Reviewer #1

Review for “The added value and potential of long-term radio occultation data for climatological wind
field monitoring” by Nimac et al. — Author’s Response to Reviewer #1

The paper investigates wind fields derived from radio occultation (RO) data. Regions where geostrophic
and gradient wind approximations are valid are identified by means of ERAS data. RO derived wind fields
are compared to ERAS derived geostrophic and gradient winds and the full ERA5 wind fields.

The novelty of the study is that the analysis includes a comparison of geostrophic and gradient winds of
ERAS with the full winds in ERA5. Moreover, comparison of RO and ERAS data are conducted on a higher
resolved horizontal grid (2.5° x 2.5°) compared to earlier studies and lower latitudes close to the equator
were also investigated. However, ERA5 analyses would be available on a 10 times higher resolved lat-
lon grid (0.25° x 0.25°).

The paper is generally well structured, motivation and conclusion need to be strengthened, and some
errors were found in the citations and references.

We thank the Reviewer #1 for the thorough review and constructive comments. We are now aware that
we should have better highlighted that we used ERA5 data on a 2.5° resolution to test the quality
compared to the RO wind-field retrieval, whose reasonable possible horizontal resolution is also 2.5°.
Hence, we are only interested how well are the synoptic scale wind features described by the selected
wind approximations. We also thank for the useful comment regarding direct download of 2.5° data,
rather than post-processing 0.25° data which may introduce additional “residual noise” effects or other
technically avoidable deviations. And indeed this has resulted in useful changes in that it helped to get
rid of some residual “wiggle features” that we now could confirm had arisen from details of pre-
processing at the smaller spatial scale. While it was hence beneficial to get rid of these and related more
speculative considerations/discussions on GWs, all the general large-scale patterns discussed and the
conclusions remained the same.

To better indicate the motivation and overall goal for this study, we modified the section in the
Introduction (L84) as following:

“Hence in this study the main goal is to develop an RO-based climatic wind data product over the free
troposphere (troposphere region above planetary boundary layer - PBL) to the mid-stratosphere. The
derived observations-based RO climatic wind fields have the potential to serve as a complementary
climate-oriented dataset to reanalysis wind products. This is of specific interest, since the uncertainties
and errors in reanalyses are less well understood and more complex, due to changes in the assimilated
data, as well as uncertainties arising from the weather forecast model used and the assimilation method
(Parker 2016; Hoffman et al., 2017). On the other hand, RO data are long-term stable, essentially free
from satellite-to-satellite bias and hence requiring no inter-satellite calibration, which leads to better
known uncertainties and clear error characteristics (Steiner et al., 2020).

The approach for the creation of RO climatic winds is three-fold. First, we test the approximation bias of
the geostrophic and gradient-wind approximations. This serves as an information on the quality of this
method for deriving monthly-mean winds based on the thermodynamic mass fields. For this purpose, we
use ERAS reanalysis data at a synoptic-scale spatial resolution which fits the horizontal resolution of RO
(about 300 km, 2.5° x 2.5° grid). Second, we evaluate the difference between RO-derived winds and the
ones estimated based on ERA5 data. Such a comparison of the systematic data bias helps reveal the added
value of RO-derived monthly-mean winds as an independent wind field record. Lastly, we evaluate the
potential of RO-estimated winds in representing “original” ERA5 wind fields. To this end, we compare RO
long-term monthly mean winds with the actual winds in ERA5. To test the robustness of estimated RO
climatic winds, we perform an additional comparison with the ECMWEF-IFS operational analyses for two
selected test months, in a time frame when Aeolus data were assimilated.”



Major Comment (Motivation, Conclusion, L7, L24):

The motivation and conclusion are in my view critical. The data product does provide no additional
information to what is already available from ERAS5. The accuracy was evaluated based on ERA5 which
also has its limitations. But more importantly, ERA5 (and other reanalyses) are also available for long
time periods that allow climate monitoring of wind fields up to mid-stratosphere. | think the important
guestion is, can wind information determined from RO improve the wind fields in ERA5 reanalyses?

As commented above, we tried to make the motivation and main goal now clearer. We also adapted the
discussion and conclusion parts to be more concise.

