Thereply to the anonymous r efer ee #2 (Repor t#1)

We are thankful to the referee for the positive assessment of the changes in the revised version of
our manuscript. We agree with all remarks and suggestions made by the referee. We took all
comments into account while preparing the new revised version of our manuscript.

Below, the actual comments of the referee are given in bold courier font and blue colour
The text added to the revised version of the manuscript is marked by red colour.

The changes made by the authors have improved the m anuscript and provided
more information to better understand the results. The downside of the
additions is that the manuscript is now extremely | ong.

We agree that the manuscript became very long and we tried to reduce it considerably while
preparing the new revised version.

In the interest of readability, | am giving below s ome suggestions on
possible reductions in a way that hopefully is not detrimental to the
understanding of the paper. The suggestions are of course optional for the
Authors.

We are grateful to the esteemed referee for these suggestions. We tried to follow them.

The abstract is very long, can it be reduced? Are a Il the setup details
described in lines 14-22 necessary in the abstract? Similar considerations
hold for lines 29-32.

We agree with this suggestion. We removed lines 16-22 and 29-32.

Introduction: There are 5 pages of introduction. | do understand the need to
put the study in perspective, but 5 pages seem a li ttle excessive. The
authors should consider shrinking.

We agree with this comment. We managed to make the introduction almost two times shorter by
removing the description of scanning radiometers and of the methodologies and approaches to
detect horizontal inhomogeneities. However, we kept al references relevant to these topics.

| am not sure that the entire section 5 adds anythi ng to the analysis or the
understanding of the results, as it consists of mos tly general considerations
that have already been discussed. Sections 5.1, 5.2 and 5.3 can probably be
entirely removed and only section 5.4 and 5.5 left and perhaps put in an
appendix.

1. A short justification for the sampling interval can be given in section
2.1 (lines 165 and following);

2. The orientation of the instrument and effect of the Gulf Finland and lake
have already been extensively discussed;

3. The data processing algorithm has already been d iscussed in section 4. A
quick reference to a physical retrieval can be made in that section to
highlight the fact that a better algorithm could be used, although | don’t
think is going to make a difference on a statistica | basis.

We are thankful to the referee for the hint to put section 5 in an appendix. We removed the
subsection devoted to the orientation of the instrument completely, but we decided to keep other
subsections in order to demonstrate all major problems together. However, we strongly truncated
subsections devoted to sampling interval and processing agorithm following the advice of the
referee. As a result, the Appendix occupies much less space than section 5 in the previous
version of the manuscript.



So, the new revised version of the manuscript consists of 22 pages of the main text instead of 28
pages of the previous version. The Appendix contains the truncated section 5 and occupies only
3 pages of text. We hope that the readability of the article has been improved without any
detriment to understanding.

Vladimir Kostsov
on behalf of al co-authors
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| appreciate that the authors revised the manuscrip
conclusions are now more carefully formulated and u
detail. | also like that the authors demonstrate ho

be used for model evaluation.

Still, I have one major point concerning the forwar
temperatures (TBs). In Il. 372-392, uncertainties r
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think that it is important to show how accurate the
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to evaluate the

pheric variables, for

uld be compared to the
well reproduced,

-zenith TBs are mainly
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tions are bigger than the
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shown in Figs. 6-10 to

We agree with this comment. We added the followtext just after the paragraph which is

mentioned by the referee (lines 372-392):

In order to quantify the accuracy of our forwardcasations, we present the values of the resideavben
measured brightness temperatures and the brightesgseratures which are calculated using the retde
profiles of atmospheric parameters for zenith oleéyns. The RMS residuszys and the mean residual
Rmean @re calculated for every retrieval separately deven “humidity channels”, for seven “temperature
channels”, and for all 14 spectral channels ofrd@iometer. These quantities are used for the qgladdity
control during the routine observations: the resale filtered out iRrys for all 14 channels is larger than
1 K. The large statistics comprising clear and dipoonditions and all seasons shows Rats andRyeanfor
“humidity channels” which are of primary interestthe present study constitute in average 0.2 K0addl K
respectively. So, th€s measurements are well reproduced. In order to gaifidence in the results relevant
to the LWP inhomogeneity, we supposed that it wooddreasonable to take the absolute value of the
threshold for the “useful signal” iDg equal to 1 K which is five times larger than tiipital Ryys value for
“humidity channels”. TheDsz values exceeding this threshold are mainly relatedthe horizontal
inhomogeneity of atmospheric parameters. We tod& account this threshold value when we plotted

Figs. 6-10.

In general, the manuscript is very long (28 pages t
that some discussions should be shortened but | wou
check where there is potential to reduce the length

ext, 18 figures!). | think
Id ask the authors to
of the manuscript.

We absolutely agree with this comment. We trietethuce the article size:

1) In the abstract we removed lines 16-22 and 29-32



2) We managed to make the introduction almost imed shorter by removing the description
of scanning radiometers and of the methodologie$ approaches to detecting horizontal
inhomogeneities. However we kept all referencesvieait to these topics.

3) We put section 5 in the appendix. We removedthesection devoted to the orientation of the
instrument completely, but we decided to keep othdrsections in order to demonstrate all
major problems together. However, we strongly taled subsections devoted to sampling
interval and processing algorithm. As a result, Ampendix occupies much less space than
section 5 in the previous version of the manuscript

So, the new revised version of the manuscript stesif 22 pages of the main text instead of 28
pages of the previous version. The Appendix costtie truncated section 5 and occupies only
3 pages of text. We hope that the readability @& #énticle has been improved without any
detriment to understanding.

In additition, | have a few minor comments:

Figs. 6-10: Could you plot as well the LWP value wh ich has been used to
calculate the TB values? The SEVIRI LWP values at t he HATPRO location is
shown but this is not the value used in forward cal culations. It think this

information would be helpful as well.

In general, we agree with this comment. When weariads. 6-10, we had the same idea: to
plot also the LWP values obtained by HATPRO fromitteobservations. However finally, after
some hesitations, we gave up this idea in ordé&e&p consistency in the data which are used.
The reason for that is the following. Plotting th&/P values derived from HATPRO and
SEVIRI measurements in the same figure implies t@mparison. Multiple studies have shown
that proper comparison of the ground-based micrewasgults with the satellite results require
temporal averaging of the ground-based data. Irstudly we use the HATPRO data collected in
the angular scanning mode only. The data are samypta a 20 minute interval. No averaging is
possible for this measurement scenario. And we kiav@pinion that plotting the instantaneous
LWP obtained by HATPRO together with the SEVIRIaatould be misleading for the readers.
There was another possibility: to use the route@th observations with 10 second sampling for
the LWP retrieval plus subsequent averaging arpaiothese results. However in this case there
would be inconsistency in using the HATPRO dataiied in different measurement modes.

We agree with the esteemed referee that the intowman LWP derived from HATPRO
observations would be helpful, but due to above troead reasons we decided to keep
Figs. 6-10 unchanged. Besides, modifications of sFglO would require additional

explanations, which would increase the article .si&é the same time there is a strong
recommendation of the referee to reduce the leoigtine manuscript.

| 81: at “a” synoptic station

Corrected.

| 82: The authors of “the” mentioned study
Corrected.

| 468: should have produced “a” signal

Corrected.



| 699: IPT is the specific retrieval Loehnert et al . (2008) developed, not a
general name

We agree with this comment. We removed mentionir®® keeping only the references:
Also, the microwave measurements can be combintddatlher measurement data and constraints (Loehnert

et al., 2008; Kostsov, 2015ab).

Vladimir Kostsov
on behalf of all co-authors



10

15

20

25

Detection of the cloud liquid water path horizontalinhomogeneity in
a coastline area by means of ground-based microwawbservations:
feasibility study
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Correspondence to: Vladimir S. Kostsov (v.kostsov@spbu.ru)

Abstract. The improvement of cloud modelling for global aedional climate and weather studies requires cehemsive
information on many cloud parameters. This infoliorais delivered by remote observations of cloudsnf ground-based
and space-borne platforms using different methodispaocessing algorithms. Cloud liquid water patWp) is one of the |
main obtained quantities. Previously, the measunésnef LWP by the SEVIRI and AVHRR satellite instrants provided ““‘
the evidences of the systematic differences betw&¢R values over land and water areas in Northenoe. An attempt |
is made to detect such differences by means ofngitdased microwave observations performed neacdhstline of the j“
Gulf of Finland in the vicinity of St.Petersburgysgia. The microwave radiometer RPG-HATPRO locatédkm from the ,
coastline is functioning in the angular scanningdeyand is probing the air portions over land (avation angle 90°) ant;i
temperature values in the 31.4 GHz spectral chamelbeen demonstrated and the following featuses been detected:
(1) an interfering systematic signal is presenthie 31.4 GHz channel which can attributed to thenitlity horizontal
gradient; (2) clouds over the opposite shore ofGhé of Finland mask the LWP gradient effect. Rnahary results of the
retrieval of LWP over water by statistical regressmethod applied to the microwave measurementdAyPRO in the
31.4 GHz and 22.24 GHz channels are presentedmbmhly averaged results are compared to the qmnelng values

Keywords: cloud liquid water path; remote sensing; grounseola microwave radiometer; RPG-HATPRO;

horizontal gradients of atmospheric parameters

1 Introduction

The improvement of global/regional climate/weatfogecasting models requires comprehensive infolgnatin atmospheric
composition, physical and chemical processes, anddrticular the information on interactions betwedifferent

components of the climate system: the atmospheatervareas, land surfaces, snow and ice coverbiasghere. Boe and

/

| YnaneHo: The problem of the
I| LWP horizontal gradient

detection is examined in the
measurement domain: the
brightness temperatures of the
microwave radiation measured
at different elevation angles i
the 31.4 GHz and 22.24 GHz
spectral channels are analysed
and compared with the
corresponding values which
were calculated under the
assumption of horizontal
homogeneity of the
atmosphere. Several specific
cases, selected on the basis of
the analysis of the satellite
observations by the SEVIRI
instrument were considered in
detail including: clear-sky
conditions, the presence of
clouds over the radiometer ar
at the same time the absence
clouds over the Gulf of
Finland, and overcast
conditions over the radiometer
and over the opposite shore g
the Gulf of Finland.

o

=~

YpaneHo: The SEVIRI and
the HATPRO instruments
detect positive LWP land-sea
gradients during all seasons but
the magnitude of the gradient|
detected by the ground-based
instrument is considerably
smaller than detected by the
satellite instrument. The LWP
gradients provided by
HATPRO and reanalysis
during warm season are in a
very good agreement. During
cold season in contrast to the
SEVIRI and the HATPRO
data, the reanalysis data
demonstrate negative LWP
gradient.
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Terray (2014) analysed the role of soil-atmospheteractions, cloud-temperature interactions ambdsea warming
contrast in summer European climate change. Higblugon regional climate models were used (25 kvith a good

realism of orography and coasts that could helpetfucing the biases in local climate existing im-e@solution GCM

simulations. The study by Fersch et al. (2019) ieen devoted to the exchange of water, trace gaskgnergy between
land surface and atmospheric boundary layer. Tthidysexamined the ability of the hydrologically emiced version of the
Weather Research and Forecasting Model (WRF-Hytiraeproduce the regional water cycle by means o@way

coupled approach and assessed the impact of hgitalaoupling with respect to a traditional regibatmospheric model
setting. One of the important parts of the climagstem is cloud cover. Its variations significar@nd immediately) alter
the heat balance of the earth’s climate systemnonoarrly time scale, but their effects are profofman seasonal through
decadal timescales, therefore the physical prosasselving cloudiness—water vapor—surface tempeeainteraction need
further investigation (Groisman et al., 2000). Taetgal. (2012) have shown that the variance of pemo summer
temperature is partly explained by changes in sumttaidiness. Europe has become less cloudy (exuepheastern
Europe) and the regions east of Europe have bectoudier in summer daytime. However, the resultsioled by Tang et
al. (2012) suggest that the cloud cover is eitherimportant local factor influencing the summenperature changes in

Europe or a major indicator of these changes.

Clouds, as an important climate influencing factmre described by a large number of parametersiofonand
macro-physics. Cloud liquid water path (LWP) is ai¢ghe main quantities being a measure of thd mtss of the liquid
water droplets in the atmosphere above a unit serd@ea on the earth, given in units of kg ffihe information on LWP is
delivered mainly by remote observations of cloudsnf ground-based and space-borne platforms usfferetit methods
and processing algorithms. The principal spaceétenhniques are based on the derivation of LWR freeasurements of
atmospheric self-emitted microwave (MW) radiatianfmm measurements of the reflected sunlight sible and near-
infrared ranges. The MW satellite sensors perfoitPLmeasurements during day and night but only ater areas since
the emissivity of the land surface is highly val&abrhe advantage of the satellite instruments kvihégister the reflected
solar radiation in visible and near-infrared rangethe ability to make observations over watemaarand land surface as
well (however only in the day time). Two instrumeof this type are well-known: SEVIRI (Spinning Emted Visible and
InfraRed Imager) and AVHRR (Advanced Very High Retion Radiometer). The description of the inforioatproducts
delivered by these instruments and relevant toccfyoperties can be found in the papers by Stestgal (2014, 2017).

