Replies to Reviewer 1

We thank both reviewers for their knowledgeable and valuable comments. Our efforts in addressing them,
together with the reviewers’ suggestions, led to a revised manuscript that represents a great improvement
with respect to the original version. In what follows, reviewer’s comments are in black and authors’ replies
in red.

There is a second order polynomial which is “added to the retrieval”, but there is no discussion of the details
of this process. If it is fit individually during each retrieval, and is properly included in the error analysis, then
it will have a large effect on the lower stratospheric sensitivity. | am therefore somewhat skeptical of the
accuracy of the sensitivities shown in Figure 8 at _30km and below. The other choice is to treat this as a
systematic term, in which case it affects the systematic error but not the sensitivity. In either case, this can
introduce an important uncertainty, and the authors need to discuss exactly what they have done.

We added to the manuscript a discussion on how the retrieval process includes a second order polynomial.
This is done by fitting it in each retrieval, individually. It is not a systematic term. It does have a large effect
on the sensitivity below 30 km but this is already taken into account in the sensitivity profile of figure 8
(original manuscript, now figure 9). In the figure below, we show the difference in sensitivity between
employing the second order polynomial or only a first order one.
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In order to address this issue raised by the reviewer, we estimated the uncertainty in the retrieved profile
due to the use of the second order polynomial. The most rigorous way of doing it, in our opinion, is to take
the uncertainty associated to the second order coefficient (Aa,) in the retrieval process (say for example 20%,
e.g., a2 =(-5%1)x 10%) and then perform two retrievals for the same spectrum with fixed values of the second
order coefficient equal to a, + Aa; (in our example they would be a; =-4 x 103 and a, = -6 x 10%). The resulting
two vertical profiles would then provide an estimate for the uncertainty of the regular retrieved profile



associated with the uncertainty in the second order coefficient. We found that the average uncertainty of
the second order coefficient calculated by the optimal estimation routine over the entire dataset is 6%, with
few retrievals showing more than 20%. We therefore decided to employ a fixed maximum uncertainty on the
coefficient of 20% for the whole data set, rejecting from the data set those few retrievals (less than 5% of the
total) that had an uncertainty larger than 20% in the determination of a,. Displayed below is the updated
figure related to the error analysis of the spectrum observed on 23 Dec, 2016, where we added the
polynomial uncertainty to the other 2 sources. As expected the polynomial uncertainty has an impact mostly
in the lower part of the retrieval.
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Ontop of it, in order to demonstrate the good quality of VESPA retrievals down to 25 km altitude, we changed
the apriori used for the retrievals, which is now a fixed climatological profile up to about 48 km and a seasonal
profile in the mesosphere (see also our reply to this specific issue raised by the reviewer in the following),
and we introduced in the manuscript the correlation between VESPA profiles and MLS smoothed profiles.
These are the original high resolution MLS profiles smoothed in the vertical with a running average of 10 km.
This was done in order to decouple MLS profiles from the apriori and the averaging kernels used in VESPA
retrievals (which was a short-coming of the correlation between VESPA and MLS convolved profiles shown
in the originally submitted manuscript) and yet make the MLS vertical resolution somewhat similar to that
characterizing VESPA profiles.

Figures down below show the relative and absolute average differences between VESPA and MLS smoothed
(blue), and between VESPA and MLS convolved (red),
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the correlation coefficient between VESPA and MLS smoothed profiles (blue),
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and the time series at 25 km of VESPA22, MLS convolved and MLS smoothed.
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All the figures above demonstrate in our opinion that VESPA22 retrievals are scientifically valuable in the
sensitivity range indicated in the manuscript. Please note, however, that we also specified in the revised
manuscript that the sensitivity range changes with seasons (see fig. 18 in the revised manuscript) and in
summer it is approximately between 30 and 65 km. See figure below.
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What was changed in the revised manuscript:

- Added discussion in Section 4 on how the second order polynomial is treated in the retrieval process;
- Modified figure 12 with the updated error analysis which includes the polynomial uncertainty;

- Modified figure 9 according to the new error analysis;

- Inserted the MLS smoothed data set, with its correlation with Vespa-22 profiles;



- Introduced the time series of the sensitivity interval, i.e., how the interval of accepted sensitivity
changes through time. Added this time series in figure 18;

- Added two altitude levels in former figure 15 (figure 17 in the revised manuscript) to prove the good
quality of VESPA-22 retrievals at the lower (25 km) and upper (75 km) limits of the sensitivity interval.

In the error analysis, many of the terms have been classified as systematic, when in truth, with the exception
of the spectroscopy, almost all of them have a significant random component. As a result, the “retrieval
uncertainty” shown in Figure 11, which by implication is the only random component, is, in my estimation,
absurdly small. | think it would be acceptable to not specifically label the bulk of the errors as either
completely systematic or random, but the present suggestion that the precision is <1% over much of the
atmosphere would require a great deal of additional evidence.

We agree with the reviewer and changed the terminology accordingly. The uncertainty due to spectroscopic
and calibration parameters is now indicated with “calibration uncertainty” in the revised manuscript.

The VESPA retrievals are performed using a seasonally varying a priori based upon 3 years of seasonally
varying MLS data, hence the statement on page 29 that these are “independent datasets” is not true. Claims
of high correlation between the measurements are therefore unsubstantiated. If the authors wish to publish
claims related to correlations they should either perform their retrievals with a constant a priori (which would
probably still leave them with good correlations), or compare deviations from the a priori for the two datasets
(which is a tough test). Alternatively they could drop the whole discussion of correlation, along with Table 6
and Figure 14. Also, as long as the retrievals are done with a varying a priori Figure 15 should include a point
indicating the a priori for each month.

We followed the reviewer’s suggestion and changed the whole analysis by using only two apriori profiles
during 10 out of the 12 months of the year, identical below 48 km and diverging above, due to the large
difference in Polar regions between summer and winter water vapor mesospheric profiles. We added figure
7 in the revised manuscript (and below) showing the two apriori profiles. The summer apriori (red line) is
used during the period from June 1 to August 31, while the winter apriori (blue line) is used during the period
from October 1 to April 31. During the month of May and September, there is a transition period in which we
used a linear daily interpolation from one apriori to the other to provide continuity in the retrieved profiles
timeseries.

We also added the time series of the apriori mixing ratio values in figure 17 (former figure 15) as suggested
by the reviewer.
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Page 10 line 7 — Where does this “constant in frequency within 1.5%” number come from? The diode data
sheets? Or perhaps a calibration measurement?

The indicated 1.5% is half of the maximum difference between brightness temperature values over the
spectral passband (see figure below). The noise diodes emission spectra are measured only during the LN,
calibration. In the revised manuscript we rephrased the “constant in frequency” sentence with “The noise
diode produces a signal that is measured to be quite stable in frequency. In fact, single-channel T,,4 values
are always within 1.5% of the spectral mean of the diode temperature brightness T,4.”
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Equation (4) — presumably ‘X’ is known for this transition. What is it?

We added a sentence to direct readers to Table 2 where all the spectroscopic parameters used are listed

Concerning all the comments below, we agree with the reviewer and changed the manuscript accordingly.

Ill

Page 6 line 20 “negligible”. Perhaps “small” would be better here. The numbers are given later in the
paragraph, so everything here is okay, but for some applications a 1.5% difference might not be considered
“negligible”.

The use of Tatm is a bit confusing, as this appears to be the atmospheric temperature for the troposphere,
but not for other parts of the atmosphere. Would it be better to label this as Ttrop?

“Tsup” is a rather odd abbreviation for surface temperature.
Page 11 line 7: “explicit” should be “explicitly give”

Page 15 line 13 — “Selee” should be “Seele”

Figure 9 —“specttrocscopy” should be “spectroscopy”



Replies to Reviewer 2

We thank both reviewers for their knowledgeable and valuable comments. Our efforts in addressing them,
together with the reviewers’ suggestions, led to a revised manuscript that represents a great improvement
with respect to the original version. In what follows, reviewer’s comments are in black and authors’ replies
in red.

In general, the introduction in section 3 to 5 repeats the basics of radiative transfer, balancing instruments
and optimal estimation, which are already described in detail in the cited literature. In my opinion, these
sections could be easily shortened without loss of information.

We shortened the sections as suggested by the reviewer, also eliminating 13 basic equations.

The abstract (p.1 line 13) and section 3 describe the VESPA-22 back-end as an FFTS with 500 MHz bandwidth
and 31kHz resolution. However, the schematic in Fig. 1(b) shows a system with 1GHz bandwidth. Is this the
actual schematic of the instrument?

No, there was a mistake in the schematics. It has been corrected.

Also P4 line 1 states a 2GS/s sampling rate, which results in a 1 GHz Nyquist bandwidth.

The effective sampling rate is 1 GS/s. It was corrected in the revised manuscript.

P. 3 line 13: The sentence "the waveguide used by VESPA-22 polarizes the incoming radiation with a gain
difference between the two polarization modes of 45 dB" is both incorrect and irrelevant. The rectangular
waveguide supports only a single polarization by definition. The stated 45dB may refer to the feed horn, but
the actual cross-polar with the offset reflector will be much worse. Bertagnolio 2012 states for the same
instrument 35dB and 24dB, respectively. This should not affect the observations, so the sentence could be
easily removed.

We agree with the reviewer and removed the sentence.

P. 6 line 28 states that the opacity in Fig 3 was calculated for water vapor profiles measured by AURA/MLS.
However, the dominant effect in this figure is due to tropospheric water vapor which is not measured by
MLS.

We clarified this statement in the revised manuscript. The profiles used were obtained merging tropospheric
and stratospheric measurements collected by radiosondes from Eureka (80.0°N -85.9°W), Canada, and
Aura/MLS, respectively.



P. 9 line 24 states that a 6 MHz wide interval around the line center is kept at 31kHz resolution, while all
other channels are binned with 50 channels. In Fig 6(b) the interval without binning looks much smaller than
6MHz.

The interval without binning is indeed 6 MHz and was correctly showed in Figure 6b of the original
manuscript. However, the x-axis unit in figure 6b was MHz and there was a 10* multiplicative factor on the
bottom right of the figure. We realized that this indication was misleading and we changed the frequency
unit for all the figures of the revised manuscript from MHz to GHz.

According to p. 14 line 1 the matrix with the measurement error Se was assumed with constant diagonal
elements which are calculated from the residuals after an initial run of the retrieval. However, the central
channels without binning will have a higher measurement error as the ones without binning. Please provide
also the range of measurement errors which were used in Se for the daily retrievals. The retrieval errors in
Fig 11 seem to be very small. Could this be an artifact of an underestimation of the measurement errors in
Se due to the binning at the line wings?

The reviewer is correct and in the original manuscript Se was underestimated. In the new analysis inserted
in the revised manuscript Se is now calculated before the smoothing process of the spectrum and this brought
an increase of the retrieval uncertainty (now indicated as “spectral uncertainty”) of approximately 70% over
the entire vertical profile. The figure below (also inserted in the revised manuscript) shows the new error
analysis where we also added the uncertainty due to the use of the second order polynomial (see later
comment of this reviewer and a similar comment of reviewer 1).
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The retrieval uncertainty (now “spectral uncertainty”) is still small, especially in the lower stratosphere, but
we underline that it represents only the uncertainty due to spectral noise and potential spectral artifacts.

The figure below shows the time series of the Se values. The range of Se values has been indicated in the
revised manuscript.
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Where do the values for the apriori covariance in Fig. 5 come from?

The Sa matrix values were chosen empirically in order to optimize the characteristics of the retrieval (i.e.,
maximize sensitivity range and vertical resolution without introducing unphysical oscillations in the retrieved
vertical profile). We added this information in the revised manuscript. In the new analysis, we also adopted
a slightly rescaled o profile with respect to the one used in in the original manuscript (and of course updated
former figure 5, now figure 6).

P. 14 line 7: "A second-order polynomial is also added to the retrieval . . .". At which stage is it taken into
account in the retrieval, and how does it affect the measurement response at the lower altitudes? Is it really
a second order polynomial, or just a straight line?

This issue was raised by both reviewer so we report here the same detailed answer we provided to reviewer
1.

