The reply to the anonymous referee #1 (RC1)

We are thankful to the referee for the very dethdémalysis of our study. We appreciate the
criticism and accept this criticism as very usdtuwldeeper understanding of the combination of
a large number of problems relevant to the consttlescientific task (the LWP gradient
detection by microwave observations). However, wendt agree with several comments and
suggestions made by the esteemed referee and bedqwesent our argumentation for that. At
the same time we definitely agree with one of thestmimportant statements of the referee
relevant to the general conclusion which was madgur study: there was indeed a discrepancy
between our too optimistic declaration: the results confirmed the presence of the horizontal
land-sea LWP gradient in the vicinity of the radiometer” and the results which were presented in
Fig. 12. When preparing the revised version of manuscript we chose another scenario
(greatly improved) for training of the regressidgaaithm and we got new results which are now
in full agreement with our previous declaratioregde see our answers below).

Despite the fact that we argue with several comsant suggestions of the referee, we took all
of them into account while preparing the revisedsiam of our manuscript. We agree that we
might have described the corresponding issuesdrotlginal version of the article not clearly
enough. One of the main critical comments of tHeree is related to methodology. We hope
that the explanations given in the revised versianify the logic of our research activities and
show why we keep the structure of the article &edapproach unchanged in the revised version.

Below, the actual comments of the referee are givenld courier font and blue colour
The text added to the revised version of the maipiss marked byed colour

Notice: Since both anonymous referees made several similar remarks, our answers to
these remarks which are given in both replies are identical.

In this paper, the authors want to analyze liquid w ater path (LWP) gradients
in a coastal area based on microwave radiometer (MW R) measurements. While the
topic in general is of interest, | have substantial concerns about the paper

in its present form.

To the extent of our knowledge the studies devotedthe detection of horizontal
inhomogeneities of atmospheric parameters from rgtdaased passive microwave
measurements are not numerous and ours is theaftestpt to solve the specific problem
relevant to the LWP gradient detection by microwenethod in the coastal area. Therefore, we
decided that it would be interesting for the safentommunity to see the step-by-step analysis
of the problem from the very beginning, i.e. stagtiwith the consideration of the forward
problem. The task that faces us appeared to be moch complicated than expected when the
study had been conceived. We revealed that thexemamny possible directions of further
research both in simulating measurements numeyieatl in conducting the experiment with
modified setup. However, we still have the feelihgt the very first results which we obtained
will be interesting and useful for the remote segsscientific community. So, it was the
background for our decision to present in the lkertiall our first results along with the
identification of problems and possible ways ottier development of this research. We do not
claim that we obtained the final solution. We destaate the complexity of the problem. We
partly understand the criticism of the referee tamsaour paper, but we would like to stress, that
the experimental setup of the HATPRO radiometeo@at measurements site was initially
developed for improving temperature retrievalshtia tower layers rather than for solving the
problem of the LWP gradient detection. However,menaged to apply these measurements to
the task under consideration and got promisingliesin order to clarify the logic of our



research, we added the following text at the endhef introduction section in the revised
version:

To the extent of our knowledge, the studies devotedthe detection of horizontal
inhomogeneities of atmospheric parameters from rgidaased passive microwave
measurements are not numerous and ours is theaftesnpt to solve the specific problem
relevant to the investigation of the LWP gradienthie coastline area. Therefore, we decided
that it would be reasonable to present the steptéy-analysis of the problem starting from the
consideration of the forward problem and to demmaistthe complexity of the task that faces
us. We used the classical approach to the solutiomwedrse problem of atmospheric optics:
analysis of the forward problem on the basis ofusitiions, analysis of measured quantities for
several test cases, tuning the retrieval algorifimocessing the experimental data with the help
of this algorithm, and the comparison of the resuit the independent data. Although the
concept of using angular measurements to charaetevater vapor and liquid water path
gradients is feasible, its practical applications @ery difficult due to the high variability of
the liquid water in the clouds, the inhomogeneitywater vapor, etc.. In addition, we would
like to emphasize that the experimental setup @ HATPRO radiometer at our observational
site was initially developed for improving tempenat retrievals in the lower layers rather than
for solving the problem of the LWP gradient detestiHowever, we managed to apply these
measurements to the task under consideration angrgmising results.

A large part of the paper is dedicated to the analy sis of measured off-zenith
brightness temperatures (BTs) in comparison to calc ulated off-zenith BTs
based on the retrieved atmospheric profiles from ze nith MWR measurements. The
authors state correctly that the BT difference (DTB ) which they then derive

is related to the gradient in LWP, gradients in T a nd q as well as further
errors and uncertainties. The latter point is reall y crucial.

To our opinion, we can not distinguish any singténp as crucial. In the discussion section of
the article, we have indicated a large number béofactors which could provide an impact on
the considered problem including the sampling seenabservational geometry, observational
condition control, etc..

Large uncertainties are related to the forward calc ulations they performed
using the retrieved T and g profiles (highly smooth ed!) and the retrieved
LWP. Even if the retrieved LWP is quite accurate, i t is still unclear where

to place the liquid water vertically. This is not d iscussed at all and will
lead to large uncertainties in the calculated brigh tness temperatures and
brightness temperature differences. This has large implications for the
results shown in Figs. 6-10, but the authors merely discuss them.