Previously, the measurements of LWP by the saelistruments SEVIRI and AVHRR provided the evidenof
the differences between LWP values over land arténeaeas in Northern Europe. The data from the RRHnstrument
were used for compiling regional cloud climatolofpyr the Scandinavian region (Karlsson, 2003). Asialyof this
climatology has shown that during spring and sumthercloud amount over land in this region is lartan the cloud

amount over the Baltic Sea and major lakes. Kanl$2003) explained this phenomenon by the stalitineof near-surface
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layer of the troposphere over water bodies duértoamling by the cold fresh water from melting sndlhis explanation is
in a good agreement with the fact revealed latehinstudy by Kostsov et al. (2018b): the land-gemlient of the mean
LWP values detected by the SEVIRI instrument in\tleénity of St.Petersburg (Russia) for the coléis@n was noticeably
lower than for the warm season. St.Petersburgcatéal at the estuary of the Neva River which flawghe Gulf of Finland.

The magnitude of the land-sea difference for me@fPLvalues obtained by SEVIRI in this area for the-year period of

2013-2014 was about 0.040 k¢?mwhich was about 50 % relative to the mean vaites tand.

In general, the investigation of cloud propertiasthie coastal zones is an interesting and impotsik due to
presence of specific atmospheric processes, fangbeasea breezes, which are able to generate cldbésclimatological
study of the impact of sea breezes on cloud tymesdene by Azorin-Molina et al. (2008) for the airethe southeast of the
Iberian Peninsula (province of Alicante, Spain) dodthe 6-year period (2000-2005) based on clobseovations at
synoptic station. The authors e mentioned study emphasize that their findings @eespecific and should be similar to
other coastal locations, however, cloud formatissoaiated with sea breezes is also influenced bgrgehical-physical,
meteorological, hydrological and oceanic factofseEfore there is a need for further research.sBaebreeze effects were

studied also on the basis of data derived fromesjppacne observations by AVHRR instrument (Azoriniia et al., 2009).

The satellite instruments working in visible andam&nfrared ranges are very sensitive to the olagiemal

conditions. There are specific requirements to $H\bservations: measurements are restricted fiestsunrise and before

of a supplement to satellite measurements in at@ioa®a in the form of detection of the land-s&¥dH_gradients by mearfs
of ground-based microwave observations. The conogphese measurements is straightforward: a ragiemwhich is |
located close to a coastline can probe the aiigeiover land and water surface if it works in @mgular scanning mode at\‘\\
appropriate direction. Microwave measurements earcédried out during all seasons, day and nightlueing rain and
strong snowfall conditions. Ground-based MW meawergs characterise only the local scale LWP distidins in the
close vicinity of the observational point, and thsigheir disadvantage if compared to satellite sneaments. However they
can provide the important information on the dilrogcle of LWP over land and water surface with higmporal
resolution, and also they can be used for validabiosatellite data on LWP obtained for the comstkrea near the ground-
based validation point. The RPG-HATPRO microwaveiagmeter, which is functioning at the observatiosié of the
Faculty of Physics, St.Petersburg State Univer&tyssia), perfectly suits the requirements to tkgeement aimed at the
LWP gradient detection. It is located at a distaoic2.5 km from the coastline of the Gulf of Finthand performs angular
scanning towards the Gulf of Finland every 20 mesuthile doing routine observations.

<

The idea to use ground-based microwave radiométethe angular (elevation and azimuth) scanning entmt

s

'| analysis was very small.

YpnaneHo: Therefore, all
SEVIRI measurements when
SZA was greater than 72° we
excluded from consideration in
the studies by Roebeling et al.
(2008) and Kostsov et al.
(2018b). As a result, in the
latter study devoted to the
LWP measurements at high
latitudes (60°N) no
measurements during winter
months December and January
could be selected for analysis,
and the number of
measurements selected in
February and suitable for

)

YpaneHo: So, the considered
satellite observations are
impossible in the night time, in
winter at Northern latitudes,
and there may be problems i
winter in the day time over the
snow- and ice-covered
surfaces.

OTdopmaTUpoBaHoO:
OtcTyn: MNMepBasi cTpoka:
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detecting horizontal gradients and for plotting sa atmospheric parameters is not née description of scanning

radiometers and different methodologies, includimgnographic approach, can be found in a large nurobarticles, in

particular by Crewell et al. (2001), Martin et £006ab), Westwater et al. (2004), Huang et all@20Schween et al.

(2011), Meunier et al. (2015), Stahli et al. (20Marke et al. (2020).

.To the extent of our knowledge, the studies devetethe detection of UQ”,ZQQUE‘U[‘UO,VTIO,%D@@QS@Q“P?EUEUQ’
parameters from ground-based passive microwaveurezaents are not numerous and ours is the firstrgtt to solve the
specific problem relevant to the investigationfwd Lt WP gradient in the coastline area. Thereforedecided that it would
be reasonable to present the step-by-step analyie problem starting from the considerationh& forward problem and
to demonstrate the complexity of the task thatdaceWe used the classical approach to the solutionarse problem of
atmospheric optics: analysis of the forward probtemthe basis of simulations, analysis of measqgrezhtities for several
test cases, tuning the retrieval algorithm, prdogsshe experimental data with the help of thisoaliym, and the
comparison of the results to the independent ddthough the concept of using angular measurententiaracterize water
vapor and liquid water path gradients is feasiltéepractical applications are very difficult duethe high variability of the
liquid water in the clouds, the inhomogeneity oftevavapour, etc.. In addition, we would like to dmapize that the
experimental setup of the HATPRO radiometer atahservational site was initially developed for ilmyging temperature
retrievals in the lower layers rather than for suvthe problem of the LWP gradient detection. Heerge we managed to

apply these measurements to the task under coas@®eand got promising results.

2 Description of the instrument, measurement geomst and data processing algorithm

2.1 General formulation of the problem

The 14-channel RPG-HATPRO radiometer (Radiometeysied GmbH — Humidity And Temperature PROfiler,
https://www.radiometer-physics.de/; last accesdviagfy 2019) is mounted on the top of the metal toamrithe roof of the
building of the Institute of Physics, St.Petersb8tgte University, 59.88107°N, 29.82597°E, 56 nl.ale integration time
of an instantaneous measurement of atmospherialsignl s. The sampling interval depends on opmrathode. In the
zenith viewing mode, which is the main observatiomade, the sampling interval is about 1-2 s. Ev2@ymin zenith

measurements are interrupted and the angular sgaimione in the North-East direction with thenaztih of 24.7°.

Seven spectral channels located in the 0.5 cm axydesorption band (51.26, 52.28, 53.86, 54.94, 6656.30,
58.00 GHz) provide the information on atmospheeimperature profile, and seven channels locatetddarcéntre and the
wing of the 1.35 cm water vapour line (22.24, 23.93.84, 25.44, 26.24, 27.84, 31.40 GHz) provide ittfformation on
atmospheric humidity profile and cloud liquid wateath. Zenith measurements are processed by thg-pathmeter

retrieval algorithm based on the optimal estimatizethod (Kostsov, 2015). Previously, the result\WP retrievals were

/| YpaneHo: The 22-channel

radiometer MICCY
(Microwave Radiometer for
Cloud Carthography) with high
temporal (1 s) and spatial
(antenna beam 1°) resolution
and scanning possibilities in
horizontal (0-360°) and
vertical (0-90°) planes was
designed for mapping clouds
(Crewell et al., 2001). It should
be noted that this radiometer |s
transportable and can be used
for mobile measurements.
Another instrument is a 10-
channel ASMUWARA, the
All-Sky MUIti WAvelength
Radiometer. It is a system
designed for tropospheric
monitoring and it is able to
observe the sky in all
directions with an angular
resolution of 9° (Martin et al.,
2006a). Retrieving maps of
integrated water vapour and
liquid water is one of the
purposes of this instrument.
The examples of these maps
can be found at
http://www.iapmw.unibe.ch/re
search/projectss/ ASMUWARA/
online/, last access: 15 May,
2019. A description of the
LWP retrieval algorithm, LWP
sky maps and corresponding
photographs of the sky are
presented in the article by
Martin et al. (2006b). A short
overview of angular scanning
observations of cloud liquid
water by ground-based MW
radiometers can be found in
the article by Westwater et al.
(2004). Also, the tomographid
approach to the retrieval of
LWP should be mentioned
which is based on MW
observations in angular
scanning mode from moving
platforms — air-borne and
ground-based. This approach
was first proposed in the
1980s. Huang et al. (2010)
demonstrated the feasibility of
tomographically retrieving the
spatial structure of clof 411
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validated and the error analysis was made (Kostsav., 2018a). Zenith and angular measuremergsntbination are also
processed by the built-in quadratic regressiorienat algorithm developed by the instrument mantufiser. Both optimal
estimation and regression algorithm independentlyvige the vertical profiles of temperature, abssland relative
humidity, integrated water vapour, and the cloggiili water path. It is important to emphasize that angular scans are
used only for temperature retrievals in order tgnove the results at the boundary layer altituddss is a common
procedure for radiometers of this type. The “terafime channels” are optically thick and, as a teshe angular
measurements are not affected by horizontal inhemeiges of atmospheric parameters.

The location of the radiometer with respect to ¢bastline of the Gulf of Finland (the river Nevayp# shown in
Fig. 1. The distance from the radiometer to thestiivee is 2.5 km along the horizontal viewing difen. The horizontal line
of sight crosses the opposite coastline of the GuFinland at 18 km distance from the radiometerd at the 22-26 km
distance it passes over the lake Sestroretsky \R&4ie radiometer is located at about 25 km distanem the city centre

(St.Petersburg) and at about 50 km distance frenméfarest radiosounding station (Voeikovo, WMO BD&3).

The set of elevation angles of the line of sightte# microwave measurements is the following: &0, 19.2°,
14.4°, 11.4°, 8.4°, 6.6°, and 4.8°. The viewingmetry in the vertical plane is shown in Fig. 2. Thdiometer is remotely

probing the air portions over land at elevationlar®@° and over water areas at 7 elevation angléseirange 4.8°-30°.

Different spectral channels have different respaiesthe spatial distributions of temperature, hutgiénd cloud
liquid water. The channels in the water vapour bmel oxygen band (at 22-28 and 51-58 GHz) are manfluenced by
humidity and temperature distributions while thehel in the so-called “transparency window” (31Gl9z) provides the
information on LWP. In order to demonstrate that thWP channel” is transparent enough in the ergtreospheric region
of interest, we calculated optical depth for thisuenel along lines of sight corresponding to déferelevation angles. The
results are plotted in Fig. 3 as a 2D-map. In otdenodel maximal absorption, as an input for thkewations we took the
profiles of temperature and humidity which are tgbifor warm and humid days in July in St.Petergbrggion. The
integrated water vapour was 31 k&.nithe LWP of the modelled cloud was equal to 0.4rikgwhich is the maximal value
for non-rainy clouds. Overcast conditions were nllede the cloud base and top were selected at lakwmh 2 km
correspondingly. One can see that even for thieemé case the optical depth at 31.4 GHz does neelx1.8 for the
smallest elevation angle at a horizontal distarfc@8okm from the radiometer which is the opposiers of the Gulf of
Finland and about 10 km inland. At the oppositestioge which is 18 km from the radiometer, the ogltidepth reaches a
value of about 1 in its maximum. The obtained rsslglad to the important conclusion: clouds inlther 2-4 km over the
opposite shore of the Gulf of Finland at about B0fkom the radiometer are detectable at small é@vangles (4.8° —
8.4°). In case such clouds are present, the deteofi LWP land-sea gradient for clouds in the lovwesrers will become

rather complicated task.
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The measured atmospheric microwave radiation idstergd as a set of brightness temperature valyes
corresponding to observations at spectral chamwigiiscentral frequencieg and elevation angles and will be designated
asTym. Brightness temperature values which are caladilde any given set of atmospheric parameters lvélldesignated
below asT,,.. Data processing was done according to the algonithich is shown in Fig. 4. The setThy, is the basic input
to the processing and analysis but zenith and anglbiservations are treated separately. Zenithredisens at all 14
spectral channels are processed by the multi-paeametrieval algorithm based on the optimal estiomapproach. The
obtained profiles of atmospheric parameters are tlsed for calculation of brightness temperatutaescorresponding to
elevation angles of angular scans under the assumpit horizontal homogeneity of the atmospherethi&t next step these
calculated values are compared to correspondingsumed values. The difference between measured almllated

brightness temperatures is taken as a main qudatignalysis:

Drg(V,a) =Too(vV,a) = Tyn(V, @) (1)
This quantity can be considered as a sum of setesrak:

Drg(v.a) = D, ern(V20) @)

where Dgq iS the brightness temperature difference whictiisctly caused by the difference between LWP aicud