We added to the manuscript a discussion on how the retrieval process includes a second order polynomial.
This is done by fitting it in each retrieval, individually. It is not a systematic term. It does have a large effect
on the sensitivity below 30 km but this is already taken into account in the sensitivity profile of figure 8
(original manuscript, now figure 9). In the figure below, we show the difference in sensitivity between
employing the second order polynomial or only a first order one.
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In order to address this issue raised by the reviewer, we estimated the uncertainty in the retrieved profile
due to the use of the second order polynomial. The most rigorous way of doing it, in our opinion, is to take
the uncertainty associated to the second order coefficient (Aa,) in the retrieval process (say for example 20%,
e.g.,a;=(-5%1)x1073) and then perform two retrievals for the same spectrum with fixed values of the second
order coefficient equal to a; + Aa; (in our example they would be a; =-4 x 103 and a, = -6 x 10%). The resulting
two vertical profiles would then provide an estimate for the uncertainty of the regular retrieved profile
associated with the uncertainty in the second order coefficient. We found that the average uncertainty of
the second order coefficient calculated by the optimal estimation routine over the entire dataset is 6%, with
few retrievals showing more than 20%. We therefore decided to employ a fixed maximum uncertainty on the
coefficient of 20% for the whole data set, rejecting from the data set those few retrievals (less than 5% of the
total) that had an uncertainty larger than 20% in the determination of a,. Displayed below is the updated
figure related to the error analysis of the spectrum observed on 23 Dec, 2016, where we added the
polynomial uncertainty to the other 2 sources. As expected the polynomial uncertainty has an impact mostly
in the lower part of the retrieval.
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Ontop of it, in order to demonstrate the good quality of VESPA retrievals down to 25 km altitude, we changed
the apriori used for the retrievals, which is now a fixed climatological profile up to about 48 km and a seasonal



profile in the mesosphere (see also our reply to this specific issue raised by the reviewer in the following),
and we introduced in the manuscript the correlation between VESPA profiles and MLS smoothed profiles.
These are the original high resolution MLS profiles smoothed in the vertical with a running average of 10 km.
This was done in order to decouple MLS profiles from the apriori and the averaging kernels used in VESPA
retrievals (which was a short-coming of the correlation between VESPA and MLS convolved profiles shown
in the originally submitted manuscript) and yet make the MLS vertical resolution somewhat similar to that
characterizing VESPA profiles. Figures down below show the relative and absolute average differences
between VESPA and MLS smoothed (blue), and between VESPA and MLS convolved (red),
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and the time series at 25 km of VESPA22, MLS convolved and MLS smoothed.
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All the figures above demonstrate in our opinion that VESPA22 retrievals are scientifically valuable in the
sensitivity range indicated in the manuscript. Please note, however, that we also specified in the revised
manuscript that the sensitivity range changes with seasons (see fig. 18 in the revised manuscript) and in
summer it is approximately between 30 and 65 km. See figure below.
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What was changed in the revised manuscript:

Added discussion in Section 4 on how the second order polynomial is treated in the retrieval process;



- Modified figure 12 with the updated error analysis which includes the polynomial uncertainty;
- Modified figure 9 according to the new error analysis;
- Inserted the MLS smoothed data set, with its correlation with Vespa-22 profiles;

- Introduced the time series of the sensitivity interval, i.e., how the interval of accepted sensitivity
changes through time. Added this time series in figure 18;

- Added two altitude levels in former figure 15 (figure 17 in the revised manuscript) to prove the good
quality of VESPA-22 retrievals at the lower (25 km) and upper (75 km) limits of the sensitivity interval.

P. 10 line 7 "The noise diode produces a signal that can be considered constant in frequency within 1.5%".
Where does this number come from, and can it be demonstrated in the VESPA22 measurements? Over which
bandwidth is it valid? Presumably only 40MHz are used for the retrieval, but according to Eqg. 20 the mean
T_ND is calculated for a much wider frequency range.

The indicated 1.5% is half of the maximum difference between brightness temperature values over the
spectral passband (see figure below). The noise diodes emission spectra are measured only during the LN,
calibration. In the revised manuscript we rephrased the “constant in frequency” sentence with “The noise
diode produces a signal that is measured to be quite stable in frequency. In fact, single-channel T,,; values
are always within 1.5% of the spectral mean of the diode temperature brightness T, 4.” This is valid over the
full 400 MHz bandwidth used in the spectral inversion process.
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Also the opacity of the Delrin sheet is assumed to be frequency independent. Is this really the case, or does
e.g. the polynomial baseline fit change after changing the thickness of the Delrin sheet?

The reviewer is probably correct in suggesting that the delrin sheets have an opacity that varies over the 400
MHz of spectral measurement. We can infer it from the change of the polynomial baseline that we find when



we change delrin sheet (in the figure below we indicate the average polynomial baselines when usinga 5 mm
or 9 mm sheet), as suggested by the reviewer.
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However, we take into account the potential dependency of delrin opacity on frequency in the uncertainty
associated to the measurement of the delrin opacity. Delrin opacity measurements have a maximum error
(max-min/2) of approximately 2% but we conservatively estimated such an uncertainty to be +10%.

We added a phrase clarifying that the indicated 7,4 is the delrin “mean opacity value over the spectral
passband”.

P. 12 line 6 claims that the noise diode temperatures measured with LN2 and tipping curve agree within 0.4%.
However, the fluctuations of the tipping curve results in Fig. 4 seem to be in the order of several Kelvin, which
should result in a higher discrepancy.

Are these fluctuations measurement errors caused e.g. by an inhomogeneous atmosphere, or do they
represent a real fluctuation of the noise diode ENR caused e.g. by changes of the laboratory temperature?
Which value was used in the actual retrievals?

The 0.4% agreement stated in the manuscript is calculated as the mean difference between the noise diodes
temperature measured during the LN, calibration and the diodes temperature measured by means of the
tipping curve immediately before or after the LN, calibration. We confirm that the number is correct and it
is approximately 0.4%. We clarified this in the revised manuscript with the sentence “The mean relative
difference between T4 values calculated with LN, and with tipping curves carried out immediately before
or after LN, calibrations is (0.4+0.4)% and (0.2+0.3)% for the calibration and the backup diodes, respectively.”

Most of the fluctuations in the Fig. 4 of the original manuscript are caused by an inhomogeneous atmosphere.
However, some are caused by changes in the ambient temperature inside the observatory (such as that
visible on the end of February). We checked this against measurements of the temperature inside the
observatory. As a result of this reviewer’s comment, we decided to set a stricter rule for accepting tipping
curve measurements and now use a threshold of 0.4 instead of 0.8 (see P12 L2 of original manuscript). The



figure below shows the time series of T,,; values obtained by tipping curves that comply to this new criterion.
In the revised manuscript this figure substitutes former Figure 4. In order to better discuss the tipping curve
procedure we also added a new figure in the revised manuscript, also attached below.
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P 11 line 3:"T_atm is the average temperature obtained from radiosonde data by weighting the tropospheric

temperature vertical profile with the water vapor concentration profile." Is this weighting done with the
water vapor vmr or with vmr*p ?

Yes, the weighting is done with the water vapor vmr*p.

Several occasions: replace "depending from" with "depending on"

We modified the manuscript as suggested.

The abstract (p.1 line 3) mentions an integration time in the order of hours, but the paper discusses only the
results of daily mean values.



We calrified this in the abstract, mentioning first the potential capabilities of the instrument (“The integration
time for a measurement ranges from 6 to 24 hours, depending on season and weather conditions”), and then
specifying twice that for this work we use only 24-hour averaged spectra (“The VESPA-22 water vapor mixing
ratio vertical profiles discussed in this work are obtained from 24-hour averaged spectra and are compared
with version 4.2 of concurrent Aura/Microwave Limb Sounder (MLS) water vapor vertical profiles”).

P. 2 line 17: The statement "Positive trends were observed during the last two decades" is followed by
citations from 1999-2001. This sentence should be reworded or backed by more recent citations.

We modified the manuscript as suggested.

P. 3 line 10: instead of "full beam at half power" the term "full width at half maximum" (FWHM) would be
more common and is also used in the cited Bertagnoli 2012 paper

We modified the manuscript as suggested.

P. 3 line 19: "Two noise diodes are inserted in the IF chain" should read "RF chain". Preferably "IF" and "RF"
should be explained at first instance.

We modified the manuscript as suggested.

P. 4 line 19 mentions the brand name "eccofoam", but earlier the window was identified as LD-15 which is a
different material.

We modified the manuscript as suggested.

P. 9 line 3: The statement "The ’zero’ signal is measured and subtracted to every acquired spectrum..." is
misleading and could be understood that VO is measured with every spectrum. Please clarify when and how
often VO is measured and whether it has a significant effect. Presumably it does not contribute at all to the
result since the calibration with Eq. 13 and 16 uses always differences between two raw spectra.

The Vp signal is measured every 15 minutes, at the beginning of each spectral integration which is the time
resolution of the VESPA-22 spectral dataset. Although the measurement of V, is not required before the
regular spectral measurement (as correctly argued by the reviewer), we do need to provide the FFTS with a
“zero” signal at the input for its calibration, which VESPA performs every 15 minutes. We therefore measure
and save such “zero” signal as a check on the performed FFTS calibration.

Vo is also measured at the beginning of each tipping curve procedure (which is run every 30 minutes). Here
we do not use S-R but S only and if we did not subtract the zero signal from S we could potentially introduce
a small error in tipping curve measurements. However, Vy is only about 0.5% of S and this error is possibly
negligible.

We tried to clarify this aspect with the sentence “The “zero” signal, which amounts to approximately 0.5% of
the incoming signal to the FFTS, is measured approximately every 15 minutes and it is subtracted to each S
and R 15-minute integration spectra which are eventually saved on the control & acquisition PC (see figure
1b).” and by adding V, in the equation of Mu*Tau.



P.9line 5: "..and subtracts the counts number from these two sources" should probably read "...numbers...".

We modified the manuscript as suggested.

P. 13 line 16 states that the central 400MHz are used in the retrieval. Since the Fig 6a) shows only 40 MHz
this is most likely a typo.

As mentioned above the frequency range showed in the figure is indeed 400MHz. This misunderstanding is
caused by the factor 10 that was not clearly visible in the bottom right of the panel. We fixed this by using
GHz instead of MHz.

P. 17 line 6+8: There seems to be a copy and paste error in the sentences "... integrated for second-degree
polynomial 24 hours .. ." and "The cyan line is the retrieved by the inversion..."

We modified the manuscript as suggested.

P. 22 line 20 and following: These paragraphs repeat the principles of the Delrin balancing, Eq 42 is very
similar to Eq.8. Also the details of the sheets and how their opacity is determined are presented. In my
opinion this would fit better to section 4.1 where the instrument and calibration are discussed, than into this
section 6 "retrieval uncertainty".

We modified the manuscript as suggested, removing equation 42 and moving the discussion on the
measurement of the delrin sheets opacity to former Section 4.1, now Section 3.2.

P23 line 30: "...of the datasets obtained with the different models [. . .] respect to the reference model
dataset..." Apparently a missing "with" in [. . .], otherwise the sentence does not make sense to me.

We modified this sentence in the revised manuscript and this comment no longer applies.

Fig. 10: The labels (c) and (d) are missing in the lower two subplots. Fig. 17: The labels (a) and (b) are missing
in the two subplots.

These figures have been removed and this comment no longer applies.



LIST OF CHANGES

The manuscript has been modified in the text to follow all the suggestions from the two reviewers. This
implied addition of text throughout the manuscript and, in some cases, minor changes to the figures. Rev 2
suggested we cut some of the discussion on the general principles of microwave remote sensing, radiative
transfer, and retrieval algorithm, and this also contributed to a significant change in the text.

Specifically,

a discussion on the use of the second order polynomial was added in Section 4, as suggested by
both reviewers;

the discussion on the Delrin opacity was moved from section 6 to section 3.2, as suggested by Rev
2;

the number of sections was reduced and topics consolidated in fewer sections;

13 basic equations, and their relative discussions, were eliminated as requested by rev 2;

former figures 3, 14 and 17, and their corresponding discussions, were removed;

in all equations and related text we clarified where there are frequency dependent terms as
opposed to constant terms or mean values.

