Reply to Referee 1 Comments

Manuscript-No: amt-2018-33

The SPARC water vapour assessment II:
Comparison of stratospheric and lower mesospheric water vapour
time series observed from satellites

We thank referee 1 for the constructive, helpful criticism and the sugges-
tion for revision. We followed the suggestions of referee 1 and revised the
manuscript accordingly.

General Comments

This manuscript presents useful analyses regarding intercomparisons of H20
time series from many satellite measurements, in terms of monthly means,
data spread, correlation coefficients, and drifts between the time series,
as part of the SPARC WAVAS-II assessment. The methods are generally
sound, although some aspects could/should be clarified, and some plots take
a while to digest, as there are many curves and data sets to consider, which
also makes a clear/useful summary somewhat difficult to present. Different
readers or investigators may proceed differently in terms of how to use or
discard certain data sets, based on these sorts of results. I find that (at
least) more caveats regarding the error bars and significance levels would be
useful, given that autocorrelation effects are ignored.

This is a misunderstanding. Autocorrelation has been considered.
See our answer below.

I also find that the conclusion regarding HoO data usage is fairly bland and
”politically correct”, but not very useful scientifically, since some data sets
clearly exhibit more outliers or drifts than others. Such issues are not easy
to deal with in terms of trying to assess the trends in Ho O, ultimately, and
this manuscript does not try to guide the reader in that direction, which is
maybe alright for a more limited and well-defined scope in this paper.
This study is not about assessing trends or giving guidance on how
to derive trends, but on assessing the differences of the time series
derived from satellites. The here derived results will of course be
of help for future studies focusing on trends studies since data set
specific characteristics and problems that need to be considered
or could make a trend estimation difficult are already revealed.
This seems to imply that everyone should try to draw their own conclusions
about how to decide, which may indeed be better than trying to impose only
one particular solution, and there would be a lot of extra work involved to
make these sorts of assessments. This work may well be followed, in time,
with more details in a related manuscript (mentioned in this work) or by
other work on HoO trend assessment, and this manuscript should stand on
its own as well.



This manuscript is part of the WAVAS 1II special issue and joins
a number of papers dealing with other aspects of the quality as-
sessment. Our intention indeed was not to impose a particular
solution on which data set to use, but to provide a thorough as-
sessment of the water vapour time series derived from satellites.
Based on the specific application the users need to decide which
data set is best suited for this purpose. We provide now some
more guidance on this as given in our answer below (answer to
referee comment 4).

I include some suggestions for improvements in the specific comments below;
there are also a few statements where not enough information is provided.
Overall, this work will provide benefits to investigators of global strato-
spheric HyO; after some changes based on the suggestions below (ranging
from minor to somewhat more major), it could be made (even) more suitable
for publication, and I would want to see it published (my recommendation
really stands somewhere between “only minor” and “some more major” re-
visions).

We have revised the manuscript according to the suggestions given
in the general and specific comments. Our detailed answers to the
points of criticism raised in the general comments are as follows:
For the de-seasonalisation of the time series we have indeed not
considered any auto-correlation in the regression analyses. This
has been a compromise in favour of the more sparse data sets
where the regression occasionally did not converge. For the drift
analyses, however, autocorrelation has of course been considered
to get the optimal uncertainty estimates. In the manuscript this
is clearly stated in Sections 3.1 and 3.3, respectively. On P6, L3
in the AMTD manuscript (P8, L5 in the revised manuscript) it is
stated: Awutocorrelation effects and empirical errors (Stiller et al.,
2012) were not considered in this regression. On P6, L11 in the
AMTD manuscript (P8, L14 in the revised manuscript) we state:
Here, unlike in the regression for the de-seasonalisation, auto-
correlation effects and empirical errors were considered to derive
optimal uncertainty estimates for the drift. Regarding the com-
ment on our conclusion: We do not want to impose one particular
solution, but of course we want to give some kind of guidance.
Therefore, we improved our concluding remarks as given below
in the answer to the specific comment on this issue (answer to
referee comment 4). Further, we once again would like to point
out that this study is meant as a stand-alone study as part of a
larger activity of which the results are all summarized in a special
issue. Thus, not every information from the other papers can be
repeated here. Therefore, we ask the readers to collect the addi-
tional information from the respective publications in the special



issue.

Specific Comments (some in between minor and major)

1. Impact of different vertical (and horizontal) resolutions: I realize that
this is a somewhat difficult topic to deal with, but one should at least ac-
knowledge that these differences between measurement systems can lead to
differences in the time series (which are then interpolated to a fine grid); for
example, a tape recorder signal will not look exactly the same to different
instruments. If you could touch on this for some of the highest and lowest
resolution instruments (ignoring the horizontal component), and comment
on whether you think there are impacts for these results, this would enhance
the paper quality. Also, indicating the actual “canonical” vertical resolution
for a typical stratospheric measurement (e.g., under the instrument names
in Table 1, or by adding a column to this Table), would provide useful infor-
mation that the reader does not have to try to fetch elsewhere, or remember.
There are enough assumptions made already about the readers’ knowledge
of each instrument system (even regarding first-order information like ver-
tical resolution).

We do not assess here the “contour” time series, but the de-
seasonalised time series. Hence, the tape recorder is not relevant
here. For the “contour” time series the vertical resolution will
of course influence the tape recorder signal. A discussion on this
influence can be found in Lossow et al. (2017). An overview of
the vertical resolutions of the WAVAS data sets will be provided
in the WAVAS data set characterisation paper by Walker et al.,
in preparation. This will be the central place for this kind of in-
formation and, thus, not be repeated here. We refer to the study
by Walker et al. at several places in the manuscript. For the hor-
izontal resolution we have no such summary and most data sets
even do not do an assessment of the actually retrieved horizon-
tal resolution, but only of the horizontal sampling. It should be
kept in mind that these two entities are not the same. Sampling
biases of course play a role for our analyses but are unavoidable.
We added the following text to the “Summary and Conclusion”:
There are multiple reasons that give rise to the observed differ-
ences between the individual data sets. A thorough discussion on
this is given in Lossow et al. (2017). From this study we know
that the most important contributions arise from differences in
temporal and spatial sampling, the influence of clouds or NLTE
effects. Other reasons include systematic differences, for example
calibration problems. However, for the time series comparison
we would rank sampling biases as well as systematic errors as
the most important reason for the differences as was discussed by
Toohey et al. (2013) based on trace gas climatologies.



2. Impact of known issues in certain measurements: There is not quite
enough discussion, in my view, of certain known issues that could play a
significant role in these intercomparisons. Fach instrument team represen-
tative could (have) provide(d) more feedback on actual knowledge of in-
strument degradation issues or known drifts. For example, there have been
issues with drifts in MIPAS ozone in the literature (which are touched on
briefly in the context of some of the MIPAS ESA versions), and what about
HyO7? A clearer summary, up front in the drift section for example, regarding
what retrieval versions have some correction and which ones do not, would
be useful. There has also been some evidence for drifts in the MLS measure-
ments versus sonde data (as presented by Hurst et al.); is this detectable
in the plots or drifts you come up with here? Also, is there another part
of this WAVAS assessment that attempts to consider drifts with respect to
ground-based measurements, and would that not be a good cross-reference
to consider, if so? (If there is not, that will be work for the future, I reckon
- and these assessments undoubtedly take up a lot of time and work, I am
aware of this, not trying to downplay the useful work that has been done
already).

The purpose of this study is to assess the quality of water vapour
time series derived from satellite observations. Thereby, our in-
tention is to detect issues like drifts between data sets from a
systematic, consistent and independent assessment. If we find
specific issues here that have not documented before as e.g. the
drift of Odin/SMR, then such issues are clearly stated since this is
the purpose of our study. On the other hand, if we find issues and
these are consistent with earlier findings published in the litera-
ture we refer to the respective studies. For the drift in MIPAS or
the drift in SMR, there are no published studies on these drifts.
Therefore, our study adds new, previously not available informa-
tion. The Walker et al., in preparation, paper will be the main
data set reference with all knowledge before this assessment being
included, like e.g. the MLS drift vs. FPH or the drift in MIPAS
V5. It is not useful to add in all WAVAS papers this information
over and over again unless we see it as quite important for the
current study. This is e.g. the case for Table 1 which provides
an overview over the water vapour data sets from satellites used
in this study and can also be found in Lossow et al. (2017). We
know that it is a clear drawback for all studies currently under
revision that the Walker et al. paper is not published or even
submitted yet. So therefore we have no other choice to than to
ask the referee and readers for more patience for these kind of
additional information (as stated above, in case the information is
necessary for the specific study, it will be repeated).



3. Some of the drifts are quite large, and each instruments results tend
to get a bit buried in the sea of curves (e.g. in Figs 2 through 4, and
Figure 10; showing Figure 10 for all latitude bins could also be helpful, in
the main text, even if Figs. 11 through 13 are quite nice, but somewhat
less easy to grasp than Fig. 10. One also wishes for a more quantitative
summary of the accuracy of expected trends based on the “combination”
of knowledge shown here, even without getting into the trends themselves.
The spread between the curves in Figure 10 could be such a measure, say
in percent/decade rather than ppmv/decade (just a personal preference but
not critical since the vertical gradients in HoO are not as strong as for Os,
for example). First, one might want to eliminate some of the outliers (e.g.
despite the drift results using techniques you have used with the MAD for
example, or some 4 or 5 sigma type of screening), and then calculate the
rms spread versus pressure. One could also superpose three curves (one for
each latitude bin you have considered). In fact, in an ideal world, showing
this for even more latitude bins to check for consistencies or inconsisten-
cies (and systematic effects for certain instruments) would provide an even
more complete picture (such as in a latitude/pressure contour plot). As
comprehensive as this work looks already, there is even more information to
go after, as you imply in reference to other manuscript(s) in preparation or
in press - and this is not something that is a serious flaw, as long as there
is some level of consistency between the latitude bins chosen here (if not,
then the reader can conclude that more work is really needed to try to make
sense of all these measurements). Even a 0.5 ppmv/decade drift is fairly
large, since this is about 10% and the trends in HoO (or expectations for
long-term trends) are not larger than this.

We consider these suggestions to be beyond the scope of the cur-
rent (already quite comprehensive) study. Our focus is on com-
paring the time series and not to provide an estimation of trends
or errors in the trend estimates. These can be done in follow up
studies. Further, as discussed for example in Lossow et al. (2018a)
it is inevitable to first understand the differences between the time
series for being able to yield consistent trend estimates. Regarding
the spread in Figure 10: We do not think this is a really helpful
measure. First of all the different lines are based on estimates
for different time periods. Hence, the spread has at least partly
natural reasons that we cannot separate out. Further, the drifts
presented in Figure 10 are only relative to one data set, namely
SMR, which we picked as example data set because it has an ob-
vious drift. A more general assessment combining all results will
be provided in Lossow et al. (2018b), in preparation. We think it
is not a good idea to give the drift in percent/decade instead of
ppmv/decade. First of all, we look here at the trend component



of the difference time series derived from de-seasonalised data.
Second, there are clear biases in the absolute data which clearly
influence the relative estimate. Therefore, using absolute esti-
mates rather than relative estimates seems to be the best option
for our study. There is also no point in doing this analyses for more
latitude bands. We have picked three latitude bands which cover
the major climatic regions and give the best overview over the
results. Considering more latitude bands would make this already
quite comprehensive study even more comprehensive. Further,
one does not gain much more insight from showing Figure 10 for
all three latitude bands considered in this study (see Figure 1 in
this reply) since quite similar results are derived. The paper is
much more concise for just showing one latitude band as example
(as it is done presently in Figure 10). It is correct that we derive
drifts beyond 0.5 ppmv, but in these cases the overlap of the time
series is mostly not that long (minimum overlap period is just 36
months) or these drifts are not significant. Further, to put our
results in relation to other results: the trend differences between
the FPH observations in Boulder and the merged satellite time
series for the time period from the late 1980s until 2010 are also
as large as 0.5 ppmv/decade.

4. Your final statements (in the Abstract and in the Conclusions) about
being able to consider “all data sets... when data set specific characteristics
(e.g. a drift) and restrictions (e.g. temporal and spatial coverage) are taken
into account” seem to be too much of a “politically correct” stretch, even
though I realize that this is often done to please every team making up an
assessment-type paper. What is really required (besides a lot of work) to
try to actually take such effects into account and really assess trends in Hy O
(as is done for ozone)? This is certainly missing from this work - precisely
because this is a lot easier said than done. I will not try too hard to force
a different consensus view or statement, but it is something to reconsider,
I would argue, in terms of what the best message for readers really is, as a
scientific statement about the uncertainties and possibilities, given the large
spreads or at least, the existence of several outliers. How is one supposed
to “consider” known drifts, or the large spread in (some of) these results?
Either they all get characterized better versus ground-based data (if and
where possible), or versus some “cleaner” average satellite time series - or
some other solution, if a more satisfying recommendation can be pursued.
At the very least, I am asking for some thought about this and an attempt
to make a more useful statement, even if this may just be a suggestion in
order to arrive at a hopefully robust consensus about the state of the trends
in HoO. I am not asking that all that work be done for this manuscript, just
for a better suggestion than “use everything but consider everything”, which



is basically not providing any useful recommendation in terms of specifics.
If it really is too difficult to arrive at a better (consensus) statement, saying
that this was attempted is still better than just leaving the vague conclusion
in as it stands now; hopefully this stimulates a bit more discussion, at the
very least (again, without requiring a lot of detailed work). This may have
been a point of discussion already among co-authors.

Instead of stating that ‘“all” data sets can be used for studying at-
mospheric water vapour variability and trends we state now that
this is the case for “most” data sets. We think this is a realistic
statement. In fact, it is quite difficult to judge which data set is the
best one to use. That simply depends on the scientific application
and on which altitude region or latitude region the study is focused
on. For trend analyses the longest data sets with the highest spa-
tial and temporal coverage have of course, for such kind of studies,
a clear advantage. We changed the last paragraph of the conclu-
sion as follows: Newvertheless, although the water vapour data sets
have been thoroughly assessed in this study it is difficult or rather
impossible to judge on which data set is the best one to use for fu-
ture modelling and observational studies. This simply can only be
answered with respect to the specific science application the data
set should be used for. For future studies on e.g. water vapour
trends we can state that the data sets that provide the longest mea-
surement record with a high spatial and temporal coverage have an
advantage over the ones which provide only observations in spe-
cific latitude bands and/or altitude regions. For data sets that
have a drift relative to other data sets as e.g. SMR 489 GHz, the
drift has to be taken into account and data sets that are simply too
short (less than one year) as e.qg. ILAS-II and SMILES cannot
be used for trend studies at all. Once again, we need to point out
here that this study is not about trends, so therefore we will not
provide any trend assessments in this study. Likewise, we have
to point out that an average time series (as the multi-instruments
mean by Hegglin et al., 2013) has never been considered as a sub-
ject for this study as well since there are also caveats concerning
the usage of an average time series.