(v,a)+ Dy, (v,a)+D,

rad

above the radiometer and LWP of a cloud observelea¢levation angle. For simplicity, this term will be referred below
as the LWP gradient signabD+, is the brightness temperature difference causedhbyhorizontal inhomogeneity of
temperature and humidity. The teBy, is the interfering signal stipulated by errors amdertainties of different kind. First,
we point at the errors in retrieved profiles of aspheric parameters which are used for calculabbil,. under the
assumption of horizontal homogeneity. The contidrubf these errors tB,, needs more detailed explanation. In order to
make this explanation more evident, let us consilerexample case with a humidity profile errort bs imagine the
situation when the error (the difference betweentthe and the retrieved humidity profile) is pivsitin the lower layers of
the troposphere and we know the true profile. IfoateulateT,, for zenith direction using the true and the reek profile
the difference between the obtaingg. values will be small and comparable to the randemor of microwave
measurements and tfig. value will be very close t®,n, value. However, if we calculaig. for small elevation angles using
the “erroneous” profile and compare it to the cspandingT,,, value, this difference can be noticeably highee t the
considerable increase of optical path through algerls where the retrieved profile has errors. Inexample case, the result
would be the overestimation @f,, by T,.. Here, one important note should be made: théevelrerrors for profiles have
random and systematic components (the latter isecthmainly by a priori information used for retaés). As a result, the
term D¢y might consist of both components also. The pogngmor (elevation angle error) can be anothercof Dey,
which is important for small elevation angles. Al$or small elevation angles, the surface emissmerference can take
place through side lobes of the antenna patterrenAdonsidering small elevation angles, one shoekpkin mind the
uncertainty of refraction calculations stipulatedtbhe uncertainty in the vertical and horizontatdbution of atmospheric

humidity.
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In order to give an impression of the origin of th&P gradient signal, in Fig. 5a we present a sifiepl schematic
picture of the MW radiation transfer from the atiplosre to an instrument which makes an observatiGome elevation
angle. We consider two cases: a cloudy atmosphetaaloud-free atmosphere (temperature and huradé assumed to
be the same). In the cloudy case, the radiatian rold upper atmospheric layers is considerablg@ddesl by a cloud, at the
same time a cloud itself is a strong emitter odiation. As a result, an instrument registersréuiation which is formed
mainly in warm atmospheric layers within and belawcloud. In the clear sky case an instrument cae™spper
tropospheric layers which are cold and less delmse the lower layers. Hence in a clear sky casertésured brightness
temperature is lower than it is in a cloudy cades Teasoning is valid also in case when clouds avadiometer and over a
water body have different LWP: the lower LWP isg ttveaker the emission by cloud and absorption eindeelling
radiation are. So the measured brightness temper&iu clouds with low LWP will be smaller than folouds with high
LWP.

For characterisation of a magnitude of the LWP igratdsignalDy,q We present Fig. 5b where we modelled the
atmospheric situation with the LWP land-sea diffieee According to LWP measurements by the SEVIRtrument in
2013-2014 in the vicinity of St.Petersburg, the méaVP over the HATPRO radiometer site was 0.08@nkg and the
mean LWP over the river Neva bay was 0.040 Ky(Kostsov et al., 2018b). We modelled 2D radiathemsfer for ground-
based measurements using these values and dismbsirts within 1-2 km and 3-4 km altitude layer&eTartificial cloud
with LWP=0.080 kg nf was placed over the radiometer location and ttificial cloud with LWP=0.040 kg f was placed
over the entire water area and over the opposdeestf the Gulf of Finland. Annual mean profilespwéssure, temperature
homogeneity of these parameters was used. FighéWyssthat, as expected, the 31.4 GHz channel lefathest LWP
gradient signal which reaches 14-16 K for the sesallelevation angle. The signals in the 22.24 Ghid 81.26 GHz
channels, which are shown for comparison, do noéea 6 K. The signal at 51.26 GHz is nearly zercsfoallest elevation
angle because of its high opacity if compared teeotonsidered channels. For 31.4 GHz and 22.24 Gidnnels, the
signal is higher when the cloud is located withid Bm layer than in case of lower cloud, but thiedence is not large
(about 2 K).

2.2 Modelling of measurements in the atmosphere whtscattered clouds

Fig. 5b refers to an overcast atmospheric situatibich is the simplest but idealised case for eaiiom of the magnitude of
the LWP gradient effect in the measurement donaierder to be closer to reality, we simulated $hattered clouds over
land and sea in the vicinity of the radiometer garMonte Carlo method. The observational plane Fg. 2) was extended
and divided into cells (two rows, each row contdidecells of the 12x3.25 km size) located overGaf of Finland and

two opposite shores. In each cell, the random numeeerator produced the values of the followirgudl parameters: the

- {Y.qaneuo: and
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vertical extent (0.3-2 km, uniform distribution)oitizontal size (0.5-5 km, uniform distribution);eticloud placement within
a cell (uniform distribution); LWP (lognormal digiution). It should be emphasized that the avetaggzontal size of
generated clouds was much smaller than the sitkeofvater body under investigation. While modellthg LWP values,
we considered two situations: one with the existingP land-sea gradient and another without suchadignt. The mean
LWP values for the first situation were the saméaksn previously for overcast conditions: (0.08 804 kg rif for land
and sea correspondingly). For the second situatienmean LWP value was taken as 0.08 Kgewerywhere. The number
of generated cases was about 165000. Every instoua cloud spatial distribution was combined vadtie set of the
meteoparameter profiles (temperature, pressurehanddity). For these meteoparameters, the assamyti horizontal
homogeneity was used. The sets of profiles weraimdd in the course of 2 years of observations hey HATPRO
radiometer (2013-2014) with the sampling interval2o min. As a result, we obtained a statistical eenisle which

characterised all seasons.

The important issue which should be discussed sgicial attention is the influence of the instrutrigld-of-
view (FOV) on the interpretation of the off-zenitreasurements. The 22 and 31 GHz channels are lgptieasparent even
for small elevation angles. If the vertical distriibns of atmospheric parameters within FOV at ade distance from the
radiometer can be approximated by linear functitims effect of FOV will be negligible. The situatiean change crucially
in case of scattered clouds, especially small siaads and small elevation angles. With a 3-de®@¥, the HATPRO

radiometer will be sampling an air portion of abdukm vertical size at 20 km distance from the oatbter. Possible

- {y.qaneuo

: Fig. A

clouds may appear entirely within FOV of the radéten (as shown iftig. 6 for the cloud over the opposite shore). Some - { YnaneHo

clouds may be missed by observations due to thedation in between the lines-of-sight (LOS) corresting to different
elevation angles. Two or more scattered clouds fahynto FOV. Moreover, one cloud may be detedeth in zenith and

off-zenith observations.

compare single zenith and off-zenith observationsesthe LWP gradient signal is a random value usdeh conditions. It
is evident that taking into account not only thatsg variability of clouds but also their tempoxariability, we can speak

about the LWP gradient component in measurememysimterms of mean values obtained by averagingr darge amount

angles. For each angle two situations are considenge with existing LWP land-sea gradient and laotvithout such

gradient. The input data for radiative transfeicakdtions were the Monte Carlo simulations of sratl clouds described

temperature values if compared to the distributiasithout gradient”; however this effect is less pounced for the

elevation angle 11.4° due to the influence of tleeds over the opposite shore of the water body.

: Fig. A

. { YpnaneHo

: Fig. A
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: Fig. B
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In order to estimate the component in measured tiiyawhich is related to the LWP land-sea gradieffect, we
analyse the difference between the mean valu€k, dftasets which were calculated for situations auithand with the
gradient. This difference is equivalent to hg.q values shown in Fig. 5b and presents a measutkeofuseful signal”
relevant to the LWP gradient contribution. Therefowe use the same designation of this differendeshow it inFig. 8 as
a function of the elevation angle. One can sealtheatic contrast to the overcast case (see Fjg.F8lb scattered clouds,
there is no increase of the useful signal for senalevation angles. Contrariwise, Dgaq values for elevation angles 11.4°
and 14.4° are lower than for the angles 19.5° &%d Bhe sharp decrease Df,q at 11.4° is explained by the influence of

high LWP of the clouds over the opposite shorénefwater body.

which were calculated for infinitely narrow beandti, i.e. neglecting FOV. The results show thatalare no considerable
differences between the cases “accounting for F@w “neglecting FOV”. One should keep in mind thvat compare the

results which were obtained by averaging of a \emye number of individualimulatedmeasurements.

difference between the brightness temperature médaneglecting FOV and the brightness temperatot@red accounting
for FOV. We suggest that this difference is a memsthich characterises in the best way the FO\Warfte on the results
of the interpretation of the off-zenith measurersentThe effect of FOV exhibits itself in the fornf additional

measurements noise which has a systematic anddamanomponent. The absolute value of the systencaticponent

(characterised by the mean value of the distrilmytis less than 0.5 K for all four considered etewaangles and this value
can be considered as negligible. No specific depece of the systematic component on the elevatigieacan be seen. In
contrast, the random component, which is charaadrby the standard deviation, increases for sneleation angles. The
obtained values of the random component can be fasdtle estimation of a minimal number of individumeasurements
which should be sampled in order to suppress cerdidly the influence of FOV. For example, for asmtsisting of about
600 individual measurements, the random comporfethiecerror due to neglecting FOV at the elevatogle 11.4° will be

reduced to the value about 0.1 K. It means thatHercurrent experimental setup averaging overltheay time period is

enough for suppressing the random error due to FOV.

So, the described Monte Carlo simulations of cloadd the brightness temperature calculations leaseveral
important conclusions. First, we reiterate thatdoattered clouds it makes no sense to comparke singith and off-zenith
observations since the LWP gradient signal is @eenvalue under such conditions. Second, for aesragiantities, the
magnitude of the component of measured signal mhéted by the LWP land-sea gradient (useful sigimtase of scattered
clouds is rather small and therefore one can exiffitulties in detecting it, especially takingtinaccount the presence of a
large number of interfering factors. Third, thetinsment FOV affects the results of the off-zeniteasurements in case of

scattered clouds by introducing additional noisesystematic component is small and averaging segral hundred cases

- {Y.qaneuo: Fig. C
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can minimise its random component. So the assumptioinfinitely small beam width can be used foogessing
measurements if the analysis is done for averagadtiiies.

There is still an emerging question: to what extdwet signal relevant to horizontal inhomogeneitylL&¥P Dg.q
interferes with signal®+, andDe. In order to obtain the most realistic assessrokttie magnitude of the latter signals we
decided to analyse the results of angular scanshwive been made during several cloud-free dagtead of compiling
computer models of inhomogeneous temperature anddity fields suitable for the considered experimérhe obtained

estimates are presented in the next section.

3 Case study

Forward calculations and their comparisons with sneaments are the preliminary and essential stejosebsolving inverse
problems in many studies. Analysis in the measuntrdemain can be especially useful when considetirey multi-

parameter inverse problems which physically arpabed. The solution of such problems implies thglieation of a priori
information which can affect the result to a grestent. Besides, in case multiple parameters areved simultaneously,
their retrieval errors are coupled in a complex wakese two factors can make the analysis in theadto of sought
parameters difficult and ambiguous. Therefore wartstvith the analysis in the measurement domain Hetter

understanding of the useful and interfering sign&@sce clouds are atmospheric objects which amzacherised by
extremely large spatial and temporal variabilitydasince the experimental setup and geometry weteopiimised for
considered task, the model simulations should bdéied by comparison with experimental data. In iéidd, the theoretical

prediction of the value of useful signal shouldchenpared to the experimental data.

We analysed measurements which were made durifegetit atmospheric situations. These situationgwsetected
on the basis of space-borne measurements of LWheinicinity of St.Petersburg by the SEVIRI instremb which had been
analysed earlier in the article by Kostsov et &018b). In order to study the parallax effect oé thpace-borne
measurements, Kostsov et al. (2018b) comparedethédts of LWP measurements made by SEVIRI for tvougd pixels:
the one which is the nearest to the position ofHBREPRO radiometer and the other which is the neegiiing pixel but
located over the Gulf of Finland just to the Nooththe radiometer. Measurements during four dayewaalysed (6 May
2013, 6 June 2013, 5 October 2014 and 11 Octobbt)20hen large differences between LWP over lard sea were
detected. In the present study, the consideratfoonty two mentioned pixels is not sufficient. Whére atmosphere is
observed by the radiometer at small elevation angle air portions over the opposite shore ofGluf of Finland will
make a contribution to measured radiance. Thergfbeedistributions of clouds in pixels 241 and Z&8 shown in Fig. 1)
should be taken into account as well as in pixé3 @he radiometer location) and 242 (the Gulf mfldnd). Analysing the
SEVIRI LWP data in four pixels, we tried to findettiollowing long lasting atmospheric situations:

A) LWP is equal to zero in all four pixels; a clougdratmosphere is everywhere. This situation is foesissessing the
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Drq andDe,, terms in the expression (2).

B) A cloud-free atmosphere is in all pixels except ahehe radiometer location. This situation is Hestassessing the
Dgrag term in the expression (2) during the most favblgrabservational conditions (without backgrourghal formed
by the clouds over the opposite shore of the Giufisland).

