Interactive comment on “Observational evidence of moistening the lowermost stratosphere
via isentropic mixing across the subtropical jet” by J. Langille et al.

Overall Author Response:

Thank you very much for your comments and suggestions regarding our manuscript. We agree with
most your suggested changes and have included several edits to the final manuscript that reflect these
changes. We believe that the associated changes and additional analysis provides better context for the
observations and makes for a more complete paper. We have responded directly to your comments
below in red (A.1.#) and have identified where the corresponding changes have been made in the
manuscript. In addition to these changes, there have been several format and structural changes that
were made to the manuscript in response to suggestions and comments from the second reviewer.
Please refer to the responses to the second reviewer for a description of those changes. Note that
several new Figures have been added to the manuscript in order to expand the analysis. We have also
edited the figures to have the same colormap throughout the paper.

Summary of key revisions made to the paper:

1) A synoptic scale meteorological analysis is included for the Rossby wave breaking event that
resulted the observed dynamical structure.

2) Discussion of the process-consistency despite the specific differences between SHOW water
vapor structure and the ERA5 dynamical field is made to clarify that multiple factors can
contribute to the specific differences, including the physical factor that when wave breaking
result in irreversible mixing, the air mass composition loses its correlation with PV as a
dynamical tracer.

3) More focused in the objectives and take-home messages of this paper to present the new
observational evidence of water vapor transport into lowermost stratosphere driving by
Rossby wave breaking and instrument capability and potential impact on stratospheric
water vapor budget. Eliminated the additional discussions on the scale of the event and
further dynamical analysis to avoid distracting from the main messages.

4) The abstract has also been edited accordingly

Anonymous Referee #1 Received and published: 6 January 2020

The authors present results from a new remote sensing instrument designed for satellite-borne high-
vertical resolution limb soundings of water vapor in the upper troposphere/lower stratosphere. The
instrument was mounted on board a high-altitude research aircraft and a single cross section obtained
of an intrusion of tropospheric air into the lower most stratosphere, just above the subtropical jet is
presented. The cross section provides evidence of a moist filament of tropospheric air being mixed
poleward into the lower most stratosphere.

Such events are of physical and climatic interest given the role of these events in moistening the
extratropical lower stratosphere and thus determining water vapor concentrations in a region important
for climate forcing. The observations reveal features at very fine vertical length scales (< 1 km) which are



difficult to observe and to model, although the MLS observations do seem to capture the filament in
guestion to some extent. This filament of elevated water vapor coincides with the (upper) tropopause
near the 400 K isentropic surface. The authors suggest tentatively that there may be a bias in the
ECMWEF reanalysis in the form of a vertical offset of the dynamical fields, in that there is a similarly
located region of low potential vorticity air somewhat lower in altitude.

Regardless of this suggestion, this observation of a fine filamentary structure extending into the
lowermost stratosphere is certainly worthy of publication, but since the scope of the paper s, as set out
by the authors, primarily to present the scientific value in these test observations (not simply to validate
them) | think it is appropriate to ask for a bit more follow up analysis on some of the details.

Author Response (A.1.1)

We agree with your request to present some follow up analysis that serves to highlight the scientific
value of the SHOW measurements. Therefore, we have added several new Figures (Figure 1- 4) and
further analysis of the meteorological fields that provides evidence that the observed moist filament is
due to isentropic mixing following a Rossby wave breaking event in the days preceding the ER-2 flight.
This is discussed in more detail in A.1.3 below. We have also expanded the discussion in section 6 to
examine potential errors in the SHOW measurements, the determination of the upper and lower
boundary of the retrieval and reasons for potential biases between SHOW, MLS and the reanalysis data.
It also emphasizes the spatial structures in the PTLR in the context of the new analysis of the
meteorological fields in support of the suggestion that the moist filament is of tropospheric origin
(tropospheric intrusion).

Firstly, the newer ERA 5 reanalysis should be used instead of ERA Interim. It has substantially higher
vertical and horizontal resolution, and the data is easily available. It would be also worth looking at
model level data which is much finer than the data provided on the 37 pressure-level grid. | am not
convinced of the inferred vertical (see below), but in any case, the comparison would be much more
relevant in the context of the more modern product.

Author Response (A.1.2)

We are actually using ERA 5, not ERA-interim. The data is provided in 1-hour time steps on a 0.25-
degree x 0.25-degree grid. However, the ERA5 products available to us, unfortunately, still has 37 level,
with corresponds to 25 hPa vertical resolution in the tropopause region. This is much coarser than the
measurement.

Secondly, emphasis has been placed on the vertical and meridional structure of this filament, but the
only synoptic details we are given is in the form of an isobaric wind map at 175 hPa. It could be very
enlightening to see some maps of potential vorticity on the 400 K and the 380 K isentropic surfaces with
a domain comparable to Figure 1, in order to distinguish the filament from the layer of air between the
double tropopause structures highlighted in Fig. 3a. These may have quite different horizontal
structures that could shed light on the fine vertical structure of the observed water vapor. On a related
note, | don’t think the text includes a discussion of the line-of-sight resolution of the measurements (i.e.
in the longitudinal direction in the current geometry).



Author Response (A.1.3)

In order to address your first point, we have included several additional Figures and associated analysis
that we believe provides the necessary context for the case study that is presented in the paper. We
have added several paragraphs to Section 3 that discusses these Figures.

Specific changes:

1. We have included a new figure (Figure 2) showing 3 - 48-hour time steps (each day at 20:00
UTC) of PV on the 380 K surface for the 6 days leading up to the date of the case study. The
Figure clearly shows a Rossby wave-breaking event has occurred in the days preceding the flight
that results in mixing along the subtropical jet.

2. We have added a new figure (Figure 3) shows the PV on the 380 K (Figure 3 (a)) and 400 K
(Figure 3 (b)) surfaces for the 07/21/2017 18:00 UTC time step. In the Figures, the tropospheric
and stratospheric air masses are separated by the 6PVU contour on the 380 K surface and 8 pvu
on the 400 K surface. Here it is observed that the mixing associated with the Rossby wave
breaking results in a long low PV “tongue” consistent with tropospheric air that extends from
the Western Pacific and tracks the subtropical jet across North America.

3. To characterize the vertical structure we have included a Figure (now Figure 4) that shows the
height of the thermal tropopause and the location/extent and height of the secondary
tropopause for the 07/21/2017 18:00 UTC time step. In these figures one can clearly see that
there are several double tropopause regions located on the poleward of the subtropical jet. The
SHOW measurements track crosses one of these regions. While additional time steps are not
shown, it is useful to point out that the regions of double tropopause vary in extent from time-
step to time-step. In fact, the double tropopause region that SHOW crosses becomes larger near
the 21:00 UTC time step. A paragraph has been included in the text that discusses this Figure.
We believe that the updated analysis provides the relevant context for the case study and
justifies the suggestion that the moist filament observed along the second tropopause in Figure
6 (a) is likely of tropospheric origin.