We would like to argue with the esteemed referemresg this notion. Indeed, the considered
microwave remote sensing method provides highlyathexsl T and g profiles and this fact is
known and it was quantified in a number of studigs the help of DOFS calculation (Degrees
Of Freedom for Signal). This essential nature ad thdiative transfer of the downwelling
radiation in the considered microwave range exhiligelf both in the forward and inverse
problems. The brightness temperature calculationghfe zenith and off-zenith geometry are
equally insensitive to small scale variations & garameter distributions along the line of sight.
Therefore this smoothing feature does not affectaalculations and relevant conclusions. So,
we argue thatThis has large implications for the results shown i n Figs. 6-10 ",
The referee pays attention to the important isshelwconcerns the placement of the cloud
vertically. This issue is closely related to thelgem of the profile smoothing and poor spatial
resolution of the method. The value of DOFS shole number of independent pieces of
information that can be extracted from microwaveestations. For liquid water profile, DOFS
is less than 2 that means the small influence efithuid water distribution on the results of the
brightness temperature calculations. This factcatgis implicitly that the placement of the cloud
vertically does not play a crucial role in forwasdlculations and in the solution of the inverse
problem. A kind of proof for that is a wide useregression algorithms for joint IWV (integrated
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water vapour) and LWP retrieval from 2-channel obsgons under the conditions of large
uncertainty in the temperature profile and withamy information on the cloud placement.
However following the comment of the referee thatmerely discuss this problem in the article
we added the following text in the section “Casglgt just before the analysis of Figs. 6-10:

Prior to analysing the cases, we would like to mak&ote concerning the accuracy of
calculations of the brightness temperature diffeeerThese calculations use the temperature,
humidity and cloud liquid water profiles retrievé@m zenith observations as an input. It is
well known that the ground-based microwave methasl father poor spatial resolution which
yields smoothed profiles and the very large unaasteof the vertical placement of a cloud.
This fact is known and it was quantified in a numioé studies with the help of DOFS
calculation (Degrees Of Freedom for Signal whicbvstthe number of independent pieces of
information that can be extracted from observajiombis essential feature of the transfer of
the downwelling microwave radiation in the consetbspectral region exhibits itself both in
the forward and inverse problems. The brightnesgpé&zature calculations for the zenith and
off-zenith geometry are equally insensitive to dmsdale variations of the parameter
distributions along the line of sight. Therefora@stlsmoothing feature does not affect our
calculations and relevant conclusions. The curvension of the retrieval setup assumes the
placement of a cloud inside the 0.5-5.5 km altitualege (low and medium clouds). Outside
this range, the cloud liquid water profile is caagied to zero values. The workability of this
retrieval setup has been confirmed in the studypthel/to cross-validation of different methods
of the LWP retrieval (Kostsov et al., 2018a). Hquid water profile, DOFS is less than 2 that
means the small influence of the liquid water distiion on the results of the brightness
temperature calculations. This fact indicates igifhji that the placement of the cloud does not
play a crucial role in forward calculations andtlie solution of the inverse problem. Also, a
kind of proof for that is a wide use of regressalgorithms for joint IWV (integrated water
vapour) and LWP retrieval from 2-channel observatiounder the conditions of large
uncertainty of the temperature profile and withauty information on the cloud vertical
location. Based on the above mentioned reasons;onsider the applied radiative transfer
model accurate enough for making comparisons betweeasured and calculated brightness
temperature values. Also, it is important to ndi@t tmost of the cases which were selected for
analysis are characterized by clear sky conditiover the water area, therefore the cloud
placement error is absent for the off-zenith caltahs.

As far as the issue of the cloud placement is aoreck we note that this placement (not only
vertical, but also horizontal) becomes very impatrtior scattered clouds with horizontal size

smaller than the size of the water body under itigagon. This is due to the specific off-zenith

observational geometry. In the revised versiorhefdrticle we discuss this circumstance in the
new subsection 2.2 on the basis of extensive madetif scattered clouds and corresponding
radiative transfer calculations:

2.2 Modelling of measurements in the atmosphere vhitscattered clouds

Fig. 5b refers to an overcast atmospheric situatibith is the simplest but idealised case for
estimation of the magnitude of the LWP gradieneetfin the measurement domain. In order to
be closer to reality, we simulated the scatteredds over land and sea in the vicinity of the
radiometer using a Monte Carlo method. The obsiemalt plane (see Fig. 2) was extended
and divided into cells (two rows, each row contdidecells of the 12x3.25 km size) located
over the Gulf of Finland and two opposite shoreseach cell, the random number generator
produced the values of the following cloud paramsetthe vertical extent (0.3-2 km, uniform
distribution); horizontal size (0.5-5 km, uniforristlibution); the cloud placement within a cell
(uniform distribution); LWP (lognormal distributigpnlt should be emphasized that the average
horizontal size of generated clouds was much smtikn the size of the water body under
investigation. While modelling the LWP values, wensidered two situations: one with the
existing LWP land-sea gradient and another witisoweh a gradient. The mean LWP values for
the first situation were the same as taken preljoésr overcast conditions: (0.08 and
0.04 kg n¥ for land and sea correspondingly). For the seinmtion, the mean LWP value
was taken as 0.08 kg Treverywhere. The number of generated cases was 466000. Every
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instantaneous cloud spatial distribution was comtbinvith one set of the meteoparameter

profiles (temperature, pressure, and humidity). these meteoparameters, the assumption of
horizontal homogeneity was used. The sets of m®filere obtained in the course of 2 years of
observations by the HATPRO radiometer (2013-201ih) the sampling interval of 2 min. As

a result, we obtained a statistical ensemble whlieracterised all seasons.

The important issue which should be discussed sp#rcial attention is the influence of
the instrument field-of-view (FOV) on the interpagon of the off-zenith measurements. The
22 and 31 GHz channels are optically transpareen éeor small elevation angles. If the
vertical distributions of atmospheric parametershini FOV at a certain distance from the
radiometer can be approximated by linear functisims,effect of FOV will be negligible. The
situation can change crucially in case of scatterledds, especially small size clouds and
small elevation angles. With a 3-degree FOV, t#eIARO radiometer will be sampling an
air portion of about 1 km vertical size at 20 knstdhce from the radiometer. Possible
configurations of the observational geometry ineca$ scattered clouds are illustrated in
Fig. A. One can see that small clouds may appei@ebnwithin FOV of the radiometer (as
shown in Fig. A for the cloud over the opposite reho Some clouds may be missed by
observations due to their location in between timestof-sight (LOS) corresponding to
different elevation angles. Two or more scatterledids may fall into FOV. Moreover, one
cloud may be detected both in zenith and off-zeolitbervations.

Radiometer Water area Opposite shore

Fig. A: Possible configurations of the observatiorlageometry in case of scattered clouds
(a schematic illustration). Solid lines designatehe line-of-sight (LOS) of the observations at
various elevation angles. Dashed lines show thelfleof-view (FOV) of the radiometer.

