Reviewer 1

Comment: The paper by Koenig et al, addresses an important topic concerning
the determination of the tropopause altitude from high resolution data using low
resolution kernels. These have to be applied e.q. when comparing high resolution
vertical data to satellite observations, when filtering oder interpolating data sets
of different vertical resolution. The authors provide a systematic analysis using
SHADOZ sonde data. They test for the effect of different resolutions (kernels)
on the WMO lapse rate tropopause and cold point tropopause altitudes. They
find, that the tropopause altitudes of the kernel weighted fine scale profiles dif-
fer significantly from the tropopause altitudes of the original data. Importantly
they conclude that there is mo correction scheme applicable to account for the
displacement.

The paper is sound and I regard it as highly relevant and recommend it for publi-
cation almost as it is. The authors could easily expand the scientific importance
of their work by extending their analysis adding a systematic analysis of the cold
point temperatures as well for different resolutions. Since the temperatures are
crucial for the analysis of humidity transport, this would add another important
aspect to this nice and important study.

Reply: Excellent idea!

Action: A new Section on water vapour saturation mixing ratios has been in-
cluded, along with a table and a figure.

Comment: Specific: It would be interesting to plot the cold point temperature
in the same way as Fig. 7. Which implications does this have for the water
vapor saturation mizing ratio?

Reply: Agreed.

Action: Plots and tables of related cold point temperature have been included.
Implications for the water vapor saturation mixing ratio are now discussed.

Comment: Why are the differences mostly negative with decreasing resolution
(Fig. 3, especially Fig. 7)?

Reply: For the lapse rate tropopause, this is because weaker gradients are found
already at lower altitudes if the resolution is coarser. And the tropopause search
goes bottom up. For the cold point tropopause, we have no general explanation.
This depends on the particular wiggles of each individual temperature profile.

Action: An explanation has been added to the text.

Comment: Technical: Are there differences in the kernels used in Fig.1 and
Fig.62 If not, is Fig.6 necessary for the paper?



Reply: The main difference is the sampling of the degraded profiles. It is the
sampling of the radiosonde profiles in Fig 6 (smoother curves) while it is a 1 km
grid in Fig 1. Please note that the figure numbering has changed, it is now Fig. 5.

Action: We have changed the line styles to make this difference better discern-
able.

Comment: p. 11, line 6. “coaFrse”
Reply: Thanks for spotting.

Action: This typo has been corrected.
Reviewer 2:

Comment: General remarks:

The manuscript by Konig et al. presents interesting aspects for the tropopause
determination from temperatures profiles of restricted vertical resolution. This
topic is not only crucial for satellite based temperature sounding but also for fre-
quent analyses and applications of meteorological data sets. The mathematical
background based on Rodgers (2000) is described in detail and allows a nearly
correct and elegant description of the problem. In addition, it allows an accu-
rate description and quantification of resulting error sources. The paper is well
organized and written, and the scientific and technical objectives will fit to the
scope of AMT.

Reply: We thank the reviewer for this encouraging evaluation.
Action: none

Comment: However, I have strong concerns that the paper in the current form
1s adequately addressing the scientific and technical standards of AMT, I am
generally missing a more in depth analysis and larger statistics (e.g. a larger
set of radiosonde stations) to draw robust and meaningful conclusions. I can
only recommend the publication of the study of Konig et al. after some major
revisions and improvements. More detailed suggestions for improvements and
comments are specified in the following sections.

Reply: Please see our answers below.
Action: Those of the answers below.

Comment: Major comments:
The title of the paper promises more than the analysis and the final results can



deliver.

Reply: We do not quite see the point. The title is “Tropopause altitude deter-
mination from temperature profiles of reduced altitude resolution” and this is
exactly what we critically assess in the paper.

Action: As stated below, we have reworded the title: “Tropopause altitude
determination from temperature profile measurements of reduced vertical reso-
lution”. Since we have now found a correction scheme at least for midlatitudes,
the reviewer might find the title more appropriate now.

Comment: The tropopause (TP) determination of reduced altitude profiles -
like announced - is only analyzed for one very specific instrument (MIPAS)]...]

Reply: This is not true. We investigate into this effect for a series of idealized
instruments with altitude resolutions of 1 to 5 km. This analysis is applicable
to a wide range of instruments. Analyses based on averaging kernels from real
instruments suffer from the fact that the averaging kernels have to be taken as
they are, and the dependence of the effect on variation of the altitude resolution
thus cannot be systematically assessed. Thus the focus of the study is on the
idealized averaging kernels where the altitude resolution can be varied. MIPAS
results are presented in addition as an illustrative case study.

Action: none

Comment: [...] but is a quite general problem and especially important for
many studies taken into account meteorological data sets like ERA-Interim or
MERRA. Very similar problems occur for these type of data, if you like to quan-
tify the error in the TP determination for the relatively coarse vertical sampling
around the TP compared the typical fine resolution of the radiosonde data. TP
heights are not part of the meteorological data sets. It would be by far more
interesting to apply the methodology in a more general approach , for example
to the problem outlined above. Tuake these criticisms into account the author
should change the title accordingly.

Reply: This study was performed with application to satellite measurements in
mind. The applicability of the methodology presented is an added value but for
a paper in Atmospheric Measurement Techniques we find it adequate to restrict
the study to atmospheric measurements.

Action: To avoid wrong expectations we change the title to “Tropopause alti-
tude determination from temperature profile measurements of reduced altitude
resolution.” We mention that the range of applicability of our concept may be
wider but that this is beyond the scope of our paper.

Comment: The abstract is extremely short and includes even repetitions (‘3



km wvertical resolution’). The reader may ask, are there as little results? This
1s also true for the conclusions and unfortunately my final impression of the
presented study, although there seems a high potential in the formalism.

Reply: The additional analysis performed in reply to both reviews added length
to the abstract and the short sections.

Action: The additional results have been included in the abstract.

Comment: The data base and the statistical analyses have a couple of limita-
tions, which need improvements in a new version of the paper: a) The number
of 30 radiosonde profile for only one station (Nairobi) is far too small for sig-
nificant conclusions based on the presented analyses and statistics.

Reply: We wonder in which sense the reviewer uses the term ‘significant’ here.
The context of sample size suggests that it is meant as a statistical technical
term, while the context of ‘conclusion’ suggests that the term is used in a col-
loquial sense. In statistics only differences can be significant. In our case, the
differences are considerably larger than the uncertainties of even a single profile
(which has nothing to do with the standard error of the mean or other related
statistical quanties. It is the mere measurement error which is relevant here).
Thus we can say even for a single profile that the effect is significant. For any
given profile, the effect is deterministic. Note that in the original manuscript
we did not recommend any inductive correction based on the mean tropopause
altitude displacement on the basis of this limited data set.