C) A cloud-free atmosphere over water area and clouds both shores of the Gulf of Finland. This ie thorst case for
detection of the land-sea LWP gradient since thecetan be masked by the background emission éloods over the
opposite shore.

Prior to analysing the cases, we would like to mak®te concerning the accuracy of calculationghefbrightness
temperature difference. These calculations usetehgerature, humidity and cloud liquid water pesilretrieved from
zenith observations as an input. It is well knowat tthe ground-based microwave method has ratharqmatial resolution
which yields smoothed profiles and the very largeautainty of the vertical placement of a cloudisTact is known and it
was quantified in a number of studies with the haflipOFS calculation (Degrees Of Freedom for Sigmaich show the
number of independent pieces of information that loa extracted from observations). This essergw@iufe of the transfer
of the downwelling microwave radiation in the calesied spectral region exhibits itself both in tbenard and inverse
problems. The brightness temperature calculationghfe zenith and off-zenith geometry are equallensitive to small
scale variations of the parameter distributionsglthe line of sight. Therefore this smoothing featdoes not affect our
calculations and relevant conclusions. The curversion of the retrieval setup assumes the placeofemcloud inside the
0.5-5.5 km altitude range (low and medium clou@®)tside this range, the cloud liquid water profiieconstrained to zero
values. The workability of this retrieval setup Hasen confirmed in the study devoted to cross-mtitid of different
methods of the LWP retrieval (Kostsov et al., 201&®r liquid water profile, DOFS is less than atttmeans the small
influence of the liquid water distribution on thesults of the brightness temperature calculatidiss fact indicates
implicitly that the placement of the cloud does péay a crucial role in forward calculations andtlie solution of the
inverse problem. Also, a kind of proof for thatisvide use of regression algorithms for joint IWktégrated water vapour)
and LWP retrieval from 2-channel observations urttier conditions of large uncertainty of the tempae profile and
without any information on the cloud vertical ldoat Based on the above mentioned reasons, wedmntie applied
radiative transfer model accurate enough for makmgparisons between measured and calculated hegghtemperature
values. Also, it is important to note that mosttloé cases which were selected for analysis areactaized by clear sky

conditions over the water area, therefore the cfdadement error is absent for the off-zenith dalbons.

In order to quantify the accuracy of our forwardcatations, we present the values of the residealben measured
brightness temperatures and the brightness tenupesatvhich are calculated using the retrieved fe®fof atmospheric
parameters for zenith observations. The RMS rebiBrgs and the mean residuB),.., are calculated for every retrieval
separately for seven “humidity channels”, for sevemperature channels”, and for all 14 spectrarctels of the

radiometer. These quantities are used for theglahty control during the routine observation® thsults are filtered out if
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Rrus for all 14 channels is larger than 1 K. The lasgistics comprising clear and cloudy conditiond all seasons shows
that Rrms and Ryean for “humidity channels” which are of primary inést in the present study constitute in average<0.2
and 0.05 K respectively. So, tiig measurements are well reproduced. In order to gaifidence in the results relevant to
the LWP inhomogeneity, we supposed that it woulddasonable to take the absolute value of thelbtédor the “useful
signal” in D+g equal to 1 K which is five times larger than tlpital Rzys value for “humidity channels”. ThB+g values
exceeding this threshold are mainly related to tibeizontal inhomogeneity of atmospheric paramet@#e. took into

account this threshold value when we plotted Fog&0.

date 25 August 2013 (warm and humid season). Aauglyd the values of brightness temperature difieeDg for the set
of elevation angles are plotted in the form of #Det charts for two spectral channels. The coloatescontains 3 parts. The
pure yellow part corresponds to the brightness &ratpre difference in the interval [-1 K; 1 K]. Aappearance of yellow
colour in a 2D plot means that the difference betweneasurement and model calculation is negliggéshall for
corresponding combination time/elevation angle. Téeé hue describes positive valuesyfs, the blue hue describes
all equal to zero except for pixel 219 after 26ffattional day, however those values are less €h@@8 kg nf and can be
considered as negligibly small. Here and below & the UTC for time scales and fractional days. ddecount starts on
1 December 2012 — the first day of selected dataketal noon is at 0.416 day fraction (11:00 UTGhe can see that for
the 31 GHz channdDg values are close to zero for the elevation an@fe Bor smaller elevation angleB;g becomes
negative and its absolute value increases. Thehagpnly one specific signature: at about 267 &ifraal day the absolute
value of negativ®+g is the largest reaching 14 K and 26 K for 31 Ghidd 2 GHz channels correspondingly. In general,
the brightness temperature difference for the 22 @khinnel is noticeably larger than for the 31 @Hannel. The reason
for that is the larger optical thickness of the@3az channel and higher sensitivity of this chariaelkater vapour variations.

contrast to 25 August 2013, the results for 31 @Hannel demonstrate negligibly small differenceneein measured and
calculated brightness temperature within the whatege of elevation angles. Some negative valuesaappccasionally at
elevation angles below 10°. For the 22 GHz chartheldifference between measured and calculatgtithess temperature
is negligibly small within the range of elevationgtes 10°-30°. For lower angleB;g becomes negative, but its absolute
values are not large. This case is an example & small influence of the humidity variations Brq and De,, in the

31 GHz channel in a dry atmosphere.

-

atmospheric situations A and B. It is very impotteo note that it would be wrong to directly compéhe signatures in the
LWP plot (a) and in the 2D time charts B¢ (b) and (c). The LWP of the SEVIRI retrieval igtresult of averaging over
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the area of about 7x7 km while measurements biH&KEPRO radiometer are very local. In contrast ® $kudy (Kostsov et
al., 2018b) in which only zenith observations withquent data sampling were used, we can not perforeraging of
HATPRO measurements because sampling intervalrfgular scans (20 min) was quite large for thatsTact should be
taken into account when comparisons of (a) pangél @) and (c) panels are made. One should notoéxpe precise
agreement of signatures on a time scale. 12 demonstrates large number of positive valueDqf for the 31 GHz _ -
channel. The largest of them reach 4 K and corredpo the period of time when SEVIRI detected ckoger the ground-
based radiometer (about 151.3-151.4 fractional .d8lygse positive values observed for all elevatingles are the LWP
land-sea gradient signal which is perfectly seethénconsidered case despite the fact that ittisange and does not exceed
4.5 K. For the cloud-free part of the day (starteqgproximately from 151.45 fractional day) we ske &ppearance of
negativeDtg values with the largest absolute brightness teatper difference at small elevation angles. For2ReGHz

channel, negativBrg were detected at small elevation angles all dag.lo

Let us consider the most interesting case whidregribed byrig. 13 This is the case with heavy cloudiness (LWP

- {YAaneHo: Fig. 8

e { YnaneHo: Fig. 9

is reaching 0.3 kg i) over both shores of the Gulf of Finland and cleanditions over water area (25 July 2013). We

stress, that we have the information on the spdigtibution of clouds only from the SEVIRI obsatons. Unfortunately,
the ground-based measurements for 25 July 2013waiable starting only from 236.34 fractional dagvertheless the
observational period is long enough for analysisstFwe point at the large amplitude of the briggds temperature
difference: from -18 K to 24 K. The reason for tisathe presence of clouds with high LWP. Secorelpaint at the mixture
of positive and negativ®g values for 31 GHz channel within the time perid®@b634-236.6 fractional day. As it was
already noted, the ground-based measurements ayelogl, instantaneous and not averaged. Therefbrine cloud
distribution is fragmented, the disposition of sepa clouds over the radiometer, over water ardaogar the opposite shore
of the Gulf of Finland may be considered to a éeréxtent random. This fact manifests itself asigtume of positive and
negativeDyg. As a result, the LWP land-sea gradient, whichialsly existed during the considered day accordimg
SEVIRI observations, is completely masked due &s@nce of cloudiness over the opposite shore o6thigof Finland.
Starting from 236.6 fractional day, clouds disappdaeverywhere and for this period tiyg 2D map is more
homogeneous. Similar to cloud-free situations duvimarm and humid season described by Figs. 6 atite®g values are
predominantly negative for this period and the &lisodifference of brightness temperatures is lafge small elevation

angles.

much larger (up to 0.25 kg'f At the same time there are some clouds with nsmchller LWP over the opposite shore of

the Gulf of Finland. We see that for the 31 GHzrofe positiveD+g prevail showing the evidence of considerable LWP

predominantly positive even for small elevation lasgThe reason for that is high signal originatiram the clouds with
large LWP. The “separation of variables” in chasr® GHz and 31 GHz is obviously not perfect, thavhy the 22 GHz
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channel is also sensitive to cloud liquid water3asGHz channel is sensitive to humidity distribati As a result, in the

considered case the positive signal of the LWP -l gradienDgy,,g dominates in the 22 GHz channel over the negative

values of the sum of the teris, andDe,, (especially for small elevation angles).

1

2)

3)

Concluding this section, we can formulate the follgy statements:
As predicted, the LWP land-sea gradient (higher LWWEr land, lower LWP over water) is detectable shows up as
positive values of the difference between modeied measured brightness temperatures of the MVétiadi These
positive values can be seen in the whole considenege of elevation angles (4.8°-30°). The expenimevealed that
the magnitude of the useful signélly(.d can vary from 2 K to 24 K depending on elevatiogle and LWP land-sea
difference (as it is provided by the SEVIRI satellinstrument). Obviously, thorough quantitativealgsis is
problematic due to the fact that the true statdhefatmosphere over the water body (the Gulf ofalfid) was unknown:
the SEVIRI instrument provided averaged data on L\ there was no information on correspondinggnes,
temperature, humidity profiles and type of cloudise
The effect of LWP land-sea gradient can be masketh® signal from clouds over the opposite shoréhef Gulf of
Finland.
There is a systematic negative component of ttghbiress temperature differendes which is clearly revealed under
cloud-free conditions and can reach in the warmtamdid season 20K by its absolute value at smeliation angles.
So far, we do not have enough information for aa®urdentification of the origin of this negativensponent. Pointing
error (elevation angle systematic error) shouldehawduced signal which is constant in time, so it is not tase. The
uncertainty of accounting for refraction is smalbgr more than the order of magnitude. The intenfgsignal coming
from the surface through side lobes of the antgraitern is very unlikely to be the reason sinceetfect depends on
air humidity. So, the only two explanations remathe humidity horizontal gradient or the amplificat of the
systematic error of humidity retrieval when brighés temperatures are calculated for elevation argiteer than 90°.
The presence of the negative componerdgfcan make it difficult to detect LWP land-sea geauts$ if these gradients

are not very pronounced.

4 Statistical characteristics: seasonal features

The main idea of this statistical analysis is tmpare the monthly mean values of two quantii®g;r andD+g. Here, D wp
is the difference between LWP obtained by SEVIRpixels 243 (land, radiometer location) and 242 (g&ulf of Finland)

and this quantity in our study is the reference suea of the LWP land-sea gradiebkg is the brightness temperature

difference in the 31.4 GHz channel which has beeiméd in section 2 and contains the componenectfig the LWP

land-sea gradient.
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In order to minimise the influence of the interfeyi systematic negative component®fs attributed to the humidity
horizontal gradient, in statistical analysis we sidar only the elevation angles larger than 10% ®dther advantage of this
limitation is the missing of most clouds over thgposite shore of the Gulf of Finland, over seconthls water area
(Sestroretsky Razliv) and the land at about 28 kstadce, because the atmospheric layers below sipmately 4 km are
not scanned. For the sake of correct comparisoth@fground-based and space-borne measurementsnitted all
HATPRO and SEVIRI measurements made for solar zemgle (SZA) larger than 72° since the retrievedrs of the LWP
measurements by SEVIRI strongly increase for thgel&ZA. The SEVIRI and HATPRO data sets used d&rutations of
monthly mean values contained all available highalityay measurements. The elements of these dataveets not
synchronised, which means for example that when PIRO did not produce the data because of rain ovstie SEVIRI

data set might have had no gaps.

component (interfering signal) originating, as sesjgd, from the horizontal inhomogeneity of watepaur, the attention
should be paid to the qualitative temporal behav@fiDg rather than to the specific values of this qugn#nd second,
one should account for possible influence of seaswariation of the interfering systematic companen the temporal

dependence dbrg.

maxima (in May-June and in October) and one minimnnfAugust-September. Compariiy e and D1g for the WH
season we note similar temporal behaviour of tigesentities within the time interval May — Augusherbest agreement is
observed for 2014. For 2013 the agreement is ngoas as in 2014 since the ground-based measurerdentonstrate
profound minimum in June which is not present ia $atellite measurements. For the CD season, ihhargood agreement
of temporal behaviour ob wp and Drg in 2013: maxima in February and April and minimimMarch. There is no
agreement for the CD season of 2014: the satelita show slight decrease of the LWP gradient withme interval
February-April while the ground-based data shovinitsease. There is one interesting feature thatildhbe also noted: the
monthly mean values dDg for different elevation angles are very close &zte other for all seasons. However, the
variability of Dyg in 2013 at small elevation angles (11° and 14Rjgber than for large elevation angles (19.2° 309).