5. It is stated that the error bars (and drift) estimates do not take into
consideration in the regressions (see the statement near the top of page 6).
I assume that this is also the case for the drift estimation (calculated via a
simple linear trend model applied to the time series of differences). Since
a lot of the results depend on the significance level, the underestimated set
of error bars, which is typically the result of the neglect of autocorrela-
tion effects, will imply that somewhat erroneous conclusions are arrived at
whenever you discuss significance levels. This could often be a non-negligible



effect indeed. The trend estimates are not likely to change very much, and
this is more of an impact on the error bars themselves, which means that you
would have more slant lines across more boxes in Figures 11-13, and Figure
10 would also be affected (mainly for the panel on the right). I realize that
this is also a lot of work to try to do rigorously, so any rough estimate of
the impact of this (for an example, not for all the series) would be a useful
addition to the work already done, mainly as a comment, not necessarily
in terms of changing the Figures themselves. One could comment, for ex-
ample, that it is likely that most (or almost all) of the boxes would end up
being non-statistically-significant (this is apparently already the case actu-
ally). This does not invalidate the fact that there are outliers in an often
systematic way, and that the drifts do show relative inter-instrument ef-
fects and certain tendencies, even if not statistically significant. So I still
think that the flavor of (and interest in) the results can be preserved, de-
spite the fact that there is a lack of full rigor in the treatment of statistical
significance and some of the conclusions. Some sort of statement that goes
slightly beyond merely stating that this effect is completely neglected would
be useful for readers, since this is a mathematically known issue (that often
gets ignored). If you can prove that this is an insignificant omission, please
show this with further analyses (although I personally do not believe that
this is the case, without more investigation). If this is completely ignored,
however, even if one states that it is being ignored, the reader will get the
(incorrect) impression that the results of significance are to be taken at face
value, which is really not the case. A more cautionary note is what I am
mainly after here, since these issues are too often ignored altogether, but
not a complete rework using different statistical methods (e.g., a bootstrap
method could also be applied for error estimates).

No, this is a misunderstanding. See our answer to the general com-
ment. Autocorrelation and empirical errors are considered. The
regression follows the method by Stiller et al. (2012) as clearly
stated in the manuscript.

6. You sometimes state that noisy measurements are a cause for poorer
results, for example in the correlations. You have also used the different
impact of clouds as an explanation of some differences. I am not convinced
that these explanations are well enough proven, at least by what I see in this
manuscript. When you have monthly means, most of the results will have
very small standard errors in the means, and noise itself becomes much less
of an issue. This can be demonstrated for each instrument, and some will
be more “noisy” than others, this is still true, depending on the number of
data points (and the actual single-profile noise). I would urge you to more
carefully consider those comments and convince yourselves of certain cases
where these statements are made. If you are not convinced, or convincing,
maybe you should invoke unknown systematic effects as well, as another



option that could also play a role (when one wants to try to provide a range
of options for some differences without a more complete investigation, which
could take a while for the multitude of data sets you are considering here,
I agree). Alternatively, if you do have a few good examples, you could add
supplementary material to show differences of time series with the noise val-
ues (for example), or something else relating to cloud studies (or another
reference, possibly). I also tend to think that sampling will play a bigger
role than one might think in some of the differences (for example in the
issues mentioned in the paragraph before Section 4.4), even if you already
do mention some examples of this issue. I just want to avoid statements
that sound like careful work has gone into the conclusion, with little proof
given; while there can be (is) some level of trust regarding work not shown
in the paper, I am not entirely convinced that all the possible explanations
have been vetted enough. One can try to investigate and comment about a
few of the more obvious cases with poorest results, for example, at certain
pressures or latitudes. It is also somewhat surprising to see some of the dif-
ferences between the various MIPAS retrievals, in terms of how some of the
larger differences can come about. Again, the main flavor of the results will
most likely not change, and it would be a large undertaking to try to resolve
“everything”, so I (and others) will need to read this as the way things are,
for now, not that one shouldn’t expect better agreement in the end, given
enough time, etc... but there are still a number of unresolved issues. Some of
the writing gives a lot of description of differences, with maybe not enough
“potential explanations”, and we can infer that some things are not under-
stood yet, which is not completely unexpected either. This does not make
this work unworthy of publication, in my view, although one would prefer
to see a lot of these uncertainties reduced, or somewhat better explained.

It is correct that due to the fact that we use monthly means we
cannot talk about “noise” in the classical sense. In fact, monthly
means are only considered if they are larger than the correspond-
ing standard error, so that this component is more or less irrele-
vant. At three occasions in the manuscript we mention “noise”.
In these three occasions we really refer to “noise”. The large vari-
ability we see from month to month in some data sets was denoted
as “scatter” in our manuscript to differentiate between the clas-
sical “noise” and the “noisy” behaviour we see in the monthly
mean data. A thorough discussion on the reasons for differences
between the data sets is given in Lossow et al. (2017). From this
study we know that differences in sampling, cloud influence or
NLTE have an influence. Additionally, there are also systematic
differences for example from calibration problems. However, for
the time series comparison we would rank sampling biases as well
as systematic errors as the most important reason for differences
as was discussed by Toohey et al. (2013) based on trace gas cli-



matologies. We added the following text to the “Summary and
Conclusion” section: There are multiple reasons that give rise to
the observed differences between the individual data sets. A thor-
ough discussion on this is given in Lossow et al. (2017). From
this study we know that the most important contributions arise
Jfrom differences in temporal and spatial sampling, the influence
of clouds or NLTE effects. Other reasons include systematic dif-
ferences, for example calibration problems. However, for the time
series comparison we would rank sampling biases as well as sys-
temtatic errors as the most important reason for the differences
as was discussed by Toohey et al. (2013) based on trace gas cli-
matologies.

Minor Comments
- pg. 2, L3, change ratio to ratios.
Done.

- pg. 2, L8, change :when data” to “if data”, although my specific com-
ments are not that positive regarding this sort of statement.
Done. See also our answer to the specific comments.

- pg. 3, L18; I would suggest something shorter/better like “with water
vapour abundances recovering after 2004-2005.

We changed the sentence as follows: ‘‘with water vapour abun-
dances starting to recover from 2004—2005 onwards.”

- pg. 4, Eq. (1), interesting use of “z” for pressure, rather than “p”, but
this is just a personal preference, nothing to really change.

It is correct, that in our analyses the altitude coordinate is pres-
sure, therefore it should correctly read “p(z)”. However, with
simply using “z” in the equation we indicate the dependence on
altitude which can either be altitude or pressure altitude.

- pg. 5, lines 8 and 11, there is a change in tense (from “was calculated”
to “are discarded”); I would recommend using the same tense in general,
inasmuch as possible (e.g., “were discarded”).

This has been corrected.

- pg. 5, L15, maybe change ‘“refined” to “relaxed”, or “less stringent crite-
rion”.

We changed “refined” to “relaxed”.

- pg. 6, L11, typo in “alltogether” [altogether].
- pg. 6, L12, change “ratio” to “ratios”.

10



- pg. 6, L22, delete “the” before “the”.
These typos have been corrected.

- pg. 6, L26, change “was 3.6” to “removed 3.6”.

We changed the sentence as follows: For the tropical and the maid-
latitude bands 3.6% and 3.7%, respectively, of the data were re-
moved.

- pg. 6, L29, add a comma after “measurements”.

- pg. 7, L1, change ‘“result” to “results”.

- pg. 9, L18, are compared qualitatively.

- pg. 10, L26, delete “and” before “2011”.

- pg. 11, L14, available for these altitude and latitude regions.
- pg. 11, L18, change “as those” to “than those”.

- pg. 11, L33, change “in order” to “on order”.

- pg. 12, L14-15, in the other data sets, anomalies up to only 0.4-0.8...
- pg. 12, L17, anti-correlated with the time series

- pg. 12, L23, add a comma after V5H.

- pg. 13, L1, are found during 2004-2008, when SAGE I1I...

- pg. 13, L9, change ‘“regions” to “region”.

- pg. 13, L17, change slightly decreasing to decreasing slightly.
These issues have been corrected.

- pg. 13, L21, 22, there is a lot of repetition of the same references to
the drops in HyO.
The references on P13, L21.22 have been removed.

- pg. 14, L17, change “coefficient” to “coefficients”, and one line lower,
change ”is” to are”.

- pg. 14, L20, change “in form” to “in the form” or to “as”.

- pg. 14, L30, change “NOM than” to “NOM as”.

- pg. 14, L31, most data sets between 1 and 30 hPa.

- pg. 15, L9, change “varies” to “vary”.

- pg. 15, L19, “the number of months of overlap between time series is
given...”

- pg. 15, L25, the number of overlap months is not that high...

- pg. 16, L2, the number of overlap months is rather low (same for L5/6,
and L10, and L20 on pg. 17).

- pg. 16, L7, overview of the temporal...

- pg. 16, L11, An example of a negative correlation, despite a high number
of overlapping months, is for the correlation ...

All suggested corrections/changes have been considered.

- Also on this page, it is not very surprising when ACE-FTS data versions or
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MIPAS versions correlate well... it is the opposite that is more surprising.
In case of ACE-FTS a high correlation may not be surprising,
but for the different MIPAS data sets this is not necessarily given
since there are so many differences in these data sets. What we
simply do here is to describe the correlations which are in the
correlation matrices most pronounced visible, irrespective if this
is an expected or not expected result.

- pg. 16, L23, which “both quantities” are you talking about here, please
clarify.

With both quantities we mean the number of overlap months and
the correlation coefficient. We changed the sentence as follows:
Therefore, for assessing the agreement between two data sets both
quantities, the number of overlap months and the correlation co-
efficient, should be taken into account.

- pg. 17, L14, change “were both data sets” to “for which both data sets”.
- pg. 17, L19, change “at the” to “on the” (x-axis and y-axis).

- pg. 18, L17, drifts are significant in most cases.

- pg. 18, L26, change “pattern” to “patterns” [are...].

- pg. 18, L34, Exceptions are HIRDLS... and MAESTRO...

- pg. 19, L25, change “because” to “that”.

- pg. 19, L27, influenced differently by clouds.

These issues have been corrected.

- pg. 19, L30/31, Larger deviations in the lower mesosphere occur in the
case of the MIPAS NOM data sets, which are close to their upper retrieval
limit there, and thus more uncertain.

We changed the sentence as suggested.

- pg. 20, Since the dehydration is only partly a seasonal oscillation,...

We changed this text part as follows to be more precise what the
point is: Since the dehydration is more a seasonal phenomenon,
and accordingly is less characterised by a sinusoidal behaviour,
the usage of sinusoidal functions for the de-seasonalisation is not
the optimal choice. Instead, the average approach (see Sect. 3.1)
would be the more adequate choice for the de-seasonalisation in
this region.

- pg. 20, L8, were also assessed; this indicates if the longer-term varia-
tions (trends) ...

“drifts” is correct here, since our study is about “drifts” and not
“trends”. Further, we think it is not necessary to split the sen-
tence.
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- pg. 20, L11, change “level” to “levels”.
Done.

- pg. 20, L11, The most significant drifts were found in the tropics, where
there is low..., which...

We changed the sentence as follows: The majority of significant
drifts were found in the tropics (the latitude region with the low-
est spread/variability), which makes drift detection considerably
easier.

- pg. 20, L13, Drifts were also calculated...

We changed the sentence as follows: The same drift approach as
used here has been used by Lossow et al. (2018b) to calculate drifts
from profile-to profile comparisons (using coincident data).

- pg. 20, L22, delete “amongst others”.
We deleted “among others” as requested.

- pg. 20, L32, that in addition to correcting...

- pg. 20, L33, changes in the calibration were made within the HIRDLS
mission...

These changes have been implemented.

- pg. 20, L34, data sets encounter large uncertainty...

The sentence has been changed as follows: The MAESTRO data
set encounters large uncertainty (noise) at 80 hPa (in the correla-
tions and drifts) which is related to the vicinity to the uppermost
limit of these retrievals.

- References, there are a few refs. with no doi numbers (Randel, Rems-
berg, von Clarmann).
Missing dois have been added.

- pg. 28, bottom line, and the spread are more easily compared.
Done.

- Figure 5, one could also find an rms diagnostic versus pressure and con-
tract the time axis this way, as an additional Figure that could overlay the
three latitude regions, so as to get a maybe better overview of this quantity
over pressure and latitude (and some of the colors are not so easy to differ-
entiate).

If we do understand this comment correctly, the referee means
that we should choose a representation here that is no longer de-
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pendent on time. We do not agree with this suggestion because
the variability of the spread over time is an important information.

Figure 10, last sentence, The second number indicates the number of months
for which both data sets ...

- Figure 11, line 2, change “at” to “on” (x-axis, y-axis). Line 4, upper left
the overall overlap period between data sets is given. The second number
indicates for how many months ...

These sentences have been corrected.
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Figure 1: The left panels show the drifts between the de-seasonalised time
series of the SMR 489 GHz data set and the other data sets for the three
latitude bands considered. In the right panels the corresponding significance
levels of the drift estimates are shown and the 20 level is marked by a vertical

line.
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Reply to Referee 2 Comments

Manuscript-No: amt-2018-33

The SPARC water vapour assessment II:
Comparison of stratospheric and lower mesospheric water vapour
time series observed from satellites

We thank Hugh Pumphrey for the constructive, helpful criticism and the
suggestion for revision. We have revised the manuscript accordingly.

General comments

This is a useful summary paper, which, for the most part, presents a large
and complex body of information in a digestible manner. Most of the
items that make it difficult for the reader are related to the large num-
ber of datasets from a single instrument (MIPAS). If it were possible to do
anything to separate the inter-MIPAS comparisons from the (more impor-
tant) comparisons between different instruments, then I would like to see
this done. But I recognise that this might be too large a change to be made.
Like referee 1, I am conscious that this paper does not provide any kind of
guidance to the reader as to which data sets are the most useful. I imag-
ine that this is deliberate and is done to avoid annoying any of the data
providers. I nevertheless feel that some sort of opinion as to which datasets
are the most useful for which purposes would not be out of place.