Action: We have increased the sample size considerably to gain a better idea
on the representativeness of our results.

Comment: b) The selection of only one station representative for the tropics
seems also critical. Are there any references for this simplification? I guess
continental and coastal area can have quite different temperature profile (wave
activity), also regions with strong and low convection activity. If the study likes
to stay with its focus on the tropics, then more stations and coincidences with
MIPAS should be taken into account.

Reply: We do not see how a statistic should become more robust by making
the sample more inhomogeneous. Nevertheless we take this suggestion and in-
clude analyses of other sites but we do not think that it would be a good idea
to merge all this into one statistic.

Action: We have included one further tropical station and two stations in mid-
latitudes.

Comment: ¢) More stations and profiles (by taken a longer time period) would
also help to bypass the very coarse coincidence criteria applied in this study. A



+ 1000 km in longitudinal direction and £500 km in latitude is by far too coarse
to define a proper coincidence. In addition, I am missing a miss-time criterion
in the manuscript?

Reply: This reads as if the reviewer has misunderstood our approach. Co-
incidence criteria would indeed be far too coarse if we had compared MIPAS
profiles to radiosonde profiles but we did not do that. We only have applied
MIPAS averaging kernels to the sonde profiles and compare the original sonde
profiles to those where the averaging kernel has been applied. MIPAS averaging
kernels are only weekly or at best moderately temperature-dependent, and thus
this issue is, in this application, a higher order effect. The only problem left is
geolocation-dependent priori information.

Action: We say now clearly in the text that application to MIPAS is meant
only as an illustrative case study. We have reduced the number of MIPAS cases
in order to guarantee fairly close collocations. We have removed all related
statistics in order not to lead the reader astray towards misinterpretation of
these results in a statistical sense.

Comment: d) All statistic plots suffer on the general problem of the study of
rather low number of profiles/coincidences. For me it makes no sense to fit
Gauss distributions to histograms or to present box-whisker plots for such low
ensemble numbers.

Reply: Even in the original manuscript no conclusions were drawn from the
fitted Gaussian distributions. All statistics came (and comes) directly from the
data without any detour over Gaussian pdfs.

Action: Sample sizes have been increased. The Gaussian curves were removed.

Comment: QOverall, I would recommend to apply the methodology not only to
the tropics, because TP determination it is a general problem at all latitudes,
which would give the study a much broader scientific relevance.

Reply: Agreed.
Action: Two sites in midlatitudes have been included.

Comment: In addition, the authors should think about to apply the formal-
ism to temperature profiles of meteorological analyses, which would give a much
broader scientific community a tool or reference to quantify uncertainties in the
tropopause determination (e.g. for tropopause related coordinates, definition of
the transport barrier).

Reply: We are glad if the theoretical part helps also for these applications but
we think that for a paper in a journal on measurement techniques it is justified



to restrict the analysis to measurements.

Action: We mention the possible applicability of our concept to other types of
data but state that this is beyond the scope of this paper.

Comment: Minor comments:

The authors should reference in the introduction to other limb based remote
sensing analyses in former publications or to more general publications high-
lighting the difficulties and importance of an accurate tropopause determination
(e.g. Pan and Munchak, 2011, Peevy et al., 2012, or Spang et al., 2015).

Reply: Agreed.
Action: These and some more references have been included.

Comment: What is the effect of the higher resolved and vertically more struc-
tured a priori profiles (e.g. ERA interim) on the MIPAS temperature retrievals
and finally on the MIPAS TP determination. Can you quantify this effect with
your methodology?

Reply: This depends on the relation between the amplitudes of the fine struc-
ture and those resolved by the instrument. No general statement can be made
on this.

Action: Some discussion has been added.

Comment: Why do the authors include Figures 6 with no additional informa-
tion compared to Figure 1, what is new or has to be highlighted here? Tropopause
heights (radiosonde and potentially for different degraded resolutions) should be
superimposed in both Figures.

Reply: The different characteristic (sampling of the smoothed profiles) was
simply not visible with the line style chosen in the original manuscript.

Action: The line style of the smoothed profiles has been changed to solid lines
to make the sampling characteristic better visible.

Comment: Section 4 on the feasibility of correction schemes is missing a de-
tailed analysis and the description is too short. This section has currently not
the substance for a full section in a paper, it’s just a result for a paragraph.
Again the number of profiles is not sufficient. I am wondering why the author
made the analysis with such a limited data set of radiosonde profiles and MIPAS
profiles. It will be easy - but of coarse additional work - to extend the complete
study to a larger database and to draw better and more profound conclusions.



Reply: Again, we suspect that there is a misunderstanding because no MIPAS
profiles have been used for this purpose. As expected, for Nairobi the scatter
is, even after increasing the sampling size considerably, still way too large to
recommend a correction. This does not come as a surprise, because the stan-
dard deviation does not converge towards zero for increasing sample size but
converges towards the true standard deviation. Since the point of interest is
the correction of individual profiles, it is the scatter which is relevant, not the
standard error of the mean. The scatter of a sample with a size larger than
approximately 30 commonly is typically fairly robust such that even the use of
a student’s t distribution instead of a Gaussian is considered unnecessary.

For the midlatitudinal stations we have found a fairly robust correction scheme
which is now discussed in this section and adds length.

Action: Additional results have been included in this section.

By the way: This article was intended to be a “Technical Note”. The manuscript
was then published as a regular discussion paper because the format “Techni-
cal Note” is not supported by AMT. At the AMT editorial board meeting in
Vienna 2019 one of us suggested to the AMT Executive Editors to introduce
“Technical Note” as a new article format in AMT. Their reply was that this is
not necessary because length is no criterion for AMT articles.
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Tropopause altitude determination from temperature profiles profile
measurements of reduced altitude vertical resolution

Nils Konig!, Peter Braesicke'!, and Thomas von Clarmann'

'Karlsruhe Institute of Technology, Institute of Meteorology and Climate Research,
Karlsruhe, Germany

Correspondence: T. von Clarmann (thomas.clarmann @kit.edu)