It should be reiterated that both water vapour @odd liquid water affect the brightness tempematvalues which

interfering influence of atmospheric humidity oretkalues oD1g. In order to perform a separation of variableoum
problem, we need to abandon the analysis of thatijies in the measurement domain (brightness teatpees) and to start
the analysis in the domain of sought parametersiwhi our case are LWP and IWV (integrated watguoua). The

simplest and commonly used method to solve therseve@roblem of the LWP and IWV retrieval from misave
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observations in the K-band of microwave spectréhés application of regression algorithms — linearqoadratic. Both
algorithms have advantages and disadvantagesfdhemge decided to apply both of them and to comphe results. The
regression formulae for the LWP value are as fadtow

L

LVVPn = Z aknTkn + a(L+1)r1 (3)
k=1
L L ,

LWE, = th—rkn + Z b(L+k)nTkn + b(2L+1)n 4)
k=1 k=1

where Eg. (3) refers to linear regression, Eq.f@ers to quadratic regression; identifies the elevation angle of
observations, in our case0,...,7 (zero refers to zenith viewing);andb are the regression coefficients, indeiklentifies
the spectral channel, is the total number of spectral channels which amesidered in the regression scheffigs the
brightness temperature. In the present study, weel @sr retrievals only two of seven spectral chése the K-band:
22.24 GHz and 31.40 GHz, &2 in Egs. (3) and (4).

In the course of developing the retrieval algorithwe used two variants of training data sets. &t fiwe trained the
algorithm separately for each of the seasons aasyand considered only the overcast case withddniange of variations
of the cloud base and the cloud vertical extensidnis approach appeared to be ineffectual and didproduce robust
results. It was found that extensive forward madgliof scattered clouds with highly variable partenge was necessary.
Therefore, finally, training of the regression aigams was performed on the basis of the Monte cCarbdelling of the
atmosphere with scattered clouds described in stibee2.2. The complete training dataset includes talues of LWP
calculated along the line-of-sight and converteth®oLWP in the vertical column. In case of crogsseveral clouds by the
line-of-sight the LWPs from all these clouds weaketn into account. The brightness temperature2.@4Z5Hz and 31.40
GHz were calculated accounting for the instrumeédVFThis training dataset was used to derive tigeagsion coefficients.
As a result, for each of the regression algoritifiinear or quadratic) of the LWP retrieval we hadar disposal 8 sets of
regression coefficients corresponding to 8 elewatamgles. Testing of the regression algorithms hia tiumerical
experiments conducted for simulated overcast cmmditand scattered clouds has shown that the #igwioverestimate
the true LWP for off-zenith observations with thiasbin the range 0.003-0.006 k¢frtfor elevation angle 60°). The bias
slightly increases for smaller elevation angles: Eenith observations, the bias is negligibly sm&b, we can make the

conclusion that the algorithms can not overestirttegd WP gradient, if it is detected while procegsiield measurements.

After applying the regression algorithms to thegbthess temperature values measured at differewat@dn angles
we could estimate the land-sea LWP difference aairdd from ground-based MW observations usindgahaula:
Dy, = LWR, —LWP, (5)
wheren stands for elevation angle and zero refers totzemewing as it was in Eqgs. 3 and 4, the indextigates that the
data refer to HATPRO. The results of estimatiorthef land-sea LWP difference both by space-bornegaodnd-based
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observations are presentedfiiy. 16 This plot is organised similar Jeig. 15 but contains only one vertical axiBi(we). -~ {Yp.aneuo: Fig. 12 J

The results obtained by linear and quadratic dlgm$ appeared to be very similar, so we presentests of the linear ) ‘[ynaneuo: Fig. 11 }

algorithm only.

e { YpaneHo: Fig. 12 }

results of the estimation of the land-sea LWP défifee from ground-based observations. In order &xema proper

comparison of ground-based and satellite datauoh s situation, we have calculated the land-se® ldifference from the
SEVIRI data using three different formulae:

Dg; = LWB,,; = LWP,,, (6)
Dsz = LVVP243 - (LVVPZ42 + LVVP241)/ 2. (7)
Ds, = LWB,,5 - (L\NP242 +LWR,, + LVVP219)/ 3. (C)

Eq. 6 corresponds to pure land-sea LWP gradienttwisi estimated as the difference between LWPHerland and sea
pixels. Eq. 7 models the situation when the HATPR&irument is probing air portions over sea andr dkie opposite

coastline of the Gulf of Finland for medium elewatiangles. The “sea value” of LWP in this caseosigined from the

equal contributions by pixels 242 (sea) and 24p¢sfie coastline are). And Eq. 8 is intended fodetking the HATPRO

observations at small elevation angles. In thi® ¢asre can be an additional contribution from dbinland relatively far

from the opposite coastline, i.e. over pixel 218aik, as for the previous case, the contributidrEx@ls to the “sea value”
of LWP are equal.

We would like to emphasize that the extensive d@odough comparison of the HATPRO and SEVIRI datd_a/P
for pixel 243 has already been made and the rekalts been published (Kostsov et al., 2018b, 20&6»d agreement for
daily mean LWP of the ground-based and satellita Has been revealed. Moreover, the cross-companisthe HATPRO
LWP data with the data from two space-borne instmt® SEVIRI and AVHRR confirmed the agreement nuly dor
averaged values, but also for single measurem&uisigov et al., 2019). To date, there were no giterto compare the
satellite and ground-based data on LWP over watdases. However, the validity of the satelliteadatver large water
bodies was confirmed implicitly by the comparisdntite SEVIRI and AVHRR results over the Gulf of Eind and the
Lake Ladoga (Kostsov et al., 2019).
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values from February to March 2013 instead of desgeas shown jRig. 15 The most important result shownfitg. 16is__ -~ {YAaneHo: Fig. 11

535 that the ground-based microwave measurements mdjirdetect the LWP land-sea gradient during adlss@s and this "[yganeuo: Fig. 12

(N

gradient is positive as in case of the satelliteasneements (larger LWP values over land and snalier sea). The gradient
is negative only for March 2013 but its correspagdabsolute value is small. Comparing the gradiebtsined by the
ground-based measurements during warm and coldrseag may conclude that in general the gradiemtisigl cold season
are smaller than during warm season and not aablaras during warm season. For warm season, doltegt derived from
540 microwave measurements at the 60° elevation amsgEmaller than the gradients obtained from measemesmat other
elevation angles. It is interesting to note thar¢hare no noticeable differences between the satoeresponding to
elevation angles 11.4°, 14.4° and 19.2° during waeason and between the values corresponding toradidered angles

during cold season. This fact leads to the conmfugihat the clouds over the opposite shore do mmdyze a noticeable

influence on the results. Therefore hereafter wt@nparing the SEVIRI and HATPRO data wél consider only thd®g; -~ { YaaneHo: shall

545  values.

For the warm seasons of 2013 and 2014, temporavimir of the LWP gradient revealed by the satellit
measurements completely differs from that obtaibgdhe ground-based measurements. The satellitsureaents show
two local maxima in June-July and in October whhe ground-based measurements demonstrate maxifaynand
August-September. The maximal values of the gradierived from satellite observations are muchdatgan the maximal

550 values of the gradient derived from ground-basesknlations. In contrast to the warm season, duhiegcold season the
temporal behaviour of the gradient is the sameherSEVIRI and the HATPRO results. In order to famy explanations
for the agreement of the results in terms of temploehaviour during cold season and the disagreedugimg warm season,
additional investigations are necessary involvingrough assessment of the error budget of thetsesutot only ground-
based but also derived from satellite observatitirshould be noticed that the analysis of the gjtias in the measurements

555  domain demonstrated several similar patterns iptead behaviour oD+g andD wp during warm season of 2014 and cold
season of 2013.

It is interesting to compare the obtained valueshef LWP land-sea gradient with the data which mmvided by
reanalysis, namely ERA-Interim from ECMWF (Dee kt 2011). The main shortcoming of such comparisothe coarse
spatial resolution of the reanalysis data. Theriakeresolution of the ECMWF data is 0.75 deg, alsout 80 km which is

560 too poor to describe the scene of our experimesthigher resolutions of the reanalysis data, terpolation procedure is
applied, but the highest recommended resolutidh25 deg (28 km). So we have chosen the 28 kmutsolbut even in
this case we could not apply the reanalysis datahé scene of our experiment. Therefore we seletied areas
0.25x0.25 deg which are the nearest to the HATPRO raglierrand which represent the land surface and #tervbody.

The location of these areas on a map is showfignl7 The ECMWF data for land surface refers to thettey located -~ { YpaneHo: Fig. E

565 about 30 km to the south from the HATPRO radiomeldre ECMWF data for the water surface refers ® térritory
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580
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595

located about 120 km to the west and 30 km to @wthrfrom the measurement site. The ECMWF data\WPlfor 6 and 12 [ J
1 : Fig. F
UTC were collected and averaged over a period efrnanth. K Yaaneno: Fig
/ J[ YnaneHo: T1 }
The comparison of the LWP gradient from SEVIRI, HO and the ECMWF reanalysis is presenteftiin 18 - ‘{Y.qaneHO' Fig. F J

Due to large displacement of the reanalysis dataamenot expect the agreement in temporal behatiotwe can compare /|

the average magnitude of the LWP gradient. For mmseason, one can see a very good coincidende ahagnitude of u“‘
the LWP gradient derived from the ground-based miasiens and provided by reanalysis. The best ageee can be seen
for the period May-July/August. The discrepancieséase during the period August-October 2014 tf@icold season in /i
contrast to SEVIRI and HATPRO, the reanalysis ptesinegative LWP land-sea gradients. However ,likelate values of ‘
these gradients are not large. The HATPRO resisfslay positive gradients and the temporal pattemessimilar to the | J}
patterns shown by the SEVIRI data. In general, we make three main conclusions from this comparigarst, the |

SEVIRI and the HATPRO instruments detect positiWR. land-sea gradients during all seasons but thgnitiale of the |

gradient detected by the ground-based instrumectnsiderably smaller than detected by the saehistrument. Second, [ ‘

the LWP gradients provided by HATPRO and reanalgsisng the warm season are in a very good agreemaid, the |

reanalysis data demonstrate negative LWP gradiemgicold season in contrast to the SEVIRI andHA§ PRO data. The [

noticeable seasonal differences in the SEVIRI ddtite the HATPRO results demonstrate lower valugsnd cold season.g‘ !
The analysis of physical reasons for the seasdffatehces in the LWP land-sea gradient is beydedstope of the present |
study. To our opinion, such analysis requires mmohe data including the satellite data sampled wagbus water bodies.“‘ |

instrument at the elevation angle 14.4° for threnarios of training the regression algorithm. Ten scenario describes|
scattered clouds, existing LWP land-sea gradiant,the microwave measurements with the account@y. The second ;‘
scenario neglects FOV and the third one descriftesanditions without LWP land-sea gradient. One s2e both factors |
produce negligibly small effect on the obtainedutess The conclusion was expected since negle¢tDy is equivalent to ;‘
the presence of additional random noise which psessed by averaging. Also, it is important to tieenthat the presence
of the LWP land-sea gradient in the training da&tiadoes not automatically provide its detection nvpeocessing the field“‘
campaign data. The training was performed witheesp LWP values rather than the gradient valBesides, the training

was performed for each elevation angle separately.

Previously, the measurements of the cloud liquidewgath (LWP) by the SEVIRI and AVHRR satellitesruments

provided the evidences of the systematic differsramween LWP values over land and water area®ithdrn Europe. In

1l 5.1 Data sampling{

YpaneHo: 5 Discussion and
identification of problems{

Data sampling issue seems tg
be of primary importance for
the solution of the problem of
detecting the land-sea LWP
gradient. In our case, the
angular scan is performed
every 20 min. This time
interval is very large for cloud
studies. Rose et al. (2005) has
noted that the integration time
(or sampling interval) should
not be greater than 20 s in
order to register the short-
period variations of
tropospheric humidity and
cloud liquid water. Kostsov et
al. (2016) have estimated the
optimal value of sampling
interval of ground-based
microwave observations by
HATPRO using the
information approach: the
values of the information
volume calculated for
measurement sequences wit
different sampling intervals
have been compared. The
integration time was always
the same and equal to 1 s, the
lower sampling rates were
obtained by sparsely sampling
the data. The sampling interva
that corresponded to the
maximum of the information
volume was considered as
optimal. Kostsov et al. (2016)
have made the conclusion tha
even for stable atmospheric
situation the sampling interval
should not be greater than
100-200 s. In this case
maximum information could
be extracted form MW
measurements.
For detection of land surface
induced atmospheric water

(=3

the present study an attempt is made to detect difdrences by means of ground-based microwavesrohtons
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performed near the coastline of the Gulf of Finlandhe vicinity of St.Petersburg, Russia. The wnveave radiometer

RPG-HATPRO located 2.5 km from the coastline ifioning in the angular scanning mode and is piwliie air portions

over land (at elevation angle 90°) and over watea dat 7 elevation angles in the range 4.8°-31 data obtained within
600 the time period December 2012 — November 2014 tedwen for analysis.