4. Regarding the line of sight resolution in the longitudinal direction, the SHOW instrument
averages over 4 degrees in the horizontal by making use of anamorphic input optics. Therefore,
no horizontal scene information is obtained. A sentence has been added after the second
sentence of the second paragraph in Section 2 to clarify this point for the reader.

With regards to the suspected offset in the reanalysis output, this is certainly a difficult region to capture
correctly and so it seems plausible to me that such an offset could exist. However, it’s also possible that
the water vapor transport is not aligned with the lowest PV anomaly, or that the layer of most effective
intrusion is not where the PV gradients are strongest (after all the meridional PV gradients act as a
horizontal mixing barrier that discourages such intrusions). The requested figures should provides some
clarity on this point. A related dynamical point is that the potential temperature lapse rate is not a



materially conserved quantity, while PV is (up to diabatic processes); this point should probably be
stressed more clearly in the text.

Author Response (A.1.4)

The text has been updated to be clearer on this point. Specifically, the lines highlighting a potential bias
between the reanalysis and observations have been removed; however, the identification of the
misalignment between the two is discussed. Several new paragraphs have been added to Section 5 that
examine the PV and layered thermal structure in the context of mixing following the Rossby wave
breaking. It is clarified that it is physically possible (and reasonable) that the dynamical field and
chemical structure are no longer intact, which is a sign of an irreversible transport. In addition, the ERA5
products are given at a much coarser resolution than the SHOW measurements. We include a paragraph
in the discussion of Section 6 that clarifies these points.

One final minor comment: on line 168 reference is made to orange contours in Figure 3 that | think are
in fact dark gray; the orange contours only show up in Figure 4.

Author Response (A.1.5)

The text has been modified so the appropriate “grey” contour is mentioned.

Interactive comment on “Observational evidence of moistening the lowermost stratosphere
via isentropic mixing across the subtropical jet” by J. Langille et al.

Anonymous Referee #2 Received and published: 10 January 2020

Overall Author Response:

Thank you very much for your comments and suggestions regarding our manuscript. We agree with
most your suggested changes and have included several edits to the final manuscript that reflect these
changes. We believe that the associated changes and additional analysis provides better context for the
observations and makes for a more complete paper. We have responded directly to your comments
below in red (A.2.#) and have identified where the corresponding changes have been made in the
manuscript. In addition to these changes, there have been several format and structural changes that
were made to the manuscript in response to suggestions and comments from the first reviewer. Please
refer to the responses to the first reviewer for a description of those changes. Note that several new
Figures have been added to the manuscript in order to expand the analysis. We have also edited the
figures to have the same colormap throughout the paper.

Summary of key revisions made to the paper:

1) A synoptic scale meteorological analysis is included for the Rossby wave breaking event that
resulted the observed dynamical structure.



2) Discussion of the process-consistency despite the specific differences between SHOW water
vapor structure and the ERA5 dynamical field is made to clarify that multiple factors can
contribute to the specific differences, including the physical factor that when wave breaking
result in irreversible mixing, the air mass composition loses its correlation with PV as a
dynamical tracer.

3) More focused in the objectives and take-home messages of this paper to present the new
observational evidence of water vapor transport into lowermost stratosphere driving by
Rossby wave breaking and instrument capability and potential impact on stratospheric
water vapor budget. Eliminated the additional discussions on the scale of the event and
further dynamical analysis to avoid distracting from the main messages.

4) The abstract has also been edited accordingly

In this manuscript, the authors present the analysis of a double tropopause-intrusion event as a case
study to validate the new SHOW instrument. The authors compare their results to reanalysis and
satellite data. | find the work here presented exciting, and no doubt, it lets to get some insight on the
potential of the instrument. | want to congratulate the authors for the work developed. At the same
time, | have to say that | have detected several mistakes along with the manuscript and that | think that
both the analysis and the presentation can be and should be improved. | am familiar with the topic here
discussed, and | have found the description sometimes confusing and incomplete. Therefore, those not
so familiar with the matter could find it challenging to understand some issues.

One of the more puzzling issues that | have found in the manuscript is that the Introduction is poor in
number and the use of appropriate references. There are some striking examples along with the paper
because they involve some of the coauthors. This lack of adequate references makes the discussion
about the case study not well balanced and can complicate the reader to have a general perspective of
the phenomenon. Below | address this issue with some suggestions where it corresponds.

For example, in the first paragraph of the Introduction, it would be appropriate to cite a work that
supports the statement on the limitation of models. Sections 6.2.4 and 6.3 of Gettelman et al. (2010)
deal with it (https://doi.org/10.1029/2009JD013638). Also, it is usual to cite Gettelman and Forster
(2002) when you refer to the CPT (line 37)(https://doi.org/10.2151/jmsj.80.911). The physical
mechanisms mentioned (line 54) are well explained with a model and radiosonde data by Ferreira et al.
(2015) (https://doi.org/10.1002/qj.2697). It provides an excellent discussion of some of the most
relevant constraints, and it would be worthy of citing it to let the reader get some insight on them.

In lines 57-61, the authors discuss the limitations of satellite data. Indeed, they use AURA-MLS for
comparison purposes here. | think that they should cite the works validating WV profiles of AURA-MLS
for the SPARC Data Initiative, as they provide the background on the validity and limitations of the
measurements. At least one of the coauthors of this manuscript is also coauthor of such works:

Toohey et al. (2013) https://doi.org/10.1002/jgrd.50874 Hegglin and Tegtmeier (2017) The SPARC Data
Initiative: Assessment of stratospheric trace gas and aerosol climatologies from satellite limb sounders.
SPARC Report No. 8, WCRP-05/2017.



Author Response (A.2.1)

We agree with the reviewer and have revised the introduction to be more thorough in the background
work. However, not every work recommended by the reviewer are mentioned. To include all of them,
the discussion may become too diffusive. The introduction has been updated in order to provide better
context for our case study and ensure the reader has a broader picture of the background and field.
This includes edits to the text that incorporate some of the suggested references, as well as, several
additional references that we feel helped to contextualize the discussion. These changes have
significantly improved the introduction and help to set up the overall goal of the paper.

Related to the Introduction: the manuscript has two parts, the validation of the instrument and the case
study. Therefore, | think that all the information relevant for the case study that lets to interpret the
results should be presented first, included in section 1.