Abstract. Inference of the lapse rate tropopause or the cold point from temperature profiles of finite vertical resolution en-
tails an uncertainty of the tropopause altitude. For tropical radiosonde profiles the tropopause altitude inferred from coarse
grid profiles was found to be lower than that inferred from the original profiles. The mean (median) displacements of the
lapse rate tropopause altitude when inferred from a temperature profile of 3 km vertical resolution and a Gaussian kernel s
-240-mare -130 m, -420 m, -730 m, and -510m (-70 m, -230 m, -390 m, and -280 m) for Nairobi, Hilo, Munich, and Greifswald

respectively. In case of a MIPAS averaging kernel the displacement of the lapse rate tropopause altitude is -640 m. The mean

(median) displacement of the cold point tropopause inferred from a temperature profile of 3 km vertical resolution (Gaussian
kernels) was found to be -500-m—Fhe—-510 m, -620 m, -530 m, and -410 m (-460 m, -520 m, -370 m, and -280 m) for the

stations mentioned above. Unsurprisingly, the tropopause altitude displacement is larger for coarser resolutions. The effect of
the tropopause displacement on the water vapour saturation mixing ratio is roughly proportional to the vertical resolution. In
tropical latitudes the resulting error is about one to two parts per million by volume per vertical resolution in km. The spread
of the resttts-tropopause displacements within each sample seems too large as to recommend a correction scheme for tropical
temperature profiles, while for midlatitudinal temperature profiles of vertical resolutions of 1 to 5 km a lapse rate of -1.3 K/km
reproduces tropopause altitudes determined from high-resolution temperature profiles with the nominal lapse rate criterion of
-2 K/km fairly well.

1 Introduction

The tropopause constitutes a vertical separation in the atmosphere that segregates the lower, weather active region, viz., the
troposphere, from an upper, steadier region, the stratosphere. High altitude temperature soundings that became possible at the
end of the 19th century showed an — at that time — unexpected temperature behaviour, where temperatures would stagnate or
even increase with height (see Hoinka, 1997, for a historical overview). Once it was established that this observation was no
measurement error, and that above the troposphere another region of the atmosphere existexists, namely the stratosphere, an
unambiguous definition for the height of the boundary, the tropopause, had to be agreed. The earliest comprehensive definition
provided by the British Meteorological Office was based on either the existence of a temperature inversion, or an abrupt

transition to a temperature gradient below 2 K/km. If the first two criteria were not met, a more general vertical temperature



10

15

20

25

30

gradient criterion was applied: “at the point where the mean fall of temperature for the kilometre next above is 2 K or less
provided that it does not exceed 2 K for any subsequent kilometre” Dines (1919, cited after Hoinka, 1997). A similar definition,
focusing solely on the lapse rate of 2 K/km was adapted by the World Meteorological Organization (WMO) in later years
(World Meteorological Organization, 1957). Since then additional definitions of the tropopause have emerged, focusing on the
behaviour of dynamical quantities (e.g. Hoerling et al., 1991) or of trace gas changes (e.g. Pan et al., 2004). However, the most
commonly used method to define the position of the tropopause still is the WMO criterion.

In tropical latitudes, another useful reference for distinguishing the tropopause from the stratosphere is the cold point (where
the temperature minimum occurs). It relates to the existence of a temperature inversion in the original definition as described
above and the corresponding lapse rate tropopause lies commonly a few hundred meters below the cold point (e.g., Figure 8 in
Kim and Son, 2012).

Aspirational targets exist for knowing the altitude distribution of the thermal tropopause with an uncertainty of 100 m glob-
ally (see the Observing Systems Capability Analysis and Review Tool at https://www.wmo-sat.info/oscar/variables/view/81).
However, it is obvious that deriving the altitude of a lapse rate tropopause will depend to some extent on the resolu-
tion of the temperature profile that is used to calculate the vertical gradient. The same holds true for the cold point
tropopause. Thus, it seems important to understand how the derived altitude of the tropopause depends on the vertical res-
olution of the temperature data. Knowledge of the exact tropopause altitude is essential in particular, when distributions
of atmospheric state variables such as mixing ratios of trace species are transformed to a tropopause-related vertical co-
ordinate system in order to investigate chemical, transport and mixing processes in the upper troposphere and lowermost
stratosphere —(e.g. Tuck et al., 1997; Pan et al., 2004; Birner, 2006; Tilmes et al., 2010; Pan and Munchak, 2011). Tropopause
altitudes inferred from limb measurements have been reported by, e.g.. Peevey et al. (2012) or Spang et al. (2015).

The goal of this paper is to analyze the possible dependence of a derived tropopause altitude on the vertical resolution of

the temperature profile and to evaluate possibilities to potentially correct tropopause altitudes inferred from coarsly resolved
temperature profiles. After presenting the formal concept used for this study (Section 2), we first asses the impact of finite

vertical resolution on the determination of the tropopause altitude in quantitative terms (Section 3). We do this separately for

lapse rate tropopause altitudes (Section 3.1) and cold point tropopause altitudes (Section 3.2). Fhen;focusing-onltow-latitudes;
The implication for the saturation mixing ratio of water vapour is analyzed in Section 4. Then we investigate if related altitude

errors can be corrected by a slight modification of the tropopause definition which, when applied to temperature profiles of
finite vertical resolution, reproduces the tropopause altitude according to the WMO definition when applied to the original
data (Section 5). Finally we discuss the applicability of our results to various types of constrained temperature retrievals from

satellite data (Seetion-2?)-and conclude what the upshot of this study is from a data user perspective (Section 6).

2 The formal concept

The altitude resolution of a vertical profile such as temperature can be characterized by the n x n averaging kernel matrix A

(Rodgers, 2000). It consists of the partial derivatives gf? of the elements Z; of the degraded profile with respect to the variation
J
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of the element x; of the true profile. Its columns represent the relative response of a degraded profile Z to a delta perturbation
of the true profile . Conversely, the jth column represents the weights with which the elements of the true profile contribute
to the jth element of the degraded profile. The averaging kernel of a profile without degradation is the identity matrix I. It
goes without saying that effects on a finer scale than that reproducible in the n-dimensional grid remain undetected, unless
some prior information on the profile shape between the gridpoints is used, as suggested by, e.g., Reichler et al. (2003). This
is to say, the averaging kernel does not characterize the degradation with respect to the fully resolved true profile but only the
degradation with respect to the profile represented in a vector of n gridpoints.

