern in the large-scale atmospheric flow accounts for 44%
of the MCAO variance in the Barents Sea. This manuscript fits within the scope of WCD in that it addresses
stratosphere-troposphere coupling, and prediction on subseasonal to seasonal time scales.

The authors present convincing evidence that MCAOs in the North Atlantic are most frequent over the
Barents, Norwegian, and Labrador Seas, while MCAOs are more frequent in the Barents and Norwegian Seas
in a 30-day period following SSW events. However, I do not think this is strictly a new result (e.g., Fletcher et
al. 2016). There is also a convincing case that the Zonal Dipole Index (ZDI) and MCAO are more correlated in
the 30-days after an SSW. A key here though is that it is ‘more’ correlated, and it is not clear what threshold
needs to be met in order for there to be a meaningful relationship. Furthermore, the composite patterns after
SSWs (Fig. 3) and with MCAOs (Fig. 5) are only roughly similar. Overall, it is my opinion that while this
manuscript has some promise, the results are far too premature for publication in WCD at this time.
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In particular
1. The term ‘enhanced MCAO’ refers to “SSW events with an MCAO frequency response above a threshold

of 30% are classified as SSWs with a strong MCAO response in the Barents Sea.” This 30% is quite arbitrary
and no justification is provided and is completely what determines the 33% value in their main conclusion.

Following the comments of the reviewers, we have removed the sub-selection of SSW events based on the
strength of the MCAO response. Instead, in the revised manuscript we analyze the influence of all SSW events
in the reanalysis. Therefore, no threshold for selection of SSWs is applied throughout the manuscript. Given
the significant impact of SSW events on the tropospheric large-scale flow and the associated surface weather
(Baldwin and Dunkerton, 2001), analyzing the changes in MCAO frequency and magnitude following all SSW
events may shed light on their dominant mechanisms and predictability, with no assumptions or sub-selection
made.

2. There is not much of a physical connection with how large-scale fields at 500 hPa and 300 hPa connect
to cold air at the surface. Given the frequent elevated inversions in the Arctic, it is not clear under what
circumstances the boundary layer couples with the free tropospheric fields. The processes described by Pithan
(2018) and Papritz et al. (2019), for example, may be good to incorporate.

In general, MCAOs are most frequently found in the cold sectors of cyclones (Fletcher et al., 2016, Papritz
and Grams, 2018, Pithan et al., 2018). The coupling between MCAOs and the large-scale atmospheric flow has
been addressed in Papritz and Grams, 2018, showing that the dominant weather regime in the Euro-Atlantic
sector essentially modulates the frequency of MCAOs in this region. As they show further, the differences in
CAO frequency for each of the weather regimes is closely linked to the modulation of cyclone frequency and
tracks in these regimes.

To further address this comment, we have replaced the 300 hPa meridional wind with the 10-m meridional
wind (Fig. 2, panels g-i) which represent near-surface winds. For comparison, the large-scale flow is shown by
the black arrows in Fig. 2, panels d-f. We added explanation on the coupling between the boundary layer to
the Introduction (lines 21-25).

3. To test the relationship between the ZDI and MCAO index, the authors perform a linear regression and
show some scatterplots (Fig. 3), arguing that R2 is higher just after SSW events compared to climatology.
True, the values are higher (R2 = 0.44 vs. R2 = 0.15 in Fig. 3a), but what value of R2 would have made the
authors conclude that there is not a difference. R2 = 0.44 would not be considered high in many circumstances,
so why here?

In the revised manuscript, we have included information on the p-value for each correlation (e.g., lines 187-190).
In addition, to obtain an uncertainty estimate for the correlation values, and to test the significance of the
diffidence between these correlations, we use the Fisher z-transform. The Fisher z-transform is used to find
confidence intervals for r and the differences between correlations. It is commonly used to test the significance
of the difference between two correlation coefficients, r1 and r2 from independent samples.