Additionally,

the uncertainty due to second order polynomial was added, and figure 11 was changed accordingly;
the data analysis was changed with a new apriori profile which is held constant in time up to 48 km,
following a suggestion of Rev 1 (see new Figure 6);

the matrix Se calculation was improved as suggested by Rev 2 which led to the new spectral
contribute to the uncertainty as shown in the new figure 11;

the correlation with MLS smoothed instead of MLS convolved was inserted in Section 5, Figure 13c,
following a comment from Rev 1;

the time series of the sensitivity range (which changes with seasons) was presented instead of
showing only the average of the sensitivity altitude interval over the entire period (see updated
figure 15);

the time series of two additional altitude levels (25 and 75 km) were added in former figure 15,
now figure 14;

more data were added to the analysis, extending the discussed period of VESPA-22 data from May
to July 2017.
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Abstract. The new ground-based 22 GHz spectrometer, VESPA-22 (water Vapor Emission Spectrometer for Polar
Atmosphere at 22 GHz) measures the 22.23 GHz water vapor emission line with a bandwith of 500 MHz and a frequency
resolution of 31 kHz. The integration time for a measurement is-ef-the-erderefranges from 6 to 24 hours, depending on
season and weather conditions. Water vapor spectra are collected using the beam switching technique. VESPA-22 is designed
to operate automatically with minimum—need-oflittle maintenance; it employs an uncooled front-end characterized by a
receiver temperature of about 180 K and its quasi-optical system presents a full width at half pewerful-beam-anglemaximum

of 3.5°. Every 30 minutes VESPA-22 measures also the sky opacity-with-a-temperatresolution-of-two-measurements
an—heur using the tipping curve technique. The instrument calibration is performed automatically by a noise diode; the
emission temperature of this element is measured—twe-timesestimated twice an hour threugh-the-ebservation—efhy
observing alternatively a black body at ambient temperature and ef-the sky at 66>efan elevation- of 60°. The retrieved profiles
obtained inverting a-24-hour integration spectra present a sensitivity higherlarger than 0.8 from about 25 to 7275 km of
altitude during winter and from about 30 to 65 km during summer, a vertical resolution from about 12 to 23 km (depending on
altitude}), and an overall 1o uncertainty between-5-ane-12-%-lower than 7% up to 60 km altitude and rapidly increasing to
20% at 75 km.

In July 2016, VESPA-22 was installed at the FHAAS{Thule High Arctic Atmospheric Observatory} located at Thule Air Base

(76.5° N, 68.8° W), Greenland, and it has been operating almost continuously since then,with-very-few-interruption-periods

characterized-by-poorweather.. The VESPA-22 water vapor mixing ratio vertical profiles discussed in this work eever
1
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the-periodare obtained from July-2016-te-May-204724-hour averaged spectra and are compared with Mersienversion 4.2
of concurrent Aura/Microwave Limb Sounder (MLS-{\Watersetal,2006) water vapor vertical profiles. In the sensitivity
range of VESPA-22 retrievals, the intercomparison from July 2016 to July 2017 between—-the VESPA-22 dataset and

Aura/MLS dataset convolved with VESPA-22 averaging kernels revealsa-correlation—coefficient-ofabout0-9-or-higher
aneg-shows an average difference reaching-itsmaximum-ef—within 1.4% up to 60 km altitude and increasing to about 6%

or—(0.2 ppmv) at the-tep-ofthe-sensitivity-range-72 km.

1 Introduction

The Polar atmosphere is a very complex system in which water vapor plays an important role. Water vapor has a major impact
on the radiative balance affecting both infrared radiation by greenhouse effect and visible radiation by clouds coverage. The
importance of water vapor in the Arctic region is enhanced by the so called Arctic Amplificatienramplification effect (Serreze
and Francis, 2006), a positive feedback that links the quantity of water vapor in the atmosphere, the presence of clouds, the ice
coverage, and the surface temperature. Additionally, about 10% of the surface warming measured during the last two decades
can be ascribed to stratospheric water vapor, as shown by Solomon et al. (2010).

The characterization of the water vapor profile, particularly in the mesesphere-and-stratosphere and mesosphere, is important
to understand many chemical processes. Polar water vapor is directly involved in the ozone chemistry as the main source of
the OH radical in reactions that cause the ozone destruction (Solomon, 1999). It is also related to the formation of polar
stratospheric clouds (PSCs),) that grant the catalytic surfaces on which heterogeneous reactions take place.

The main sources of middle atmosphere water vapor are transport through the tropical tropopause and methane oxidation,

whereas the main sink is photolysis in the Lyman-band. In the middle atmosphere, the lifetime of this-gaswater vapor varies

from several days to weeks—Fhistong-tifetime-makes-its, making it a valuable tracer for the investigation of dynamical
processes that characterize the Polar regions; especially during winter and the-Pelarvertex-inpartiedlarspring.

The processes that lead to long-term variations in stratospheric and mesospheric water vapor are not completely understood.
Positive trends were observed during the fast-twe-deeades1980-2000 period (Nedoluha et al., 1999; Rosenlof et al., 2001)
and Oltmans et al. (2000) suggested that only one half of these changes are related to anthropogenic activities.

The comprehension of the change in climate that affects the Arctic and the peculiar characteristics of this region’s atmosphere
calls for long-term measurements. For this task, ground-based microwave remote sensing is a powerful tool to measure water

vapor profiles and total amount of precipitable water vapor (PWV).

2
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In this manuscript, VESPA-22 (water Vapor Emission Spectrometer for Polar Atmosphere at 22 GHz), a microwave
spectrometer developed at the INGV (Istituto Nazionale di Geofisica e Vulcanologia) is presented. In July 2016, during the
Study of the water VApor in the polar AtmosPhere (SVAAP) measurements campaign, a key part of a research effort devoted
to the study of the impact of water vapor and clouds on the radiation budget at the ground, VESPA-22 was installed at the

Thule High Arctic Atmospheric Observatory (THAAQ) located at Thule Air Base (76.5° N, 68.8° W), Greenland. Here

£heThe instrument general features, the measurement physics and technique, ard-a comparison between VESPA-22 and the

Aura/Microwave Limb Sounder (MLS) (Waters et al., 2006) version 4.2 datasets are presented-with-data—rangingfrom

016to-Mav-20 \ N7 meaent-on-board-efNASALS-A allite—Due-to n-svnchreho

2 Instrumental setup

VESPA-22 collects the microwave radiation emitted by the water vapor transition at 22.235 GHz with a spectral resolution of
31 kHz and a bandwidth of 500 MHz. From the spectral measurements water vapor profiles can be retrieved with a temporal

resolution of 21-4 profiles a day, depending frem—on season and weather conditions—are-seasen. The instrument also
measures the sky opacity with-a-temperalreselution-ef-in few minutes by performing a scan of the sky at various angles

called tipping curve.

ta-Figure-2In Figure 1, a photo and the layout of the spectrometer are displayed. VESPA-22 collects the sky signal coming
from different elevation angles using a parabolic mirror. The signal is reflected by the mirror to a Gaussian choked horn
antenna (Teniente et al., 2002). This antenna has a far field directivity of 23.5 dB with a pattern that can be approximated at

99.85% to a Gaussian beam with a beam waist of 22.4 mm (Bertagnolio et al., 2012). The quasi-optical system, antenna and

parabolic mirror, has a full bearmwidth at half pewermaximum (FWHM) 65,5 = 3.5° (Bertagnolio et al., 2012). This high

directivity of the system allows the observation at angles as low as 12° above the horizon, therefore maximizing the number
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Figure 1: {a};a-pictureA photo of theinstrumentVESPA-22 installed at the THAAO, Thule Air Base, Greenland where(left),
and the twe-eccofoam-windows-can-be-seen—{b}a-schemelayout of the instrument VESPA-22-(right).

A first uncooled low noise amplification stage amplifies the incoming signal with a gain of 35 dB. Two noise diodes
manufactured by Noisecom are inserted in the H=Radio Frequency (RF) chain after the choke antenna by means of two 20 dB
broadwall direction couplers. These two diodes produce a signal which is measured to beaverage at about 119 K and 78 K and
are used to calibrate the sky signal observed by VESPA-22, as described in the-rext-sectionSection 3.3.

After the 20 dB couplers the signal is amplified and down-converted to lower frequencies and eventually sampled at 26s1

Gs/s by a Fast Fourier Transform Spectrometer (FFTS) Acquiris AC240/Agilent U1080A-001 with 16384 channels, resulting
in a spectral resolution of 31 kHz for a total bandwidth of 500 MHz.

T . T ot thel . . LN,-calibrati haticd bed

During measurements, the antenna is moved back
and forth to change its distance from the mirror by 1/4 = 3.34 mm in order to avoid multiple internal reflections of the signal

which would cause the formation of standing waves affecting the observed spectrum. EFer—this—reasen—during
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reflections-internal-to-the-system~TFwoOnce a day, two photodiodes are employed to check and reset-eiaity the correct

distance between the antenna and the mirror.

VESPA-22 is installed indoor to preserve it from the strong winds and storms which can occur during most of the Pelarwinter
seasen-year. The indoor installation prevents the deposition on the quasi-optical system of snow erin winter and dust in
summer, as well as the condensation of water droplets,-en-the-guasi-eptical-system, therefore improving the durability of
the equipment. Additionally, the parabolic mirror and its driving motor are not exposed to strong winds, and VESPA-22 is
therefore characterized by a pointing offset very stable with time. The instrument is located in a small wooden annex (Figure
2) to the main observatory in order to minimize the presence of metal surfaces which could also yield standing waves in the
observed spectrum.

The spectrometer observes the sky through two 5- cm thick Plastazote LD15 windows, one covering the observation at angles
from 10° to 60° above the horizon, and a smaller one covering the zenith direction (shewed-in-Figure-tand-Figure-2})see
Figures 1 and 2). This material was tested in the laboratory and proved to have a negligible absorption in the microwave region
of interest. Fhe-Furthermore, the windows are hewever-not perpendicular with—+respeet-to the antenna beam in order to
minimize theany potential formation of standing waves. The eccefeam-opacity of the LD15 window sheets was estimated
during VESPA-22 installation and it was measured to be less than 0.0005 Nepers. FweThree powerful fans are

wtHizedemployed to blow off the snow from the observing windows, preventing deposition or ice formation on the external

side of the windows. Fhe-instrumentislocatedinasmatbwoodenannex{Figure 2)VESPA-22 compares the sky emission
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from the zenith direction (also called reference direction) to the main-ebservaterysky emission from an angle close to the
horizon (also called signal direction) in order to perform a stratospheric measurement, as it will be explained in the Section
3.2. The zenith is observed through a white Delrin® acetal homopolymer resin sheet, hereafter simply delrin, (see Figure 1a)

which adds a grey body emission to the reference beam; this sheet is set at the Brewster’s angle with respect to the incident

beam in order to minimize reflections and the preseneeformation of-metat-surfaces-which-could-preduce standing waves.

During an hour of standard instrument operations, about 3 minutes are dedicated to tipping curves (seetien-see Section 3.4:3)
used to measure tropospheric opacity, about 35 minutes are dedicated to measure the ebservation-efemissions from the signal

and reference beams, whiteand the rest of the timehour is dedicated to instrumental operations, such as the rotation of the

parabolic mirror or the instrument calibration by means of the noise diodes.

Figure 2: A photo of the exterior of the wooden annex hosting VESPA-22. The observing window of the signal beam is visible on the
side of the annex.



3 Measurement physiestechnique

VESPA-22 collects the 22.235 GHz radiation emitted by water vapor molecules. At this frequency, the Rayleigh Jeans

approximation for the Plank’s Law can be used and the radiation intensity can be expressed in terms of brightness

;Av o« P(z) (

=)

)
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where-Av-is-theline-width,2, n < 1 is a constant coefficient and T, = 300 K- (see Table 3, Section 4.1, for the
spectroscopic values used for VESPA-22 retrievals). Using this dependence and knowing the pressure and temperature
atmospheric profiles, the measured spectrum can be inverted using the reverse problem theory to obtain the vertical water
vapor mixing ratio profile.

In the mesosphere, the Doppler broadening overcomes the pressure broadening of Eq. (1) determining an upper limit to the
altitude range in which the water vapor profile can be retrieved. In the lower stratosphere, the broadening makes the line width
comparable to ERSAthe VESPA-22 spectral bandwidthbandpass, therefore setting a lower altitude limit for the deconvolved
profile.

4-Measurement-technigue
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3.1 Atmospheric opacity

The majerpartmajority of the incoming radiation measured by VESPA-22 comes from the troposphere. The tropospheric
emission needs to be filtered in order to evideneestudy the stratospheric signal.