Typically, the reduction of altitude resolution is caused by one of the following three mechanisms: (1) the atmosphere is
remotely sensed by an instrument of finite vertical resolution. In this case, the atmospheric state is often sampled on a grid finer
than that corresponding to the altitude resolution of the measurement system; (2) A high-resolution profile is resampled on a
coarser grid. This resampling goes along with a degradation of the altitude resolution; (3) a filter function is applied, which

reduces the vertical resolution.
2.1 Remotely sensed vertical profiles

Often the degradation, i.e., the loss of vertical resolution, is caused by the use of a constraint in the retrieval of atmospheric
state variables from remote measurements y. The estimated state & depends on the measurement y and the prior information

x, as

&=+ (K'S;'K+R) " K7ST! (y— f(xa) M

Oy
aWj

noise, R is a regularization matrix, and f is the radiative transfer function (von Clarmann et al., 2003a). Using an inverse a

where K is the Jacobian matrix , T indicates a transposed matrix, Sy is the covariance matrix characterizing measurement
priori covariance matrix S; ! as regularization matrix, this formalism renders a maximum a posteriori retrieval as described
by Rodgers (2000). Other widely used choices of R are squared /th order difference matrices (see, e.g. von Clarmann et al.,
2003b). The latter are often used in order to stabilize the profile by smoothing without pushing the values towards an a priori
profile (e.g. Steck and von Clarmann, 2001).

In all cases, the averaging kernel matrix is
Aretrieval = (KTS;IK + R) ! I(TS;II<7 (2)

and with this the state estimate can be separated into two components, which are the contribution of the true atmospheric state

and the contribution of the prior information

T = Aretrievalmtrue (3)

+(I - Aretrieval)xa + €x:total

where, as its index suggests, &y represents the true temperature profile, and €041 is the actual realization of the retrieval

€1Tor.
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The altitude resolution of the retrieval can be determined from the averaging kernel matrix. Common conventions are to
either use the halfwidths of its rows or the gridwidths divided by the diagonal elements. It goes without saying that the altitude

resolution of a retrievend profile can be altitude-dependent.
2.2 Resampling on a coarser grid

Other causes for degraded profiles are representation on a grid not sufficiently fine to represent all structures or application of
a numerical filter to the original profile. The averaging kernel matrix is the adequate tool for dealing with all these cases.

The effect of a coarse grid is best understood by construing the coarse-grid profile as a result of an interpolation of the profile
from a finer grid (see Rodgers 2000, Sect 10.3.1, where a slightly different notation is used). Let & be the profile represented
on the coarse grid, and « the profile in the original representation where all fine structure is resolved. In this case we use an

interpolation matrix V and get

z=Vz 4)
For an interpolation from a fine grid to a coarse grid V is often chosen as

V= WIw) w7, )

where W is the interpolation from the coarse to the fine grid. A definition of A based on V gives us an asymmetric averaging

kernel matrix which represents the dependence of the profile values on the coarse grid on the “true” values on the fine grid.
Accarse =V (6)

Contrary to the averaging kernel matrix introduced by Eq (2), A coarse 1S N0t quadratic.
To characterize the loss of resolution due to coarse sampling the averaging kernel on the fine grid, Aj,terpolation, 15 needed.

Itis
Ainterpolation =WV. (7)

If the profile on the fine grid is in itself a degraded profile, e.g., because it was generated by a constrained retrieval, we need a

combined averaging kernel matrix
Acombined = WVAretrieval- (8)
2.3 Application of filter functions

Application of a linear filter corresponds to the convolution of the original profile with a filter function and is best formulated
as a matrix product involving a filter matrix T whose lines correspond to the moving discretized filter functions at its actual

position.

x=Tx )
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In this case the averaging kernel matrix is identical to the T matrix.

Aﬁlter =T (10)

3 The dependence of the estimated tropopause altitude on vertical resolution of the underlying temperature profile

To analyze the impact of smoothing effects on the estimated tropopause altitude we use temperature profiles measured by
radiosondes launched from Nairobi ++21(1.3°S, 36.8°E-These-data-), Hilo (19.4°N 155.4°W), Munich (47.8°N,10.9°E), and
Greifswald (54.1°N, 13.4°E). Data from Nairobi and Hilo were available via the Southern Hemisphere Additional Ozonesondes
(SHADOZ) network (https://tropo.gsfc.nasa.gov/shadoz/, retrieved on 20 May 2017 -Witte-et-al- 2047 Thompson-etal2047H-
Service (available via ftp://ftp-cdc.dwd.de/). All radiosonde data sets cover the period 2007-2018. All available Nairobi and

Hilo radiosonde profiles within this time period were used. For Munich and Greifswald one profile per week was selected.
Details of the sonde profiles used in our study are compiled in Table 2?1. We-foeus-One focus of our study lies on tropical

temperature profiles, because of the importance of the tropical tropopause in the climate system. Obviously, the area of the
tropics exceeds that of other latitude bands; the tropical tropopause is the entry point of air into the stratosphere (Fueglistaler

et al., 2009); and finally the tropical tropopause region plays a distintive-distinctive role in the radiative budget of the Earth

(Riese et al., 2012). Nairobi was chosen as an example of a continental station, while Hilo (Hawaii) is a maritime station. As a
contrast we have also used the two midlatitudinal stations Munich (close to the Alps) and Greifswald (close to the Baltic Sea).

Various averaging kernels A are applied to the original radiosonde profiles x to get degraded temperature profiles . These
are used for the determination of the lapse rate tropopause altitude and the results are then compared to the tropopause altitudes

determined from the original sonde data.
3.1 The Lapse Rate Tropopause

The lapse rate tropopause is the lower boundary of the lowermost layer where the temperature gradient is larger (more positive)
than -2 K/km provided that the average lapse rate between this level and all higher levels within 2 km does not exceed 2 K/km
(World Meteorological Organization, 1992). It is often determined from data resampled on a grid corresponding to a wider
range of vertical spacings from below 1 km (e.g., significant pressure levels) and not always from the raw radiosonde data (see,
e.g., Reichler et al. 2003, and references therein).

From the radiosonde profiles the lapse rate tropopause altitudes were determined and served as our benchmark. Only in
those cases when the lapse rate tropopause determination failed, the cold point tropopause was used instead. In subsequent
steps, the profiles were systematically degraded using averaging kernels of different shapes and altitude resolutions, in order to

investigate a possible vertical displacement of the apparent tropopause.