We can understand that the huge number of MIPAS data sets is
somewhat overwhelming. However, since these data sets exists,
they also have a right to be assessed. These data stem from 4
different processors and there are a lot of differences between the
data sets as shown in our paper as well as in the other WAVAS
papers. The intention of WAVAS is to provide a full assessment
of “all” available stratospheric data sets. Plenty of time series
analyses and assessments using less data sets can be found else-
where (e.g. Hegglin et al, 2013; Hegglin et al., 2014; Khosrawi
et al., 2016; Weigel et al., 2016; Noel et al., 2018; Lossow et al.,
2018). We included now an paragraph in the manuscript on the
differences between the MIPAS data sets (see our answer below to
the specific comment on Figures 2-4). We agree that it would be
good to give some guidance on which data set to use for further
studies. However, this is quite difficult to judge since this decision
depends on the scientific application and on which altitude region
or latitude region the study is focused on. For trend analyses the
longest data sets with the highest spatial and temporal coverage
have of course for such studies a clear advantage. We changed
the last paragraph of the conclusion as follows and hope that this
will give at least some guidance: Nevertheless, although the water



vapour data sets have been thoroughly assessed in this study it is
difficult or rather impossible to judge on which data set is the best
one to use for future modelling and observational studies. This
simply can only be answered with respect to the specific science
application the data set should be used for. For future studies
on e.g. water vapour trends we can state that the data sets that
provide the longest measurement record with a high spatial and
temporal coverage have an advantage over the ones which pro-
vide only observations in specific latitude bands and/or altitude
regions. For data sets that have a drift relative to other data sets
as e.g. SMR 489 GHz, the drift has to be taken into account and
data sets that are simply too short (less than one year) as e.g.
ILAS-IT and SMILES cannot be used for trend studies at all.

Specific comments

e Page 4 line 10: The authors note that the data from UARS MLS are

not considered. I do not think these data would add much as there are
less than 18 months worth. But the authors have included the ILAS-I1
and SMILES data, which cover even shorter time periods, so I think
they should explain why they are including ILAS-IT and SMILES, but
not including UARS MLS. (Disclaimer: I am responsible for the UARS
MLS water vapour data.)
The aim of WAVAS II was to include all data sets that per-
formed observations in the period from 2000 to 2014 (or ex-
tended to 2016 as it is done in some other WAVAS II papers).
To our knowledge UARS/MLS H;0 measurements ceased in
1993 and that only measurements from the other trace gases
are available until 2001. An assessment of the pre-2000 data
sets was done within the first WAVAS project and can be
found in the SPARC WAVAS Report published in 2000.

e Figure 1: The labelling of the colour bar is rather cluttered; it might
be preferable to label only 2,3,4,5,6,7, and 8 ppmv.
We agree and changed the labeling of Figure 1 as suggested.

e Page 8 line 14: I would remove the words “(contour time series)” as
the data are presented as an image no contours have been drawn.
It is correct that we have not drawn any contour lines. How-
ever, the definition of a contour plot is as follows: “A contour
plot is a graphical technique for representing a 3-dimensional
surface by plotting constant z slices, called contours, on a
2-dimensional format. That is, given a value for z, lines are
drawn for connecting the (x,y) coordinates where that z value
occurs.” This exactly what we are doing, but instead of using



lines we use filling of the contours. Thus, it correctly should
read “filled contour”. However, this is detail is not very use-
ful and somehow we need to distinguish our time series plots
from each other and thus we would prefer to keep the header
using the term “contour”.

Page 8 line 27: Again (and in several subsequent places, including in
the supplement), remove the word “contour” as figures 1, 5, and S1-S3
contain no contours.

As stated in our answer above, these are nevertheless contour
plots, but without explicitly plotting contour lines. Thus, we
would rather keep the word “contour” in the text and figures
to differentiate these figures from the other time series plot
where we consider the time series on specific pressure levels.

Figure 2-4: I do rather wish that the various teams involved with MI-
PAS would agree on one best product. Half of the products shown
in these figures are from this one instrument. I understand that the
instrument has various operating modes which are not directly com-
parable, so a single product may not be practical. But 13 different
products are very confusing for the reader and the data user. It might
have been preferable to first form some sort of combined or approved
MIPAS dataset (or, at most, one for each operating mode) to be com-
pared to other instruments. I do not imagine that the authors will
want to re-design the entire paper along these lines. But for the pur-
poses of these figures it might be better to show only one MIPAS
dataset (and possibly, only one ACE-FTS data set why do we need
V2.2 if V3.5 is supposed to be an improvement?).

We can really understand this point of criticism since at a
first glance including all 13 MIPAS data sets looks a bit like
an overkill. To simply pick one data set (or a selection of
data sets) from MIPAS is not possible due to the differences
between these data sets (due to usage of different micro-
windows, different retrieval choices etc). We have to apol-
ogize here that we completely missed out to motivate in the
manuscript why we want /need to include all MIPAS data sets
in this comparison. Therefore, we included in Section 2 a sim-
ilar paragraph as the one given in Nedoluha et al. (2017) on
the differences of the MIPAS data sets: This especially holds
for MIPAS where 13 data sets have been included in this com-
parison. The MIPAS measurements are processed by four
different processing centers: (1) the University of Bologna
(Dinelli et al., 2010), (2) the European Space Agency (ESA;
Raspollini et al., 2013), (3) IMK/IAA (von Clarmann et



al., 2009; Stiller et al. 2012), and (4) Oxford (Payne et al.,
2007). The four processors differ in several respects, such
as their choices of spectral ranges (so called micro-windows),
the vertical grid on which the retrievals are performed (pres-
sure or geometric altitude), the choice of regularization (and
related to this, the vertical resolution), the choice of spectro-
scopic database, the sophistication of the radiative transfer
(in particular, whether or not non-LTE emissions are con-
sidered), and whether or not any attempt is made to account
for horizontal inhomogeneities, and the a priori and the as-
sumed p-T profile. Indeed, the temperature used might be
a large source of error for species retieved in LTE regions.
Some of the different processing schemes also make use of
different level-1b data versions (here V5 and V7) based on
different ESA calibrations. The spread of results seen for
MIPAS indicates how specific choices within a retrieval ap-
proach may influence the retrieval results. Selecting one spe-
cific MIPAS data set (the best one, obviously) might rather
be an outcome of this study but not an input. Regarding the
two ACE-FTS versions that are included in this assessment:
We had an open data set policy to represent a database as
complete as possible. All data sets were allowed to partici-
pate. The ACE-FTS team wished to include both data sets,
v2.2 (well validated) and v3.5 (not really validated, covering
a longer time period).

Page 10-12: Many of the features of the data described here are rather
hard to see in figures 2-4, on account of the large number of lines. 1
am not sure what to suggest (other than not showing all the MIPAS
datal).

We agree that with such a high number of data sets the fea-
tures we described here becomes hard to see. However, this
is the drawback of performing a multi-dataset assessment.
For the sake of completeness it is important to have all data
sets included. Nevertheless, by just zooming into the figures
we managed to see these features despite the high number
of instruments. Nowadays, many scientist anyway read pa-
pers rather on the computer screen than printing them out.
Separating the MIPAS data sets from the other data sets is
no solution since then we would not be able to include MI-
PAS into the comparison (since picking one data set is also
no option as discussed above). Comparisons of water vapour
time series using less data sets are published elsewhere (e.g.
Hegglin et al., 2013; Hegglin et al., 2014; Weigel et al., 2016;



Khosrawi et al., 2016; Noel et al. (2018); Lossow et al., 2018).
Further, there actually has been some optimisation in the
plotting sequence of the time series with the aim to benefit
the sparse data sets. Furthermore, the time series analyses
shown Figs. 2-4 provides only a qualitative assessment. From
these figures we learn more on the characteristics of the data
sets when we look at the outliers instead of on the data sets
that agree well with each other. Further, the more important
results in this study are the assessment of the correlation and
drifts where we overcome the problem of the huge amount of
data sets by using the matrix plots and giving quantitative
estimates of the differences.

Figure 5: The black dots are very difficult to see, especially against
the darker end of the colour scale. Potential solutions include joining
the dots with a line and/or using a colour (red?) which does not form
part of the colour scale.

Thanks a lot for the suggestion. We increased the size of the
dots and changed the colour from black to red.

Page 14 lines 1-15: One of the most striking features of the figure
is the change in 2012 caused by the end of the Envisat mission and
hence of the myriad MIPAS datasets. It strikes me that the use of
the max-min difference to quantify spread means that this plot mostly
tells you about where the noisiest dataset is at its noisiest. I have to
question whether this is the most useful measure of either atmospheric
variability or overall data quality.

We have tested several methods to calculate the spread and
derived qualitatively the same results. We prefer the spread
calculation using the max-min differences since it makes the
spread calculation most comprehensible and shows most clearly
that the largest spread between the data sets is found where
the largest variability in H,O is found, in agreement with
what was found in Lossow et al. (2017). Further, it should
be noted that a pre-screening has been performed to remove
outliers and to get reasonable estimates. It is correct that a
striking feature is the change in 2012 due to the end of the
Envisat mission. However, keeping these two years in the fig-
ure is worth since it quite clearly shows that with a few data
sets the spread is decreasing, but the characteristic features
(largest spread found in the areas of largest variability) are
not that pronounced any longer. Thus, showing that a few
data sets are not sufficient to get a good statistic.



e Figures 7-9: These figures are an interesting way of showing a large
amount of summary information in a clear way, and in a small space.
Something that caused me a bit of confusion was the way that the
numbers in the upper triangle do not always align with those in the
lower triangle. This is because different levels have different datasets
available. It might be worth inserting blank rows into one or other tri-
angle in each pane so that the two triangles have the same numbering
scheme.

We agree, but we have to keep these gaps to save space, be-
cause otherwise the boxes get even smaller as they already
are.

e Figures 11-13: In addition to the suggestion I make regarding figures

7-9, figures 11-13 have text on them which is VERY small. It is com-
monly recommended that text on a figure should be no smaller than
the figure caption text in the final typeset version of the article. There
is clearly a bit of leeway on this recommendation, but the text on this
figure is so tiny that it is very annoying for the reader, especially for
middle-aged readers who are still cross that they need reading glasses.
I am not sure what to suggest here, because simply making the text
bigger will not work: in some cases it is already impinging on the di-
agonal lines.
We agree that the numbers in the boxes are really hard to
read. However, we really tried to find a solution for this
problem, but could not come up with a better idea. Never-
theless, the numbers are additional information and the most
important information in this figure is the drift given by the
colours and the colour bar as well as if the drift is significant
or not by the green boxes and a slash. For reading the num-
bers one in fact has to use the pdf and zoom in. However,
to make it easier for the readers who prefer a paper version,
we shortened the caption of Fig. 11 so that the size of these
figures is now a bit increased and added these three figures to
the supplement where we can provide them in a even larger
size than in the manuscript.

e Page 21: dedication. I too have good memories of working briefly with
Jo Urban, and was saddened to hear of his passing at such a young age.

Technical corrections

e Page 2 line 1: “allowed considering the time period” reads rather oddly.
Maybe write “allowed us to consider the time period” or “allowed the
consideration of the time period”.

We have changed this phrase as suggested.



e Page 3 line 17: “One drop (also known as the millennium drop) . . .
“ The “also” does not read right as you have not first given another
name by which the drop is known. Maybe write “One drop (sometimes
known as the millennium drop) . . . “

We changed the sentence as follows: One drop (sometimes
denoted as the millennium drop) occurred in 2000..........

e Page 11 Line 25: remove comma after “Both”
Done.

e Page 14 line 30: replace “than” with “as”
Done.
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Abstract. Time series of stratospheric and lower mesospheric water vapour using 33 data sets from 15 different satellite instru-
ments were compared in the framework of the second SPARC (Stratosphere-troposphere Processes And their Role in Climate)
water vapour assessment (WAVAS-II). This comparison aimed to provide a comprehensive overview of the typical uncertain-
ties in the observational database that can be considered in the future in observational and modelling studies addressing e.g
stratospheric water vapour trends. The time series comparisons are presented for the three latitude bands, the Antarctic (80°—
70°S), the tropics (15°S—15°N) and the northern hemisphere mid-latitudes (50°—60°N) at four different altitudes (0.1, 3, 10

and 80 hPa) covering the stratosphere and lower mesosphere. The combined temporal coverage of observations from the 15



10

15

20

25

30

satellite instruments allowed censidering-the consideration of the time period 1986-2014. In addition to the qualitative com-
parison of the time series, the agreement of the data sets is assessed quantitatively in the form of the spread (i.e. the difference
between the maximum and minimum volume mixing ratio-ratios among the data sets), the (Pearson) correlation coefficient
and the drift (i.e. linear changes of the difference between time series over time). Generally, good agreement between the
time series was found in the middle stratosphere while larger differences were found in the lower mesosphere and near the
tropopause. Concerning the latitude bands, the largest differences were found in the Antarctic while the best agreement was
found for the tropics. From our assessment we find that al-most data sets can be considered in the future in observational
and modelling studies addressing e.g. stratospheric and lower mesospheric water vapour variability and trends when-if data set

specific characteristics (e.g. a drift) and restrictions (e.g. temporal and spatial coverage) are taken into account.

1 Introduction

Water vapour is the most important greenhouse gas and plays a key role in the chemistry and radiative balance of the atmo-
sphere. Any changes in atmospheric water vapour have important implications for the global climate (Solomon et al., 2010;
Riese et al., 2012) and need to be monitored and understood (Miiller et al., 2016). Accurate knowledge of the water vapour dis-
tribution and its trends from the upper troposphere up to the mesosphere is therefore crucial for understanding climate change
and chemical forcing (Hegglin et al., 2013).

Water vapour is the source of the hydroxyl radical (OH) which controls the lifetime of shorter-lived pollutants, tropospheric
and stratospheric ozone and other longer-lived greenhouse gases such as methane (Seinfeld and Pandis, 2006). Further, water
vapour is an essential component of Polar Stratospheric Clouds (PSCs) which play a key role in Antarctic and Arctic ozone
depletion during winter and spring (Solomon, 1999). Accordingly, water vapour has an important influence on stratospheric
chemistry through its ability to form ice particles. Dehydration, that is, the removal of water vapour from the gas phase, can
either be a reversible or an irreversible process depending on the lifetime of water-containing particles and their size. However,
ice particles generally live long enough and grow sufficiently large to fall and remove water vapour permanently from an
air mass so that dehydration can generally be defined as an irreversible process. Dehydration in the stratosphere is generally
observed over the Antarctic during winter (e.g. Kelly et al., 1989; Vomel et al., 1995; Nedoluha et al., 2000, 2007) and to a
lesser extent also over the Arctic (e.g. Fahey et al., 1990; Pan et al., 2002; Khaykin et al., 2013; Manney and Lawrence, 2016)
as well as at the tropical tropopause (e.g. Jensen et al., 1996; Read et al., 2004; Schiller et al., 2009).