Table 1 below summarizes the results of the statistical correlation test between ZDI and MCAO index in
periods that follow SSW events (r1, z’1) and periods without SSWs (r2, z’2) for all three sub-regions of the
North Atlantic. The significance of difference between correlations is computed as follows: First, using the
z-table we convert the r value to z’ score for each correlation. Next, a z-test statistic is constructed (z′1 − z′2,
divided by the standard error). The correlations during SSW and non-SSW periods are considered significantly
different at 95% confidence level (i.e., we reject the null hypothesis that they are the same) when the absolute
value of zstat is larger than zcrit. From the z-table, it can be determined that for 95% confidence intervals the
critical value is ±1.96.

We find that in the Barents Sea, the z-test results (bold values in Table 1) indicate that the correlation
coefficient between ZDI and MCAO index after SSWs is significantly different than for non-SSW periods. For
the Norwegian Sea and the Labrador Sea, however, we cannot reject the null hypothesis that the two correlations
are not significantly different at the 95% level. We have added these results to the manuscript (line 187-190).

The results of the significance test for correlations with the Z ′GB and Z ′ST indices (shown in Table 2) indicate
that the difference between SSW and no SSW periods is significant according to a Fisher z-transform for the
relation between Z ′ST and MCAOs in the Barents Sea. We have added these results to the manuscript (lines
198-201).
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Table 1: Correlation coefficients between weekly means of ZDI and MCAO indices for the sub-regions used in
this study, during SSW (r1) and non-SSW (r2) periods. Fisher z-transform is used to compute the confidence
interval for r1 and r2, and zstat represents the z value for the difference between the two correlations for a
two-tailed test with confidence level set to 95%.

Sub-region r1 r2 z’1 z’2 zstat zcrit
Barents Sea 0.65 0.45 0.77 0.49 2.28 -1.96 1.96

Norwegian Sea 0.55 0.49 0.63 0.54 0.68 -1.96 1.96
Labrador Sea -0.46 -0.52 -0.50 -0.57 0.55 -1.96 1.96

Table 2: Correlation coefficients between weekly means of Z ′GB and MCAO, and Z ′ST and MCAO indices for
the sub-regions used in this study, during SSW (r1) and non-SSW (r2) periods.

Sub-region r1 r2 z’1 z’2 zstat
Barents Sea 0.34 0.26 0.35 0.27 0.70

GB Norwegian Sea 0.32 0.28 0.33 0.29 0.33
Labrador Sea -0.62 -0.65 -0.73 -0.77 0.34
Barents Sea -0.66 -0.42 -0.79 -0.45 -2.67

ST Norwegian Sea -0.53 -0.46 -0.60 -0.50 -0.77
Labrador Sea 0.09 0.10 0.09 0.10 -0.02

4. There is not convincing evidence that the meridional wind at 300 hPa relates to meridional wind at the
surface advecting cold air masses. It is argued that an R2 of 0.13 is more meaningful than an R2 of 0.12 to
conclude that there is a stronger relationship between meridional wind and MCAO index in the aftermath of
SSW events (line 145). Why not 850 hPa meridional wind (or lower)?

Following the reviewer’s comments, we removed this part (i.e., the linear regression analysis between the MCAO
index and the meridional wind), and focus on the relation with the geopotential height indices after SSW events
and in climatology, which is the main focus on the paper.

5. Table 1 in Butler et al. (2017) provides 24 historical major SSW events between 1979-2014, but the
authors analyze atmospheric fields and climatologies from 1979-2016. Thus the range for the analysis period of
this study can only be limited through 2014 only. Furthermore, the authors begin with a seasonal December,
January, February (DJF) analysis, then switch to also include March (DJFM) midway through (Line 130).
They should always use DJFM given that the SSWs contain March events.

Between 2014 and 2016 there were no additional SSW events, thus the analysis period was not limited by
using the dates in the Butler et al., 2017 study. Nevertheless, in the revised manuscript we have extended the
range of the analysis to 2019, to account for two recent SSW events (in 2018 and 2019). Table 1 in the revised
manuscript lists the dates for all SSW events within the study period. Regarding the second point, following
the reviewers’ suggestion, all results have been updated to an averaging period of DJFM.