3.1.1 Gaussian averaging kernels



Table 1. RadiosondetaunchesfromNairebt Statistics for lapse rate tropopause displacements

Nairobi.
Latitude 13°S
Longitude 36.8°E
Sample Size_ 452
Years. 2007-1018
Altitude Mean Standard Minimum ~ Median ~ Maximum
Resolution Deviation Deviation Deviation ~ Deviation  Deviation
(km)_ (km) (km) (km) (km), (km)_
3“'975"’9“9 . VAV, . O UTU N VAV, v, . . .
07-07-20102.0°  14-07-2010-0.00°  21-07-20100.52  28-07-2010-2,19 0.02 301
03-08-20103.0  +-08-2010-0.13 18-08-20100.41  25-08-2010-2.51 -0.07 0.73
08-09-20104.0  15-09-2010-0.18  23-09-20180.42  29-09-2010-2.50 0.4 0.75
06-10-20105.0  13-10-2010-022  19-10-2010042 27-10-2010-2.44 2020 0.85
03-1-2010-height
Hilo_ 10-H-2010-  17-1-2010-  24-11-2010
01122010 Latitude 08-12-2010-19.4°N  15-12-2010-  22-10-2010
29-12-2040-Longitude 155.4°W
Sample Size 234
Years 20072018
Altitude Mean ~ Standard ~ Minimum =~ Median  Maximum
Resolution Deviation  Deviation ~ Deviation ~ Deviation  Deviation
(km) (km)_ (km) (km) (km)_ (km)_
L0 026, 0.75. =340 0.07 2.90
2.0 036, 0.76. 207 005 1.04
3.0 042 0.79. 381 023 1.50
40 2047 0.79 3.86 0.30 131
50 2048 0.78 -3.85 2034 1.25
Munich
Latitude  47.8°N
Longitude 10.5°E

Sample Size . 297
Years 2007-2018

M Mean  Standard  Minimum Median  Maximum

AN A AL AN AN S

Resolution  Deviation Deviation Deviation  Deviation Deviation

ANTRARAAAAA ARANANANRA AN AR A A A

L0 -0.59 098 481 -0.36
20 069 102 640 038 2.83
3.0 073 LO5. 643 039 0.27
4.0 077 1.20. 638 037 0.37
3.0 076, 125 6.29 033 0.57

Greifswald

Latitude  54.1°N
Longitude 134°E

Sample Size . 277
Years2007-2018
Altitude Mean Standard  Minimum Median  Maximum

AN A AL AL Ao

Resolution  Deviation Deviation Deviation  Deviation Deviation

ARRKRAAAAA ARAAANARAL AARARRAARRAL AARA AN ARARAANRAS AR AN

Gm) ) ) dam)  Gm)  (km)
[0 033 088 A8 076 151
200 047 082 540 027 264
3.0 -0.51 0.88 -6.21 -0.28 0.20
40 -0.52° 095 1o 025 0.24
S0 041 094 613 02 033
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degraded, resolution 2 km
degraded, resolution 3 km
——— degraded, resolution 4 km
degraded, resolution 5 km
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Figure 1. A radiosonde temperature profile measured at Nairobi, +:241.3°S 36.8°E on 18 August 2010, 7:35 UT, along with a set of degraded

profiles (Gaussian kernel) with resolutions effrom 1 to 5 km.

Inafirsttest-series-To test the dependence of apparent tropopause altitudes on the vertical resolution of the temperature profile

we use Gaussian-shaped averaging kernels to smooth the original radiosonde profiles. For this purpose we use the radiosonde
data on their native grid. The smoothed profiles are sampled on a 1-km altitude grid. Hat-widths-(Fut-width-Vertical resolutions
in terms of full widths at half maximum )-of 1 to 5 km were tested. Since we are not interested in the contribution by any a
priori profile but only in the degradation of the vertical profiles by a degraded altitude resolution, we use Eq. (9), with the
necessary modification to cope with the irregular input grid.

An example of an original radiosonde profile and a set of smoothed profiles are shown in Figure 1. These smoothed profiles
were used to determine the tropopause altitudes according to the lapse rate criterion. Histograms of resulting vertical tropopause
dispacements-displacements for all profiles listed in Table 22-1 are shown in Figures 6. They are all well-behaved in a sense

that they have no pronounced secondary modesa

which-are-neeessary-to-have-enough-data-peints-perbin—,_The histograms indicate an underlying left-skewed distribution.
These asymmetries are attributed to the shape of the temperature profiles itself. A less resolved profile typically has a less
negative lapse rate at lower altitudes than the better resolved profile. The tropopause determination scheme procedes from
bottom upwards and the threshold will thus first be met already at lower altitudes.

The average tropopause displacement-displacements as a function of vertical resolution is-are reported in Table 1 and shown

in Fig. 3. Tropopause altitudes inferred from coarser reduced data tend to be lower than those determined from the original

sonde data. For a resolution of 3 km the mean (median) tropopause altitude displacement was found to be -240-130 to -730 m

(-H6-70 to -390 m). The-In most cases larger displacements were found for the midlatitudinal than for the tropical data, and
the median is less affected than the mean at all resolutions. The 5 to 95 percentile range increases for coarser resolutions and
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Figure 3. The lapse rate tropopause displacement for four geolocations as a function of vertical resolution for Gaussian kernels. Boxes

represent both ef-the second and the third quartile. The “error bars” represent the central 90% quantile.

reaches saturation at a resolution beyond 3 km, except for Nairobi, where it covers a particularly wide range of displacements

3.1.2 MIPAS averaging kernels

The-MichelsonInterferonmeter-To complement the analysis based on idealized averaging kernels, two exemplary case studies
have been performed using averaging kernels characterizing temperature retrievals from Michelson Interferometer for Pas-

sive Atmospheric Sounding (MIPAS, Fischer et al. 2008) measurements. MIPAS was an infrared limb emission spectrometer
operating on the Envisat research satellite. One of its data products was global temperature distributions from the upper tropo-
sphere to the mesosphere (von Clarmann et al., 2003b, 2009). We complement the theoretical study presented above with an

assessment of how MIPAS temperature averaging kernels affect the lapse rate tropopause determination. For this ptrpese-case
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Table 2. Nairobi MIPAS collocations

Date Fime-(UFC)-09-06-2010-3 Aug 2010  08:08:53-23 Sep 2010
+4-67-2040-Difference Time (min.) 08:08:54-03-08-20+0-70 67:40:09-35
23-69-2040-Difference Latitude (°) 07:37:27-28-10-2010 2.8 19:46:35-0.1
24-+-2610 Difference Longitude (7) 19:58:69-0.0 L3
68-+2-2046 Tropopause Displacement (km) 19:44:25:0.35 <108

study we use averaging kernels and the a priori of two MIPAS retrievals which are spatiotemporally as close as possible to the

radiosonde measurements (Table 2).