In this vein, the current section 6 should be moved earlier in the manuscript, before beginning the
analysis and interpretation of the results. Also, the current figure 1 is right; still, I think that it would be
good to include a similar isobaric synoptic map (to check the meteorological situation) and the
corresponding map for the first lapse rate tropopause. Doing it would let the reader have a broad
picture of the situation. Double tropopauses can happen because of several different conditions, and a
priori all of them should be had into account. To do it, all this information is relevant. After it, | suggest
to include a brief sentence discussing how the region chosen for the ER-2 flight is one of the central
global areas of occurrence of double tropopauses including summer as Afiel et al. (2008) shows
(https://doi.org/10.1029/2007JD009697). The other work cited in the text and typical about the study of
double tropopauses, Randel et al. (2007) do not show them for July over the region studied in this work.

Author Response (A.2.2)

We have made structural changes to the paper and further clarified that the objective of the case study
is to identify the process of transport revealed by the observation and that the observation further
demonstrate the scientific significance of the new measurement capability.

Specific changes:

1) Firstly, we have included a new figure showing 3 - 48-hour time steps (each day at 20:00
UTC) of PV on the 380 K surface for the 6 days leading up to the date of the case study (this
is now Figure 2 in the paper). The Figure clearly shows a Rossby wave-breaking event has
occurred in the days preceding the flight that results in mixing along the subtropical jet.

2) We have added a new figure (Figure 3) shows the PV on the 380 K (Figure 3 (a)) and 400 K
(Figure 3 (b)) surfaces for the 07/21/2017 18:00 UTC time step. In the Figures, the
tropospheric and stratospheric air masses are separated by the 6PVU contour on the 380 K
surface and 8 pvu on the 400 K surface. Here it is observed that the mixing associated with
the Rossby wave breaking results in a long low PV “tongue” consistent with tropospheric air
that extends from the Western Pacific and tracks the subtropical jet across North America.



3) To characterize the vertical structure we have included a Figure (now Figure 4) that shows
the height of the thermal tropopause and the location/extent and height of the secondary
tropopause for the 07/21/2017 18:00 UTC time step. In these figures one can clearly see
that there are several double tropopause regions located on the poleward of the subtropical
jet. The SHOW measurements track crosses one of these regions. While additional time
steps are not shown, it is useful to point out that the regions of double tropopause vary in
extent from time-step to time-step. In fact, the double tropopause region that SHOW
crosses becomes larger near the 21:00 UTC time step. A paragraph has been included in the
text that discusses this Figure. We believe that the updated analysis provides the relevant
context for the case study and justifies the suggestion that the moist filament observed
along the second tropopause in Figure 6 (a) is likely of tropospheric origin.

4) The goal here is not to validate the SHOW measurements using the reanalysis data but
rather show that the measurements are consistent with a mixing event. Therefore, the
current section 6 has been removed and the discussion of the spatial extent of the event is
now examined in Section 3 with the new Figures showing the full synoptic picture.

In Figure 2, | had to realise that the values of the horizontal axis are different for each subplot. Right
now, it is harder to visualise the latitudinal variation and the assessment of the vertical 'peaks’, but it is
necessary to be able to compare all of them adequately. Therefore, please, use the same axis for every
subplot. Also, it would be helpful to contextualise the air masses if you can add a horizontal line at the
level of the thermal tropopause (first and second, if possible). In the caption, you have missed the
degree symbol before the cardinal points.

Author Response (A.2.3)

The axes have been adjusted to be the same and we have included horizontal lines noting the altitudes
of the first and second tropopause. The degree symbol has been added before the cardinal points in the
caption as well as throughout the manuscript where it was missed.

Regarding Figure 3, | have several concerns that should be clarified and better discussed:

First of all, it would be useful in you can include the longitude value in the caption. Secondly, the authors
do not say how they have computed the thermal tropopause. Did they use its definition (WMO, 1957)?.
Was it retrieved from reanalysis?. It has to be clarified. Also, the use of model levels for the reanalysis
could have improved the discussion. If you can use them, it would be better.

Author Response (A.2.4)




1. The longitude stayed nearly constant during the flight as mentioned in the text describing
Figure 3 and in Section 2. We have added the following line to the caption of the figure:
“The longitude is along the 124.5° W line and is nearly constant for the measurements.”

2. There is no tropopause product in the ERA-5 reanalysis available to this work. The
tropopause we used is derived from the 37 level temperature product. We stated this in the
revision and have included a detailed description:

“Here the tropopause is derived using the ERA-5 temperature field using the lapse rate
definition (WMO, 1957; 1992) with a modification. The modified version locates the first
tropopause as the lowest level where the lapse rate drops below 2 K/km and remains below
that value on average for 1 km (instead of 2 km). A second tropopause is identified if the
lapse rate increases above 2K/ km (instead of 3 K/km) and then decreases again below 2
K/km. This is done to remedy the coarse vertical resolution of the of the temperature data.
This type of modification has been recognized to allow identification of the double
tropopause derived from coarse resolution temperature data that is more consistent with
high resolution observational data (Randel et al., 2007). In particular, our goal here is to
highlight the spatial extent of the layered static stability structure as discussed in Sections 4-
5.”

About the plots: in Fig. 3a the isentropic entrainment in the lowermost stratosphere reaches 40.5
degrees N. However, in this region, the PV values are large (up to 6 PVUs, at least 5 PVUs). No doubt, the
WV is of tropospheric origin, but such PV values are much higher than acceptable for tropospheric air. At
these latitudes, the larger values expected for tropospheric air are 3.5-4 PVUs. If you check your Fig. 4a
it seems clear that the 6 PVUs value that you mention in the text as a value for the tropospheric air, is
seen in AURA, not so much in the SHOW measurements (and the AURA measurement fits better with
the shape of the potential temperature lapse rate in Fig. 3b). Wang and Polvani (2011)
(https://doi.org/10.1029/2010JD015118) and Afiel et al. (2012)
(http://dx.doi.org/10.1100/2012/191028) have already shown with idealized experiments and
lagrangian models how the equatorward movement of air masses trough tropopause breaks at
midlatitudes is also very important (and indeed they did it for regions close to the one studied here).
Checking the Figure 4b, it could be argued that there is a fingerprint of the movement of stratospheric
air equatorward through the break, because of the higher values of ozone that reach the 4 PVUs (near
to the more accepted tropopause value) and 36.5 degrees N. Therefore, | think that you need to write
the paragraphs from line 204-216 with a more complete discussion and better balance.

Author Response (A.2.5)

1) The PV value for representing the tropopause is the topic of Kunz et al., 2011. There the
gradient based analysis showed that at 380K the average PV for identifying tropospheric to
stratospheric change is 6 pvu. Although not shown it is around 8 pvu at 400K . We include
this reference in the revision. We also emphasized in the discussion not the specific PV
contour but the weakening of the PV gradient in the region indicates the tropopause break.



2) Yes the discussion focused on the poleward RWB as indicated in the new figures 2-4. For the
purpose of this study, the resulting vertical layered structure above the subtropical break is
the key. Equator-ward transport is also important but not the focus of this study.