Fig. A demonstrates the large variety of atmosghsituations. Obviously, for scattered
clouds it makes no sense to compare single zendho#-zenith observations since the LWP
gradient signal is a random value under such cimmdit It is evident that taking into account
not only the spatial variability of clouds but akbeir temporal variability, we can speak about
the LWP gradient component in measurements onlieims of mean values obtained by
averaging over large amount of data. Fig. B prestm statistical distributions of simulated
brightness temperatures at 31.4 GHz for four elemaangles. For each angle two situations
are considered: one with existing LWP land-sea igradand another without such gradient.
The input data for radiative transfer calculatiorese the Monte Carlo simulations of scattered
clouds described above. One can see from Fig. Bftitaall angles the distribution “with
gradient” is shifted towards smaller brightness pgemature values if compared to the
distribution “without gradient”; however this effeis less pronounced for the elevation angle
11.4° due to the influence of the clouds over thpasite shore of the water body.
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Fig. B: Statistical distributions (in terms of relaive frequency of occurrenceR) of brightness
temperatures at 31.4 GHz simulated for four elevatin angles and for two situations: one with
existing LWP land-sea gradient and another without sch gradient. Input data: the Monte Carlo
model of scattered clouds.

In order to estimate the component in measured tgyawhich is related to the LWP
land-sea gradient effect, we analyse the differdmetsveen the mean values Bf datasets
which were calculated for situations without andthwihe gradient. This difference is
equivalent to théy,q values shown in Fig. 5b and presents a measutieedfuseful signal”
relevant to the LWP gradient contribution. Therefowe use the same designation of this
difference and show it in Fig. C as a functiontad elevation angle. One can see the dramatic
contrast to the overcast case (see Fig. 5b). Fattesed clouds, there is no increase of the
useful signal for smaller elevation angles. Comntrige, theDgy.q values for elevation angles
11.4° and 14.4° are lower than for the angles 1ar&f 30°. The sharp decreaseDgf,q at
11.4° is explained by the influence of high LWPtloé clouds over the opposite shore of the
water body.

In order to assess if the instrument FOV affeces ritagnitude of the useful signal, we
present in Fig. C thBy,q values which were calculated for infinitely narrtw@am width, i.e.
neglecting FOV. The results show that there arearsiderable differences between the cases
“accounting for FOV” and “neglecting FOV”. One shadkeep in mind that we compare the
results which were obtained by averaging of a \@mye number of individual measurements.

However the effect of FOV exists and it is illusé@ by Fig. D which shows the statistical
distribution of the difference between the briglsswéemperature obtained neglecting FOV and
the brightness temperature obtained accountingr@Vv. We suggest that this difference is a
measure which characterises in the best way the k@Mence on the results of the
interpretation of the off-zenith measurements. &fiect of FOV exhibits itself in the form of
additional measurements noise which has a systemadi a random component. The absolute
value of the systematic component (characterisethé&ynean value of the distribution) is less
than 0.5 K for all four considered elevation anghesd this value can be considered as
negligible. No specific dependence of the systatrmaiimponent on the elevation angle can be
seen. In contrast, the random component, whicth@ésacterised by the standard deviation,
increases for smaller elevation angles. The obdairsdues of the random component can be
used for the estimation of a minimal number of wdlial measurements which should be
sampled in order to suppress considerably the énflta of FOV. For example, for a set
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consisting of about 600 individual measurements, rindom component of the error due to
neglecting FOV at the elevation angle 11.4° willrbduced to the value about 0.1 K. It means
that for the current experimental setup averagimgr ethe 10 day time period is enough for
suppressing the random error due to FOV.
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Fig. C: The LWP gradient signalDg,4 as a function of the elevation angle at 31.4 GHinput data:
the Monte Carlo model of scattered clouds. Solidrie (1) corresponds to the results obtained with
account for FOV; dashed line corresponds to the rests obtained when FOV is neglected.
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Fig. D: Statistical distributions (in terms of relative frequency of occurrenceR) of brightness
temperature difference Eroy “Tg neglecting FOV minusTg accounting for FOV” at 31.4 GHz
simulated for four elevation angles. Input data: tle Monte Carlo model of scattered clouds.

So, the described Monte Carlo simulations of cloadsl the brightness temperature
calculations lead to several important conclusiéinst, we reiterate that for scattered clouds it
makes no sense to compare single zenith and ofthizebservations since the LWP gradient
signal is a random value under such conditionsosgcfor averaged quantities, the magnitude
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of the component of measured signal determinedh®y. WP land-sea gradient (useful signal)
in case of scattered clouds is rather small anckthiee one can expect difficulties in detecting
it, especially taking into account the presencea ddrge number of interfering factors. Third,
the instrument FOV affects the results of the e@fiith measurements in case of scattered
clouds by introducing additional noise. Its systémaomponent is small and averaging over
several hundred cases can minimise its random coemioSo the assumption of infinitely
small beam width can be used for processing measunts if the analysis is done for averaged
guantities.

The authors see the problem of disentangling the BT signal of the LWP
gradient and that is why the analysis is very quali tative. However, this
discussion does not provide a new insight. The conc lusions which are drawn
could be made without having these measurements: e. g. a liquid cloud located

over the instrument with a clear-sky scene around w ill cause positive DTB
values. In my opinion, the whole section on the BT comparison does not
provide new insights but rather leaves the reader w ith many more open
questions.

If we understand the referee’s opinion correctlyefers to the section “Case study”. We can not
agree with this opinion and our reasons are tHeviahg:

1)

2)

3)

Forward calculations and their comparisons with sneaments (analysis in the
measurement domain) are very important and in nsingies they are a first and an
essential step before solving an inverse problelmeyTare especially useful when
considering the multi-parameter inverse problemglwphysically are formulated as ill-
posed. The solution of such problems implies thpliegtion of a priori information
which can affect the result to a great extent. @&siin case multiple parameters are
retrieved simultaneously, their retrieval errore aoupled in a complex way. These two
factors can make the analysis in the domain of lsbygzarameters difficult and
ambiguous. Therefore, we start with the analysithenmeasurement domain for better
understanding of the useful and interfering signals

We guess that the referee refers to our concluglom the end of section 3 when stating
that “The conclusions which are drawn could be made witho ut having these
measurements ”. This statement of the esteemed referee doese®h so obvious since:
(a) clouds are atmospheric objects, which are cheniaed by extremely large spatial and
temporal variability; (b) probably, the position tfe radiometer with respect to the
coastline and the experimental setup and geome¢rynat optimal for the considered
task. Therefore, the model simulations should beified by comparison with
experimental data. Besides the theoretical prexhatf the value of useful signals should
be compared to the experimental data.