Since MIPAS averaging kernels are provided on a 1-km altitude grid, we use the radiosonde profiles resampled on a 1-km
vertical grid, using Equation (6) with a V matrix for linear interpolation. Since the MIPAS averaging kernels (Anpag) are
routinely produced on a 1-km grid (see, Fig. 4 for an example), they can then be conveniently applied to these resampled

radiosonde profiles. The application of the averaging kernels as a filter function given by

Ldegraded = AMIPAS Tradiosonde (11)

yields the radiosonde profile at the vertical resolution of the MIPAS temperatures. It does, however, not include the contribution
of the a priori profiles used in the MIPAS retrieval. A more realistic transformation, which provides the radiosonde profiles as

MIPAS would see them, involves Eq. (3). Its application to the problem under investigation reads
Ldegraded — AMIPAS Lradiosonde (12)
+(I— AMIPAS)TERA —Interim s

where TERA —Interim are temperature profiles extracted from ECMWEF ERA-Interim analyses (Dee et al., 2011), which were

used as a priori information for the MIPAS retrievals. Since actual MIPAS measurement data are not used directly but only for

the calculation of the averaging kernels, the-and since the goal is to isolate the effect of the averaging kernel, the noise term is

not considered here.

The resulting profile Zgegradea 1S the radiosonde profile as MIPAS would have seen it, if it had made a noise-free mea-
surement exactly at the place and time of the radiosonde measurements. Again, the effect of the reduced resolution new

along with the effect of the a priori temperature profiles, on the tropopause altitude determination is investigateddFig—22)-

obtained-for-Gaussian-kernels—The-displacement;-hewever;-. Resulting displacements are shown in the last row of Table 2. In
the August case the displacement of -0.35 km lies within the standard deviation obtained for a 3-km Gaussian kernel, while

10
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in the September case it is considerably largerfor-the MIPAS-averaging-kernels, with -1.08 km. The sign of the displacements

found in the MIPAS case studies agrees with that found for the application of the Gaussian kernel.
The consideration of the prior information used is important. The reason is roughly this. In remote sensing applications,

instead of referring to the resulting profile, the altitude resolution refers to the difference between the resulting profile and the
a priori profile. The fine structure of the prior information is propagated into the resulting profile retrieval and only corrections

on a larger scale are-founded-on-originate from the MIPAS measurements. We do not expect any systematicity with respect to

this effect and we see no way to predict whether the smoothing effect or the fine structure of the a priori profile dominates the
tropopause displacement.

comparison of the results obtained with the MIPAS averaging kernels and those obtained with the Gaussian averaging kernels
a caveat is adequate. Although coincidences under assessment are quite close, any spatiotemporal mismatch between the MI-

PASandthe s e e arehnegrected ne—r1atte pa tdratrry-—proorema A oraingtorquation

atmesphere-as-seen-by-MIPAS-eentains-sonde data can contribute to the displacement. Only MIPAS averaging kernels and a
priori information -whieh-are used for the comparison but no MIPAS data. The a priori data is in this case the ERA-Interim

temperature profileat-the MIPAS-measurementtoeation, which depends on the MIPAS geolocation and measurement time.
Any tropopause altitude difference between the ERA-Interim temperature profile at the MIPAS time and measurement location
and at the radiosonde time and measurement location will map onto the degraded profile and adds a further component of
uncertainty which can hardly be distinguished from the tropopause altitude offset caused by the degraded vertical resolution.

The problem discussed in this Section, that the use of a structured a priori profiles adds additional complication to the
assessment of the tropopause displacement obviously is of no concern when a pure smoothing constraint in combination with
a flata priori profile is used for the retrieval.

3.2 The Cold Point Tropopause

In addition to the sensitivity of the lapse rate tropopause altitude to the vertical resolution of the temperature profile, also cold
point tropopause altitudes were investigated. Again Gaussian averaging kernels were assessed (Fig. 5).

Here, the degrading with the Gaussian kernel was performed directly te-on the radiosonde profiles on their original grids and
the cold point tropopauses were determined. Fhe-Histograms of related tangent altitude displacements for resolutions from 1
to 5 km are shown in Fig. 6, while the dependence of the cold point tropopause altitude on the vertical resolution is shown in
Fig. 7.

Adso-the-As for the lapse rate tropopause, also the cold point tropopause altitudes inferred from coarser resolved temperature
profiles are lower than those inferred from the original profiles - 8 irobi S < i

Table 3). For almost all stations and resolutions under
investigation, the mean tropopause altitude displacement exceeds that of the lapse rate tropopause sizeably. The only exception
is the vertical resolution of 1 km. Here the cold point tropopause appears to be less sensitive to the degraded resolution than

12



Table 3. Statistics for cold point tropopause displacements

Nairobi
Latitude 1.3°S
Longitude 36.8°E
Sample Size 452
Years  2007-2018
Altitude Mean ~ Standard ~ Minimum ~ Median ~ Maximum
Resolution ~ Deviation ~ Deviation ~Deviation ~ Deviation  Deviation
(km) Km) (km). (km) (km) (km).
Lo 016 0.13 -1.30 0I5 0.43
2.0 035 0.22. Les 031 0.09
3.0 051 0.34. 208 046 0.59
4.0 066 043 23200 060 0.51
3.0 075 047 394 069 0.29
Hilo
Latitude 19.4°N
Longitude  155.4°W
Sample Size 234
Years  2007-2018
Altitude Mean ~ Standard ~ Minimum — Median ~ Maximum
Resolution ~ Deviation ~ Deviation ~ Deviation ~ Deviation  Deviation
(km) (km) (km) (km) (km) (km)
L0 0.19 031 2.38 0.1I6. 2.05
2.0 043 045 -3.16 <036, 2.19
3.0 062 0.54. 3020 052 1.29
4.0 077 0.68 472 063 1.18
50 -0.89 0.76 -4.56 -0.71 2.47
Munich
Latitude  47.8°N
Longitude ~ 10.9°E
Sample Size 297
Years  2007-2018
Altitude Mean ~ Standard ~ Minimum ~ Median ~ Maximum
Resolution ~ Deviation ~ Deviation ~ Deviation ~ Deviation ~ Deviation
(km) Km) (km). (km) km (km).
Lo 0I5 0.I8 086 0.04 224
20 035 032 2340 030 1.59
3.0 053 0.56. -2.29 037 0.67
4.0 064 0.73. 480 042 0.38
3.0, 071 097 657 039 201
Greifswald
Latitude  54.1°N
Longitude 13.4°E
Sample Size 277
Years_  2007-2018
Altitude Mean — Standard — Minimum — Median —~ Maximum
Resolution ~ Deviation ~ Deviation ~ Deviation ~ Deviation ~ Deviation
(km) (km)_ (km)_ (km) (km)_ (km),
L0 017 0.28 381 004 0.10
20 0.30. 041 492 023 0.20
3.0 04l 0.56. =200 028 0.21
4.0 047 0713 =695 028 0.22
3.0 048 031 692 025 0.98
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Figure 5. An example of a radiosonde profile, Nairobi, +:2+1.27°S 36.8°E, 7 July 2010, at original vertical resolution along with degraded

profiles at vertical resolutions of 1 to 5 km. Contrary to the example shown in Fig. 1, the smoothed profile is represented on the native
radiosonde grid, not on the 1-km regular grid.

the lapse rate tropopause. For the median tropopause displacement the situation is not so clear, Here the cold point tropopause

altitude s less sensitive to coarser resolutions than the lapse rate tropopause by-faraltitude for the midlatitudinal stations Munich
and Greifswald.