In addition to its role in the Earth’s radiative budget and middle atmospheric chemistry, water vapour is an important tracer
for transport in the stratosphere and lower mesosphere. Dynamical circulations that can be diagnosed with water vapour in the

middle atmosphere are the Brewer—Dobson circulation in the stratosphere and the pole-to-pole circulation in the mesosphere

In the stratosphere, the water vapour abundance is primarily governed by two main sources: (1) the transport from the tropo-

sphere through the tropical tropopause layer (TTL), where the minimum temperature (the so-called cold point temperature)

determines how much water vapour enters the stratosphere (Fueglistaler and Haynes, 2005). (2) the oxidation of methane,
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which is the only important chemical source of water vapour in the stratosphere (Bates and Nicolet, 1950; Le Texier et al.,
1988).

A major research focus in relation to water vapour has been on the detection and attribution of long-term changes in strato-
spheric and mesospheric water vapour based on in-situ and remote sensing measurements (Oltmans and Hofmann, 1995;
Oltmans et al., 2000; Rosenlof et al., 2001; Nedoluha et al., 2003; Scherer et al., 2008; Hurst et al., 2011; Hegglin et al., 2014;
Dessler et al., 2014). Many of these measurements have indicated an increase in stratospheric and mesospheric water vapour
that has significant implications for atmospheric temperature. Increases in stratospheric water vapour cool the stratosphere but
warm the troposphere (Solomon et al., 2010). Model simulations predict a ~1 K decrease in stratospheric temperature per
decade along with a 0.5-1 ppmv increase of water vapour in the 21st century (Gettelman et al., 2010). Both the future cooling
of the stratosphere and the future increase in water vapour enhance the potential for the formation of PSCs which would have
significant implications on Arctic and Antarctic dehydration and ozone loss (Khosrawi et al., 2016; Tholix et al., 2016). The
methane increase in the stratosphere can only explain part of the observed water vapour changes (e.g. Rosenlof et al., 2001;
Hurst et al., 2011). A complete understanding of water vapour changes also requires good knowledge of short-term variability,
such as the annual and semi-annual variation or the variations caused by the quasi-biennial oscillation (e.g. Schoeberl et al.,
2008; Remsberg, 2010; Kawatani et al., 2014; Lossow et al., 2017b).

In addition to an observed long-term increase in stratospheric water vapour, pronounced drops have occasionally been
observed. One drop (alse-known-sometimes denoted as the millennium drop) occurred in 2000 (Randel et al., 2006; Scherer
et al., 2008; Solomon et al., 2010; Urban et al., 2012; Brinkop et al., 2016), where-the-water-vapour—volume mixing ratios
first-started-to-reeover-in-2004-to2005-with water vapour abundances starting to recover from 2004-2005 onwards. This
decrease was caused by a reduced transport of water vapour across the tropical tropopause in response to lower cold point
temperatures. The exact driving mechanism is still in question, but has been suggested to be due to variations of the QBO
(quasi-biennial oscillation), ENSO (El Nifio Southern Oscillation) and the Brewer-Dobson circulation that collectively acted in
the same direction lowering the tropopause temperatures. In 2011 and 2012 another drop occurred, which however was more
short-lived than the millennium drop (Urban et al., 2014). Recently, another sharp decrease was observed in connection with
the QBO disruption and the unusual El Nino event in 2015 and 2016 (Tweedy et al., 2017; Avery et al., 2017), but also this one
has already recovered.

Within the framework of the second SPARC water vapour assessment (WAVAS-II), we compared time series of stratospheric
and lower mesospheric water vapour derived from a number of different satellite data sets. The time series comparison was
performed for the Antarctic (80°-70°S), the tropics (15°S—15°N) and the northern hemisphere mid-latitudes (50°—60°N) at
four different altitudes (0.1, 3, 10 and 80 hPa). This selection of latitude bands covers all three basic climatic regions (i.e.
tropics, mid-latitudes and polar region) and allows the inclusion of all stratospheric WAVAS-II data sets in the comparison.
The combined temporal coverage of the 15 satellite instruments allows the consideration of the time period 1986-2014. This
work aims to provide estimates of the typical uncertainties in the time series from satellite observations that should be taken
into account in observational and modelling studies. A brief overview of the data sets used in this study is provided in the next

section followed by a description of the analysis approach in Sect. 3. In Section 4 the results are presented, focusing on the
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comparison of the de-seasonalised water vapour time series. Comparison results for the absolute time series are given in the

Supplement. Finally, our results will be summarised and conclusions will be given in Sect. 5.

2 Data sets

For the comparison of water vapour products performed within the second SPARC WAVAS-II assessment, 40 data sets (not
including data sets of minor water vapour isotopologues) have been considered, primarily focusing on the time period from
2000 to 2014 (Walker and Stiller, in preparation). In the present study, we included all 33 data sets that have observational
coverage in the stratosphere. A list of these data sets is provided in Table 1, along with the effective time periods available
for analysis. In addition, this table provides the data sets labels and numbers used in the figures. Overall, data sets from the
following 15 instruments have been considered (listed in alphabetical order): ACE-FTS, GOMOS, HALOE, HIRDLS, ILAS-II,
MAESTRO, MIPAS, MLS (aboard the Aura satellite, not the instrument on the Upper Atmosphere Research Satellite —- UARS),
POAM III, SAGE 11, SAGE III, SCIAMACHY, SMILES, SMR and SOFIE. For a number of instruments there are multiple
data sets based on different data processors, measurement geometries, retrieval versions and spectral signatures used to derive
the water vapour information. This especially holds for MIPAS where 13 data sets have been included in this comparison. The
MIPAS measurements are processed by four different processing centers: (1) the University of Bologna (Dinelli et al., 2010)

2) the European Space Agency (ESA; Raspollini et al., 2013), (3) IMK/IAA (von Clarmann et al., 2009; Stiller et al., 2012a)

and (4) Oxford (Payne et al., 2007). The four processors differ in several respects, such as their choices of spectral ranges (so
called micro-windows), the vertical grid on which the retrievals are performed (pressure or geometric altitude), the choice
of regularization (and related to this, the vertical resolution), the choice of spectroscopic database, the sophistication of the
radiative transfer (in particular, whether or not non-LTE emissions are considered), and whether or not any attempt is made to
account for horizontal inhomogeneities, and the a priori and the assumed p-T profile. Indeed, the temperature used might be a
large source of error for species retieved in LTE regions. Some of the different processing schemes also make use of different
level-1b data versions (here VS and V7) based on different ESA calibrations. The spread of results seen for MIPAS indicates
how specific choices within a retrieval approach may influence the retrieval results. The HALOE, POAM III and SAGE II

data sets also include observations before 2000. These were considered in the comparisons, so that the combined temporal
coverage of all data sets ranges from 1986 to 2014. A complete description of the data sets and their characteristics can be
found in the WAVAS-II data set overview paper by Walker and Stiller (in preparation). In comparison to our previous SPARC
WAVAS-II paper (Lossow et al., 2017b) the following two data related changes have been made: (1) The ACE-FTS v3.5 and
MAESTRO data sets have been extended from March 2013 until December 2014 (see Tab. 1 of Lossow et al., 2017b). (2)
The MIPAS ESA v7 data set has become complete. Previously, this data sets comprised only a sample of 200000 observations

(instead of 1800000), however the temporal coverage on a monthly basis was already complete.
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3 Approach
3.1 Time series calculation

For the first step, we screened the individual data sets according to the criteria recommended by the data providers. A complete
list of these criteria is given in the WAVAS-II data set overview paper by Walker and Stiller (in preparation). After the screening
we interpolated the data onto a regular pressure grid. This comprises 32 levels per pressure decade, which corresponds to a
fine vertical sampling of about 0.5 km. The uppermost level we consider is 0.1 hPa. The interpolated profiles were then binned
monthly and for the three latitude bands chosen: 80°~70°S, 15°S—15°N and 50°-60°N. The monthly zonal means y, (¢, ¢, z)

are given as:

1 no(t,¢,2)

ya(t,qﬁ,z):m ; zi(t,9,z2). (1

In the equation above x;(t, ¢, z) describes the individual observations that fall into a given time ¢ (i.e. month) and latitude ¢
bin, n,(t, ¢, z) indicates their total number and z denotes the altitude level. Before this calculation the data in the given bin
were screened using the median and the median absolute difference (MAD, Jones et al., 2012) in an attempt to remove unrep-
resentative observations that occasionally occur. Data points outside the interval (median[z; (¢, ¢, z)] = 7.5 MAD[z; (¢, ¢, 2)]),
with i = 1,...,n,(t,, z), were discarded, targeting the most prominent outliers (Jones et al., 2012; Lossow et al., 2017b). For
a normally distributed data set, 7.5 MAD corresponds to about 5¢. For individual data sets this concerned on average between
0.03% and 3.2% percent of the data in a given bin. Averaged over all data sets typically 0.6% of the data in a given bin were
removed by this screening. In addition to the monthly zonal means, the corresponding standard error €, (t, ¢, z) was calculated
by:

1
no(tv ¢7Z)[n0(ta ¢)a Z) - 1]

€alt,¢,2) =

no(t,¢,2)
=1

Z [:(t, 6,2) — ya(t, 0, 2)]%. )

To avoid spurious data, averages that are smaller than their corresponding standard errors in an absolute scale are-were dis-
carded. Also, monthly averages based on less than 20 observations for dense data sets (e.g. HIRDLS, MIPAS, MLS, SCIA-
MACHY limb, SMILES-NICT and SMR) and less than 5 observations for sparse data sets (e.g. ACE-FTS, GOMOS, HALOE,
ILAS-II, MAESTRO, POAM 111, SAGE 1II, SAGE III, SCIAMACHY occultation and SOFIE) were not considered any further.
This is a slightly more refined-relaxed approach than used in the time series analysis by Lossow et al. (2017b) where a mini-
mum of 20 observations was required for all data sets. However, additional tests have shown that such a conservative criterion
is not required for the sparser data sets.

In our analysis we consider both absolute time series and de-seasonalised time series. The ILAS-II and SMILES data sets
cover less than one year, so that a de-seasonalisation is not meaningful. There are multiple ways to achieve a de-seasonalisation.

The most common and simplest approach is to calculate for a given calendar month the average over several years. Sub-
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sequently this average is subtracted from the individual months contributing to this climatological average (aka average ap-
proach). This approach requires that a data set covers every calendar month at least twice. For the MIPAS V5H data sets
this requirement is not fulfilled as they cover only 21 months. To accomplish a de-seasonalisation even for these data sets a

regression approach was used. Every data set was regressed with the following regression model:

f(t7¢7z) :Coffset(¢vz)+
Cao, (9,2) -sin(2nt/pao) + Cao, (9, 2) - cos(2mt/pao )+
Csao, (9,2) -sin(2mt/psao) + Csao, (¢, 2) - cos(2mt /psao)- 3

This model contained an offset as well as the annual (AO) and semi-annual variation (SAO). The AO and SAO are parame-
terised by orthogonal sine and cosine functions. f(t,¢,z) denotes the fit of the regressed time series and C' are the regression
coefficients of the individual model components. ppo=1 year is the period of the annual variation, likewise pgao=0.5 years
is the period of the semi-annual variation. In accordance to pao and psao given in years, the time ¢ is here also used in a
yearly scale. To calculate the regression coefficients we followed the method outlined by von Clarmann et al. (2010) using the
standard errors €,(t, ¢, z) (their inverse squared) of the monthly zonal means as statistical weights. Autocorrelation effects and
empirical errors (Stiller et al., 2012b) were not considered in this regression. The de-seasonalised time series y4(t, ¢, z), thus

the anomalies for each time t, are then given as:

yd<t7¢az) :ya(ta¢7z)_f(ta¢az)' (4)

For the sake of simplicity we do not assign any error to the regression fit, so that the standard error of the de-seasonalised time

series is given by:

Gd(t7¢,2) :Ea(t,(]S,Z). (5)
3.2 Comparison parameters

To assess how the different time series compare between two data sets or altegether-altogether we use a number of parameters,
namely the spread (i.e. the difference between the maximum and minimum volume mixing ratie-ratios among the data sets),
the (Pearson) correlation coefficient and the drift (i.e. linear changes of the difference between time series over time). In the

following subsections, the calculation of these parameters is described in more detail.
3.2.1 Spread

We define the spread as the difference between the maximum and minimum volume mixing ratio among the data sets at a given

time and place. As such, the spread is a simple measure of the collective consistency among the time series from the different
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data sets. We have chosen this approach for the spread calculation since for the other approaches based on standard deviation
or percentiles, assumptions have to be made. However, we have also calculated the spread using the other two approaches and
derived qualitatively the same results as for the maximum-minimum calculation. Prior to the spread calculation, we performed
an additional screening among the data sets to avoid unrepresentative spread estimates. The screening is again based on the
median and median absolute difference, as done before for the the-monthly zonal mean calculation. Monthly zonal means
outside the interval (median[y, (¢, ¢, z);] = 7.5 MADIy,(t, ¢, z);])were not considered, withi = 1,...,n4(¢, ¢, z) and ngq(¢, ¢, z)
denoting the number of data sets at a given time, latitude and altitude. The subscript p is used as a placeholder either for the
absolute or the de-seasonalised data. This screening removed overall 2.6% of the data for the latitude band between 80°and
70°S. For the tropical and the mid-latitude bands it-was-3.6% and 3.7%, respectively, of the data were removed. Subsequently,
the spread was derived. We did not impose any additional criterion on the number of data sets available for a spread estimate
to be valid (two data sets is the natural minimum). However, for much of the 1990s the only available satellite data sets are

HALOE and SAGE II. Since both instruments provide solar occultation measurements, the number of coincidences is limited.