A right way of checking the reality of the movement would be with using a lagrangian transport model
(as in Anel et al. 2012). If you can include it, it would be a great addition to the manuscript, but | realise
that it is not the goal of this work, so | do not consider it a ‘'must’ here. But given that you do not provide
it and on the ground of the tasks that | mention above, along with the text, you should relax the
language and the level of the statement about poleward isentropic mixing. For example, in line 197,
where you say 'it is widely accepted’ because there are many different synoptic situations.

Author Response (A.2.6)

Indeed we focus the analysis on providing the high resolution measurement and evidence of the
transport impact on lowermost stratospheric water vapor and the highlight of new measurement
capability. This is clarified in the opening and abstract.

Finally, the summary and conclusion’ section is short. | would include some discussion on the error of
SHOW and how it could have impacted the results here presented. Also, | would find it interesting to
include a reflection on the limitations of SHOW to sample similar episodes in more poleward latitudes.
Given that SHOW seems to have a restriction below 13.5 km and that poleward the tropopause height
decreases, is SHOW limited to sample these episodes only around the subtropical jet?. In line 304, the
terminology of ‘tropospheric intrusions’ is used again. As said before, | think that talking about
"tropopause breaks’ is correct in the context of this work.

Author Response (A.2.7)

We have updated Section 6 to be an expanded discussion and conclusion section. This section provides
discussion on the limitations of the SHOW measurements and how these limitations may have impacted
the study is now included in the paper. Specifically, we discuss the choice of the lower altitude cutoff.
The lowest altitude cutoff of the measurements is primarily associated the optical depth. At some point,
when the optical depth is below 1, scattered light from below is fully absorbed by the atmosphere. This
generally occurs a few 3-5 km below the tropopause and varies from profile to profile. Algorithms are in
development to actively determine this cutoff during the retrieval process. However, we did not have
apriori knowledge of the meteorological picture prior to performing the retrievals. For the current study
we chose 13.5 km to fix the altitude at a reasonable height (several km below the expected 15 km -18
km tropopause height for latitudes below the break) that we knew would provide accurate retrievals
across the latitude range.

We also reiterate in the discussion section that we are not trying to validate the SHOW measurements
with MLS and the reanalysis data. The SHOW measurements provide a much higher spatial sampling
compared to either MLS or ERAS5 and we are confident in the quoted uncertainties of the SHOW
measurements. Therefore, the variability observed in the two-dimensional water vapour distribution



observed by SHOW is representative of the true state of the atmosphere. The reanalysis data provides
the appropriate meteorological context and the MLS measurements serve to geophysical consistency
with the SHOW measurements.

Minor corrections (A.2.8)

References: - The list of references is in the incorrect order. - Randel et al. 2007a and 2007b are not
distinguished in the list of references.

e Only Randel et al., 2007a is referenced the paper now

Line 28 - de Forster and Shine Line 30 - Gettelman and Sobel, 2000 Line 44 - Appenzeller and Davies,
1992 Line 52 - Pan et al. 2010 is not listed among the references

e Gettelman and Sobel, 2000 Line 44 - Appenzeller and Davies, 1992 Line 52 - Pan et al. 2010 are
no longer referenced in the manuscript
e de Forster and Shine, 1999 and 2000 are included

Tablel-unitsofspeed—km/h(notkm/hr)
e Corrected
Linel12-the international units of pressure are hPa, not mb
e Corrected
Line 133 - coarser
e Corrected
Line 168 - there is not an orange line in the figure
e Corrected

Lines 176-178 - this sentence is redundant. It has been discussed earlier in the text. | suggest removing
it.

e Corrected

Lines 187-189 - in line 188 when you refer to the tropopause, it is hard to know if you refer to the first or
the second; please clarify it. Also, it would be useful in you can include in the plot something (an’A’ and
a’B,’ astar and a square,...) to make clearer to what region you refer.

e The text has been edited to be less ambiguous

Lines 248-251: the last sentence is obvious and can undermine the achievements of the SHOW
instrument. | recommend to move it to the conclusions as a final reflection.

e This statement has been moved to the new discussion section (Section 6)



Line 269 - 20 degrees Figure 5 - caption - | would say ‘230 and 235.5’. | read the plots from top to
bottom and the one on the top corresponds to 230. As it is now, it can be not very clear.

e Corrected
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Abstract. Isentropic mixing across and above the subtropical jet in-the-presence-of a-double-tropopause

may-beis a significant mechanism for stratosphere-troposphere exchange. In this work, we show new
observatlonal evidence on the roIe of this process in m0|sten|ng the lowermost stratosphere Wapresent
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alrcraft captured an event of poleward ef—the—subtrepteal—Jet—water vapour transport |ncIud|nq a fine

scale (vertically ~ <1 km) moist filament above the local tropopause in a high spatial resolution two-
dimensional cross-section of the water vapour distribution. Analysis of these measurements combined
with ERADS reanalysis data reveals that this poleward mixing of meist-filamentsair with enhanced water

vapour occurred in the reglon of a double tropopause- following a Iarqe Rossbv wave breaking event.

the importance of hlqh resolutlon measurements in resolvmq processes that are |mportant to the
lowermost stratosphere water vapour budget.

1. Introduction

The distribution of water vapour in the upper troposphere and lower stratosphere (UTLS) region plays a
critical role in the physical processes that couple the region to Earth’s climate. This is especially true
near the tropopause and i in the Iower stratosphere where the radlatlve sensrtrvrty and cllmate impact of

net—resel#ed—rn—eu#ent—el+mate—medets—most S|qn|f|cant (de Forster and shlne 1999 de Forster and

Shine, 2002; Solomon et al., 2010). Several studies have shown that trends in stratospheric water vapour
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affect long term and recent climate trends (e.g., Solomon et al., 2010; Dessler et al., 2013; Banerjee et
al., 2019). Due to the strong gradient in the water vapour distribution across the tropopause and the fact
that controlling mechanisms often involve small scale processes, quantifying stratospheric water vapour
and its trends remains challenging for both observations and modelling (Kley et al., 2000; Gettelman et
al., 2010; Riese et al., 2012; Hogberq, et al., 2019; Nedoluha et al., 2017).
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In this work, we present a case study of high-spatial-resolution observations of UTLS water vapour that
has been enabled by new measurement technology. The measurements, using the Spatial Heterodyne
Observations of Water (SHOW) instrument on board the NASA ER-2 research aircraft during a
demonstration flight, captured an event of water vapour transport into the lowermost stratosphere across
the subtropical jet. Using ECMWF ERA-5 reanalysis product, we demonstrate the transport is driven by
a large scale Rossby-wave breaking event and in association with the occurrence of a double
tropopause. Together, the result demonstrates the importance of isentropic transport processes for the
stratospheric water vapour budget, and the importance of high-resolution water vapour measurements in
the UTLS.