MIPAS data are sampled on a 1-km grid, and data of satellite instruments of similar vertical resolution are typically sampled
on even coarser grids. Determination of the cold point tropopause on such a grid would thus by far be dominated by sampling

effects. Tropopause shifts of a magnitude as determined with the Gaussian kernel thus cannot be safely resolved.

4 Implications for Water Vapour Content

The cold point temperature largely determines the water vapour content of air entering the stratosphere. Thus, temperature
profiles with finite vertical resolution affect the estimated saturation mixing ration of water vapour. For the tropical stations
the related error in the saturation mixing ration seems to be fairly proportional to the vertical resolution, Reasonably good
agreement between the mean and the median errors is found (Tab. 4 and Fig. 8). In the tropics, which are the entry region of air
into the stratosphere, the error in the saturation mixing ratio in units of ppmyv is about one or two times the resolution in km.
For the midlatitudinal stations the error is much larger, with approximately seven ppmv per km of vertical resolution. These
large errors, however, are of little concern because the midlatitudinal tropopause is not the preferred pathway of tropospheric

14
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Figure 6. Histograms of tropopause height (TPH) offsets of degraded temperature profiles (Gaussian kernel) with resolutions of 1 to 5 km in

steps of 1 km (from top to bottom) for Nairobi (top left), Hilo (top right), Munich (bottom left) and Greifswald (bottom right).
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Table 4. Statistics for cold point water vapour saturation mixing ratio errors

Nairobi
Latitude 1.3°S
Longitude  368°E
Sample Size 452
Years  2007-2018
Altitude Mean ~ Standard ~ Minimum ~ Median ~ Maximum
Resolution ~ Deviation ~ Deviation ~Deviation ~ Deviation  Deviation
(km) my)  (ppmv)  (ppmy)  (ppmv)  (ppmy)
Lo LI0 0.70 0.012° 093 4.53
2.0 2.20 L19. 0.14 192 8.16
3.0 331 159 0.72 293 12,1
4.0 448 192 1,55 4.04. 15.5
3.0, BIAN 225 2.39. .22 18.7
Hilo
Latitude 19.4°N
Longitude  155.4°W
Sample Size 234
Years 2007-2018
Altitude Mean ~ Standard ~ Minimum — Median ~ Maximum

Resolution Deviation  Deviation Deviation  Deviation Deviation

AN ARANAAIY A e AT A A

(km) my)  (ppmv)  (ppmv)  (ppmy) (ppmy)

L0 2,38 6.70 37.0. 153 46.3

2.0 385 714, 3.8 2.82 49.1

3.0 219 749 340, 407 527

4.0 0.62. 179 332 339 3.7

30, 8.16 806 319 073 58.2

Munich

Latitude  47.8°N
Longitude 10.5°E

Sample Size . 297
Years  2007-2018

Altitude Mean  Standard  Minimum Median  Maximum

AR AT AN A S

Resolution  Deviation Deviation Deviation  Deviation Deviation

ANTRARAAAAA  ARANANARA AN AN AN A A

(km) mv)  (ppmv)  (ppmv)  (ppmv)  (ppmv)
0. 7.03 4.69 033 572 373
20, 3.1 133 393 114 510
3.0 18.8 9.65. 204 16,7 64.5
40 245 12.1 720 219 81.8
3.0, 306, 147 7.98 277 99.0
Greifswald
Latitude — 54.1°N
Longitude ~ 13.4°E
Sample Size 277
Years 20072018
Altitude Mean — Standard — Minimum — Median —~ Maximum

Resolution Deviation Deviation Deviation  Deviation Deviation

10 742 6.45 -58.9 6.49 342
200 148 940 342 34 58.6
3.0 25 2.9 515 9.8 83.6
40 30.6 16816  -47.7 74 110
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Figure 7. The cold point tropopause displacement-displacements for four geolocations as a function of the vertical resolution for Gaussian

kernels. For details, see Fig. 3.

5 Feasibility of Correction Schemes

Since degraded, i.e., less resolved, temperature profiles are thought to exhibit less steep gradients, it suggests itself to adjust
the lapse rate threshold in the WMO definition of the tropopause to compensate the smoothing effect. Doing this, one might
expect to find the tropopause at the correct altitude even from degraded profiles. Obviously, the threshold, if any useful, must
be a function of the vertical resolution of the temperature profile used.

We have searched for a temperature gradient that, when applied to the eoearse-coarse resolution profiles, reproduces the same
tropopause altitude as the -2 K/km gradient applied to the original profiles. Fig. 9 shows histograms of the obtained adjusted
lapse rate criteria for vertical resolutions of 1 to 5 km for all four stations under investigation. There is a tendency that lapse
rates between -1 and -2 K/km are more adequate for applications to coarsely resolved profilesbtit-the-spread-. _

For the tropical stations Nairobi and Hilo, there is a clear tendency that for coarser vertical resolutions a smaller absolute
value of the lapse rate would be more adequate to determine the tropopause. The spread, however, is very large —Therefore;
Table 5). The standard deviations of the optimal lapse rates (1.28—1.84 K/km) are approximately the same as the absolute
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Figure 8. The effect of the vertical resolution and the related displacement of the cold point tropopause altitude on the water vapour saturation

mixing ratio for four geolocations as a function of the vertical resolution for Gaussian kernels. For details, see Fig. 3.

values of the optimal lapses rates themselve (1.26—2.28 K/km), and even exceed them in some cases (Nairobi for 4 and 5 km

resolution and Hilo for 5 km resolution). Often the standard deviation even exceeds the difference of between the nominal lapse

rate of 2 K/km and the optimal lapse rate by a factor of ten or more. E.g. this difference is 0.11 K/km for Nairobi profiles at 2

km vertical resolution while the standard deviation is 1.63 K/km. Thus we cannot recommend &-general-correction-seheme-to

use adjusted lapse rates to infer tropical tropopause altitudes from coarsely resolved temperature profiles.