In this research we aim to develop climate-oriented RO wind fields, so we would not directly aim to show
the potential of RO winds to improve wind fields in ERAS5 reanalyses. We rather see it as a
complementary and independent dataset to reanalysis data, for climate analysis and monitoring
purposes. Regarding additional information that this data product offers, we see several benefits:

(i) As commented by Parker (2016), reanalysis uncertainties and errors are more complex and less well
understood compared to those in observations or from well-understood satellite data retrievals.
Besides, reanalyses can misinterpret certain phenomena due to spatially coherent and correlated errors
(Hoffmann et al., 2017). Here, we perform a two-fold decomposition of the wind bias to better
understand sources of differences. The first part tests the quality of the approximation itself (based on
the ERAS5), while the second part assesses the systematic difference between ERA5 and RO data.

(ii) Additionally, RO data are long-term stable, essentially free from satellite-to-satellite bias, highly
precise and accurate, resulting in stable and well known uncertainty and error characteristics (Steiner et
al., 2020). On the other hand, ERAS5 reanalysis data meets changes in sources of assimilated data
(Hersbach et al., 2020). Hence, one of our hypotheses was that temporal changes in systematic
difference would point to possible inhomogeneities in ERAS data. We hope to cover this topic in more
details in our future studies.

(iii) Finer vertical resolution compared to the reanalysis data in the stratosphere region, together with
improved RO data accuracy in those regions (ionosphere correction), might provide additional wind
information in mid-stratosphere regions, where reanalyses can assimilate less data and the output is
hence less observation-constrained and more strongly a result of the model.

We included these above-mentioned benefits in the conclusion part (L559 onwards).

Aeolus did improve ECMWEF IFS analyses and forecasts but as mentioned in the introduction, they were
only available for a limited time period and therefore not feasible for reanalyses and climate time scales.
Additional independent evaluations with Aeolus winds and/or ECMWEF IFS operational analyses (with
Aeolus assimilated) (in addition to ERA5) would increase the robustness of the determined accuracy and
the value of the additional data derived from RO but | agree that is probably beyond the scope of this
paper. However, at probably a 2-months comparison of full resolution ECMWEF IFS with Aeolus
assimilated for one selected year could be added.

We appreciate this suggestion. We hence took it on board, despite it involved some significant additional
effort, and included test-months comparisons with ECMWEF-IFS operational analyses (with Aeolus
assimilated), for February 2020 and July 2020. We added respective figures in the Appendix.

Additional comments:

Abstract:
L11: Please add here, that the focus is on synoptic scales (resolved by RO) because ERA5 native
resolution is much higher.

Ok, added.



L14/15: The third goal needs to be rephrased to be more specific: evaluate the potential of the RO wind
fields for which purpose?

We see the potential of RO-winds as a complementary dataset for wind analyses and wind monitoring,
with added value due to its long-term stability and high-accuracy in the free troposphere and lower
stratosphere. We rephrased the sentence (L15):

“Third, by comparing the RO climatic winds to the ERA5 original winds, we evaluate the potential benefit
of RO as an additional dataset for wind analyses and climate monitoring.”

L17: Can you be more specific for what altitude range is meant by tropospheric? Presumably not in the
surface boundary layer?

Thank you for noticing this aspect where we had been unclear related to the altitudinal range we cover
in our study. We refer to the free troposphere, i.e., we start from the 800 hPa level, which is above the
planetary boundary layer (PBL). Apart from the inability of the selected approximations to describe the
complex dynamics in the PBL, the RO-data quality in the PBL is also lower. Hence, RO-based climatic
wind fields are created in the altitudinal range from 800 hPa to10 hPa. We added this clearly in the
manuscript now (L109) and made it also more clear throughout the manuscript.

L19: For this latitude range and the exceptions that are given afterwards, | would not call it almost
globally: ...within 2 m/s accuracy for latitudes 5°-82.5°, with some...

Ok, accepted and corrected.

L20/L21: Please tell at the beginning of the abstract which altitude levels are investigated. What is
considered as lower altitudes? Lower troposphere? What is considered as higher altitudes? Mid-
stratosphere?

We agree we should have mentioned more clearly that we focus on the free troposphere to the mid-
stratosphere region. We emphasized this more clearly throughout the manuscript.

L21: very good — good; partly 4 m/s

Ok, corrected.

L22ff: temporal change: is this a temporal increase? Differences between RO and ERAS increase in time
because ERA5 was potentially improved in 2016?

We choose here the term “temporal change”, since positive (in underestimation) and negative (in
overestimation) trends are observed pointing to a decrease in the difference between the two datasets.