6. Why is the climatology not following a standard 30-year climatology as recommended by the WMO
(World Meteorological Organization 2017)? Usually it is 1979-2010.

Indeed, the classical period for climatology is 30 years, as defined by the WMO. However, for our purpose,
anomalies are calculated with respect to the long-term mean values for each day, and hence the word "clima-
tology" is used to describe this long-term mean (1979–2019).

Specific comments:

1. Table 1 in Butler et al. (2017) provides 24 historical major SSW events between 1979-2014, not 2016 as
stated. This limits the range for the analysis period of this study to be through 2014 only.
Indeed, Butler et al. (2017) covers the period 1979–2014, whereas 1979–2016 refers to the period used to com-
pute climatology, and therefore this is the full range of the dataset. In the revised version, we have extended
the analysis to 2019. The extended period includes two recent SSW events (12th of February 2018 and 2nd of
January 2019). In total, 26 SSW events are considered.
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2. The analysis corresponding to Figures 1 and 2 is for DJF, when some of the SSW events extend into
March as the authors point out (but not until Line 130). Authors should consistently use DJFM instead of
strangely adding March ‘midstream’ on Line 130.
This has already been corrected following the quick reviewers’ reports. In both Fig. 1 and Fig. 2 we now analyze
DJFM data, consistent with the rest of the manuscript.

3. How are the geographic boxes for the Zonal Dipole Index (ZDI) determined (shown in Fig. 3b)? Justifi-
cation is needed.
The boxes for the Zonal Dipole Index (ZDI) are determined based on the geographical location of the positive
and negative peaks of geopotential height anomalies in a composite of enhanced MCAOs in the Barents Sea
(westernmost and easternmost green boxes in Figure 2d in the revised manuscript). We refer to this figure in
the Methods section (line 80).

4. Line 50: I assume by ‘predictability’, the authors actually mean ‘practical predictability.’ Otherwise
elaboration is needed.
Given the increased persistence of surface impacts after SSW events relative to climatology, increased pre-
dictability over Europe for medium to long timescales has been proposed after SSW events (Sigmond et al.,
2013; Domeisen et al., 2015, 2019; Scaife et al., 2016). A better prediction of MCAOs, as may be achieved
after SSW events, would be societally and economically beneficial. To clarify this point, we have rephrased this
sentence (line 56) as follows: A better prediction of MCAOs in these regions, due to the increased likelihood
of particular surface impacts after SSW events (as compared to climatology) would therefore be societally and
economically beneficial.

5. Line 75: ZG and ZE should be ZG and ZE , respectively, given the definition of geopotential height
anomaly from climatology in Line 74. Similarly in equation (2).
Thanks for pointing this out, we corrected this.

6. Line 90: Insert ‘in the North Atlantic’ after ‘MCAO index’
Corrected.

7. Line 105: Authors state ‘More than half of the SSW events’ when I count 12/24 from Figure 2 that are
above 25%. Also, the text states that the mean MCAO frequency in DJF is 25%, but in the figure, it looks like
24%. So if it were 25%, that would remove at least one more sample to be less than half.
In the revised manuscript we focus on the downward signature of all SSW events rather than on a sub-selection
of certain events. Therefore, we have removed this statement and removed Fig. 2. More specifically, more than
half (15 Out of 26 events ∼ 58%) of the SSW events between 1979–2019 are followed by a change in the Barents
Sea MCAO frequency that is higher than the mean MCAO frequency during the same period in climatology.
Similarly, more than 50% of SSW events exhibit an increase in MCAO frequency in the Norwegian Sea region.