In order to simplify Eg—{3};the radiative transfer equation, the following approximations can be adopted (e.g., Nedoluha et

al., 1995).

The troposphere is represented as an isothermal layer absorbing the signal to be measured. The first kilometers of the
atmosphere produce the greatest part of this layer emission which has a line width larger than VESPA-22 bandwidth.
This contribution is treated as an emission constant in frequency.

The contribution of the stratospheric water vapor absorption to the opacity 7 is regligiblesmall. This approximation
was tested by calculating the atmospheric opacity by means of the radiative transfer simulation software ARTS
(Eriksson et al., 2011) and using water vapor vertical profiles with and without their stratospheric component. At the

frequency of maximum absorption, the contribution of the stratospheric profile to the overall atmospheric opacity ia
the22-GHzregion-is between 2% and 5% depending fremon the season. When averaged over the VESPA-22

frequency range, the difference between the opacity calculated using a nermalvertical-full water vapor vertical

profile and a profile with no water vapor above the tropopause is between 0.4% and 1.5%-depending-from-the

seasens=%.
The opacity t,, can be substituted by its mean value t. The maximum difference between 7,, and its mean value t is
between 1.6% and 3.6-% depending frem-theon season.

The only signal coming from outside the atmosphere, T,, is the cosmic background radiation with a constant

brightness temperature of 2.73 K.

10
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With these approximations Ee—{Hjthe radiative transfer equation describing the radiation received at the ground from an

elevation angle 6 can be written as:

N

T _Tea# (1_a# )\ ;T (1 \a X (5)
rs LA T latm\J. T } V2L Ry A \d4
Ts(v) = Toe™H" + Tipop (1 — e7HF) + uT (v)e™H7. (2)

The left term is the radiation received by the spectrometer frerm-when pointing at the elevation angle 6,-the. The first term
#on the right side is the extra-atmospheric emission—Fhe, the second term in+rightside-is the solution of the radiative transfer
equation for an isothermal domain ard-it—+epresentswhere the tropospheric emission is indicated with Fgzm—asTy,,, and
represents the mean trepespheretropospheric temperature weighted with the water vapor concentration. The third term on
the right is the emission coming from the stratosphere and mesosphere, T(v), proportional to the air mass factor u and
attenuated byin the troposphere—-at-theprevieusterms by a factor e " -is-the-tropesphericsignal-abserptien-. The
thirdterm-ontherightsideapproximatesthe-integrabterm-of-Eg—{1);air mass factor at the elevation angle 0 is computed
according to Eg—6}-and-{A-the formula presented in the work of de Zafra (1995).

11
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41 The-balaneirg-beams3.2 Beam switching technique

The technique that VESPA-22 employs to measure the stratospheric signal is called batareinrg-beam switching technique or
Dicke switching technique (e.g., Parrish et al., 1988). The instrument compares the emission coming from an observation angle
0 (signal beam) with a reference signal with the same mean power over the passband. The observation angle depends freron
the atmospheric opacity and for VESPA-22; it varies from 12° to 25° above the horizon. The reference signal used by VESPA-

22 -is the sky emission at the zenith (reference beam). In clear sky conditions, the emission at the zenith is smaller than the
emission at a much larger zenith angle. Therefore, in order to ensure that the reference beam has the same mean power of the

signal beam, a thin sheet of delrin is inserted in the reference beam. The delrin sheet acts as a grey body so that:

T —Tea "% T (1 a)a % Tl "% T (1 _a%) (8)
IR Iob T Iatm\-l- A2 }L: T T \V}\l T ld\J— A2 } ] \U,
Tr(v) =Toe " + Tprpp(1 —e P)e ™+ T(v)e "+ Ty(1 — e "), 3)

where Ty is the radiation observed by VESPA-22 coming from the zenith, partially absorbed ard-reemitted-by the delrin
sheet, T, is the physical temperature of the sheet and 7, its mean opacity value over the spectral passband. In this equation,
the air mass factor u is equal to 1.

During data taking operations, VESPA-22 alternates zenithreference and signal argle-observations. The instrument constantly
checks if the two beams have the same mean power and continuously changes the signal angle to minimize the difference

between them. When the two beams have the same intensity, the frequency independent terms of Eq. {8}-an€e-Eg=(3) and Eqg.

(2) can be equated obtaining:

Ta ™% T (1 oo % T (1 a@)Ta# T (1 q-u) (9)
T O\o T T atm \J— A2 A2 T T d \J— A2 } T O\I T T atm \J— A>3 } Y w7
Toe "7 + Ttrop(l —e e T+ Td(l —eTf) ~ Toe™ " + Ttrop(l —e™H), (4)

where the stratospheric contribution to the mean beam intensity (about 1%) is neglected (de Zafra, 1995).

12
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The stratospheric signal T(v) is obtained by subtracting the-sighal-and-the-reference beamsfrom signal. Using Eq. {5}(2),
£8}(3) and (4) it is possible to write:

T Tl Moo Ht =%\ and (10)

IS IR T \V}\H\a \Y3 }U\ o +Yy

T(V\— TS _TR (11\

") ﬂe—,u‘r ef‘rf‘rd \==7

Ts(v) — Tr(v) = T(v)(ue™#* — e~ *""@) and 5)
_ Ts(w)-Tr()

T0) = e ()

Three delrin sheets with different thieknessthicknesses (3, 5, and 9 mm) and epacityopacities can be employed, depending
fremon the season, in order to maintain the ebservatiensignal angle between 12° and 25° above the horizon. Spectra collected
are smoothed using a 50-channel moving average. This smoothing process is not performed in a 6 MHz interval centered
around the emission line to maintain the maximum frequency resolution near the line peak.

In order to estimate 74, the mean opacity value of delrin over the spectral passband, during normal data taking operations the
signal angle is locked to its balanced position and the delrin sheet is removed from the reference beam. 7,; can then be calculated

using:

Ty =—In (Td—_fs), (7

Ta=TR_nod
where Ty 1,4 is the mean intensity of the reference beam without the sheet and T is the mean value of the signal beam. The
brightness temperatures T; and Ty o4 are calculated using parameters obtained by means of a calibration performed using
liquid nitrogen (LN, see Section 3.3) which is always carried out before estimating z,. In order to run these operations,
qualified personnel must be at the observatory and therefore t,; was measured only in July and November, 2016, and February
2017 (Table 1). A total of seven measurements of the compensating sheet opacity were performed, two in July, three in
November, and two in February 2017. Half of the difference between the minimum and maximum t, values obtained during
the same period is used as measurement uncertainty. The mean value of the delrin opacity changes with time, possibly due to
a certain level of degassing, i.e., the property of absorbing/releasing water vapor molecules from/to the environment, which
depends on atmospheric humidity and it is often noticed in plastic materials. During winter, as the air is drier, the compensating
sheets appear to release some water vapor and lower their opacities. VESPA-22 spectral data are calibrated using a linear

interpolation between the 7, values measured over time.

Table 1: Mean values and standard deviations of the measured opacity for the two used delrin sheets during different seasons.

Thickness July 2016 November 2016 February 2017

13
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9 mm 0.159 + 0.004 0.128 £ 0.003 0.123 £ 0.003
5mm 0.088 £ 0.001 0.072 £ 0.001 0.0701+0.001

4.23.3 Calibration methoedscheme

The broad-band response of VESPA-22 to the signal coming from the sky can be written as:

rec 0"

V() = a@)(TO) + Tree (W) + Vo (). ®)

In this equation, V is the incoming signal in counts aurbernumbers of the FFT back-end spectrometer, T is the signal
brightness temperature, a the gain of the instrument, T, the receiver noise temperature and V,, the “zero” signal of the
FFTS. All the quantities represented in Eq. {12}(8) are frequency dependent. The “zero” signal, which amounts to
approxmately 0.5% of the i mcomlng signal to the FFTS is measured approxmately every 15 mlnutes and it is subtracted to

MESPA-22 colects-the-skyradiation-frem-sighaleach Signal and reference-beams-and-subtractsReference 15-minute
integration spectra which are eventually saved on the eeuntsrumberfrom-these-twe-seurees-control & acquisition PC

(see Figure 1b). Using Eq. 42}-E¢=(8), Eq. (6) can be written as:

T(ly/\— 1 VS _VR (13)

N a Iue—,ur _p T j ==
Vs()-VR(v)

T( ) - a(v) ue —UT_o—T-Tg" (9)

ifier-by means of a

ze—dB%FeaelwaJ-I—eee-pLeH-see-H-ge-Fe—l—b-)—the noise diode. As mentioned before, VESPA 22 has two different noise

diodes, one used to perform regular calibrations and the second inserted to ensure the stability over time of the first one, as
described by Gomez et al. (2012).

During regular measurements, the calibration noise diode is switched on and its emission is added to the reference signal. The
noise diode is then switched off and VESPA-22 measures only the radiation coming from the zenith. Fherefore,thereceived

radiatiendsThe gain parameter can be obtained by subtracting these two measurements according to:

and (14)
ar =77

RtND R ND ' 'rec

14
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= (15)
R R rec ) o7

'I!] O!(V) — VR+nd(V)—VR(V) ’ (10)

Tha ()]

where Vg .4 and Vy are the signals expressed in counts aurabernumbers measured with the noise diode turned on and off,

respectively, and LT .4 is the noise diode emission temperature—Fhe-gain-parametercan-be-obtained-bysubtracting
thesetwo-measurements

_ VR+ND _VR
TND

where—Tyy—eanbe at the various frequencies, estimated by—perfermingduring a calibration procedure. The calibration

consists in measuring the emissiensemission from two sources at two different known emission temperatures. The first source

oy
1 =7

(16)
Y7

is a black body at ambient temperature made with an eccosorb CV-3 panel by Emerson and Cuming; the second source is,
most of the times, the sky at an angle of 60° above the horizon. ta-the—calibration—procedureEvery 3 or 4 months,
approximately, the sky emission can be replaced by a second eeceserb-CV-3 panel immersed in Hguid-ritrogen{LNy)-. The
use of Heguid-nitregenl N, likely grants more accurate results, as the physical temperature of the emitting body has a smaller
uncertainty with respect to the estimated sky temperature at 60°, but the LN calibration cannot be performed automatically
by the instrument and it was carried out so far has-been-perfermed-in July and November, 2016, and in February, 2017.
The general calibration equations are described in what follows, whereas the tipping curve procedure that allows the use of the
sky as calibration source is explained in the-rextseetion-Section 3.4. Knowing the emission temperature of two sources «a,
T, and T,4 can be obtained by using the following equations:

AVANEY

o= ot ~ Veold : a7
Thot _Tcold
Trec _ Thot Vcold _Tcold Vhot _and (18)
Vhot _Vcold
T Vcold+ND _Vcold _ Vhot(W)=Veo1a(v)
'nND — OI(V) - (ll)
o Thot=Tcold
Thot(Vcold(V)_Vo(V))_Tcald(vhot(v)_vo(V))
T, = , and 12
rec(v) Vhot(W)=Vcora) (12)
Tnd (V) — Vcald+nd‘i1(/])/)_vcald(1/). (13)
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Thot and T,p1q, and Vyr and V., are the emission temperatures and the recorded counts aurbernumbers of the two sources,

respectively. For the black body, the emission temperature is assumed to be equal to its physical temperature.

thatecan-be-considered-constantinfrequeney-withind-5%-The noise diode produces a signal that is measured to be quite
stable in frequency. In fact, single-channel T,; values are always within 1.5% of the spectral mean of the diode temperature
brightness T,,,. The spectra originated from black body measurements (especially those from the CV-3 immersed in LN,) can

be affected by standing waves and in order to avoid to transfer them in the calibrated sky spectral measurements, T,4 is
averaged over the central 11000 channels of the FFFspectrometerFFTs, as suggested by Gomez et al. (2012). Therefore it

can be written:
14000 V | _V |
T T \ v cold+ND ( ) cold ( ) \Alhere (20)

» . ~whet
Urhot — Ycold /ize,%o Vhot (i)_vcold (I)

T
"ND

'I!‘ EE')Tnd — (T}wt _ Tcgld) Zi chld+nd(vi)7vculd(vi),

tht(Vi)*VCDld(Vi)
where (14)
Veora+na(vi) is the value of channel i with the noise diode turned on, while V_,;,63(v;) is the value of the same channel with

the the noise diode turned off.