The referee makes the remark about very qualitatheaacter of our analysis. This is
correct to a certain extent since the true stathefitmosphere over the water body (the
Neva bay) was unknown: the SEVIRI instrument presiéveraged data on LWP, and
there was no information on pressure, temperatace humidity profiles. Obviously,
guantitative analysis is problematic under suchkurirstances, but this is not our fault.
We managed however to make estimations of the uaeflinterfering signals.

However, following the referee’s comment we add@diagraph in the beginning of section 3:

Forward calculations and their comparisons with sneaments are the preliminary and
essential steps before solving inverse problenmany studies. Analysis in the measurement
domain can be especially useful when consideriegihlti-parameter inverse problems which
physically are ill-posed. The solution of such peohs implies the application of a priori
information which can affect the result to a grestent. Besides, in case multiple parameters
are retrieved simultaneously, their retrieval esrare coupled in a complex way. These two
factors can make the analysis in the domain of lsbpgrameters difficult and ambiguous.
Therefore we start with the analysis in the measereg domain for better understanding of the
useful and interfering signals. Since clouds amoapheric objects which are characterised by
extremely large spatial and temporal variabilitg aince the experimental setup and geometry
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were not optimised for considered task, the modeiukations should be verified by
comparison with experimental data. In addition, ttheoretical prediction of the value of useful
signal should be compared to the experimental data.

Additionally, we modified the conclusion #1 in Seat3:

Concluding this section, we can formulate the follgy statements:

1) As predicted, the LWP land-sea gradient (high#t over land, lower LWP over water) is
detectable and shows up as positive values of ffferehce between modelled and
measured brightness temperatures of the MW radiafibese positive values can be seen in
the whole considered range of elevation angles308). The experiment revealed that the
magnitude of the useful signdDy.9 can vary from 2 K to 24 K depending on elevation
angle and LWP land-sea difference (as it is pravidg the SEVIRI satellite instrument).
Obviously, thorough quantitative analysis is profé¢ic due to the fact that the true state of
the atmosphere over the water body (the Gulf oflakit) was unknown: the SEVIRI
instrument provided averaged data on LWP, and tlvaseno information on corresponding
pressure, temperature, humidity profiles and tyfpeaudiness.

The authors recognize that the best way to proceed is to develop and apply
LWP retrieval algorithms and compare LWP directly f or the different elevation
angles. | agree that this is the way to go, however , again the methodology
that they follow to derive the retrieval coefficien ts is not sound: the
authors take the retrieved T and q profiles togethe r with the retrieved LWP
again to simulate the BTs for the various elevation angles. Also, here it is

not reasonable to use the retrieved profiles for th e forward calculations due
to the very smoothed T and q profiles (which are th us not representing the
realistic atmospheric state). It is again not clear how LWP is vertically
distributed. A proper way to generate retrieval coe fficients is to use a
representative, realistic set of atmospheric profil es from radiosonde or NWP
model data.

We do not agree with this statement. Above, we lakeady presented our opinion about the
problem of profile smoothing and the cloud vertigghcement in general and about their

influence on the results of the forward calculasiam particular. As we have already noticed, the
more important problem is the cloud horizontal sine placement in case of scattered clouds. In
the revised version of the manuscript, we appli@dMonte Carlo model of scattered clouds for

the derivation of regression coefficients. We utegse new regression coefficients and added
the retrieval results to the plots which show mbntheans of the LWP gradient, please see our
answers below.

The MWR measurements/simulations are also set into context to a SEVIRI LWP
product. In order to be able to set the results in context to SEVIRI, which
views a different scene than HATPRO, a more thoroug h analysis of the

representatively is needed.

We strongly disagree with this remark of the reder@irst of all, thorough comparison of the
HATPRO and SEVIRI data on LWP has already been donevo previous papers by the
authors’ team published in AMT. The referenceshiese papers are given in the present article
in the proper context. We do not think that it écessary to reproduce already published results.
However, addressing this remark of the refere¢hénmiddle of section 4 after the formulae (6,
7, 8) we added a short note in order to emphasigeaggreement between the HATPRO and
SEVIRI data which had been demonstrated previously:

We would like to emphasize that the extensive &odough comparison of the HATPRO and
SEVIRI data on LWP for pixel 243 has already beedenand the results have been published
(Kostsov et al., 2018b, 2019). Good agreement &y dnean LWP of the ground-based and
satellite data has been revealed. Moreover, thesetomparison of the HATPRO LWP data
with the data from two space-borne instruments $FVand AVHRR confirmed the
agreement not only for averaged values, but alscsifigle measurements (Kostsov et al.,
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2019). To date, there were no attempts to comparaadtellite and ground-based data on LWP
over water surfaces. However, the validity of tla¢eHite data over large water bodies was
confirmed implicitly by the comparison of the SEVIBnd AVHRR results over the Gulf of
Finland and the Lake Ladoga (Kostsov et al., 2019).

I am not sure how much can be concluded from the co mparison provided in Figs.
11-12. Yes, on the one hand, SEVIRI and the MWR rev eal similar signatures to
some extent, on the other hand there are also quite differences. It is
totally unclear if this is due to sampling issues, viewing geometry or
methodology. Even if uncertainties are discussed | do not see a robust result

that can be provided from this comparison.