The situation is different for midlatitudinal temperature profiles. The optimal lapse rate criterion turns out to be -1.3 K/km
(Table 5). This value was found to be representative for both Munich and Greifswald. For Munich profiles the spread (0.62-0.85
K/km) is little more than half of the absolute mean optimal value, and for Greifswald it is even less than a third (0.39-0.41
K/km). For Munich the spread is of similar size as the difference between the nominal and the mean optimal lapse rates, and
for Greifswald it is only little larger than half this difference. Astonishingly enough the lapse rate was found to have a very.
weak dependence on the resolution on the vertical resolution, suggesting that the optimal lapse rate is not a continuous function
of the vertical resolution but that this is a kind of threshold problem where the discontinuity is located at vertical resolutions
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even better than 1 km. We are confident that for midlatitudinal temperature profiles the inductive inference of adapted lapse
rate criteria can indeed improve tropopause altitude determination from coarsely resolved profiles.

6 PDiseussion

6 Discussion and Conclusion

In the tropical region the determination of both, the lapse rate and the cold point tropopause altitude from temperature profiles
of degraded altitude resolution, typically leads to an underestimation of the tropopause height. The mean magnitudes of this
effect range from 0 to about 500 m for altitude resolutions of 1 to 5 km. Often considerably larger effects are found for the cold
point tropopause. For midlatitudinal temperature profiles larger tropopause altitude displacements were found, and, broadly
speaking, the cold point tropopause turns out to be less sensitive to vertical resolution issues. This suggests that, while in the
tropics the cold point tropopause is commonly used, in the case of coarsely resolved profiles, the lapse rate tropopause appears
to_be more robust, and vice versa for midlatitudinal atmospheres. However, adaptive, resolution dependent, lapse rates can
improve the tropopause determination in mid-latitudes. In contrast, the variability of the tropopause dislocation is fairly large
in the tropics such that the recommendation of an inductively generalized correction scheme for tropical tropopause heights
seems audacious and even inappropriate to us.

Given the variety of retrieval schemes used to infer temperature profiles from satellite measurements, the following caveats
with respects to the generality of our results need to be discussed.

Often satellite retrievals use a retrieval scheme similar to Eq. (1) along with a highly structured a priori profile ,. A
retrieval with a vertical resolution which-that is significantly coarser than that of =, will modify only the coarse structure of
the temperature profile, while the fine structure of the-x, will survive the retrieval process. This is because the resolution of
the retrieval as defined by the averaging kernel refers, rigorously speaking, not to the resulting profile, but to the difference

between the resulting profile and the a priori profile. Related effects on the tropopause displacement are then complicated to

predict—, because it depends largely on the surviving fine structure. Tropopause determination procedures do not distinguish
between the a priori contribution and the measurement contribution to the final temperature profile. The large displacements
along with the large scatter found in the analysis of MIPAS averaging kernels (Section 3.1.2) are attributed to this effect. In
consequence, it seems to be more appropriate to use smooth a priori profiles if retrieved temperature profiles are intended to be
used for tropopause altitude determination.

Another issue of concern is the retrieval grid of the temperature retrieval. It is the exception rather than the rule that limb

sounders use a retrieval grid which is about a factor of three finer than the vertical resolution, as the MIPAS dataset used

here. More often the vertical grid is close to the vertical resolution of the retrieval. In these cases, the tropopause altitude

determination is limited directly by the sampling of the retrieval and not by its resolution.




Table 5. Statistics for lapse rate adjustments

Nairobi

Latitude 1.3°S

Longitude 36.8°E

Sample Size 452

Years  2007-2018

Altitude — Mean optimal ~ Standard ~ Minimum ~ Median —~ Maximum_
Resolution lapse rate  Deviation

(km) Kkm) — (Kkm) — (Kkm) (Kkm)  (K/km)
L0 228 1.84. 1300 246 235
20 189 163 =289 203 2.70
30 L35, 1oL 497 166 2.57
4.0 -1.35 L4l 485 14l 249
3.0, 126, 132 476 3L 251
Hilo

Latitude 19.4°N

Longitude | 154°W

Sample Size 34

Years  2007-2018

Altitude — Mean optimal — Standard — Minimum — Median  Maximum
Resolution lapse rate  Deviation

(km) (Khkm)  (Kkm)  (Khkm) (Khkm)  (Kkm)
L0 193 162 702 CL73 3.15
20 =170 146 639 L3 2.25
3.0 2190 138 290 <138 2.09
4.0 -1.36 133 2297 ZL22 2.11
30, -1.27 1.28 231 LIS 207
Munich

Latitude 47.8°N

Longitude 109°E

Sample Size 297

Years . 2007-2018

Altitude — Mean optimal ~ Standard ~ Minimum ~ Median —~ Maximum_

Resolution. lapse rate  Deviation
(km) Kkm)  (Kkm) — Khkm) (Kkm) — (K/km)
Lo -L.30 0.85. 278 L3 234
20, =129 0.78 271 <149 2.19
3.0 -1.30 0.70. 267 LA 1.40
40 2130 0.65. 264 -L4S 115
3.0, -1.29 0.62 2600 -142 0.97
Greifswald
Latitude S41°N
Longitude 134°E
Sample Size 277
Years  2007-2018
Altitude — Mean optimal — Standard — Minimum — Median ~— Maximum
Resolution. lapse rate  Deviation
(km) (Kkm) — (Kkm) — (Kkm) (Kkm) — (K/km)
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Figure 9. Histograms of optimal lapse rates for tropopause determination from coarsely resolved temperature profiles s-along—with-fitted
Gausstan-distributionsfor four stations. Vertical resolutions vary from 1 km (top) to 5 km (bottom).
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have implications for other than remotely sensed temperature profiles of

aslimited
vertical resolutions, such as model or analysis data. While our methods seem apt also for related investigations, such problems
are beyond the scope of this paper.

Data availability. Radiosonde data were obtained from the SHADOZ website: https://tropo.gsfc.nasa.gov/shadoz/. MIPAS data are avail-
able via https://www.imk-asf kit.edu/english/308.php. German radiosonde data were obtained from German Weather Servive via ftp://ftp-
cdc.dwd.de/.

Competing interests. TvC is associate editor of AMT but has not been involved in the evaluation of this paper.
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