3.4:3 Tipping curve ealibrationprocedure

In this section, the tipping curve calibration technique employed to calibrate the noise diodes using the sky signal is described.
The tipping curve procedure is performed twice every hour as it is also used to measure the atmospheric opacity efneeded in
Eq. {23}+(9). During a tipping curve, VESPA-22 collects the radiation coming from different elevation angles, approximately
every 5° from 35° to 60° above the horizon. The measured spectra are averaged using the 11000 central channels of the
spectrometer. Radiation from the stratosphere contributes less than 1% and can be neglected, so the signal intensity can

deseribebe described by means of the following equation:

T(0)) = Toe #0007 + T, (1 — e7HOIT) | (15)
TN T o 0 T (1 a#E)) 21
T \UI } — IO“ T Iatm \J. A2 O \aEay )

The atmospheric temperature Fgz7T,,,, Can be estimated from the surface temperature Ty 505

T __T d (22)
"atm "sup \==)
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Ttrop = lsurf — d, (16)
where the value of d can be affected by seasonal variations. In order to characterize this parameter several radiosoundings

were launched during July, November, and December, 2016, and February, 2017. The value of the parameter d as a function

of time is obtained from a linear interpolation between the mean values of Tg—FgmmT sy — Tero, Measured during these

four periods, as described in Fable—3-Table 2. Loz T, IS the average temperature obtained from radiosonde data by

trop

weighting the tropospheric temperature vertical profile with the -water vapor concentration profile.

Table 2:-#ean. Mean values and standard eeviatiendeviations of Tl grr — FagmT irop Obtained from the radiosoundings

Month Mean  (FampTsurf —
Faem ! trop)

July 14.4+2.8 K

November 8.3+3.6 K

December 9.4+38K

February 9.4+2.1 K

Using Eq. 23)(15), it is possible to explicitexplicitly give the relation between the opacity and the mean brightness

temperature of the received signal:

,ufﬁ-\rzln(_-ro ~Ta \ . (23)
v LT(ei)_Tath
RO = In (st ) (17)

A linear regression betweenof the opacities In (M) observed at 8,4 (_ 9' e ), and the air mass factors u(6;)

T(Gi)_Ttrop
allows us to retrieve the opacity at the zenith, 7 (de-Zafra;Nedoluha et al. 1995). Substituting for T(8;) using Eq. £42)-(8) and
approximating all the spectral quantities with their mean values (indicated by a bar) over the central 11000 channels, Eq. {23}

(17) can be written as:
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To~Tero
u@)t =In ((V(ei)—voo) —ob )1 (18)

i ~Trec—Ttrop

where it appears that B=zzthe mean values T, and &a are needed to perform the calculation.4a-erderto-ebtainan-estimate

. . ° sky . . I
Fhe-sky-signal-atan-elevationangle-of60°{T_}actsassecond-two calibration seurce{coldload)—Fhe-emission
from-these-twe-sources at different temperatures is used to calculate e and B=zT, . according to Eq. {47}(11) and Eq. 48}

=(12). However, since the sky emission temperature Tcsokuyi is not known, MESPA-22 uses-an iterative procedure is used to obtain

both 7 and .. An initial opacity value, z,, is usedadopted as first guess to obtain T , using Ee—21)}-with-6-=

021 / 047 o

* measurements L 3
01571 —fit //’ 02
2., (a) ) s | (b) °

k\m A .8 Or ©
3

0.05} y x-0.2 .

o

> o
>
0 -04
0.5 1 1.5 30 40 50 60
1(0) 0 (°)

60°Equation 21 with 8 = 60°. ch)"lZ‘O is then used to obtain a, and Ty, frer-by means of Eq. (11) and Eq. {7)-and-Eq-
{28y—1E)(12); u(0;)7 is calculated for different elevation angles using Eq. {24}(18), and ultimately a linear fit alewallows

us to calculate a new estimate for 7, 7,. The iterative procedure goes on until the intercept value is minimized. Figure 3 shows
the results of a tipping curve measurement carried out on 10 Dec, 2016.

TO_Ttrop
T(Bi)_Ttrop
points) measured during a tipping curve on 10 Dec, 2016, and the fit result (green line). (b) The residuals (measurements minus fit)
as a function of the elevation angle.

The value of T, measured with this procedure is used in Eq. {17}-and-Eq—(19)-te-estimateTrz=(11) and Eq. (13) to
estimate T,,,4. In order to avoid the use of data measuredacquired during inhomogeneous- sky eenditienconditions, all

Figure 3: (a) The values of ln( ) (indicated with 1sig on the y-axis of panel a) as function of the air mass factor u(8;) (blue

18



measurements producing linear fits (see Figure 3a) with a root mean square higherlarger than 0.84 are discarded. Figure
4Figure 4 shows the time series of both noise diodes mean emission temperatures (blue and cyan) from July 2016 to MayJuly
2017. The noise diode in blue is the one used as calibration diode. In the same plot, LT, Values obtained using a LN, cooled

eecofeam-CV-3 as the cold sedreeload are also depicted (orange and red stars). The mean relative difference between

g T 4 Values calculated with the-two-calibration-schemes{tippingcurve-and-LN,}- and with tipping curves carried out

immediately before or after LN, calibrations is (0.4+0.4)% and (0.2+0.3)% for the calibration and the backup diodes,
respectively.
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Figure 4:4: Time series of the noise diodes mean emission temperature calculated by means of the tipping curve procedure (blue
and cyan fuHsolid circles) compared with values obtained &sirg-aby means of LN2 calibrations (red-ard-orange and red stars).

54 Retrieval Beseriptionprocess

5 VESPA-22 water vapor vertical profiles are obtained using the optimal estimation theory (Rodger, 2000). In what follows the
retrieved water vapor profile is indicated as x, whereas x, indicates the apriori profile and X the real water vapor atmospheric

profile. The quantity y and y, represent the measured and apriori spectra, respectively. The matrix K is the weighting functions
matrix, whereas S, and S, are the covariance matrices associated to the Fhe-genericrelation-between-the-measured
speetrum-y-and-therealprefile ¥-can-be-meodeled-byspectral measurements and the apriori vertical profile, respectively.

10 The profile x can be used to calculate the synthetic spectrum yy;, according to:

= ~Vrit = Ya + K(x — x4) . (19)
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The altitude grid used for VESPA-22 retrievals starts from 10 km and goes up to 110 km altitude, at steps of 1 km. This range
is much larger than the sensitivity interval of the instrument which is in fact limited by the Doppler broadening at high altitudes
15 and by the FFTS bandwidth and the tropospheric influence on the lower stratosphere at low altitudes. Only the central 400

MHz of the measured spectrum are used in the retrieval.
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Figure 5: The value of a; used to compute the apriori covariance matrix as a function of altitude (Equation (20)).

The S, matrix is computed according to:
a—|

= R (21)
Sa,ij =0;0;€ ; )

s
Saij = 0i0je  h (20)

where g; and-z—are-respeetively-is the root mean square of the variance of the apriori profile (expressed in volume mixing

ratio, or vmr}-and-, see Figure 5) at the altitude eftheprofileshewed-inFigure5;z;, while h is a correlation altitude set to
be 5 km.
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Figure-5+the-valueValues of -o—usedo; were empirically chosen in order to eemputeoptimize the aprieri-covariance
matrbdn-Eg{34)-asfunetioncharacteristics of the attitudesretrieval (i.e., maximize sensitivity range and vertical resolution

without introducing unphysical oscillations in the retrieved vertical profile).

In the inversion process for VESPA-22 spectra, S, is a diagonal matrix with its diagonal elements eenstantall equal and
calculated using a two-step process. A first retrieval of the original, not smoothed (see Section 3.2), spectral measurement is
performed using a fixed value (1x10-°) for the S, diagonal elements and the obtained profile, x,, is used to calculate a synthetic

spectrum y, r;; by-rreans-ef-Eg—30)-by means of Eq. (19). In order to consider the spectral measurement noise in the retrieval

2
process, a second and final inversion is then performed, this time with the S, diagonal elements set to the {-y="Y; 7 —nean

vaiae.—(yunsmaothed — yO,ﬁt)2 mean value. These values range from 3x10“ K2 (maximum value during summer) to 8 x 10
K2 (minimum value obtained during winter).

A second- order polynomial (light blue curve in Figure 7a) is also added to the retrieval in order to take into account the

spectral emission from the upper troposphere and lower stratosphere-that-weuld-net-otherwise-beproperly-reselved-by

orithr,teavingaspe baseline-unaccountedfor{seelight blue-curve-inFigure 63}, and a

potential contribution to the baseline from the delrin sheet. The polynomial is calculated independently for each retrieved
profile. The addition of this extra degree of freedom to the retrieval process reduces the altitude interval in which VESPA-22
retrievals can be considered reliable, raising the lower limit of the sensitivity range (see definition below and Figure 8b) by
approximately 6 km altitude. The use of a second-order term also introduces an additional source of uncertainty in the retrieved

mixing ratio profile. Such a contribution is taken into account in the error analysis discussed in Section 4.3 (see Figure 11).

20 Animportant quantity used to characterize the retrieval quality is the averaging kernels matrix A defired-as:
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A=GK— (32)
(Rodgers, 2000). The rows of A are called averaging kernels (AKSs) and representcan be used to characterize the sensitivity

of the water vapor retrieval at a given altitude to variations in the water vapor concentration profile at all altitudes (Rodger,
2000). If the AKs are well-peaked functions, centered at their nominal altitude, a perturbation in the atmospheric water vapor
concentration at a specific altitude is transferred by the algorithm to the correct altitude layer of the retrieved profile.

Furthermore, the area enclosed under each AK is an indication of the total sensitivity of the retrieved prefilevalue at that
altitude to atmospheric variations in water vapor concentration. Sensitivity-vataesA sensitivity value close to 1 at a certain
altitudes-indicatealtitude indicates that the major contribution to the retrieval-valuesretrieved value at these-altitudesthat
altitude comes from the spectral measurements rather than from the apriori water vapor profile. Fellewing-the-suggestion
ef Fschanzetal+2043} The retrieval is considered valid for scientific use in the retrievalsensitivity-altitude range adepted

here-is-the-altitude-range-in-whichwhere the sensitivity is above 0.8- (e.g., Tschanz et al., 2013). The AKs fulwidth-at
hatmaximum{FWHM] candinstead be used as a rough estimate of the local vertical resolution of the obtained water vapor

mixing ratio vertical profile.

54.1 Forward model and apriori prefiteprofiles

Figure 6 displays the apriori profiles used by the VESPA-22 retrieval algorithm during 10 out of the 12 months of the year and
based on local climatology (3 years worth of data of Aura/MLS v4.2). They are identical below 48 km and diverge above, due
to the large difference in Polar regions between summer and winter water vapor mesospheric profiles. The summer apriori (red

line) is used during the period from June 1 to August 31, while the winter apriori (blue line) is used during the period from

24



10

15

October 1 to April 31. During the months of May and September, there is a transition period in which a linear daily interpolation

from one apriori to the other was used for continuity.

807 1
€
260 | -
o)
XS]
= —summer apriori
< 40| |—winter apriori

20

2 4 6 8 10

H20 mr (ppmv)
Figure 6: The apriori profiles employed by VESPA-22 for the October-April period (indicated as winter apriori, blue line) and for
the Jun-Aug period (indicated as summer apriori, red line) obtained from climatology.

The matrix £K and the y, spectrum-efEe—(26} are calculated using the radiative transfer simulation software ARTS (Eriksson
etal., 2011), adopting a Voigt-Kuntz lineshape and the line intensity provided by the JPL 2012 catalogue (Pickett et al., 1998,
referenee-siteand https://spec.jpl.nasa.gov/). Following the work of SeleeSeele (1999) and Tschanz et al. (2013), the line
described by the JPL 2012 catalogue is divided into three emission lines indicating the hyperfine splitting of the 22.235 GHz
water vapor line. The employed pressure broadening and self-broadening parameters are those reported by Liebe (1989). Fable
2Table 3 summarizes the spectroscopic parameters used for the analysis of VESPA-22 spectral measurements which, in what

follows, are indicated as “reference” model.