In this study we used the classical approach tcstihation of inverse problem of atmospheric optamsalysis of the
forward problem on the basis of simulations, arialy§ measured quantities for several test casesngd the retrieval
algorithm, processing the experimental data with Help of this algorithm, and the comparison of thsults to the
independent data. The decision to make such stegtelpyanalysis was stipulated by the fact thatalgh the concept of

605 using angular measurements to characterize wapemr\and liquid water path gradients is feasibt pitactical applications
are very difficult due to the high variability dfe liquid water in the clouds, the inhomogeneitywaiter vapor, etc.. The
high temporal and spatial variability of cloud pakgers (vertical and horizontal placement, horiabsize, LWP, vertical
extension) are the reason for solving the probléxhetection of the LWP land-sea gradients only ke thasis of averaging
of a large number of measurements.

610 At the first stage on the basis of simulationsudahg the Monte Carlo simulations of the atmosplveith scattered
clouds, the assessment was done of the magnitudbeoEWP land-sea gradient signal in the brightnessperature
measurements. The estimations show that the méae ohthis signal at 31.4 GHz can vary in a widage from 2.5 K for
scattered clouds up to 4-14 K for overcast conatiolhe instrument field-of-view (FOV) affects thesults of the off-
zenith measurements in case of scattered cloudistimglucing additional noise. The systematic congmarof this noise is

615 small and averaging over several hundred casesng@mise its random component. So the assumptianfofitely small
beam width can be used for processing measureiifigigsanalysis is done for averaged quantities.

At the second stage of investigations the problérthe LWP gradient detection is examined in the smeament
domain in the special case study. The brightnespeeatures of the microwave radiation measuredfferent elevation
angles in the 31.4 GHz and 22.24 GHz spectral ailarare analysed and compared with the correspgndilues which

620 were calculated under the assumption of horizamahogeneity of the atmosphere. The difference betweeasured and
calculated brightness temperatuls is taken as a main quantity for analysis. Sevapetific cases, selected on the basis
of the satellite observations by the SEVIRI insteminwere considered in detail including: clear-skpditions, the presence
of clouds over the radiometer and at the same timeeabsence of clouds over the Gulf of Finland, #rel overcast
conditions over the radiometer and over the oppadibre of the Gulf of Finland. As predicted, th&R. land-sea gradient

625  (higher LWP over land, lower LWP over water) shows as positive values of the difference between etted and
measured brightness temperatures of the MW radialibe analysis of the test cases revealed thamdgnitude of the
LWP gradient signal in brightness temperature measents can vary from 2 K to 24 K depending on aien angle and

LWP land-sea difference (as it is provided by tli&/BRI satellite instrument). These positive valwas be detected in the
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whole considered range of elevation angles (4.8)-3the effect of LWP land-sea gradient at smailation angles can be
630 masked by the signal from clouds over the oppasitere of the Gulf of Finland. Besides, there ig/steanatic negative

component of the brightness temperature differentieh is clearly revealed under cloud-free condii@and can reach in

the warm and humid season 20K by its absolute vatlisenall elevation angles. So far, we do not fen@ugh information

for accurate identification of the origin of thisgative component.

The analysis of monthly mean valuesiag at 31.4 GHz (the LWP gradient signal in the measiant domain) does

635 not lead to unambiguous conclusion about the existeof the LWP land-sea gradient since the sigthe$e values is
alternating. However, several similar patterns wigtected in the temporal behaviouag and the LWP gradient derived

from the satellite observations by the SEVIRI instent (in particular for May-August of 2013 and 2Gind for February-
April 2013). The presence of these similar patteorsfirmed the conclusion that the systematic campoin measurements
makes the analysis in the brightness temperatumeaiio(i.e. measurement domain) complicated. Thgestippn has been

640 made that this systematic component is caused bsrwapour inhomogeneity. In order to perform aasafion of variables
in our problem, we abandoned the analysis of thentijties in the measurement domain and startecatiadysis in the
domain of sought parameters. Linear and quadraticessions have been selected as suitable retai@ithms for the

LWP retrievals.

Training of the regression algorithms was perforroadthe basis of the Monte Carlo modelling of th@asphere
645  with scattered clouds which was used for extensinailations of the microwave measurements wherdiveard problem
was analysed. In the present study, we used foevats only two of seven spectral channels inkKHeand: 22.24 GHz and
31.40 GHz. Testing of the regression algorithmghi numerical experiments conducted for simulategt@ast conditions
and scattered clouds has shown that the algoriduaestimate the true LWP for off-zenith observadiovith the bias in the
range 0.003-0.006 kgfn(for elevation angle 60°). The bias slightly irases for smaller elevation angles. For zenith
650 observations, the bias is negligibly small. So,caa make the conclusion that the algorithms caronetestimate the LWP
gradient, if it is detected while processing figlctasurements. The linear and quadratic regressjmmitams produced

similar results, therefore the results obtainedheylinear regression algorithm only are preseirtdte article.

The most important result is that the LWP retrisvekfinitely demonstrate the existence of the LVERdisea
gradient during all seasons and this gradient sitipe as in case of the satellite measurementgetd WP values over land
655 and smaller over sea). The gradient is negativgy émi March 2013 but its corresponding absoluteugals small.
Comparing the gradients obtained by the groundébasierowave measurements during warm and cold sease may
conclude that in general the gradients during thid season are smaller than during the warm seasdmot as variable as

during the warm season.

The intercomparison of the LWP land-sea gradieria deom the HATPRO and SEVIRI measurements and the
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ECMWF reanalysis has been carried out. The SEViRItae HATPRO instruments detect positive LWP lard-gradients
during all seasons but the magnitude of the gradietected by the ground-based instrument is ceralily smaller than
detected by the satellite instrument. For the wagasons of 2013 and 2014, temporal behaviour oL@ gradient
revealed by the satellite measurements completér drom that obtained by the ground-based meamants. In contrast
to warm season, during cold season the temporavialr of the gradient is the same for the SEVIRY ¢he HATPRO
results. The LWP gradients provided by HATPRO amhalysis during warm season are in a very googeaggnt. During
cold season in contrast to the SEVIRI and the HADRRta, the reanalysis data demonstrate negativie gk&dient.

The main conclusion of the study is the followirige approach to detection of the land-sea LWP gradrom
microwave measurements by the HATPRO radiometeratipg at the observational site of St.PetersbuegeSJniversity
has been successfully tested and the results owdithe presence of the horizontal land-sea LWR8igm&ain the vicinity of
the radiometer. Further research is needed in oiwéncrease the accuracy of the retrieval method ® find the
explanations for the revealed differences in thgmitade and temporal behaviour of the LWP gradabttined from the
ground-based, satellite and reanalysis data. Timy shas identified several problems: sparse datepkiag in angular
scanning mode, not optimal azimuthal orientatiotthef instrument, the necessity to improve the gataessing algorithm
and the need to find the origin of the systematimgonent in signal measured in angular scanningemidtese problems

are discussed in detail in Appendix A.
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the HATPRO observations and provided by the ECM#hadysis.

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
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Figure 1: The location of the RPG-HATPRO radiometerand the viewing direction in the angular scanningmode. The black
straight line is the distance scale. Black square@vith numbers) show the position of the centres othe SEVIRI measurement
pixels. Map data ©2019 Google.
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Figure 2: The viewing geometry in the vertical plae. Position of the radiometer is marked by the redross. Colour lines represent
795  the lines of sight for different elevation anglessge the legend). Blue boxes designate the atmospbéayer 0.3-5.5 km over water
areas (see text).
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800 Figure 3: The 2D distribution of optical depth in the 31.4 GHz channel as calculated from the radiomet location point (marked
by the red cross). Overcast conditions, cloud base1 km, cloud top is 2 km, LWP=0.4 kg ri.
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Brightness temperature measurements, one zenith
observation and one angular scan
Tom(y,0), a=4.2,...,9C°

The result of zenith The result of
measurement angular scan
Tom(y,a), a=9¢° Tom(u,a), a< 90

Retrieval of profiles
of atmospheric
parameters

Comparison
of Tpm and Ty

Radiative transfer
calculations for angles
corresponding to
angular scan

(horizontal homogeneity!)

Identification of
the signal

The result of
calculations
Tbc(v,aj, a< 9

relevant to LWP
land-sea gradient

805 Figure 4: The algorithm for data processing and anlgsis.
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810 Figure 5: (a) A simplified scheme of the MW radiaton transfer from the atmosphere to an instrument ilustrating the origin of the
LWP gradient signal. (b) The LWP gradient signal Dy,q as a function of the elevation angle in three speal channels.
LWP ,,4=0.080 kg n, LWP.=0.040 kg n?. Solid and dashed lines correspond to the clouddated within 1-2 km and 3-4 km
layers correspondingly.
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815 Radiometer Water area Opposite shore

Figure 6: Possible configurations of the observatital geometry in case of scattered clouds (a schengatilustration). Solid lines
designate the line-of-sight (LOS) of the observatit at various elevation angles. Dashed lines shohetfield-of-view (FOV) of the
radiometer.

32



0.12

0.08

0.04

0.00

0.12

0.08

0.04

0.00

820

Figure 7: Statistical distributions (in terms of relative frequency of occurrence R) of brightness teperatures at 31.4 GHz
simulated for four elevation angles and for two sitations: one with existing LWP land-sea gradient at another without such
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Figure 8: The LWP gradient signal Dy, as a function of the elevation angle at 31.4 GHmput data: the Monte Carlo model of
scattered clouds. Solid line (1) corresponds to theesults obtained with account for FOV; dashed linecorresponds to the results
obtained when FOV is neglected.
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neglecting FOV minusTg accounting for FOV” at 31.4 GHz simulated for four elevation angles. Input data: the Monte Carlo
835  model of scattered clouds.
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brightness temperatures DTB (colour scale) as a fation of time and elevation angle for two spectrathannels (2D plots, the
channel frequency is indicated in the plots). 25 Agust 2013.
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and the ground-based observationsDy; (j=1,...,4) denoteD yp Obtained by the HATPRO instrument at four elevation angles
(colour lines, see the legendDg; (j=1,2,3) denoteD.wp obtained by the SEVIRI instrument and calculated ly three different

formulae, see the text.
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Appendix A: Identification of problems

A.1 Data sampling

has noted that the integration time (or samplirigriral) should not be greater than 20 s in ordeegpster the short-period

variations of tropospheric humidity and cloud Iidiuivater. Kostsov et al. (2016) have estimated tbeémal value of /

detection of land surface induced atmospheric watpour patterns, Marke et al. (2020) used paddemeasurements by
the HATPRO radiometer in zenith direction and inmazh scanning mode at the elevation angle of J0fe interval

between scans varied from 10 to 30 min. This itk similar to the interval in our study. Howeyirshould be specially

In the present study we considered only one algoriof the derivation of LWP from microwave obseiwas which was‘\f‘\
based on regression relationships linking meashrigtitness temperature values and LWP. The regresdgorithm (linear
or quadratic) is widely used for processing therowave observation data. Simplicity and computatiaefficiency are its |
main advantages. The other algorithm is called §ataf” or “physical-iterative” and it is based dmetinversion of the
radiative transfer equation, usually by optimalreation method (Rodgers, 2000). The detailed amalyisthe applicability
of both algorithms and of their combination to fireblem of derivation of LWP and integrated watapeour (IWV) from
two-channel microwave observations was done by 8ruenh al. (2007). In general, the superiority af ghysical algorithm

over regression algorithm originates from the fihett this method accounts for the spatial distidoubf all parameters

| YpaneHo: Data sampling

issue seems to be of primary
importance for the solution of
the problem of detecting the
land-sea LWP gradient.

/| YaaneHo: : the values of the

conclusion that even for stable atmospheric sibmathe sampling interval should not be greater th@A-200 gFor

" | considered as optimal(™ a7

information volume calculated
for measurement sequences
with different sampling
intervals have been compared.
The integration time was
always the same and equal tq 1
s, the lower sampling rates
were obtained by sparsely
sampling the data. The
sampling interval that
corresponded to the maximum
of the information volume was

YpaneHo: In this case

maximum information could
be extracted form MW

YaaneHo: 1
Taking into account the above

mentioned findings relm

YpnaneHo: . These quantities
are

| YpaneHo: The solution of the

problem requires simultaneous
and frequent measure 161 f

YnaneHo: The value of 10 s
for sampling interval seems to

be the optimal trade-of 7

\ \| YaaneHo: Thus, several

'| example

YpaneHo: can be made, for

YnaneHo: :1 }

observations with 20 h 18]

YpaneHo: <#>to alternate
20 min period of zenith

YpaneHo: 3

YpaaneHo: In particular, the
information about temperatur
in cloud layers helps t

o { YnaneHo: 1 }




approach is more accurate than the regression aqpiits application to the considered problem ef dietection of LWP

channel of the radiometer. However, there is a pigibability that this component reflects the honital gradient of the air,

absolute humidity. If this hypothesis is acceptbdn we have to explain the origin of high absohuenidity over the Gulf \‘
of Finland and/or over the territory located betwélee radiometer and the Gulf of Finland. High emmitof water vapour |

over the water body can be explained either byetraoration or by the advection of humid air. Cdesng the problem of

the quantification of evaporation from lakes Firgid Calver (2008) note, in particular, that:

There are a number of factors that can affect treparation rates; first of all, one can mention thienate and
physiography of the water body and its surroundiidso the stored heat can be transported withénatater body itself
and into and out of it.