We agree with this remark of the referee. The aggroto training the regression algorithm

which we had applied previously appeared to befecgial (we trained the algorithm separately
for each of the considered seasons and years arsideced the overcast case only neglecting
scattered clouds with varying horizontal and veitextent). When preparing the revised version
of the manuscript, we made thorough forward moaiglbf scattered clouds and on the basis of
this modelling we trained the regression algoritithe proper training yielded new retrieval

results which are robust and clearly show the pesef the LWP land-sea gradient and its
seasonal features. We added the comparison withrg@ealysis data which showed good

agreement between the microwave data and reanalgtas A large part of section 4 has been
changed. The new text and figures are presented her

In the course of developing the retrieval algorithwme used two variants of training data sets. At
first, we trained the algorithm separately for eaththe seasons and years and considered only the
overcast case with limited range of variationstef tloud base and the cloud vertical extensions Thi
approach appeared to be ineffectual and did nolym® robust results. It was found that extensive
forward modelling of scattered clouds with highgriable parameters was necessary. Therefore,yfinall
training of the regression algorithms was perforroedthe basis of the Monte Carlo modelling of the
atmosphere with scattered clouds described in stibee2.2. The complete training dataset includes t
values of LWP calculated along the line-of-sightl aonverted to the LWP in the vertical column. In
case of crossing several clouds by the line-oftstpp LWPs from all these clouds were taken into
account. The brightness temperatures at 22.24 Gidz34.40 GHz were calculated accounting for the
instrument FOV. This training dataset was usedetive the regression coefficients. As a result,gfach
of the regression algorithms (linear or quadraticjhe LWP retrieval we had at our disposal 8 &éts
regression coefficients corresponding to 8 elewatingles. Testing of the regression algorithmshan t
numerical experiments conducted for simulated asrconditions and scattered clouds has shown that
the algorithms overestimate the true LWP for offiite observations with the bias in the range 0.003-
0.006 kg nif (for elevation angle 60°). The bias slightly ireses for smaller elevation angles. For zenith
observations, the bias is negligibly small. So,c@@ make the conclusion that the algorithms can not
overestimate the LWP gradient, if it is detectedlevhrocessing field measurements.

We would like to emphasize that the extensive dmtough comparison of the HATPRO and
SEVIRI data on LWP for pixel 243 has already beedenand the results have been published (Kostsov
et al., 2018b, 2019). Good agreement for daily meafP of the ground-based and satellite data has
been revealed. Moreover, the cross-comparisoneofithTPRO LWP data with the data from two space-
borne instruments SEVIRI and AVHRR confirmed theeggnent not only for averaged values, but also
for single measurements (Kostsov et al., 2019)date, there were no attempts to compare the satelli
and ground-based data on LWP over water surfacewsektr, the validity of the satellite data ovegkar
water bodies was confirmed implicitly by the compan of the SEVIRI and AVHRR results over the
Gulf of Finland and the Lake Ladoga (Kostsov et20.19).

Taking into account the remarks made above, weanatyse Fig. 12. First of all, we pay attention
to the fact that after removing the LWP values grethan 0.4 kg ffifrom the SEVIRI datasets tig wp
derived from satellite observations became mucHlenthan shown in Fig. 11 for the complete dataset
However the temporal behaviour remains the same Biy. 11 for all seasons if we look Bt;. If we
look at Ds, and Dsg we can notice the increase of values from Febrtariarch 2013 instead of
decrease as shown in Fig. 11. The most importasultreshown in Fig. 12 is that the ground-based
microwave measurements definitely detect the LWiRd4dsea gradient during all seasons and this

9



gradient is positive as in case of the satellitesneements (larger LWP values over land and smaller
over sea). The gradient is negative only for Ma26i3 but its corresponding absolute value is small.
Comparing the gradients obtained by the groundébasmasurements during warm and cold seasons we
may conclude that in general the gradients durlg season are smaller than during warm season and
not as variable as during warm season. For warnsoseathe gradient derived from microwave
measurements at the 60° elevation angle is smidléar the gradients obtained from measurements at
other elevation angles. It is interesting to nbi there are no noticeable differences betweerdhes
corresponding to elevation angles 11.4°, 14.4° H@° during warm season and between the values
corresponding to all considered angles during s®dson. This fact leads to the conclusion that the
clouds over the opposite shore do not produce iaaaiile influence on the results. Therefore heeeaft
when comparing the SEVIRI and HATPRO data we stwikider only th®s; values.

For the warm seasons of 2013 and 2014, temporahmir of the LWP gradient revealed by the
satellite measurements completely differs from thistained by the ground-based measurements. The
satellite measurements show two local maxima inedluly and in October while the ground-based
measurements demonstrate maxima in May and AugeBiber. The maximal values of the gradient
derived from satellite observations are much latgan the maximal values of the gradient derivednfr
ground-based observations. In contrast to the waeason, during the cold season the temporal
behaviour of the gradient is the same for the SE\AR] the HATPRO results. In order to find any
explanations for the agreement of the resultsrimseof temporal behaviour during cold season amd th
disagreement during warm season, additional inyaistins are necessary involving thorough assessment
of the error budget of the results — not only gaxbased but also derived from satellite observatitn
should be noticed that the analysis of the quastith the measurements domain demonstrated several
similar patterns in temporal behaviour®fg andDp during warm season of 2014 and cold season of
2013.

It is interesting to compare the obtained valuethefLWP land-sea gradient with the data which
are provided by reanalysis, namely ERA-Interim frddBCMWF (Dee et al., 2011). The main
shortcoming of such comparison is the coarse dpaslution of the reanalysis data. The internal
resolution of the ECMWEF data is 0.75 deg, i.e. a8fukm which is too poor to describe the scene of
our experiment. For higher resolutions of the régis data, the interpolation procedure is appliadt,
the highest recommended resolution is 0.25 dedif®38 So we have chosen the 28 km resolution but
even in this case we could not apply the reanalyata to the scene of our experiment. Therefore we
selected two areas 025.25 deg which are the nearest to the HATPRO raglierrand which represent
the land surface and the water body. The locatibthese areas on a map is shown in Fig. E. The
ECMWF data for land surface refers to the territogated about 30 km to the south from the HATPRO
radiometer. The ECMWF data for the water surfaderseto the territory located about 120 km to the
west and 30 km to the north from the measureméat 8he ECMWEF data on LWP for 6 and 12 UTC
were collected and averaged over a period of or@hmo