Table 3: Spectroscopic parameters (“reference” model) used infor VESPA-22 retrievalretrievals. Indicated parameters, from left

to right, are: emission line frequency, intensity, lower state energy, pressure broadening pararretercoefficient, pressure broadening
temperature dependence, self-broadening coefficient, and self-broadening temperature dependence. The line intensity is given for a
reference temperature of 296 K.

) [GHZ] S [m2 HZ] E [‘]] Yair [HZ Pa_l] Nair Vselr [HZ Pa_l] Nself
22.235043990 5.3648 10 8.869693 10 28110 0.69 134928 1
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22.235077056 45703 10° | 8.869693 10* 28110 0.69 134928 1
22.235120358 3.9740 10 | 8.869693 10* 28110 0.69 134928 1

The profile x,z7 is the profile used in the forward model calculations to compute the apriori spectrum and the weighting
functions. x,zrs Matches the apriori profile from 12 km of altitude upward and, below 9 km, it is consistent with the
measurements of precipitable water vapor (PWV) collected by the HATPRO radiometer (Rose and Czekala, 2009; Pace et al.,
2015) installed at the THAAO. This lower part of x,xrs is calculated according to:

_ PWVHatpro (22)
}{ARTS( ||G|IIE|Ieg|9HIIE| Eegl{l“)_ *E S
PWV,, !
PWV
Xagrs(from the ground to 9 km) = ——280 x| (21)
PWVEy

where xg, is a water vapor mixing ratio profile obtained by daily smoothing monthly averages calculated from the
radiosoundings launched atfrom the Eureka station—+{80-0-N—85-.9°\W}},Canada, PWVy, is the associated water vapor

column content, and PWVy ¢ is the column content measured by the HATPRO—¢ prs—thereforerepresents—the

HATRRO-atFhule: located at the THAAO. Data from Eureka were chosen (instead of those from Alert, Canada, for example)
because they show the closest resemblance to the tropospheric profiles measured at Thule by local radiosoundings, when the

latter are available. In order to avoid discontinuities in x,zrs, values at altitudes between 9 and 12 km are obtained with a

linear interpolation between x,prs€94em3(9 km) and x,grsE2-H4m)(12 km).
The pressure and temperature profiles needed to run the forward calculation are built merging NASA Goddard Space Flight

Center (GSFC), AUJRAAura/MLS and climatological temperature and pressure profiles. The NASA GSFC profiles byobtained
through the Goddard Automailer Service (Lait et al., 2005) are used to build the tropospheric meteorological state, from the
ground up to 9 km of altitude. Ferthe-altituderange-betweenBetween 10 and 87 km-ef altitude, the MLS temperature
and pressure profiles collected during VESPA-22 observations, in a radius of 300 km from the observation point of VESPA-
22, are averaged together to produce a single set of daily meteorological vertical profiles. The VESPA-22 observation point
coordinates are chosen to be 74.8° N and 73.5° W, and represent an estimate of the geographical coordinates of the air mass
that is observed by VESPA-22 (which points South-West, at about 220°) at 60 km altitude when the instrument aims at an

elevation of 15° above the horizon. Daily temperature and pressure profiles from 8697 to 110 km of altitude are obtained by

daily smoothing zonal monthly averages from the COSPAR International Reference Atmosphere (Rees et al., 1990).
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The absence of vertical discontinuities in the temperature and pressure daily profiles is assured by a smoothing process
performed at the altitudes where the three different datasets (GSFC, MLS, and elimatelegicatprofilesCOSPAR) are stitched
together, between 9 and 12 km and between 87 and 97 km.

The software ARTS is employed to simulate the emission from the zenith, ¥,, and from an angle close to the horizon, y,. The

emission , is then rescaled using Eq. {34}(22), therefore simulating the effect of the delrin compensating sheet::

Vo Ga % T (1 a%) (21
yr yrb T Id \.I. \Y3 } Ay
Vr =¥ + Ty(1—e™"4), (22)
whereas the mean difference y, — y, is:

Ys = ¥r = Ya(ﬁe_ﬁf) - e_f_rd . (23)

The opacity 7, used in Eq. {34}(22) is the opacity of the compensating sheet, whereas-the temperature T, is the temperature
of the sheet, measured by a sensor installed next to it—Fhe-vatue-of, and the signal beam observing angle-impesed-n-the
simulation, 0, is chosen in order to minimize the mean difference y, — v,., as it is in fact attained by VESPA-22 in its data

taking process. The apriori spectrum is calculated according to the same equation used for the measured signal (Eq. {268}(5)

and {11}):(6)),

\/ \L — \ /T’.n_”; a4 \ (35)
Ys }'r_)'a\;”“ N \F¥7
N Ys =V (26)
Y5 (<9}
[le—,ur e*T*Td
_ Ys—Vr
ya - Tw_rﬁ_e—i——rdl (24)

where fi and 7 are the air mass factor associated to the simulated signal beam and the zenith opacity calculated from the x,zrs
profile.

Deriving Eq. {36}(24) and Eq. (22), and using -Eg—27A-ard-Eg—34};the K matrix definition (Rodgers, 2000), the retrieval

weighting function matrix can be ebtainredwritten as:

%s| _ N
o ( v\ \ oX oX K —Keg™™
K:L J~ .7~ ~ Xa~ ~Xa: S _ r _ (37\
8X l[lef,ur e—r—rd ﬂef//r_e—r—rd [lef,ur e—r—rd =
Xa
2] [z _
K = i( Ys—=Yr ) ~ Oxlxg loxly, — Ks—Kye td (25)
T ox \fe Ft_¢~T"Td T e FT_eTTTd T fle~FT_e~TTd
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where K, and K, are the weighting function matrices that ARTS calculates for the simulated signal and reference beams. As a

first approximation, the dependence of 7 on the stratospheric water vapor profile in Eq. (25) is neglected.

5 4.2 Retrieval example

Figure-6-aFigure 7a shows a VESPA-22 spectrum integrated for 24 hours (blue line) on 23 December, 20186, its corresponding
synthetic spectrum yg;, (red line) and the apriori spectrum (green line), while the residual (defined as the difference between
fit and measured spectrum, yg; — y) is plotted in Figure—6-b-Figure 7b. The cyan line is the second-degree polynomial
retrieved by the inversion algorithm. Figure—Figure 8a shows the result of the inversion of the measured spectrum depicted
in Figure-6Figure 7 with the apriori profile and retrieval 1o uncertainty. The details abeuton the uncertainty calculation are
discussed in the-Section-6. 4.3.

Figure-8Figure 8, panel b, shows the previeus—retrievalcorresponding averaging kernels (AKs, black and colored solid
lines};). AKs are multiplied by a factor of 10; and the sensitivity {in indicated with a red}—+a-a-typical VESPA-22 retrieval
Ehe-sonsitvisrisabeyve 00 narange-frem25-ta 2 emn solid line.
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Figure 6-{a}—an7: (a) An example of VESPA-22 measured spectrum (blue) collected on 23 December, 2016, with the apriori
spectrum {in green} and the fit spectrum {in red};-{b}the. The second-order polynomial is indicated with a cyan solid line. (b) The
residual -Y4—Y~ysi: — y- The central part of the spectrum is unsmoothed in order to maintain the maximum spectral resolution

near the peak and its residual is higherlarger.

30



80—~ g
—apriori
70r |—retrieved i
---uncertainty
60 1
=3
=1
/500 ]
O
2
Z 40 :
30 ’,), l
20 .
0 2 4 6 8 10
vmr [ppmv]
80— ‘
D —10 km
1 AN
70 20 km
e 40 km
o 50 1 —50 km
= ~apriori —60 km
5407  |—retrieved < —70 km
< - uncertainty ) —80 km
30+ s )l
—sens
20+ 1 .’ ]
0 8 -02 0 02040608 1 12 14

4 6
H,O mr (ppmv) Averaging Kernels

Figure #the8: (a) The retrieved VESPA-22 profile (greenblue solid line) correspondent to the spectrum showed in Figure-6-and
5 theFigure 7. The apriori profile (blueis indicated with a green solid line)-. The two red dashed lines describe the uncertainty of this
VESPA-22 retrieval (for details on the estimated uncertainty enof VESPA-22 mixing ratio vertical profiles see the-Section 6)-
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Figure-8:4.3). (b) Rows of the A matrix multiplied by a factor of 10 as a function of altitude (some A functions are highlighted in
eelercolors). The vertical profile of the sensitivity is shown in red.

64.3 Retrieval uncertainty

The uncertainty characterizing VESPA-22 retrieved profiles can be divided in threefour major contributions: 1) the
uncertainty due to the linear approximation used in Eg—26};the optimal estimation; 2) the systematie-uncertainty due to the
uncertainties-ef-the-various parameters used in the spectra calibration and pre-processing; ane-3) the retrieval-uncertainty
due to spectral noise and potential artifacts; and 4) the uncertainty introduced by the use of the second order polynomial in the
retrieval process. One additional error source is the limited vertical resolution inherent to concentration vertical profiles
obtained by means of this ground-based observing technique. This leads to solution profiles that can be considered a smoothed
version of the real atmospheric concentration profiles. In discussing the Optimal Estimation method, Rodgers (2000) suggests
that this error, called “smoothing error”, should be estimated only if accurate knowledge of the variability of the atmospheric
fine structure is available. This approach is used here and the smoothing error is not included in the error estimate.

The first contribution can be evaluated observing the difference Ay,;, between the fit spectrum without the addition of the

second order polynomial, —y:T;y;it, and the spectrum obtained using ARTS to calculate the emission expected from the
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retrieved profile x—a (in the calculation, ARTS does not perform aany linear approximation-te-the-general-function+
described-inEg—25))

*

—= - (29)
lin fit j =27
Ayyin = yrie — () . (26)
The uncertainty Ax;;, that Ay,;,, causes on the retrieved profile can be calculated with
_&(_—:GAy.f (39}
lin lin o7
aﬁd—i-tAxlin = GAylin, (27)

where G is the gain matrix (Rodgers, 2000). The uncertainty Ax;;,, has a negligible contribution to the total uncertainty (with
a maximum of 0.1 % at 70 km altitude).

In order to evaluate the second contribution listed above, the effects on the retrieved profile due to the variation of each single
parameter used in the measurements calibration and pre-processing was investigated. The difference between the profile
retrieved using the “correct” value of a specific parameter and the retrieval obtained by changing such a value by the estimated
relative uncertainty of the parameter is considered to be the contribution o; of this parameter to the total calibration and pre-
processing uncertainty. The total uncertainty from these sources is defined systematie-as calibration uncertainty. Table 4Table

4 summarizes the uncertainties efon the various parameters involved in the calibration and pre-processing of VESPA-22

spectra;—when. When the uncertainty is a function of altitude the minimum and maximum values of the uncertainty are

reported. The total calibration uncertainty o.,; is given by:

Ocal = Zi Ji2 : (28)
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Table 4: Uncertainties efon the various parameters used in the calibration process. When the uncertainty is a function of altitude
the minimum and maximum values of the uncertainty are reported.

Parameter Uncertainty (relative or absolute)
Signal angle, 6 +0.1°
Noise Biedediode brightness | +1.37%
temperature, T,,q
Atmospheric opacity at the zenith, t +5%
Air Temperaturetemperature profile [£2.1 £5.0]K
Geopotential height [£30 £ 110] m
Delrin opacity, 7,4 +10%
Spectroscopic parameters [£1% +10%]
80
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In Figure 9, the relative contributions of the various parameters needed in the calibration and pre-processing procedures are

10 shown. The yellow line shows the g; contribution due to the uncertainty on the signal beam angle. In order to minimize this

contribution, the choked antenna and the parabolic mirror are aligned using a He-Ne laser. During the period from April to
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October, the VESPA-22 pointing offset can be verified by scanning rapidly at around the sun elevation angle and comparing
the measured position of the center of the sun against the known ephemerides. For the measurements discussed here an offset
A6 = 0.2° £+ 0.1° was estimated.

~—o Tnd

—C Td

—o MLS gph
ocMLS T
—r T

of

—o spectroscopy
—total calibrati‘on
0 1 2 3 4 5 6 7 8 9 10

Relative contribution (%)

Figure 9: Relative contributions to the calibration uncertainty defined by Eq. (28) and indicated with a red solid curve. The
contributions are the signal beam angle (yellow), the noise diode temperature (green), the sky opacity (blue), the MLS meteorological
profiles (orange and brown), the compensating sheet opacity (magenta), the spectroscopic parameters (cyan).