Seasonal variations in the evaporation rate depenthe heat storage capacity of the water body hwigcgreatly
determined by its depth.

Seasonal variations of the evaporation rate ateneocessarily synchronised with seasonal variat@$e net solar
radiation; as the water depth increases, the marimvaporation can be observed within the periothfone to four
months after the summer solstice.

The significant factor influencing the evaporatmate is the heat which is transferred into a wataty by inflows and
outflows. The variety of inflows includes seepagef groundwater bodies, changes in bank storagersrflowing into
the water body and land surface run off. Enumegatuitflows, one can mention rivers, controlled wrdwals

(reservoirs) and leakage to groundwater.

The Neva bay, the part of the Gulf of Finland owsich the line of sight of the radiometer passesgiry shallow, its depth

does not exceed several meters. The Neva bayasated from the main part of the Gulf of Finlandtbg dam. Therefore,

to a first approximation, the Neva bay may be abeisid as a big lake with the Neva River as the majtow. The

exchange of water between the Neva bay and the paatrof the Gulf of Finland goes on through selvsp&cial passages

in the dam. Taking into account all factors presdrabove, one can suggest that investigation o$ehsonal behaviour of
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YpaneHo: One should keep in

mind that measurements at
different elevation angles are
treated separately due to
horizontal inhomogeneity of
atmospheric parameters.
Therefore the considered
inverse problem in its general
formulation through the
radiative transfer equation wil
be the classical strongly
underdetermined ill-posed
problem which will require a
system of constraints.

YnaneHo: 4 }

|| temperature. First of all, we

YaaneHo: Last but not least
we discuss the systematic

component which was detecte

in measured brightness

\ '| YaaneHo: note J

|| and missing values were filled
'| with linear interpolation.

YpaaneHo: Corresponding
measurements were filtered g

YpaneHo: In Section 3 we
have made the statement tha

o



surface territory between the radiometer and tlegast coastline of the Gulf of Finland can be alsmurce of evaporation.
This territory is covered by the forest (park)the study by Marke et al. (2020) devoted to landiz®e induced atmospheric -

wateryapourpatterns, it has been shown that less water vege®ms to be present at elevated deciduous ftmesir case /!

=

elevation angles other than 90° passes in its twtd projection about 150 m over the roof of thiding of the Institute of

Physics which can be a kind of heat source, espedaring sunny days when the roof is warmed upaddition, there

should be an air temperature gradient over thetlaoastself. These factors can also contributeystematic component of ,,{y.qaneuo: 5

/

signal.

{ YpaneHo: vapor

) /{ YaaneHo: 1

/

/

;7

,

;7

When the HATPRO measurements in the zenith dinecéice processed routinely, the data quality conprolcedure

includes several steps. The first step is filterwng the data obtained during rain events (as tiduy the rain sensor) and

during a certain period after a rain event. Theatian of this period is taken equal to 4 hourssssmmended in the special |

study (Kostsov et al., 2018a). At the next step dhevergence of the iterative process of the inwarsf the radiative

transfer equation is analysed. The convergence iinsiet to 12 iterations. All data correspondiogihconverged processes/ !

are filtered out. It should be noted that normdtlg number of iterations before successful convergeraries from 5 to 9.

The last check refers to the analysis of the redidatween measured brightness temperature vataetha corresponding/ ;‘f“‘

values calculated on the basis of the retrievedspimeric parameters. In case the RMS residual dgce&, the results aré
considered erroneous. This 3-step procedure helgeep only the good quality datdeasurement geometry which is yg“‘ed“gl
and analysed in the present study is based onangganning. Such geometry gives the possibilifyrabe remotely the air ‘gj“‘f
portions which are located very far from the radéen in the horizontal direction. In this casetaation may occur Whenlﬁ‘jf‘
the line of sight passes through a rain event ¢aveh) while there is no rain at the radiometer tmcaand the rain senso/}f
detects no rain. When the regression algorithmsedufor the LWP retrieval, it is difficult to ensuthe sufficient data'j

i
quality control. However, the application of theypital method (already discussed in sectjpr) would allow/,

implementing the described above second and thépssof quality control procedure similar to theseawith zenithj‘
observationg.
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YpaneHo: The measured
signal is affected by air
temperature directly through
the emission of radiation and
indirectly through the
temperature dependence of tl
absorption by water vapour
and liquid water.

YpaneHo: Measurement
geometry and d

YnaneHo: 1

There is another aspect
relevant to the measurement
geometry which should be
mentioned. The solution of th
problem of the detection of th
LWP land-sea gradient implie
the combination of zenith and
angular microwave
observations. While zenith
observations deliver the
absolutely local “spot” data
over the radiometer (the
horizontal dimension is
determined by the beam
width), the data obtained at
angular observations may be
considered as averaged over
certain horizontal distance. F¢
small elevation angles this
distance can reach dozen of
kilometres. If we take into
account the high temporal an
spatial variability of clouds,
the direct comparison of the
results of zenith and angular
observations made during on
scan can be erroneous.
Probably, more rigorous way
of comparison would require
temporal averaging of the
results of zenith observations

over a certain period 11y
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The 22-channel radiometer MICCY (Microwave Radioenefor Cloud Carthography) with high temporal
(1 s) and spatial (antenna beam 1°) resolutionsaadning possibilities in horizontal (0-360°) arettical (0-90°)
planes was designed for mapping clouds (Crewelblgt 2001). It should be noted that this radiometer
transportable and can be used for mobile measutsm@mother instrument is a 10-channel ASMUWAR/A¢ tl-
Sky MUIti WAvelength Radiometer. It is a systemidegd for tropospheric monitoring and it is ableotiserve the
sky in all directions with an angular resolution @f (Martin et al., 2006a). Retrieving maps of greged water
vapour and liquid water is one of the purposeshaf instrument. The examples of these maps carolnedf at
http://www.iapmw.unibe.ch/research/projectss ASMUWARBNIline/, last access: 15 May, 2019. A descriptafn
the LWP retrieval algorithm, LWP sky maps and cgpanding photographs of the sky are presentedeiratticle
by Martin et al. (2006b). A short overview of atgyuscanning observations of cloud liquid watergogund-based
MW radiometers can be found in the article by Weséw et al. (2004). Also, the tomographic approgchhe
retrieval of LWP should be mentioned which is basedV\W observations in angular scanning mode froowving
platforms — air-borne and ground-based. This amrosas first proposed in the 1980s. Huang et @1@2
demonstrated the feasibility of tomographicallyrimting the spatial structure of cloud liquid watesing current
microwave radiometric technology and provided salvgeneral guidelines to improve future field-basadlies of

cloud tomography.

It should be mentioned that microwave radiometees Gapable to provide the information on the spatia
inhomogeneity not only of LWP but also of air huitydSchween et al. (2011) have shown the poteafial single
full-scanning MW radiometer RPG-HATPRO for detegtimorizontal water-vapour variability. They demoastd
that applying a simple linear-gradient model togettvith an assumed vertical profile derived frore ttlosest
radiosonde ascent, the strength and directioneohtrizontal-humidity gradient can be determinethwi temporal
resolution about 15-20 min. Meunier et al. (201&)fgrmed simulated experiments for retrieving twaehsional
water vapor fields using a tomographic approach rdtiple ground-based MW radiometers. The goathaf
mentioned study was to investigate how the variasgects of the instrument setup (number and spaufing
elevation angles and of instruments, number ofueegies, etc.) affected the quality of the retriefield. Stahli et
al. (2011) have proposed an imaging method for lvedter vapour and liquid clouds which used grouadel
observations by the SPIRA ground-based MW radiomaperating at 91 GHz by continuously scanning gk
over a range of elevation angles in a fixed azimditiection. Marke et al. (2020) studied the infloenof a
heterogeneous land surface on the spatial disiwibutf atmospheric water vapor: they used groursedaemote
sensing measurements of integrated water vapouv)Iey a microwave radiometer HATPRO during cleay sk

conditions at 30° elevation angle (full azimuthrscavith 10° step).

While the above mentioned studies considered tmergé problem of LWP mapping by means of MW
observations, the present study deals with theifipdask: to assess feasibility of detecting LWBrikontal
gradients in the coastline area. We emphasizahbaetrieval of LWP over land and water surfacéhmvicinity of
the radiometer and the analysis of an error buidgett the primary goal of our study. In order & @sight into
typical qualitative features of the LWP land-seadjent in the vicinity of the radiometer and toritfy the main
problems relevant to quantitative analysis of meaments and to the solution of the inverse probdérie LWP
retrieval over water area using MW angular scares,start the investigations by focusing the reseanthhe

measurement domain. We examine the results of tnegk temperature measurements in several spelctahels



of the radiometer and at several elevation anglesder to identify the evidences of the land-s@#PLgradient just
in the measured quantity, i.e. MW radiation. Thalgsis is done for different seasons. To our opinguch an
approach, while being relatively simple, is an@ént way to highlight the main points which reguthorough

investigation. Nevertheless, we also present sawl@mpnary results of the LWP retrievals over watarface.
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5 Discussion and identification of problems

5.1 Data sampling

Data sampling issue seems to be of primary impoetdar the solution of the problem of detecting thed-sea
LWP gradient. In our case, the angular scan isopeéd every 20 min. This time interval is very kargr cloud
studies. Rose et al. (2005) has noted that thgratien time (or sampling interval) should not breager than 20 s
in order to register the short-period variationgropospheric humidity and cloud liquid water. Kast et al. (2016)
have estimated the optimal value of sampling irstkof ground-based microwave observations by HATRRDg
the information approach: the values of the infdfaravolume calculated for measurement sequencisdifferent
sampling intervals have been compared. The integraime was always the same and equal to 1 sjotver
sampling rates were obtained by sparsely sampliregdata. The sampling interval that correspondedhéo
maximum of the information volume was consideredbpsmal. Kostsov et al. (2016) have made the awmich
that even for stable atmospheric situation the sagpnterval should not be greater than 100—-200b ghis case

maximum information could be extracted form MW m&asents.

For detection of land surface induced atmospheetemwvapour patterns, Marke et al. (2020) usediymss
MW measurements by the HATPRO radiometer in zedhithction and in azimuth scanning mode at the d¢ieva
angle of 30°. The interval between scans variechfi® to 30 min. This interval is similar to theantal in our
study. However, it should be specially noted thairké et al. (2020) investigated only clear sky sasihout any

considerable advection.

Taking into account the above mentioned findindsvant to the sampling interval studies we can hate
that the shortest possible sampling interval wdaddhe best solution. The clouds are a highly Béeiatmospheric
object. The problem of detection of the LWP gratliean be considered as an estimation of a smddrdiice of
two large quantities. These quantities are the LW&Res over land surface and water body. The solubf the
problem requires simultaneous and frequent measnenof these quantities which are variable in s time.
Obviously, the problem can not be solved withowgraging of measurements over specific time peridts. long
averaging periods and the short sampling interaad¢s preferable for obtaining accurate estimateshefLWP
gradient. The value of 10 s for sampling intene@ras to be the optimal trade-off: the short-peviadations can be
registered keeping the amount of data not veryelaHpwever, the angular scanning procedure itsaisaemes
some time: for HATPRO, one angular scan takes 4n5 frhus, several practical suggestions can be niade
example:
to implement scan-by-scan observational mode witlalsnumber of elevation angles in order to incectise

sampling rate, in this case the sampling intereald be shortened to 1-2 min;
to alternate 20 min period of zenith observatioiith &0 min period of observations at one selectedation angle

and to use the sampling rate of 10 s within thes®gds.



These suggestions could be helpful also with radpethie problem of comparison of the ground-beemedl satellite
data. Such a comparison requires time averagirtbeofjround-based data. Different studies recomnafifigkent
time periods and weighting functions for averagi@gr experience (Kostsov et al., 2018b, 2019) hasva that the
period of 20 min is a good choice for comparisorith whe data delivered by satellite instruments $8Vand
AVHRR.

5.2 Orientation of the instrument

It has been shown by the case study (see sectithraBglouds over the opposite shore of the GulFiafand can
play an interfering role and mask the effect of th&/P land-sea gradient in angular observations. Fig
demonstrates geometrically that clouds located theiopposite shore in the altitude layer 2-4 km loa detected
by observations at three smallest elevation anglks.lake Sestroretsky Razliv located not far fribva opposite
coastline is a small water body (see Fig. 1). Thoeeeone can not expect strong influence of thisewaody on
cloud properties, and the entire area within 18@8distance along horizontal projection of the lofesight can be

assumed as “land”.