Thus, their time series do not constantly overlap, there are many gaps in the spread. Therefore, we focus in the resultresults

section on the time period between 2000 and 2014.
3.2.2 Correlation

To describe the consistency between two time series we employed the correlation coefficient (¢, 2):

" S [yt 9,2)1 = u;;(o 2] [Wp(ti.6,2)2 — Tp(4, 2)a] Y lyptin 6,21 %(qs, 2] [
\/Z”’(O 7. [yp(ti, @, 2)1 — Yp(, 2) \/Z”'(“ g [Yp(tis d,2)2 = Yp(9, 2) \/me ) [p(ti, @, 2)1 = Up(¢, 2) \/Z
(6)
with
1 ne(p,z)
(620 = s ; Yp(ti,d,2)1 and (7)
1 nt(9,z)
Up(h,2)2 = m ; Yp(ti, @, 2)2. ®)

The subscripts at the end of the variables refer to the two data sets. p is again a placeholder for the absolute and de-seasonalised
data. n¢ (¢, z) is the number of months the two time series actually overlap, i.e. where both data sets yield valid monthly means.
Correlation coefficients were only considered if the overlap was at least 12 months. We did not perform any significance

analysis for the coefficients since we simply want to show if the expected high correlation between two time series exist.
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3.3 Drift

As drift we consider the linear change of the difference between two time series, which indicates if the longer-term variation

of the two time series is the same or not. The difference time series was calculated as:

Ayd(t7¢7z) :yd(t7¢7z)l _yd(t7¢7z)27 (9)

where the subscripts at the end once more denote the two data sets. As indicated by this equation the drift analysis focuses on

de-seasonalised time series. The standard error corresponding to the difference time series is given by:

Aed(tu(bvz) = \/Ed(ta(baz)%—’_ed(tagswz)%' (10)

Due to the lack of appropriate covariance data, this calculation omits any covariance between the different data sets. The
difference time series were then regressed with a regression model containing an offset, a linear term (which describes the
drift) and the QBO parameterised by the Singapore (1°N, 104°E) winds at 50 hPa (QBO;) and 30 hPa (QBO-) provided by
Freie Universitit Berlin (http://www.geo.fu-berlin.de/met/ag/strat/produkte/qbo/gqbo.dat):

f(t7 ¢7Z) :Coffset (¢7Z) + Clinear(¢a Z) -+
Cqgo, (¢,2) - QBO; (t) + Cqpo, (¢, 2) - QBO,(2). (11)

The calculation of the regression coefficients followed again the method by von Clarmann et al. (2010), using the inverse
square of the corresponding standard error Ae (¢, ¢, z) as weight. Here, unlike in the regression for the de-seasonalisation, auto-
correlation effects and empirical errors were considered to derive optimal uncertainty estimates for the drifts. This consideration
used the approach outlined by Stiller et al. (2012b). We show drift results if the overlap period between the two time series
is at least 36 months. As overlap period we define the time between the first and the last month both data sets yield a valid
monthly mean. We also provide the information regarding how many months both data sets actually overlap, but we did not put
any additional constraint on this quantity. In addition, we have performed tests with more advanced regression models, which

yielded qualitatively the same results.

4 Results

In this section, the results for the time series comparison are presented. First, we provide an example (Fig. 1) of the typical
altitude-time distribution (contour time series) to describe the general characteristics of the water vapour distribution in the
three latitude bands considered: Antarctic (80°-70°S), tropics (15°S—15°N) and the northern hemisphere mid-latitudes (50°—
60°N). These latitude bands were selected since these cover all three basic climatic regions and allow the inclusion of all

stratospheric WAVAS-II data sets in the comparison. Contour time series of water vapour in these three latitude bands derived
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from all of the data sets considered in this study are provided in the Supplement (Fig. S1-S3). These figures give a good first
overview of the altitude and temporal coverage of the individual data sets and their representation of the characteristics of the
water vapour distribution at the three latitude bands.

The comparison of the time series is then performed qualitatively for all data sets at the three latitude bands and at four se-
lected altitudes covering the stratosphere and lower mesosphere (0.1, 3, 10 and 80 hPa). Subsequently, we assess the agreement
of the data sets quantitatively in form of the spread over all data sets as well as the correlations and drifts among the individual
data sets. While the example is based on absolute data, the comparison results presented in this section are-were derived from

de-seasonalised data. The corresponding results based on absolute data (except for the drift) are provided in the Supplement.
4.1 General characteristics of the water vapour time series

Figure 1 shows contour time series of water vapour in the Antarctic (80°-70°S), tropics (15°S—15°N) and mid-latitudes (50°—
60°N) based on the MLS data set for the time period 2004—2014. Here, the typical characteristics of the water vapour distri-
butions in these latitude regions become visible. The water vapour distribution in the polar regions (Fig. 1 top) is determined
by the following three processes (1) dehydration of the lower stratosphere during polar winter caused by the sedimentation
of ice containing polar stratospheric cloud particles (Kelly et al., 1989; Fahey et al., 1990), (2) vertical transport of dry/moist
air. During polar winter, dry air from the upper mesosphere descends within the polar vortex, while during summer and early
autumn moist air from the upper stratosphere is transported into the lower mesosphere and (3) enhanced production of water
vapour by methane oxidation during summer due to the higher insolation (Bates and Nicolet, 1950; Le Texier et al., 1988).

In the tropics (Fig. 1 middle), the most prominent feature in the water vapour time series is the “atmospheric tape recorder”
(Mote et al., 1996). This feature is a consequence of the annual variation of dehydration (or freeze-drying) at the tropical
tropopause due to the annual variation of the tropical tropopause temperature. The tape recorder signal is transported upwards
to about 15 hPa by the ascending branch of the Brewer-Dobson circulation and maintains its integrity because of the subtropical
mixing barrier in the lower stratosphere. Around the stratopause (~ 1hPa) a pronounced semi-annual variation is found that
is induced by an interplay of transport and momentum deposition of different types of waves (Hamilton, 1998).

The water vapour distribution in the mid-latitudes (Fig. 1 bottom) is primarily influenced by transport within the Brewer-
Dobson circulation and the overturning circulation in the mesosphere. In the lower stratosphere, low volume mixing ratios
are transported from the lower latitudes to the mid-latitudes in late spring/early summer (Ploeger et al., 2013). Likewise, in
the lower mesosphere the effect of upwelling in summer and downwelling in winter can be clearly seen, as described for the

Antarctic.
4.2 Qualitative time series comparisons

In the following, the time series from the different satellite data sets are qualitatively-compared-compared qualitatively. The
time series in the three considered latitudes bands cover generally the time period from 1991-2014 (0.1 hPa), from 1986 to
2014 (3 and 10 hPa) and 1988-2014 (80 hPa). A necessary requirement for the analyses of the de-seasonalised time series

was a minimum data set length of one year, ruling out some shorter data sets (see Sect. 3.1). However, these data sets are
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considered in the Supplement where the time series in absolute terms derived from all satellite instruments considered in this
study are provided (Fig. S3—S6). Some data sets as e.g. the MAESTRO data set only have coverage up to the lowest pressure
level (80 hPa) considered here and thus these data can only be found in bottom subfigures (Fig. 2—Fig. 4 and Fig S3-S6).
Overall, 25 data sets have been considered in the comparison for the Antarctic while 24 data sets have been considered in the
comparison for the tropics. In the northern hemisphere mid-latitudes, the best temporal and spatial coverage of the satellite

data sets is found and therefore, 27 out of the 33 satellite data sets are considered in this comparison.
4.2.1 Antarctic (80°-70°S):

Figure 2 shows the de-seasonalised water vapour time series for the southern polar latitudes. The HIRDLS, SCIAMACHY
(solar occultation) and SAGE III observations have no coverage in this latitude region while the GOMOS observations have
too limited coverage to allow a derivation of de-seasonalised time series. In the de-seasonalised time series, a spread among
the data sets can be found at the four altitudes considered in the comparison. The largest anomalies and the largest spread are
found at 0.1 hPa (up to &2 ppmv) while the smallest anomalies and thus the smallest spread is found at 3 hPa (generally in
the range of £0.4 ppmv).

At 0.1 hPa the time series start from 1991 onwards with HALOE, since SAGE II measurements are not available at this
altitude. Large differences in the seasonal variation of the de-seasonalised time series are found, resulting in a considerable
spread among the data sets, larger than at other altitudes. Large anomalies (up to &2 ppmv) and thus also a large inter-annual
variation are found for the MIPAS-Oxford V5H, MIPAS-ESA V5R and MIPAS-ESA V7R data sets while quite small anomalies
are found for both ACE-FTS data sets. These large anomalies in the above mentioned MIPAS data sets are a consequence of
the pronounced (spiky) seasonal variation in the absolute data (see Fig. S1 in the Supplement) that is difficult to be accounted
for in the sinusoidal regression used for the de-seasonalisation.

Decadal changes in water vapour are found in the de-seasonalised time series at 3 hPa. Several periods of water vapour in-
creases are followed by water vapour decreases. Negative anomalies are found around 1992 while positive anomalies are found
around 1996 (HALOE). Water vapour is then showing again positive anomalies in ~2003 (HALOE, POAM III, SAGE II), fol-
lowed by a decrease in 2003—2004 which again is followed by a slight increase in water vapour until 2010. From 2010 onwards
water vapour remains unchanged. The last increase in water vapour is most strongly pronounced in SMR 489 GHz indicating
a drift in the SMR 489 GHz relative to the other data sets (see also Sect. 4.5). A large spread between the de-seasonalised time
series is found between 1999 and 2004 (mainly between POAM III, SAGE II and SMR 489 GHz). Between 2005 and 2014 a
good agreement between the de-seasonalised time series is found. However, SMR 489 GHz has somewhat higher anomalies
(from 2011 onwards) than the other satellite data sets.

At 10 hPa, the spread among the data sets is quite similar to that observed at 3 hPa, but the variability in water vapour is
more pronounced. There is a decrease in the SAGE II de-seasonalised water vapour time series from 1986—-1990. An increase
in the de-seasonalised water vapour time series is found in POAM III around 2001. Also from 2009 onwards there seems to be
a slight increase in water vapour in all data sets. The SMR 489 GHz de-seasonalised time series at 10 hPa is in good agreement

with the de-seasonalised time series of the water vapour products derived from the other satellite instruments. However, the

10
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SMR 489 GHz as well as the SOFIE anomalies are low relative to MLS. This becomes quite obvious at the end of the time
series (2012-2014) where only ACE-FTS, MLS, SMR 489 GHz and SOFIE were measuring. Also the influence of the QBO
is clearly visible at this altitude level. Distinct positive anomalies are found in 2007-2008anrd-, 2011 and 2013.

At 80 hPa the water vapour distribution is strongly influenced by dehydration (Sect. 4.1). The de-seasonalised time series
at 80 hPa once again depict the spread between the individual instruments in this latitude band. At 80 hPa similar results as
for 10 hPa are derived (except that here no long-term changes are visible). However, here the deviations between HALOE and
SAGE 1II are smaller than at 10 and 3 hPa. As at 10hPa, a decrease in the anomalies of the SAGE II de-seasonalised time
series is found from 1986-1990. The de-seasonalised time series then remains constant until 1998 (HALOE and SAGE II).
From 1998 onwards the spread between the data sets increases. There is an increase in the anomalies found in 2001 which is
followed by a decrease until 2004. Another decrease in water vapour is found in 2009. At 80 hPa, POAM III shows a stronger

inter-annual variation and higher/lower anomalies than at 10 and 3 hPa dependent on which year is considered.
4.2.2 Tropics (15°S-15°N):

Figure 3 shows the de-seasonalised water vapour time series for the tropics. The POAM III, SAGE III, SCIAMACHY (solar
and lunar occultation) and SOFIE data sets have no coverage in this latitude band. In the SAGE II time series some data gaps
occur which are due to the aftermath of the Pinatubo eruption (resulting in unrealistically high water vapour values that were
filtered out) as well as the so-called “Short Events” between June 1993 and April 1994 where too few measurements were
available (Taha et al., 2004). In the tropics, a good consistency between the data sets is found except at 0.1 hPa where again
the spread between the data sets is largest. At 0.1 hPa some data sets exhibit larger anomalies (£1.2 ppmv as e.g. MIPAS-
Oxford V5H and MIPAS-ESA V7R) while others exhibit rather small anomalies (0.3 ppmv as e.g. ACE-FTS and MLS). The
HIRDLS, GOMOS and MAESTRO (80 hPa) data sets show generally larger anomalies and thus a larger spread than the other
satellite data sets. The de-seasonalised time series in the tropics reflect the decadal changes in water vapour that have been
documented in the literature as e.g. the drop in stratospheric water vapour after 2000 and in 2012 (Randel et al., 2004, 2006;
Urban et al., 2014). Further, at 3 and 10 hPa, a variability in water vapour on an approximate 2-year timescale associated with
the QBO is clearly visible.

At 0.1hPa the time series starts in 1991 with the HALOE data set that is also the only data set available at-this—for
these altitude and latitude regions until 2001. The de-seasonalised time series from HALOE shows an increase between
1992-1996 followed by a period with rather constant anomalies until 2001. Afterwards a decrease is visible until 2005.
SMR 489 GHz observes, in contrast to HALOE, an increase in water vapour between 2001-2005. Therefore, at the begin-
ning of the SMR 489 GHz record the anomalies at 0.1 hPa are clearly lower as-than those from HALOE or the other satellite
data sets measuring from 2001 onwards. However, a large spread between the data sets is also found during this time period.
A similar increase (but somewhat stronger) is found in the MIPAS Oxford V5H data set between 2001-2003, but here the
anomalies are higher than the ones from the other satellite data sets. While the MIPAS Oxford V5H and SMR 489 GHz show
increasing anomalies, the other data sets show decreasing anomalies. From 2006 onwards all data sets show increasing anoma-

lies. Between 2012-2014, ACE-FTS, MLS and SMR 489 GHz are the only data sets covering this time period and deviations
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among them are quite visible. SMR 489 GHz anomalies are higher and show a larger inter-annual variability than ACE-FTS
and MLS. MLS (together with ACE-FTS) exhibit generally the lowest anomalies (0.3 ppmv) compared to the other satellite
data sets at this altitude.