L56: good — please be more specific

We added the following references: Holton and Hakim, 2013; Boville 1987; Randel 1987.

L61: What kind of wave activity? Rossby waves? Gravity waves?

Here it is referred to large amplitude planetary waves (i.e., Rossby waves).

L72, general: What is new to what was already published by Scherllin-Pirscher et al. 2014? They
investigated different latitudinal and altitudinal regions. They had 5°x5° lat-lon bins and also found 2
m/s with respect to full wind in ECMWF IFS analysis.

Since our main motivation is the creation of a global RO-based wind field data product, we perform a
systematic analysis which serves as a basis for this. There are in fact a range of advances in regard to
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Scherllin-Pirscher et al. (2014), (SP2014). We use an improved horizontal resolution, which might result
in more details and larger amplitudes of the total bias. We also more clearly divide the total bias into
the contribution from the approximation itself, and the difference between datasets. This helps to better
understand in which direction we should proceed: an advancement of the estimation methods and/or
RO-data quality improvement. Unlike in SP2014, we perform a systematic analysis across the whole
available time period up to 2020 and include regions close to the equator. SP2014 spared out 15°S-15°N,
while we fully cover the tropics towards a small equatorial band, where a separate recent study by
Danzer et al. 2024 provided a complementary analysis on also closing this gap across the equator. As
another example on our improved data scope, SP2014 did not capture strong underestimation of polar
winds by gradient RO winds, which is characteristic for years with a strong polar vortex. Besides, we try
to link observed biases with dynamical processes and/or data quality issues in order to learn on this and
account for it in our future work.

L81:See majorcommentone. ECMWEF IFSanalysesare anadditional data

See at the beginning above; comment accepted and we added operational analyses together with
climate models and reanalyses.

L104: depends somewhat also — remove somewhat

Ok, comment accepted and corrected.

L112ff: This statement is not appropriate and cannot be made in general. The focus on wind the
manuscript is totally different from von Schuckmann et al. who dealt with the atmospheric heat content.
This needs to be proven, e.g. by adding additional (re)analysis data. See also major comment 1. Please
check your references and bibliography carefully for correctness! Von Schuckmann et al. is 2020, here it
says 2023, in the bibliography 2022. Moreover, it is in Earth Syst. Sci. Data and no longer as Discussion
paper.

We agree with your statement and we significantly rephrased the paragraph to make our formulation
more careful (L131):

“With respect to our first goal of the analysis, which is to test the quality of the two approximations, the
specific selection of the reanalysis dataset would hardly make a difference in the obtained results.
However, the systematic difference might change with a different reanalysis dataset. Considering the
results from other studies that include also MERRA-2 and JRA-55 reanalyses (e.g., von Schuckmann et al.
2023, Sect. 3 therein, where atmospheric heat content change results built on changes in mass density
fields), we can expect that the selection of the reanalysis dataset presumably has no major effect on the
systematic difference for wind speeds derived from geopotential fields. We plan to perform a comparison
with several reanalyses in our future research. In this study, as an additional evaluation of the robustness
of the results, we utilize the ECMWEF-IFS analysis data for February and July 2020, a period when Aeolus
data were assimilated.”

L117: Please clarify and motivate why a 2.5°x2.5° grid is used, the native resolution of ERAS is higher.
The differences between the approximations and the original wind fields are likely different for ERAS
data on the 0.25° x 0.25° grid. Please comment on this or show, that your main findings (e.g. the regions
were the approximations break down) are robust. Otherwise make clear, that your findings are may not
hold for higher resolution ERA5 (or ECMWEF IFS analysis) data.

As stated above, the 2.5° x 2.5° grid was here selected since this is the possible horizontal resolution of
the RO dataset. We are aware that the ageostrophic contribution for 0.25° ERA5 might be different (i.e.,
more expressed) compared to the 2.5° ERA5 data. However, investigating the effect of data resolution
to robustness of the method is beyond the scope of this paper, since we focus here on the synoptics-
scale and monthly-mean climate-oriented resolution.
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L131/140: accurately; high accuracy: Accuracy of the RO geopotential height is missing?

We added two new references Scherllin-Pirscher et al. (2011a and 2011b) where further details about
the accuracy of the geopotential height variable is given. The publications showed that the statistical
error in the UTLS outside the tropics is on average smaller than 2 m, while the systematic error was
estimated to be less than 7 m in the UTLS.