The comparison of the LWP gradient from SEVIRI, H¥RO and the ECMWF reanalysis is
presented in Fig. F. Due to large displacemenhefreanalysis data we can not expect the agreement
temporal behaviour but we can compare the averagmitude of the LWP gradient. For a warm season,
one can see a very good coincidence of the magnitidhe LWP gradient derived from the ground-
based observations and provided by reanalysis. bEis¢ agreement can be seen for the period May-
July/August. The discrepancies increase duringptréod August-October 2014. For the cold season in
contrast to SEVIRI and HATPRO, the reanalysis piesi negative LWP land-sea gradients. However,
the absolute values of these gradients are not.l8ige HATPRO results display positive gradientd an
the temporal patterns are similar to the pattehwsve by the SEVIRI data. In general, we can make
three main conclusions from this comparison. Fiitst, SEVIRI and the HATPRO instruments detect
positive LWP land-sea gradients during all seadmrtsthe magnitude of the gradient detected by the
ground-based instrument is considerably smallen thetected by the satellite instrument. Second, the
LWP gradients provided by HATPRO and reanalysisinduithe warm season are in a very good
agreement. Third, the reanalysis data demonstemative LWP gradient during cold season in contrast
to the SEVIRI and the HATPRO data. The mean vabidbe LWP land-sea gradient for all considered
time periods are given in Table T1. One can sektligae are no noticeable seasonal differenceken t
SEVIRI data while the HATPRO results demonstratgeiovalues during cold season. The analysis of
physical reasons for the seasonal differencesdnLiVP land-sea gradient is beyond the scope of the
present study. To our opinion, such analysis reguinuch more data including the satellite data &sinp
over various water bodies.

Also, Fig. F demonstrates how some factors affeetobtained results. We preséntyp obtained
by the HATPRO instrument at the elevation angled14or three scenarios of training the regression
algorithm. The main scenario describes scatteredds| existing LWP land-sea gradient, and the
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microwave measurements with the account for FO\e 3é&cond scenario neglects FOV and the third
one describes the conditions without LWP land-gedignt. One can see both factors produce negyigibl
small effect on the obtained results. The conclusias expected since neglecting FOV is equivakent t
the presence of additional random noise which @psssed by averaging. Also, it is important to
mention that the presence of the LWP land-sea gnadin the training data set does not automatically
provide its detection when processing the field gaign data. The training was performed with respect
to LWP values rather than the gradient values. d&ssithe training was performed for each elevation
angle separately.

Table T1. Mean values of the LWP land-sea gradiemim?) for different time periods derived from the
SEVIRI and the HATPRO observations and providedhgyECMW reanalysis.

Season SEVIRI HATPRO ECMWF
2013WH 0.022 0.011 0.009
2014WH 0.025 0.013 0.006
2013CD 0.018 0.003 -0.005
2014CD 0.022 0.005 -0.003
(a) (b)
0.04 2013 WH 0.04 | 2014 WH
0.02 0.02
2 000 2 o000
£ L g L
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Figure 12: Monthly mean land-sea LWP differenceD ywp as a function of time for various time periods oldined from the
satellite and the ground-based observationdy; (j=1,...,4) denoteD yp obtained by the HATPRO instrument at four
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elevation angles (colour lines, see the legend)s; (j=1,2,3) denoteD yp obtained by the SEVIRI instrument and
calculated by three different formulae, see the tex
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Fig. E: The map showing the geographical location dhe reanalysis data on LWP for the land surface (@) and for the
water body (blue).
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Figure F: Monthly mean land-sea LWP differenceD,p as a function of time for various time periods oldined from the
satellite and the ground-based observation®y denotesD, yp obtained by the HATPRO instrument at the elevatiorangle
14.4° for three scenarios of training the regressioalgorithm (green lines, see the legendRs; denotesD,yp oObtained by
the SEVIRI instrument and calculated by formula (6) D, is the LWP land-sea gradient provided by the ECMWF
reanalysis.
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In the end, the authors state that: “The main concl usion of the study is the

following: the approach to detection of the land-se a LWP gradient from
microwave measurements by the HATPRO radiometer ope rating at the
observational site of St.Petersburg State Universit y has been successfully
tested and the results confirmed the presence of th e horizontal land-sea LWP
gradient in the vicinity of the radiometer”. When | ooking at Fig.12, D_LWP
for HATPRO reveals various kinds of differences for LWP in zenith and
offzenith directions. These differences are sometim es positive, sometimes
negative but there is not a scientific conclusion w hich can be drawn in my
opinion; at least from the results which are presen ted and considering all
the uncertainties which are prevailing in the metho dology. Thus, the paper
does not provide substantial new insight in this to pic in its current form.

We agree in general with this remark but we patthagree with the conclusion of the esteemed
referee thatthe paper does not provide substantial new insight in this topic in

its current form ”. Our study tackles not one single topic of a kiddes the LWP land-sea
gradient exist or not?” but a variety of problemmsl aspects relevant to passive microwave
remote sensing using off-zenith geometry. Our siagyioneering in solving the specific task of
the LWP land-sea gradient detection and therefasenatural that some questions are left open.
We would like to draw the attention of the esteemeddree to the title of our paper: “feasibility
study”. Our study is self-consistent in this regpaed new insights which are present in the
paper refer to the experimental results and tHenmoand analysis. As far as our conclusion is
concerned, we have already mentioned in the baggnaf our reply that we definitely agree
with one of the most important statements of thieree relevant to the general conclusion which
was made in our study: there was indeed a discogplagtween our too optimistic declaration:
“...the results confirmed the presence of the horizontal land-sea LWP gradient in the vicinity of

the radiometer” and the results which were presented in Fig.\When preparing the revised
version of our manuscript we chose another scen@rneatly improved) for training of the
regression algorithm and we got new results (desdrabove) which are now in full agreement
with our previous declaration. However we have n@aged the conclusion section accounting
for the new retrieval results:

6 Summary and conclusions

Previously, the measurements of the cloud liquidewaath (LWP) by the SEVIRI and AVHRR
satellite instruments provided the evidences ofsiystematic differences between LWP values over
land and water areas in Northern Europe. In thegmiestudy an attempt is made to detect such
differences by means of ground-based microwavereagens performed near the coastline of the
Gulf of Finland in the vicinity of St.Petersburgu$sia. The microwave radiometer RPG-HATPRO
located 2.5 km from the coastline is functioninghe angular scanning mode and is probing the air
portions over land (at elevation angle 90°) andravater area (at 7 elevation angles in the range
4.8°-30°). The data obtained within the time peridecember 2012 — November 2014 were taken
for analysis.