In the middle-world, the layer of atmosphere between 310 K and 380-400 K, the isentropic surfaces
intersect the tropopause in the subtropics (Holton, 1995 and reference therein). A ubiguitous feature
here is a sudden drop in the thermal tropopause near the subtropical jet, known as the “tropopause
break”. The layer poleward of the break is defined as the lowermost stratosphere and is strongly
influenced by transport via isentropic mixing associated with Rossby wave breaking (e.q., Chen, 1995;
Scott and Cammas, 2002). The role of isentropic mixing in the budget of lowermost stratosphere water
vapour has been highlighted by both in-situ airborne and balloon observations (e.g., Dessler et al., 1995;
Hintsa et al., 1998; Ray et al., 1999) and satellite measurements (e.q., Pan et al., 1997). A number of
more recent studies have shown that the occurrence of a double tropopause is associated with Rossby-
wave breaking and large-scale poleward transport. Chemical signatures of this type of transport has
been observed in 0zone and a number of other species (Pan et al., 2009; Homeyer et al. 2011;
Ungermann et al., 2013). The observation reported in this work, however, represents the first such
measurement of the 2-dimensional structure of the water vapour distribution.

The Spatial Heterodyne Observations of Water (SHOW) instrument is a new limb sounding satellite
prototype originally designed and built at York university that is being further developed in
collaboration between the University of Saskatchewan and the Canadian Space Agency to provide high
vertical resolution ( < 250 m) measurements of water vapour with high precision (< £1 ppm) in the
UTLS region. The instrument implements a limb imaging spatial heterodyne spectrometer (SHS) to
obtain vertically resolved images of the water vapour spectrum using limb-scattered sunlight in a 2 nm

3
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spectral window centered on 1364.5 nm (Langille et al., 2017). Each SHOW measurement is inverted
using the optimal estimation approach to obtain the vertical water vapour profile for each along-track
sample (Langille et al., 2018).

The SHOW prototype flew several demonstration flights on NASA’s ER-2 aireraftairplane in July,
2017 in order to validate the measurement approach and to demonstrate the along-track sampling
capabilities of the instrument. The SHOW measurement technique, retrieval approach and instrument
performance was validated during an Engineering flight that was performed on July 17, 2018 (Langille
et al., 2019). Comparison with co-located radiosonde measurements were found to be in excellent
agreement, with differences of < 1 ppm above 15 km (near the thermal tropopause) and < 2-5 ppm
below 15 km, due to both natural variability between the observations and measurement precision.

H-The analysis of this pape

Water—\,tapeerpebtamed—denhg-awork focuses on another flight en—leeard—the—ER—%gerformed on July 21,

2017. The flight path Wasehesehtaprowdeeamphhg(ﬁgure 1), across several degrees of latitude off
the west coast of North Amerlca from roughly 34° North to 48” North along the —}24—5—West—leng|tuele

V&pGH—Fd—I—St—H—bHI—IGH—H@&HhE—SHbI—FGpJ-G&Het—124 5 West Ionqrtude Ilne was chosen inan attempt to

observe potential mixing near the tropopause break in a region known to have a relatively frequent
occurrence of double tropopauses in summer season [Anel et al., 2008]. This mixing process often
produce fine scale filaments that are difficult for the satellite measurements and the large-scale models
to resolve. The result of the measurement indeed shows fine scale water vapour structures which reveals
poleward mixing of moist filaments in the region of a double tropopause, demonstrating the capability
of the new measurement technology in capturing the climate relevant water vapour transport process.

Meteorological fields determined from the ECMWF ERA-5 reanalysis are used to examine the
dynamical setting of the measurements. To support the process understanding, the Rossby-wave
breaking event that proceeds the observation is examined using isentropic maps of potential vorticity
(PV). Also examined to support the process identification is the nearly coincident retrievals of ozone
and water vapour from the AURA-MLS instrument.

2. The Spatial Heterodyne Observations of Water (SHOW) instrument

The SHOW instrument is spatial heterodyne spectrometer that has been optimized for limb viewing
observations of limb-scattered sunlight within a vibrational band of water. The limb is imaged
conjugate to the SHS interference fringes such that each interferogram row and subsequently each
spectral row in the image is mapped one-to-one to line of sight at the limb. Each sample provides a
vertically resolved spectral image with ~0.03 nm spectral resolution in a 2 nm window centered on
1364.5 nm. These vertically resolved spectral images are inverted using a non-linear optimal estimation
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approach to obtain the vertical distribution of water vapour. The SHOW measurement technique and
retrieval algorithm is discussed in previous publications [Langille et al., 2018; Langille et al., 2019].

ER-2 airplane altitude
Airplane speed
Field Of View
Temporal cadence
Spatial sampling at the surface

Instantaneous angular vertical resolution

Retrieval altitudes

Retrieval grid

Mass

Power

Dimensions

Spectral Resolution (unapodized)

~21.34 km (70000 ft max)

~760 km/hrh (maximum at altitude)
4° vertical by 5.1° horizontal

1Hz or 0.5 Hz

~1km@ 1 Hz

0.0176 degrees

13 km to 18 km

250 m

222.68 Ibs [101 kg]

465 W (peak), 200 W (average)
(0.465m x 1.32 mx 0.38m)
~0.03 nm

1363 nm — 1366 nm

Spectral range
Table 1 SHOW ER-2 instrument parameters

The prototype SHOW instrument is optimized for observations from NASA’s ER-2 airplane and is
mounted in a forward looking wing pod to observe a 4 degree vertical by 5.1 degree horizontal field of
view. Flying at an altitude of 21 km, the viewing geometry and optical configuration provides a vertical
sampling at the limb tangent point of 51 m to 171 m, increasing towards the ground tangent. The
instrument utilizes anamorphic optics to average over the scene in the horizontal dimension; therefore,
no horizontal (longitudinal) scene information is obtained. Using this configuration, retrievals are
performed on a 250 m retrieval grid with no smoothing to provide an approximate vertical resolution of
250 m from 13 km up to 18 km with precisions better than 1 ppm. The instrument can be operated
using sampling rates from 0.1 Hz up to 2 Hz mode; however, the measurements discussed in this paper
are obtained using a sampling rate of 1Hz. This provides an approximate raw along track sampling of
~10.5 km at the surface (or ~0.005 degrees latitude). The primary instrument specifications are listed in
Table 1 and the full instrument configuration is presented in Langille et al., 2019.