At 3 and 10 hPa the time series begins with SAGE II in 1986. From 1991 onwards HALOE observations are also available.
Both -=SAGE II and HALOE provide here a much better representation of the temporal development of the water vapour time
series and the inter-annual variability than in the Antarctic since both data sets have a much better temporal coverage in the
tropics (see Figs. S1 and S2 in the Supplement). SAGE II shows somewhat larger anomalies than HALOE. Generally, the
de-seasonalised time series show a good agreement with each other at these two altitude levels (3 and 10 hPa). Further, at these
altitude levels, the lowest anomalies and the lowest spread between the data sets is found, especially at 10 hPa. The deviations
between MLS (or ACE-FTS) and SMR 489 GHz found during the time period 2012-2014 are still evident at 3 hPa but to a
much lesser extent than at 0.1 hPa. At 3 hPa, inter-annual variations (with anomalies roughly in-on the order of +1 ppmv)
due to the QBO are clearly visible. At 10 hPa this variability is far less obvious. Also, the differences between SMR 489 GHz
and the other data sets measuring during the time period 2001-2005 (SAGE II and HALOE) are found to a lesser extent at
3 hPa, but not at 10 hPa. The GOMOS data set exhibits large scatter. At 10 hPa the HIRDLS data set indicates stronger inter-
annual variability than the other satellite instruments. This level is the uppermost altitude where HIRDLS can be retrieved and
accordingly the data here are more uncertain. Both drops in water vapour, the one in 2001 and the one in 2012 are clearly
visible in the de-seasonalised time series at 10 hPa. The latter one is strongly pronounced in the three remaining data sets
covering that time period (ACE-FTS v3.5, MLS and SMR 489 GHz). There is also a clear variability on an approximate 2-year
timescale associated with the QBO visible at this altitude level, however not at all times as clearly pronounced as at 3 hPa.

Similar to the other three pressure levels, at 80 hPa relatively good agreement between SAGE II and HALOE is found.
However, SAGE 1I typically shows somewhat lower anomalies than HALOE. At 80 hPa, a higher variability with larger
anomalies than at 10 and 3 hPa are found (generally around + 0.8 ppmv). The data sets agree well in terms of the inter-annual
variation. The drops in 2000 and 2011 are consistently observed, as are the recoveries afterwards. This is also true for the
pronounced QBO in 2006-2008. In 2005 the MIPAS-Bologna V5R NOM and MIPAS-ESA V5R NOM data sets show strong
negative anomalies (up to -2 ppmv) which are not found in the other data sets. A similar behaviour of these data sets is found
in 2011, where these data sets show strong positive anomalies (up to 1.6 ppmv) while in the other satellite data setsonty—,
anomalies up to only 0.4-0.8 ppmv are found. MAESTRO shows strong scatter, mainly because 80 hPa is near the upper
altitude limit of the MAESTRO water vapour retrieval. Another distinctive characteristic in the de-seasonalised time series at
80 hPa is the increase in water vapour until mid 2014 (ACE-FTS v3.5, MLS and SMR 544 GHz) which is anti-correlated to

with the time series at 10 hPa.
4.2.3 Northern mid-latitudes (50°-60°N):

Figure 4 shows the de-seasonalised time series for the northern mid-latitudes. The GOMOS, SCIAMACHY lunar and SOFIE
data sets have no coverage in this latitude region. As for the other latitude bands the largest spread between the satellite data

sets is found at 0.1 hPa. This is accompanied by a large inter-annual variability. The ACE-FTS v3.5, MIPAS-Bologna V5H,
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MIPAS-Oxford V5H, and SMR 489 GHz data sets are among the data sets showing the largest inter-annual variability and
also the largest anomalies at 0.1 hPa. The MIPAS-Oxford V5H data set covers the time period from 2002-2004 and here the
largest anomalies (exceeding 2 ppmv) are found. The largest negative anomalies are found in 2005 and 2006 with —1.6 and
—2 ppmv, respectively. The differences between ACE-FTS v3.5 and the other satellite data sets become most pronounced at
the end of the data record when only SMR 489 GHz and MLS were still measuring. Here, ACE-FTS v3.5 shows some larger
variability. At this altitude, the drift in the SMR 489 GHz data set is again visible. Until 2004 the anomalies are typically more
negative compared to the other data sets, while they are more positive after 2012. The HALOE data set indicates an increase
in water vapour until about 1997 and a decrease afterwards. From 2007 to 2010 there appears to be decrease in water vapour
for all data sets while there is a pronounced increase after that until early 2012.

At 3 hPa, the de-seasonalised time series show generally good agreement while at 10 hPa the best agreement is found.
Differences at 3 hPa are that SMR 489 GHz exhibits lower anomalies during the time period 2001 to 2006 and higher anomalies
than the other data sets from 2010 to 2014 and that SAGE II shows higher anomalies than the other satellite instruments at the
end of their data record (2004-2005). Differences at 10 hPa are found in the time period 2004-2008where-, when SAGE 11
and HIRDLS show a stronger inter-annual variability and between 2010-2012 where SMR 489 GHz exhibits somewhat higher
anomalies than the other satellite data sets. In both altitude levels, an increase in water vapour between 1992 and 2000 (10 hPa)
and 1992 and 1998 (3 hPa), respectively, is found. The two water vapour drops that occurred after 2000 and in 2011 in the
tropics (Randel et al., 2004, 2006; Urban et al., 2014) are also visible at 10 hPa in the northern hemisphere mid-latitudes,
however with a temporal delay.

Although the inter-annual and decadal variability at 80 hPa is low, some satellite data sets (MAESTRO, POAM III and
SMR 544 GHz) show larger deviations from the other satellite data sets. In the MAESTRO data, a high inter-annual variability
is found with anomalies reaching up to 1.6 ppmv. In this altitude regionsregion, MAESTRO has its best temporal coverage
in the mid-latitudes, but still 80 hPa is at the upper limit of the MAESTRO measurements and therefore not every measured
profile reaches that high up. This explains why a higher variability (scatter) than in the other satellite data sets is found for
the MAESTRO time series. POAM III exhibits much larger anomalies than the other satellite data sets (+1.2 ppmv compared
to +0.4 ppmv). Although the POAM III anomalies decrease with time, they still remain higher than the anomalies from the
other satellite data sets. The differences between POAM III and the other satellite data sets are caused by the limited temporal
sampling (only summer months are measured) of POAM III in this latitude region making the de-seasonalisation by regression
apparently fail. In the SMR 544 GHz data set, a larger inter-annual variability is found, but with much smaller anomalies than
MAESTRO. In the SAGE II data, the anomalies are shightly-deereasing-decreasing slightly in the time period 1987-2002.
Further, there is some pronounced QBO variation alongside an overall increase from 2004 to 2012.

Overall, in the northern hemisphere mid-latitudes, the lowest inter-annual variability is found, especially at 80 hPa. Similar

to the comparisons in the Antarctic and tropics, the largest inter-annual and decadal variability as well as the largest spread be-

tween the data sets is found at 0.1 hPa. The drops in stratospheric water vapour after 2000 and in 2011 (Randel-et-al;2004;-2006; Urban-—et

are observed in the tropics are also found at 10 hPa in the mid-latitudes, but with a temporal delay and to a lesser extent than

in the tropics.
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4.3 Spread assessment

In the following, the spread between the data sets is quantitatively assessed to provide an estimate of the uncertainty in the
observational database. Fig. 5 shows the difference between the maximum and minimum volume mixing ratio among the
different de-seasonalised water vapour data sets as a function of time and altitude for the three latitude bands, Antarctic, tropics
and northern hemisphere mid-latitudes. The spread of the absolute time series is shown in the Supplement in Fig. S7. The
spread is calculated for the years 2000-2014. Earlier years are not considered due to the lack of a sufficient number of satellite
instruments measuring during that time period. Before 2000 only HALOE, POAM III and SAGE II data were available which
results in a too sparse and not meaningful picture (similar to the gaps found for the early years in Fig. 5). The spread estimates
become more meaningful as more satellite data sets are available. This can be seen from Fig. 5 for the years from 2002 onwards.
For the years 2000-2001 and 2012-2014 between two and four data sets were available. In these cases the differences among
the data sets are not as pronounced and probably less meaningful than for the years 2002-2012 where the majority of satellite
instruments were measuring.

In all three latitude bands the spread is large at the highest and lowest altitude level considered in this study which correspond
to the upper troposphere/tropopause region and the lower mesosphere. The large spread in these altitude regions is on one hand
related to large uncertainties in the water vapour observations (e.g. due to increased measurement noise) and on the other
hand also to the variability of the atmosphere and its different representation in the individual data sets. In addition, a large
spread is found in the Antarctic lower stratosphere (Fig. 5 top) in winter and spring where the water vapour distribution in
the lower stratosphere is affected by dehydration and transport of low water vapour from the mesosphere into the stratosphere
(Section 4.1). In the tropics (Fig. 5 middle), the lowest spread compared to the other latitude bands is found. Increased values
are found here as in the other regions at the highest and lowest levels. The spread is lowest in the time period 2006 to 2010. A
similar behaviour is found for the mid-latitudes (Fig. 5 bottom), also here the spread seems to be lower around 10 hPa during
the time period 2006—-2010. The mid-latitudes show features similar to the tropics and polar regions. In the northern hemisphere
mid-latitudes, the largest spread occurs in the lower stratosphere where low water vapour is found due to air masses that are
freeze dried when entering the stratosphere in the tropics (atmospheric tape recorder), and in the lower mesosphere due to the

descent of air within the polar vortex.
4.4 Correlation assessment

To assess the temporal consistency between individual data sets, the correlation eoefficient-coefficients between all possible
combinations of data sets is-are considered. In this section, the results for the de-seasonalised time series are presented while
the results for the absolute time series are given in the Supplement. We start by presenting an example correlation of the
MIPAS-Oxford V5R NOM time series with those from the other data sets and then present all correlations in the form of

matrices.
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4.4.1 Correlation example

Figure 6 shows the correlation between the de-seasonalised MIPAS-Oxford VSR NOM time series and those from the other
data sets for the Antarctic, tropics and the northern hemisphere mid-latitudes. The largest spread in the correlation between
the satellite data sets is found in the Antarctic (Fig. 6 top). Here, also the lowest correlation over all altitude levels is found
(rarely exceeding a correlation coefficient of 0.8). MIPAS-ESA V5R NOM and MIPAS-ESA V7R are among the data sets
showing the highest correlation with MIPAS-Oxford VSR NOM over all altitude levels while the lowest correlation with
MIPAS-Oxford V5R NOM is found for SCIAMACHY lunar throughout most altitudes. The SOFIE and SMR 544 GHz data
sets show very low correlations (even negative for SOFIE) at the lowest altitude levels (below 10 hPa) as well as above 3 hPa
(but here SMR 489 GHz instead of SMR 544 GHz). In between these altitudes levels the SOFIE and SMR 489 GHz data sets
show a similar correlation to MIPAS-Oxford V5R NOM than-as the other data sets.

In the tropics (Fig. 6 middle), the correlation coefficients vary between 0.8 to 1 for most data sets in-the-altitaderegion

{between 30 to 1 hPay). Low correlations are found for all data sets between 100 hPa and 30 hPa, except the MIPAS-IMKIAA V5R NOM

data set that shows a high correlation (>0.8) up to 1 hPa with MIPAS-Oxford VSR NOM. The data sets that show the lowest
correlation with MIPAS-Oxford V5R NOM (even in some occasions negative) are GOMOS and MAESTRO. These data sets
thus deviate from the typical correlation of most other data sets. Above 60 hPa and above 25 hPa this is also true for HIRDLS
and SMR 544 GHz, respectively. These two data sets show at the lowest altitude levels a reasonable correlation with MIPAS-
Oxford VSR NOM, but then the correlation coefficients decrease rapidly with increasing altitude, most likely due to increased
measurement noise. At altitudes above 0.7 hPa the correlation decreases for all data sets and also the spread between the data
sets increases. For MIPAS-ESA V5R NOM, the correlation, although decreasing, remains rather high with a correlation coef-
ficient of 0.7. The lowest correlation at 0.1 hPa is found for the ACE-FTS v2.2, ACE-FTS v3.5, MIPAS Bologna VSR NOM
and MIPAS-Bologna V5R MA data sets.

In the northern hemisphere mid-latitudes (Fig. 6 bottom), the correlation coefficients varies-vary between 0.4 and almost
1 in the altitude region between 0.7 hPa and 10 hPa depending on which data set is considered. The spread in the northern
hemisphere mid-latitudes is almost as large as the spread in the Antarctic. A very high correlation (correlation coefficient
of around 0.9-1) between MIPAS-Oxford V5R NOM and the other data sets is found e.g. at around 1 hPa for the MIPAS-
ESA V5R NOM and MIPAS-ESA V7R data sets. The lowest correlation between MIPAS-Oxford VSR NOM and the other
data sets is found above 1 hPa for the two ACE-FTS data sets while the SMR 489 GHz data set shows a rather low correlation
throughout the entire altitude region considered in this study. Below 10 hPa the lowest correlations (even negative correlations)
are found for HIRDLS, MAESTRO, SCIAMACHY limb and SMR 544 GHz data sets. These data sets also deviate from the

usual spread in correlation of the data sets.
4.4.2 Correlation matrices

The correlation of all data sets is given in Fig. 7-9 in form of matrix plots for the three latitude bands and four altitude levels. In

addition to the correlation coefficient, the number of months of overlap between the time series actually-overlap-is-alse-is given
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(requiring a minimum of 12 months, see Sect. 3.2.2). The same figures for the correlation of the absolute time series are given
in the Supplement (Fig. S8-S10). The correlation matrix shown in Fig. 7 gives a good overview over the temporal consistency
of all data sets in the Antarctic. The correlations between the data sets are generally positive (green), but in some cases negative
correlations (red) are found, this is e.g. the case for the correlation between the MIPAS-IMKIAA V5H and POAM III data sets
at 10 hPa or between the MLS and SCIAMACHY lunar data sets at 3 hPa. However, in these two cases, the number of months
the-data-sets-overtapped-were-overlap months is not that high (14 and 28) and this may explain the low correlation between these
data sets. An example where despite a high number of overlapping months (70) a negative correlation is found is the correlation
between the MIPAS-Bologna VSR NOM and MLS data sets at 0.1 hPa. An example for a high number of overlapping months
(114) and high correlation coefficient is the correlation between the MLS and SMR 489 GHz data sets at 10 hPa. Nevertheless,
although in the Antarctic the correlation is generally positive, the correlation coefficient rarely exceeds 0.5. An exception is the
3 hPa level where a generally high correlation among the MIPAS data sets is found. A similar behaviour between the MIPAS
data sets is found at 10 hPa.