8. Line 120: It is redundant to plot anomalous 500 hPa meridional wind on a 500 hPa geopotential height
anomaly plot since flow could reasonably be assumed to be quasi-geostrophic. Furthermore, it is not very con-
vincing to assume that northerly winds at 500 hPa extend to the surface where the cold air outbreak occurs.
If the point of this panel is to evaluate the large-scale flow and how it may differ from the average flow during
events, it would be more informative to plot the mean 500 hPa height contours instead.
Indeed, as also mentioned by the reviewer the flow at 500 hPa is in near-geostrophic balance, and hence plotting
the zonal and the meridional components of the flow pattern is consistent with the geopotential height anoma-
lies at this level. Following this comment, we removed the wind vectors from the geopotential height anomaly
panels, and instead added the mean absolute 500-hPa geopotential height (Z500, black contours) for all winter
days in ERA-Interim for the reference (Fig. 2, d-f). In addition, we added new panels with the meridional wind
at 10-m to provide information on the surface flow during the cold air outbreaks (Fig. 2, g-i).

9. Line 175: The 500-hPa height patterns look quite different between Figures 3b and 5b. After SSWs (Fig.
3b), it the anomalies suggest there is a breaking Rossby wave pattern consistent with LC1 (Thorncroft et al.
1993) with a cut-off low over Central Europe, which is a very different pattern than for the strong MCAOs
in the Barents Sea (Fig. 5b). This suggests that on average, the patterns may be considerably different, thus
limiting how this relationship could be applied in any prognostic form.
On average, SSWs lead to persistent negative NAO periods (Domeisen, 2019). Changes in the stratospheric con-
ditions (and SSWs in particular) can modulate the weather regimes in the Atlantic–European sector (Charlton-
Perez, et al., 2018; Papritz and Grams, 2018), but indeed there is a large event-to-event variability (Domeisen
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et al., 2020). While this variability limits the deterministic prediction skill, a statistical connection can be es-
tablished. As the SSWs contribute to part of the preferred state for enhanced MCAO frequency in the Barents
and the Norwegian Seas (i.e., by increasing and decreasing pressure anomalies in the centers of the large-scale
zonal dipole pattern), their impact on the ZDI index can be used as a predictor for MCAOs.

To clarify this point, we added an analysis of the different conditions for MCAO occurrence in the different
regions (Figure 2d-f, subsection 3.2), highlighting the preferred states for MCAOs in these regions. In addition,
we added Fig. 5 to show the large-scale response (represented by the ZDI index, for example) after SSW events,
and compared to non SSW periods. As stratospheric precursors such as SSWs often modulate surface weather
in the European-North Atlantic regions, their impact on the large-scale circulation pattern contributes to the
increased likelihood of MCAOs in these regions after SSWs. We have rephrased the manuscript to include this
point (lines 207-224).

10. The text should be reserved to discuss the results of figures, and the caption should provide instructions
on how to read and interpret the figure. Lines 115 and 200 are examples where the main text repeats the
information in the caption and disrupts the flow of the narrative (Fig. 3b shows..., Fig. 6 shows...).
Following the reviewer’s comment, we revised the manuscript to have a better flow and avoid repetitions (for
instance, in lines 137-138, 141-142, etc).

11. What are the contours in Figure 3c?
The black contours in Fig. 3c (Fig. 2d-f in the revised manuscript) represent the 500-hPa meridional wind
anomaly, and the shading indicates the anomalies which are statistically significant. We added this information
to the figure caption.

Technical corrections:

1. Line 65: The inline subscripts ‘skt’ and ‘850hPa’ below equation (1) should be in text mode, consistent with
those in equation (1).
Corrected.

2. Lines 75 and 135: ZDI is text, and should be written in text mode, not math mode.
Corrected (ZDI is meant to be written in text mode throughout the manuscript).

3. Line 105: a half → half
Corrected.

4. There should be a space between numbers and units. This occurs frequently with ‘4K’, for example on
line 70.
Corrected throughout the manuscript.

Reviewer 3
The motivation for the article is worthwhile and will be interesting to readers once a few issues are addressed.
In its current form, there are a few gaps in the analysis that need to be filled before publication. I share some
concerns with the other two reviewers.