3. ER-2 flight pathtrack and the metrological background

The measurements discussed in this paper were obtained during a flight on board the ER-2 performed
on July 21, 2017 between 18:00 UTC and 19:00 UTC off the Western coast of North America. For
analysis of the meteorological fields within this measurement window we utilize the ECMWF (ERA-
interim)y-model-eutput—Fhe-model-datais5) reanalysis products, which are provided in 1-hour time steps
on a 0.25 degree x 0.25 degree grid (latitude x longitude) at 37 pressure levels from 1 mbar up to 1000
mbar.

Fhe-To provide the dynamical background of the flight track, the zonal wind at the 175--hPa level
(approximately 13 km altitude) for the 18:00:00 UTC time step on July 21, 2017 is shown in Figure 1.




The zonal wind pletfield shows a double jet structure with the subtropical jet located near 45=degrees
35" North with-a-secondary-branch-located-close-and the polar jet near 35=degrees-45°North. Both
features have jet cores (with winds > 40 m/s) that are located over the Pacific Ocean-and-the-. As the
190 subtropical jet is shifting north, downstream in an anticyclonic flow, the two jets weaken-as-they
approach-the-coast-and-become-superimposed merge over North America. This configuration is formed
with a large-scale Rossby wave-breaking event that developed over several days prior to the SHOW
measurements, and is demonstrated in Figure 2 using the 380 K isentropic potential vorticity in 48-hour
intervals over a six days period. To further connect with the ER-2 track, the potential vorticity on the
195 380 K and 400 K surfaces is shown in Figure 3 for the 21/07/2017 time step. Here, the separation
between stratospheric and tropospheric air occurs near 6 PVU and 8 PVU, respectively (Kunz et al.,
2011), which is the noted by the white transition region between red (low PV air and tropospheric) and
blue (high PV air and stratospheric) colors in the figures. A well-defined low PV structure consistent
with tropospheric air is observed on the 380 K surface that extends from the Western Pacific up to the
P00 extratropical region over North America as a result of the wave breaking.

Zonal wind (m/s) at the 175 mbar level - July 21 2017 - 18 00 UTC 60°N

135°W 120°W 105°W 90°W 75°W

T T
—20 -10 0 10 20 30 40 50 60
m/s

To characterize the dynamical structure vertically, the height of the thermal tropopause and the
occurrence of the double tropopause is shown in Figure 4. Here the tropopause is derived using the
P05 ERA-5 temperature field using the lapse rate definition (WMO, 1957; 1992) with a modification. The
modified version locates the first tropopause as the lowest level where the lapse rate drops below 2




K/km and remains below that value on average for 1 km (instead of 2 km). A second tropopause is

identified if the lapse rate increases above 2K/ km (instead of 3 K/km) and then decreases again below 2
K/km. This is done to remedy the coarse vertical resolution of the of the temperature data. This type of
modification has been recognized to allow identification of the double tropopause derived from coarse
resolution temperature data that is more consistent with high resolution observational data (Randel et
al., 2007). In particular, our goal here is to highlight the spatial extent of the layered static stability
structure as discussed in Sections 4-5. The height distribution of the primary tropopause is shown in
Figure 4 (a). The distribution of the secondary tropopause, shown in Figure 4 (b), is consistent with the
formation mechanism of a poleward wave breaking along the subtropical jet (Pan et al., 2009).
Although not shown here, the double tropopause features have varying strength from time-step to time-
step on the days leading up to and after the flight. Occurrences of double tropopauses are common in
this region with the highest occurrence rate in the winter [Swartz et al., 2014]; although, they are also
observed in the summer season [Anel et al., 2008].

The ER-2 flight track with the SHOW instrument for the 18:00 UTC to 19:00 UTC time period, as
indicated in Figures 1, 3 and 4, includes the edge of a large double tropopause region that extends off
the Western coast of the United States. For process verification using an independent measurement, we
identified a near co-located MLS satellite observation track, also marked on Figures 1, 3, and 4.
Analysis of the SHOW and MLS measurements are discussed in Section 4 and Section 5 respectively.
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P30 Figure 1 Zonal wind on the 175 hPa surface:_for the 18:00 UTC, July 21, 2019 time step. The ER-2 flight track with SHOW
measurement track-is shown as the-dark black line and the closest measurement track of the AURA-MLS instrument is as the dark
green.




0.0 1.2 2.4 3.6 438 6.0 7.2 8.4 9.6 10.8
PVU

Figure 2 Potential vorticity on the 380 K isentropic surface on 07/15/2017, 07/17/2017 an 07/19/2017 showing a Rossby wave breaking
event several days prior to the SHOW measurements.

(a) PVaté = 380K

- . & \

(b) PV at @ = 400 K

00 1.2 24 36 48 60 7.2 84 96 108 3 4 5 6 7 8 9 10 1 12
PVU PVU

P55  Figure 3 Potential vorticity on the 380 K (a) and 400 K (b) isentropic surfaces for the 18:00 UTC, July 21, 2019 time step. The
measurement track of SHOW and MLS are shown in black and green respectively.
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Height of the lapse rate tropopause Secondary tropopause height
July 21 2017 18:00:00 UTC 60°N July 21 2017 18:00:00 UTC 60°N

45°N

135°W 120°W 105°W 90°W 75°W 135°W 120°W 105°W 90°W 75°W

8.0 9.5 11.0 12.5 14.0 15.5 17.0 18.5 8.0 9.5 11.0 12.5 14.0 15.5 17.0 18.5
km km

Figure 4 Height of the thermal tropopause (a) and the height of the secondary tropopause (b) for the 18:00 UTC time step. The red
P60 outline in (a) denotes the edge of the double tropopause regions shown in (b). The measurement track of SHOW and MLS are shown
in black and green respectively.

4, SHOW Observations

alla ala = A\ -n=n-'eA AL aldaVala aTalkia
' s : We

begin the analysis of SHOW water vapour
65 measurements with three example SHOW-watervapour-profiles-are, shown in Figure 25 (a-c)}—Fhe

profiles), which correspond to the latitude bins centered at 37.4 degrees North profiles, 41.87 degrees
North and 43.48 degrees North respectively.- Each example shows the set of 10 samples obtained within
in each latitude bin (black) and the mean of the sample set (red). The observed variance in the water
vapour distribution closely matches the 1-2 ppm measurement error predicted by propagating the noise

270 through the retrieval. The red error bars show the precision for the averaged measurements which is
less than < 0.3 ppm for most measurement altitudes. The upper and lower boundaries of the retrievals
presented in this paper are 18 km and 13.5 km respectively. The altitude of the first and second lapse
rate tropopause are shown as blue solid and dashed lines respectively.