In Fig. 8 the correlation matrix for the tropics is shown. The large spread between the data sets we found in Fig. 6 at 0.1 hPa
is also reflected in the correlations among all data sets. The same holds for the good correlations that are found at 3 and 10 hPa.
An exception here is the GOMOS data set that shows negative correlations with all instruments at 3 hPa, but the number of
months-the-data-sets-actually-overlapped-overlap months is rather low. At 80 hPa the spread between the data sets is not as
large as at 0.1 hPa, but still larger than at 3 and 10 hPa. At 80 hPa occasionally negative correlations are found. This primarily
concerns comparisons involving the GOMOS, HALOE, MAESTRO and MIPAS-Oxford V5H data sets. The lowest (negative)
correlation is found between SMR 489 GHz and SAGE 1II data sets, but also here the number of menths—the-data—sets-had
overlap-overlap months was rather low with 21 months.

The correlation matrix shown in Fig. 9 gives a good overview ever-of the temporal consistency of all data sets in the mid-
latitudes. The majority of the correlations are positive, but for some comparisons a negative correlation is found. One such
example is the correlation between the MIPAS Bologna V5H and SMR 489 GHz data sets at 3 hPa. However, again the num-
ber of
between these data sets. An example whereof a negative correlation, despite a high number of overlapping months;-a-negative
eorrelationisfound-month, is found for the correlation between MIPAS-Bologna V5R NOM and MIPAS-Bologna-V5R-MA
with MLS at 0.1 hPa. The correlation of these two data sets with the other data sets is also generally low at 0.1 hPa. Also for

overlap months was rather low and may explain the negative correlation

the two ACE-FTS data sets the correlation of most data sets is often low despite a sufficient number of overlapping months.
Positive correlations are found for the ACE-FTS v2.2/v3.5 data sets in comparison to the MIPAS-IMKIAA V5R MA, MIPAS-
Oxford V5R MA, MLS and SMR 489 GHz. The highest correlation at 0.1 hPa is found between the two ACE-FTS data sets
and between ACE-FTS v2.2 and MLS. At 3 and 10 hPa generally a high correlation among the MIPAS data sets is found. At
10 hPa the correlation of HIRDLS with some data sets is high, but low with the other data sets. At 80 hPa low correlations
between MAESTRO and all other instruments are found.
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In summary, a high number of everlapping-overlap months does not necessarily guarantee a good correlation between two
data sets, but generally the chances are quite high if this is the case. On the other hand, if data sets overlap only a low number of
months still a good agreement between these data sets can be found. Therefore, for assessing the agreement between two data
sets both quantities, the number of overlap months and the correlation coefficient, should be taken into account. The correlation
assessment again confirms what we found before from the qualitative time series comparison, namely that the best agreement
between the satellite data sets is found in the tropics while in Antarctic and northern hemisphere mid-latitudes a large spread
between the data sets is found. Generally, the lowest correlations are found in the Antarctic. Further, in each latitude band the

correlation is lower in the lower stratosphere and lower mesosphere than in the middle stratosphere.
4.5 Drift assessment

In addition to the spread and correlations, the drifts among the satellite data sets are considered. As drift we consider the
linear change of the difference between two time series, which indicates if the longer-term variation of the two time series
is the same or not (Sect. 3.3). As before we start with an example. In Fig. 10 the drifts between the de-seasonalised time
series of the SMR 489 GHz and all other data sets are shown for the northern hemisphere mid-latitudes (left panel) as well as
the corresponding significance level (right panel). The significance level is given by the absolute ratio of the drift to the drift
uncertainty. We consider a drift as statistically significant when the significance level is larger than 20 (corresponding to the
95% confidence level).

4.5.1 Drift example

Figure 10 shows that below 20 hPa large drifts (up to 2.5 ppmv decade™! and even higher) are found between SMR 489 GHz
and the other satellite data sets. In the altitude region between 20 hPa and 1 hPa, a good consistency between the satellite data
sets is found despite the different time periods of measurements. Around 20 hPa the smallest drifts are found, ranging from
about 0 to 0.5 ppmv decade™!. The drifts are consistently increasing with altitude and maximise around 0.4 hPa. Above 1 hPa
the drifts of SMR 489 GHz vary between about 0.75 and 1.5 ppmv decade ™! depending on which data set the SMR 489 GHz
data set is compared to, but decrease with altitude towards 0.1 hPa. The drifts range here between 0 and 1.25 ppmv decade 1.
The drifts between SMR 489 GHz and the other satellite data sets is in most cases significant at the 20 uncertainty level as can
be seen from Fig. 10 (right panel). Larger drifts between SMR 489 GHz and the other data sets that obviously deviate from
the majority of data sets are found for the comparison to the POAM III, SAGE II, SAGE III and HALOE data sets. However,
this is due to the fact that for these data sets not only the overlap period with SMR 489 GHz is relatively short (4 years, from
2001-2005), but also the number of months were-for which both data sets actually yield a valid monthly mean is small (see
numbers given in figure legend). Additionally, these drifts are in most cases not statistically significant at the 20 uncertainty

level.

17



10

15

20

25

30

35

4.5.2 Drift matrices

In Fig. 11-13 the drift estimates between the time series of all data sets are summarised as matrix plots for the three latitude
bands and four altitudes. In the matrix plots, data sets are only shown if they yield any result at a given altitude. The drift
estimates are based on the difference time series between the data sets given at-on the x-axis and the data sets given at-on
the y-axis. Additional information that is given in the matrix plots includes the overlap period of the two data sets, how many
months the data sets actually overlap and if the drift is significant or not at the 20 uncertainty level as well as the corresponding
significance level for a significant drift.

In the Antarctic (Fig. 11), almost no significant drifts are found between the satellite data sets at the two lowest altitude
levels (80 and 10 hPa). An exception here is the MAESTRO data set which shows a significant (negative) drift of —2 to
—3 ppmv decade™! (significance level up to 3.7) and POAM III which shows a significant positive drift (2 to 3 ppmv decade™!)
compared to SAGE I and SMR 544 GHz (at 80 hPa). While the overall time period MAESTRO everlapped-overlap with other
data sets was sufficiently long (>85 months), the number of coincident months for these data sets was rather low (9 months).
Further, at 80 hPa, a significant negative drift is found between some MIPAS data sets and SOFIE. At 10 hPa, a significant
(positive) drift (0.8 ppmv decade™?) is found between the MIPAS-Oxford VSR NOM and ACE-FTS v2.2 data sets (signif-
icance level of 3.2) and of 2 ppmv decade™! between the SMR 489 GHz and POAM III data sets (significance level 3.0).
Additionally, significant drifts are found between different MIPAS data sets relative to SMR 489 GHz and between the MLS
and SMR data sets. At 3 hPa most drifts are significant. Most MIPAS data sets exhibit significant positive drifts relative to
the ACE-FTS (significance level up to 5.7) and MLS (significance level up to 8.1) data sets. While in the comparisons to
the ACE-FTS data sets the actual number of evertapping-overlap months is limited, this is not the case in the comparison to
MLS. As before, for the SMR 489 GHz data set significant positive drifts are found (significance level up to 4.8) relative to
most other data sets. A large variety of drifts is found at 0.1 hPa, but in most cases the drift is not significant. Data sets for
which most drifts are significant at this altitude level are SMR 489 GHz (>2 ppmv decade ™!, significance level up to 6.4) and
MIPAS-Bologna VSR MA (significance level up to 3.2).

In the tropics (Fig. 12), larger drifts are found than in the Antarctic, especially at 0.1 hPa. Here, most drifts are signifi-
cant. Significant drifts are found for the MIPAS-Bologna V5R NOM, MIPAS-Bologna VSR MA, MIPAS-ESA V5R, MIPAS-
IMKIAA V5R NOM, MIPAS-Oxford VSR NOM and SMR 489 GHz data sets. For example, for MIPAS-Bologna VSR NOM
and MIPAS-Bologna V5R MA a drift (significance level up to 6.5) in comparison to most other satellite data sets is found.
For MIPAS-Bologna V5R NOM this is also the case at 3 hPa (significance level up to 9.8). Large negative drifts are found for
GOMOS (> —2.5 ppmv decade ™!, significance level up to 3.9) compared to most data sets. Also for SMR 489 GHz signifi-
cant positive drifts (up to ~1 ppmv decade ™!, significance level up to 8.5) to almost all data sets are found at 3 hPa. A good
consistency is found among the MIPAS data sets. The drifts are low and in most cases not significant. An exception here is
MIPAS-Oxford V5R NOM (~0.6—1 ppmv decade ™, significance level up to 9.8). For the tropics the best agreement among
the data sets is found at 10 hPa. In most cases the drift is not significant and in cases where the drift is significant the drifts are

relatively low with 0.2-0.4 ppmv decade . Larger drifts are found at this altitude for GOMOS (up to —3 ppmv decade™!)
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and HIRDLS (up to —2 ppmv decade™!). For GOMOS the drifts are most-ecases-significant-significant in most cases (signifi-
cance level up to 4.3) while this is not the case for HIRDLS.

At 80 hPa a wide variety is found. Some data sets show a positive drift, some a negative. In some cases the drift is sig-
nificant and in other cases not. For example, a positive drift (2 ppmv decade™!) relative to almost all data sets is found

for MIPAS-Bologna VSR NOM (significance level up to 6.4). For the HIRDLS data set a significant positive drift (also

~2 ppmv decade™!) is found compared to MIPAS-IMKIAA V5R NOM, MIPAS-IMKIAA-V5R MA and MIPAS-Oxford VSR NOM

(significance level 2.0—4.6). A large drift (>3 ppmv decade™!) at this altitude level is found for MIPAS-ESA V5R MA com-
pared to MIPAS-IMKIAA V5R NOM (significance level 4.8). Also the MIPAS-Oxford VSR NOM shows significant drifts
compared to a number of data sets.

The pattern-patterns of the estimated drifts in the northern hemisphere mid-latitudes shown in Fig. 13 are quite similar to the
drifts in the tropics and Antarctica. However, the estimated change in ppmv decade™! seems to be somewhat lower in the mid-
latitudes than in the tropics or Antarctic. The highest variety is again found at 0.1 hPa. Similar to the tropics significant drifts
are found for e.g. the MIPAS-Bologna VSR NOM and MIPAS-Bologna V5R MA (up to —2 ppmv decade™?, significance
level up to 3.9) data sets relative to the SMR 489 GHz data set. At 3 hPa, for most data sets the drifts are small and/or not
significant. Significant negative drifts are found for both ACE-FTS data sets and for SMR 489 GHz. For SMR 489 GHz a
drift is found relative to most other data sets which is also in most cases significant. At 10 hPa HIRDLS shows pronounced
drifts compared to the other data sets. However, these drifts are not significant except for the comparison with MLS (drift of
3 ppmv decade™!, significance level 2.3). Otherwise for most data sets the drifts are small and/or not significant at 10 and
80 hPa. An-exception-Exceptions are HIRDLS (—2 ppmv decade™!) and MAESTRO (—1 ppmv decade™!) which show a
negative drift at 80 hPa. For HIRDLS in most cases the drift is significant (significance level up to 4.1), but for MAESTRO in
most cases not. For MIPAS-Bologna-V5R NOM significant positive drifts are found to all instruments which are in the most
cases around 0.2-0.4 ppmv decade™?, but higher compared to HIRDLS (significance level 4.1), MAESTRO (significance
level 2.2), SCTAMACHY limb (significance level 10.6) and SCTAMACHY solar OEM (significance level 6.6). Other data
sets for which drifts are found compared to most other data sets are SCIAMACHY limb, SCTAMACHY solar Onion and
SMR 489 GHz.

5 Summary and Conclusions

In the framework of the second SPARC water vapour assessment, time series of stratospheric and lower mesospheric water
vapour derived from satellite observations were compared. The comparison results presented comprise 33 data sets from 15
satellite instruments. These comparisons provide a comprehensive overview of the typical uncertainties in the observational
database which should be considered in the future in observational and modelling studies addressing stratospheric and lower
mesospheric water vapour variability and trends.

The time series comparison was performed for three latitude bands: the Antarctic (80—70°S), the tropics (15°S—15°N) and
the northern hemisphere mid-latitudes (50°-60°N) at four altitudes levels (0.1, 3, 10, 80 hPa) covering the stratosphere and
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lower mesosphere. The combined temporal coverage of observations from the 15 satellite instruments allows considering the
time period 1986-2014. In addition to the qualitative comparison of the time series, a quantitative comparison was provided
based on the spread, correlation and drift between the individual time series.

The qualitative time series comparison shows that the largest differences between the de-seasonalised time series are in
the Antarctic and in the lower mesosphere (0.1 hPa) and tropopause region (80 hPa). In the stratosphere (3 and 10 hPa) and
the tropics, good agreement between the satellite data sets was found. These differences were quantitatively confirmed by the
correlation assessment where the best agreement between the satellite data sets was also found in the tropics while in Antarctic
and northern hemisphere mid-latitudes a large spread between the data sets was found. Generally, the lowest correlations
between the individual data sets was found in the Antarctic. In each latitude band the correlation was lower in the lower
stratosphere and lower mesosphere than in the middle stratosphere.

There are multiple reasons that give rise to the observed differences between the individual data sets. A thorough discussion
on this is given in Lossow et al. (2017b). From this study we know that the most important contributions arise from differences

in temporal and spatial sampling, the influence of clouds or NLTE effects. Other reasons include systematic differences, for
example calibration problems. However, for the time series comparison we would rank sampling biases as well as systematic
errors as the most important reasons for the differences as was discussed by Toohey et al. (2013) based on trace gas climatologies.

The reason why the largest differences between the data sets are found in the tropopause region and the lower mesosphere
as well as in the Antarctic is beeause-that here also the highest variability in water vapour is found. Given the limited vertical
resolution of the satellite data sets, tropospheric influences start to play a role near the tropopause. Sampling differences be-
come more pronounced due to the large variability, e.g. due to the fact that the satellite observations are differently-influenced
influenced differently by clouds. In the lower mesosphere, diurnal variation becomes more important. The satellite data sets
do not have the same local time coverage. For example there is an influence of non local thermodynamic equilibrium ef-
fects (NLTE) in most MIPAS data sets except MIPAS-IMKIAA V5R MA where these NLTE effect are explicitly considered.
Another-examplefor-targer-Larger deviations in the lower mesosphere are-€.g. occur in the case of the MIPAS NOM data
setsthat-are-at-this-altitudes-, which are close to their upper retrieval limit there, and thus more uncertain.