In this study we used the classical approach tedhgion of inverse problem of atmospheric
optics: analysis of the forward problem on the dadisimulations, analysis of measured quantities
for several test cases, tuning the retrieval allgorj processing the experimental data with the help
of this algorithm, and the comparison of the restdt the independent data. The decision to make
such step-by-step analysis was stipulated by the tfeat although the concept of using angular
measurements to characterize water vapor and ligaigr path gradients is feasible, its practical
applications are very difficult due to the high iaaility of the liquid water in the clouds, the
inhomogeneity of water vapor, etc.. The high terapand spatial variability of cloud parameters
(vertical and horizontal placement, horizontal siz®/P, vertical extension) are the reason for
solving the problem of detection of the LWP land-ggadients only on the basis of averaging of a
large number of measurements.

At the first stage on the basis of simulations udahg the Monte Carlo simulations of the
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atmosphere with scattered clouds, the assessmentiovee of the magnitude of the LWP land-sea
gradient signal in the brightness temperature nreasents. The estimations show that the mean
value of this signal at 31.4 GHz can vary in a widege from 2.5 K for scattered clouds up to 4-
14 K for overcast conditions. The instrument fiefaview (FOV) affects the results of the off-zenith
measurements in case of scattered clouds by irghogladditional noise. The systematic component
of this noise is small and averaging over sevenadhed cases can minimise its random component.
So the assumption of infinitely small beam widtim dee used for processing measurements if the
analysis is done for averaged quantities.

At the second stage of investigations the probléthe LWP gradient detection is examined
in the measurement domain in the special case siuybrightness temperatures of the microwave
radiation measured at different elevation anglethén31.4 GHz and 22.24 GHz spectral channels
are analysed and compared with the correspondingevawhich were calculated under the
assumption of horizontal homogeneity of the atmesphThe difference between measured and
calculated brightness temperatui2g; is taken as a main quantity for analysis. Sevepalcific
cases, selected on the basis of the satellite wdts@ns by the SEVIRI instrument were considered
in detail including: clear-sky conditions, the prase of clouds over the radiometer and at the same
time the absence of clouds over the Gulf of FinJaartl the overcast conditions over the radiometer
and over the opposite shore of the Gulf of Finlaks predicted, the LWP land-sea gradient (higher
LWP over land, lower LWP over water) shows up asitpe values of the difference between
modelled and measured brightness temperature® dfitil radiation. The analysis of the test cases
revealed that the magnitude of the LWP gradienmiaign brightness temperature measurements can
vary from 2 K to 24 K depending on elevation argtel LWP land-sea difference (as it is provided
by the SEVIRI satellite instrument). These positiadues can be detected in the whole considered
range of elevation angles (4.8°-30°). The effecLWP land-sea gradient at small elevation angles
can be masked by the signal from clouds over thmosite shore of the Gulf of Finland. Besides,
there is a systematic negative component of thghbress temperature difference which is clearly
revealed under cloud-free conditions and can reacthe warm and humid season 20K by its
absolute value at small elevation angles. Sowardo not have enough information for accurate
identification of the origin of this negative conmamnt.

The analysis of monthly mean values®f; at 31.4 GHz (the LWP gradient signal in the
measurement domain) does not lead to unambiguoususion about the existence of the LWP
land-sea gradient since the sign of these valualsemating. However, several similar patternsever
detected in the temporal behaviour Bfg and the LWP gradient derived from the satellite
observations by the SEVIRI instrument (in particular May-August of 2013 and 2014 and for
February-April 2013). The presence of these similatterns confirmed the conclusion that the
systematic component in measurements makes thgsanah the brightness temperature domain
(i.e. measurement domain) complicated. The suggestias been made that this systematic
component is caused by water vapour inhomogenieitgrder to perform a separation of variables
in our problem, we abandoned the analysis of ttentiies in the measurement domain and started
the analysis in the domain of sought parametergdri and quadratic regressions have been selected
as suitable retrieval algorithms for the LWP retais.

Training of the regression algorithms was perfornmed the basis of the Monte Carlo
modelling of the atmosphere with scattered cloutiglwwas used for extensive simulations of the
microwave measurements when the forward problemamak/sed. In the present study, we used for
retrievals only two of seven spectral channelha K-band: 22.24 GHz and 31.40 GHz. Testing of
the regression algorithms in the numerical expenisieonducted for simulated overcast conditions
and scattered clouds has shown that the algoritbmesestimate the true LWP for off-zenith
observations with the bias in the range 0.003-0.R§6r° (for elevation angle 60°). The bias
slightly increases for smaller elevation angles. Zenith observations, the bias is negligibly small
So, we can make the conclusion that the algoritbamsnot overestimate the LWP gradient, if it is
detected while processing field measurements. Tinead and quadratic regression algorithms
produced similar results, therefore the resultsiokd by the linear regression algorithm only are
presented in the article.

The most important result is that the LWP retrisvééfinitely demonstrate the existence of
the LWP land-sea gradient during all seasons aisdgtiadient is positive as in case of the satellite
measurements (larger LWP values over land and smalker sea). The gradient is negative only for
March 2013 but its corresponding absolute valugniall. Comparing the gradients obtained by the
ground-based microwave measurements during warmcaltd seasons we may conclude that in
general the gradients during the cold season aedlesnthan during the warm season and not as
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variable as during the warm season.