10



lat: 37.4 degrees lat: 41.87 degrees lat: 43.48 degrees
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lat: 37.4 degrees lat: 41.87 degrees lat: 43.48 degrees
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Figure 5 Example show profiles at 37.4° N (a), 41.87° N (b), and 43.48° N (c). All profiles lie closely along the -124.5-degree® W in
longitude-tine. The black data points correspond to each of the individual profiles and the red line is-the-tire-passing-threugh the
P80  average of all latitude measurements in each altitude bin. The error bars show the precision of the averaged measurements._The
first and second tropopause are identified in the Figure with the solid blue and dotted blue lines respectively.

| For the 37.4° N measurement, the water vapour mixing ratio increases to a maximum near 14.5 km and
then decreases rapidly with increasing altitude. The water vapour mixing ratio is also found to decrease

285 slightly below 14.6 km. In the current analysis, the lower boundary of the retrieval is at 13.5 km and

| therefore doesn’t capture the expected increase of water vapour at altitudes below 13.5 km. At 41.87°
N a secondary peak in the water vapour profile is observed near 16.5 km. The amount of water vapour

11



decreases slightly below this peak and then continues to steadily increase with decreasing altitude.
| Further along the flight track, at 43.48° N, the peak at 16.5 km has diminished and the amount of water
290 vapour increases slowly with decreasing altitude.
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SHOW ER-2 measured water vapour
July 21 2017 18:00-19:00 UTC
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Figure 6 SHOW measured water vapour profile (from 18:00 UTC to 19:00 UTC) (a) and the potential temperature lapse rate

determined from the ECMWEF reanalysis for the 19:00 UTC time step along the SHOW measurement track (b). The dark dotted

line shows the location of the thermal tropopause. The grey contours show the potential vorticity, several zonal wind contours are

shown in light grey, and the light black dotted line shows the 340 K, 380 K and 410 K isentropes respectively. The longitude is along
B00 the 124.5° W line and is nearly constant for the measurements.

All of the measured water vapour profiles obtained along the flight track are stacked and plotted as a

single data curtain in Figure 36 (a). Fhe-two-dimensional-profile-thatis-Along this track, SHOW

obtained high vertical resolution (< 250 m) measurements of UTLS water vapour around the tropopause

B05 (13 km — 18 km). These measurements were then averaged by latitude to increase the signal to noise

ratio, resulting in an along track sampling of approximately 0.32 degrees latitude (approximately 36 km
at the ground). The result provides a high vertical resolution time (latitude) — height cross-section of the

13
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water vapour distribution along the flight track. Fo-atd-in-the-interpretation-of-the-observed-spatial
vartabHity-we-utiize-theThe dynamical fields, including zonal wind, potential temperature, potential

vort|C|tv and the derlved tropopause locations from the ECMWF reanaIyS|s (4918:00 UTC time step)

5 ; are overlaid on top of
the water vapour measurements theThe dvnamlcal structure in the cross-section co-located with the
flight track is further examined in Figure 6 (b), where the structure of the static stability is highlighted

using the potential temperature lapse rate determined from the reanalysis data (PTLR = A‘9/ AS
shewn-in-Figure-3-(b)-for-the-sameregion-and-thme-step-). In both figures, the 340 K, 380 K and 410 K

isentropes are shown as the thin dotted lines and the thick black dots identify the location of the thermal
tropopause.

From-Figure-3,theThe 410 K isentrope lies entirely in the stratosphere (in the overworld) at all
latitudes. Above the 410 K isentrope, the water vapour mixing ratio is observed to have values between
3.0 ppm — 3:84.0 ppm which defines the background water vapour mixing ratio in the lowermost
stratosphere. Near the tropopause (in the middleworld), sharp spatial structures are resolved that have
gradients on the order of 0.5 ppm per 250 m sampling bin. SHOW does not record the water vapour
distribution below the 340 K isentrope since the retrieval cuts off at an altitude of 13.5 km. Discussion
of this lower boundary is presented in Section 6.
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A The dynamlcal
structure of the cross- sectlon ldentlfles the fllqht track extended over a WeII defined tropopause break

over the jet core, which is indicated by tight zonal wind contours (black) near 39.9° latitude. South of
39.9° latitude, the thermal tropopause sits at an altitude of close to 15.5 km. The region of 39.9° to 42°
has a double tropopause structure. More importantly, the region of the tropopause break has layered
structure of static stability, showing a layer of low stability, tropospheric like air mass extending
poleward over the primary tropopause. Consistent with the stability structure, the PV field (grey) in the
region shows weakened gradient. Overall, the dynamical background has a large similarity with the
observed tropospheric intrusion from the HIRDLES satellite 0zone case study (Fig. 1 in Pan et al.,

2009).

Water vapour measurements from SHOW (Figure 6 a) recorded a layer with water vapour mixing ratio
greater than 5 ppmv which is much higher than the stratospheric background, centered at roughly 14.6
km, and extends poleward to about 40.5°_above the local primary tropopause. Note that the layer in
between the two tropopauses where the PV distribution shows a weakened gradient between the 4 and 8
pvu contours, indicating a weakened tropopause (Pan et al., 2009; Kunz et al., 2011a; 2011b). Further
poleward, the SHOW measurements captured a part of layer with enhanced water vapour above the
primary tropopause between 41.5°N and 43.5° N. The moist layer is also co-located with the weakened

PV gradient.

While the static stability structure of the cross section (Fig 6b) indicates a case of intrusion of low static

stablllty air from the subtroplcal troposphere into the mid-latitude Iowermost stratosphere—Such

mt*rngheweentrepesphenemp the quasi- |sentrop|c transport |nd|cated bv the SHOW Water vapour
cross-section is not entirely matching the stability structure. Considering that the observation is made

in the advent of the Rossby wave breaking event, it is physically reasonable that the dynamical field and
chemical structure are no longer intact, which is a sign of an irreversible transport. It is also likely due
to the ERAS products available to the analysis are given in much coarser vertical resolution compared
to the SHOW measurements. The important point is that there is a clear process identification supported

by both the water vapour measurement and the lewermest-stratosphere-
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5. AURA MLS ozone and water vapour

Fhe-AURA-MES-For process verification, we examine measurements of water vapervapour and ozone
that were obtained along a nearly coincident measurement track areas shown in Figure 41 (solid green
line). The AURA-MLS satellite instrument obtained measurements along this track at approximately
21:51 UTC - roughly 2 hours after the SHOW measurements were performed. Along this track, the
MLS instrument sampled the same geophysical feature along a} slightly different path with an along
track sampling of 168 - 230 km and a vertical resolution of 1.3-3.2 km in the UTLS (316 hPa - 46 hPa).

The MLS measurements have a coarser spatial resolution and the sampling is not exactly coincident
with SHOW. Therefore, some differences are expected between the measurements. However, both
sensors sample nearly the same region in the vicinity of the subtropical jet. Therefore, the MLS
measurements are used to check for consistency with the meteorological picture in comparison with the
SHOW measurements.