The green solid line shows the potential relative error on the water vapor mixing ratio vertical profile due to the uncertainty
on the estimated noise diode temperature FzT 4. In order to evaluate the uncertainty efFzon T,,, the 0.4% difference
between the values obtained by means of the skydipand-LN; calibrations and by means of the skydips immediately following
or preceding the LN, calibrations (see Section 3.4-3—ane-Figure—4 and Figure 4) is considered. On top of this, also the
fluctuations of the signal produced by the calibration diedediodes must be taken into account. These can be evaluated by using
the standard deviation of the difference over time between the FT,,, Values of the two noise diodes, measured to be 1.2%-

Fhesetwol1%. The tipping curve procedure allows to calculate the noise diodes brightness temperature averaged over the

11000 central channels of the spectrometer. Since the noise diodes brightness temperatures do have a small frequency

dependence, using their mean values introduces a source of uncertainty which is estimated to be 0.9%. An additional source
of uncertainty is due to sky inhomogeneities, and amounts approximately to 1%. All these sources of errer+{8-4%—and
12%juncertainty for T,,,; are added in quadrature to obtain the-Trza total uncertainty of 1.38%.

The blue line shows the contribution due to the uncertainty Azon the sky zenith opacity z. In order to estimate this uncertainty,

the uncertainties introduced by sky inhomogeneity and by the estimation of the effective tropospheric temperature FozzT ;)

are considered. The first eentribute-itiscontributes to about 2% but-can-inerease-dependingfrom-the-sky-condition—H
and is estimated using the uncertainty on the slope of the slepe-parameterproduced-by-the-linear fit used-of the tipping
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curve procedure—(see the—Measurement—Technigue—section)-Section 3.4 and Figure 3). The second
eentributecontribution can be evaluated observing the daily fluctuations of gz T, Measured at the-meteorological

station-of-Eureka (Nerthern-Canada), Aasiaat and-Alert—(Southern Greenland), and Alert (Canada—+espectively). The
natural day to day temperature fluctuations and the lack of tropospheric meteorological data at Thule during long intervals of

time led us to estimate an uncertainty on fz==T -, O about 6 K, which then makes the total uncertainty A7 te-be-~5-%.

trop

The brown and orange lines show the o;’s’s due to the—temperature and geopotential height wheertainties—in—the

rmeteorological-profileprofiles used in the forward calculation. The uncertainties on these parameters are obtained from the
MLS data quality and description document (Livesey et al., 2015).

Fheln Figure 9, the magenta line shows the contribution of the uncertainty on the compensating sheet opacity, At . Fhis-value

8-:Although
the uncertainty on the measurements of t,; is about 2% (see Table 1), the use of a linear interpolation suggests the use of a
more conservative estimate, eventually set at 10%. The cyan line shows the contribution due to uncertainties in the employed
spectroscopic parameters, and it has the largest impact on the calibration uncertainty. Following Straub et al. (2010), the
emission line intensity and the pressure broadening coefficient were assigned an uncertainty of 8.7 10> m? Hz and of 1014

Hz Pa’l, respectively.

irgln addition to:
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flgure 62997—}
Figure—10,panela,—shews the mean profiles retrieved using the different models listed in the legend are depicted. Such

models include values taken from HITRAN (Rothman et al., 2012) and JPL catalogues (Pickett et al., 1998), for different
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years, and from Liebe (1989) and Cazzoli et al. (2007). —=The blue line represents the mean profile obtained using £heVVESPA-
22 reference model—Figure-210; (RM). In panels b-and-e-sheows, the mean absetute-and-relative difference between-the
retrieved-profiles between retrievals obtained using the reference model and the other spectroscopic models ard—the
referencemodel—tt—ecanbenoticed-thattheare drawn (see legend). The water vapor mixing ratio retrieved prefie

stronghy-dependsprofiles show a strong dependence on the spectroscopic model of choice, with a relative difference between

profiles obtained using different models reaching a maximum of 188% at the top of the sensitivity range. Fhecerrelation

38



Altitude [km]

Altitude [km]

relative difference [%]

39

80 80
70,'..T.T.T,',.,'.T.T.T.'E.,A.,A.,. [ T ——— 70 ',.,'.T.T.',.T.T.,'.T.,.j g .T.',.T.T..,fi?..',.T..,.".T.T..',.'.,.‘,;T.T.T.'.,T,Tf..',.'.,f_
@ (b)
60 —JP|_2012|_iebe1989hyp . o E 60 s enas wnss sy e S s s MK et s s s oy nomt e M« MO G o s s g s )
~——JPL2012Liebe1989 =,
50 JpL1gssLiebeto8g IES 50
— JPL1985Cazz0li2007 =)
40 — JPL2001Liebet1989 | = 40 ................................................................................................
—HITRAN2012 <
30 H|TRAN2004 | IO, 5 A — 30 .......................
)| R ........................ o — 21| N S N = i
0 2 4 6 8 -04 -0.2 0 0.2 0.4
vmr [ppmv] absolute difference [ppmv]
80 80
70 70 'C.T.',.T.T..'fT.T.}',.T.T.'Y.T.T.T.TT,T.T.TT.'.TT.TT.‘.TT;.',..'v.'.,TvT,T..'v.'.,fv
60 | =gl [—JPL2012Liebeto8O |
£ JPL1985Liebe1989 |
50! ] '6'50 ...... —JPL1985Cazzoli2007| ........[. |
‘g —JPL2001Liebe1989
40 1 & 40} |—HITRAN2012
< HITRAN2004
S N— e T i 0] 0] SRR ...............................................
20 ................. . W ; : 20 ........................ ................... ...................
-15 10 -5 0 5 10 15 06 0.7 08 09

correlation coefficient



10

15

20

80 80
70— N T 1 70F =777
€60/ | €607 ~—RM-JPL12L89
é —JPL12L89 \X_/ RM-JPL85L89
o 507 JPL85L89 1T o507 ~—RM-JPL85C07
gl —JPL85CO7 e —RM-JPLO1L89
2 - = —RM-H12
£ 40 _i'F;I501L89 1 2 40 il
< HO4 <
30| 1 30r
20| 20|
0 2 4 6 8 -15 -10 -5 0 5
H,O mr (ppmv) Relative difference (%)

Figure 20:10: (a) meanMean retrieved water vapor profiles obtained using different spectroscopic models (the blue line is the

model eventually adopted for the analysis of VESPA-22 spectra, called reference model}-ard-vertical, or RM). The spectroscopic
parameters for the additional models tested are obtained from different versions of the JPL catalogue (years 1985, 2001 and 2012;
Pickett et al., 1998) with the pressure broadening parameters taken from Liebe (1989) and Cazzoli et al. (2007). Two models include
values from HITRAN 2004 and 2012 (Rothman et al., 2012). Models are indicated in the legend with their abbreviations:
JPL2012Liebe1989 (JPL12L89), JPL1985Liebel989 (JPL85L89), JPL1985Cazzoli2007 (JPL85C07), JPL2001Liebel989

(JPLO1L89), HITRAN2012 (H12), and HITRAN2004 (HO4). (b) Vertical profiles of {b}-ane-{e}-the-mean abselute-and-relative
difference—and—{d}—the—correlation—coefficientdifferences between VESPA-22 profiles obtained using eifferent
spectroscopic-modelsand-the-the reference model—Fhe-data and the different spectroscopic models. Data represented here
range from 4 October, 2016 to 22 May, 2017. The average retrieval sensmwty range is marked by t—he—dashed horizontal green

Figure-22Figure 11 shows the uncertainty calculated for the retrieval shewn-in-Figure7-oftheof 23 December, 2016-, shown
in Figure 8. The overall systematiecalibration uncertainty is shown with a red curve. The retrievat-uncertainty due to spectral
noise and artefacts can be evaluated using the SS uncertainty matrix ebtained-as-(Rodger, 2000) obtained as:

S — (KISERK +SERYED (44)
€ a ' a4
S=(K"S;'K +S;H)~ L (29)

The square root of the diagonal elements of S represents the spectral uncertainty of the retrieved profile at different altitudes

and is indicated in Figure-tEFigure 11 with a blue line. Fheretrieval-uneertainty-This term depends on the fevelS, value

of neise-efthe retrieval and its value increases during summer and poor weather conditions. The green curve displays the
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spectrum—Finalhysestimated uncertainty due to the use of the second order polynomial in the retrieval process. The total

uncertainty is ebtainedcalculated as

— 2 2
Otot = \/Ucal + USpeC+Jpoly (30)
2 2
\ (45)
Otot — \i Ocal T Oret =7

and is represented with a purple line in Eigure21-Figure 11.
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Figure 33:11: Vertical profiles of the systematiecalibration uncertainty (red), the retrieval uncertainty (blue), and the total

uncertainty (magenta) of VESPA-22 water vapor mixing ratio vertical profiles obtained inverting a 24-heurintegration-spectrum
collected on 23 December 2016 and integrated for 24 hours.
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#5 VESPA-22 and Aura/MLS water vapor profiles intercomparison

VESPA-22 water vapor vertical retrievals obtained from 24-hour integration spectra (from 00:00 to 23:59 UT) have been

compared with version 4.2 of AJRAAuUra/MLS water vapor vertical profiles. The MLS profiles used for this intercomparison

are daily mean profiles obtained averaging all MLS profiles collected within a radius of 300 km centered around VESPA-22

observation point (74.8° N, 73.5° W, see Section 5-4}-A-measurement-ofthe-horizentalreselution-of VESPA-22-is-the
orizon e hahlichted-byv-the-h HoWe haam nala: fo n-obsery ion nala o ° haiaht o 0

kmitis-an-elipse-with-axes-of about 55%314-km-4.1).

The intercomparison is carried out using data from 15 Jutluly, 2016, to 23-May02 July, 2017. Fheln general, spectra collected

during July, August, and September are less continuous and noisier than spectra observed during the rest of the selected period.
This is due to extensive testing of the equipment, poor weather conditions, and snow covering the zenith observing window

(in November 2016 a meresecond powerful fan was installed outside the windewsroof window in order to minimizereduce

snow deposition). AdditienathyIn particular, there are no stratospheric measurements carried out by VESPA-22 between 4 and

22 November, 2016, and-between12-and-16-February2017-due to peerweatherconditions-and-snow covering the
lower portion of the reference beam window,—are-from-11-teo-16-December2016,-due-to-technicaHssues:. During the
second part of March, April, and May, 2017, the spatial distance between concurrent MLS and VESPA-22 profiles increases,
on average;. As a result, during these periods the MLS water vapor profiles compared to VESPA-22 profiles are composed by
averaging tess-data-together fewer profiles with respect to other periods and there are several days i-thisperiedof VESPA-
22 data with no concurrent MLS data. A few isolated days in which large sky inhomogeneities do not allow the correct balance
of signal and reference beams have also been removed from the intercomparison. It is worth recalling that the signal to noise
ratio of VESPA-22 spectra, and therefore the quality of the retrievals, depends on the sky opacity and, consequently, on the

season, being noticeably better during winter and poorer in summer. This is particularly true for microwave instrarments

installedspectrometers operating in the-Polar regions, where the-seasonal fluctuations rof the tropospheric water vapor

column content are significant.
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Table 5: The main specifications of Aura/MLS water vapor mixing ratio profiles version 4.2 (Livesey et al., 2015}).
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‘60| 1
—
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ke T /
= —apriori /
— 40 [ g / 5
= —retrieved
—MLS high resolution (HR)
—MLS convolved
20
0 4 8
H,O mr (ppmv)
Pressure {(hPa}) Altitude f(km}) Resolution V x H {(km}) Single profile precision Accuracy {%3(%)
1%61(%)
0.002 86 10.3 x 350 152 34
0.01 76 8.8 x725 55 11
0.046 66 7.4 x 540 35 8
0.21 55 3.6 x670 19 7
1.0 44 2.5x 400 6 4
4.6 35 3.4 x 350 4 7
22 26 3.2 X265 5 7
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Figure 12: The MLS profile measured on 23 December, 2016, with its high original vertical resolution (HR, magenta line) compared
with the apriori profile (green line), the MLS convolved profile obtained from Eq. (31) (red line), and the VESPA-22 retrieved profile
(blue line).