L133: Is the 2.5° x 2.5° the best what can be achieved from the RO data? This then motivates why ERAS5
data is used at such low grid resolution and should be stated above.

Yes, 2.5° is the horizontal resolution of the RO data. As the first part of the analysis (evaluation of the
methods) is made as a basis for the RO-wind retrievals, this is the reason why ERA5 data were also
selected at 2.5°. We added this detail at several places in the manuscript.

L140ff: The altitude range must be mentioned in the abstract and in the introduction (see earlier
comments above). Not just the upper level (10 hPa) but also the lowest level. In L97 is says 1000 hPa but
here you say RO data are accurate above 5 km which is mid troposphere? Please clarify.

Following an earlier comment, we also added the lowest level and mentioned the altitudinal range of
the derived data in the abstract, introduction section as well as data and study method parts.

L151: bias — ageostrophic contributions/components.

As we also examine here gradient wind (which represents a part of the ageostrophy), we label the bias
as the approximation bias to cover both approximations simultaneously.

L155/156: | don’t understand what is meant by the sentence “This way...”. How does the comparison
mention in the sentence before tell anything with respect to the original winds?

As the total difference is equal to the sum of the approximation bias and the systematic difference, this
two-steps evaluation method helps to understand which bias contributes stronger to the total
difference. We rephrased this sentence as:

“The two-fold decomposition helps to attribute the individual contribution of each of the two biases
(approximation and systematic) to the total difference between RO-derived wind field and ERA5 original
winds.” (L176)

L158: higher — upper troposphere

Ok, corrected.

L161: | don’t see how this is an evaluation of an additional value of the RO data. Better: To assess the
temporal homogeneity and long-term stability of the RO data, we analyse the temporal evolution of the
differences in wind derived from RO and ERAS.

Our hypothesis is that due to the proven long-term stability of RO-data, detecting time changes in the
systematic difference would point to inhomogeneities in ERA5 (the effect of changes in assimilation
data). Our results, which also show an altitudinal change in the systematic bias, support the assumption
that this might be the effect of changes in different sources of assimilated data in the reanalysis.

L168ff: This is not an f-plane because f is not set constant but depends on latitude. Must be Holton and
Hakim, 2012 and bibliography is wrong (An Introduction to Dynamic Meteorology, 4th edition, Academic
Press is 2004). Eq. 2: acos — a cos

Thanks for noticing, we edited this.

L189: remove “on top”



Ok, removed.

Eq 5: ageo(strophic) is a more appropriate term than bias

Since we analyze also the difference between original and gradient wind, using the phrase “ageostrophic
term” would not be fully correct, since the gradient wind partially covers the ageostrophic contribution.

L200: Is this old reference of 1986 still valid for data of 2007-2020 used here? E.g., Scherllin-Pirscher et
al. 2014 do not state anything about smoothing their fields (however they used a 5°x 5° lat-lon grid)

We initially performed the analysis using original RO geopotential and noticed a larger spatial variability
(noise-like patterns) in the wind difference compared to the ERAS. After applying the 5-point horizontal
smoothing, the RO-wind fields showed an improved, less noisy pattern. We removed the reference and
edited the following sentence:

“As the ERA5 geopotential field is derived by numerical integration, it is smoother compared to the
observation-based RO geopotential field. Hence, we smoothed the 2.5° x 2.5° RO geopotential fields
using a 5-point Gaussian filter in longitudinal and latitudinal direction.” (L221)

L242: The terms advantages or disadvantages is not appropriate here.

Ok, we changed it to “strengths and weaknesses of geostrophic and gradient wind approximation”.

L246: Bias is not the right term in this context (see previous comments).

We edited it to “ageostrophic contribution”.

L252, Fig2-Fig6/Figl0: Because you only have a 2.5° latitude grid, the -5°/+5° band is essentially
represented by 2 grid points along latitude. In order to make this clearly visible, the maps and vertical
sections should be plotted pixelwise rather than using a contour plot with linear interpolation between
grid points.

Ok, we accepted this comment and we modified the figures accordingly.

L255: delete obstacles. Gravity waves/mountain waves should me mentioned here. Greenland, the
Andes, and the Himalaya are hotspots of mountain waves propagating into the stratosphere. In addition,
the pattern at 60 S in July is a region of high gravity wave activity, known as the gravity wave belt.