Figure4

The AURA-MLS measurements of water vapour and 0zone are shown in Figure 7 (a) and Figure 7 (b)
respectively. The corresponding PTLR plot is shown in Figure 47 (c). For this comparison we use the
22:00 UTC time step of the ECMWF ERADS reanalysis since it is the closest available time step to the
MLS measurements which occurred at close to 21:50 UTC.

The distributions of the two trace species have a spatial structure that matches the general shape of the
structure observed in the PTLR plot and PV contours. As expected, the vertical distributions of the trace
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430 species are basically inverted, with water vapour decreasing with increasing altitude and vice versa for
ozone. Most importantly, a filamentary structure is observed that extends from 36 N to 42 N near 16 km
and coincides with the presence of a double tropopause. Again, the feature matches a similar structure
that is observed in the corresponding PTLR plot and PV contours at a lower altitude (~ 15 km).

435 Taking the sharpest gradient in the PTLR to define the boundary between tropospheric and stratospheric
air we see that tropospheric air is primarily characterized with a PTLR < 12 K/km and stratospheric air
IS characterized with a PTLR > 12 K/km. Therefore, as was the case with the SHOW measurements, the
observed filamentary structure with PTLR < 12 K/km is consistent with the intrusion of a low static
stability air from the subtropical troposphere into the mid-latitude lower stratosphere. FhisMixing on

140 the poleward side of the subtropical jet results in the-formation-of-the-deuble-tropopausemoistening and
theransperbebmelstrososphericabanddiminished ozone desloted-al—ito-themkd-Talude-Towarn

the lowermost stratosphere.
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Figure 7 MLS measured water vapour profile (a), ozone (b) and the potential temperature lapse rate determined from the ECMWEF
reanalysis for the 22:00 UTC time step along the MLS measurement track (c).

The spatial structures recorded by SHOW (Figure 35) and MLS (Figure 46) during this-intrusien event
are strikingly similar and are consistent with spatial structures in the meteorological fields. A direct
comparison shows that both instruments recorded similar amounts of water vapour in the vicinity of the
subtropical jet. They both capture the moist filament near 16 km, as well as, the dry regions near 13.5

km in the lower Iatltude portlon of the measurement tracks. Ihemeasu%ementsereenetee*peeteeﬁehave

te—MJé—mseteﬂen—w—betteHetHe%ep&rate#ahdaﬂmmeFeBe—However the coarser vertlcal

resolution of MLS smears the vertical extent of the moist filament across a large vertical range of ~2
km.

Interestingly, the spatial structures observed in the MLS ozone and water vapour profiles are both

shifted to a higher altitude reIatlve to the PTLR and PV structures. Zliheueenslsteneyeﬁlﬁ}eeh#bewveen

theeausee#theblras—Regardless |t is clear that the spatlal varlablllty observed |n the MLS ozone and
water vapour measurements, in light of the higher resolution SHOW observations, is consistent with

isentropic mixing and-a-tropospheric-intrusion-eventassociated-withon the poleward side of the

subtropical jet in the presence of a double tropopause.
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6. Discussions and Conclusions

The SHOW measurements presented in this paper reveal fine spatial structures with vertical scales < 1
km in the two-dimensional water vapour profile near the subtropical jet. The meteorological picture
that was presented in Section 2 indicates that these structures are associated with isentropic transport
and mixing due to the “stirring” of a Rossby wave breaking event in the days leading up to the flight.
The high vertical resolution measurements of the two-dimensional water vapour distribution provide a
detailed window into the mixing processes that is not completely resolved in the reanalysis dynamical
fields or the AURA MLS measurements.

The vertical resolution of the measurements determined from the full-width half maximum of the
retrieval averaging kernel is 250 m and the precision on the measurements is < 0.3 ppm. The accuracy
of the SHOW measurements and retrieval approach was examined in Langille et al., 2018 and was
found to be < 0.5 ppm for a wide range of water vapour variability and background aerosol. The
approximate line-of-sight accuracy of the SHOW observations determined from the flight data is < 150
m in the 13 km -18 km region. Comparison with collocated radiosonde measurements obtained during
an Engineering flight on July 17, 2019 also showed excellent agreement [Langille et al., 2019]. This
provides reasonable level of confidence that the variability observed in Figure 6 is reflective of the true
state of the atmosphere at the time of measurement.

However, we must also note that the SHOW retrieval is sensitive to the upper and lower cut-off of the
retrieval. In this paper, the upper boundary was chosen to be roughly 2 km below the aircraft altitude.
Above this level, the sensitivity to water vapour is significantly reduced as the path between the aircraft
and tangent point decreases. On the other hand, the lower boundary was chosen to be several km below
the lapse rate tropopause at the beginning of the measurements. Below this level, the optical depth
becomes too large to accurately retrieve water vapour information [see Langille et al., 2018. Ideally, this
lower cutoff would actively chosen to track changes in the altitude of the lapse rate tropopause and
allow retrievals several km below this altitude; however, the retrieval run was performed without a-
priori knowledge of the meteorological picture. An active determination is also under development that
utilizes the sensitivity of the Jacobian to changes in the water vapour profile to determine the
appropriate cut-off [Langille et al., 2018]. In this paper, the lower boundary cut-off was fixed at 13.5
km using knowledge obtained from simulated retrievals in order to ensure the retrieval was not
influenced by this effect.

The objective of the comparisons with the reanalysis data, as well as AURA MLS observations, is to
identify the dynamical process that produced the measured water vapour structure. A number of factors
can contribute to the differences and the offset displayed in the comparison. The reanalysis data has a
vertical resolution of 1-3 km in the UTLS region. Therefore, the reanalysis data set has been used to
confirm that the observed variability is consistent with general meteorological picture and isentropic
mixing associated with Rossby wave breaking near the subtropical jet. On the other hand, the MLS
measurements provide a means to confirm consistency with the large scale spatial variability; although,
the measurements are not expected to have exact agreement since the MLS measurements are made
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along a flight track that samples a slightly different region of the atmosphere. Also, the limb viewing

geometry from a satellite is different from the aircraft and the AURA MLS measurements have a lower

vertical resolution (1.3-3.2 km) compared to the SHOW measurements (250 m). The overall

consistency supports the process identification despite the specific difference.

In conclusion, the high-spatial resolution measurements of a two-dimensional structure of the water

vapour transport above and poleward of the subtropical jet provide unprecedented details of isentropic

mixing across the tropopause break driven by Rossby wave breaking. The observed significant

enhancement of water vapour in the lowermost stratosphere indicates that this type of transport is a

significant process for stratospheric water vapour budget. The fine structure of the water vapour in the

mixing process supports the importance of the high-resolution water vapour measurement capability.

These measurements also serve to demonstrate the capabilities of the SHOW instrument and further

advance the technical readiness of the instrument for future satellite deployment.
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