If we look at both Figures 1 and 2 we can coménéoconclusion that the optimal orientation of tleizontal
projection of the line of sight could be strictty the North. In this case the line of site wouldgthe long distance
(up to about 30 km) over the Gulf of Finland whistihe main water body in our research. The intereinfluence
of clouds over the opposite shore of the Gulf afl&id would be minimized. At the same time the lfiesight
would not pass over the island Kotlin which canalsource of heat as a land surface and as an arbar(the city
of Kronstadt occupies part of the island territoridowever it should be noted that the HATPRO instat
operating at St.Petersburg University is firmlyaatted to the metal tower and has no appliance dtation

azimuthally, so changing its orientation requingsdal actions.

5.3 Data processing algorithm

In the present study we considered only one algoriof the derivation of LWP from microwave obseivas
which was based on regression relationships linkimgasured brightness temperature values and LWE.
regression algorithm (linear or quadratic) is wydesed for processing the microwave observatioa.dgimplicity
and computational efficiency are its main advarsadgehe other algorithm is called “physical” or “[Higal-
iterative” and it is based on the inversion of thdiative transfer equation, usually by optimalreation method
(Rodgers, 2000). The detailed analysis of the appliity of both algorithms and of their combinatido the
problem of derivation of LWP and integrated watapour (IWV) from two-channel microwave observatiavess
done by Turner et al. (2007). In general, the sopér of the physical algorithm over regressiorg@ithm
originates from the fact that this method accodotshe spatial distribution of all parameters whiafluence the
radiative transfer in the considered spectral calnin particular, the information about temperatin cloud layers
helps to reduce the LWP retrieval errors. The appiiity of the physical method to the problem loé t WP and
IWV retrieval by two-channel radiometers impliesithhe a priori profiles of pressure, temperaturd humidity
are available from external data sources and tbedcliquid water profile is assigned in a modelnforin the
process of solving the inverse problem by the paysmethod, cloud liquid water and humidity prdilare
modified in one way or another to deliver minimumthe residual between measured and simulatedthegh

temperatures. For multi-channel radiometers, atitrnaed profiles, including temperature and pressunes can be

Th



derived from microwave observations simultaneouslgo, the microwave measurements can be combintd w
other measurement data and constraints. Such agpiseacalled IPT (integrated profiling technique) general

approach to solution of multi-parameter inversebfgms (Loehnert et al., 2008; Kostsov, 2015ab).

Since the physical approach is more accurate thandgression approach its application to the densd
problem of the detection of LWP land-sea gradier@nss to be a promising direction of a further reseaOne
should keep in mind that measurements at diffem@vation angles are treated separately due tadmdal
inhomogeneity of atmospheric parameters. Therefoeeconsidered inverse problem in its general fdatman
through the radiative transfer equation will be thesssical strongly underdetermined ill-posed peablwhich will

require a system of constraints.

5.4 Systematic component of signal

Last but not least we discuss the systematic commowhich was detected in measured brightness tetype.

First of all, we note that when azimuth scans fedint elevation angles are performed the directiaependent

interference can be present in measured signaleXample, Marke et al. (2020) registered such fietence in the

unprotected 26.24 GHz channel at four specific agindirections. Corresponding measurements wesrdd out
and missing values were filled with linear inteig@n. In our case, we can not determine whetheisyfstematic
component is directionally dependent or not, sitfoere is no possibility to perform azimuthal scagnithe
radiometer is firmly attached to the stand and t@sppliance for the azimuthal rotation). In SetBowe have
made the statement that so far we do not have é@nimfigrmation for accurate identification of theigin of the
negative component of brightness temperature imgiter vapour channel and the LWP channel of tdenaeter.

However, there is a high probability that this cament reflects the horizontal gradient of the Asaute humidity.

If this hypothesis is accepted, then we have tda@xphe origin of high absolute humidity over tBelf of Finland

and/or over the territory located between the naditer and the Gulf of Finland. High content of watepour over

the water body can be explained either by the enadijom or by the advection of humid air. Considgrihe problem
of the quantification of evaporation from lakesdfirand Calver (2008) note, in particular, that:

There are a number of factors that can affect tleparation rates; first of all, one can mention thienate and
physiography of the water body and its surroundidso the stored heat can be transported withenwhter
body itself and into and out of it.

Seasonal variations in the evaporation rate depanthe heat storage capacity of the water body twisireatly
determined by its depth.

Seasonal variations of the evaporation rate ar@exessarily synchronised with seasonal variatidribe net solar
radiation; as the water depth increases, the maximnaporation can be observed within the periothfone
to four months after the summer solstice.

The significant factor influencing the evaporatiate is the heat which is transferred into a whtety by inflows
and outflows. The variety of inflows includes seg@&om groundwater bodies, changes in bank storages
flowing into the water body and land surface ruh Bhumerating outflows, one can mention rivers)toaled
withdrawals (reservoirs) and leakage to groundwater

The Neva bay, the part of the Gulf of Finland owsich the line of sight of the radiometer passesgry shallow,

its depth does not exceed several meters. The biywa separated from the main part of the GuFiafand by the

dam. Therefore, to a first approximation, the Nbag may be considered as a big lake with the NeévarRs the

major inflow. The exchange of water between the d&Nbay and the main part of the Gulf of Finland goas



through several special passages in the dam. Takiagaccount all factors presented above, onescaigest that
investigation of the seasonal behaviour of theesyatic component would be reasonable action inrdodattribute

it to the evaporation from the Neva bay.

The land surface territory between the radiometerthe nearest coastline of the Gulf of Finland lsaralso
a source of evaporation. This territory is covelogdhe forest (park). In the study by Marke et(2020) devoted to
land surface induced atmospheric water vapor pettérhas been shown that less water vapour seebespresent
at elevated deciduous forest. In our case the tfagasot elevated, however one can not expect &npabdf extra

humidity over the forest.

The systematic component of the brightness tempreratan be caused not only by high absolute huynidit
along the line of sight but also by the larger ®mperature than expected under the approximatfothe
temperature horizontal homogeneity. The measurgdakiis affected by air temperature directly thrioutpe
emission of radiation and indirectly through thenperature dependence of the absorption by wateswaand
liquid water. The line of sight at elevation angitker than 90° passes in its horizontal projecéibaut 150 m over
the roof of the building of the Institute of Physiwhich can be a kind of heat source, especialtyngisunny days
when the roof is warmed up. In addition, there $thdne an air temperature gradient over the coasitgelf. These

factors can also contribute to systematic compoogsignal.

5.5 Measurement geometry and data quality control

When the HATPRO measurements in the zenith dinecie processed routinely, the data quality comrotedure
includes several steps. The first step is filtering the data obtained during rain events (as teteloy the rain
sensor) and during a certain period after a raenevThe duration of this period is taken equaltbours as
recommended in the special study (Kostsov et @lL83). At the next step the convergence of thatiier process
of the inversion of the radiative transfer equat®analysed. The convergence limit is set to ééattons. All data
corresponding to unconverged processes are filtenedit should be noted that normally the numbfeiterations
before successful convergence varies from 5 toh& st check refers to the analysis of the residlabween
measured brightness temperature values and thespomding values calculated on the basis of théeved
atmospheric parameters. In case the RMS residusees 1 K, the results are considered erroneous. 3Fstep

procedure helps to keep only the good quality data.

Measurement geometry which is used and analyséukipresent study is based on angular scannindn Suc
geometry gives the possibility to probe remotely #ir portions which are located very far from thdiometer in
the horizontal direction. In this case a situatioay occur when the line of sight passes throughira event (a
shower) while there is no rain at the radiometeatmn and the rain sensor detects no rain. Wherrgbression
algorithm is used for the LWP retrieval, it is @fflt to ensure the sufficient data quality contddbwever, the
application of the physical method (already disedsis section 5.3) would allow implementing theatésed above

second and third steps of quality control procedimeglar to the case with zenith observations.

There is another aspect relevant to the measuregesmhetry which should be mentioned. The solutibn o
the problem of the detection of the LWP land-sesadgmt implies the combination of zenith and angoi&rowave
observations. While zenith observations deliverahsolutely local “spot” data over the radiometée (horizontal

dimension is determined by the beam width), thea daitained at angular observations may be considaese



averaged over a certain horizontal distance. Fallsgfevation angles this distance can reach dofdiometres.

If we take into account the high temporal and spatariability of clouds, the direct comparisontbé results of
zenith and angular observations made during on@ se@ be erroneous. Probably, more rigorous way of
comparison would require temporal averaging ofrésilts of zenith observations over a certain jgeoictime as it

is done, for example, when ground-based measureréhtVP are compared to the satellite data. Thedlga data

are spatially averaged over a ground pixel arearaodder to perform proper comparison the grouadedd data are
time averaged over a period approximately equal timme of an air parcel movement at a given wingespthrough

a ground pixel of a satellite measurement. Forpgiablem which is considered in the present study could
suggest performing zenith measurements with highpiag rate and the subsequent averaging of thetbjefore
making an angular scan.
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: the values of the information volume calculatedrheasurement sequences with different samplirggvials have
been compared. The integration time was alwaysdanee and equal to 1 s, the lower sampling rates wletained
by sparsely sampling the data. The sampling intehagt corresponded to the maximum of the infororatiolume

was considered as optimal. Kostsov et al. (2016)
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In this case maximum information could be extrddeem MW measurements.
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Taking into account the above mentioned findindsvant to the sampling interval studies we can hatecthat the

shortest possible sampling interval would be thet belution. The clouds are a highly variable afphesic object.
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The solution of the problem requires simultaneas faequent measurements of these quantities vdrelvariable

in space and time.
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The value of 10 s for sampling interval seems tothee optimal trade-off: the short-period variatiocen be

registered keeping the amount of data not veryelarg
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to alternate 20 min period of zenith observatioit &0 min period of observations at one selectedation angle

and to use the sampling rate of 10 s within thes®gs.
These suggestions could be helpful also with radpethie problem of comparison of the ground-beemedl satellite
data. Such a comparison requires time averagirtbeofjround-based data. Different studies recomnafifigkent
time periods and weighting functions for averagi@gr experience (Kostsov et al., 2018b, 2019) hasva that the
period of 20 min is a good choice for comparisorith whe data delivered by satellite instruments $8Vand
AVHRR.



A.2 Orientation of the instrument

It has been shown by the case study (see sectithraBlouds over the opposite shore of the GulfFiafand can
play an interfering role and mask the effect of th&/P land-sea gradient in angular observations. Fig
demonstrates geometrically that clouds located theropposite shore in the altitude layer 2-4 km loa detected
by observations at three smallest elevation anglks.lake Sestroretsky Razliv located not far fribva opposite
coastline is a small water body (see Fig. 1). Tioeeeone can not expect strong influence of thitewaody on
cloud properties, and the entire area within 1&@8distance along horizontal projection of the lafesight can be

assumed as “land”.

If we look at both Figures 1 and 2 we can comeht® ¢onclusion that the optimal orientation of tlwizontal
projection of the line of sight could be strictty the North. In this case the line of site wouldgthe long distance
(up to about 30 km) over the Gulf of Finland whistithe main water body in our research. The intereinfluence
of clouds over the opposite shore of the Gulf afl&id would be minimized. At the same time the lifiesight
would not pass over the island Kotlin which canalbsource of heat as a land surface and as an arbar(the city
of Kronstadt occupies part of the island territoridowever it should be noted that the HATPRO insiat
operating at St.Petersburg University is firmlyaatted to the metal tower and has no appliance dtation

azimuthally, so changing its orientation requirnpscsal actions.
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In particular, the information about temperaturecloud layers helps to reduce the LWP retrievabrsir The
applicability of the physical method to the probleinthe LWP and IWV retrieval by two-channel radieters
implies that the a priori profiles of pressure, pemature and humidity are available from exterrmbhdsources and
the cloud liquid water profile is assigned in a mbtbrm. In the process of solving the inverse feobby the
physical method, cloud liquid water and humiditgfiles are modified in one way or another to delirenimum to
the residual between measured and simulated baghtiemperatures. For multi-channel radiometdrmeattioned

profiles, including temperature and pressure oaesbe derived from microwave observations simuttasky.
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There is another aspect relevant to the measuregeametry which should be mentioned. The solutibnhe
problem of the detection of the LWP land-sea gnatdimplies the combination of zenith and angulacnmivave
observations. While zenith observations deliverahsolutely local “spot” data over the radiometée (horizontal
dimension is determined by the beam width), thea daitained at angular observations may be considase
averaged over a certain horizontal distance. Fallssfevation angles this distance can reach dofdiometres.
If we take into account the high temporal and spatariability of clouds, the direct comparisontbé results of
zenith and angular observations made during on@ sea be erroneous. Probably, more rigorous way of
comparison would require temporal averaging ofrésilts of zenith observations over a certain jgeoictime as it
is done, for example, when ground-based measureméhtVP are compared to the satellite data. Thellga data
are spatially averaged over a ground pixel arearaodder to perform proper comparison the grouadel data are
time averaged over a period approximately equaltime of an air parcel movement at a given wingesipthrough

a ground pixel of a satellite measurement. Forpgiablem which is considered in the present study could



suggest performing zenith measurements with highpiag rate and the subsequent averaging of thetbjefore

making an angular scan.
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