Less agreement between the data sets was found for the Antarctic, especially in the lower stratosphere in winter and spring
when dehydration occurs. Large differences between the data sets were found in both, the absolute and de-seasonalised data.
In the absolute data, these differences are primarily caused by differences in the influence of clouds on the measurements.
However, sampling biases can also play a role. In the de-seasonalised data some differences between the data sets can be

related to the approach for the de-seasonalisation used in our study (e.g. POAM III). Since the dehydration is more a seasonal

s-and accordingly is less characterised

by a sinusoidal behaviour, the usage of sinusoidal functions for the de-seasonalisation is not the optimal choice. Instead, the
average approach (see Sect. 3.1) would be the more adequate appreach-for-choice for the de-seasonalisation in this region.

phenomenon, th

In addition to the assessment of the spread and correlations, the drifts between the individual data sets were also assessed

which indicates if the longer-term variations (drifts) of two time series are the same or not. From the drift comparison we
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found that the drift patterns are quite similar for the three latitude bands considered. The drifts are highest at the highest
and lowest considered altitude fevel-levels (0.1 hPa and 80 hPa). Mest-The majority of significant drifts were found in the
tropics which-eoineides—with-tow—(the latitude region with the lowest spread/variability), which makes drift detection con-
siderably easier. Further, it is possible that some of the drifts (especially for the low-density samplers) are caused by sam-
pling biases (Damadeo et al., 2018). The same drifts—as-shown-here—were-also-ecaleulated-drift approach as used here has
been used by Lossow et al. (in preparation) to calculate drifts from profile-to profile comparisons (using coincident data)by
FLossow-et-al(inpreparation). However, no statistically significant difference was found between the two sets of drifts in 95%
of the comparisons.

Further, from the drift assessment we found that the MIPAS data sets show positive drifts relative to the ACE-FTS data sets in
the Antarctic and northern mid-latitudes at 3 hPa. Interestingly, no drifts of MIPAS relative to ACE-FTS are found in the trop-
ics. The reason for this is currently not understood. The drifts found in the MIPAS data sets are consistent with the unaccounted
time dependence of the correction coefficients for the non-linearity in the detector response function used in the data sets based
on calibration version 5 (Walker and Stiller, in preparation). Some improvement is seen in the MIPAS ESA V7R NOM data set
where a time dependence of the correction coefficient is implemented, however, not at all altitudes. Additionally, even drifts
among the different MIPAS data sets were found. This might be related amengst-others—to the different retrieval choices (as
well as to the usage of different micro-windows) by the different processors and to sampling differences between the NOM and
MA observations. Further, from the drift comparison, we found that SMR 489 GHz data sets has a significant drift relative to
the other data sets, except at around 10 hPa. The drifts of the SMR 489 GHz data set are largest at around 50 hPa and 0.5 hPa
with approximately 1.5 and >2 ppmv decade ™!, respectively, dependent on the data set used for comparison.

Further, within this assessment study we encountered the following difficulties in our analyses using the HIRDLS, GOMOS
and MAESTRO data sets. The GOMOS time series exhibit larger scatter from month to month (coverage only in the tropics
for de-seasonalised data here), despite extended screening (Walker and Stiller, in preparation) resulting in low correlations
to the other data sets and pronounced negative drifts at 10 hPa and 3 hPa. The quality of the HIRDLS data set deteriorates
towards 10 hPa resulting in low correlations and larger anomalies as well as larger drifts. However, the drifts mostly were not
statistically significant. It should be noted here that additienally-in addition to correcting for the effects of the obstruction in
the optics, changes in the calibration were made in-between-within the HIRDLS mission (Gille et al., 2008, 2012). This change
in calibration may also have an influence on the drift estimates. The MAESTRO data set exhibits-encounters large uncertainty
(noise) at 80 hPa (in the correlations and drifts) which is related to the vicinity to the uppermost limit of these retrievals. A

similar behaviour is also found for the SCIAMACHY limb and the SMR 544 GHz data sets.

Nevertheless, although the water vapour data sets have been thoroughly assessed in this study it is difficult or rather
impossible to judge on which data set is the best one to use for future modelling and observational studies. This simply
can only be answered with respect to the specific science application the data set should be used for. For future studies on e.g.
water vapour trends we can state that the data sets that provide the longest measurement record with a high spatial and temporal
coverage have an advantage over the ones which provide only observations in specific latitude bands and/or altitude regions.
For data sets that have a drift relative to other data sets as e.g. SMR 489 GHz, the drift has to be taken into account and data sets
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that are simply too short (less than one year) as e.g. ILAS-II and SMILES cannot be used for trend studies at all. Thus, from

our assessment we find that attmost data sets can be considered in the future in observational and modelling studies addressing
e.g stratospheric and lower mesospheric water vapour variability and trends when-if data set specific characteristics (as e.g. a

drift of the instrument) and restrictions (as e.g. spatial and temporal coverage) are taken into account.

Dedication to Jo Urban

We would like to dedicate this paper to our highly valued colleague Jo Urban who would have definitely been the lead author
of this study if he would not have passed away so early. Without his devoted work on UTLS water vapour over many years this
work would not have been possible. In particular, the retrieval of water vapour from the SMR observations and the combination
of these data with other data sets to understand the long-term development of this trace constituent comprised a large part his
life’s work. With his death, we lost not only a treasured colleague and friend, but also a leading expert in the microwave and

sub-millimetre observation community.

The Supplement related to this article is available online at https://doi.org/10.5194/amt-0-1-2018-supplement.
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Figure 1. Water vapour time series for the latitude bands 80°S-to 70° S (top panel), 15°S to 15°N (middle panel) and 50°N-to 60°N (bottom
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Figure 2. De-seasonalised time series at four different altitudes considering the latitude band 80°-S-to 70° S. In the legend the average
latitude of the individual time series is indicated, which was calculated in two steps. First, for an individual monthly mean the latitudes of all
profiles contributing to it were averaged. Any altitude dependence due to missing or screened data was ignored in this step. Finally, the mean

latitudes over the entire time series were averaged. The same anomaly range (y-axis) has been used in all panels so that the differences in the

anomaly and the spread is-better-eomparablecan be more easily compared. On the x-axis the ticks are given in the middle of the year.

29

POAM Ill (74.6 S)
SAGE I (72.6 S)
SCIAMACHY limb (75.3 S)
SCIAMACHY lunar (74.6 S)
SMR 544 GHz (74.9 S)
SMR 489 GHz (75.2 S)
SOFIE (73.8 S)



2

. . .
g_ 1.6 0.1 hPa
(=}

< 1.2

>

g 0.8

S 0.4

© 0

3 -0.4-

§ -0.8 A
5

®© —1.0

= -2

1986 1988 1990 1992 1994 1996 1998 2000 2002 2004 2006 2008 2010 2012 2014

2 .

1.6 3 hPa

Water vapour anomaly / ppmv

1.6 1‘0 hPa‘

Water vapour anomaly / ppmv

Water vapour anomaly / ppmv

1986 1988 1990 1992 1994 1996 1998 2000 2002 2004 2006 2008 2010 2012 2014

—a— ACE-FTSv2.2(0.3S)
—s— ACE-FTSV3.5(0.3S)

GOMOS (0.1'S)

———— HALOE (1.2 5)

—— HIRDLS (0.1 S)
MAESTRO (0.4 S)

———— MIPAS-Bologna V5H (1.2 S)
—=a—— MIPAS-Bologna V5R NOM (0.0)

MIPAS-Bologna V5R MA (0.0) ———— MIPAS-Oxford V5H (1.2 S)
MIPAS-ESA V5H (1.2 S) —a— MIPAS-Oxford V5R NOM (0.1 N)
MIPAS-ESA V5R NOM (0.1 N) ———— MIPAS-Oxford V5R MA (0.2 N)
MIPAS-ESA V5R MA (0.1 N) MLS (0.1°S)

MIPAS-ESA V7R (0.1 N) —=— SAGE I (0.3 8)

MIPAS-IMKIAA V5H (1.2 S) —=— SCIAMACHY limb (2.6 S)

MIPAS-IMKIAA V5R NOM (0.1 N) ———— SMR 544 GHz (0.1 N)
MIPAS-IMKIAA V5R MA (0.1 N) —+—— SMR 489 GHz (1.0 S)

Figure 3. As Fig. 2, but considering the latitude band between 15°S and 15°N.

30



1.6 6.1 hPa;

Water vapour anomaly / ppmv
o

-2

1986 1988 1990 1992 1994

1.6 :;hPa

Water vapour anomaly / ppmv

Water vapour anomaly / ppmv

1996 1998 2000 2002 2004 2006 2008 2010 2012 2014

Water vapour anomaly / ppmv

;

1986 1988 1990 1992 1994 1996 1998 2000 2002 2004 2006

ACE-FTS v2.2 (55.6 N)
ACE-FTS v3.5 (55.8 N)

HALOE (54.6 N)

MAESTRO (55.7 N)

MIPAS-Bologna V5H (53.8 N)
MIPAS-Bologna V5R NOM (55.0 N)
MIPAS-Bologna V5R MA (55.1 N)
MIPAS-ESA V5H (53.8 N)

—
e
—— HIRDLS (55.0 N)
—_—
—
-
—

—=—— MIPAS-ESA V5R NOM (55.0 N)
—+—— MIPAS-ESA V5R MA (55.0 N)
—=s&— MIPAS-ESA V7R (55.0 N)
—+—— MIPAS-IMKIAA V5H (53.8 N)
——=—— MIPAS-IMKIAA V5R NOM (55.0 N)
——+—— MIPAS-IMKIAA V5R MA (55.0 N)
——— MIPAS-Oxford V5H (53.8 N)
—4—— MIPAS-Oxford V5R NOM (55.0 N)
—+—— MIPAS-Oxford V5R MA (55.0 N)

—_— -

2008 2010 2012 2014

MLS (54.7 N)

POAM lil (57.0 N)

SAGE Il (54.4 N)

SAGE Il (54.7 N)

SCIAMACHY limb (55.2 N)
SCIAMACHY solar OEM (54.4 N)
SCIAMACHY solar Onion (54.4 N)
SMR 544 GHz (54.8 N)

SMR 489 GHz (55.0 N)

Figure 4. As Figs. 2 and 3, but here the time series for the latitude band between 50°N-and 60°N are shown.
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reanalysis data. The right y-axes and the corresponding btackred dots indicate the maximum number of data sets available for this analysis
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Figure 6. Example correlations between de-seasonalised MIPAS-Oxford VSR NOM time series and those from other data sets. Results are

only shown when the two data sets have an overlap of at least 12 valid monthly means. The dashed orange lines indicate the four altitudes
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for which the correlations between all data sets are shown in the following figures.
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Figure 7. The correlations between de-seasonalised time series in the latitude band between 80°-S-to 70° S. The upper panel considers the
0.1 hPa (upper triangle) and 3 hPa (lower triangle) pressure levels, while in the lower panel the results at 10 hPa (upper triangle) and 80 hPa
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Figure 8. As Fig. 7, but here the results for the latitude band between 15°S and 15°N are shown.
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Figure 9. As Figs. 7 and 8, but considering the latitude band between 50°N-and 60°N.
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5: HIRDLS 13: MIPAS-ESA V5R MA 20: MIPAS-Oxford V5R MA 32: SMR 489 GHz

Figure 12. As Fig. 11, but here for the tropics, i.e. 15° S and 15° N.
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Figure 13. As Figs. 11 and 12, but here the results for the latitude band between 50°N-and 60° N are shown.
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Table 1. Overview over the water vapour data sets from satellites used in this study.

Instrument Data set Label Number Time period
ACE-FTS v2.2 ACE-FTS v2.2 1 03/2004 — 09/2010
v3.5 ACE-FTS v3.5 2 03/2004 — 12/2014
GOMOS LATMOS v6 GOMOS 3 09/2002 - 07/2011
HALOE v19 HALOE 4 10/1991 — 11/2005
HIRDLS v7 HIRDLS 5 01/2005 — 03/2008
ILAS-II v3/3.01 ILAS-II 6 04/2003 — 08/2003
MAESTRO Research MAESTRO 7 03/2004 — 12/2014
MIPAS Bologna V5H v2.3 NOM MIPAS-Bologna V5H 8 07/2002 — 03/2004
Bologna V5R v2.3 NOM MIPAS-Bologna VSR NOM 9 01/2005 — 04/2012
Bologna V5R v2.3 MA MIPAS-Bologna VSR MA 10 01/2005 — 04/2012
ESA V5H v6 NOM MIPAS-ESA V5H 11 07/2002 — 03/2004
ESA V5R v6 NOM MIPAS-ESA V5R NOM 12 01/2005 — 04/2012
ESA V5R v6 MA MIPAS-ESA V5R MA 13 01/2005 — 04/2012
ESA V7R v NOM MIPAS-ESA V7R 14 01/2005 — 04/2012
IMKIAA V5H v20 NOM MIPAS-IMKIAA V5H 15 07/2002 — 03/2004
IMKIAA V5R v220/221 NOM MIPAS-IMKIAA V5R NOM 16 01/2005 — 04/2012
IMKIAA V53R v522 MA MIPAS-IMKIAA V5R MA 17 01/2005 — 04/2012
Oxford V5H v1.30 NOM MIPAS-Oxford V5H 18 07/2002 — 03/2004
Oxford V5R v1.30 NOM MIPAS-Oxford VSR NOM 19 01/2005 — 04/2012
Oxford V5R v1.30 MA MIPAS-Oxford VSR MA 20 01/2005 — 04/2012
MLS v4.2 MLS 21 08/2004 — 12/2014
POAM III v4 POAM III 22 04/1998 — 11/2005
SAGE II v7.00 SAGE II 23 01/1986 — 08/2005
SAGE 1T Solar occultation v4 SAGE 1T 24 04/2002 — 06/2005
SCIAMACHY Limb v3.01 SCIAMACHY limb 25 08/2002 — 04/2012
Lunar occultation v1.0 SCIAMACHY lunar 26 04/2003 — 04/2012
Solar occultation - OEM v1.0 SCIAMACHY solar OEM 27 08/2002 - 08/2011
Solar occultation - Onion peeling v4.2.1 SCIAMACHY solar Onion 28 08/2002 — 08/2011
SMILES NICT v2.9.2 band A SMILES-NICT band A 29 01/2010 — 04/2010
NICT v2.9.2 band B SMILES-NICT band B 30 01/2010 — 04/2010
SMR v2.0 544 GHz SMR 544 GHz 31 11/2001 — 12/2014
v2.1 489 GHz SMR 489 GHz 32 11/2001 — 08/2014
SOFIE vl.3 SOFIE 33 08/2007 — 09/2014
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