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We thank Referee #1 for his/her time and valuable comments to improve the manuscript. In the
following, we provide the original referee comments (italic letters), followed by our responses.

The technical note by Wolfgang Woiwode and coauthors addresses the quality of ECMWF Integrated
Forecast System analysis and forecast data on upper troposphere and lowermost stratosphere
humidity using remote sensing measurements onboard HALO aircraft. The validation of IFS analysis
makes use of high-resolution observations by GLORIA thermal infrared spectrometer observations of
water vapour collected during five HALO flights above Europe in January-March 2016 sampling polar
sub-vortex air masses. The model output is interpolated to the geolocations of GLORIA two-
dimensional measurements and the intercomparison is performed in consideration of potential vorticity
provided by IFS, which serves an indicator of the air mass origin and therefore its properties. The key
outcome of the study is a confirmation of the moist bias in ECMWF LMS humidity already reported in
the literature. The key figure pointed out throughout the article is the peak +50% wet bias compared to
GLORIA.

The biases in UT/LS humidity data in ECMWF (re)analysis is certainly an important issue and even
though the representability of the reported results may be questioned, the unique experimental setup
and the thorough comparison approach render the study suitable for a technical note in ACP journal.
The manuscript is well written and the graphical material is excellent.

We appreciate the encouraging statement by Referee #1.

My major concern on the manuscript is the oversold magnitude of wet bias in ECMWF and lacking
discussion of the obtained results in the context of previous surveys. | believe the scientific value of
this study could be enhanced by addressing the following remarks.

We thoroughly revised the manuscript under consideration of the remarks by the Referee. We
included further references and provide more context to previous work. However, we consider the wet
bias problem to be important, since radiative forcing is known to be sensitive to LMS water vapour
mixing ratios, ECMWF IFS data products are widely used, and the problem is still not solved. We also
note that specific humidity observations are not assimilated in any ECMWF products above the
tropopause. Therefore, the presence of a moist bias in the stratosphere is not surprising. Moreover,
the moist bias magnitude in the lowermost stratosphere in our study is consistent with previous
comparisons of ECMWF analysis against independent specific humidity observations (Dyroff et al.
2015; Shepherd et al., 2018), which are discussed in our study. In the same context, we now included
further references to Kaufmann et al. (2018) and Kuntz et al. (2014).

General remarks

e The introduction is too lengthy for a technical note and also misleading at times (see specific
remarks). | would suggest to move most of it into discussion, where the results from the
literature could be compared with the outcome of this study.



Following the suggestion by the Referee, we moved parts of the introduction into Section 3 “Results
and Discussion” and updated the discussion accordingly. Since this Section would become relatively
long, we subdivided it into Section 3 “Results” and Section 4 “Discussion”.

e | was surprised to see H20 mixing ratios down to 2 ppmv or less reported by GLORIA in this
region of the atmosphere. | am not aware of any published or unpublished H20
measurements revealing such dry values in the sub-polar UT/LS. One might hypothesize that
HALO has sampled an impressive dehydration event, however the anomalously dry values
occur form one flight to another. The occasional dry artefacts in GLORIA can also be seen in
Fig.10d of Johansson et al. | wonder how the individual and global difference profiles would
look after a more rigorous filtering of GLORIA retrievals in the LMS.

We thank the Referee for pointing out this issue, which clearly requires more explanation. As
discussed by Johansson et al. (2018), the indicated GLORIA errors are combined random and
systematic 1o errors. Therefore, under consideration of a conservative 1o error of (10-)20%, the 30
range at a “real” water mixing ratio of 4.0 ppmv ranges from 1.6 ppmv to 6.4 ppmv, which is well
consistent with the scattering of the individual data points in the correlation plots (see Figs. 1le and
2¢,fil). Therefore, the dry values in the correlations are not indicative of an extreme dehydration
event, but are caused by scattering in the GLORIA data due to their uncertainties.

Note, due to the large number of data points in the correlations, such strongly scattered data points
appear somewhat overrepresented when compared to less scattering data points, which are mostly
hidden behind other data points. The scattering towards dry values is furthermore emphasised by the
logarithmic scale of the axes.

As discussed in Section 2.1, the errors in the GLORIA data are expected to cancel out mostly when
the data are analysed as ensemble (e.g. in correlation analyses). Therefore, we use the mean
correlation of the data point ensembles of entire flights (cyan lines in the correlations) instead of single
GLORIA data points (or individual GLORIA profiles) to quantify the wet bias.

As correctly pointed out by the Referee, relatively dry data points are also seen in Figure 10d of
Johansson et al. (2018). These values are also explained by scattering in the GLORIA data due to
uncertainties. Also here, the logarithmic scale emphasises “dry” values. Furthermore, the relatively dry
section with values down to ~3 ppmv around 11:00 in the same figure might be explained by an
enhanced systematic error component during this short part of the flight and/or the fact that GLORIA
(pointing to the right) observed e.g. a dry filament beside the flight path which was not present at the
flight path itself (i.e. where the in situ measurements were done). However, as shown in Johansson et
al. (2018) Table 2, GLORIA showed good overall agreement with FISH during the same flight.

For clarification, we now mention in Section 2 that the GLORIA data are combined random and
systematic 10 errors and discuss the consequences in Section 3 in context of the correlation plots.

e As an IFS data user, | would be interested to see more statistical figures in the abstract and
conclusions beside the peak value of 50%. Although the figures do give a good idea on the
bias distribution as a function of mixing ratio and PV, | believe the concluding statements
could be smoother about the IFS moist bias.

To quantify the moist bias, we use mean correlations from large data point ensembles of entire flights.
From our point of view, statistical numbers on the correlations would mainly reflect the scattering due
to the uncertainties in the GLORIA data. Therefore, we think that it is difficult to extract further
information from statistical quantifiers here. From our point of view, the mean correlation plots of the
different flights are conclusive and draw a coherent picture of the moist bias and its evolution.



However, possibly we did not correctly seize the suggestion by the Referee, and we are open to
further suggestions.

Specific remarks

p.2, 1.47-52. It makes one wonder why the most advanced ECMWF model with highest possible
resolution still suffers from the moist and cold biases. Is this specific to the operational
analysis/forecasts only or applies to any products including reanalysis?

This applies to all ECMWF products. This is because no specific humidity observations are assimilated
above the hygropause (which is used as a proxy for the tropopause) in any ECMWF
analyses/reanalyses (i.e. humidity increments are turned off there). Above, specific humidity is
determined essentially by the model. However, temperature and wind are still assimilated above the
hygropause (i.e. wind and temperature increments remain turned on there) and may influence
humidity. The resolution of reanalyses is lower than that of the operational analysis. Therefore, we
expect the bias to be larger in reanalysis than in the high resolution analysis.

p.2,1.49-57. The paragraph mentions several potential reasons for the model wet biases, which should
belong to the discussion. Could the reported findings support one or the other assumption?

As suggested by the Referee, we moved this part to the discussion and comment on how our results
compare with the other studies. Our results confirm the bias to be present in the forecast initialisation
(i.e., the analysis) and the vertical structure (i.e., decreasing bias towards higher altitudes), and further
insights by our study are discussed. We slightly revised our wording in the abstract: our results
suggest a model bias together with the lack of water vapour observations suitable for assimilation by
the model above the tropopause to cause the bias.

p.2. 1.65. What sort of gap is implied here?

Here, we mean the “gap” in terms of spatial coverage and resolution. We rephrased the sentence for
clarification.
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