Table 5 summarizes the characteristics of the Aura/MLS water vapor version 4.2 retrievals (Livesey et al., 2015). In order to

compare the two datasets, MLS vertical profiles are convolved with VESPA-22 averaging kernels in order to match the

resolution of VESPA-22 profiles according to: Rodgers (2000):

= (AR
MLS a MLS a N\
Xups = Xq + AXyrs — Xq), (31)

where %, is the raw (high resolution or HR) MLS water vapor vertical profile, x, is the apriori profile, A-is-Averaging
KernelHMatrixA is the averaging kernel matrix, and x,,;, s is the convolved MLS profile.

80 T T
|—apriori
|—VESPA-22 retrieved
70 - |—MLS high resolution ||
MLS convolved
60r 1
€
=
o 20r 1
T
=
X 40¢ -
30t 1
20r A
0 10

e} Additionally,
VESPA-22 profiles were also compared with the-MLS profiles smoothed in the vertical by using a 10 km moving average.
This second set of degraded MLS profiles was generated in order to study the correlation between VESPA-22 and MLS datasets

without introducing the dependency from one another brought by the convolution process (affecting MLS convolved profiles).
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Figure 12 shows the MLS measured profile on 23 December, 2016, (magenta line), the MLS convolved profile obtained
from Eq. (46)-and-with-the-(31) (red line), the apriori profile (green line), and the VESPA-22 retrieved profile (green-tine)
and-the-apriori-profile(blue line)

ire)for the same day. The
MLS convolved profile tends to the apriori profile below 2526 km and above 72 km, where the retrieval sensitivity drops.

Figure-33;Figure 13, panel a, shows the mean VESPA-22 retrieved profile (in blue) and the mean MLS convolved profile (in
red), with their standard deviations indicated with dashed lines,~whereas—panelb-shews—the-. The mean sensitivity of
VESPA-22 retrieved profiles w

ieh-is larger than 0.8
from 25about 26 to 72 km altitude- and is indicated by the two green horizontal dashed lines. This interval can vary from day
to day depending fremaon the noise level of the 24-hour integrated speetrum—Panels-c-and-d-displayspectra (see white solid
lines in Figure 15). Panel b displays the relative and-abselute-differencesdifference of VESPA-22 water vapor mixing ratio
mean vertical profile with respect to the MLS mean convolved profile (red line) and with respect to the MLS high
reselutionsmoothed mean vertical profile (i-es—ret-cenvelved;-blue line):) with their standard deviations (blue and red
dashed lines, respectively). The largest relative and absolute (not shown) differences between the two datasets eeeursoccur at

72 km, the upper limit of the VESPA-22 sensitivity range, and areis about -6% and—0-2-pprmvrespectively-with Aura/MLS
convolved mean profile being larger than VESPA-22 mean retrieval. The standard deviation of the differences increases in the
mesosphere as a result of the larger atmospheric variability and the larger relative uncertainty of both instruments at these

altitudes (see Figure 11 and Table 5) with respect to lower levels.
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Mlédata (red) and between VESPA 22 and MLS smoothed data

: 9(blue). The latter shows values of

0.8 or higher over the entire senS|t|V|ty rangewhde—the—ta%teprs-bet-umen—gland-g% The good correlation

betweenof VESPA-22 andwnh MLS highreselutionwatervapersmoothed profiles isusefuldown to Hustrate-how
ded26 km altitude ranrge-from-10-te-80-km-

AMHM)suggests

that VESPA-22 retrievals are reliable at these stratospheric altitudes. Such a high correlation was obtained by using for the
VESPA-22 retrieval algorithm an apriori profile held constant in time up to 48 km, therefore providing no contribution to the
correlation. Below 25 km the correlation with MLS smoothed quickly deteriorates, whereas the correlation of VESPA-22 with
MLS convolved profiles remains high, emphasizing the dependency of both datasets on VESPA-22 apriori profile and
averaging kernels. Figure 13, panel d, shows the vertical profile of the mean values of the FWHM of VESPA-22 averaging

kernels (blue solid line) calculated over the comparison period-with-its-standard-deviation{blue-dashed-tines). The

FWHM of the averaging kernels is a measure of the retrieval vertical resolution (Rodgers, 2000). The single profile vertical

resolution can vary depending fremon the level of noise affecting the measured spectrum.
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Figure 13: (a) VESPA-22 averaged water vapor mixing ratio vertical profile with its standard deviation (blue line and blue dashed
lines) and the mean MLS convolved profile with its standard deviation (red line and red dashed lines); (b) Vertical profiles of the
mean relative difference between VESPA-22 and MLS convolved (red line), and between VESPA-22 and MLS smoothed (blue line)
with their standard deviations (red and blue dashed lines, respectively); (c) Vertical profiles of the correlation coefficient between
VESPA-22 and MLS convolved profiles (red line), and between VESPA-22 and MLS smoothed profiles (blue line); (d) Vertical
profile of the mean FWHM of VESPA-22 averaging kernels with its standard deviation. The data used for the intercomparison
range from 12 July, 2016, to 02 July, 2017. The green dashed horizontal lines display the mean altitudes of the sensitivity range

extremes.
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Figure 14 shows the time series ef-watervapermixing ratio-valuesmeasuredat different altitudes by-means-ofof water

vapor mixing ratio values from VESPA-22 (blue dots}-and-ebtained-by-convolving-MLS-original-verticalprofiles), MLS
convolved (red dots}:), and MLS smoothed (yellow dots) datasets. The time series at 5865 km and 6575 km altitude show

some eseillationsscattering in the MLS eonvelved-measurements—afterthe 13* of smoothed data from mid-March to
mid-May, possibly due to the increased distance in this period between VESPA-22 and MLS observed air masses-and-the
less—available-data, to a relatively small number of MLS profiles averaged together to compute the MLS daily averaged

ierprofiles, and to the reduced

MLS single profile precision at these altitudes (see Table 5). The 25 and 35 km water vapor time series display rapid and
intense variations in winter caused by the polar vortex moving over Thule in mid-December and then away from Thule at the

end of January. The 25 km time series is also useful to evaluate the quality of the VESPA-22 measurements at the bottom limit
of the sensitivity range. Figure 14 shows that, at this altitude, VESPA-22 measurement-decreasingtheretrievalis capable
of depicting the rapid variations in water vapor but does not have the necessary sensitivity= to match the most intense variations
observed by MLS (mid-January and early February).

In order to provide a more complete, albeit less quantitative, overview of the VESPA-22 and convolved MLS time series,
Figure-16Figure 15 shows contour maps of VESPA-22 (in color) and MLS convolved (black Hrelines) water vapor profiles.
The data collected by both instruments revealedreveal an absolute maximum in August 2016 at 50 km of height of about 8.3
ppmv. During fall and winter the maximum of the water vapor mixing ratio profile lowers its altitude to reach about 3835 km
in January 2017, due also to the downward motion of air subsidence—inside the pelarPolar vortex. AThe two steep
gradientgradients in water vapor mixing ratio is—ebserved-between25-—and-40-km—altitude-in-the second-halfof
January; due to the pelarPolar vortex thatshiftsmoving away from Thule ferabeuttwe-weeks-are clearly visible between
25 and 40 km altitude., .

Both instruments also observe the return of the water vapor mixing ratio to pre-winter values in mid-April, possibly indicating
the occurrence of the vortex final warming, with the re-establishment of a maximum in the mixing ratio profile at about 50 km
altitude.
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Figure-15:Figure 14: Time series at different altitudes of water vapor mixing ratio values obtained with VESPA-22 (blue}-and-by
convelving MiS-verticalprofiles{red}.), by convolving MLS HR vertical profiles with VESPA-22 averaging kernels (red), and
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by smoothing MLS HR vertical profiles with a 10-km running average (yellow). Please note that the time series at the five different
altitude levels have different scales on the Y-axis in order to better show the differences between datasets
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Figure 16:a15: A map showing the VESPA-22 retrieved profiles (colored map) compared to MLS convolved profiles (black lines).

The blank areas eharacterizeindicate the interruptionperiod-tongerlack of VESPA-22 data for more than three days. White
solid lines indicate the time series of the sensitivity interval.
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Summary

VESPA-22 was installed at the Thule High Arctic Atmospheric Observatory (THAAOY; http://www.thuleatmos-it.it/) located
at Thule Air Base-{, Greenland}, in July 2016 for long-term observations of the Polar middle atmospheric water vapor- and
column content. The instrument is characterized by a full-beam—at-hatfpewerFWHM encompassing 3.5%° (Bertagnolio et
al., 2012), granting the observation of the signal beam at angles as low as about 12° above the horizon. The instrument is
installed indoor in a wooden annex to the main laboratory and observes the sky emission through ebservation-windows made
of 5-cm thick Plastazote LD15 sheets. FhereDuring clear sky conditions, there are no evident artifacts larger than 2 mK
affecting the measured spectra. VESPA-22 operated automatically with minimum need of maintenance for about one year,
proving the robustness of hardware and acquiring system.

tastrumentThe instrument calibration is regularly performed using two noise diodes. The emission temperature of these

elements is measured during tipping curve calibrations and checked periodically agatastwith liquid nitrogen calibrations. The

calibrating noise diode temperature is estimated with an uncertainty of 1.3%,-evatuated-confrontingcalibrationresults

VESPA-22 retrieval algorithm is based on the optimal estimation technique; (Rodgers, 2000); the retrieved profiles from 24-
hour integration spectra have aan average sensitivity larger than 0.8 from about 2526 to 72 km of altitude and a vertical
resolution from about 12 to 23 km.

The forward model is provided by the ARTS software (Eriksson et al., 2013}-and-it-simutates), which is tuned to reproduce
the VESPA-22 measurement technique. In order to perform a realistic simulation of the troposphere, the PWV measured by
the HATPRO radiometer (Rose and Czekala, 2009; Pace et al., 2015) operating side by side with VESPA-22 is taken into
account in the forward model.

The uncertainty on VESPA-22 retrieved water vapor mixing ratio vertical profiles is evaluated as the sum of the contributions

offrom calibration, pre-processing-anéd, spectroscopic parameters-are-measurementneoises, measurements noise, and use
of a second-order polynomial baseline in the retrieval process. In the sensitivity range of VESPA-22 retrievals, the total

uncertainty is estimated to be about 5-6 % from 26 to 60 km increasing to about 3218% at 72 km.
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VESPA-22 and MLS retrievedwater vapor profiles are compared during a period from July 2016 to MayJuly 2017. The
VESPA-22 data used in the comparison are the results of retrievals from 24-hour integration spectra, frem-00:00-t0-23:59;
while MLS data are the daily mean vertical profiles collected by MLS in a radius of 300 km around VESPA-22 observation
POINt—MESPA-22 and - MLS convolved datasetsshowagood-correlationwith a-correlationcoefficient of about 0.8
oer-higherm=VESPA-22 averaging kernels. No significant bias-biases were observed between the two datasets was-ebserved
in the altitude range from 25 to 60 km, whereas in-the—altituderange-from 60 to 72 km the value of the mean difference
(VESPA-22 — MLS) increases reaching -6% (-0.2 ppmv) at 72 km. A good correlation is also found between VESPA-22 and

MLS smoothed (see Section 5) vertical profiles in the entire vertical range (from 26 to 72 km altitude, on average) where
VESPA-22 profiles are considered valid.
The results described in this manuscript proved that VESPA-22 is capable of carrying out reliable middle atmospheric water

vapor stratespherie-measurements during different seasons and weather conditions, even-during-spring—and-surmmer;
although the data-celected-intheseperiodsareatfected-bylargerneisevertical range where the dataset is recommended
for scientific use is reduced in summer with respect to etherseasens,-due-to-thelargerameountof-tropespheric-water

a¥a y DA i 0

b}—Furthermeore;. VESPA-22 retrievals are capable of correctly represent the rapid variations in water vapor concentrations

that can occur in the stratosphere, as demenstratedrevealed by the large water vapor gradients measured rboth by VESPA-
22 and Aura/MLS in mid-December 2016, late January/early February 2017, and then again during April and May (see Figure
16} by both- VESPA-22 and Aura/MLSFigure 15). At the same time, VESPA-22 spectral measurements and corresponding

mixing ratio retrievals appear to have the necessary stability and consistency to observe slow seasonal variations, such as the

water vapor subsidence occurring inside and at the edge of the Polar vortex.
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