- The first major issues centers on using the top tercile of events as the focus the analysis results. By
subsetting of the SSWs into the top tercile of MCAO response, the readers only sees cases that fit one storyline.
Fig 2 shows that this MCAO storyline is not always consistent across all SSWs. Since the authors suggest
their analysis would inform decision makers that use S2S forecasts, one way to address this issue is by adding
analysis of SSW events with non/weak MCAO responses for comparison. Such a solution could involve a cor-
responding analysis of the bottom tercile events. In such an analysis broader questions could be answered, e.g.,
are there mechanisms of troposphere-stratosphere coupling that occur in the post-SSW period that favor the
enhanced/suppressed MCAO response? Such an analysis would provide readers with needed context for the
interpretation of the extreme MCAO response.

8



To address the reviewers concerns regarding the analysis, we have made several changes to the manuscript,
as follows:

• Following the reviewers’ comments, we have decided to avoid any sub-selection of SSW events based on
a specific storyline, and instead we analyze all SSW events. By doing so, we are able to assess both
the mean response of SSWs on the tropospheric and surface flow (Fig. 1d-f), as well as account for their
variability (red triangles in Fig. 3 and Fig. 4). We find that SSW events lead to increased MCAOs
over the Barents and the Norwegian Seas, while reducing MCAO frequency over the Labrador Sea. In
particular, the correlation between the MCAO index and the large-scale tropospheric flow (represented by
the ZDI index) is found to be higher after SSW events in the Barents and Norwegian Seas, as compared to
climatology, suggesting that the large-scale flow in periods following SSW events favor enhanced MCAO
response in these regions. For the Barents Sea, the difference between correlations in SSW and non-SSW
periods is found to be statistically significant at the 95% level. We have added a discussion on these
results in Section 3.3.

• We have extended the reanalysis datasets to 2019, to account for two additional SSW events. In total, the
downward impact of 26 events is considered, and the anomalies of various atmospheric fields, including
temperature at 850 hPa, skin temperature (which is later used for the computation of the MCAO index),
mean sea level pressure and MCAO frequency, in the period following SSW events are shown (Fig. 1).

• Studying mechanisms of troposphere-stratosphere coupling following SSW events are out of the scope of
this paper. However, we investigate the impact of SSW events on the tropospheric large-scale flow in the
North Atlantic, in particular the occurrence of Greenland blocking and Scandinavian trough. For this
purpose, we analyze the relation between the large-scale tropospheric flow and MCAOs in climatology
and after SSW events (Fig. 3 and Fig. 4). We find that SSW events are often associated with enhanced
blocking over Greenland and lower pressure anomaly over central Europe and Scandinavia, which projects
on the preferred geopotential height anomaly for MCAOs in the Barents and Norwegian Sea (and the
opposite for the Labrador Sea MCAOs). Through this signature, and its associated surface circulation,
there is an increased likelihood of MCAOs in these regions after SSW events (see discussion on correlation
coefficients in Fig. 3 and Fig. 4).

- Adding an analysis along these lines to the article would also get at addressing a second major issue, the
connection between the stratosphere and the large-scale tropospheric flow is assumed and not shown as part
of this work in its present form. Is there a stratospheric flow metric that would provide an indication of the
likelihood of whether or not the 30-day period after the SSW would have a bottom or top tercile event or is
it not possible to determine at the SSW onset date? With the addition of such an analysis, the authors could
potentially provide insight into the type/evolution of SSW events required for the high-impact MCAO response.

Generally, nearly two thirds of SSW events are followed by the canonical downward response in the North
Atlantic, characterized by a dominant negative NAO pattern and an equatorward shift of the North Atlantic
tropospheric jet (e.g., Afargan-Gerstman and Domeisen, 2020). There is an extensive body of literature relating
the type and strength of the stratospheric anomaly during an SSW to the tropospheric impact. We think it will
be beyond the scope of this paper to explore this, as our focus is on the tropospheric MCAO-related impact.
Given the small number of SSW events in the record, and as pointed out by the reviewers, we think that
sub-sampling the SSW events will yield insignificant results, e.g. with respect to the stratospheric evolution.
Furthermore, we think that it will be a complex task, or not possible, to relate the type of MCAO impact at
the surface to the stratospheric forcing at the time of occurrence of the SSW event.
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