The intercomparison of the LWP land-sea gradiena deom the HATPRO and SEVIRI
measurements and the ECMWEF reanalysis has beeedccaut. The SEVIRI and the HATPRO
instruments detect positive LWP land-sea gradieiisng all seasons but the magnitude of the
gradient detected by the ground-based instrumertoisiderably smaller than detected by the
satellite instrument. For the warm seasons of 2848 2014, temporal behaviour of the LWP
gradient revealed by the satellite measurementpletehy differ from that obtained by the ground-
based measurements. In contrast to warm seasdngdwld season the temporal behaviour of the
gradient is the same for the SEVIRI and the HATPRGuIts. The LWP gradients provided by
HATPRO and reanalysis during warm season are ierg good agreement. During cold season in
contrast to the SEVIRI and the HATPRO data, thenagsis data demonstrate negative LWP
gradient.

The main conclusion of the study is the followitige approach to detection of the land-sea
LWP gradient from microwave measurements by the RRD radiometer operating at the
observational site of St.Petersburg State Uniwersés been successfully tested and the results
confirmed the presence of the horizontal land-s@&Lgradient in the vicinity of the radiometer.
Further research is needed in order to increasadberacy of the retrieval method and to find the
explanations for the revealed differences in theggmitade and temporal behaviour of the LWP
gradient obtained from the ground-based, satedlitd reanalysis data. The study has identified
several problems: sparse data sampling in angcgamsng mode, not optimal azimuthal orientation
of the instrument, the necessity to improve the gabcessing algorithm and the need to find the
origin of the systematic component in signal meagim angular scanning mode.

Accordingly, we made some changes in the Abstract:

Preliminary results of the retrieval of LWP overteraby statistical regression method applied to the
microwave measurements by HATPRO in the 31.4 GHiz2#h24 GHz channels are presented. The
monthly averaged results are compared to the qminelng values derived from the satellite

observations by the SEVIRI instrument and fromrdenalysis data. The SEVIRI and the HATPRO
instruments detect positive LWP land-sea gradielsng all seasons but the magnitude of the
gradient detected by the ground-based instrumertoisiderably smaller than detected by the
satellite instrument. The LWP gradients providedHATPRO and reanalysis during warm season
are in a very good agreement. During cold seas@omtrast to the SEVIRI and the HATPRO data,

the reanalysis data demonstrate negative LWP gradie

In my opinion, the paper needs substantial revision which is beyond major
revisions. For this reason, | recommend to decline the manuscript. | suggest
to extensively revise the study and encourage the a uthors to submit a paper

at a later stage.

The referee suggests to extensively revise theydtegond major revision and to resubmit it.
First of all we would like to stress that the studybased on the experimental data obtained
during several years — brightness temperatures ureghgrom ground at different frequencies.
The results relevant to zenith observational modeehbeen successfully verified, checked,
validated and compared with independent data puslyo There are no reasons to have doubts
in the quality of brightness temperature valuesiolied in the off-zenith mode. These results can
not be revised and, if we understand correctly, risferee means the revision of the data
interpretation. We insist that it is a matter others choice what approaches and methods to
apply for the interpretation and what sequence aiviies to select. We have chosen the
analysis of the forward problem first and the dolutof the inverse problem next. This is a
classical sequence. The esteemed referee doesualifty cany our approaches and results as
“erroneous”. The critical remarks refer mainly teetfact that the results are not convincing
enough. We do not think that it is the serious aaa®r declining the paper, especially taking
into account the fact that our work is pioneeriong the specific task of LWP land-sea gradient
detecting by ground-based passive microwave radigm&s we have shown in the section 5,
there are a large number of various factors whitdchthe results. In the revised version of our
manuscript we present the retrieval results whielnewobtained by the newly trained regression
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algorithm. We got promising results. We think thatre are still many possibilities for further
improvements, but nevertheless the existing reanétsnteresting and useful.

| suggest to concentrate on the analysis of the LWP variability in LWP space

and not in BT space and to proper set up multivaria te regression-based
retrievals for zenith and off-zenith LWP. A physica | motivation and
discussion for the LWP gradients is currently missi ng. Why should LWP be
enhanced over land than over water? Do you always e xpect this feature? If the
SEVIRI LWP product is used, it needs to be properly introduced and
uncertainties discussed (SEVIRI is not the truth!) as well as the
representativity of SEVIRI for the HATPRO site and vice versa. Are the LWP
pdfs similar for SEVIRI and HATPRO? If case studies with LWP gradients are
presented, the physics behind including the role of the
meteorological/synoptic situation could shed more | ight on why certain

gradients exist or not.

In this comment, the referee puts out many suggestior the revision of the paper. Several of
these issues have already been mentioned in thi@ariversion of the manuscript and discussed
briefly. The extent analysis of the topics suggédig the referee is beyond the scope of the
present study which does not have the goal to eselaad analyse in detail the whole variety of
primary and secondary problems which arise (relebath to the experimental part and to the
interpretation part). Our short comments to thene#’s suggestions are the following:
1) We insist that it is the matter of the authors’ ickato make analysis booth in the BT
space and LWP space.
2) Now, the regression algorithm trained in differargtly has been applied and the results
are included in the revised version.
3) Physical motivation for LWP gradient is given iretntroduction with proper references
to literature.
4) Extended analysis of the LWP gradient as obsemad atellites is beyond the scope of
our study.
5) The quality of the SEVIRI data and the comparisohshe ground-based and space-
borne data are discussed in the revised versi@noiserespective answer above).
6) We agree that in the case studies the analysignoipsic situations would be interesting
but it is not so important as the cloud size andzibatal and vertical location which is
studied in the revised version.

A qualitative analysis is nice but quantifying the LWP version gradient would
even add more value to the paper.

We are thankful to the referee for the high estemgiten to the section 5 (we guess that this
comment refers to this section).

Concluding our reply we would like to thank theemfe once again for the comments which
indeed helped to improve our manuscript. We edhiedacknowledgement section accordingly:

The authors are grateful to two anonymous refei@esaking very insightful remarks and for
introducing several useful ideas which helped dyaatimprove the manuscript.

Vladimir Kostsov
on behalf of all co-authors

Note: For convenience, in the revised version of éhmanuscript the new figures have their own numeran
(by letters) and are placed at the end of the manaspt.
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