We excluded most of the comments and discussions on gravity waves as such features were no longer
present after using directly downloaded 2.5° ERAS data (see also answer to the major comment at the
beginning above).

L283: Did you also avoid the mountain regions on purpose? If this is the case, this should be mentioned

here.

We did not avoid the mountains on purpose. We just selected this region since both, gradient wind in
the upper troposphere and geostrophic wind in the mid-stratosphere, result in larger biases there.

L285: Its not directly above Antarctica but rather at 60°S. (cf. comment above).

We removed this sentence as we limit our vertical range to 800-10 hPa.

L291, Fig2-Fig4: It would help to also show ERA_grad-ERA_orig.

We initially had such a display, but since for the larger part the patterns were similar to those between
geostrophic ERA and original ERA, we decided that by showing the absolute difference between the two
biases points to the most important details.



L356: Can you be more specific what those changes were (reference to Discussion section)? For July, a
break similar break is found at 2008, 2013 and 2019. Without additional investigations, this statement
seems rather speculative and | think it should be left out in the manuscript and 2016 not to be
highlighted at all.

We hypothesized that such an approach would reveal inhomogeneities in ERA5, since for RO data long-
term stability was proven (Steiner et al., 2020). We accept your comment and do not highlight the year
2016 specifically. We just indicate that there are temporal variations in the systematic difference
between the two datasets.

L399: systematic differences: here you need to be more specific; to what exactly are you referring to in
the previous section? How can this be understood? Additional comparison with ECMWEF IFS winds would
help; they are not identical to ERA5 (see comments above).

better wind speed estimations: better with respect to what?

Thank you for noticing this. This conclusion was not following the results previously shown, so we edited
the paragraph:

“Based on the results shown in the previous sections, it is clear that the total bias in the sub-tropical jet
stream is a result of the systematic difference and the approximation bias (Fig. 10a-b). On the other hand,
a larger underestimation of winds by ROgeos in the monsoonal region, as well as dipole structures related
to stationary waves are mainly a result of the inability of the geostrophic approximation to capture such
a circulation (Fig. c-d). Similar patterns can be seen in the Figure Ala and b, where a comparison between
RO geostrophic winds and ECMWEF-IFS analysis winds at 200 hPa level for February and July 2020 is given.
However, the Figure A1 shows more details and a larger spatial variability compared to Fig. 10, where
variability is lower due to temporal averaging.

In the upper levels, the total bias is mainly the result of the applied approximation (Fig. 10e-h). The
exception is the tropical region where lower RO data quality contributes to somewhat larger bias. The NH
high-latitude ROgrad wind underestimation in January is caused by neglecting the horizontal advection
terms, which are important during condition when strong wave activity and polar night jet-stream
interact. Again, the robustness of the results is supported by a further comparison with ECMWF-IFS
analysis data (Appendix Fig. Alc and d). Similar patterns are observed with stronger expressed noise-like
differences near the equator.” (L405)

L426: But not in the Boundary layer.

Ok, we added “free” before “troposphere”.

L428: there are more recent (review) references to (orographic) GWs.

As mentioned earlier above, we excluded most of the comments on GWs in the manuscript.

L527: specify more active? More mountain/gravity wave activity?

With the term “more active” we refer to a higher dynamic in terms of larger wind amplitudes and
variability, as well as more wave activity. We have rewritten the sentence to:

“Generally, the approximation bias and the systematic difference are both larger in the winter
hemisphere when the atmosphere is more dynamic in terms of larger wind speeds and stronger wave
activity”. (L499)

L591: ERAS data from Copernicus are on 0.25° x 0.25° lat-lon grid. How did you get to 2.5° x 2.5° from
there? Are you aware that 0.25° x 0.25° interpolated or reduced to a 2.5° x 2.5° lat-lon grid is not
necessarily the same as directly downloading ERAS data on the 2.5° x 2.5° lat-lon grid which depends on
the configuration of the MARS request at ECMWEF.



Thank you very much again for this valuable comment. We downloaded the 2.5°x2.5° ERAS data via
MARS request at ECMWEF and re-plotted all the figures. The wave-like patterns over the large mountain
areas essentially vanished, so we exchanged all the relevant figures with the new data and adapted the
text accordingly. We highly appreciate your comment which helped us safe speculative interpretations
that now could be explained by the details of different dataset pre-processing.
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